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ABSTRACT 

This report presents results of a program of theoretical and experimental 

investigation of the NASA-KSC-MILA RF Boresight Test Facility. The 

objectives of the program were to determine the performance of the range 

in the elevated and ground-reflection modes of operation at X- and S-bands, 

and to investigate the compatibility of the range capabilities with the Lunar 

Excursion Module rendezvous radar and landing radar pre-launch test 

requirements. Experimental results are presented to demonstrate the 

. capability of the range for obtaining high-accuracy bq:resight and radiation 

pattern measurements at X- and S-bands •. A study of the rendezvous radar 
I • 

and landing radar test problems is presented, and the range compatibility 

with specific test requirements is discussed. Theoretical developments 

pertinent to the progran:i:":a.re included as appendices. 

F'iU~CEDING PAGE BLANK NOT FiLMED. 

iii 



I 
" 

I " 

}' , [ 
' , JJ 

Chapter 

.,.. 1 

H ;'1 
iii"; 

2 .... , 
" 

..I~ 

~ 
d, ' 

lit' :at' 

\it :11 
"jll. 
~t~ 

1fT-
:l,J 
J Ll 3 

f] 
n 

fl L 
~ ,:it 

4 

n d 
n tu 

n 5 

n 
00 I', 

6 

I ' ' 

I : !.' 

I 

TABLE OF CONTENTS 

INTRODUCTION 

THE NASA-KSC-MILA RF BORESIGHT TEST :E1ACILITY 

2. 1 

2.2 

2. 3 

2.4 

2.5 

2. 6 

Physical Configuration 

Source Positioning Equipment 

Test Positioning Equipment 

Control Room Equipment 

'-. ' ' ~ 

The Gemini Spacecraft Mockup 

Integration of Delivered Equipment 

RANGE EVALUATION TECHNIQUES AND DEVICES 

3. 1 

3.2 

3. 3 

Aperture Field Amplitude Measurements 

Polarization Measurements 

Boresight Measurements 

MEASURED AND CALCULATED DATA 

4. 1 

4.2 

4.3 

X-Band Measurerhents 

S-Band Measurements 

Mechanical Accuracy Measurements 

SUMMARY OF THEORETICAL AND EXPERIMENTAL 
PROGRAM 

5. 1 

5.2 

Theoretical Developments 

Experimental Inve stigations 

CAPABILITY OF THE MILA RF TEST FACILITY IN 
RELATION TO THE LEM RENDEZVOUS RADAR AND 
LANDING RADAR BORESIGHT PROBLE:MS 

6. 1 Introduction 

6.2 Rendezvous Radar Boresight Test Problem 

6.3 The LEM Landing Radar Test Problem 

PHECEDING PAGE BU-NK NOT FILMED. 
v 

1 

2-1 

2-1 
.~~ 2-3 

2-5 

2-8 

2-8 

2-11 

3-1 

3-2 

3-4 

3-6 

4-1 

4-1 

4-40 

4-53 

5-1 

5-1 

5-8 

6-1 

6-1 

6-1 

6-18 



i 
[: 
I 
I 
r 

i 

TABLE OF CONTENTS - Continued 

Chapter Page No. 

7 RECOMMENDA TIONS 

7. 1 

7.2 

7.3 

Facility Modifications 

Validation Capabilities 

LEM Landing Radar 

7-1 

7-1 

7-4 

7-8 

Appendices 

A THE RECEINING-APER TURE FIELD OVER A REFLECTING A-I 
SURF ACE "''--<J "'-

\\ 
A.l 

A.2 

A.3 

A.4 

A.5 

A.6 

Introduction)) A-I 

Surface IrregUla~ffies ~~ A-I 

Theoretical Deve~/opment of a G~llneral Reflection C0efficient A-4 

Aperture-Field Ct,mponents for ithe MILA Range A-II 
Configuration 

Ground-Reflection Operation of the MILA Range A-13 

Elevated Operation of the MILA Range A-22 

. B HEIGHT OF THE APPARENT SOURCE OF RADIA/I'ION OVER A B-1 
PLANAR REFLECTING SURFACE AS SENSED BY A PHASE­
MONOPTJLSE RADAR 

c HEIGHTbF THE APPARENT SOURCE OF RADIATION OVER A 
PLANAR REFLECTING SURFACE AS SENSED BY AN 
AMPLI'l'UDE-MONOPULSE RADAR 

C. 1 Introduction 

C. 2 Apparent Versus Actual SourcE{ Height 

D EFFECT OF EXTRANEOUS SIGNALS ON BORESIGHT 
MEASUREMENT ACCURACIES 

D.{ 
D.2 

D.3 

. . 
Introc:1uction __ ~---= 

- '--r,c..--";:_~ __ ~ 

Errors in Amplitude-Monopulse Systems 

Errors in Phase-Monopulse Systems 

vi 

C-l 

C-l .. 

C-l 

D-l 

D-l 

D-l 

D-12 

(I 



"M'" 
1 
), 
.f". 

tIJ 

:"",!'O\ 

'1' j 

fl \! 
li.'" . 
·tnt 
" II ~U 

rn 
ij H 
~;; 

pi 
U 

, iI 

rll :t ). 

~ D 

n 
Ii! , ~ 

,r"i:: 

\ [ 
; ~ 

::- .~ , 
8 
'v 
j 

, 
j 

M 

j 

l 
g 
J 

~ 

i 
IJ 

'] I 

n 
0 
n 
~~ 111-

m " ' 

~ 

:1," 

TABLE OF CONTENTS - Continued 

Appendices Page No. 

E 
'\v,\,) 

APPARENT SOURCE HEIGHT VltRSUS ELEVATION SQUINT 
'Z\ 

ANGLE FOR THE GROUND-RERILECTION MODE 
E-l" 

, 

F DIFFRACTION FENCE PLACEMENT~:) ON A PLANAR RANGE F-l 
SURFACE \'\ 

F.l 

F.2 

F.3 

Introduction 

Fresnel Zones on a Planar Range Surface 

Diffraction Effects of Fence Placetnents 

G POLARIZATION MEASUREMENTS 

H ANGULAR MEASUREMENT ACCURACY OF THE MILA RF 
BORESIGHT TEST FACILITY 

H. 1 

H.2 

Introduction 
I' ' 

Angle Measurements on a Boresight Range With Specifi<:~ 
Reference to the Gernini and LEM Rendezvous Radars ' 

\ 
\' 

H.3 Angle Measurement Error on a Boresight Range II 

I SPHERICAL COORDINATE TRANSFORMATION BY EULER 
ANGLES 

, 
\ 

J THE EFFECTS OF PARALLAX IN BORESIGHT MEASUREMENT~) 
OF ASYMMETRICAL ANTENNAS 

J. I 

J.2 

J.3 

3.4 

Introduction 

Definition of Terms 

Radiation Pattern Calculations 

Presentation ,of Data 

K A PRECISION GROUND-REFLECTION ANTENNA BORESIGHT 
TEST RANGE 

BIBLIOGRAPHY 

vii 

F-l 

F-2 

F-21 

G-l 

H-l 

H-l 

H-l 

H-9 

I-I 

~~ ~J 

J-l 

J-l 

J-2 

J-IO 

3-14 



a 
II "7 
f~ '.' 
L '-r, 
l! *-.~ 

II 
:-\ 

~ 1·' 

Il 
" d '1' 

1·} 
,.. 

~J f" ~ "j r '1;'\ 
,.) : .... : 

n lUI 

11 
tI 

Ti fi ' i. 

H ~l ., 
Ii 
'II 
~ d ,1 ?\ 

tJ U~ q 
Ii 
!j 

UG 'I 
!J ;1 ' , 

Hli tj "' .. 
lJ 
1I r1) 
II il!' 

11 
19 

I' 

t1 tr7 Ii ~'\ \1 
I' 

j'l1l 

11 GJJ 

~ 
II n 
I' ff' , l t 

I P I 
1 ~ ~\ f 
I 
I 

\ nl III 
~ ~ 

."", 
11 !l 
H 
Q !t 

ton 
H 

r J 
n 
\t~ .. 

r~ ~. .>1 

~1 
UJ 

~ t; ,\ 

~ L i 

Figure 

2. 1 

2. 2 

2. 3 

2.4 

2. 5 

2. 6 

2.7 

2. 8 

3. 1 

3. 2 

3. 3 

., 4 
..J'e 

J 

4. 1 

4.2 

4.3 

4.4 

4.5 

4. 6 

4.7 

4.8 

4.9 

4.<1Q 

LIST OF ILLUSTRATIONS 

Pla~ View of Radar Bor~sight Range 

Source Positioning Equipment With Four- Foot Paraboloidal 
Antenna 

NASA-MILA RF Boresight Test Facility Positioner Mounted 
on Special Tilt Base. 

Earth- Fixed Spherical Coordinate System Utilized in 
Boresight Measurements 

Relation of the Earth- Fixed Coordinate System to the MILA 
Range Geometry 

;) 

Centralized Console of the NASA-KSC-MILA RF Boresight 
Test Facility 

Block Diagram of MILA Boresight Range Instrum~.:r\tation -­
X-Band 

Block Diagram of MILA Boresight Range Instrumentation -­
S-Band 

Page No. 

2-2 

2-4 

2-6 

2-7 

2-9 

2-10 

2-12 

2-13 

Schematic Diagram of Field Probe Mechanism 3-3 

Schematic of X-Band Single-Plane Amplitude-Monopulse System 3-8 

X-Band Monopulse Device Mounted on Gemini Spacecraft 
Mockup 

Schematic ofS-Band Single-Plane Phase-Monopulse System 

Aperture Field Patterns -- Ground Reflection Mode -- X-Band 

Aperture Field Patterns fOl' Several Transmitter Squint 
Angles -- Ground. Reflection Mode -- X-Band 

Circular Polarization Axial Ratio Versus Aperture Position -­
Ground-Reflection Mode -- X-Band 

Circular Polarization Axial Ratio Versus Frequency -­
Ground-Reflection Mode -- X-Band 

Apparent Source Height Versus Actual Source Height -­
Ground-Reflection Mode - - X- Band 

Apparent Source Height Versus Elevation Squint Angle -­
Ground-Reflection Mode -- X-Band 

Apparent Source Location Versus Azimuth Squint Angle 
Ground-Reflection Mode -- X-Band 

Vertical Field Patterns -- X-Band Elevated Range 

Vertical Aperture Field Amplitude Patterns -- X-Band 
Elevate(1 Range 

MILA Elevated Range Geometry 

3-10 

3-11 

4-4 

4-5 

4-7 

4-8 

4-9 

4-11 

4-12 

4-14 

4-16 ' 

4-17 

PRECEDING PAGE BLANK NOT I FILMED ix 



Figure 

4. 11 

4. 12 

4. 13 

4. 14 

4. 15 

4. 16 

4. 17 

4. 18 

4. 19 

4.20 

4.21 

LIST OF ILLUSTRATIONS
i

,- Contir. led 

Theoretical and Measured Pitch of Vertical Anlj:)litude 
Pattern Ripple -- Elevated Mode -- X-Band 

Typical A and B Channel Radiation Patterns for the X-Band 
Amplitude-Monopulse Test Device 

Theo~.etical c.nd Measured Variation of Apparent Source Height 
with Actual Source Height. Elevated Mode -- X-Band 

Multiple Scattering From Diffraction Fences 

Pattern Distortion Caused by Multiple Scattering by 
Diffraction Fences -- Configuration (b) 

Vertical Aperture Field Patterns -- Elevated Mode With 
Three Diffraction Fences -- X-Band -- Configuration (b) 

Vertical Aperture Field Patterns -- Elevated Mode With 
Two Diffraction Fences -- X-Band -- Configuration (e) 

Aperture Field Patterns - - Elevated Mode With One 8-Foot 
Diffraction Fence -- X-Band -- Confi~uration (h), 

Vertical Aperture Field Variation Caused by Diffraction Over 
A Conducting Fence -- X-Band 

Effects of Elevation Squint Angle on Aperture Field Patterns 
Elevated Mode with Three Diffraction Fences -- X:",Band 

A?Jial Ratio as a Function of Aperture Pbsition -- Elevated 
Mode with Single Diffraction Fence -- X-Band 

Page No. 

4-18 

4-20 

4-21 

4-24 

4-25 

4-26 

4-27 

4-30 

4-31 

4.22 Axial Ratio Versus Fl~:quency 'i- Elevated Mode wj;th Single 4-33 
Diffraction Fence -(~;X':'Band / iF 

4.23 
,~ '~ 

Apparent Source H~\ight Versus 'Actual Source Height -- Elevated 4-34 
Mode with Diffraction Fences -- X";'Band -- Vertical Polarization 
Configuration (h) 

. , 

4.24 Apparent Source Height Versus Actual Source Height -- Elevated 4-35 
Mode with Diffraction Fences -- X-Band -- Horizontal 
Polarizati'on -- Configuration ('9) 

4.25 Apparent Source Height Versus Actual Source Height -- Elevated 4-36 
Mode with Dif~~action Fences -- X-Band -- 45-Degree Linear 
Polarization .. //.. Configuration (b) " 

4. 26 Summary of X-Band Boresight Data for Elevated Mode 
Vertical Sensing 
(a) With Diffraction Fences 
(b) Without Diffraction Fences 

4. 27 Measured lGlzimuth of Source Versus Azimuth Null Offset 
Angle -- Elevated Mode with Diffraction Fences -- X~Ban.d 

4. 28 Effect of Varyirlg Elevati,on Squint A..-igle on Apparent Source 
Height -- Elevated Ivlodewith Diffraction Fences -- X-Band 

x 

4-37 

4-38 

4-39 

.' 



'. 

LIST OF ILLUSTRATIONS - Continued 

Figure 

4.29 Measured Azimuth of Source Versus Azimuth Squint Angle -­
Elevated Mode with Diffraction Fences -- X-Band 

• 
4. 30 Vertical Aperture Field Patterns -- Ground-Reflection Mode 

S-Band 

4.31 Horizontal Aperture Field Patterns -- Ground-·Reflection 
Mode -- S-Band 

4. 32 Axial Ratio Versus Aperture Position -- Ground-Reflection 
Mode -- S-Band 

4. 33 Variation of Apparent Source Height with. Actual Source 
Height -- Ground-Reflection Mode -- S-Band 

4. 34 Variation of Apparent Source Height with Vertical Null Offset 
Angle -- Ground-Reflection Mode -~ S-Band 

4. 35 Variation of Apparent Source Height with Horizontal Null 
Offset Angle -- Ground-Reflection Mode -- S-Band 

4\"36 Aperture Field Patterns -- Elevated Mode -- S-Band 

4. 37 Aperture Field Pa.tterns -- Elevated Mode with Diffraction 
Fence -- S-Band -- Horizontal Polarization 

4. 38 Vertical Apertu:re Field Patterns -- Elevated Mode with 
Diffraction Fence -- S-Band -- Vertical Polarization 

4. 39 Axial Ratio Versus Aperture Position -- Ground-Reflection 
Mode -- S-Band 

4.40 Measured Height of Apparent Source Versus Actual 'Source 
Height -- S-Band Elevated Range with a Single 8-Foot Fence 
Vertical Polarization 

4.41 Measured Height of Apparent Source Versus Actual Source 
Height -- S-Band Elevated Range with a Single 8-Foot Fence 
Horizontal Polarization 

5. 1 lllustration of Parallax Error in Testing an Asymmetrical 
Antenna with an Asymmetrical Source Antenna. 

6. 1 Interpretation of Rendezvous Radar Boresight Specifications 

6.2 LEM Landing Radar Beam Geometry 

6. 3 Single-Sideband Modulator for Two-Way Boresigh:c 
Measurement System 

\ 
6.4 Sym.bolic Diagram of Two-Way Antenna Test System Using 

SSB Modulation for Making Boresight and Pattern 
Measurements of the Landing Radar 

6. 5 Phaso;r Diagram.~of-Signal-rnciaentbn Detector of Two- Way 
Pattern Measurement System Employing Single-Sideband 
Modulation 

xi 

Page No. 

4-40 

4-42 

4-43 

4-44 

4-46 

4-47 

4-47 

4-49 

4-50 

4-51 

4-52 

4-54 

4-55 

5-7 

6-3 

6-2.9 

6-25 

6-26 

6-27 

" 



Figure 

7. 1 

7. 2 

7.3 

A. 1 

A.2 

A.3 

A.4 

A.5 

A.6 

A.'i 

A.8 

A.9 

A. 10 

A.ll 

B. 1 

.' 

LIST OF ILLUSTRATIONS - Continued 

Page No. 

..4...ir'.· Conditioned, Inflated Radome to Provide Environmental 
Cori~rol During Radar Testing 

Mov:ing Target for Line-of-Sight Tracking Tests 

Test Positioner Geometry for LEM/ LR Tests 
(a) Method of Measuring the Angle Between the Beam 

Group Normal and the Altimeter Beam 
(b) Method of Measuring the Angles Between the 

Velocity Sensor Beams 

Phase Difference Between Rays Reflected From Two Levels 

Sketch of the Geometry Relating to the Helmholtz Integral 

Coordinate System for Scattering From a Surface 

Beam Angles Related to Range Geometry 

Planar Wavefronts Related to Range Geometry 

Phase of the Aperture Field with k as a Parameter in the 
Ground-Reflection Mode 

Plot of the Aperture Field E(X)/ED with k as a Parameter in 
the Ground-Reflection Mode 

Decibel Taper of the Normalized Aperture Field ~(X)/E(X)MAJ 
with k as a Parameter in the Ground-Reflection 
Mode 

Relation of Range Coordinates and Aperture Field Components 
for a Single Extraneous Signal in the Elevated Mode of 
Operation 
(a) Extraneous Signal from a Single Extraneolls Reflecting 

Region of the Range Surface 
(b) Spatial Period and Amplitude of Resulting Aperture Field 

"Fluctuation in Plane of En and ER 

Magnitude of Perturbed Field Variation Versus the Ratio of 
Reflected-Signal 1.0 Direct-Signal Strengths for a Plot in the 
Plane of ER and En 

Parameters of the Direct-Path and Specularly Reflected Waves 
Incident on the Test Aperture in the Elevated Mode 

Measurement Functions of a Single-Plane Interferometer 
Antenna Pair 

7-2 

7-6 
7-10 

A-3 

A-5 

A-7 

A-13 

A-16 

A-19 

A-20 

A-21 

A-23 

A-25 

A-26 

B-1 

B. 2 Parameters for the Study of the Receiving-Aperture Phasefront B-3 

B. '3 Apparent Versus Actual Source Height With k as a Parameter 
as Sensed by a Phase-Monopulse Radar at 1. 428 GHz on the 
MILA Rall:ge 

xii 

B-7 



-, 
, .. 

,.. 
,. 

"\ 

" 
, 

l.. 

-I: 
h :1 .. 

r ,1, 
i[ 
; 

" !( 
" 
~ 

.~ 

,; 

\1 

~. 

n 
M 

1 
J 

1 

] 

1{ 
t 
"" 

'. 

...0:. 

Figure 

B.4 

B.5 

C. 1 

C.2 

C.3 

D. 1 

D.2 

D.3 

D.4 

D.5 

D.6 

D.7 

E. 1 

LIST OF ILLUSTRATIONS - Continued 

Page No~ 

Apparent Versus Actual Source Height With k as a Parameter 
as Sensed by a Phase-Monopulse Radar at 2. 3 GHz on the 
MILA Range 

Apparent Versus Actual Source Height With k as a Parameter 
as Sensed by a Phase-Monopulse Radar at 10 GHz on the 
MILA Range 

Schematic Representations of Monopulse Devices for 
Single-Plane Direction Sensing 
(a) Phase-Monopulse Device 
(b) Amplitude-Monopulse Device 

Relation of Difference- Channel Phasors to Points of Incidence 
of ED and ER on the Monopulse Directivity Patterns 

(a) Pattern Angles Related to Incident Signals 
(b) Direct-Path and Reflected Signals in.A Channel 

B-8 

B-9 

C-2 

C-2 

The Apparent Height (H) of the Source of Radiation Related C- 5 
to the Test Range Geometry 

The Effects of Wide-Angle Extraneous Signals on the Sum- D- 2 
and Difference- Channel Phasors of an Amplitude-Monopulse 
Radar 

Amplitude-Monopulse Radiation Patterns About the Crossover D-4 
(Boresight) Axis 
(a) Individual Patterns 
(b) Straight-Line Approximation-Expanded Scale 

Orthogonality of I; and A Phasors at Corrected Boresight D-5 

Maximum Allowable Level of Extraneous Phasors in an D-7 
Amplitude-Monopulse Circuit Versus Specified Maximum 
Boresight Errors 

Extraneous Signal Level Referenced to Direct-Path Signal D-ll 

The Effects of Wide-Angle Extraneous Signals on the Phasors D-13 
of a Phase-Monopulse Radar Circuit 
(a) Single-Plane Phase-Monopulse Radar 
(b) Alteration of the Monopulse-Circuit Phasors due to an 

Extraneous Signal 

Required Suppression of Extraneous Energy Incident on a D-17 
Phase-Monopulse Radar Versus Boresight Error for Worst-
Case Phasil'lg at the Summation Point. 

P@,ram.eters for Consideration of the Effect of Variations in E-l 
Elevation Squint Angle on the Operation of a Ground~Ref1ection 
Antenna Test Range 

xiii 



Figure 

E.2 

LIST OF ILLUSTRATIONS - Continued 

Appar~nt Source Height and the Ratio of Reflected-to Direlct­
Wave Amplitude as a Function of Elevation Squint Angle in 
the Ground-Reflection Mode. 

Page No. 

E-5 

E. 3 Elevation Squint Settings Versus Frequency Ground-Reflection E-6 
Operation of the MILA Range. 

F. 1 Sketch of Fresnel Zone Boundary on a Planar Range Surface F .. 2 

F.2 Relation of Diffraction Parameters to Range Geometry for a F-21 
Single Diffraction Fence at the Center of the Range 

F. 3 Illustration of the Application of the Cornu Spiral to the F-23 
Stl'aigbt-Edge Diffraction Problem 
(a) Section Through Wavefront 
(b) Sketch of Cornu Spiral 
(c) Resultant Field Amplitude 

F. 4_No~lYlaJi7-ee-¥,ield Amplitude fOl' Diffraction Over an Absorbing F-27 
Straight Edge (Point-Source nlumination) 

F. 5 Envelope and Free-Space Asymptote for the Straight-Edg'e F-c8 

F.6 

F.7 

F.8 

F.9 

F.IO 

,G. 1 

G.2 

G.3 

H. 1 

H.2 

H.3 

Diffraction Field ' 

Diffraction Field Distances and Cornu Spiral Factors Versus 
Source Height at 1. 428 GHz with Fence and Receiver Heights 
as Para.rneters 

Diffraction Field Distances and Cornu Spiral Factors Versus 
Source Height at 2.3 GHz with Fence and Receiver Heights 
as Para.rneters 

Diffraction Field Distances and Cornu Spiral Factors Versus 
Source Height at 10 GHz with Fence and Receiver Heights as 
Pal'ameters 

Relative Fresnel Zone Screening on the MILA Range Provided' 
by 8-Foot and 12-Foot Fences at 10 GHz 

Relative Fresnel Zone Screening on the MILA Range Provided 
by 8-Foot and 12-Foot Fences at 2.3 G:Hz 

Polarization Ellipse for Right-Hand Elliptical Polarization 

Geometry Showing Relationship of Polarization Pattern to 
Polarization Ellipse 

Field Co.rnponents Used in MultipIE('Co.rnponent Method of 
Polarization AnalysiS 

Stand.a.rd Antenna Coordinat:e Syste.rn 

mIG Consolidated Vellicle and Antenlla ddordinate Syste.rn 

LEM/RR Coordinate Syste.rn 

/ 

:dv 

F-29 

F-30 

F-31 

F-33 

F-34 

G-2 

G-4 

G-5 

H-2 

H-3 

H-5 

.' 

I , 

i ~ 
, I 
i l ~', 

~ 

; 1 



.... 
<f ... 

..... 
: 
, 

\!!'" 

~1)04 

i! 
'"'Of 

.... , 
I 
" " 
,"!""'" 

" d ,i 

'I 
" " 

{: 

" 9 

-, , 

.. , 
, . 

.. 
, ';/ 

!! 

" 

Figure 

H.4 

H. S 

H.6 

H.7 

H.8 

H.9 

H.lO 

H.ll 

H. lZ 

H.13 

L 1 

I. Z 

I. 3 

J. 1 

J. Z 

J.3 

J.4 

J.S 

J. 6 

J.7 

J. 8 

J.9 

J. 10 

J. 11 

LIST OF ILLUSTRATIONS - Continued 

Pa~ No. 

View Along the LEM/ RR OY Axis of a Partia~ LEM ~Aockup 
Mounted on a Three-Axis Boresight Positioner 

LEM Mockup Inclined Such That the LOS is at an Angle of + a 
From the LEM/RR OZL Axis 

View Along the LEM/RR OZL Axis of a Partied LEM Mockup 
Mounted on a Three-Axis Boresight Positioner 

View Along the LEM/RR OZL Axis of a Configuration 
Utilizing the Positioner Upper-Azimuth Axis fo1' LEM/RR 
Shaft Motion 

Spherical Coordinate System Employed with Two Orientations 
of MILA Test Positioner 

A Direction Described in Two Coordinate Systems 

Antenna Positioner With Orthogonality Error 

Spherical Triangles of Figure H. 10 

Antenna Positioner With Collimation Error 

Spherical Triangles of Figure H. lZ 

Coordinate Axes Rotated Through the Euler Angles ex, (j, y 

A Directiun Described in Two Cool'dinate Systems 

Spherical Triangles Fro~/Figure L Z 

Coordinate Systems Employed fo~ Antenna Measurements, 
Showing Parallax 

Geometry Defining Center of Parallax 

Geometry Defining Center of Phase 

Schematic Representation of Single-Plane Monopulse Sells or 

Aperture Geometry for Theoretical Development of 
Aperture Field Method 

Aperture Geometry Employed ip Antenna Pattern Calculations 

Functions F(o, y, z) Employed in Computer Calculations 

Results of Parallax and Center-of-P.hase Calculations, 
KZ=O, KS=O 

Results of Parallax and Center-of·Phase Calculations, 
KZ=O. S, KS=O 

Results of Parallax and Center-of-Phase Calculations, 
" KZ=l. 0, KS=O ' 

Results of Parallax and Center-of-Phase Calculations, 
KZ=O, KS=Tr/Z 

xv 

H-6 

H-6 

H-8 

H-8 

H-IO 

H-lZ 

H-13 

H-14 

H-lS 

H-16 

I-I 

I-2 

I-3 

J-Z 

J-6 

J-8 

J-9 
J-ll 

J-13 

J-lS 

J-16 

J-17 

.I-18 

J-19 



1 

LIST OF ILLUSTRATIONS - Continued" 

Figure 

J.12 Results:bf Parallax and Center-of-Phase Calculations, 
K2=0.S, KS=1l'/2 

J. 13 Results of Parallax and Center-of-Phase Calculations, 
K2=1. 0, KS=1l' /2 

J. 14 Results of Parallax and Center-of-Phase Calculations, 
K2=0, KS=-1l' /2 

J. 15 Results of Parallax. and Center-of-Phase Calculations, 
K2=0.S, K5=-1l' /2 

J. 16 Results of Parallax and Center-of-Phase Calculations, 
K2=1. 0, :¥5=-'lT /2 

J.17 

J. 18 

J. 19 

Calculated Boresight Direction, 
',' 

Calculated Boresight Direction, 

Calculated Boresight Direction, 

xvi 

K =0 5 
KS='lT/2 

KS=-'lT/2 

." 

Page No. 

J-20 

J-2l 

J-22 

J-23 

J-24 

J-26 

J-27 

J-28 



, :,' "I" . ! 

; I 

r~ 

U 

n 
o 

u 
·n 

ABBREVIAtrIONS 

A partial listing of abbreviations and acronyms used in the text of this report 

is given below, in alphabetical order. 

BW --- Beamwidth of main radiation lobe 

CSM --- Command and Service Module 

CW --- ContinuouB wave 

DC --- Direct current 

FM --- Frequency modulated 

GAEC --- Grumman Aircraft Engineering Corporation 
.. :J 

IEEE --- Institute of Electrical and EledronX,cEngineers 
J;.\ 

IRIG --- Inter-range Instrumentation Group ;;;'I! 
KSC - n - Kennedy Space Center 

LEM --- Lunar Excursion Module 

LOS - _.. Line of Sight 

LR - - - Landing Radar 

MILA --- Merritt Island Launch Area 

MIT --- Massachusetts Institute of Technology 

MSC --~ Manned Spacecraft Center 

NAA --- North American Aviation 

NASA ~-- National Aeronautics and Space Administration 

RCA --- Radio Corporation of America 

""RF --- Radio Frequency' 

.. RMS --.I" Root .... m.ean- s quar e 
'i· 

RR ..... -:- Rende2iVOUS Radar 

RSS -~- Root-eum-square 

RYAN --- Ryan Electronics 

SSE ---··'Single ... sideband 

TR _ .. - Trans!~onder 

WSMR ~-- WAite Sancts Missle Range 

. ' .. , 
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CHAPTER 1 

INTRODUCTION 

This report presents results of a program of theoretical and experimental 

evaluation to determine the extended frequency capability of the NASA-KSC­

MILA Radio Frequency Boresight Test Facility. The work was accomplished 

by Scientific-Atlanta, Incorporated, for the Ground Support Systems Branch 

of the John F. Kennedy Space Center of the National Aeronautics and Space 

Administration, under Contract NAS 10-2103. 

The objectives of the program were to: 

(1) determine the performance of the range in the elevated and 

ground-reflection modes of operation at X- and S-bands, and 

(2) investigate the compatibility of the range capabilities with the 

Lunar Excursion Module rendezvous radar and landing radar 

pre-launch test requirements, and recomlnend facility modi­

fications for testing these radars. 

The various systems of the Apollo program are being developed under the 

direction of NASA-Manned Spacecraft Center. Grumman Aircraft Engineering 

Corporation is the prime contractor for the Lunar Excursion Module. Radio 

Corporation of America, under sub-contract from GAEC, is responsible for 

the rendezvous radar and landing radar systems. The rendezvous radar is 

being developed by RCA, and the landing radar is being developed under sub­

contract by Ryan Ele'ctronics. 

The experimental program was accomplished with support and assistance of 

personnel of the Ground Support Systems Branch under the direction of Mr. 

J. H. Lane and the direct supervision of Messrs. L. W. Bell and W. R. Parry. 

A brief description of the major features of the MILA facility is given in 

Chapter 2 of this document. The techniques and devices employed in the ex­

perimental evaluation program are described in Chapter 3, and resulting 

measured and calculated da.ta are presented in Chapter 4. Theoretical G"'­

velopments pertinent to the evaluation program are included as Appendices; 

a sum.m.ary of the results of the experimental and theoretical program is given 

in Chapter 5. Chapter 6 relates the capabilities and limitations of the existing 

facility to the requirements of the ;LEM/RR and LEM/LR boresight test problems. 

Chapter 7 presents re.commendatioi'lS for modifications of the facility indicated 

by the requirernents of the LEM program, and describes basic test procedures. 
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CHAPTER 2 

THE NASA-KSC-MILA RF BORESIGHT TEST FACILITY 

The MILA antenna test range was originally fabricated specifically to meet KSC 

test requirements under the Gemini programa- 1
, and secondarily as a general 

purpos e antenna test facility. The range was designed and validated as a ground­

reflection {acility for operation at L-band as a cooperative effort between 

Scientific-Atlanta, Inc., and McDonnell Aircraft Corporation, the prime con­

tractor for the Gemini Spacecraft, and is instrumented with Scientific-Atlant,a, 

Inc., equ.ipment. Pertinent details of the range geometry and instrumentation 

are presented in the following paragraphs. 

2.1 Physical Configuration 

The MILA range provides a nominal separation between source and test antennas 

of 1000 feet, and has the dual capability of operating as a ground-reflection range 

and as a conventional elevated range. As shown in the plan view of Figure '2. 11 

the primary range surface is compacted fill, graded to ±O. 5 inch and covered 

with Bermuda grass. Suppression of wide-angle and diffuse scattering of radiated 

energy is afforded by an ancillary cleared area, which extends 500 feet to each 

side or'the range axis and 500 feet beyond the test site. Restriction of vehicular 

traffic is accom.plished with a traffic gate which is remotely operated from the 

control building. 

A 50-foot timber tower at the transrnitting end of the range supports a dual-rail 

track for positioning the source antenna in height from ground level to approxi­

mately 45 feet. Protective enclosures adjacent to the tower are provided for the 

source hoisting machinery, the microwave power supply, and other mechanisms 

and instrumentation describ~.d .in paragraph 2.2 of this chapter. 

The range control building is a two":'story concrete block structure oriented such 

that its sides m.ake angles of 45 degrees with the range axis. To further suppres s 

2-1 
J.S. Hollis, R.E.Pidge,on, Jr., and R.M.Schutz, 1tA Precision Ground-

Reflection Antenna Boresight Test Range, II presented at the Fourteenth Annual 
Symposium on USAF Antenna Research and Development, University of Illinois, 
October 6-8, 1964. (This paper is included as Appendix K of this document.) 
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., reflections from the support structure, the two illuminated sides of the building 

are covered with weatherproof, high performance microwave absorbing materia.l. 

Floor space in each level is approximately 350 square feet, and the roof deck 

is a 20 x 30 foot rectangle including a raised square positioner platform which is 

9-2/3 feet on a side. The first level houses air conditioning equipment, an 

electronics work area and head facilities. Range instrumentation dis cussed in 

paragraph 2.4 below, and, at present, test sets for the Gemini rendezvous radar, 

are housed in the main control room on the second level. The positioner platform 

is mounted on a support column, which is independently mounted on high-strength 

footings and is totally enclosed within the air-conditioned control building 

structure . 

l 

Prime power. for the rangle is provided by a 3-phase, 112.5 kva substation adja-

cent to the control building, which supplies 60 Hz, 480-120/208 volt power. 

2.2 Source Positioning Equipment 

The signal-source antenna is supported by a positioning system that provides 

polarization rotation, azimuth and elevation pointing-angle adjustment (squint), 

and height control. The source antenna is attached to the mounting flange of the 

polarization positioner (see Figure 2.2) so that the antenna axis is concentric 

with the axis of polarization rotation. Motorized, remotely controlled, linear 

actuators provide azimuth- and elevation-angle adjustment to the mounted 

antenna unit; in the illustrated configuration, the axis of the transmitted signal 

can be directed above or bel9w the horizontal and right or left of the range center­

line by any selected angle up to 4.5 degrees . 

Supporting the complete as s emb1 y is a carriage that moves on vertical rails to 

position the source antenna at any selectable height froln 0.5 foot above ground 

level to over 40 feet above ground level. The dc-drive hoist mechanism is pro­

vided with adjustable limit switches for each direction of travel to prevent over 

travel. 

All motions of the source ar1tenna positioning assembly are driven by de motors 

that provide reversible, variable-speed control from the console in the control 

room. Each of the four lnotions, polarization, azimuth squint, elevation squint, 

and height, are provided with synchro readouts. Synchro indicators in the 
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console provide a means of continuously monitoring each function. In l3.ddition to 

the linear actuator s and the polarization positioner, outboard weatherproof 

enclosures are mounted on the motorized carriage for housing such instrumenta­

tiem as RF oscillators, phase-lock synchronizer units, and transmitter phase 

and ampl~tude circularity systems. These units are also equipped for remote 

control and indication at the control room console. 

2.3 Test Positioning Equipment 

The heavy duty three-axis antenna positioner which was utilized in the experi­

mental measurements is a Scientific-Atlanta, Inc., azimuth-over-elevation-over­

azimuth unit. It is mounted on a special tilt-base (Figure 2.3) that permits the 

inclination of the lower azimuth axis to be adjusted up to 5 degrees from the 
:om 
~1j1 vertical. The axis of the tilt mechanism is normal to the range center-line. The 
;i;.i 

I 
I 

summary below is a partial listing of the pOSitioner specifications: 

Maximum Vertical Load 

Maximum Bending Moment 

Torque, Lower Azimuth 

Torque, Upper Azimuth 

Synchro; Ratio, All Axes 

Upper and Lower Azimuth 
(1) Position Command Accuracy 
(2) Position Readout Accuracy 

Elevation 
(1) Position Command Accuracy 
(2) Position Readout Accuracy 

40, 000 pounds 

75, 000 pound-feet 

18, 000 pound-feet 

6, 000 pound-feet 

1: 1 and 36: 1 

0.01 degree 
O. 01 degree 

O. 05 degree 
O. 05 degree 

The accuracy specifications listed above for the azimuth and elevation axes are 

over the total travel of each axis, that is, for 360 degrees of azimuth rotation 

and 135 degrees of elevation rotation. Over small angles the readout and the 

position command accuracy of each axis is better than O. 005 degree. (See 

section 4 . 3. ) 

The calibration and measurements procedure for the Gemini Rendezvous Radar 

required the lower azimuth axis to be incli11.ed toward the signal source trans­

mitter antenna through an angle of 1°44134" (Figure 2.3). The same angle of 

inclination was utilized for all measurements of this study. 
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In making antenna pattern measurements the positioner is us ed to rotate or 

position an antenna relative to a stationary signal source antenna. The dir ection 

of the signal source antenna relative to the antenna under test is described in 

terms of </> and 8 of the antenna's spherical coordinate system, which is con­

sidered fixed to the antenna under test and moves with the antenna. In making 

boresight measurements two of the positioner's motion axes move a sighting or 

pointing axis to specific selected directions relative to an earth-fixed coordinate 

system. The di::'~t::tions are described in terms of </> and 8 of the fixed spherical 

coordinate system, as indicated by digital indicators; thes e directions are com­

pared with the diredions indicated by the readout of the system under test after 

correction for parallax (see Appendix J). In the latter application the positioner 

is referred to as a direction instrument. 

The monopulse measurements described in Chapter 3 of this document were 

made with the MILA positioner system being utilized as a direction instrument. 

The earth-fixed spherical coordinate system in which the azimuth and elevation 

angles were measured is shown in Figure 2.4. Figure 2.4 illustrates the con·· 

ventional spherical coordinate system of an elevation (8) over azimuth (</» con­

figuration. Rotation of the elevation axis OA permits movement of the direction 

/ 
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Figure 2.4. Earth-Fixed Spherical Coordinate System 
Utilized in Boresight Measurements 



or pointing axis to selected. elevation (8) angles. For the MILA monopulse 

measurements the upper azimuth or roll axis Wf.\.S utilized as the direction axis. 

Rotation of the lower azimuth (<I» axis moves both the elevation axis and the 

pointing axis so that the pointing axis is positioned to the required azimuth (<I» 

angle. 

In the three-space coordinate system XYZ the polar axis OZ is coincident with 

the stationary, earth-fixed, lower azimuth axis of the positioner. Coordinate 

axis OX is the direction from the positioner to the U. S. Army Corps of 

Engineers marker "RANGE". Marker "RANGE" (Figure 2.5) is approximately 

level with the antenna range surface and 0.17 foot in front of the source antenna 

azimuth squint axis. The MILA multi-axis positioner has elevation angle zero 

defined as the positbn of coincidence of the positioner's roll axis (OP) with the 

azimuth axis OZ. 

Azimuth (<I» angle zero is defined as coincidence of the roll axis with the 

vertical plane through OX. The azimuth angle indicator in the control room 

console provides two readouts. One shows increasing angle with counterclock­

wise rotation and the other shows increasing angle with clockwise rotation of the 

azimuth axis a-l. All azimuth angles in the current study are from the indicator 

that gives increasing angle with clockwise rotation. 

2.4 Control Room Equipment 

Operation of the range either as a general purpose antenna measurement facility 

or as a boresight facility is conducted from the centralized console depicted in 

Figure 2.6. The units shown are, with the exclusion of the optical bor esight 

equi pIn ent, standard Scientific-Atlanta range instrumentation items, and are not 

discussed in detail here. With integration of the equipment delivered under 

Contract NASlO-2103, the range is instrumented for operation at frequencies in 

L-, S- and X-band. 

2.5 The Gemini Spacecraft Mockup 

The bulk of the measurements reported in this document were made with the 

Scientific-Atlanta multi-axis test positioner used in tp.e same manner that a 
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, conventional model tower is employed. The full-scale RF model of the Gemini 

spacecraft, which is employed in boresight tests of the Gem,ini program, was 

employed as an extension bracket coincident with the upper azimuth axis of the 

test positioner. The spacecraft mockup is a semi-monocoque design chosen to 

provide high mechanical integrity; the mockup was designed by McDonnell 
I 

Aircraft Corporation and fabricated by the 6549th Maintenanc~ Squadron, 

Patrick Air Force Base, Florida. The inner skin, which provides nearly all of 

the structural strength, is thermally insulated from the outer skin. The interior 

of the mockup is cooled by air supplied from the air-conditioned control building 

to reduce structural deformations from stresses caused by non-uniform solar 

heating. As discussed in Chap~er 3 of this document, the X-band and S-band 

monopulse test devices were designed to mount on the mockup in the same 

manner as the Gemini rendezvous radar package, and to utilize existing control­

c:i.nd RF-cabling routed to the devices via the mockup. 

2.6 Integration of Delivered Equipment 

In addition to X-band and S-band test devices,equiprnent delivered under 
'-::== .. -

Contract NASIO-2103 included phase-locked RF sources, transmitting antennas, 

and necessary cabling for operating in the ground-reflection and elevated modes 

at both X- and S-bands. The interconnections of the delivered hardware with 

the existing boresight: range equipment are shown in 1the block diagrams of 

Figures 2.7 and 2. 8. 
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CHAPTER 3 

RANGE EVALUATION TECHNIQUES AND DEVICES 

As in any test problem, accurate antenna measurements require achievement of 

a test environment which adequately simulates the operational environment of the 

device under test. The specific environmental factor which will be considered 

in this section is the illurnination of the test aperture. 

Most antennas operate over ranges v';hich are long in comparison with the 

aperture size, thus only a small solid angle of a transmitted radiation pattern* 

is subtended by the antenna of interest. In its operating enviromnent, the antenna 

will be illuminated by a direct-path spherical wave of very large radius so that 

the phase, amplitude, and po1a.:dzation of the incident wave will be very nearly 

constant over the test a.perture. If the antenna operates in a cluttered environ­

ment, as near the earth for example, it will receive energy by reflection or 

diffraction by extraneous paths, usually, but not always, through the sidelobe 

regions of its directivity pattern; measurements which take into account such 

sources are termed in situ measurements. The discussion here applies basically 

to free space measurements in which only a single path is desired between a 

source antenna and the antenna under test. ** 

The NASA-MILA range has been evaluated under the current contract at X- and 

S-bands through a program of experimental measurements. In view of current 

and possible future test responsibilities of the MILA facility, the experimental 

program was directed in part toward the determination of the capability of the 

facility for obtaining high-accuracy bar esight measur ements at frequencies in 

these bands. Three measurement techniques were utilized in the evaluation: 

(1) Aperture field amplitude measurements, 

(2) Aperture field polarization measurements, and 

(3) Boresight comparison measurements. 

*This report will consider all antennas to be tested on receiving. The recel Vlng 
characteristic.s thus obtained will be identical to the transmitting pattern, in 
accordan.ce with the Rayleigh-Helmholtz reciprocity theorem, for all antennas 
except for thos e containing non-reciprocal components, such as ierrites. 

**rn the Gemini and LEM radar problems, it is necessary to take into account 
effects of the spacecraft on the operation of the antenna. The problem of the 
effect of the spacecraft on the bore sight measurements of the LEM rendezvous 
and landing radars is discussed in Chapter 6, the Gemini problem is discussed 
in Appendix K. 
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These techniques, which are discussed individually below, were employed to 
.' 

compare the quality of measurements obtained with several range configurations. 

Measurements were made in the ground-reflection mode and in the elevated mode 

with and without diffraction screens to determine the optitnum range configura-

tion for general antenna measurements and specifically for bm:esight testing at 

each frequency. Certain mechanical accuracy tests were conducted to supplement 

the standard measurements of the facility calibra.tion program; results of thes e 

frequency-independent measurements are discllssed in section 4.3. 

3.1 Aperture Field Amplitude Measurements 

3.1.1 Discussion 

The field in the test aperture consists of the sum of the field produced by direct­

path radiation from the source antenna and the field produced by reflections 

from extraneous sources (see Appendix A). The total field is considered to 

consist of (1) the incident field, which includes the direct-path wave and the 

field produced by reflections from sources in front of the test aperture, and (2) 

the field caused by extraneous reflections from extremely wide angles and from 

the rear of the test aperture. 'rhe dis cus sion here applies to mea sur ement of 

the purity of the incident field. The effects of reflections from wide angles 

(and of perturbations .. of the incident field) were studied by means of bor esight 

comparison measurements which are discussed in Appendix K. 

3.1.2 Amplitude Measurement Procedures 

Measurements of the amplitude of the incident field were made with the field­

probe mechanism shown schematically in Figure 3. 1. The probe mechanism 

is basically a l6-foot beam along which a carriage sUPForting a probe antenna 

is driven to measure the incident field strength as a function of position: The 

probe carriage position is remotely controlled. A synchro signal indicating the 

position of the probe drives a. position indicator and the angular coordinate of 

the rectangular recorder chart in the receiving console, permitting plots of the 

received field amplitU.de verSiUS radial aperture position to be obtained. For 

these measuremeni:s l the probe mechanism was mounted on the front of the 

Gemini spacecraft rrlOckup at; shown. The line of exploration was selected by 

rotating the mockup' about itt; roll axis, allowing measurements to be made along 

radial lines in the test aperture. 
3-2 
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Test with the field probe device are limited to sampling the field incident on the 

test aperture from the forward direction. The presence of the probe mechanism 

presents a reflecting surface and distorts any energy distribution arriving from 

the rear of the test aperture (such as reflections from the positioner or control 

building). Horns with beamwidths of approximately 30x 35 degrees were used 

as sampling antennas in order to suppress the reception of wide-angle and 

rearward signals. 

Sets of aperture field probe measurements were made for X- and S-bands. The 

trleasurements were made for both the elevated and ground-reflection modes of 

range operation for horizontal and vertical polarizations. Measurements were 

included to document the effects of changing range parameters such as trans­

mitter height, transmitter boresight direction, diffraction screen configurations, 

etc. Data obtained from these tests are presented and discussed in Chapter 4. 

3.2 Polarization Measurements 

3.2.1 Discussion 

In addition to the phase and amplitude requirements listed in the introduction to 

this section, simulation of far -field operation on a test range requires that the 

test aperture be illuminated by a wave possessing the proper polarization 

characteristics. Polarization errors at the test range can aris e from three 

primary sources. The polarization characteristics of the transmitting antenna 

will vary somewhat over the solid angle which is subtended by the test aperture, 

and the polarization characteristics can be distorted by atmospheric inhomo­

geneities or by reflection from the range surface. It can be shown that atmos­

pheric effects will generally be negligible on a 1000-foot range 3-1 such as the 

MILA facility. The results shown in Appendix A imply that upon refledion a 

wave wil~ not identically maintain its original polarization characteristics even 

if the reflection is specular in nature except for vertical and horizontal transmitted 

polarizations. Any depolarization caused by the reflecting surface can cause 

degradation of the polarization in the receiving aperture. 

3-1 . 
Jack Chastain; et al. I Investigation of Pr ecision Antenna Pattern Recording 

and Display Techniques, Final Report, March 1963, AD415-912. 
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Thus, depolarization of the aperture field is associated with, although not solely 

dependent on, the am.ount of extraneous energy present. 

When the polarization of a receiving-aperture field is explored by rotating a 

linearly polarized probe antenna about an axis which is coincident with the 

direction of propagation, the am.plitude of the signal at the term.inals of the probe 
~ 

antenna is proportional to (P f2, where 
r 

P GG' o 
P

r 
= -~2--

In equation (3 - 1), 

P is the power rec~ived by the probe antenna, r 
P is the input power at the term.inals of the transm.itting antenna, o 
G is the gain of the transm.itting antenna in the dir ection of the 
receiving antenna, 

G' is the gain of the receiving antenna in the direction of the 
transmitting antenna, 

R is the separation between antennas, 

r is the axial ratio of the transm.itting antenna in the dir ection 
of the receiving antenna, and 

ex is the angle between the m.axim.a of the polarization ellipses of 
the two antennas. 

(3-1 ) 

The polarization pattern of the incident field at the point of obs ervation is given 

by the term. in brackets in equation (3-1). It is seen that such a pattern will have 

m.axima at ex=O or 1T a11d m.inim.a at cx.=±1T/2, and will define the tilt angle and the 

axial ratio of the polarization ellipse; determination of the sense of rotation 

requires supplem.ental measurements as discussed in Appendix G. 

Rll uti 3.2.2 Polarization Measurem.ent Procedures 

The polarization characteristics of the field incident on the test aperture were 

m.easured at X- and S-bands for horizontal, vertical, and circular polarizations. 

The tests consistesi of rotating a linearly polarized horn in the incident field to 

obtain polarization plots in accordance with the discussion of paragraph 3.2. 1. 

The horn was m.ounted on a sm.all polarization positioner which was in turn 

mounted. on the carriage of the probe mechanism described in section 3.1. The 

polarization direction of the horn was read out by a synchro; recordings of the 

incident polarization could thus be made at any point in a 16 -foot diameter 
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circular aperture. The frequency dependence of the aperture polarization was 

investigated by obtaining polarization plots as a function of frequency about the 

frequencies of interest in X- and S-bands. The results of these measuremen.ts 

are presented and discussed in Chapter 4. 

3.3 Boresight Measurements 

3.3.1 Discussion 

Boresight measurements are normally made to determine the capability of a 

tracking system or other direction sensor in locating the direction in space to 

... J 

a radiating or reflecting source. Most tracking devices, such as monopuls e radars 

and conical scanning radars, perform this function in the operational case by 

sensing the direction of arrival as the direction of the normal to the approaching 

wavefront. 

In boresight measurements on an antenna test range, boresight error of a system 

under test is determined by comparing the direction to a known source as indicated 

by the system under test with the same direction as indicated by the angle-readout 

of the measuring system taking into account parallax, which will almost alw'ays 

exist, between the center of parallax (see Appendix J) of the antenna under test 

and the origin of the range coordinate system. 

The above procedure implies that the center of phase (1. e., the apparent 

location) of the source antenna is known. Although a unique center of phase does 

not generally exist for a practical antenna, a center of phase can be defined 

relative to a given test aperture, as discussed in Appendix J, if the phase variation 

across' the test aperture is nearly spherical. This situation exists if the field 

incident on the test aperture is from a single directionj that is, if extraneous 

reflections do not exist. Calculations presented in Appendix J show that if a 

source antenna is designed to be symmetrical, as in the cas e of a paraboloid, and 

if it is made es s entially symmetrical, the center of phas e for almost all practical 

purposes can be tcrken as the geolnetrical center of the antenna if reflections are 

negligible. In the appendices, theoretical relationships are derived between the 

location of the apparent source of radiation and the field in the test aperture in 

the presence of reflections. 
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The rn.easurern.ents under this prograrn. were rn.ade to provide an evaluation of 

the accuracy of the range for rn.aking boresight rn.easurern.ents at X-band and 

S-band. In addition the rn.easurern.ents provide experirn.ental correlation with 

the theory to perrn.it extrapolation of the results of the rn.easurern.ents to other 

test situations. Measurern.ents were perforrn.ed at X- and S-bands using rn.ono­

pulse devices to sense the apparent location of the source antenna. The technique 

ern.ployed ~;,as essentially the sarn.e as that employed in validating the range for 

the Gern.ini prograrn. and described in Appendix K, page 33, except that rn.easure­

rn.ents were rn.ade in only one plane at a tirn.e; (the monopuls e sensor was rotated 

through 90 degrees to sense in orthogonal planes). X-band m.easurern.ents were 

rn.ade with an arn.plitude-rn.onopuls e sensor which sirn.ulated the characteristics 

of the LEM rendezvous radar antenna. This perrn.it9 the boresight data obtaine0. 

to be related to the LEM rn.easurern.ent problern.. Finally, since the accuracy of 

the rn.onopuls e rn.easurern.ents is affected by all of the system com.ponent errors 

such as positioner errors, frequency and amplitude instabilities, gravity and 

tern.perature effects, etc., rather than the extraneous signal level alone, thes e 

tests serve as a check on the total rn.easurement systern. perforrn.ance. 

3.3.2 Description of the Monopuls e Sensors 

X-Band 

The X-band sensor used for boresight measurern.ents was a single-plane 

arn.plitude-rn.onopulse systern., shown schern.atically in Figure 3.2. The 

antenna utilized was a 2-foot diarn.eter paraboloid with a Cassegrain sub­

reflector. The feed and l' eflectcr s were designed to sirn.ulate, in a single 

plane, the LEM rendezvous radar antenna, operating at a center frequency 

of 10 GHz. The relative arn.plitudes and phases of the signals in the two 

channels are adjustable by rn.eans of a pr ecision waveguide attenuator and a 

rotary vane phas e shifter, as shown in Figure 3.2. The phas e shifter and 

attenuator are motor driven and are controlled at the receiving console. 

The two signals are combined in a hybrid, and the output of one port is 

directed to the rn.ixer of the rn.easurements receiver, which acts as a null 

indicator. 

The mechanical and electrical components are enclosed in a rigid drurn. 

which is insulated to reduce tern.perature effects. It was convenient to 

design the device to be mounted in the nose of the Gern.ini spacecraft mockUp 

in the location normally occupied by the Gemini rendezvous radar. In effect, 

3-7 



v.> 
I 

(Xl 

SUB-REFLECTOR 
1_ -C-H-AN-NE-L -A - -- ---- --CH-A-NN-EL-B -_- _I 
I -- ------- - I 
I ROTARY I 

PRECISION VANE..... I I 0 "~I" VARIABLE PHASE .......... 0 
-- - WAVEGUIDE SHIFTER 

I ATTENUATOR I 
I MOTOR MOTOR 
L ___ -J >4! ~I I 

PARABOLOID 

I -I 
I I 
I HYBRID I 

i L __ _ L.uAD __ J 

TO RECEIVER' 

A 

B 

INDIVIDUAL PATTERNS DIFFERENCE PATTERN 

Figure 3.2. Schem.atic of X-Band Single-Plane Am.plitude-Monopulse System. 

--~----~-~-~.~~~~~ 

., 



M"' 
}Ii 

~~ 

\00: 'j , II 
: 

~ 

I 
I 

the Gemini mockup serves as a mounting bracket to position the monopuls e 

sensor, shown in its operational configu:L'ation in Figure 3.3. 

S-Band 

The S-band boresight sensing device is a single-plane phas e-monopulse 

interferometer consisting of a pair of waveguide horn antennas and as so­

ciated circuitry as illustrated schematically in" Figure 3.4. The internal 

components differ fl'orn those of the X-band device in that they are coaxial, 

rather than waveguide. devices, The attenuator and phase shifter are 

remotely controlled by the same unit which is used with the X-band amplitude­

monopulse device. The antenna system is mechanically rigid and the internal 

components are thern1.ally insulated. As in the case of the X-band device, 

the interferometer is packaged to mount directly into the "Gemini spacecraft 

mockup. A null, sensing zero phase difference between signals received 

by the two sampling antennas, is obtained for CI. given pointing direction by 

adjusting the phas e shifter and attenuator to yield a minimum difference 

signal at the hybrid output. If a phas e front is incident on the interferometer 

at an angle S as shown in Figure 3.4, the phase difference cp between the A 

and B signals is 
,!.. 2 'lTd . S 
't' = T Sln 

where A is the wavelength and d is the spacing between the antennas. The 

sensitivity of the interferometer for angular determination is dependent on 

the rate of change of cp with respect to S. The sensitivity is thus given by 

dcp 2 'lTd S 49 = -r cos 

The antennas in the phase monopulse device can be placed at separations of 

8 and 24 inches, resulting in two possible sensitivity factors; the 24-inch 

separation was used for S-band boresight testing performed under this 

program. The interferometer sensitivity dcp/dS at S-band (2.3 GHz) for this 

spacing is approximately 30 cosS electrical degrees per mechanical degree 

of boresight change. ",{hile the schedule of this program did not permit 

measurements with the 8-inch spacing, it is noted that this smaller 

separation between the interferometer pair would provide a sensitivity 

of approximately 10 cosS electri.cal degrees per mechanical degree of 

boresight change. Since this lower sensitivity represents a greater sus­

ceptibility to extraneous energy, it could be used in measurements designed 

to prove very high degrees of suppression of reflected and other extraneous 

signals. 
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CHAPTER 4 

MEASURED AND CALCULATED DA TA 

The capability of the NASA-MILA RF Boresight Test Facility for antenna 

measurements at X- and S-bands was evaluated in an experirnental program 

involving the electrical measurements described in Chapter 3 and the 

mechanical measurements of positioner errors discussed in section 4.3. The 

range was investigated in the ground-reflection mode and in the elevated mode 

for both frequency ranges; the lneasurement program included experiments 

toward the determination of optimum range configurations and studies of the 

effects of diffl'action screen and microwave absorbing material placements. 

Discussions of the measured data are presented here with representative 

patterns and calculations. 

4. 1 X-Band Measurements 

The MILA range was evaluated at X-band for use a:~ a bore sight test facility and 

as an antenna pattern measurement facility. Partkular attention was directed 

toward the feasibility of utilizing the range for high-accuracy boresight measure­

ments on the LEM Rendezvous Radar system and in evaluation tests of the LEM 

Landing Radar system. All X-band measurementsl described below were made 

at a frequency of 10 GHz unless otherwise specified. 

4.1. 1 Ground-Reflection Mode 

The following paragraphs present data pertinent t:o the performance of the MILA 

boresight test range as operated in the ground-reflection mode. Two transmitting 

antennas were used in this configuration: (1) a I-foot paraboloidal reflector with 

linear polarization capability only, and (2) a conical horn with a I-foot diameter 

aperture and dielectric lens operated in conjunction 'with a polarization adjusting 

system to obtain any required polarization of the transmitted wave. The 3-decibel 

beamwidth of each translnitting antenna is approximately 7 degrees. 

4.1.1. 1 AmplitudE~ Measurements: The theoretical aperture field characteristics 

of a grou:od-reflection range are deriv~d in Appendix A. Field amplitude 
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variations within the test aperture are of two types: (1) amplitude taper due to 

the directivity of the transmitting antenna and, in the1round-reflection cas e, 

due to the interference of the image of the transmitting antenna in the range 

surface with the direct-path wave from the transmitter; and (2) amplitude 

ripple due to signals caused by extraneous reflection and diffraction effects. 

As shown in Appendix A, the vertical amplitude taper over the test aperture 

for a ground-reflection range .is determined by the ratio of the vertical dimen­

sion of the aperture to the height of the center of the aperture above the range 

surface, while the horizo~:al amplitude taper is essentially determined by the 

beamwidth of the transmitting antenna. If the transmitter height is optimum, 

the vertical taper will be symmetrical about the center of the aperture. The 

optimum transmitter height, ht' which corresponds to a test aperture height of 

hr for a theoretically perfect ground-reflection range of length Ro' is given by 

equation (A-3l) of Appendix A, 

h == t 

AR o 
4h 

1" 

The pertinent parameters for the NASA-MILA range are: 

and 

hr - 30 feet 

R == 1000 feet. 
o 

At 10 GHz (A == 0.098 foot), equation (4-1) yields 

o. h
t 

== 0.83 fDot. 

(4.,..1 ) 

As surning proper adjustment of the transmitter squint angles, this h!3ight theo­

retically results in an in-phase condition for the direct-path and reflected signals 

at the center bf the test aperture" so that the vertical amplitude taper of the 

aperture field is symmetrical about h for the conditions postulated in Appendix A 
r 

(i. e., no phase difference between En and ER due to the phase pattern of the 

tra.nsmitting antenna and exact 180-degree phase shift at the reflecting surface). 

If the phase characteristi<:s of the transmitting antenna and the reflecting surface 

are not as postulated the optimum tran$mitter height will vary from that given 

by equation (4-1), although such variations will be insignificant for configurations 

which approach the theoretical model. 
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Figure 4. 1. Plots were :made for horizontal and vertical linear polarizations 

with transmitter height as a para:meter. For source heights between 0.79 and 

0.83 foot, the patterns are all very nearly sy:m:metrical about the c-'!nter of the 

aperture. In other words, the quality of the field configuration for either polari­

zation is relatively insensitive to fine adjust:ment of the source height about the 

theoretical value given in equation (4 -1). 

Horizontal a:mplitude patterns ar e also presented in Figure 4. 1; for the ground­

reflection :mode, ho:llizontal a:mplitude taper is almost entirely due to the 

directivity of the trans:mitting antenna. The taper in this plane is seen to be 

s:mall due to the relatively broad 3 -decibel bea:mwidth of the 1 ~foot paraboloidal 

source antenna at 10 GHz. 

Consideration of the equations describing the aperture field for a ground­

reflection range indicates that the vertical aperture -field taper should not be 

affected appr eciably for s:mall changes in the vertical squint direction of the 

trans:mitting antenna about the theoretical opti:mu:m. The vertical taper is pri­

:marilya result of the relative phases of the direct and reflected signals, rather 

than of the directivity factor of the trans:mitting antenna; thus the exact pointing 

direction of the trans:mi-cting antenna in the vertical plane is not as critical as is 

the case for the elevated range with respect to the a:mplitude of the aperture field. ~~ 

As stated above, horizontal a:mplitude taper is essentially dependent on the 

directivity of the source antenna, thus the taper is influenced by the azi:muth 

squint angle. Typical field a:mplitude patterns illustrating these principles are 

reproduced in Figure 4.2. The vertical patterns are shown for elevation squint 

angles varying over a range of greater than four degrees. Very little change in 

the a:mplitude patterns is noted. Conversely, when the azi:muth squint angle is 

varied fro:m the opt:imu:m setting by as :much as one degree, a tilt of the a:mplitude 

curves is noted. The opti:mu:m azi:muth squint angle is seen to be about +0. 1 

degree for the pal."ticular antenna us ed to obtain the patterns of Figure 4.2. The 

slight deviation of this value from zero is due to s:mall electrical and :mounting 

:misalign:ments. 

*See section A. 5 and Appendix E for consideration of the phase of the aperture 
field and height of the apparent source of radiation as a function of elevation 
squint angle. 
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Figure 4.2. Aperture Field Patterns for Several Transmitter Squint Angles 
Ground Reflection Mode -- X-Band 
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The patterns of Figure 4.1 and Figure 4.2 are seen to be virtually free of 

amplitude ripple, indicating that the MILA range surface affords very nearly 

specular reflection for the ground-reflection mode at 10 GHz. 

4.1.1. 2 Polarization Measurements: The development of section A. 3 implies 

that in a ground-r eflection antenna range, the polarization of the field 

in the test aperture will not be identically the salue as that of the transmitted 

field except for horizontal and vertical polarizations. The orientation and axial 

ratio of the field will be changed a small amount by the differential phase and 

amplitude of the r zflection coefficients for the vertical and horizontal components 

of the wave reflected from the range surface. This effect will also result in 

some change in polarization with height in the test aperture because of the change 

in reflection coefficient of the vertical component with grazing angle. There will 

be an additional change in polarization with position in the test aperture because 

of the variation in the cros s -polarization components of the transmitting antenna 

with direction over the portion of the beam pattern subtended by the test aperture. 

The measurements discussed below were made to investigate the magnitude of 

these effects. 

Polarization measurements were made for vertical, horizontal, and circular 

polarizations as a function of aperture position as described in section 3.2.2. 

For vertical polarization, axial ratios of 35 decibels or greater were observed 

over an 8 -foot diameter aperture and ratios of 30 decibels or greater were 

measured over a 16 -foot diameter aperture. The horizontal polariz~1.tion ratios 

were somewhat higher, being 40 decibels or greater over the 8 -foot aperture and 

35 decibels or greater over the 16 -foot aperture. The improvement for hori-

zontal polarization results from the fact that the surface affords a more constant 

phase shift due to reflection for horizontal polarization as the grazing angle varies, ~~ 

so that the reflected wave adds nearly in phase with the direct-path wave over a 

lar ger aperture than in the cas e of vertical polarization. 

Circular polarization data as a function of aperture position are presented in 

Figure 4.3. The polarization of the received signal was adjusted to very nearly 

purely circular (axial ratio less than O. 1 decibel) at the center of the aperture. 

In addition to the points plotted in Figure 4.3, polarization measurements were 

,I, 

"'See for example, Jordan, E. C., Electromagnetic Waves and Radiatiil.g Systems, 
Prentice-Hall, 1950, pp. 612-613. 
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Figure 4.3. Circular Polarization Axial Ratio Versus Aperture Position -­
Ground-Reflection Mod,e -- X-Band 

made along diagonal1ines across the aperture. The axial ratio remained less 

than 0.3 decibel for all points measured in a 16 -foot diameter aperture. 

The dependency of polarization on frequency was investigated about a center 

frequency of 10 GHz. The results of these measurements are typified by the 

data plotted in Figure 4.4. The maximum axial ratio observed in the frequency 

band between 8.5 and 12.0 GHz was les s than 1. 5 decibels when the polarization 

was adjusted to circular at 10.0 GHz. After chan.ging frequencies, a near­

circular axial ratio was found to be repeatable upon returning to a frequency of 

10.0 GHz. The design of the conical horn transmitting antenna which was 

employed in these measurements is such that identically right- or left-circular 

polarization can be set at any frequency in the band. 

4.1.1.3 Boresight MeasurenlentS: Boresight comparison measurements were 

made to determine the effects of small variations in the transmitting 

W antenna orientation on the ground-reflection range performance'. The measure-

I 
I 

ments were made in accordance with the procedures described in section 3.3 

and Appendix K. 
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Boresight measurement data obtained as a function of transmitter height, 

presented in Figure 4.5, indicate that the apparent source height is approxi­

mately 0.30 foot for actual transmitter heights in the neighborhood of the 

theoretically optimum height (0.82 foot). The apparent height is seen to be 

within O. 1 foot of this value for all transmitter heights up to 1.20 feet, indicating 

that small variations from the optimum transmitter height are not critical in 

their effects on the bore sight measurement capability of the ground-reflection 

range at X-band. 

The appal' ent source location for horizontal polarization is seen to be lower than 

that for vertical polarizati01~. Thi,C can be explained by noting that the apparent 

height H for ground-reflection operation may be obtained from the equation 

H=,:: 1 - k 
1 + k ht (E-17) 

where k is ratio of the reflected signal to the direct-path signal (Appendix E). 

For an increasing coefficient of reflection, the apparent source heigJit decreases. 

The lower measured heights for horizontal polarization indicate that the magnitude 

of the reflection coefficient is greater for horizontal polarization than for vertical 

polarization, a fact which was theorized to be true in Appendix E, and which was 

previously deduced from the field probe and polarization data discussed above. 
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The maximum difference in apparent height for the two polarizations is less 

than 0.1 foot, corresponding to a boresight ambiguity of :1:0.05 milliradian. * 

The effects of transmitter squint-angle variations on the apparent source loca­

tion in the ground-reflection mode are discussed in Appendix E. .Equation (E-14) 

of that derivation describes the theoretical apparent source height as a function 

of the transmitter elevation squint angle. The measured source height for the 

MILA ground-reflection range operating at IO GHz, as a function of elevation 

squint angle, is presented in Figure 4.6. This Figure also inclUdes a plot of the 

theoretical curve from equation (E-14). The measured variation parallels the 

theoretical curve with an offset of approximately 0.3 foot. The offset is 

probably due to a combination of the effects of imperfect reflection at the range 

surface (a unity reflection coefficient is assumed in the theoretical derivation) 

and a difference between the zero elevation squint references used for the theo­

retical and measured curves. 

The data shown in Figure 4. 6 represent the results of several sets of measure­

ments made for both horizontal and vertical polarizations. The spread of 

measured height values is an indication of the repeatability and precision attain­

able in ground-reflection boresight measurements at X-band on the MILA range. 

The spread of :1:0.05 milliradian represents an envelope of measurements made 

011 different days; data repeatability was somewhat better for measurements made 

in cons ecuti ve experiments. 

The dependence of the horizontal location of the apparent source on azimuth 

squint angle is shown in Figure 4.7. The apparent source moves slightly clock­

wis e as the indicated transmitter azimuth squint angle is increas ed. The total 

change in the horizontal source position is approximately 0.20 milliradian for an 

azimuth squint variation of :1:3 degrees. The angular spread for both horizontal 

and vertical linear polarizations is approximately O. 1 milliradian. 

The beamwidth of the transmitting antenna is approximately 7 degre es. Dis­

placement of the beam axis :1:3 degrees from the range axis produces a variation 

of the field of about 0.2 decibel over the two-foot aperture of the monopulse 

sensor and some small indeterminate phase variation over the aperture, which 

~'< 
For a range length of 1000 feet, a I-foot movement in the transvers e plane 

corresponds to an approximate angular movement of I milliradian; therefore, 
source location errors in feet may be interchanged with angular measurement 
errors in millirad:i.ans in the following dis cus sions of boresight measurements. 
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.. 
depends on the focusing of the transmitting antenna. The conclusion which 

can be drawn from. the results shown in Figure 4.7 is that the location of the . . 
apparent source of radiation of the transmitting antenna is relatively ins ensitive 

to the azim.uth squint angle of the transmitting antenna. 

4.1.2 Elevated Mode With No Diffraction Fences 

A discussion of the apertur~-field perturbations which can result from propaga­

tion over a smooth reflecting surface in the elevated mode is pres ented in 

section A. 6. The relatively smooth surface of the MILA range will allow specular 

reflection of microwave energy, with a reflection coefficient of nearly unity mag­

nitude, for small grazing angles. Suppression of the effeCts'of reflected energy 

4-12 



I 
1 
I 

r 
... ~ 

~~-
I 

]} 

I 

can be accomplished by reducing the illumination of the range surface with the 

use of diffraction fences or with the use of moderately directive source antennas, 

although the degree of suppression obtainable through the directivity of the source 

is limited by criteria which r~!:strict the allowable amplitude taper in the vertical 

plane of the test aperture. ~~ 

Elevated-mode X-band meas~urements were made (1) with no diffraction fences, 

to investigate and document the effects of reflections from the unscreened range 

surface, and (2) with various diffraction fence configurations in place, to deter­

mine and document the resulting improvements in the aperture field and the 

corresponding improvernants in possible measurement accuracies. The following 

paragraphs present data taken with no diffraction fences in place; the effects of 

range-surface screening are discussed in section 4.1. 3. 

4.1.2.1 Amplitude Measurements: For the 30-foot height of the center of the 

MILA test apertur e, the range surface in the vicinity of the specular 

point is illuminated primarily by the close-in sidelobes of the 4-foot source 

antenna. In addition to measurements with the 4-foot dish, data were recorded 

with a I-foot source antemla for purposes of comparison. Patterns of the vertical 

aperture-field configuration are shown for the elevated rnode at X-band in . 

Figure 4.8. The patterns of Figure 4. 8(a) repr esent the aperture-field variation 

for the case of a I-foot diameter paraboloidal transmitting antenna with a 3 -decibel 

beamwidth of approximately 7 degrees at the operating frequency of 10 GHz. The 

>::: 
For example, a typical criterion applied for precise measurements which are 

designed to simulate semi-infinite separations between source and test antennas 
is to restrict the amplitude taper across the aperture of interest tc') the order of 
0.7;5 decibel. This criterion can be shown (s ee Appendix E) to correspond to a 
restriction on the diameter (d) of the source antenna for a frequency of 10 GHz 
given by 40 

D 

where D is the maximum projection of the test aperture on the vertical normal to 
the direct-path propagation vector, and where dMAX and D are measured in feet. 
Unlesfl otherwise specified, the measurements discussed in this section employed 
a 4 -foot diameter paraboloidal sour ce antenna, which implies a maximum vertir:al 
dimension of the test aperture of approximately 10 feet which is illuminated 
within the 0.25 -decibel taper criterion. It is noted that an approximate vertical 
test-aperture dimension of 20 feet would subtend the portion of the transinitted 
pattern between the l-decibel points. 
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transmitter height is 30 feet and the angle to the point of specular reflection is 

approximately 3.5 degrees; the range surfac e is therefore illuminated by the 

main beam of the transmitter and, a relatively high extraneous signal level is 

pr edicted. The patterns of Figure 4. 8(a) exhibit a peak-to-peak ripple of 6 to 

8 decibels, correspondilig to an extraneous field amplitude of approxima:tely 0.4 

tim.es the field amplitude of the direct-path signal (see section A. 6). 

A.m.plitude probe patterns for the 4-foot paraboloidal transmitting antenna are 

shown in Figure 4. 8(b). The 3-decibel beamwiqt.p. for this antenna is approxi­

:rnately 1. 7 degrees at 10 GHz, and the 0.25 decibel beamwidth subtends a test 

aperture diameter of approximately 10 feet. The ripple caused by ref1ect~ons 

from the rang(~ surface for this mode of operation is superposed on the amplitude 

taper. The increased directivity of the 4-foo1: dish results in a significant i.m­

provement in the extraneous signal level, as indicated by the pattern ripples of 

Figure 4. 8(b). For elevation squint angles near the optimum, the ripple is of 

the order of 1 decibel, corresponding to an extraneous field of approxim.ately O. 05 

tim.es the dir(~ct path field . 

The patterns of Figure 4.8 also demonstrate the effects of changes in the trans­

:mitter elevation squint angle on the test-aperture field. As the transmitter beam 

axis is lowered, the surface illu:m.ination increases, and the extraneous signal 

level ris es. The amplitude patterns indicate that the ripple component is small 

for elevation squint angles which direct the transmitted beam above the test 

aperture, but that the aperture field is asymmetrical for thes e values of elevation 

squint. The indicated optimum squint angle for the case shown in Figure 4.8(b) is 

approximately minus 0.75 degree; since the optimum should be at zero degrees 

(horizontal), the indica.ted value repres ents a misalignment error. 

The derivation of section A. 6 indicates that the approximate direction of arrival 

of the extraneous signal may be determined from the pitch of the aperture-field 

am.plitude ripple. The variation of this pitch with the angle of arrival is illus­

trated in Figure 4.9 which shows vertical amplitude patterns with transmitter 

height as a parameter. For each pattern, the elevation squint angle was adjusted 

for symmetry of the amplitude taper about the center of the test aperture. The 

geortletry for the measurementel recorded in Figure 4.9 is shown in Figure 4.10. 

The ray labeled ER is the ray which is reflected at the specular point, and En is 

the direct-path ray. The angle \. between En and ER is seen in Figure 4. 10 to 
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be given by 

radians, (4 -2) 

where R »h and h
t

. As shown in section A. 6, the corresponding theoretical o r 
spatial periods of the aperture-field variations wou.ld be given by 

p A 
= sineR - (4 -3) 

The theoretical variation of P versus ht is cOlnpared in Figure 4. 11 to the 

measured pitches as determined from Figure 4.9. Although equation (4-3) is a 

result of plane wave approximations, it can be seen that the experimental data 

are in close agreement with the theoretical curve. 

It is also of interest to correlate the relatively constant amplitudes of the 

aperture-field variations in Figure 4.9 to the theory. Note from Figure 4.10 

~I~·~~~~~~~~E-~D-___ RO_=_IO_OO_FT __ --~==~~~,·I~l' 
TO 

h.,. 

t-: v_--- --_ :+ 
ht I _ - - ~ -- - - hr I 30 FT 
-LI-- --_ I 

30FT 

--_ I I 
- -l---L 

Figu:te 4.10. MILA Elevated Range Geometry 

that the angle aT between the direct -path ray and the ray incident on the specular 

point is given by 

radians, (4-4 ) 

hence is ess entially constant with variations in the transmitter height ht . As sum­

ing that th'e axis of the transmitted pattern is consistently directed toward the 
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Figure 4.11. Theoretical and Measured Pitch of Vertical Amplitude 
Pattern Ripple -- Elevated Mode -- X-Band 

center of the test aperture, the region of the range surface near the point of 

specular reflection will be illuminated by approximately the same sidelobe region 

of the transmitted pattern for all adjustments of the transmitter height. It follows 

that changes in the ratio of ER and ED would be due primarily to the slight change 

in reflection coefficient as a function of the differential grazing angles. Thus, 

the level of the extraneous signal should not vary significantly for practical 

excursions of the source antenna, and correspondingly the aperture-field fluctua­

tions should be nearly constant. This theoretical prediction can be seen to agree 

with the experimental results shown in Figure 4.9, where the amplitude ripple 

of the patterns is approxirnately one decibel peak-to-peak for transmitter heights 

from 12 to 36 fe et. 

4. 1. 2.2 Boresight Measurements: The relatively large amplitude variations 

e~hibited by the aperture -field patterns of Figure 4.9 indicate the 

presence of a significant extraneous signal level at the test aperture. As shown 

. in section A. 6, a peak-to-peak variation of 1 decibel in such patterns corresponds 

to au extraneous signal level of approximately -25 decibels with respect to the 

level of the direct-path si.gnal. On the basis of the analysis of Appendix D, it is 

seen that extraneous signal levels of this magnitude can cause appreciable error 
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in bor esight measurements made in the elevated mode with an amplitude­

monopulse radar. For example, Figure D. 5 shows that for an amplitude­

monopulse system whose main reflector has a diameter of approximately 20 

wavelengths (e.g., a 2-foot dish at 10 GHz), a relative extraneous signal level 

of -25 decibels can cause a one- to two-milliradian boresight error if this 

signal enters the monopulse device at more than approximately one degree from 

the optical boresight axis. Reference to equation (4-2) shows that an error of 

this order can occur for any transmitter height above 10 feet if the aperture­

field variations are approximately 1 decibel peak-to-peak. 

It is seen from the above discussion that data from probe measurements of the 

aperture field can be used to predict the approximate magnitudes of boresight 

errors which would be caus ed by a single specularly reflected extraneous signal 

in the elevated mode of range operation. A more quantitative correlation of 

experimental data with the theory can be bas ed on the derivations of Appendices 

A, C and D and on the configuration of the monopulse patterns, as summarized 

below. 

From Appendix A, it is seen that the pitch and amplitude of vertical amplitude 

patterns allow calculation of the approximate levels and locatior.d of sources of 

extraneous ener gy. These calculations would provide values for the ratio of 

reflected to direct-path amplitudes, k= ER/ED , and for the angle of arrival of 

ER with respect to ED' SR' 

From Appendix C, it is seen that, apart from the effects of the suppression of 

extraneous energy provided by the amplitude-monopulse pattern directivities, the 

apparent phase-center of the source antenna will exhibit oscillations of increasing 

arnplitude about the actual source location as the transmitter height is increas ed. 

The spatial periods of these oscillations are shown to be essentially constant 

with variations in transmitter height. The amplitude of the os cillations is shown 

to be dependent on the transmitter height and on the ratio k, which is itself 

dependent on the transmitter height to some extent. (See Figures B.3 through 

B. 5.) 

From Appendix D, it is seen that the effect of the side10be suppression of the 

rnonopulse patterns can be related to SR' the angle of arrival of the extraneous 

signal. This relation must be based on known or postulated pattern characteristics 

of the particular device of interest; for well-focused devices, the effect of the 
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directivities is generally a reduction in the amplitudes of the oscillations of 

apparent versus actual source height with increasing 8
R 

(hence with increasing 

transmitter height, since, as shown above, 8
R 

~ 2ht /R o ). The individual radia­

tion patterns of the two channels of the X-band single-plane amplitude-

monopuls e device utilized in this study are shown in Figure 4. 12, where the 

patterns were recorded at a frequency of 10 GHz. The theoretical curve of 

apparent versus actual source height shown in Figure 4.13 was generated by 

applying the above-mentioned derivations to the data of Figure 4.9, and modifying 

the resulting curve in accordance with an approximate envelope of the sidelobe 

regions of the patterns shown in Figure 4.12. It is noted that for the particular 

device discussed here, this modification was essentially a multiplication of the 

points of the original theoretical curve by the corresponding values of 

sinK8
R

/K8
R 

(see Appendix E). 
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Figure 4. 12. Typical A and B Channel Radiation Patterns for 
the X-Band Amplitude-Monopulse Test Device 
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. . The experimental data points shown on the best-fit curve in Figure 4.13 we"J:e 

obtained from boresight comparison measurements in the vertical plane of the 

test a.perture with the X-band test device, following the procedures discussed 

in section 3.3. Note that boresight errors of the order of 2 milliradians are 

indicated at the successive maxima and minima of the experimental variation. 

40 

36 

32 

12 

I MILLIRADIAN 

t 

12 14 16 18 20 22 24 26 28 
ACTUAL SOURCE HEIGHT (Ft::ETl 

BEST FIT TO EXPERIMENTAL 
VARIATION 

Figure 4.13. Theoretical and Measured Variation of Apparent 
Source Height with Actual Source Height. 

Elevated Mode -- X-Band 
No Diffraction :FenceB 

The clos e correlation of experimental and theor etical variations in apparent 

source height as a function of actua.1 tl'anemitter height from 10 to 2S feet is 

obvi.ous, indicating that the MILA range surface closely approximates a 

36 

s,pecuJ.arly reflecting surface at X-band frequencies as postulated in the theoretical 

developments. 
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It should be noted that the ambiguity between theoretical and experimental data 

for source heights above approximately 25 feet indicates that a more precise 

approximation to the effects of sidelobe suppression could perhaps be found. 

However, the emphasis of this study was on attempts to establish a range con­

figuration which would permit boresight meas.urement accuracies to be 

improV'ed by an order of magnitude over those indicated for the "no-fence ll data 

in Figure 4. 13, so that a more sophisticated approximation was not investigated. 

4.1.3 Elevated Mode with Various Diffraction Fence Configurations 

In the absence of diffraction fences the relatively large aperture-field perturba­

tions and. resulting boresight ambiguity observed for the elevated mode at X-band 

render this configuration unsatisfactory for high-accuracy boresight measure­

ments. In order to improve the aperture field purity and to effect a corresponding 

improvement in measurement accuracies, experiments were conducted with 

diffraction fence placements on the range surface. Theoretical aspects of 

reducing reflections with diffraction fences are presented in Appendix F. The 

theoretic~l studies resulted from the necessity of explaining the results of partial 

range-surface screening with diffraction fences and are supported by these test 

results. 

The diffraction fences employed in this study were fabricated in 41 x 15 1 modular 

panels, permitting a variety of fence configurations to be evaluated. Multiple­

fence configurations did not offer a significantly greater improve~en.t in aperture 

field purity than did certain single-fence configurations. It was shown that under 

certain conditions, multiple reflections caus ed by a multiple-fence configuration 

could result in troublesome interference at the test aperture. A single-fence 

configuration which shielded 20 or more Fresnel zones was shown to be virtually 

as effective as the bes.t multiple-fence configurations iIi reducing the extraneous 

signal level at the test aperture. Test data for both multiple-fence and single­

fence configurations are presented in the following paragraphs to illustrate the 

comparative improvements in the test-aperture field and in boresight measurement 

accuracies. 

4.1.3. 1 Amplitude Data: Several fence configurations were investigated in the 

X-band study. The various arrangements are tabulated below, where 

the column headings have the following meanings: 
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s ... a fence located 250 feet from the source tower 

C ... a fence located at the range center 

R ... a fence located 250 feet from the control building 

The tabular entries give the fence heights; although the fence widths varied 

slightly in some configurations, a nominal width of 60 feet was employed. 

Configuration S C R 

(a) 8 8 8 

(b) 8 12 8 

(c) 8 15 8 

(d) 8 15 -
(e) 8 12 -
(f) - 15 -
(g) - 12 -
(h) - 8 -

When multiple-fence configurations such as (a) through (e) are employed, care 

must be exercised to suppress the effects of multiple reflections from the fences 

and the range surface. The mechanism by which such multiple reflections can 

produce a. high extraneous signal level at the test aperture is illustrated 

schemati,cally in Figure 4. 14(a). A single multiple-reflection path may result in 

an extraneous signal level of the same order of magnitude as that caused hy dir.ect 

reflection from the range surface in the absence of diffraction fences; when more 

than one path is possible, as illustrated in Figure 4. 14(a), randonl c.,(ldition of 

the extraneous phasors can result in an extraneous signal level which is higher 

than that for the case of no diffraction fences. A straig~tforwal'd l'Il.ethod of 

suppressing multiple reflections is to tilt the fences as shown in Figure ~L l4(b). 

For either tilted or vertical fence configurations, a residual extraneous signal 

level is likely to result from a combination of diffraction and reradiation effects 

introduced by the fences themselves; however, these effects will be second-order 

in magnitude if the fences are properly placed, 

For purposes of comparison, and to illustrate the effect of multi path reflections 

on data repeatability, a set of vertical amplitude pattel'ns recorded as a function 

of elevation squint angle with fence configul'ation (b) above is illustrated in 
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TRANSMITTER RECEIVER 

FENCES 

(a) Scattering by Vertical Fences 

TRANSMITTER RECEIVER 

r~ .:S: ] 
(b) Suppression Achieved by Tilting Fences 

Figure 4.14. Multiple Scattering From Diffraction Fences 

Figure 4. 15; the fences were all el'ected normal to the range surface for these , 
measurements, and the patterns for each elevation squint-angle setting were 

repeated several times. The data for successive multiple-fence, configurationEi 

were taken with the Sand R fences tilted toward the source tOWE:r through an 

angle of approximatt:ly 20 degrees; as seen in Figure 4. 16 and 4,. 17, these data 

indicated a l.'elative freedom from multipath effects. 

It was found that within measurable accuracies configur,ation (g), a single 1Z-foot 

fence at the range center, resulted in essentially the same inlprovement in 

aperture-field purity as did any of the more elaborate configurations (a) through 

(f). Some minor degradation of the aperture field was seen :for configuration (h), 

a single 8 -foot fence at the range cent'er.' 

As an illustration of the effects of various fence installations, amplitude patterns 

for configurations (b), (e) and (h) are presented in Figures 4.16, 4. 17 and 4. 18, 

respectively. C~mparison of these data with Figure 4.9 shows that the partial 

range-surface screening provided by the diffraction fence placements resulted in 
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The data above, which are v ertical fi e l d patterns as a functi on of sour ce 
elevation squint angle , illus trate the effe cts of randomly phased e xtraneous 
energy on pattern reproducibility. The effect is most noticeable f or the 
traces numbered 252, where the source antenna was directed well below 
~~~ h orizontal so that the multiple (vertical) fences were heavily illuminated 
by ·.:he main lobe of the transmitted beam. Inclination of the secondary fences 
was found to suppress this effect. (see text) 
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a reduction. of the ripple component in the aperture field from approximately 

1 decibel to the order of 0.2 decibel. This improvement corresponds to a reduc­

tion in the relative level of extraneous energy of approximately 14 decibels. It 

was concluded that the use of a fence configuration which effectively screened 

approximately 20 Fresnel zones on the range surface, and was free from multi­

path effects, represented a reasonably optimu:rn modification to the facility at 

X-band (see Figure F. 9 of Appendix F). 

The measurements reported herein are not considered to represent the ultimate 

improvement which can be obtained in the purity of the aperture field. The 

present study was limited by scheduling and the scope of the contract. A more 

exhaustive study which would continue the study of the effects of diffraction fences 

on aperture fields produced over a specular surface would be, of value. 

To investigate the possibility of reradiated energy from conduction currents 

excited on the fences, experiments were performed with microwave absorbing 

material attached to the tops of several fence configurations. No measurable 

'! reductions in the aperture-field ripple components were observed for the resulting 

data as compared to patterns for the same configurations with no absorbing 

material in place. It was concluded that reradiation effects were negligible at 
. -

X-band. 

The residual aperture-field amplitude ripple exhibited in the patterns of 

Figures 4. 16 through 4. 18 was considered to be due primarily to diffraction of 

the transmitted wavefront, as opposed to reradiation from the unscreened portions 

of the range surface. In order to investigate this assumption, vertical amplitude 

1 :. patterns were recorded for several transmitter heights such that the top of the 
!; \ 

'.11' " .. , 
'I 

~.U 

I 
I 

diffraction fence was near the line-of-sight between the source anten.na and the 

test aperture. These patterns, which are reproduced in Figure 4.19, are typical 

of the classical interference patterns which would theoretically result from 

diffraction over a straight-edge obstruction in the transmitted wavefront (s ee 

Appendix F). 

Changes in the elevation squint angle with various fence configurations in place 

were found to affect the aperture f: Jld in much the same manner as for no dif­

fraction screens (see Figure 4. 8). Horizontal and vertical amplitude patterns, 

shown in Figure 4. 20 for several elevation squint angles, indicate the magnitude 

of the aperture field asymmetry introduced by elevation squint errors. 
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The patterns shown are for horizontal polarization; 
similar res.ults were observed for vertical polarization. 

As ill the case of the elevated range with no diffraction fences, the amplitude 

ripple of the vertical patterns increases as the transmitter beam is lowered. 

The horizontal patterns are not significantly affected by the elevation squint 

angle, in accordance with the theory of section A. (,. 

4. 1.3.2 Polarization Measur ements: The polarization characteristics of the 

aperture field were investigated for the elevated mode with a single 

8-foot diffraction fence in place at the center of the range. Axial ratio measure­

ments were made at numerous points in a 16-foot diameter aperture for hori­

zontal, vertical and circular polarizations of the transmitted energy. III each 

cas e, the transmitting antenna circuitry was adjusted until the appropriate 

pola:rization characteristics were observed at the center of the aperture, and the 

measurements of polarization versus aperture position were referenced to these 

results. 

The measured axial ratio for the horizontal polarization tests was greater than 
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40 decibels for all points investigated in the 16-foot aperture. Axial ratios 

measured for vertical polarization tests exceeded 40 decibels except for three 

~ points obs erved on the periphery of the 16 -foot aperture where. the axial ratio 

fell to approximately 30 decibels. 

Figure 4.21 shows the variation of the axial ratio with position in the test aper­

ture for the case of circular polarization. The measured axial ratio was less 

than 0.8 decibel for all points investigated in the 16 -foot aperture and changes in 

the axial ratio for an 8-foot aperture never exceeded 0.2 decibel. 

,..... 
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Figure 4.21. Axial Ratio as a Function of Aperture Position - - Elevated 
Mode with Single Diffraction Fence -- X-Band 

o .. - .. Up-Down 

x _ .. - Left-Right 

The frequency sensitivity of the aperture field polarization characteristics is 

graphed in Figure 4.22. The axial ratio for nominal circular polarization re­

mained less than 2 decibels as the frequency was varied from B to 12 GHz. In the 

region of the center frequency of 10 GHz, the polarization variation with frequency 

was observed to be small. 
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4.1.3.3 Boresight Measurements: Boresight measurement error was reduced 

by an order of magnitude by the use of diffraction fences in the elevated 

mode at X-band. Typical plots of apparent source height versus actual source 

height are shown in Figures 4.23,4.24 and 4.25 for three different linear 

polarizations and two fenc e configurations. The deviations from the true bor e­

sight direction are generally reduced to the order of 0.2 milliradian or less. The 

residual boresight error appears to be a combination of a cyclic variation, 

corresponding to the small amplitude ripple seen in the aperture-field amplitude 

patterns, a random error component caused by the random summation of various 

small system errors, solar heating effects, etc., and a small (approximately 

0.1 milliradian) bias error which results in apparent source heights slightly 

above the actual source height. 

The calculated average errors and standard deviations for 9 sets of boresight 

measurements comprising over 100 data points are shown graphically in 

Figure 4. 26(a) for the elevated mode with dif£J("action fences. For comparison, 

calculated results are shown for 100 data points obtained in the elevated mode 

with no diffraction fences in Figure 4. 26(b). In both cases a small positive bias 

of approximately O. 1 milliradian was calculated. Since the data summa.rized 

in Figure 4. 26 represent the results of tests conducted on several days with two 

different transmitting antennas and with various polarizations, it is probable 

that the small residual bias error is as sociated with the optical reference 

system rather than the range configuration or sensing device. 
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These graphs are included as an illustration of the total 
spread of boresight data obtained on widely separated 
dates, and with one or more of the following parameters 
varied in each data set: Elevation squint angle; azimuth 
squint angle; fence configuration; source height. 
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The results summarized in Figure 4.26 represent data obtained on two field 

trips by different personnel under a variety of climatic conditions; the data 

spreads are therefore indicative of the boresight accuracy which is likely to be 

obtained in the elevated mode with the use of diffraction fences. The standard 

deviations for measurements with diffraction fences do not exceed O. 15 milli­

radian except for two data sets; the standard deviation for all such bore sight 

measurements is O. 14 milliradian with an average positive bias error of 

0.09 milliradian. The overall standard deviation for boresight measurements 

in the absence of diffraction fences was 0.98 milliradian, with an average posi­

tive bias error of O. 11 mi1liradian. 

The amplitude patterns of Figur es 4. 17 and 4. 18 indicated very little variation 

in the aperture field as the probe was moved horizontally; this relative aperture­

field purity implies that gr eater bor esight measurement accuracy may be obtained 

for sensing in the horizontal (azimuth) plane than for the case of vertical (elevation) 

sensing. Typical azimuth boresight data are shown for several spacecraft orien­

tations in Figure 4.27. The roll axis orientation angle is the angle between the 

spacecraft's roll axis and the reference coordinate axis OT as defined in 

Appendix H. The standard deviation of the data of Figure 4.27 is 0.03 milliradian 

about a mean value of -0.03 milliradian, indicating that the o.zimuth sensing 

capability is superior to that for the cas e of elevation sensing. 
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Elevated Mode with Diffraction Fences -- X-Band 
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The effects of misalignments in the elevation and azimuth transmitter squint 

angles on boresight accuracy are shown in Figur es 4.28 and 4.29. The apparent 

source height is seen to be somewhat sensitive to changes in the elevation squint 

angle, varying by approximately ±O. 5 milliradian as the squint angle changes by 

±0.5 degree about its experimentally optimum value. As the transmitter beam 

is lowered, relatively large errors result due to increased illumination of the 

diffracting edges, as seen for the large negative squint angles of Figure 4.28. 

The setting of the azimuth squint angle is less critical than that of the beam axis 

in the vertical plane, as can be seen from the data of Figure 4.29. For azimuth 

squint variations of ±O. 6 degree about the range centerline the measured azimuth 

of the apparent source varied less than ±O. 02 milliradian for the typical data 

shown in this :F'igure. 
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4.2 S-Band Measurements 

The MILA boresight test range wfs evaluated at S-band for use as a precision 

boresight test facility and for use as a general purpose radiation pattern test 

.' 

;..:!:;' facility. The S-band program generally paralleled the X-band program described 

in section 4. 1, including boresight, polarization, and aperture-field amplitude 

measurements for the ground-reflection and elevated modes of operation. Details 

of the measurement techniques and equipment are inclu.ded in Chapter 3. Unles s 

otherwise specified, all S-band data presented in the following paragraphs were 

obtained at a frequency of 2.3 GHz. 

4.2.1 Ground-Reflection Mode 

The following paragraphs present data describing the performance of the MILA 

range when operated in the ground-reflection mode at 2.3 GHz. The transmitting 

antenna used for this mode of operation was a 4-foot paraboloidal reflector with 

a remotely adjustable feed allowing any desired polarization characteristic to be 

obtained. The 3-decibel beamwidth for this antenna is approximately 7.5 degrees; 

thus the free-space 0.25 -decibel beamwidth subtends a test aperture diameter of 
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approximately 39 feet at a range length of 1000 feet. The wavelength A corre­

sponding to a frequency of 2.3 GHz is approximately 0.43 foot. The theoretically 

optimum transmitter height for the ground-reflection mode at this frequency can 

be calculated from equation (4 -1): 

3.57 feet, 

where h, h , and R are the transmitter height, receiver height (30 feet) and 
t r 0 

range length (1000 feet), respectively. 

4.2.1.1 Amplitude Measurements: Vertical amplitude patterns of the aperture 

field are shown in Figure 4.30 as a function of transmitter height for the 

S-band ground-r eflection range. The transmitter height which results in optimum 

pattern symmetry for the 18-foot test aperture is seen to be approximately 3.37 

feet for both vertical and horizontal polarizations. The field asymmetry intro­

duced in the central 10-foot test aperture for transmitter height variations of 

±0.2 foot from the optimum value of 3.37 feet is approximately ±0.2 decibel; the 

transmitter height adjustment is thus les s critical than for the X-band ground­

reflection case where similar asymmetry is introduced by 'changing the transmitter 

height by a few hundredths of a foot from the optimum value as would be expected 

from equation (4-1). 

Horizontal-plane amplitude patterns are shown for several transmitter heights in 

Figure 4.31. At S-band, as for X-band, the horizontal taper and ripple charac-
<-

teristics are seen to be virtually unaffected by changes in transmitter height, in 

accordance with the theory of section A. 6. 

Both the horizontal and vertical fi,e1d patterns exhibit a high degree of purity. In 

each case the ripple component is essentially negligible within measurement 

accuracies over a 16 -foot diameter aperture for the patterns taken at the optirnum 

transmitter height. The amplitude taper is less than 0.25 decibel in the vertical 

plane for a 10-foot aperture and less than 0,8 decibel in the vertical plane for the 

16-foot aperture. The horizontal taper of the pattern formed by the source 

antenna and its image in the range surface is negligible over a 16-foot aperture. 
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4.2.1.2 Polarization Measurements: The measured polarization characteristics., 

of the aperture field in the ground-reflection mode were relatively con­

stant over a 16 -foot diameter test aperture. Polarization patterns obtained for 

vertical polarization maintained an axial ratio of greater than 40 decibels for all 

points measured in the 16-foot aperture. Similar plots for horizontal polarization 

exhibited axial ratios varying between 31 and 40 decibels for points in the 16-foot 

test aperture when the axial ratio was adjusted to 36 decibels at the center of 

the aperture. 

The variation of the axial ratio with position in the test aperture for circular 

polarization is shown in Figure 4.32. ,:~ The axial ratio as TIleasured at several 

points in the test aperture varied less than 0.2 decibel from that of the reference 

polarization at the center of the aperture. 
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Figure 4.32. Axial Ratio Versus Aperture Position. 
Ground-Reflection Mode - - S-Band 
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':~Difficulties were encountered in adjusting the axial l"atio of the transmitted 
polarization due to Cl. faulty connector in the phas e-amplitude unit. Thus the refer­
ence polarization at the center of the test aperture exhibited an axial ra.tio of 
approximately 0.8 decibel rather than being !!pure circular!! polarization. The 
faulty connectol' was subs equently replaced, and laboratory measur ements per­
formed at Scientific-Atlanta indicate that the performance of the S-band phas e­
ar:p.plitude unit is comparable to that of the X -band unit. 
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4.2. 1.3 Bar esight Measur ements: The S-band boresight measurements 

utilized the phase-monopu1se sensor described in Chaptr.::r 3 to measure 

the direction to the apparent source of radiation. The measure1.nent techniques 

and data analysis were essentially identical to those used for the X-band program. 

The effect on boresight measurements of varying th,:! source height is shown in 

Figure 4. 33(a). The data are shown plotted against an expanded vertical scale 

in Figure 4.33 (b). When the actual source height varies near the theoretical 

optimum height of 3.57 feet, the measured source height values fall within ±O. 15 

foot of 0.5 foot. The variation of the average apparent source height is less than 

0.1 foot for actual source height variations of several inches; as for X-band 

operation, precise adjustment of the transmitter height is not critical for 

accurate boresight measurements in the ground-reflection mode. 

With the transmitter squint and height parameters optimized, boresight measure­

ments were made for several orientations of the spacecraft roll axis. The roll 

axis was displaced from the range axis OT* by an angle a and the monopulse 

circuitry was adjusted to obtain a null. The spacecraft was then rotated 180 

degrees about the 1'011 axis, and the direction to the apparent source was sensed. 

The two roll-axis position readings were averaged and the result compared to 

the optical boresight reference direction. As discussed in section 6.3 of 

Appendix K, the effects of parallax, reflections from the spacecraft, etc., are 

cancelled by averaging the two readings, and the deviation of the averaged result 

from the optical boresight direction represents a bore sight measurement error 

of the antenna range, rather than the sensing device. These tests simulated 

typical boresight calibration tests in which the direction to the source antenrla, 

is sensed as the spacecraft is changed in orientation. The results are shown in 

Figures 4.34 and4.35; Figure 4.34 shows the apparent source height as the roll 

axis is displaced in the vertical plane, and Figure 4.35 shows results for 

measurements made as the roll axis is displaced in the horizontal plane. In both 

cases, the average source height is approximately 0.5 foot with maximum varia­

tions of the order of O.EI foot. 

~'-

"See Append:i.x K, Figure 5.2. 
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4.2.2 Elevated Mode 

For elevated operation at 2.3 GHz, the polarization adjusting system and feed 

were used with an 8-foot paraboloidal reflector as a transmitting system. The 

3-decibel bealTIwidth of this antenna at 2.3 GHz is approximately 3.7 degrees. 

The transmitter height was nom.inally 30 feet, although measurelTIents were 

made for other heights between 25 and 35 feet. The angle between the peak of 

the lTIain lobe, and the first null of the transmitting-antenna beam was slightly 

greater than 4 degrees, and the angle to the point of specular reflection for a 

translTIi.tter height of 30 feet was approxilTIately 3.4 degrees; ther efore lTIore 

than half of the length of the range surface was illulTIinated by the lTIain lobe. 

Aperture-field amplitude patterns are shown in Figure 4.36 for operation at 

S-band in the elevated mode with no diffraction fences in place. The relatively 

low directivity of the transmitting antenna resulted in a high extraneous signal 

level at the test aperture; the vertical patterns of Figure 4.36 exhibit alTIplitude 

ripple n~agnitudes greater than 3 decibels. The horizontal patterns are virtually 

fre e of ripple, indicating the abs ence of extraneous signals arriving from sources 

other than the range surface. Alnplitnde taper due to the directivity of the 

translTIitting antenna is negligible, as evidenced by the horizontal patterns. 

As confir:med by the patterns of Figure 4.36, illumination of the range surface by 

the 8-foot translTIit:ting antenna results in an unac:-:eptable extraneous signal level 

at the test aperture; the theoretical developlTIents of Appendices A, B, and D 

and the X-band measurements indicate that this mode of operation is not useful 

for precise boresight and pattern measurelTIents. 

The results of placing an 8-foot fence on the range surface are shown in 

Figures 4.37 and 4.38. The fence reduces the amplitude ripple to slightly less 

than 1 decibel for the vertical patterns corresponding to an extraneous signal 

rna,gnitude of approxilTIately 0.05 times that of the direct path signal. 

Further r eduction of the extraneous signal level could probably 'be accolnplished 

by the use of a multiple fence configuration; it is not probable, however, that the 

high degree of suppression obtainable at X-band can be realized in the S-band 

case. The problem of diffraction from the tops of the fences is more seve:re at 

the lower frequencies, and' the' largest transmitting antenna currently available):~ 

*At the time of publication, the largest antenna available at the MILA range is 
an 8 ;"foot paraboloidal reflector. 
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at the MILA facility is not sufficiently directive for optimum S-band operation in 

the elevated mode. 

4.2.2.2 Polarization Measurements: The polarization purity of the aperture 

field for the S-band elevated range was impaired by the relatively high 

extraneous signal level obs erved in the aperture field amplitude measurements. 

When the transmitting antenna circuitry was adjusted to obtain vertical polariza­

tion with an axial ratio of 40 decibels at the c enter of the aperture, the axial 

ratios measured at points in the l6-foot diameter aperture varied from a high 

valu_ of 42 decibels to a low value of 30 decibels on the aperture periphery. 

The effects of extraneous signals on circularly polarized transmission were inves­

tigated by comparing the axial ratios as measured at several points in the 16-foot 

diameter aperture to a reference at the center of the test aperture. As shown in 

Figure 4.39 the axial ratio deviated from the center value of 0.9 decibel (see 

fnotnote, page 4-44) by as much as 0.9 decibel at some points in the test aperture. 
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4.2.2.3 Boresight Measurelnents: Boresight ITleasur eITlents were ITlade in 

accordance with the procedures outlined in Chapter 3 utilizing the phase­

ITlonopulse device described therein. The high extraneous signal level indicated 

by the patterns of Figures 4.37 and 4.38 caused large boresight errors as 

indicated in Figur es 4.40 and 4.41. The cyclic nature of the theoretical bore­

sight error curve as derived in Appendix B is evident in the plots of Figures 

4.40 and 4.41. 

4.3 Mechanical Accuracy Measur eITlents 

A theoretical discussion is given in Appendix H of possible errors which can 

enter into bore sight ITleasureITlents where the MILA test positioner is eITlployed as 

a direction instruITlent. For thes e ITleasureITlents the upper -aziITluth (roll) axis 

of the po sitioner was established as the dire ction axis, and the elevation and 

10wer-aziITluth axes were utilized to orient the direction axis to required positions 

(cp, 8) in an earth-fixed coordinate systeITl. Optical boresight references for 

various orientations of the source antenna were established via the reITlote closed­

circuit television systeITl m.ounted in the GeITlini ITlockup (see Chapter 2). In­

accuracies in either the positioner alig.::lITlent or the positioner synchro-readout 

systeITl will thus introduce error both in the optically and electrically sensed bore­

sight directions; at the saITle tiITle, differential deflections of the television caITlera 

ITlounting fraITle for various direction-axis orientations can produc e a bias error 

in the optical l' efer ence data. The l' esult s of ITleasur eITlents perforITled to as s es s 

the ITlagnitudes of possible ITlechanical errors are discussed in the following para­

graphs. 

4.3. 1 Positioner GeoITletric Errors 

The posith ner geom.etric errors of interest here are orthogonality error and 

~olliITlation en"or, which are defined in Appendix H, paragraphs H. 3.1.2 and 

H.3. 1. 3, respectively. In particular, the contributions of such errors to 

elevation-angle ~~ or to azinlUth-angle error in boresight ITleasureITlents was 

of direct iITlportance in the present study. In addition, ITlisalignITl~:nts between 

the positioner coordinate systeITl and the te"1t-range coordinate systeITl can contri­

tube to such errors. Misalignment of the positioner and GeITlini mockup coor­

dinate systeITls contributed negligible error in the rneasureITlents of this program.. 
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Tests performed in August 1965 under Contract No. NAS10-1852 showed that the 

magnitudes of such misalignment errors were less than 1 minute of arc. Refer­

ence to paragraph H.3.1 shows that the resulting errors in <p and 9 were negligibly 

small. 

When an orthogonality error 0 exists between the elevation and lower-a.zimuth 

axes of the MILA test positioner (see Figure H. 10), the possible elevation-angle 
~ --} 

error A\ can be defined with respect to two directions, say OP1 and OP2' as 

where 

A\ = elevation angle error due to orthogonality error 

91 = elevation of PI in the XYZ coordinate system 

92 = elevation of P2 in the XYZ coordinate system 

91 = elevation of P l indicated by instrument axis 

92 = elevation of P2 indi cat ed by instrument axi s 

(4-5 ) 

In terlTIS of the: orthogonality error 0 and the angle 9. indicated by the positioner 
1 

elevation axis, the 9. are given by equation (H-3): 
1 

-1 
9 - cos (cosO cose. ) i - 1 

(H-3) 

Results of tests made on the MILA positioner in 1964 showed that () was less than 

I Inilliradian, which would correspond to negligible elevation-angle error. This 

orthogonality was not measured during the curr ent program, thus an example 

calculation is given here using a conservative value of 10 milliradians for O. 
--+ 

Assume that the positioner elevation axis indicates a reading for OPI of 
---+ 

91 = 1'1/2 radians and a reading for OP2 of 92 = 1.52 radians. The resulting elevation-

angle error is calculated from (4 -5) to be 

-l[] -l[ ] 1'1 A\ = (cos 0 - cos cos(O. 01) cos(l. 52) ) - ('2- 1.52) 

o.r 

A\ ~ 0.025 milliradian. 

It is seen that even for a 10-milliradian orthogonality error, the small elevation 

angles (near 9 = 1'1/2) which wer e employed in the boresight comparison nleasure­

ments had negligible error. 
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Reference to Figure H. 12 and equation (H-10) shows that the effect of a collim.a­

tion error E between the line-of-sight and the positioner elevation axis is 

analogous to the effect of orthogonality error insofar as elevation-angle errors 

are concerned. That is, since for a collim.ation error E we have 

-1 -
8. = cos (cos E cos8.) , 

1 1 
(H-10) 

then for E les s than 10 m.illiradians the corresponding elevation-angle error in 

boresight m.easurem.ents will be less than 0.025 m.illiradian for small el0vation 

angles near 8 = TI/2. As stated above, the boresight m.easurem.ents under this 

program. utilized the upper-azimuth axis as the direction line, so that collim.a­

tion error for sensing in the elevation plane results from. non-orthogonality of 

the positioner upper -azim.uth and elevation axes. Measur em.ents conducted on 

the MILA positioner in 1964 showed that thes e axes were orthogonal to within les s 

than 1 m.inute of arc. Therefore an assum.cd value of 10 m.illiradians for E is 

quite conservative for the MILA facility, and it is seen that collim.ation error 

::ontributed negligibly to elevation-angle error in the boresight com.parison tests. 

In addition to the geom.etric errors discussed above, deflections of the positioner 

due to differential tem.perature effects and wind loading effects can caus e bore­

sight measureluent errors. In the horizontal (azim.uth) plane, the com.pliance 

of the lower-azinmth axis of the tf!st positioner j.s such that a 20 m.ph wind can 

cause a deflection of approxim.ately 0.003 degree if the wind velocity is normal 

to the roll axis of the Gemini m.ockup. As discussed in Appendix H, differential 

tem.perature effects can be expected to induce deflections of up to 0,,008 degree 

in the positioner structure between the concrete m.ounting pad and the upper­

azim.uth turntable. 

4.3.2 Positioner Synchro-Readout Erro:r.fJ 
d 

The resolution of the digital readout indicators for the MILA test positioner 

axes is 0.002 degree. Calibration tests were performed to determ.ine the readout 

accuracy of the lower-azim.uth system. in August 1965 under Contract NAS10-1852, 

and the readout accuracy of the elevation system was measured under the present 

contract in December 1965. Results of thes e tests are sum.mariz ed in the 

following table s . 
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LOWER-AZIMUTH (<I» READOUT ACCURACY 

Degrees 

Indicated Surveyed Difference 
E.rror @ Angle CD Angle Angle . 

4.542 4.552 0.010 +0.005 

2.262 2.276 0,014 +0.001 

0.558 0.569 0.011 +0.004 

0.268 0.284 0.016 -0.001 

0.096 0.113 0.017 -0.002 

-0.018 -0,000 0.018 -0.003 

-0.126 -0.113 0.013 +0.002 

-0.298 -0.284 0.014 +0.001 

-0.582 -0.569 0.013 +0.002 

-2.296 -2.276 0.020 -0.005 

-4.570 -4.552 0.018 -0.003 

CD Negative angles are counterclockwise rotation. 

@Based.on a mean difference angle of 0.015 degree. 
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ELEVATION (8) READOUT ACCURACY 

Degrees 

Indicated Surveye"d Difference Error CD 

·CD 

Angle Angle Angle 

87.839 87.839 0.000 -0.001 

88.059 88.062 0.003 -0.004 

88.261 88.259 -0.002 +0.001 

S8.340 88.338 -0.002 +0.001 

88.415 88.413 -0.002 +0.001 

88.472 88.468 -0.004 +0.003 

88.545 88.542 -0.003 +0.002 

88.664 88.661 -0.003 +0.002 

88.735 88.730 -0.005 +0.004 

88.995 88.990 -0.005 +0.004 

89.115 89.111 -0.004 +0.003 

89.286 89.281 -0.005 +0.004 

89.377 89.373 -0.004 +0.003 

89.653 89.648 -0.005 +0.004 

89.781 89.777 -0.004 +0.003 

89.862 89.857 -0.005 +0.004 

Reference shifted to balance maximum positive 
and maximum negative difference angles. 
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4.3.3 Optical Reference Errors 

Measurements were made to determine the stability of the optical boresight 

television system upon rotation of the Gemini mockup about its roll axis, and 

to assess the capability of the television system for determining the alignment 

of the roll axis relative to a distant visual target. The optical axis of the 

camera would in the ideal case be parallel to the roll axis, but the weight of the 

instrument can cause differential sighting errors for various orientations of the 

mockup due to deflection of the camera mount. 

The magnitudes of the optical reference errors due to deflection of the existing 

camera mount were determined as follows. A series of sightings to a fixed 

target for several roll-axis orientations was obtained with the camera rnounting 

frame rigidly supported by angle braces in two orthogonal places. The angle 

braces were then removed, and the sightings were repeated with the existing 

mounting fratne providing the only camera support. Azimuth- and elevation­

angle data l' ecorded in these experiments are tabulated below. 

Target angles with TV camera braced. 

Roll Axis Azimuth 

000 359.944 
180 359.994 

Mean 359.969 

090 359.923 
270 360.021 

Mean 359.972 

Average Mean 359.970 

Target angles with TV camera not braced. 

Roll Axis Azimuth 

000 360.000 
180 359.967 

Mean 359.984 

090 359.945 
270 359.964 

Mean 359.955 

Elevation 

89.665 
89.762 
89.7l3 

89.732 
89.677 
89.704 

89.708 

Elevation 

89.715 
89.735 
g 9.725 

89.720 
89.750 
89.735 

The difference between the Inean angles for the braced condition as cotnpared 

to the unbraced cqndition is defined to be the camera differential boresight error. 

The relatively large.difference between the two m.ean azimuth angles (000-180 
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and 090-270) for the unbraced condition indicates that the camera deflections 

vary with respect to the roll axis orientation.. The differences between the 

average mean angles for the braced condition and the mean angles for the 

unbraced condition are tabulated below as correction factors. These correc-

tion factors were applied to the experimental boresight data presented in 

sections 4. land 4.2. 

Bias correction for optical bor esight directions. 

Roll Axis Position 

000 - 180 
090 - 270 
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Azimuth 

_0.014 0 

+0.015 0 

Elevation 
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CHAPTER 5 

SUMMARY OF THEORETICAL AND EXPERIMENTAL PROGRAM 

5.1 Theoretical Developments 

5. 1. 1 Characterization of the MILA Range 

It is shown in Appendix A that the c1ose-1olerance surface of the MILA RF 

boresight test facility will approximate a specular reflector for microwave 

energy through X-band frequencies. The reflection coefficients for energy 

. ; normal to and parallel with the plane of incidence are given by equations (A-14) 

and (A-15). respectively. General expressions for the direct-path and reflected 

waves which would be present at a test aperture are given in terms of these 

reflection coefficients and parameters of the range geometry in equations (A-22) 

and (A-23) • 

. . 
; 1 5.1.2 Ground-Reflection Q?eration of the MILA Facility 

Criteria are developed in section A. 5 for optimum settings of t..l,.e height of the 

source antenna and the orientation of the axis of the transmitted beam in the 

vertical plane (the elevation squint angle) for ground-reflection operation. 

These criteria are given in equations (A-3l) and (A-26). respectively. The an-

, 1 gular orientation criterion is specialized in Appendix E to fit the particular 

range parameters of the MILA facility. It is shown that the initial settings of 

the source height and elevation squint angle should be 

~ i and 

F 1 
\ . 

h
t 
~ AR /4h o r 

(A-3l) 

(E-16) 

~ J , respectively. where 

h t is the height of the source antenna. 

hr is the height of the center of the receiving aperture, 

Ro is the range length. 

A is the wavelength. and 

9
S 

.is the elevation squint angle. 
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Effects of violations of these criteria on the phase and amplitude of the apertu.re 

field are discussed and illustrated in section A. 5 in terms of the MILA range 

geometry at X-band. It is indicated that minor misadjustments in the height 

or elevation squint angle of the source antenna will not cause severe distortions 

of the aperture field. For settings in agreement with the criteria, it is shown 

that the calculated theoretical taper of the aperture-field amplitude in the vert­

ical plane at X-band will be approximately 0.25 decibel over a 10 foot aperture' 

and 1 decibel over a 20 foot aperture. 

5. 1.3 Elevated Operation of the MILA Facility 

Section A. 6 presents developments which relate the magnitudes and periodicity 

of aperture-field variations to the approximate locations and relative strengths 

of sources of extraneous energy. The field incident on the test aperture is 

considered to consist of the direct-path wave ED and a single specularly re­

flected wave "Ea' which arrives at an angle SR from En. Equations are derived 

for the aperture field configuration along lines normal to the direction of pro­

pagation of ~. For typical logarithmic plots of the aperture-field amplitude, 

the theory predicts a spatial period for the amplitude variations given by 

p!. 1-
- sinSR 

(A-58) 

and a relation between the relative level of the extraneous signal and the peak­

to-peak decibel variation (cr) of the patterns given by 

E 
E R(db) . 

D 

20 - 1 + antilog (0. 05_JU . 
1 + antilog (0.050) 

5. 1. 4 H~ight of the Apparent Source of Radiation 

(A-54) 

It is shown in Appendices Band C that a theoretical expression for the apparent 

source height as a function of actual source height can be based on the location 
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of the normal to the phasefront created by a direct-pa.til wave ED and an extraneous 

wave E
R

, as long as the angle between the directions of propagation of these waves 

is small. The theory indicates that for such cases both phase-monopulse and 

amplitude-monopulse systems would sense the apparent source height as an os­

dllatory function of actual source height, where the amplitude of the oscillations 

would increase with increasing source height. The amplitudes of the oscillations 

! a.lso depend on the ratio k = ER/ED , as shown in equation (B-20). 
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Appendix D pre Bents luore generalized considerations of the effects of extraneous 

:signals on bore sight rneasurement accuracies, where the exhaneous wave ER 
is assumed to ta.ke on arbitrary orientations with respect to the direct.'~patl'"l wave 

'~. Figure D. 5 gives the required suppression of ER relative to ED' as a 

function of the angle between the two signals, which will restrict the maximum 

theoretical boresight error of an amplitude-monopulse system to a specified 

value. The data of Figure D. 5 were calculated for the singlt~~"plane X-band am­

plitude monopulse test device utilized in the range evaluation program, which 

was designed to provide a general simulation of a single channel of the LEM/ RR. 

Similar data for a single-plane phase-·monopulse system are given in Figure D. 7. 

The S-band single-plane phase-monopulse test device used in the range evaluation 

employed a pair of low-directivity antennas, so that this system was somewhat 

!no't'e susceptible to extraneous signals than the X-band device. 

As an example of the theoretical error which could be caused in these systems, 

Figure D. 5 shows that an extraneous signal level of the order of -45 decibels with 

respect to the direct-path signal could cause a bore sight error of approximately 

0.25 milliradian in the X-band amplitude monopulse device, while this same 

extraneous signal level could result in a boresight error of approximately 0.4 

milliradian in the S-band phase-monopulse device with a spacing between an-

tennas of approximately 4.7 wavelengths. For the closer spacing available with 

the S-band device ('VI. 75 wavelengths), the added sensitivity to extraneous signals 

could result in an error greater than 1 milliradian for this same level of extraneous 

energy. 

The effect of variations in the elevation squint angle on the apparent height of the 

source of radia.tion in the ground-reflection mode is discussed in Appendix E .. 
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The dev,elopments there are based on the results of Appendices A through C, 

and include an explanation of the conversion from physical angles to pattern 

angles of typical sin KalKe radiation patterns. Plots of the theoretical varia­

tions of the apparent SOuI'c\~ height H and of the ratio of reflected to di!"ect-path 

fields k are shown in Figur!;} E. 2 as a function of elevation squint angle. Appendix 

E also discusses the theoretically predicted difference in apparent source height 

which would result for propagation of horizontal and vertical polarizations; an 

implicit result of this disc(l,3sion is the prediction of some depolarization of 

elliptically polarized energy upon reflection from the range surface. 

5. 1.5. Use of Diffraction Fences on a Smooth Surface 

ThE' problem of placement of diffraction fencing for operation in the elevated 

mode over a smooth, planar range surface is discussed in Appendix F. De­

vel()pments in this appendix are based on the quasi-geolT.letrical opti,cs approach, 

in accordance with the results of Appendix A. 

Reflections from a surface such as that of the MILA range are the re suIt of re­

radiation of energy which illuminates the surface; this reradiation is conveniently 

studied on the basis of the half-period (Fresnel) zones formed on the range sur­

face by the loci of points which represent path lengths differing by successive 

integral values of half-wavelengths. It is shown that the Fresnel zones on a 

planar surface describe a s'et of expanding ellipses whose major axes lie along 

the center line of the range. Expressions are derived for the pertinent parameters 

of the Presnel zones, and a set of computer calculations are included for these 

parameters at X-band and S-band in terms of the MILA range geometry. 

When diffraction fences are erected on an antenna test range, a combination 

of effects must be considered. The fence configuration will partially or totally 

screen a number of Fresnel zones r depend.ent on the parameters of the range and 

fence geometries and on the frequency of operation; this screening will suppress 

the effects of reradiated energy. At the sa~ tiIr,le, however, the interception of 

energy by the fences will result in perturbations of the test-aperture field due to 

diffraction effects. The theoretical approach to the diffraction problem in Appen­

dix F is based on the Cornu spiral, which is a plot of the Fresnel integrals. Com­

puter calculations are summarized for the effects of diffraction fences in terms of 
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11: the MILA range geometry in Figure sF. 4 thr ough F. 10. The illustrated data 

cover frequencies in L-, S-, and X-band. 

I 

Quantitative examples which are particularly pertinent to test situations at the 

MILA facility are presented, based on the theoretical calculations. It is shown 

that proper placement of diffraction fences could theoretically reduce apertu:re­

field variations by more than an order of magnitude in comparison to the varia­

tions which could result from reflections if the range were operated in the 

elevated mode with no diffraction fences. 

5. 1.6 Measurements of the Aperture-Field Polarization 

A brief discussion of the polarization measurement problem as it relates to 

the test requirements of the MILA facility is presented in Appendix G. Ex­

pressions are given which relate the polarization ellipse, which would be re­

corded by rotation of a linear probe antenna about an axis parallel to the pro­

pagation vector of the incident field, to the polarization pattern parameters r 

(axial ratio) and T (tilt angle). It is shown that a complete characterization of 

the ;_ncident-field polarization would require supplemental measurements to 

determine the se~1se of rotati,on of elliptically or circularly polarized energy. 

A discussion is included in Appendix G of an alternative method of polarization 

measurement, called the multiple component method, which provides complete 

polarization characterization by the measurement of a minimum of four com­

ponents of the received field. 

5. 1.7 Angular Meas1uement Accuracies 

In most antenna measurement situations, it is necessary to determine the 

direction of the line-of-sight from a source antenna to the antenna under test. 

Such determination is of particular significance in high-accuracy boresight 

measurements, where corr~lation of a mechanical and an electrically sensed 

line-of-sight is mandatory. Appendix H describes basic antenna-range coordinate 

systems, and relates the LEM coordinate system to two configurations of the MILA 

boresight test positioner. 

5-5 



A section of this appendix discusses possible errors in angle measurement, 

where the errors are classified as 

(1) Geometric Error, 

(2) Shaft-Position Error, and 

(3) Deflection Error. 

Equations are derived which allow calculation of each type of error. Ce'rtain 

of these derivations employ spherical coordinate transformations by Euler 

angles, which are described in Appendix I. 

5. 1.8 Effects of Parallax in Boresight Measurements 

Appendix J presents theoretical studies of the effects of parallax in testing asymmet­

rical antennas. These studies were based on the aperture-field equivalent-slit 

method, and utilized digital-computer calculations of beam directions. To describe 

the effects of asymmetry two terms are defined, center-of-phase and center-of­

parallax, which affect the accuracy of boresight measurements in related but dif­

ferent manners. These effects can be seen with reference to Figure 5. 1. Assume 

that an asymmetrical antenna AT is to be tested in a configuration where the source 

antenna is also asymmetrical. In the measurements it is required that the direction 

to the source antenna be determined from the antenna under test. Parallax error 

enters into such measurements basically because of the relatively small test separa­

tion which is likely to be employed compared with the opel'ational separations which 

are to be simulated. The radiation from the source antenna appears to emanate from 

its center of phase, which is shown located a distance A from its geometrical center. 

Similarly, the operation of the antenna under test is such that it appears to be cen­

tered at a point which has been defined as the center of parallax; this point is shown 

located a distance 6 from the geometrical center of the antenna under test. If the 

center of parallax and the center of phase are not in the boresight plane, A and 6 have 

projections A and 6 on this plane given respectively by 
p p 

and 

/ ' 
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Illustration of Parallax Error in Testing an Asymmetrical 
Antenna with an Asymmetrical Source Antenna. 

The parallax error e in the boresight plane results from 
assuming the source antenna's center-of-phase and the 
test antenna's center-of-parallax to be coincident with 
their geometrical centers. 

CE:NTER 
OF PHASE 

At typical operational separaticms the parallax error angle in the sensing plane caused 

by the ratio (0 - A )/R approaches l(,ero. In contrast, at typical test ranges the p p 
magnitude of this angle may become si~nificant in comparison to the bore sight error 

specification of the antenna under test. The calculations presented in Appendix J in­

dicate magnitudes of the deviations of the center-of-phase and the center-of-parallax 

of antennas from their geometrical centers for assurned conditions of asymmetry. 

With relation to the LEM/ RR and LEM/ LR boresight problems, it is difficult to draw 
.~~ 
1 r: quantitative conclusions concerning parallax error because the magnitude of the errors 
~ . 

which are produced depend on the degree of asymmetry of the antenna under test. It .. ~ 
~Ji is possible, however, to draw some general conclusions: }H 

\'Ii*" 

I 
I 

( 1.) If a source antenna is designed to be symmetrical a.nd is made essentially 

symmetrical, its center-of-phase can be considered to lie at the geometrical 
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center of the antenna with error which is so small that it can almost al": 

ways be neglected unless measurements of the utmost precision are re­

quired. If the required precision is such that it is necessary to take into 

account the deviation of the center-of-phase from the center of the source 

antenna, the antenna can be rotated about its axis through 180 degrees be­

tween measurements and an average of the measured boresights taken. 

If this procedure is followed, meaningful results will only be obtained if 

extraneous reflections are adequately suppressed. 

(2) Extreme asymmetry of the source antenna is not likely to cause 

its center of phase to lie greater th~n O. 2 D from its physical cen­

ter, where D is the maximum dimension of the antenna in the plane 

of asymmetry, but the deviation may approach this magnitude. 

(3) The center of parallax of an asymmetrical antenna under test can 

result in a boresight error of as much as 1/20 times the half 

power beamwidth in tests made at separations of ':::. 2D2/'A. 

(4) The mirror symmetry of the rendezvous radar tends to provide 

cancellation of parallax error, so that boresight mea:,mrements 

should be possible at ranges as small 1000 inches. 

(5) The landing radar does not possess specific symmetry so that 

some error from parallax is likely to be present in boresight 

measurements. 

(6) The separation of 1000 feet provided by the existing MILA range is favor­

,able from the viewpoint of controlling parallax error in comparison with 

ranges which have lengths of the order of 1000 inches. 

5. 2 Experimental Investigations 

The evaluation program which was conducted at the NASA, - KSC - MILA RF boresight 

test facility was directed primarily toward an assessment of the capability of this 

facility in making high-accuracy boresight measurements in either the ground reflection 

or elevated mode at S-band and X-band frequencies. While the measurement results 

are generally indicative of the facility's capability in more general antenna tests, such 

as pattern measurement, it is noted that the interest of this study led to the doc­

umentation primarily of the electromagnetic field incident on the test aperture. 
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The incid~nt field is considered to consist of the direct-path wave from the source 

antenna and the field produced by reflections from sources in th0 region between 

the source antenna and the test aperture. This distinction is made in comparison 

to the total aperture field, which is considered to consist of the incident field and 

the field caused by extraneous reflections from extremely wide angles and from 

the rear of the test aperture. 

An evaluation program w.hich would document the general measurement capability 

of the facility would necessarily include a series of tests designed to document 

the effects of such possible sources of extraneous reflections as. the control 

building, the test positioner, etc. on the total aperture field. One approach to 

such documentation is the pattern comparison technique, in which a series of 

measurements are made with a nominally low-directivity sensor for various 

orientations in which the source-sensor geometry is maintained constant while 

the sensor-scatterer geometry is made variable. While these geometrical re­

lations Were employed in the boresight comparison tests reported herein, the 

effects of rearward energy was suppressed both by the directive nature of the 

test devices and by the use of the Gemini spacecraft mockup as a mounting fix­

ture for the test devices. It wa.s recognized that the presence of the mockup 

altered the contribution of rearward scattered energy to the total aperture field, 

and it would have been desirable to make measurements to assess errors £rorn 

this source; however, the schedule of the Gemini program made removal of the 

mockup impractical. In light of the control building configuration and the high­

quality microwave absorber covering the building and screening the positioner 

base, it is felt that the documentation of high-accuracy bore sight capabilities 

represents documentation of at least adequate capabilities for general antenna 

measurements. 

Four types of measurements were performed in the evaluation program, in­

cluding positioner mechanical accuracy tests and the three types of radiation 

measurements listed below: 

(1) Aperture-field amplitude measurements, 

(2) Aperture-field polarization measurements, and 

(3) Boresight comparison measure.ments. 

The radiation tests- were performed at X-band and S-band frequencies. Conclu­

sions drawn from these measurements are summarized in the following paragraph!, 
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5. 2.1 Mechanical Accuracy Tests 

An assessment of the probable maximum errors which were contributed by the 

positioner-mockup-televisioll system to boresight measurements under this pro­

gram was obtained as described in Section 4.3. The optical reference errors 

due to deflection of the television camera mounting frame were measured as dis­

cussed in paragraph 4.3.3, and the corresponding calculated correction factors 

were applied to all boresight data obtained at X-band and S-band. 

Tests of the positioner accuracies reported in paragraphs 4.3. 1 and 4.3.2 were 

performed in part under Contract No. NAS 10-1852 and in part under the current 

contract. The results of these tests indicate possible maximum errors in the 

boresight '.measurements due to mechanical inaccuracies as shown in the following 

tabulated summaries. 

AZIMUTH-ANGLE ERROR 
DEGREES 

Source of Error 

Misalignment Errors 

Orthogonality Error 

Magnitude 

Negligible 

Negligible 

Collimation Error Negligible 

Wind-loading (20 mph Wind) + 0.003 

Thermal Deflection 

Syncho Readout 

PROBABLE MAXIMUM (RSS) 

Negligible 

+ 0.005 -= 
0.0054 

ELEVATION-ANGLE ERROR 
DEGREES 

Source of Error 

Misalignment Errors 

Orthogonality Error 

Collimation Error 

Wind-loading 

Thermal Deflection 

Synchro Readout 

PROBABLE :rvtAXIMUM (RSS) 

5-10 

Magnitude 

Negligible 

Negligible 

Negligible 

Negligible 

+ 0.008 

± 0.005 

0.0086 
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5.2.2 X-Band Measurements in the Ground-Reflection Mode 

5.2.2. 1 The Aperture Field: Amplitude patterns of the receiving-aperture field 

were recorded at 10 GHz over a 16 -foot circular planar aperture cen­

tered at a receiver height of 30 feet. These patterns indicate that the symmetry 

of the field and its relative freedom from amplitude variations are affected very 

little by slight variations in the source height or the source elevation squint angle 

about their theoretically optimum values. Misalignment of the source azimuth 
" 

squint angle produces an asymmetry in the aperture field along lines parallel to 

the range surface, due to the directivity of the source antenna. The indicated pro­

cedure for establishing an optimum field for ground reflection operation at 10 

GHz is as follows: 

(a) Set the sour ce height at 
ARC' 

h t = 4h
r
- = 

(0.98)(1000) . 
4 (30) 

0.82 foot 

(b) Set the source elevation squint angle at a declination below the hori-

zontalof 
-A ) (0.098) ° os d 57.3 ( 4h = -57.3 121:) = -. egree 

r 

(c) Set the source azimuth squint angle at zero. 

(d) Make final adjustments using vertical and horizontal amplitude patterns 

recorded with the aperture field probe to document the settings which 

produce the desired degree of symmetry in ~e aperture field. This 

"fine tuning" should be effected for both horizontal and vertical po­

larizations of the transmitted pattern. 

It was found that final settings of these parameters at the mean of the values de­

termined for the two linear polarizations produced an excellent apert'l1.re-field con­

figuration, and allowed subs~quent tests such as boresight comparison measure­

ments to be conducted for either polarization with no readjustment in the orienta­

tion of the source antenna. 

It is noted that the use of the aperture field probe fOlr fine adjustments of the aource 

parameter s is indicated only for measurements invo'lving relatively large te st 

apertures, that is, the aperture field probe should be employed in cases where 

either an antenna of large dimensions is to be tested or a small antenna is to be 
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tested over a sizable excursion in elevation and/ or azimuth, or where tests of 

a vehicle-mounted antenna must document the effects of the spacecraft on the 

antenna characteristics. In other cases, it will be sufficient to mount a probe 

antenna at a fixed location in the center of the test aperture and to adjust the 

source parameters so that the peak of the transmitted beam is centered on the 

aperture. 

The above procedures presuppose that the required settings of the transmitter 

polarization circuitry to produce vertical and horizontal polarizations have been 

documented. A discussion of the X-band polarization unit and a recommended 

procedure for establishing reference polarizations is given in the following para­

graphs. 

The polarization unit employed at X-band was a Scientific-Atlanta Series 40 

Polarization Adjusting System. This unit includes a rectangular waveguide in-

put, a rectangular-to-circular waveguide transition, a dielectric-loaded circular 

waveguide section and a conical output horn. Appropriate rotary joints and dc 

motor drive systems are provided which permit separation of the input signal 

into two orthogonal cO.mponents and allow (1) amplitude adjustment by rotation of 

the rectangular waveguide input relative to the dielectric slabs, and (2) phase 

adjustment by variation of the spacing between the parallel dielectric slabs in the 

circular waveguide section. These adjustments are remotely controlled and in­

dicated at the centralized control-room console. A schematic representation of the 

operation of the polarization .unit is given in Figure 5-2. 

For ground-reflection operation, a I-foot conical horn is used on the output; a 

dielectric lens provides the required beam shaping by compensation for the phase 

error at the periphery of the output horn. For the elevated mode of range opera­

tion the polarization unit is designed for use with a small feed horn and a parabo­

loidal reflector and a Cassegrain Bull-reflector. 

A recommended procedure for establishing reference polarizations with the Series 

40 unit is outlined below. For clarity, assume that horizontal polarization is to be 

established as a starting point. 

(a) Mount a linear probe antenna and a polari2:ation positioner on the 

mounting plate available on the rear of the test positioner, with proper 

cabling for the control, synchro and RF signals. 

(b) Connect the receiver output signal and the polarization positioner 

synchro signal to the polar pattern recorder, and establish a zero 
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(a) Vertical Polarization --
fuput E Vector Normal to Dielectric Slabs 

(b) Horizontal Polarization --

;r-
~ 90o/l t/ 

fuput E Vector Parallel with Dielectric Slabs 

W 1 /'A 

,/' . ~~. /~"'9o" TlM;c;HA:rCUlar Polarization __ 

,<45 , . fuput E Vector at 45 0 to Dielectric Slabs, 
with Slabs Adjusted for 90 0 Differential 

~ Phase Delay 

/' Figur e 5.2. S-:hematic Representation of the Operation of the 
Series 40 Polarization Unit 

The broad dimension of the dielectric slabs 
is assumed to be parallel to the range surface. 

degree pattern reference for the vertical orientation of the probe horn 

E-plane. 

(c) Visually align the broad dimension of the dielectric slabs of the polari·· 

zation unit, in their fully clol3ed position, parallel with the range surface. 

Record the readout of the transmitter "phase11 and "polarization" indicators 

for this orientation. 

(d) Adjust the lIamplitudel1 control of the transmitter polarization unit until 

a null is indicated in the receiver output. Record a polarization pattern 

for these settings by rotating the probe antenna; the probable result at 

this stage will approach the clas sical figure -eight pattern of Figure 6.5, 

Appendix K, with the nulls slightly filled and displaced frOlU the vertical. 

(e) Fine-tune the transmitter polarization adjustment to bring the pattern 

nulls into the vertical plane. Make final adjustmentS! of the three controls 

to establish the desired degree of linearity, and record the indicator. 

readings. 
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(f) To establish vertical polarization, the primary adjustment will be ro­

htion of the rectangular waveguide input of the polarization unit 

through an angle of 90 0
• Orient the E-plane of the probe horn to the 

horizontal position and adjust the amplitude control of the polarization 

unit until a null is indicated in the receiver output. noting the excursion 

of the amplitude indicator. Make final adjustments of the amplitude and 

phase controls for the desired degree of linearity, and record the in­

dicator readings. 

(g) To establish circular polarization, adjust the amplitude control to 

a setting midway between the vertical and horizontal values, and re­

cord a polarization pattern by rotating the probe antenna. The result 

will be the characteristic dum.bbell shaped polarization pattern as i.n 

Appendix K, Figure 6. 4, with the major axis at some arbitrary 

orientation. Adjust the .E!tase control of the polarization unit to align 

the major axis of the recorded pattern with either the 0 0 
- 180 0 or 

90 0 
- 270 0 r<::ference axis on the recorder. Equalize the amplitudes 

of the polarization pattern along these axes by adjusting the amplitude 

control of the polarization unit. Since the phase and amplitude con­

trols are not completely independent, a few trial patterns should be 

recorded as the axial ratio is reduced to the desired degree of cir­

cularity. Record the indicator readings for the optimum. settings. 

The polarization tests conducted at X-band indicated that these reference polar-

ization measurements at the center of the aperture will be sufficient to ensure 

generally acceptable polarization characteristics over an aperture of 16-foot 

diameter. The Series 40 polarization unit is a relatively broadband devi'ce for axial 

ratios of less than approximately 1 decibel; for precise circular polarizcLtion measure­

ments the circularity should be set at the operating frequency. 

5. 2. 2. 2 Boresight Measurement Accuracies: Boresight comparison mreasurements 

were made as a function of source parameters including polarization 

(horizontal and vertical linear;, height and squint angles. Several sets of measure­

ments were obtained by different operating personnel and under varying climatic 

conditions, so that the n'leasurement results represent a valid estimatf~ of the 

probable error to be expected in boresight measurements. The test drevice was a 
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'single-channel am.plitude-nlOnopulse system. em.ploying a Cassegrain reflector 

assem.bly. This device, which provided a general sim.ulation of a single plane 

of the LEM/RR, and the bore sight m.easurem.ent procedures are described in 

Chapter 3 of this docum.ent. 

It was found that for sm.al! deviations of the transm.itter height and squint angles 

about their theoretically optim.um. values (See paragraph 5.2. 2. 1), the average 

apparent source height was approximately 0.3 foot. For these measurements, 

the m.onopulse beams were aligned in the vertical (,elevation) plane; the m.easured 

source height was found to be relatively insensitive to slight variations in source 

height or azim.uth squint angle, but approxirn.a.ted the theoretically predicted 

variation as a function of elevation squint angle (See Appendix E a.nd Section 

4. 1. 1. 3). For sensing of the apparent source location in the horizontal (azimuth) 

plane, a slight dependence on the azimuth squint angle of the source was noted. 

The maximum. spread of redundant data in the ground-reflection mode for any 

specific setting of the source parar.aeters was O. I m.illiradian. 

The intrinsic bore sight bias error for elevation sensing in the ground-reflection 

mode can be interpreted in two ways, depending on whether the optical reference is 

established on the geometrical center of source antenna or at the theoretical 

(essentially zero) height of the center of the source-image array. The recom­

mended optical reference is a point on the range surface directly below the 

source antenna. The predicted RF bias error employing the current optical 

reference system. is then approxim.ately 0.3 milliradian. 

On the basis of the measurement results shown in Chapter 4 and discussed above, 

it is concluded that the MILA range can be utilized as a high-accuracy bore sight 

test facility in the ground-reflection mode at X-band. Maxim.um errors in this 

mode can be restricted to the order of 0.25 to 0.35 milliradian with reasonable 

care employed in establishing the test geom.etry. 

5.2.3 X-Band Measurements in the Elevated Mode with No Diffraction Fences 

5.2.3. 1 The Aperture Field: Elevated mode measurements at 10 GHz with no 

diffraction screens in place show~d that the MILA range surface appears 

smooth to energy at X-band frequencies for grazing angles up to approximately 
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4 degrees, the maximum grazing angle encountered in the measurements. Aper-. 

ture amplitude patterns exhibited direct correlation with the theory of Section A. 6, 

in that the extraneous energy incident on the test aperture appeared to originate 

at the image of the source antenna. The pitch of the aperture-field variations 

was basically dependent on the height of the source antenna, the amplitude on the 

directivity and orientation (squint-angle) of the source antenna; the ripple com­

ponent of logarithmically recorded field variations was of the order of 1 decibel 

for source heig'1rJ.ts from 10 to 36 feet, where the elevation squint angle was set 

for aperture-field symmetry at each height. 

These measurements were conducted with a 4 foot paraboloidal source antenna 

which, in the absence of extraneous signals, would illuminate a test aperture 

of approximately 10 foot diameter within the 0.25 decibel points of its main lobe 

for a range leng.th of 1000 feet. A more directive source antenna would suppress 

the effects of reflections from the range surface, but would increase the amplitude 

taper of the aperture field. Since the emphasis of the study was on the establish­

ment of aperture fields with amplitude variations an order of magnitude less than 

those obtained with this configuration (i. e., without fences), no polarization 

experiments were performed other than reference measurements at the center 

of the aperture. However, for purposes of comparison, boresight measurer:nents 

were obtained as discussed below. 

5. 2.3. 2 Boresight Measurement Accuracies: The results of several sets of bore-

sight measurements in the elevation plane were summarized in Figure 

4. 13. The cyclic variations in measured source height as a function of actual 

source height corresponded to boresight deviations of approximately + 2 milli­

radians with reference to the center of the source antenna. While thi s magnitude 

of possible deviation makes the elevated mode with no diffraction fences unaccept­

able for high-accuracy boresight measurements, it is significant that the data 

from 100 typical measurements for this configuration exhibited an average error 

of approximately O. 1 milliradian and a standard deviation of approximately 1 

millir adian. 

5. 2.4 X-Band Measurements in the Elevated Mode with Various Diffraction Fences 

5. 2.4.1 The Aperture Field: A total of eight diffraction fence configurations were 

investigated at X-band, as discussed in Section 4.1. 3. 1. This investigation 
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led to the establishment of sufficient aperture-field purity to allow high-accuracy 

boresight measurements, but is not considered to represent a determination of the 

optimum aperture-field improvement which could be accomplished with the use 

of diffraction fences. It was found that a, single fence 12 feet in height and 60 

feet in width placed at the center of the range provided essentially the same im­

provement in the aperture-field configuration as did any of the multiple-fence 

installations investigated. Use of this single fence reduced the ripple component of 

aperture-field vertical amplitude patterns to approximately 0.2 decibel, corres­

ponding to a reduction in the extraneous signal level relative to the direct-path 

signal of some 14 decibels as compared to the level observed for the elevated 

mode in the absence of diffraction fences. The l2-foot fence es sentially screens 

the first 20 Fresnel zones on the range surface from illumination by the trans­

mitted pattern, and the residual extraneous energy appears to be due primarily 

to diffraction effects. Budgetary and scheduling constraints prevented any ex­

perimentation directed toward reduction of diffraction effects by such means as 

serrated fence edges. The single straight-edge l2-foot fence represents a 

practical and acceptable modification to the MILA facility for operation in the 

elevated mode at X-band. ' 

Polarization measurements as a function of aperture position indicate that in the 

elevated mode with an 'S-foot fence at the range center reft:::::-ence measurements 

at the center of the aperture will be sufficient to ensure generally acceptable po­

larization characteristics over a l6-foot dialneter test aperture. 

5.2.4.2 Boresight Measurement Accuracies: Boresight measure,ments in the 

elevation plane with various fence configurations in place showed that, 

as compared to the ground-reflection mode, the elevated mode with diffraction 

fences is likely to produce a greater spread in redundant data (measured results 

were ±. O. 2 milliradian vs ± .05 milliradian) but is likely to produce a smaller 

bias error (measured results were 0.1 milli,2:"adian vs 0.3 milliradian). Calcu­

lations for over '100 data samples indicated an average error in elevation sensing 

of approximately O. 1 milliradian and a standard deviation of thEl same order; 

these results show that in comparison to the elevated mode with no diffraction 

fences, the average errors are comparable, but the fences reduce the standard 

deviation by an order of magnitude. 

Measurements in the azimuth plane indicated extremely high accuracy ca.pabilities; 

the spread in data from such measurements was less than 0,1 milliradian for 

5-17 



,-

various bore sight offset angles. Virtually no effect was seen in the apparent lo­

cation of the source in azimuth for slight variations in the transmitter azimuth 

squint angle. 

The most critical parameter in the elevated mode was the transmitter elevation 

squint angle. For a fixed source height, misalignment of the peak of the trans­

mitted pattern from the center of the aperture by 0.5 degree produced a variation 

in apparent source height of 0.5 milliradian; this was primarily due to the change 

in diffraction from the fence. 

In summary. operation of the range in the elevated mode at X-band should include 

the placement of a l2-foot fence at the range center, and the peak of the trans­

mitted beam should be carefully aligned to center the beam on the test aperture. 

5. 2.5 S-Band Measurements in the Ground-Reflection Mode 

5. 2. 5. 1 The Aperture Field: The field produced by the source-image array at 

2.3 GHz was investigated over a l6-foot diameter aperture centered 

at a receiver height of 30 feet. Amplitude patterns recorded for both horizontal 

and vertical polarizations exhibited negligible ripple components, indicating that 

the range surface appeared very nearly specularly reflecting to S-band energy. 

The character of the aperture field was relatively insensitive to slight variations 

of the source height or squint angles about their theoretically optimum values. 

The same comments apply to the adjustments of the source parameters and 

documentation of the aperture-field purity at S-band as for X-band (See paragraph 

5.2.2. I), where the initial settings at 2.3 GHz should be 

and 

height = ARo 
4h 

r 

• (0. 43)(1000) ~ 3.6 feet, 
4 (30) 

elevation squint = 57.3 ( 4-hA ) == -57.3 (Oiig ) == -0.2 degree, 
r 

azimuth squint = O. 

With proper adjustment of the source parameters, less than 1 decibel of amplitude 

taper will exist over the vertical plane of a l6-foot test aperture, and the amplitude 

taper in the horizontal plane will be negligible. Although a faulty connector 

developed in the course of polarization measurements, so that optimum refer-

ence polarizations could not be eatablished, it was shown that the constancy of 
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the aperture-field polarization was very good for linear polarizations and for 

nearly circular elliptical polarization. Subs equent replacement of the faulty 

connector in the S-band polarization unit and laboratory tests showed that the per­

formance of the S-band unit is comparable to the X-band Series 40 unit. As for the 

X-band ground-reflection case, reference polarization measurements at the center 

of the test aperture will be sufficient to ensure generally acceptable polarization 

characteristics over a minimum aperture of 16 -foot dia:rneter. 

5.2.5.2 Boresight Measurement Accuracies: Boresight comparis1on measure-

ments were made at S-band as a function of source paranleters including 

linear polarization, height and squint angles, and as a function of roll axis offset 

in both the elevation and azimuth planes. The test device was a single-plane 

phase-monopulse sensor employing an interferometer-pair feed. assembly as 

described in Chapter 3. As at X-band, the sensor was employed in a test pro­

cedure which cancelled the bore sight error of the sensor itself. The maximum 

spread of redundant data for any specific setting of the source parameters was of 

the order of O. 1 milliradian, and the apparent location of the source of radiation 

was relatively insensitive to slight deviations in the source parameters from their 

opti:rnum values. Summary calculations for over 50 redundant data points showed 

that the average apparent source height was 0.49 foot and the standard deviation 

of the data was 0.06 milliradian. The half-milliradian bias error represented by 

the average source height is of little consequence for most measurement problems 

and r.£lay be reduced by more precise optical reference techniques. 

5.2.6 S-Band Measurements in the Elevated Mode 

Results of radiation measurements at 2.3 GHz in the elevated mode indicate that 

this mode of range operation is not advisable for high-accuracy measurements in 
'. ." 

general. and is particularly poor for boresight applications in comparison to the 

ground-reflection mode. The source antenna employed for these measurements 

was an 8-foot paraboloidal reflector, which is presently the most directive source' 

antenna available at the MILA range. While some addeq. suppression of extraneous 

signal effects could be realized with a more directive source, it is noted that the 

existing source positioning equipment will accomodate a maximum antenna of 

10-foot diameter. On the basis of current test responsibilities of the MILA 
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facility, the investment which would be required to establish an acceptable capabil:i:ty 

for elevated mode measurements at S-band foJ.' the existing range length does not 

appear to be justified, since a high-accuracy ground-reflection mode capability 

already exists. 

5.2.7 Operation of the MILA Range at C-Band Frequencies 

The results of the current evaluation program and of the original Gemini valida­

tion program have documented the performance of the MILA facility at L-band 

(1.428 GHz), S-band (2. 3 GH~) and X-band (10 GHz). Operation of the range in 

the ground-reflection mode has been shown to provide excellent test-aperture 

field configurations at each of these frequencies, and to allow for high accuracies 

in such specialized tests as bore sight comparison measurements. The existing 

facility can generally be operated satisfactorily in the elevated mode at X-band 

frequencies only if proper diffraction-fence placements are employed. The 

available line-of-sight heights are not acceptable for elevated-mode measurements 

in the absence of diffraction fences at frequencies up to X-band, except for such 

specialized test requirements as those employing extremely narrow-beam antennas. 

From these results, the following conclusions are drawn concerning operation of 

the MILA range in its existing configuration at C-band. The MILA range will pro­

vide excellent ground-reflection operation at C-band frequencies for general 

antenna measurement problems and for tests of direction-sensing systems such as 

phase-monopulse or amplitude-monopulse radars. Unless future test responsi­

bilities specifically require operation in the elevated mode, the existing facility 

should be operated in the ground-reflection mode at C-band. If meallurements 

must be made in the elevated mode, it is recommended that a shorter separation 

between source and test antennas be provided than the existing 1000 feet. A 

feasible approach to such a requirement would be the use of a mobile source 

towe'r with compiete remotely controlled capabilities for adjusting and indicating 

the height, squint angles, and rotation of source antennas. The mobile source 

tower would preferably be located on a graded-surface or railed track whose axis 

would lie at a diagonal with respect to the axis of the existing range. For high­

accuracy tests employing the diagonal range, consideration should be given to 

the use of diffraction fences for all but the closest spacings between source and 

test antennas. 
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5.2.8 Tabular Summary of Range Parameters 

Settings of the test parameters for operation of the 1000-foot MILA range in the 

ground-reflection mode from L-band through X-band, and in the elevated mode 

at X-band, for receiver heights of 30 feet and 45 feet are tabulated below. For 

properly adjusted source antennas, the azim.uth squint angle should be set at 

zero for all co:nfigurations. 

Operating Receiver Mode of Source Source Elevation 
Frequency Height Operation* Size Height Squint 

(GHz) (feet) - - (feet) (Ie et) (degrees) 

1.428 30 GROUND 8 5.74 -0.33 

1.428 45 GROUND 8 3.82 -0.22 

2.3 30 GROUND 4 3.56 -0.20 

2.3 45 GROUND 4 2.37 -0.13 

5.8 30 GROUND 2 1.41 -0.08 

5.8 45 GROUND 2 0.94 -0.05 

10 30 GROUND 1 0.82 -0.05 

10 45 GROUND 1 0.55 -0.03 

10 30 ELEV A TED>!' 4 30 0 

10 45 ELEVATED>:< 4 45 0 

>!<With reference to the table on page 4-23, the suggested diffraction 
fence configurations are (g) for the 30-foot test height and (c) for the 
45-foot test height. The aperture field probe should be utilized as 
discussed in previous paragraphs to optim.ize all range parameters 
for critical test situations. (See section 5.2.2. 1. ) 
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CHAPTER 6 

CAPABILITY OF THE MILA RF TEST FACILITY 
IN RELATION TO THE 

LEM RENDEZVOUS RADAR AND LANDING RADAR BORESIGHT PROBLEMS 

6. 1 Introduction 

A major portion of the effort under this program has been either directly or 

indirectly concerned with the problt~m of making pre-launch boresight measure­

ments of the LEM rendezvous rad'lr (LEM/RR) and landing radar (LEM/LR). 

The purpose of the discussions presented in this chapter is to relate the re­

quirements of the LEM/RR and the LEM/LR test problems to the capabilities 

of the existing MILA RF boresight test facility. 

The problem can be stated as follows: Given a precision L-band ground­

reflection boresight test facility, which was designed specifically for making 

boresight measurements of the Gemini rendezvous radar, 

(1) what are the capabilities and limitations of this antenna test range in 

making bore sight measurements ofthe LEM rendezvous radar and 

landing radar, and 

(2) what alterations are required by the LEM test problem? 

The discussions of this chapter have been divided into separate considerations 

of the rendezvous radar and the landing radar. 

6. 2 Rendezvous Radar Boresight Test Problem 

The study of the LEM/RR boresight test problem is broken into the following 

basic categories: 

(1) The boresight accuracy specifications of the LEM/RR. 

(2) The overall measurements program at RCA, GAEC, WSMR, 
NASA- MSC, and NASA- KSC. 

(3) The boresight capability of the existing MILA range in comparison 
with the requirements indicated by the LEM/RR problem. 

These elements of the LEM/RR problem are considered in the following 

paragraphs. 
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6.2.1 Boresight Accuracy Specifications of the LEM Rendezvous Radar 

The LEM/RR is an X-band, four-horn, amplitude-rrlOnopulse sensor utilizing a 

2-foot diameter Cassegrain antenna. The specifications which are discussed in 

this section apply during the free-fall portion of the land.ing and rendezvous 

phases of the lunar-landing mission, with emphasis on the rendezvous phase. 

The study reported herein has been conducted prior to development of rigor­

ously definitive specifications of the boresight requirements of the rendezvous 

radar. Accordingly it has been necessary to interpret the intent of the pre­

liminary specifications. Information has been obtained from documents which 

have been available and by conferences with engineers and/or scientists at 

NASA-KSC, NASA-MSC, MIT Instrumentation Laboratory, Grumman, RCA­

Burlington, RCA-Moorestown, and North American Aviation. The discussion of 

this section is believed to interpret the intent of the specifications as it was at 

the time of the study. The discussion is based on the writers' understan,ding of 

statements made in conferences with cognizant personnel in the Apollo program 

in connection with the specifications and their implications, and is not an official 

statement of these specifications. 

Specifications d.escribing allowable errors between the angle readout of the 

LEM/RR and the true line of sight (LOS) to the CSM transponder (TR) have been 

broken into two categories in documents describing the rendezvous radar. These 

two categories are BIAS ERRORS and RANDOM ERRORS. While these categories 

are not entirely descriptive of the character of the errors which can exist, their 

intent is believed to be as described in the following statements and as illustrated 

in Figur e 6. 1 . 

(a) BIAS ERRORS 

(1) FIXED BIAS ERROR is the mean, non-varying component of the 

error between the indicated LOS and the true LOS. The terminol­

ogy implies constancy of both the magnitude and the space direction 

of the error. 

(2) BIAS DRIFT. Bias drift error is the low-frequency component of 

any varia.tion which may occur in the radar boresight error. The 

specifications, as written, limit the bias drift to a magnitude of 0.5 

milliradian in any lO-minute operational interval. This specification 
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Figure 6. 1. Interpretation of Rendezvous Radar Boresight Specifications 

does not imply a maXimUIl"l drift rate of 0.05 milliradian/minute, 

but a maximum change between the running mean of readings 

taken over some operational time interval at 10-minute spacings 

in time . 

The specification limiting bias drift is impos ed to permit determination of the 

magnitu.de and direction of the fixed bias error from calculations which are 

based on (1) an initial estimate of the direction to the CSM from the LEM based 

on independent data and (2) on the manner in which the differ ence between the 

me,asured direction and the estimated direction changes over a 10-minute interval 

during the rendezvous phase. This can be accomplished only if the bias error 

(1) remains fixed', or (2) varies in a known manner with time. The latter is 

considered to be impossible or impracticable; therefore, it has been specified 

. that the bias be fixed within a suita.b1e criterion (0.5 milliradian in 10 Ininutes). 
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The bias drift is specified as a function of time, but it is implicitly a function at 

least of (1) the polarization of the incident wave from the CSM/TR, (2) the orien­

tation of the LEM relative to the LOS, and (3) the temperature of the antenna, 

which is a function of the orientation and rate of change of the orientation of the 

LEM relative to the sun and the lunar surface. 

(b) RANDOM ERR OR 

The term random error as applied to the RR problem means the "short 

term alternating component" of the radar boresight error. It is not 

a'Ctually random, but is at least partially correlated with the orientation 

of the LOS relative to the LEM. FOl' example, the magnitude of a 

component of the envelope of the so-defined "random error" is related 

to directions of the LOS relative to the LEM. Although reflections from 

the LEM will not be random in the rigorous s ens e, the short term 

alternating component of the error caused by such reflections is so con­

sidered because there has been no other defined category in which to 

place it. In addition to the short term alternating component of this 

error there will be a longer term component which is lurnped into the 

bias drift category. The specified limit on random error is of the order 

of 3 milliradians. 

Other short term errors from sources such as servo noise, etc., are 

more likely to have a zero mean that are those du.e to spacecraft 

reflections. 

6.2.2 Discus sion of the Spec:i.fications 

During the early stages of this study program two meetings were held with 

cognizant personnel of the MIT Instrumentation Laboratory in an effort to obtain 

a better understanding of the intent of the specifications. The interpretation of 

errors indicated in the following paragraphs is intended to reflect the results of 

these meetings. 

With regard to bias drift the following assessment was made: The specification 

of 0.5 milliradiall in a IO-minute operating interval does not represent a specific 

limit per se, but is intended to imply a very small allowable variation in a 

parameter which could cause serious error if it should be allowed to become 

excessive. 
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The boresight accuracy implied by these specifications&'has been recognized as 

reprelgenting critical requirements in the radar system in view of (1) the 

diameter. of the antenna, (2) the weight requirements, (3) the hostile operating 

environment, (4) the problem of reflections from the spa.cecraft, and (5) the 

requirement on polarization, and has received considerable attention from LEM 

project personnel at the several activities involved. 

With respect to the actual program of evaluation of the MILA range, the 

LEM/RR specifications did not particularly alter the approach to the problem, 

because the program was directed toward determination of the boresight 

capability of the existing range. The specifications did, however, affect the 

recomrnendations which were made in an interim presentatiun which was pre­

sented at NASA-KSC by Scientific-Atlanta on June 16, 1965. This presentation 

included tentative recommendations for modification to the MILA facility which 

would permit measurement accuracies approaching those implied by the specifi­

cations. 

In the fall of 1965 a directive was sent from NASA-MSC to NASA-KSC to the 

effect that compliance with the O. 5 milliradian bias-drift specification would 

not have to be verified at the MILA facility. NASA-KSC is at present formulating 

plans to verify that the radar complies with a maximum bOl'esight error specifi­

cation of 8 milliradians between the indicated LOS and the true LOS referred to 

the RADAR BASE and 7 milliradians between the RADAR BASE and the NA V 

BASE. The recommendations presented in Chapter 7 are based on these 

requirements. 

6.2.3 Effect of Orientation of the Spacecraft Relative to the Line of Sight 

In this section the problem of reflection of energy from the LEM into the RR 

antenna will be discussed qualitatively to demonstrate the manner in which the 

spacecraft reflections contribute to the "random" and "bias drift" error 

categorie.. The reflection problem can be visualized from consideration of the 

general characteristics of the radar, its location on the LEM, and the shape of 

the LEM. The problem has been considered theoretically at GAEC in choosing 
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the location of the radar on the LEM .6-1 The detailed structure of the errors 

caused by reflections froIn the LEM in the bore sight of the rendezvous radar 

will be virtually iInpossible to determine, for reasons discussed below. 

ElectroInagnetic ener gy froIn the CSM transponder will illuminate the radar 

antenna and portions of the LEM structure. The nominal projected area of 

the antenna on the plane normal to the LOS is 'IT square feet, while the pro­

jected area of the LEM is of the order of 200 square feet. Thus the level of the 

total energy incident on the LEM is of the order of 20 decibels higher than that 

incident on the radar antenna. 

Energy incident on the LEM will be largely scattered because the surface is 

generally non-absorbent to microwave radiation. The scattered energy will be 

distributed in a complex lobe structure because of the angular character of the 

LEM configuration. The approximate directions and magnitudes of major 

specular-reflection lobes can be predicted to some degree by geometrical-optics 

approximations to the scattering problem, but the directions and levels of Ininor 

reflection lobes cannot be predicted to any degree of accuracy. Energy which is 

scattered from the LEM in the direction of the rendezvous radar will be partially 

suppressed by the directivity pattern of the radar. Generally, the reflected 

energy will enter the antenna through the minor-lobe regions of the antenna 

patterns, although for certain relative orientations of the LOS and the LEM energy 

will enter through the main lobes. 

At this point it is important to emphasize that energy scattered from the LEM 

into the radar will be from scatterers which are in the near-zone of the radar 

antenna. Thus IneasureInent of the far-zone, wide-angle patterns of the antenna 

does not provide an accurate measur e of the lobe structur e as it applies in the 

actual near-zone scattering problem. However, it has been shown that the 

average directivity to energy arriving froIn wide angles into a narrow bearn 

antenna is roughly predicted by the envelope of the far-zone, wide-angle 

patt erns • ~'< 

6-IR • Ellis, GAEC LEM Engineering Memorandum, Subject: Rendezvous Radar 
Antenna Location, LMO-350-14, 29 May 1963. 

~'<Private comInunications with Dr. R. C. Johnson, Engineering ExperiInent 
Station, Georgia Institute of Technology in dis cussion of reports under preparation. 
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The scattering probleIn is cOInplicated by a nmnber of factors, including: 

(1) The Inultiplicity of directions of energy arrival and 

resulting radar pointing angles represented by the 

coverag e s ector of the rendezvous radar, 

(2) The range of polarizations represented by the relative 

orientations which occur between the LEM and the CSM, 

(3) The short wavelength of 10-GHz radiation, 

(4) The lack of infinite rigidity of the LEM structure, and 

~5) The physical size of the LEM, which Inakes it iInpractical 

to Inake IneasureInents of the effects of reflections froIn 

the spacecraft in a true far-zone environInent. (If the 

cOInplete LEM is considered to scatter energy into the 

radar antenna, a separation of the order of 10, 000 feet is 

required for achieveInent of far -zone conditions within 

genel'ally accepted criteria. ) 

The Inechanism by which reflections froIn the spacecraft perturb the indicated 

line-of-sight is such that, over any Ineasuring interval, the perturbation will 

consist of an alternating (zero-Inean-value) cOInponent and a bias cOInponent . 

The indicated line-of-sight is a function of the shaft angle a and the trunnion 

angle /3, but is iInplicitly a function of tiIne because the direction (a,/3) is itself 

a function of tiIne. The spectral distribution of the alternating cOInponent of 

the indicated LOS is related to the rate of change of the true LOS with respect 

to the LEM spacecraft, the configuration of the spacecraft, and the wavelength 

of the lO-GHz incident energy. 

For orientations of the J ... EM relative to the CSM such that the LOS Inoves rela­

tively rapidly, the spectruIn of the alternating cOInponent will be such tha.t Inost 

of the resulting error can be considered in the randoIn category. Unfortunately, 

as the rate of change of the LOS is reduced the frequency range of the perturbation 

becomes lower, and the component which must be considered in the bias-drift 

category tends to increase until at very slow LOS rates the entire perturbation 

may be in the bias -drift category • 

One cannot, without knowledge of the manner in which the LEM may be programmed 
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relative to the LOS, properly categorize the effects caus ed by spacecraft reflec­

tions between random and bias drift errors. Therefore, evaluation of the effect 

of the spacecraft on the indicated LOS should take into consideration the expected 

rates of change of the LOS during the free -fall operational portion of the mis sion 

profile. 

Study of the effect of. :'he LEM configuration on the indicated LOS is being pursued 

at NASA-MSC as an R&D effort, utilizing an antenna range which is specifically 

designed for this purpos e. The concern for this problem in the investigation 

reported herein is in relation to the practicability of and techniques for 

measuring the free-space boresight error of the radar in the presence of 

reflections from the LEM, and because of the uncertainty in the types of measure­

ments which will be required at MILA. 

6.2.4 Effect of Polarization on Bias -Drift Error 

The investigated design of the LEM/RR-CSM/TR system includes the capability 

for arbitrary orientation of the attitude of the CSM relative to the LEM within 

the constraint imposed by the radiation pattern of the CSM transponder antenna. 

This capability could be accomplished by any of three choices of polarization 

of the RR -TR antennas with certain resulting trade-offs: 

(1) 

(2 ) 

(3 ) 

RR 

Linear 

Circular 

Circular 

TR 

Circular 

Linear 

Circular 

Of these three possibilities, number (2) represents the selected design; i. e., the 

rendezvous radar is designed to be circularly polarized, and the transponder is 

designed to be linearly polarized. 

The polarization problem is ",.cute because of the specification that the bore sight 

bias error drift be not greater than 0.5 milliradian in any lO-minute operational 

period. This drift requirement implicitly includes change in boresight direction 

with polarization unless constraints were to be imposed on the relative polari­

zation of the transponder antenna and the rendezvous radar during critical 

tracking intervals. Information to date has indicated that such a constraint 

could not be imposed. The problem of boresight change with polarization requires 

precise control of the axial ratios of the individual channels of the monopulse 
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6.2.5 Outline of the LEM/RR Boresight Error Measurement Program 

The tests which have been indicated for the LEM/RR program are summarized 

below. This summary is based on information obtained from the various partici­

pating activities, and is not an official statement of the test schedule. 

Activity 

RCA-Moorestown 

Range Length Where Applicable 

1000 Inches 

Systems Tested 

RR Antenna 

(a) Standard gain comparison, power output, and other standard 
microwave tests. 

(b) Sum- and difference-channel pattern measurements. 

(c) Pattern polarization measurements on-axis and at 3 -decibel 
points. 

(d) Alignment of RF and optical boresight directions. 

(e) Variation of RF boresight with orientation of linear polarizations. 

Activity 

RCA-Burlington 

Range Length Where Applicable 

90 Feet 

(a) Gyro platform stability. 

(b) Point-by-point LOS motion tests. 

(c) Bas e motion angle track tests. 

(d) Acquisition angle tests. 

(e) (Simulated) range and range-rate tests. 

Systems Tested 

RR Section 
and Subs ection 

* As stated above, NASA-KSC is not presently required to demonstrate compli­
ance with the O. 5 milliradian bias drift specification. The 8-milliradian 
specification which must be verified could be interpreted to permit a possible 
boresight variation of 16 milliradians with polarization; such a variation is 
believed to be untenable in view of the weight which has been given to the bias 
drift component .of boresight error in the specifications. Clarification of the 
NASA-KSC test requirements should be obtained to resolve this ambiguity. 
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Activity 

GAEC Bethpage 

Range Length Where Applicable 

1000 Inches 

(a) Engineering model (1/3 sc,.le) measurements. 

Systems Tested 

LEM/RR/TR 
Assembly 

(b) Test-point input checks of electrical and electro-mechanical 
loops. 

Activity 

WSMR 

Range Length Where Applicable 

Variable (Fly-Over) 

(a) Range and range -rate. 

Systems Tested 

LEM/RR-CSM/ TR 

(b) General assessment of simulated lunar surface effects and 
spacecraft reflections. 

(These tests are designed to provide "confidence factors" and are not 
specification compliance tests.) 

Activity 

NASA-MSC 

Range Length Where Applicable 

2500 Feet 

Systems Tested 

TM7/RR 

(a) R&D program for assessment of the effects of spacecraft 
reflections and simulated operational environments (in evacua­
ti on chamb er ) . 

(b) Design validity tests. 

Activity 

NASA-KSC 

Range Length Where Applicable 

1000 Feet (Existing) 

Systems Tested 

TM7/RR 

(a) Boresight accuracy tests to show compliance with RADAR 
BASE and NA V BASE specifications. 

(b) LOS motion tests. 

(c) Acquisition tests. 

(d) Electrical and electro-mechanical loop check-out (in MILA 
O&C Building). 

(e) Pre-launch check-out (flight LEM) in stacked configuration. 

6.2.6 Capability of the MILA Range for Making Boresight Measurements 
of the LEM Rendezvous Radar 

The capability of the MILA range for making measurements at X-band was inves­

tigated in a series of theoretical studies and in a program of experimental 
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measurements. These studies were directed toward (1) d~termination of the 

general capability of the range at X-band and (2) the specific problem of making 

boresight accuracy measurements of the LEM rendezvous radar, and are 

reported in other sections of this document. In this section implications of the 

investigations are discussed in relation to the LEM/RR problem. 

The capabilities and limitations of the range for making boresight measurements 

of the LEM/RR are based on the following factors: 

(1) The range configuration (range length, line-or-sight, height, etc.). 

(2) Effects of e.xtraneous signals. 

(3) Characteristics of the test positioner and range instrumentation 

{load-bearing capability, mechanical and electrical errors, control 

characteristics, data rates, adaptability to automation, etc.). 

(4) The physical environment (problems related to wind, temperature 

effects, atmospheric contamination, etc.). 

6 .2.6. 1 Range Configuration: The phYSical configuration of the MILA range is 

described in section 2.1. The range is 1000 feet long and can be operated 

at X-band in either the ground-reflection mode or in the elevated mode. The test 

positioner is located on top of the control building at such a height that the line­

of-sight of the upper-azimuth axis of the test positioner is nominally 30 feet above 

the range surface. For elevated operation the height of the source antenna would 

be set between 25 feet and 35 feet, nominally at 30 feet. The height of the line-of­

sight of the LEM/RR mounted in place on the ascent stage of the LEM or a full­

scale mockup would be nominally about 43 feet but would vary from approximately 

44 feet to 33 feet with cha:nges in orientation of the LEM. 

(a) Range Length 

The length of the MILA range was set at 1000 feet in the design of the range, 

which was based on the requirements of the Gemini/RR boresight test problem 

(see Appendix K, page 11). This range length provides less than a ir/S radian 

phase deviation of the incident field over the maximum projection of the Gemini 

spacecraft on the plane which is normal to the line-of-sight, and at the same 

time provides a favorable grazing angle for ground-reflection operation of the 

range. 
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The optimum. separation between the source antenna and the LEM/RR during 

bore.sight tests is difficult to specify because considerable latitude exists in 

choice of a range length; however, some observations can be made which indicate 

that the eXisting range length of 1000 feet repres ents a favorable comprOlnise. 

The diameter of the radar antenna is two feet. Bas ed on the commonly employed 

criterion, R ~ 2])2 lA, where D is the diameter of the antenna under test, A is the 

wavelength, and R is the separation, a minimum separation of about 80 feet is 

indicated for a nominal wavelength of 0.1 foot (frequency, 10 GHz). The 

adequacy of this criterion is determined by the required accuracy of the measure­

ments and by the precision with which the radar is fabricated. Measurements 

which are being made at RCA-Moorestown and RCA-Burlington are made at 

separations of this order. Investigations reported in Appendix J indicate that 

such a separation is adequate unless measurements of extreme precision are 

required and unless other factors influence the separation. The two other major 

factors which can influence the separation are (1) errors from parallax and 

(2) the effects of reflections from the spacecraft. 

The parallax problem is considered in Appendix J. The problem is complicated 

by a number of factors and cannot be argued in detail without definition of a 

specific set of testG. It is generally true, however, that the parallax problem 

decreases as range length increases and that a range length of 1000 feet repre­

sents a desirable separation from the viewpoint of parallax in the LEM/RR test 

problem; in any event, no parallax advantage appears to result from decreasing 

the range length from its existing value of 1000 feet. 

In tlie evaluation of the effects of reflections from the spacecraft, it might appear 

that a range length of the order of la, 000 feet would be required. Such a range 

length would provide a large test aperture which would satisfy the R ~ 2D2/A 

criterion. (For A= O. 1 foot, the resulting aperture diarneter D would be about 

22 feet for a maximum phase deviation of Tr/8 radian.) A number of factors 

argue against such a range length, however. Primarily, as has been discussed 

in section 6.2.3, it is not pos sible to make pr ecis e quantitative meaSlA;r ements 

of the effect of the spacecraft on the radar boresight at any range length because 

of the nature of the problem. 

A ground-reflection range with a length of 3000 feet was proposed by GAEC in a 

preliminary repori~ dated 15 March 1965. While such a length provides a 

6...2 "LEM-Facilities --Plan Apollo Requirements for the MSC-RF Systems Facility 
at MILA, Florida," GAEC LPL-lB, Appendix 14, Preliminary, 15 March 1965. 
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favorable grazing angle for ground-reflection operation and a reduction of the 

parallax problelTI., an antenna range of this length does not appear to be warranted 

by the present interpretation of the test requirelTI.ents, and is not believed to be 

a currently propos ed range configuration. 

In its 16 June 1965 interilTI. p::.-esentation at NASA-KSC, Scientific-Atlanta pro­

posed a 1600-foot range which would be capable of both ground-reflection and 

elevated-mode operation. This propos ed modification was based on two factors, 

(1) achievement of an adequate physical separation between the LEM and Gemini 

test sites to permit simultaneous measurements under the Gemini program and 

the Apollo progralTI., (2) essential retention of the present grazing angle for 

ground-reflection operation while providing an increas e in aperture test height 

to a.pproximately 50 feet, which was indicated for the LEM/RR tests. At the 

time of the interhn report, these tests were expected to employ the full LEM 

flight vehicle including ascent and descent stages, and verification of compliance 

with the 0.5 milliradian bias-drift specification was considered a test responsi­

bility of NASA-KSC. Although a range length of 1600 feet would provide a more 

favorable grazing angle for a 45-foot test-aperture height, it is predicted that 

satisfactory operation of the range will result with this test height at the present 

separation of 1000 feet. 

(b) Range Surface and LOS Height 

The primary range surface of the MILA facility is graded to close tolerance and 

planted in Bermuda grass (see Chapter Z). Measurements reported in Chapter 4 

show that this surface is sufficiently smooth at X-band for the existing range to 

possess e:"!cellent ground-reflection mode characteristics. The effects of altera­

tions in the range length, height, or surface roughness can be interpreted in 

terms of the Rayleigh criterion of roughness (see equation (A-I), section A. Z). 

While the grazing angle would be increased by a factor of approximately 1. 5 for 

an increase in the maximum teat aperture elevation from 30 feet to 45 feet, 

elevated-mode measurelTI.ents in the absence of diffraction fences indicated that 

the range surface will appear smooth for increases in grazing angle up to a 

factor Z. Thus, no problem is foreseen in ground-reflect,ion operation for 

LEM/RR boresight test. However, the range should be re-evaluated for 

operation in the ground-reflection mode if the grazing angle is increased by 

increasing the height of the test aperture without increasing the range length. 
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This can be accomplished simply by probing the aperture field, since measure­

ments made under this program show that direct correlation is achievable 

between the magnitudes of measured aperture field variations and measured 

deviations of the RF boresight direction from optical boresight. 

Assuming that the TM7 LEM mockq.p will be mounted on the existing test posi­

tioner, the maximum LOS height available in the elevated mode will be less than 

optimum. * However, boresight measurements of this study which were con­

ducted under similar circumstances indic<l'.te that sufficient redundancy of data 

to provide random phasing of extraneous signals will allow the elevated mode to 

be employed with probable standard deviations of the order of O. 1 milli:radian. 

6.2. 6. 2 Error frOlTI Extraneous Signals: Analyses and measurements to 

determine the effects of extraneous signals on the probable boresight 

error in making measurements of the LEM/RR have constituted a major part of 

the program reported in this document. Analyses to determine the magnitude 

of effects of extraneous signals on the measured boresight of phase-monopulse 

or amplitude-monopulse radars and specifically of the LEM/RR are presented in 

Appendices A through F. The results of measurements which were made to 

determine the boresight capability of the range are presented in Chapter 4. The 

reader is referred to section D. 2 for a detailed discus sion of the effect of 

extraneous signals on the boresight measurement accuracy of the LEM 

rendezvous radar and to Chapter 5 for a detailed summary of the material which 

is presented in the appendices. 

Measurements described in Chapter 4 were rnade with an amplitude-monopulse 

sensor which simulated the boresight characteristics of the LEM/RR. Thus the 

measurements can be interpreted directly in terms of the error which should 

result in tests of the LEM rendezvous radar in the modes of range operation 

which were employed in the evaluation measurements. 

*This conclusion is based on the developments of Appendix D and on the experi­
mental investigations reported in Chapter 4. As shown in Figure D. 5, the LEM/­
RR will likely be most sensitive to extraneous energy which arrives at the radar 
aperture from 2 to 4 degrees off the boresight axis. If the source antenna height 
is set at about 35 feet, the declination angles from the LOS to the top of a single 
diffraction fence located at the range center will lie in the 2 to 4 degree range 
for various orientations of the LEM/RR. 
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If one ignores the 0.5 milliradian bias drift specification which is discussed in 

section 6.2. 1, the conclusion can be drawn that the range can be employed in 

either the ground-reflection or elevated mode, and will introduce negligible 

measurement error in relation to the 8 milliradian boresight accuracy specifica­

tion which. NASA-KSC is currently committed to verify in pre-launch tests. 

Verification of compliance with the 0.5 milliradian bias -drift specification with 

any degree of confidence would call for meticulous verification of the range 

performance at every step and a large quantity of redundant data. The resulting 

measurement program and adaptation of the range to the automation that would 

be required would almost certainly be impracticable in light of the significance 

of the data which would be obtained. 

In assessing the results of the measurements it is necessary to recognize that 

the boresight sensor, while generally simulating the characteristics of the LEM 

rendezvous radar, was luounted on a mockup of the Gemini spacecraft. Thus the 

effects of extremely wide-angle reflections will not be identical in tests of the 

LEM radar which is m.ounted on the TM7 mockup of the LEM ascent stage. 

However, because of the suppression afforded by the directivity patterns of the 

radar and the shielding provided by the mockup, and becaus e the control building 

is covered with microwave absorbing material, it is predicted that wide-angle 

reflections froIn the test building will introduce negligible measurement error. 

If the boresight measurements are made on a support which does not provide the 

shielding afforded by a mockup of the LEM ascent stage, the test positioner 

should be covered with X-band absorbing material. 

6.2.6.3 Positioner and Instrumentation: The existing MILA multi-axis test 

positioner and its associated instrumentation are described briefly in 

Chapter 2 of this document. Basic considerations of the angular measurement 

accuracies of this equipment are presented in Appendix H, with discussions of 

pos sible configurations which might be employed for LEM/RR tests utilizing a 

LEM spacecraft mockup. Specific measured and calculated elevation-angle and 

azimuth-angl\~ accuracies of the positioning equipment as employed in the 

evaluation program reported in this document are summarized in Chapter 5. 

In order to as s ess the adaptability of the positioner an.d instrumentation to the 

LEM/R'R test problem, the following factors were considered: 

(1) Positioner load-bearing capability. 
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(2) Axis-drive system characteristics. 

(3) Angle measurement acc11.racies. 

(4) Maximum data rates. 

(1) Positioner Load- Bearing CapabilitY.: 

The concrete structure supporting the MILA test positioner was designed to 

withstand a 30, ODD-pound maximum vertical load and to withstand bending 

moments up to 30,000 pound-feet. The boresight positioner has an actual load 

rating of 40, ODD-pound vertical load and 75,000 pound-feet bending moment. 

The higher rated positioner was procured for the Gemini program to insure 

conservative loading for accuracy and stability. It is possible that the concrete 

support structure will safely support a much larger load than 30, 000 pound-feet 

bending moment, however, before using larger loads a. design review and testing 

for deflection and strength of the concrete support str'ucture is required. 

At present, the LEM/RR test program at MILA is expected to utilize the TM7 

LEM ascent-stage mockup, which GAEC reports to weigh approximately 2500 

pounds with a center of mass near the center of its approximate 10' x 10' cross­

section. With this mockup mounted as depicted in Figure H. 4 through H. 6 (the 

X axis of the LEM parallel to the positioner lowe:r-azimuth axis), the positioner 

and support structure will provide adequate safety factors in the load-bearing 

capabilities for all required orientations of the mockup. The two modes of sector 

coverage for the LEM/RR will require a 130 0 swing about the positioner elevation 

axis (+60 0
, - 70 0

). The maximum resulting torque or bending moment will thus 

be approximately 15,000 pound-feet. 

An alternate mounting<~onfiguration could be employed as depicted in Figure H. 7; 

this configuration would provide increaled positioning accuracy but would require 

full counterbalancing due to the relatively low torque rating of the positioner's 

upper-azimuth axis. 

(2) Axis-Drive-System Characteristics 

The drive system for the three motion axes of the MILA test positioner has both 

a rate mode and a position mode of operation (see Appendix K, paragraph 5. 2. 2). 

The rate mode provides selectable constant rates of rotation about the positioner 

<j> and a axes which may be set by individual controls or programmed for auto­

matic operation. This mode is applicable to rapid recording of large quantities 

of pattern data in standard chart form or in radiation distribution tables, and to 
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automated directivity calculations via the antenna pattern integrator. The position 

mode of positione~ control will probably be employed for the bulk of the LEM/RR 

meaSU1'ements. In the position mode, the appropriate <p and e motions of the 

positioner are servo-driven in response to command settings of the position 

controls .. This mode is appropriate for such measurements as point-to-point 

checks of the LEM/RR boresight accuracy, acquisition angle tests and LOS motion 

tests for various selected LEM orientations. 

(3) Angle Measurement Accuracies 

In the LEM/RR measurement program, several sources of pos sible angle 

m.easurement error will exist, including parallax, positioner deflections, vehicle 

deflections, synchro readout errors, coordinate system misalignments and 

geometric errors of the test positioner. Once a specific mounting configuration 

for the TM7 mockUp is selected and definite test procedures are formulated, the 

following assessments can be made of the above sources of error: 

Parallax can be eliminated from the experimental data by appropriate 

comp~lterized data reduction, with the exc:eption of a small residual com­

ponent which results from the ambiguity in the location of the test antenna's 

center -of-parallax. 

The effects of positioner and vehicle deflections and of synchro readout 

errors can be largely eliminated or accounted for by optical calibration 

techniques. Such calibrations would be performed at each required 

orientation of the LEM vehicle. 

Coordinate system misalignments and positioner geometric errors will 

always exist, however small. The effect of such intrinsic imperfections 

in the test configuration can be made negligible, particularly in light of 

the 8-milliradian boresight accura.cy specification which must be verified 

at iv.LILA, if precise optical bOl'esight refer ences are obtained for each 

spacecraft orientation and if the RF boresight measurements are restricted 

to differential sectors in the neighborhood of the optical refer ences. 

(~q Maximum Data Rates 

The data rate capability of the f'..xisting positioner-drive and angle-readout system 

is best Sllited for point-to-point boresight comparison tests. Accurate angle 

calibration during dynamic tracking tests is impract~..-::al with the present geared 

synchro readout system. Calibration methods ,employing high-speed data readout 

WQ1,1ld require the addition of direct-drive digital-bit encoders to all positioner 
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axes, or alternat:i.vely a synchro-to-encoder conversion systenl, and a digital 

computer. 

6. 2. 6. 4 Environment of the MILA Facility: Modifications to the MILA facility 

will be required in order to provide an acceptable test environment for 

the LEM/RR. Operation of the radar is not permissible in winds over 4 knots or 

in an atmosphere containing the relatively high saline water-vapor levels common 

to the MILA envirorunent. A suitable protective cover, as described in Chapter 7, 

can be employed to alleviate both the wind and moisture problems. 

In addition to the above environmental factors, the effects of solar radiation and 

ambient temperatures must be considered. The maximum ambient temperature 

permissible for the LEM/RR is of the order of lOO°F, and this limiting tempera­

ture can only be tolerated for relatively short operational intervals. Since it is 

required that the radar be totally enclosed as mentioned above, it is logical to 

provide adequate cooling to the conditioned air supply to protect the radar system. 

It is noted that even with a cooled-air atmosphere, the insulation of the LEM/RR 

circuitry against low lunar temperatures causes an internal heat problem which 

will still restrict the allowable operational intervals during pre-launch tests. 

It appears impractical to totally shield either the LEM-TM7 or the test positioning 

equipment from Bolar radiation. However, if the solar heat problem warrants it, 

proper design of the rflquired protective cover can largely eliminate errors froln 

this source. For example, a dual-layer thin wall radome could be employed which 

has an outer skin which is highly reflective to sunlight and has an absorptive inner 

skin. The residual solar radiation which penetrates the radome will be sufficiently 

attenuated and diffuse to prevent significant deflections of the positioner or vehicle 

due to differential temperature effects. Such means would only be appropriate if 

the flow-time of required tests prevents the exclusive scheduling of experhnents 

during hours when solar radiation is not problematical. 

6.3 The LEM Landing Radar Test Problem 

The problem of testing the LEM landing radar (LEM/LR) at the MILA RF test 

facility has been studied with attention directed to determining the range capa­

bility for obtaining bore sight measurements to the accuracies specified for the 

landing l'adar. The study included consideration of the following factors: 

(1) The radar specifications for parameters which are related to the 

boresight measurement problerrl, 
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(2) The test program for the landing radar, and 

(3) The capability of the e:xisting MILA range for making the necessary 

measurements" 

The following paragraphs discuss the factors listed above. In certain ca.ses, 

conclusions and recommendations regarding the LEM/RR test problem are 

shown to apply to the LEM/LR problem, and material from the rendezvous radar 

section is cited. 

6.3.1 The LEM Landing Radar and Boresight Specifications 

The LEM/LR consists of a three-beam (Janus) doppler velocity sensing system 

and a frequency-modulated doppler altimeter system, both of which opera.te at 

X-band. The system is required to deliver accurate velocity and altitude informa­

tion during the powered descent, hover, and landing phases of the LEM mission. 

The velocity sensing antenna system consists of a four -b earn, slot-array trans­

mitting antenna and three slot-array, receiving antennas. The 3 -decibel beam­

widths of the transmitting antennas in the E and H planes are appro:ximately 

4 degrees and 7 degrees, respectively, and their boresight directions form the 

corners of a pyramid as shown in Figure 6.2. The pyramid is centered on a 

reference axis, the beam group normal, which is normal to the transmitting 

array and to the spacecraft Y axis. 

The three receiving beams, which have somewhat broader beamwidths than those 

of the transmitting antenna, are directed along three of the edges of the pyramid; 

sinc e the velocity vector can be completely specified by inputs of thr ee sensors6-3 , 

information from the fourth beam is not required, and a corresponding receiving 

antenna is omitted. The approximate angular dimensions of the pyramid are 

:1:20 degrees from the beam group normal in the fore-and-aft direction and :1:15 

degrees in the lateral direction. 

The radar altimeter system consists of a two -beam, slot -array transmitting 

antenna, which is interlaced with the velocity sensor transmitting system, and a 

separate receiving array which is similar to those of the velocity sensing system. 

6-3 For a general discus'sion of the operation of typical doppler radar systems, see 
Airborne Radar, D.J. Povejsil, R.S.Raven, P. Waterman, D. Van Nostrand Co., 
pp. 726-759; 1961. 

6-19 



1 
I 

I 
I 
! 
\ 

The receiving beam and one beam of the transmitting antenna are directed along 

the aft side of the pyramid of Figure 6.2 midway between velocity sensor beams 

land 2. The second transmitter beam, which falls s lightly outside the pyramid, 

is extraneous, and no corresponding receiver exists. 

BEAM 2 

... 
Y AXIS 

ALTIMETER 
BEAM 

AFT 

ANTENNA 
ARRAY 

BEAM I 

Figure 6.2. LEM Landing Radar Beam Geometry 

The receiving beamwidths for both the velocity-sensing system and the altimeter 

system are somewhat broader than the transmitting beamwidths; the E-plane 

two-way 3-decibel beamwidths for each system are slightly less than 4 degrees 
, 

and the H-plane beamwidths ar e slightly less than 7 degrees. The velocity 

sensing system operates in the CW mode while the altimeter system employs 

FM-CW modulation. 
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J-! f; The boresight directions for the velocity sensor and altimeter beams are 

Ii i .. · specified with angular tolerances of ±4 minutes (approximately 1. 2 milli.radi.ans) Ii •• 
. , in the E-p1ane and ±7 minutes (approxi.mate1y 2 mi.lliradians) i.n the H-p1ane . 

6. 3. 2 LEM Landing Radar Boresight Test Program 

Prior to arrival at NASA-KSC flight models of the landing radar will have 

undergone acceptance tests at Ryan and will have been integrated into the LEM 

at GAEC. During the development of the radar, in addi.tion to tests of deve1op­

men'cal models at Ryan, a research and development program will be conducted 

at NASA-MSC by NASA and GAEC personnel to determine the effects of the 

LEM vehicle on the landing radar performance. In addition, the radar system 

will be flight-tested in helicopters and aircraft at White Sands Mi.ssi.1e Range. 

Final acceptance tests of the flight radar will be performed at Ryan immediately 

prior to delivery. 

For acceptance tests at Ryan the. boresight direction i.s defined as the di.recti.on 

determined by the mean of the directions of the half-power points of the two-vray 

pattern measured in two defined orthogonal directions. The measurements are 

made at a separation of approximately 250 feet in two-way measurements whi.ch 

are made using a single sideband (SSB) modulator to tag the signal intercepted 

by a target. These tests will be made without use of a mockup of the LEM. 

The total development program and test program as carried out at Ryan, NASA­

MSC, and White Sands, is directed toward ensuring the c~pability of the radar to 

perform under the anticipated environmental conditions. The goal of pre-launch 

testing performed at NASA-KSC should then be to demonstrate that the radar is 

flight worthy, and to verify that the bore sight directions have remained wi.thin the 

prescribed tolerances after shipment from Ryan. This might imply duplication 

of the test procedures employed at Ryan in the acceptance tests of the radar. 

However, it is not convenient to exactly duplicate the test set-up at Ryan because 

of the 1000-foot length of the MILA range. Before a specific recommendation is 

made relative to the method which should be employed at NASA-KSC i.t i.s necessary 

to consider basic factors which relate to the measurement problem. These are 

indicated and discussed below. 
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6.3.3 Implications of the Boresight Specifications with ~eboect to Pre­
Launch Tests 

The specifications indicated in paragraph 6. 3. 1 are the specifications with which 

Ryan is required to comply in acceptance measurements of the radar. The 

tolerances indicated by these specifications are extremely small and are probably 

set more for repeatability of results made on a specific antenna range than for 

absolute accuracy. For exal'nple, differences i.n geometry between the Ryan 

test range and the MILA range, which would result in a difference in par allay 

and differences in the precise mounting of the antennas as compared with that 

employed at Ryan, would produce a measurable difference in the absolute values 

of the beam directions measured on the two ranges. 

Proof of the accuracy indicated on page 6-20 in pre-launch measurements would 

be costly in terms of instrumentation and man-power. Such measurements are 

not believed to he indicated by the nature of the problem, si.nce error in beam 

separation produces only a velocity calibration error which is proportional to 

spacecraft velocity and which goes to zero at zero velocity. If the specifications 

include a safety factor and allowance is made for some absolute difference i.n the 

beam directions from the values measured on acceptance, then i.t should be 

possible to relax the tolerance which can be set for pre-launch measure.ments. 

In this event the MILA range can be employed in its present configuration for the 

measurement. 

However, in the event that highly accurate measurements should be requi.red, 

the measurements should be made in a technique which would determine the 

separations between the power centroids of the patterns. In operation the 

doppler system senses velocity from the doppler shift of the frequency spectrum 

produced by energy returned from the lunar surface through the complete portion 

of the radiation patterns which look at the surface. This return i.s wei.ghted by the 

two··way power patterns of the beams and by the radar cross- section of the lunar 

surface for the angles of incidence involved. Thus the effective beam separations 

as interpreted by the radar are compltcated by the operati.ng envi.ronment, and 

no measurements under simulated conditions will precisely define the beam 

separation: however, measurements which are made to determine the beam 

directions as defined by the power centroids of the two-way patterns or a ,x'eighted 

power centroid will provide a more nearly correct indication of beam separation 

than does a separation defined by specific reference levels on the patterns. It is 

understood that investigations will be made at NASA·MSC under the Rand D phase 
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of the program to deterrnine the power centroid of the two-way bean1. patterns. 

These measurements will be luade on a 2500-foot elevated range us: ng engineering 

models of the radar. In addi.tion, the difficulty of the l1.'leasurel1.1.ent problelu is 

reduced significantly if this method is employed. It can be shown by an analysis 

similar to that of Appendix D that received extraneous signals arriving from wide 

angles relative to the bean'l axis must be reduced to a level of the order of 50 

decibels below the level of the beam luaximurn to lil1'lit the ma:yimum error from 

extraneous signals to O. 2 milliradian in measurel1.'lent of the direction of a beal1.'l 

whose half-power width is 4 degrees if the lueasurements are n1.ade by sensing 

the direction of the half-power points in orthogonal planes. Thi.s rnagnitude of 

error represents a high order of extraneous signal suppressi.on, and is sHll only 

one error component of a total error budget. 

Detenuination of the direction of the power centroid of a pattern requires inte­

gration over the portion of the pattern which contributes si.gnificantly to the total 

received energy. Thi.s process automatically provides redundancy of data whi ch 

produces an RMS averaging of the effects of wide-angle extraneous signals so that 

suppression of such extraneous signals is not nearly as critical as it i.s i.n the 

rneasurel1.'lent procedure which is based on definition of the beam-di.rection as the 

intersection of planes defined by half-power beamwidths. 

6.3.4 Capability of the MILA RF Test Facility for Making Boresight 
Measurernents of the LEM/ LR 

Evaluation of the MILA boresight range for performing pre-launch boresight 

testing of the landi.ng radar involves cUllsideration of l1'lechanical, electrical and 

envirorunental requirernents. The capability of the MILA RF test facili.ty in 

comparison with those requirements is discussed in the following paragraphs. 

6. 3.4. 1 Test Positioner: In rneasurements of the altimeter and velocity sensor 

systems two types of rneasurel11.ents are indicated: (1) boresight l1.1.easure­

rnents and (2) pattern l11.eaSUrements. As discussed in secti.on 6.3. 2, the bore­

sight directions of the velocity sensor and altil1.1.eter beal1.'lS are defined for pur­

poses of rneasurernents at Ryan by the means of the directions of the 3-decibel 

points of the two-way patterns in two orthogonal planes through the beams. The 

planes in which these lueasurernents are made are defined by the sides of the 

pyramid of Figure 6. 2. The boresight range positioning equiprnent should allow 

planar (1.. e. I great circle) cuts to be obtained along the four sides of the cone . 
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Boresight measurements require that the test positioner have capability for 

precise control of the orientation of the axes and precision readout of the axis 

orientation so that static measurements can be made to define the beam dtrections. 

Pattern measurements require continuous motion of the positioner axes and 

provisions for recording signal levels as a function of direction. 

If bore sight measurements should be made to an accuracy of the order of O. 3 

milliradian, the total positioning error including load and solar effects, and 

positioning and readout errors should be of the order of O. I milHradian or less. 

Digital angle readout is indicated to permit readout of data into an incremental 

computer-compatible tape recorder. 

The discussion of the capability of the MILA positioning equipment and instru­

mentation for the rendezvous radar bore sight measurements, as presented in 

section 6. 2. 6. 3, also applies to the landing radar problem. Additional theo­

retical considerations concerning the positioning system are contained in 

Appendix H. 

The present positioner angle measurement accuracy is indicated i.n paragraph 

2. 3. However, precision, 16-bit digital encoders are recommended. which H 

installed will increase the wide angle measurement accuracy of the positioner 

essentially to the accuracy of the encoders. These will be installed directly on 

the axes of the positioner. The recommended encoders are described in Chapter 7. 

6.3.4.2 Electrical Considerations: 

(a) Range Configuration 

A discussion of the range configuration with regard to the rendezvous radar tests 

is contained in section 6. 2. 6. The frequencies and two-way beamwidths of the 

landing radar velocity and altimeter sensors are approximately the same as those 

of the rendezvous radar; hence the discussion of 6. 2. 6 applies to both measure­

ment problems. 

The landing radar will be tested on a 250-foot range at Ryan and on a 2500-foot 

range at MSC; the lOOO-foot MILA range therefore represents a compromi.se with 

respect to range length. The amplitude taper over the test aperture will be much 

less than O. 25 decibel for ground-reflection operation (see section 4. 1). The 

range surface and LOS height afford excellent ground-reflection properties at 

X-band. 
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(b) Two-Way Measurement Capability 

The boresight directions of the velocity sensor and altilneter beams are re-
_'l;C~ 

quired to be measured in two-way pattern tests. 

Tests can be accomplished in the following manner. The radar althneter must 

be disabled when the velocity sensor system is tested, and vice versa. The 

altimeter must be tested in the CW mode by disabling the frequency modulation 

circuits. The transmitted signal is tagged at the target antenna by single­

sideband (SSB) modulation. This technique provides an audio modulation signal 

and at the same time prevents scattered signals from producing error unless the 

reflected energy enters the target antenna or unless energy from the target 

antenna reaches the antenna under test by reflection. 

The operation of a SSB modulator which can be employed is as follows. The 
~ 

. amplitude of the signal received by the target is proportional to gt2 , where gt 

is the gain of the transmitting antenna of the f;ystem under test. The SSB 

modulator consists of a rotary vane phase shifter6-4 and a short circuit, as 

shown in Figure 6.3. The rotary-vane phase shifter is n1.odified for contil1,uous 

rotation at a speed of, say, 2175 revolutions per n'linute. >.~ 

TARGET ANTENNA 

C>- SHORT 
~------I CIRCUIT 

ROTARY VANE 
PHASE SHIFTER 

Figure 6.3. Single-Sideband Modulator for Two-Way 
Boresight Measurement System 

After modulation and reradiation from the target antenna, the signal is received 

at the receiving antenna and is processed by the circuit shown in Figure 6.4, 

which is a symbolic representation of the applicable circuitry of the landing radar 

6-4A . G • Fox, "Adjustable Waveguide Phase Chapger, II Proc. IRE, December 1947, 
pp. 1489-1498. Also see commercial literature, e. g., Hewlett-Packard Model 
X-382A. 

*This rate of rotatlon gives a modulation frequency of 145 cps, which provides 
low probability of interference with harmonics of 60 cps. 
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velocity sensor or altimeter. The received signal amplitude ED is proportional 
1 1 

to gt2 g 2, where g is the gain of the receiving antenna of the system under test. r r 
Energy is also coupled from the transmitter to the receiver, at a level such that 

the direct-coupled signal drives the detector into its linear operating region. 

Under this condition the system can be analyzed with the aid of the phasor diagram 

TO 
RECORDER 

SIGNAL 
SOURCE 

DIRECTIONAL 
COUPLER 

}R 
~;'7kECTMJN,:1 ~----~ ~ COUPLER~ 

BAND 
PASS 

FILTER 

DETECTOR 

TRANSMITTING ANTENNA 
UNDER TEST 

RECEIVING ANTENNA 
UNDER TEST 

Figure 6.4. Symbolic Diagram of Two-Way Antenna Test System 
Using SSB Modulation for Making Boresight and 

Pattern Measurements of the Landing Radar 

of Figure 6.5. The total signal incident on the detector is given by 

(
E + ~N E ej<j>n, 

R n=l S 
n 

d jwt + ED e j (W+Uin)t 

where W is the phase modulation radian frequency, which we have set to 
m 

correspond to 145 cps for convenience. Equation (6 -1) can be written 

(6 -1) 

(6 -2) 

where EF is the amplitude of the first term of equation (6 -1) consisting of the 

sum of the directly coupled reference signal ER and the scattered signals, all of 

frequency W. Then 

(6 -3) 

E - ~E + E cos W tf + E a sina W tJi ej(wt+ Q!) 
T- ~ F D m D m (6 -4) 

j(wt + Q!) e , (6 -5) 
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Figure 6.5. Phasor Diagram of Signal Incident on Detector of 
Two-Way Pattern Measurement System 
Employing Single-Sideband Modulation 

!l Now if ED is small compared with E F , E~« E~ and can be neglected with small 

error. 

:~ i Then ~ I, 

-
I 

(6 -6) 

but if ED is sm~ll compared with E F , the maximum value of EF ED cos Wm twill 

be small compared with E~. and ET can be written, again with small error, 

using the first two terms of the binomial expansion, 

(6 -7) 
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The linear detector of the system under test operates on ET to gi.ve an alternating 

term of frequency Wm and amplitude ED' which is independent of E F , Thus the output 

signal En is independent of the level of the coupled signal ER and the scattered 

signal, ~ES' * 
1-

Since En is linearly proportional to the product (gtg r)2, it is a measure of the 

amplitude of the two-way pattern of the radar. In discussions with cognizant 

personnel of Ryan, it has been indicated that the linear dynamic ranges of the 

detectors of the altimeter and velocity sensors are in excess of 80 decibels, ~o:~ 

(c) Suppression of Extraneous Reflections 

Specific specification for the requirements for suppression of extraneous reflec­

tions depends on the method which is employed for determining the LR boresight 

directions (see paragraph 6. 3. 2. 2). If the power centroid method of boresight 

determination is employed, the level of extraneous reflections from angles near 

boresight are adequately suppressed. In paragraph 7. 3, it is recommended that 

measurements be made in the ground-reflection mode of operation. If a mockup 

is not employed, a shield should be employed to block the radar from eytra!1eous 

signals arriving from the rear. The shi.eld could act as a support fiYture and 

would be covered with a cone of absorbing material. Parallay introduced by the 

support fixture can be eliminated from the data by calculation as is done in tests 

of the Gemini radar. 

~~This analysis implies .!.hat ~Es is constant in magnitUde, that is, it has only the 
frequency w. Adually ~ES will fluctuate in magnitude and phase. However, the 
only component of this fluctuation which will add error is that which is within the 
pass band of the filter of Figure 6.4, centered at W • This component will 
normally be small compared with En' m 

,~* 
In recording or reading the level of E the fact that the detector has a linear 

characteristic must be taken into accoutR. Conventional antenna pattern r ecord­
ing equipment (including the instrumentation at MILA) is calibrated on the 
assumption that the detector operates in the square law region. Thus a recorder 
or meter calibrated on this basis will indicate a decibel level of one -half the true 
level change (1. e., a level change of 3 decibels will be indicated as a level change 
of It decibels and a chart which is calibrated to read 40 decibels full scale will 
actually repres ent an 80-decibel level change). 
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CHAPTER 7 

RECOMMENDA TIONS 

The reccmp1.lf.ndations pres ented in this chapter are directed toward establishing 

compatibility of the NASA-KSC-MILA RF boresight test facility with the require­

ments of pre -launch tests of the LEM/RR and LEM/LR systems. Recommended 

procedures and modifications to the facility are based on results of the X-band 

portion of the evaluation program reported hel'ein, and on the existing KSC test 

responsibilities as indicated by cognizant personnel of the MILA Ground 

Support Systems Branch. Conclusions and recommendations relating to the 

general capability and operation of this facility are presented in Chapters 4 

through 6 of this document, and will not be restated here. 

7 . 1 Facility Modifications 

7.1. 1 Environmental Control 

The environmental specifications of the LEM radar systems require that an air­

conditioned protective enclosure be provided during tests at the MILA range. 

Such an enclosure must accomplish isolation of the radar systems from wind, 

ambient temperatures and the local untreated atm.osphere, and must be 

fabricated of a material as transparent to X-band microwave energy as practicable. 

An inflatable, thin-wall plastic radome is recommended for these purposes. 

The large radome configuration depicted in Figure 7. 1 provides isolation of 

the complete control bUilding-positioner-test system configuration. This radome 

consists of a hemispheric section of 30-foot radius above a 24-foot cylindrical 

section of 30-foot radius, providing a protected area nominally 60 feet in diameter 

and 54 feet in height. A positive internal pressure differential of approximately 

O. 5 inch H2 0 gage pressure compared to the local atmospheric pressure will 

sustain such a thin-wall ra:dome. This low pressure requirement allevi.ates the 

sealing problem, and allows for a practical blower system to produce the re­

quired pressure differ_ential. 

As shown in Figure 7.1, access to the radbme interior would be through an air­

lock entrance, which would preferably be located in a temporary building of 
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Air-Conditioned, Inflated Radome to Provide Environmental 
Control During Radar Testing 

sufficient size to house the required blowers and air cond.itioning equipment. As 

a protective and stabilizing measure, a vertical support beam anchored to the 

roof of the existing control building would be installed. Dacron ropes attached 

to this beam would be used to prevent excessive motion of the radome walls due 

to the gusty wind conditions pr evalent at the MILA site. 
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The Inaterial recoInmended for the fabrication of the radoIne is nylon-reinforced 

polyethylene. * This material is available in a laIninate, with two thin sheets of 

polyethylene bonded together with a net of nylon thread between the two layers. 

The resultant laIninate is very resistant to tearing and ripping. Accidental 

punctures by sharp objects will not propagate due to the nylon net, and even a . 

relatively large number of small holes will not significantly affect the protective 

nature of the cover; untreated air will be prevented from entering any punctures 

by the positive internal pressure. 

An alternate radome confi.guration is shown in Figure 7. I as a dashed "bubble11 

of approximate 5-foot diameter surrounding the LEM/RR. This smaller radome 

eould probably be sustained by conditioned air from the eYlsting control buildi.ng 

systeIn, The bubble would provide protection of the radar itself from the local 

environment, but would not suppress differential temperature effects which could 

cause deflections of the mockup, positioner and supporting structures. 

7.1. 2 Data Rate and Readout Accuracies 

A capability for high-speed, high-accuracy dynamic tests is not provided by the 

existing positioner angle readout systems. In light of expected test schedules, 

and in particular to a.ccommodate dynaInic tests of the LEM/LR beaIn structures, 

it is recommended that digital shaft position encoders be installed on each axis 

of the boresight positioner. Sixteen-bit Wayne-George Type BD-16 encoders will 

provide a readout resolution of approxiInately 20 arc seconds with a BCD output 

that is adaptable to computer analysis. The accuracy specified for the encoder 

is sOInewhat better than the resolution. Conversion systems and angle readouts 

of each shaft position in degrees are also recorn.mended. 

The existing drive system for the boresight positioner cannot siInultaneously 

drive the lower-azimuth and the elevation axes as required for the LEM/LR tests 

(see section 7.3). The present system has one control unit for the upper-azimuth 

axis and one control unit that is shared by the lower -aziInuth and elevation axes. 

The required control function and an added degree of systeln versatility can be 

achieved by adding a third control and servo amplifier system so that each axis 

can be driven simultaneously with any other axis. 

* Available froIn Griffolyn Co., Inc. j Houston, Texas. 
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7.1.3 Validation Capabilities 

The current test procedures at the MILA boresight test facility require validation 

of the purity of the incident field before each series of Gemini rendezvous radar 

tests as well as a periodic calibration of the range instrumentation. A similar 

schedule of range validation and equipment calibration is recommended during 

the LEM tests. In order to provide the capability of erecting the field probe 

to investigate the incident field at any required time, a bracket should be 

employed to mount the field probe behind the LEM mockup. With the field 

probe thus mounted, a 180-degree rotation of the 'lower azimuth axis will put 

the probe into position for use without requiring the demounting of either the 

Inockup or the radar. 

7.2 LEM Rendezvous Radar 

Pre-lau....'"1.ch tests of the LEM/RR at the MILA facility will include (1) boresight 

accuracy tests, (2) acquisition-angle tests and (3) line-of-sight motion tests. 

Once the modifications recommended in section 7. 1 are accomplished, the MILA 

facility will be compatible with the requirements of the boresight accuracy and 

acquisition-angle tests; additional positioning and signal source equipment will 

be required for the line-of-sight motion tests. Brief discussions of these tests 

are given in the following paragraphs, with applicable recommendations. 

7.2. 1 Boresight Accuracy Tests 

Boresight accuracy tests of the LEM/RR at MILA must confirm compliance with 

an 8-milliradian accuracy specification to the RADAR BASE. These tests are 

expected to be point-to-point comparisons of the RF bor esight, as indicated 

by the LEM/RR,with precisely established optical references. It is recommended 

that the TM7 mockup of the LEM ascent stage be mounted on the boresight posi­

tioner as indicated in Figure 7. 1 (LEM X axis parallel to positioner upper­

azimuth axis). For this configur a tion, the point -to -point orientations of the 

vehicle would be accomplished with the positioner lower-azimuth and elevation 

axes. 

In light of the straightforward approach to establishing excellent test-aperture 

field configurations in the ground-reflection mode and the corresponding boresight 
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I 
I accuracies attainable in this mode, it is recommended that the bulk of the bore­

sight accuracy tests be performed with the facility employed as a ground-

I reflection range. If the schedule permits, redundancy checks can be obtained 

in the elevated mode using proper diffraction fencing. (see Section 5. 2. 8) 

7.2.2 Acquisition-Angle Tests 

Acquisition-angle tests must confirm the capability of the LEM/RR to acquire 

over a 2° cone about the boresigOht direction. These tests can be performed in 

either the ground-reflection or elevated mode of range operation. 

In the grt!"'.l!ld-reflection mode, a test would be initiated with the vehicle oriented 

. . to a fixed referenc e position and with the radar RF boresight aligned with the 

optical boresight reference. The radar tracking loop would then be disabled and 

the vehicle reoriented to an appropriately displaced position by rotation. about 

~4o'sitioner elevation and lower-azimuth axes. The radar is again energized 

. ;./,. in the tracking mode to verify acquisition capability. Determination of the total 

/ acquisition angle can be accomplished by repeatedly disabling the tracking loop, 

orienting the vehicle to successively larger displacements from the reference 

position, and then closing the tracking loop, until the radar fails to lock on 

to the apparent source. 

Redundancy checks could be made in the elevated mode utilizing the mobile 

source towel' and moving-target source equipment discus sed in paragraph 7.2.3. 

7.2.3 LOS Motion Tests· 

The objective of LOS motion tests is to verify that the rendezvous radar system 

maintains track under prescribed conditions of motion of the line-of-sight rela­

tive to the stationary RADAR BASE. In order to perform these tests, it is 

recommended that a mobile source tower and a moving-target waveguide horn 

antenna system be employed as depicted in Figure 7. 2p with a separation between 

the source and test antennas of approximately 90 feet. It is recornmended that 

the mobile source tower be mounted on a rubber-tired cart which can be towed 

into the requir ed position. Support jacks should be provided to give the tower 

stability. 

I· The recommended moving-target system is basically a polarization positioner 
t 1 
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with an attached. horn support arm and epicyclic mechanism. The target horn 

is mounted on the support arrn which is mounted to the turntable of the polariza­

tion positioner. The horn is mounted so that it' can be made to rotate about its 

polarization axis on a shaft and bearing assembly located in the mounting arm. 

A second bearing-mounted tubular shaft is located in the mounting arm coincident 

with the positioner turntable axis. These two shafts are connected at a one-to­

one ratio by a miniature precision chain and sprocket system, so that the 

polarization of the horn is fixed relative to the conc entric shaft. The conc entric 

shaft extends through the c enter hole of the positioner turntable and is provided 

with an anchoring means by which the shaft may be anchored to either the posi­

tioner housing or the positioner turntable. With this arrangement it can be 

se;;':-!.i. that, by selecting the proper anchor, the horn polarization may be fixed 

l' elative to either the positioner housing or the positioner turntable as the turn­

table is rotated. This anchoring system is adjustable so as to provide initial 

polarization of the horn at any desir ed angle. 

In the LOS motion tests, the rendezvous radar is energized to lock-on and track 

the moving source horn. The radar line-of-sight moves in a conical excursion 

when tracking the rotating horn. This conical motion of the line-of-sight requires 

both the shaft and trunnion axes of the radar to stop, revers e direction and 

accelerate to a certain maximum tracking rate. For a given separation of target 

and radar, the angular acceleration and the maximum velocity required to con­

tinuously track the source is determined by the radius -arm and the rotational 

rate of the moving horn. For a 90-foot separation as recommended, a support 

arm of about 25 inches in length rotating at 10 rpm requires of both the shaft and 

trunnion axes an acceleration of approximately 1.4 degrees per second squared 

and a velocity of 1.4 degrees per second. Other rnaximum velocities and 

acc.elerations can be achieved with different support arm lengths and rotational 

rates. 

To analyze the performance of the LEM/RR while it is tracking the moving horn 

it is necessary to compare the actual location of the target horn with the 

pointing direction of the rendezvous radar. The location of the horn is indicated 

as a function of the encoder readout of the moving-target system's polarization 

positioner. The pointing direction and the angular excursions of the radar are 

indicated by the shaft and trunnion axis resolvers. For a complete definition of 

radar tracking performance, a recording of all data on tape and a computer 
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program are necessary. A partial evaluation may be obtai.ned by spot checking 

the actual radar shaft velocity against a calculated velocity. 

7. 3 LEM Landing Radar 

The facility modifications described in paragraph 7. 1 provide the environmental 

control and positioner digital readout which are required for boresight tests of 

the LEM/LR. 

If measurements are to be made to determine the bore sight direct10ns of the 

LEM/LR by the separations of the means of the half-power points of the two­

way patterns, the range can be used without major modification, except for 

addition of a single sideband modulator (SSB) as described in Secti.on 6. 3. 4. 

Except for parallax error and perturbation of the bore sight direction by the 

mockup 01" rnounting structure, it is estimated that measurement accuracies of 

the order of O. 3 milliradian can be achieved with sufficient redundancy of data. 

If measurements should be made by the power-centroid method, additional 

facility requirements for making these tests would be: 

(1) An incremental computer-compatible tape recorder. 

(2) A single sideband (SSB) modu1ato,r. 

(3) A test programmer. 

(4) Minor ancillary items. 

The measurements as described below are two-way measurements made in 

azimuth using the ground-reflection or elevated mode of operation, preferably 

the ground-reflection mode. The SSB modulator is attached to the terminals 

of the target antenna, the four-foot diameter antenna for elevated operation or 

the one-foot diameter circular horn with correcting lens if the ground-reflecti.on 

mode is employed. 

'!< 
... The pyram.id defined by the r.adar beams is shown with its apex at the upper 
azimuth turntable in Figure 7.3, implying that the radar is mounted directly to 
the positioner. Actually, the radar is on a itxture or on a mockup of the 
descent stage, which removes it from the positioner by a few feet. The fixture 
or mockup does not alter the coordinate system as discussed here, but produces 
a parallax which must be compensated for by calculation. An additional com­
ponent of parallax caused by uncertainty in the location of the center of 
parallax of the transmitter-receiver array cannot be accounted for .. 
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The landing radar is mounted with the beam group normal parallel with the 

upper-azimuth axis of the test positioner as shown in Figure 7. 3.~:': The tilt axis 

of the positioner is employed to orient the lower -azimuth axis A normal to the 

LOS to the target antenna. The upper-azimuth axis is employed to orient the 

desired side of the pyrarn.id of Figure 6.2 parallel with the elevation axis of the 

positioner. The elevation axis is employed to set the elevation angle of the 

side of the pyranrid in increments so that great-circle cuts can be made through 

the desired beam. In Figure 7. 3(a) the plane of the side of the pyrarn.id con­

taining beams I and 2 is shown coincident with the LOS. Thus in the absence 

of boresight error rotation about axis A would produce a great -circle cut through 

the peaks of beams I and 2. 

To deternrine the direction of the centroid of the two-way power pattern of a 

beam, incrementally spaced cuts are made over a pyramidal region of solid 

angle which is large enough to subtend the significant portion of the two -way 

power pattern. 

The output data and the positione:r <,l~rections are stored on tape and are pro­

cessed by a digital computer to calculate the directi<;m of the plane containing 

the power centroid. The orthogonal plane containing the centroid of the same 

beam is determined in a similar manner after rotation of the pyramid through 

90 degrees by means of the upper -azimuth axis. The bor esight direction is then 

defined as the intersection of the two planes. Measurement of the boresight 

direction of the altimeter beam is deterrn.ined in a similar manner except that 

one series of cuts is made about the plane containing the altimeter beam and the 

beam group normal, as shown in Figure 7. 3(b). 
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APPENDIX A 

THE RECEIVING-APERTURE FIELD OVER A REFLECTING SURFACE 

A.I Introduction 

A primary consideration in the design or control of antenna test range environ­

ments is the effect of reflected energy on measurement accuracies. Several 

specific examples of the contributions of extraneous energy to measurement error 

are presented in subsequent appendices. The purpose of the current appendix is 

to present a brief treatment of the reflections which can occur for propagation 

over a range surface of finite siz e which has random surface irregularities, and 

to specialize the general results to fit the specific case of an essentially smooth, 

planar range surface such as that of the MILA facility. Although reflections can 

be caused by any object or surface in the vicinity of the test range, the subject 

of tl:; is development will be reflections from the range surface in the region near 

the range axis as opposed to possible sources of reflection lying at large hori­

zontal angles from the line of sight. For many test sites, and for the MILA 

range in particular, wide angle sources of reflection will be of little concern due 

to the decreas ed probability of specular reflection from such points and the 

dis crimination provided by the directivities of typical test antennas. 

A.2 Sulface Irregularities 

For a general range surface, reflections may be classified in two groups, 

specular reflection and diffuse scattering. Specular reflection obeys well known 

optical principles and is characterized by phase coherence. 1£ the reflecting 

surface is sufficiently smooth and lossless, the coefficient of specular reflection 

can approach unity for a plane surface and can exceed unity for concave surfaces. 

When path lengths much longer than a wavelength are involved, a single specularly 

reflected wave can interact with the direct-path wave to produce an interference 

pattern whos e amplitude and periodicity are to some extent predictable. (See 

paragraph A. 6. ) 

Di£fus e scattering results from the summation of wavelets scattered from all 

points of a rough surface. 1£ the surface is periodically rough, regular cancella­

tion and enforcement will result and a set of grating lobes will be formed. 1£ the 

surface is randomly rough with variations spaced less than a wavelength apart, 
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diffus e scattering will radiate energy in all directions. The scattering pattern 

becomes increasingly omnidirectional as the magnitudes of surface variations 

increase. 

The transition from diffuse to specular reflection is a gradual change; several 

authors have established surface flroughnessfl criteria which define the differ­

ence between the two states. The well-known Rayleigh criterion, proposed by 

Lord Rayleigh, is given by 

A ~h < . ,I, 
m SIn,+, 

(A-I) 

where ~h (FigureA.l) represents the height of a surface irregularity, m is a 

constant, and I/J is the grazing angle. This criterion is based on the quasi­

geometrical optics approach, which is often employed in problems of this type 

where the wave is assunled to propagate by means of rays even though the wave­

length is not vanishingly short as required by geometrical optics. 

The derivation of th'! :riterion is illustrated by Figure A. l(b). Consider two 

rays from a plane wave front, F l' which approach a surface on which a pedestal 

of height Ah is located. Let the ray a strike the top of the pedestal and let the 

ray b strike the plane su.rface near the pedestal. Let the two rays be reflected in 

accordance with Fermat's laws of reflection
A

-
1 

from the two surfaces and proceed 

to form part of a second front at F 2. The Rayleigh criterion is bas ed on the geo­

metrical difference in path length travers ed by the rays in travelling from F 1 to 

F2 (Figure A.l(b). Let the distance traversed by ray a be d l +d2 . From inspec­

tion it can be seen that ray b will travel the distance d 1+ d 2 - c + c + 2Ah sinl/J and 

that the difference in path length Ad is given by 

~d = 2~h sinl/J (A-2) 

Setting ~d < 2A 1m gives the criterion of (A -1). 

For values of ~h less than Aim sinl/J the surface is regarded as smooth and essen­

tially specularly reflecting, while for larger surface perturbations, the surface 

is assumed to be rough and, hence, a diffuse scatterer. Lord Rayleigh 

suggested a value of 8 for m, which corresponds to a phase difference of Tr/2, 

A-I Silver , S., Microwave Antenna Theory and Design, Radiation Laboratory 
Series, Volume 12, pp. 122-128, McGraw-Hill Co., 1949. 
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Figure A. 1. Phas e Difference Between Rays Reflected From Two Levels 
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while other authorsA-2 have suggested values ranging as high as 32, corre­

sponding to a difference of Tr /8. 

Another approach is to regard reflected energy as the sum of a specularly re­

flected component and a diffuse component; the two types of reflection can then 

be treated separately. The following section summarizes the theoretical develop­

ment of the problem of reflections from a random rough surface. The resulting 

expressions are applied in paragraph A.4 to the specific problem of determining 

the expressions for the aperture-field components at the MILA range, and in 

paragraph A. 5 to the development of criteria for operation of the MILA facility 

as a ground-reflection antenna test range. The effects of specularly reflected 

energy in the elevated mode of range operation are discussed in paragraph A. 6. 

A.3 Theoretical Development of a General Reflection Coefficient 

The problem of reflection from a rough surface involves determining the magni­

tude and polarization of the reradiated energy. Rigorous tr eatment of the problem 

includes consideration of cross polarization effects, requiring that the reflections 

be analyzed as a vector problem. The investigation may be simplified by con­

sidering the individual orthogonal components of the reflected field separately. 

This approach reduces the vector problem to a scalar problem where the 

reflected signal is assumed to possess the same polarization as the transmitted 

signal. The three-dimensional, scalar scattering problem is one of determining 

a function, E , interior to a surface, S, enclosing a source-free volume which 
r 

is a solution of the scalar Helmholtz equation 

(A-3) 

where I( is the wave number, and which satisfies the boundary conditions impos ed 

by Maxwell's equations at S. The problem has been treated by numerous 

authors
A

-
3

, and the detailed mathematics will not be pr es ented here. The 

following paragraphs summarize the mor e pertinent parts of the theory. 

A-2Kerr , D.E., Propagation of Short Radio Waves, Radiation Laboratory Series, 
Volume 13, McGraw-Hill Co., 1951, p. 411 and footnote, p. 416. 

A-3 Clarke, R. H., and G. O. Hendry, "Prediction and Measurement of the 
Coherent and Incoherent Power Reflected from a Rough Surface, " IEEE 
Transactions on Antennas and Propagation, Volume AP-12, No.3, May 1964; 
pp. 353-363. (Continued on Page A-5.) 

A-4 



'>ria 

"a, 

"' .. 
,.. ... 

"'''' 

... ~ 

.... 

-.. 

I 

Consider a surface, S, which encloses a source-free volume, V, as illustrated 

in Figure A. 2. A transmitting antenna, T, and an observation point, P, are 

located exterior to the surface. The point P is surrounded by a sphere, SI, of 

radius R, which is connected to the outside of the surface by a tubular surface, 

S". The point P represents a point in the aperture of the test anten.'I1a, 

v 

8 
if 

._---.... Jp;.. --____ ----

-- -t....(ds) 

Figure A. 2. Sketch of the Geometry Relating to the Helmholtz Integral 

while the surface S includes the antenna range surface and an imaginary surface 

in the atmosphere above the test range. If E is a solution to (A-3) which is 

A-3 (continued) 
Beckmann, Petr, "Shadowing of Random Rough Surfaces, II IEEE Transactions 

on Antennas and Propagation, Volume AP-13, No.3, May 1965; pp. 384-388. 
Twersky, Victor, "Signals, Scatterers, and Statistics, II IEEE Transactions 

on Antennas and Propagation, November 1963; pp. 668-680. 
Twersky, Victor, liOn Scattering and Reflection of Electromagnetic Waves by 

Rough Surfaces, II IRE Transactions on Antennas and Propagation, January 1957; 
pp. 81-90. 

Beckmann, Petr, and Andre Spizzichino, The Scattering of Electro-Magnetic 
Waves from Rough Surfaces, The MacMillan Company, 19 3; pp. 9-10. 

Silver, op cit, Chapter 5. 
Kerr, op cit, Chapter 5. 
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regular at infinity, and if the radius R is allowed to go to zero, then the value 

of the integralA-4 

I(P) = I £ oE _ E .. .2.... 
on :on 

e jK

r

r 

J dS (A-4) 

is given by 

I(P) = -41T E(P) (A-5) 

Here, 0 Ion denotes differentiation along a normal direction into the clos ed sur­

face, and r represents the distance from P to a surface increment, dS. This 

integral, which follows directly from the divergence theorem and Green's 

theorem, is known as the Helmholtz integral; it gives the value E(P) for points 

interior to S in terms of the values of E and its normal derivatives over S. 

The surface S can be considered to be the sum of several surface regions S. 
1 

such that 
n 

S = I; 
i= 1 

S. 
1 

The contribution of any surface region to the field at P is given by 

E(P) = 
[

ejl(rr oE _ E~ e
jKr J II on on r 

S. 
1 

dS. 
1 

A typical surface region, s, where s is some S. illuminated by a plane wave, 
1 

(A-6) 

(A-7) 

E l , is shown in Figure A. 3. The surface is defined by the function l;(x, y) and its 

projected area in the xy plane is equal to A. The incident wave arrives from the 

direction defined by the propagation vector K l , at an angle 81 from the z axis in 

the xz plane; the propagation vector K2 is a vector in the direction of the 

reflected wave. The magnitudes of Kl and K2 are 21T/>"'. The direction of K2 

toward the point of observation P is defined by elevation and azimuth angles 8 2 
and <1>2' respectively. Equation (A-7) can be us ed to determine the contribution 

of a given s to the field at P; the total field will be given by the summation of all 

such contribution.s. 

A-4 
Baker l • B.B., and E.T. Cops on, The Mathematical Theory of Huygen's 

Principle, Oxford University Press, London, 1950; pp. 23-32. 
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In order to solve equation (A-7), the boundary values for E and eE/en must be . 

known over S. Exact determination of the boundary conditions is impossible 

for a random rough surface; hence approximations are necessary. Beckmann 

takes the field at any point to be equal to the field that would be pr es ent on a 

tangential, smooth plane at that point. This approximation is quite good for 

slowly varying surfaces and less valid for rough surfaces with sharp edges. 

With this approximation, the boundary values are 

E = (1 + P )E I s 0 

and 

where n is the unit vector normal to the surface, and p is the coefficient of 
o 

reflection of a smooth surface 0 

(A-8) 

(A-9) 

The value of Po is dependent on the polarization of El and on the dielectric pro­

perties of the range surface 0 It can be shown that the reflection coefficients for 

components of the incident field which are normal to and parallel with the plane 

of incidence, r especti vely, are given by 

cose - [(IlR - sina e) - jIlr ] t 

Po, n = 
[(IlR - - jIlr] 

I 

cose + sin2 e) 2" 

and 

I 

sin2 e) - j Ilrlz + (Z,'R - jJ)r) cose 

where 

and 

(€ I III + tanoH" ) r r r r Il = --"--=-,---..."..---'-~ 
R (J.L 12 + J.LJI 2) 

r l' 

(tanolll - E I J.L" ) rr l' l' 
11 r = -(J.L-'-:2:--"+~fJ.-'-' "::'2-)--

r r 

The parameters in (A-I2) and (A-l3) are as defined below: 

(A-IO) 

(A-Ii) 

(A-12) 

(A-l3) 

€ ~ - jtano = € r' the complex relative permittivity of the range s,:rface 

and 
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J.L' - jll" = J.L ' the complex relative permeability of the range surface. r t'"r r 

For this special smooth-surface case, e=8 I=e 2 is the "local" angle of incidence 

and reflection. For most test ranges, it can be assumed with negligible error 

that J.Lr is equal to unity and that the los s tangent, tano, is small compared to the 

"relative dielectric constant" €'. For a smooth surface satisfying thes e 
r 

assumptions, the reflection coefficient for normal energy becomes 

cose - J €' r 

Po,n = cose + J€~ 

and that for parallel energy becomes 

- €' cose 
r 

+ €' cose 
r 

(A-I4 ) 

(A-IS) 

Equation (A-7) is modified to solve for the general coefficient of reflection rather 

than the reflected field by dividing both sides by the field which would be reflected 

in the specular direction by a smooth plane of the same area as the S. of interest. 
1 

If the reflecting surface is given by ~(x, y) as measured from a fixed arbitrary 

coordinate origin, then the radius vector r from the origin to a given point on 

~(x, y) is defined as 

r = xx + yy + ~ z , o 0 0 
(A- 16) 

where x, y, and z are unit orthogonal vectors defined by the coordinate 
o 0 0 

system. Note that the phas e retardation due to the distance from the point 

defined by r to the observation point P is accounted for in the process of division 

by the "smooth-plane" field mentioned above. The general coefficient of reflec­

tion of the total surface is thenA-S 

P = F J J ejv. r dS 
A S 

where A is the projected area of the surface, 

F=p o [

1 + cose 1 cose2 - sine 1 sine 2 COS<P2] 
cose 1 (cose 1 + cose2 ) 

A-S B k d S' . hi 't 27 ec mann an PIZZIC no, op Cl , p. . 
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and 

(A-I9) 

Equation (A-17) neglects second-order terlns called lIedge effects " which result 

fro111. the finite size of the surface s. However, these are small when A is large 

cOll"1pared to A2, which condition is satisfied for typical antelma test range 

geonletries. 

The discussion of this section pl'ovides a background for predicting the distribu­

tion of scattered energy £1'011"1 a reflecting surface, but requires 'definition of the 

charac:ter of the reflecting surface before (A-17) can be applied to the solution 

of practical problerns. This equation gives a value of reflection coefficient for 

an arbitrary rough surface if one can describe the detailed character of the 

surface. The accuracy of the result depends on the degree to which the physics 

of the actual probleln adheres to the restrictions which have been Inade. 

Several approximati9ns were required to arrive at the form expressed in (A-I7). 

The Inore significant as sUlnptions are: 

A. The reflection coefficient, p. , is as sUll"1ed to be constant over the a 
region of integration. This cas e may be realized in practice by 

dividing a given range surface into areas ovel' which the terrain and 

ground cover will produce essentially constant reflection charac­

teristics. 

B. Shadowing and n"1ultiple scattering effects are ignored. This approxi­

mation is valid if the surface is gently varying. Extremely rough 

surfaces require the introduction of a lIshadowing factor l' in the 

c.'Cpres sion for p which will accoun1' for the fact that all of the surface 

is not illuminated. Such a factor has been derived by BeclnnannA-6. 

c. The incident wave is linearly polarized with the E vector eithel' in the 

incident plane or perpendicular to it. No prediction is made con­

cerning the polarization of the scattered energy. A rough reflecting 

surface is known to cause depolarization, but the problem of a randoll"1 

A:()B 1 't ec ,mann, op Cl .• 
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rough surface has not been solved or even e:h.i:ensively studied. 

Little can be said, consequently, except that the degree of Llepolari­

zation would be expected to be less for relatively sl1.1.ooth surfaces 

than for rougher surfaces. 

D. The transmitter and the point of obs ervation P are sufficiently far 

removed from the surface S that plane wave approximations can be 

employed. At first thought, this might seem to imply that the analysis 

is not valid for transmitter and point of obs ervation separations of 

distances such as those employed in antenna ranges. This is not so, 

however, because, while the definition of pin (A-17) is such that 

p is equal to p for a planar surface its definition does not require 
o 

an identically plane wave. 

The above approximations do not seriously impair the theoretical results. The 

analysis stands or falls on the validity of the boundary conditions which are 

applied; hence discretion Inust be used in application of equation (A-l7) to a 

specific surface. Generally, one would expect the coefficient of reflection for 

the specu.lo.:r direction to be somewhat less for a surface composed of sharp 

edges than for a smoother surface with the same heights of perturbations. 

A.4 Aperture-Field Components for the MILA Range Configuration 

While the maximum deviation, Ah, of the surface of the MILA range is not 

precis ely Ineasurable in that the surface is groJ-/a cons ervative estimate for 

the height of surface irregularities is twores. (See Chapter 2 of this docu­

ment.) The minimum grazing angle fo::' a given frequency will be experienced 

.... for operation in the ground-reflec~ion l1.1.ode; for such cases an approximate value 

.... 

( 1~ 
\; ,I: 

I 
I 

of sinl/J is -'" 

calculated as the angle subtended at the bas e of the source tower by the 30 -foot 

receiver height at a range of 1000 feet. Using these values in (A-I), paragraph 

A.l j it is seen that the value of the diInensionless nUlnber m is approximately 

equal to 200.\, where .\ is in feet, for the ground-reflection mode. For exalnple, 

m is approximately 20 for operation at 10 GHzr and increases as the ratio of 

200 to the frequency in GHz for lower frequencies. When the grazing angle is 
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doubled, which would correspond to operation in the elevated mode with the 

source antenna at ~ height of 30 feet, m becomes approximately 10 for X-band 

frequencies. 

It is seen from (A-I) and the related discussion that on the basis of the Rayleigh 

criterion, the MILA range should approximate a smooth reflecting surface for 

operation in either the ground-reflection or elevated modes, for frequencies up 

to IOGHz. 

If the range can be considered smooth, both the incident and reflected waves 

can be considered to lie in the plane of incidence, with the angle of reflection 

equal to the angle of incidence. Equations (A-I8) and (A-I9) of paragraph A. 3 

become 

F = P.o [1 + cos
a 

0 - sin
a 

OJ 
2 cos2 0 = Po 

and 

v = 

respectively, so thaf 

v'r = 41T C(x, y) cosO 
A 

(A-I8a) 

(A-19a) 

(A-20) 

Since the range surface appears "smooth", ~(x, y) can be assumed to be equal to 

zero with small error, and the general reflection coefficient reduces to 

= (A-2I) 

When (A-c.l) is valid, the reflected wave which reaches an observation point at 

the center of the receiving aperture appears to originate at a single image of the 

source antenna. This image source lies directly below the source, a distance h t 
below the range surface. Let the reflected wave be represented by ER and the 

direct-path wave by ED at the receiving aperture. Assume that the transmitted 

beam has a symmetrical amplitude and phas e characteristic about the beam 

axis, and that the beam axis is pointed at a declination angle A in the plane of 

h
t 

and hr' (Figure A. 4.) Setting the phas e reference to be zero for the direct 
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path wave at the source antenna, and neglecting the slight difference in attenuation 

due to the unequal path lengths Rand (R 1 +R2 ), the field components at the 

receiving aperture can be written 

E :: 
D 

j(wt - ~1T R) 
e (A-22) 

and 

[ 

',h j(<pp+ 0)] eHwt _\:r ~l +Rd ) 
E (C ) p. eJ't'n + E (' ) p e n 2 0, n p 2 o,p (A-23 ) 

In (A-22) and (A-23), the indices nand p refer to field components normal to and 

parallel with the plane of incidence, respectively. The magnitudes of the reflec-

tion coefficients p and p. are given by (A-14) and (A-IS) of paragraph A. 3, o,n o,p 
and the corresponding phase angles are written in (A-23) as <p and <p.. The 

n p 
angle 0 is the phase angle by which Ep leads En' where the normal component 

is arbitrarily assigned zero phase at the source antenna. 

A.S Ground-Reflection Operation of the MILA Range 

The operation of an antenna test range in the ground-reflection mode is based on 

the adjustment of the height and direction of the transmitting antenna to cause the 

direct-path signal and the reflected signal to arrive at the center of the receiving 

A-13 



aperture in phase. While the assumption of plane wave propagation for the 

relatively low transmitter heights involved would imply only qualitative results, 

it has been experimentally documented that criteria based on plane wave 

approximations are valid for ground-reflection operation. 

Assume that equations i(A-22) and (A-23) describe the field components at the 

receiving aperture in the general ground-reflection case, and consider the case 

where a single polarization is propagated. Omitting the polarization indices for 

simplicity, we have 

jwt 
e (A-24) 

If the source antenna is adjusted so that En and ER are equal in amplitude and 

phase, it is seen from (A-24) that 

The left-hand side of (A-25) is a positive real, so that two conditions ar e 

implied: 

p = 

and 

N=O, 1, 2 ..• 

(A-25) 

(A-26) 

(A-27) 

Equation (A-27) leads to a criterion defining the proper height adjustment of the 

source. From the geometry of Figure A. 4, 

(A- 28) 

,md 

(A-29) 

Substitution of (A-28) and (A-29) into (A-27) produces a quadratic in ht' from 
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1 
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'which 

~+ 
for N= O. For the MILA range, the angle cj> for either horizontal or vertical 

polarizations differs very little from 'IT radians assuming conservative values 

for the dielectric constant and con.ductivity of the range surface. Also, the 

parameters of the range geometry ar e such that 

R »h » ~4 o r 

Applying the above conditions to (A-30), the familiar expres sion for source­

antenna· height, 

is obtained. 

h .!. 
t -

AR o 
4h 

r 

(A-30) 

(A-3 1) 

The remaining condition, given in (A-26), places a restriction on the orientation 

of the beam axis in the vertical plane. If (A-26) is violated, the phas e of the 

resultant field about the center of the receiving aperture is degraded. This can 

be shown as follows. 

Consider the ED and ER wavefronts which arrive at the center of the receiving 

aperture in phase as shown in Figure A. S. The angles f3 and I/J in the vertical 

plane are as defined in Figure A.4, and a is some general angle measured from 

the vertical at h such that I/J >a > f3. Let X be a measure of distance along the 
r 

line defined by a, where Xis zero at the center of the receiving aperture and 

positive X is upward. We then have 

[ 

_j2,'IT ( R Of3 -X sin [a-IiJ ) _j2,'IT( RO,J,+xsin[I/J-a]) '~l 'wt 
E(X) = En e I\. cos + ER e I\. cos,!" eJ'tj eJ . 

(A-32) 

or 

-jcj>R] jwt 
ke e (A-33) 

A-IS 
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Figure A. 5. Planar Waveironts Related to Range Geometry 

where 

k= 
ER 

En 

<PD = 
2rr [ Ro - X sin(a-,8 ~ , T cos,8 

and 

<P = 2rr [C:~IJ! + X sin(1J! -a~ - <P R T 

Employing Euler's identity in (A-33), we have 

or 

where 
cI> -1 sin<Pn + k sin<PR 
X 

= tan ,J.. ,J.. 
cos'!"n + k cos'!"R 

jwt 
e 

Expanding (A-38) and applying trigonometric identities, we have 

A-16 

(A-34) 

(A-35 ) 

(A-36) 

(A-37) 

(A-38 ) 

(A-39) 

(A-40) 
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1 
I 

'The optim.um. cas e is that for which cI> is constant along X. We can exam.ine the 
X 

requirements on a and k which would yield a constant <l>X by requiring the deriva-

tive of q,X with respect to X to be equal to zero for all X, where from (A-39) 

d«P
X 

_ 2'IT l-Sin(a-~)+kCOS(<PR-<pn)~in(l,b-a)_Sin(a-~~+k2Sin(l,b-aJ 
dX - A I + 2k cos(<p

R 
- <pn) + t<2 • 

(A-41) 

Since we dem.and this derivative to be zero for all X, we can arbitrarily choos e 

the value X= 0 to com.pute the r equir em.ents on a and k. For X equal to zero, 

cos (CPR - <PD ) = cos = I (A-42) 

X=O 

(By the postulation that the waves are in phase at the center of the receiving aper­

'ture, this cosine term. is equal to unity.) Setting d<l>X/dX equal to zero at X equal 

to zero then yields, from (A-41) and (A-42), 

-sin(a - ~) + k [sin(1,b - a) - sin(a - ~ U + lc2 sin(1,b - a) = 0 • (A-43) 

Solving for k by the quadratic formula, we have 

k = - [sin(ll! - a)- sin(a - tV]:i: j [sin(l/! -a) - sin(a -,9)J a + 4 sin(l/! -a) sin(a -@) 
2 sin(1,b - a) 

which is seen to sim.plify to 

k = [sin~ - a) - sin(a - ,9)] :i: j [sin(l/! - a) + sin (a- ,9)] a 
2 sin(1,b - a) 

(A-44) 

(A-45) 

Since k. is a positive number (the ·ratio of two m.agnitudes) and by postulation 

ljJ>a>~, only the positive sign is of interest for the radical term in (A-45). Thus 

k = sin(a - ,9) 
sin(1jJ - a) 

(A-46) 

Now, ~ and IjJ are fixed angles determined by the range georn.etry, and a has some 

value between ~ and I,b, so that the unique non-trivial condition for the ratio of the 

two sine functions to be constant is that the argum.ents of the sine functions be 

equal. Thus, (A-46) gives the required relations for both k and a which will cause 
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d<P
X 

/ dX to be zero for all X. These conditions are 

k = 1 (A-47) 

and 

or 

rv-~ 
u.- Z (A-48) 

A value of unity for k corresponds to the conditions of (A-Z6), P = E(Cl)/E(,Z)' 

For any k not equal to unity, the phas e of the resultant field will be a function of 

X. For such cases, it is of interest to determine the angle a for which the phas e 

will have a space-rate-of-chc.nge equal to zero at the center of the receiving 

aperture. For X equal to zero, but k not equal to unity, equation (A-43) is then 

written 

k(l + k) sin(1jJ - a ) - (1 + k) sin(a - (3) = 0 
o 0 

(A-49) 

where we use the notation a to indicate this angle applies only 2.t the center of 
o 

the aperture. Expal!ding the sine terms, we have 

or 

k sinljJ cosa - k cosljJ sina - sina cos/3 + COSel sin{3 = 0 o 0 0 0 

tantX = o 
si!?J9 + k sin/p 
cosf3 + k cosljJ 

(A-50) 

A set of computations for the values of CPx versus X with k as a parameter were 

programmed .for computer calculation using equations (A -31), (A- 35), (A-36) and 

(A-39) with a set equal to a as defined by (A-50), and with R ,h and A set equal o 0 r . 
to 1000 feet, 30 feet» and 0.098 foot (f= 10 GHz), respectively. Figure A. 6 gives 

graphs of the change in cp as a function of X for k equal to 1.0, 0.9, 0.5 and O. 
X 

The field amplitude E(X) in the test aperture is given by (A-40). Figure A. 7 gives 

graphs of E(X) corresponding to the values of k employed above, and Figure A.8 

shows the normalized decibel taper of the function E(X) for values of k of 0.3, 

0.5 and 1. O. 
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A.6 Elevated Operation of the MILA Range 

It has been shown in the preceding paragraphs of this appe-ndix that 1'11e MILA 

range surface should approxin"1ate a sluooth reflector for microwave energy up 

to a frequency of 10 GHz. Further, it was stated that this property of the range 

would allow some prediction to be made of the configuration of the :,'ecei ving­

aperture field when the range is operai.ed in the elevated D"1ode. The following 

analysis is di:rt.:ctcd toward the developluent of equations which describe the pre­

dicted incident field at the test aperture of the MILA facility for elevated opera­

tion (s ee paragraph 3. 1. 1). The incident field is considered to be centered on a 

receiving aperture at height hI" and is investigated along lines which are nOl'lual 

to the direction of propagation of the direct-path wave froD"1 the source antenna. 

The source is allowed to aSSUD"1e SOD"1e arbitrary height h
t

. 

When extraneous signals are incident on the test aperture frOlu s evera.l regions 

of the range surface between the transD"1itter and receiver, the resultant aper­

ture field is the phasor summation of components which include the direct-path 

signal and all extraneous signals. Recorded patterns of such a field ar e cCJmpli­

~'ated in nature and do not yield direct quantitative inforn"1ation as to the locations 

and strengths of individual sources of interference. However, for a range which 

is essentially planar, as postulated for the MILA facility, the primary sources of 

reflections are restricted to the general region of the range axis j the an"Ypli1ude 

and periodicity of field fluctuations along radial lines within the planar test aper­

ture are thus indicative of the general aluplitudes and directions of incidence of 

high-level extraneous signals. This luay be shown as follows, where we shall 

assume plane wave propagation (see the discussions of paragraph A. 3) and 

restrict our attention to a single polarization. 

Since the priluary use of these derivations is in correlating the data obtained 

from probe measurements of the aperture field, we will establish general rela­

tions, and then specialize the results to apply to the MILA configuration. Consider 

an aperture field which is the summation of the direct-path signal En which is 

incident normally on the aperture, and a single extranoous signal ER as indicated 

in Figure A. 9(a). If the field is measured as a function of distance 1.1 along the 

particular radial line 11 in the aperture defined by the angle Y in Figure A. 9(a), 

where Y is uniquely defined by En and ER , the measured field will be proportiollal 

to 
E(u) = En + ER sln(2mt s~e ') (A-51) 
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Note that the distance between successive peaks of the resultant field in the plane 

of ER and ED is 

p= _A_ 
sina 

(A-52) 

as can be seen in Figure A. 9(b). The spatial period indicated in (A-52) is the 

shortest possible period for this plane-wave case; if the unique radial line defined 

by 11 is determined, then a (and consequently 7]1 and 712) can be calculated. 

While the spatial periods of the Ineasured field fluctuations are functions of the 

position of the radial line in the aperture for which a recording of the field is 

Inade, the peak-to-peak aInplitude of these fluctuations is a constant proportional 

to 
(A-53) 

Note that as the line of exploration approaches the direction defined by y:1:90 0, the 

period of the field va,riation approaches infinity for the siInplified case under con­

sideration. Thus, the Ineasured variation in this direction over an aperture of 

practical size will approach zero. 

For typical 10garithInic patterns, the relation of ER and En would be 

E
ER (db) = 20log -1 + antilog(.05a) 

D 1 + antilog( .05a) 
(A- 54) 

where a is the dir'fer ence in decibels between InaxiIna and IniniIna of the Ineasur ed 

pattern. A plot of ER/En versus (J is given in Figure A.lO. 

MeasureInents of the field incident on the test aperture were Inade at the MILA 

range within a l6-fopt circular pla.nar aperture eInploying the aperture field probe 

technique. This technique is discussed in Chapter 3 of this report, and repre­

sentative sets of data are included in ::hapter 4. For the MILA configuration, 

which approxiInates a specularly reflecting surface, the priInary extraneous 

interference will appear to originate at the iInage of the source antenna and will 

be incident on the test aperture along the line ZoQ as shown in Figure A.lI. 

Here Z is the point of specular reflection (see Appendix F), an.d Q is the geo-
o 

Inetrical centel' of the test aperture. In this cas e, the angle a between En and 

ER becoInes 

(A-55 ) 
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Since Ro is large compared to (h
r 

+ h
t

), we can write 

e == 

2h
t 

R a 
radians. 

Q= CENTER OF 
TEST APERTURE 

hr 

(A-56 ) 

For this cas e the extraneous source is in the XZ pla,ne, thus the parameters of 

Figul~e A. 9/ :=\.) reduce to 

and 

'Y = 0 

(A-57a) 

(A-57b) 

(A-57c) 

It follows that the predicted aperture field is constant in y for any particular x, 
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and is periodic in x with a physical period given by 

A p=-­
sinS 

A - e - (A-58 ) 

and a normalized peak-to-peak variation in alnplitude about the direct-path level 

given by 

AE' 2k (A- 59) 
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APPENDIX B 

HEIGHT OF THE APPARENT SOURCE OF RADIATION 
OVER A PLANAR REFLECTING SURFACE 

AS SENSED BY A PHASE-MONOPULSE RADAR 

Phase-monopulse radars operate by sensing the direction of arrival of d wave as 

the direction of the normal to the approaching phase front on the assumption that 

the wave incident on the antenna arrives from a single distant source. In this 

cas e the incident phas e front is a section of a sphere of such large radius that it 

is essentially planar. When monopulse measurements are made over a reflecting 

range surface, the phase front at the receiving aperture is produced by the 

sUITlmation of the direct path signal and all reflected signals, hence the phase 

will vary from spherical with position in the test aperture. 

Let us assume that a phase-monopulse radar, whose antennas consist of an 

interferometer pair with antennas located at X=O and X=X
o

' is employed to sense 

the vertical angle of arrival C:L of the incident wave consisting of a direct path 

wave ED and a reflected wave ER as shown in Figure B. 1. Let the distances to 

ANTENNA 2 

'X='Xo 

Figure B. 1. Measurement Functions of a Single-Plane 
Interferometer Antenna Pair 
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the monopulse junction from the two antennas be equal so that a difference 

channel null indicates phas e equality of the fields incident on antenna 1 at X=O 

and on antenna 2 at X=X • Let us further assume that antennas 1 and 2 are a 
sufficiently small that the incident field is nearly constant over the aperture of 

each antenna. If antennas I and 2 are not oriented to coincide identically with 

equal phas e points of the incident wave front, a phas e difference A4? will exist 

at the two antennas. This phas e difference corresponds to a physical distance 

in the dir ection of propagation of >...A4?/2rr and a physical angle 

Phase equality, indicating the apparent direction of arrival of the wave, is 

achieved by sensing the condition that 

(B-1 ) 

(B-2) 

If the reflected energy which has been postulated to exist comes from the 

specularly smooth surface of an antenna range such as that at MILA, the phas e 

and amplitude of the incident field will be cyclic with elevation, as shown in 

sectionA.6. The discussion given here applies to the height of the apparent 

source of radiation as sensed by a phase-monopulse radar for which the separa­

tion between antennas is small compared with the period P (equation A-52) of 

the vertical interference pattern, say for AX< piS. For the MILA range, this 

condition is satisfied for phase-monopulse radars which have a separation of 

les s than>... between phas e centers as in the cas e of the Gemini rendezvous 

radar .>:~ For this cas e AX can be consider ed to approach zero, tsPl AX will be 

approximated by d<PI dX with small error, and the analys es of Appendix A, 

paragraphs A.4 and A. 5 apply. On the assumption of plane wave propagation 

for both the direct-path and reflected signals, the phase of 'the receiving 

aperture field along some line defined bY,the angle ex is given by (A-39): 

_ -1 
q> = tan 

X 

sinCPD + k sinCPR 

cos<PD + k cos<PR 

':~Consideration of the effects of larger values of AX is given in Appendix D. 
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where 

and 

CPR 
21T 

= T [c:~~ + xsin(~ -,,~ - ~ . 

For conv~nience, the parameters are redefined in Figure B.2. 

E, x~ 

ST
E I ~ __ --:= -..,.. ___ - -""R.,..D~R"..,R ___ -,-'L-@ ____ ~ __ E_~__ t t 

--t- I RANGE I 

* 

Figure B. 2. Parameters for the Study of the 
Receiving-Aperture Phas efront 

(A-35 ) 

(A-36) 

The derivative of tP X with respect to X is given by (A-41); setting dtPX/dX equal to 

zero at X=O requires that the numerator of (A-41) be equal to zero, which yields* 

cos(<j> - <j> ) R D 
= sin(a- IV - J<l sin(y> - a) 

k [sin(lP-a) - sin(a - ,8)] 
X=O 

(B- 3) 

~,-

"Equation (B-3) is identical with (A-43) except that in (A-43) the term cos(<j>R -<j>D) 
at x= 0 has been for ced to equal unity by requiring that the phas es of the direct 
and reflected waves be identical at the center of the test aperture. (See (A-42) 
and discussion.) This condition was imposed for proper operation of the antenna 
test range in the ground-reflection mode and implies a specific source height; 
it is not assumed to exist in the present analysis, which is for the case of 
reflections from a planar range surface for an arbitrary source height. 
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If we write 

F = co.s (<p
R 

- <pn) = cos [2'Tl'RO (_1_ - __ 1_) - <p] 
A cosl/J cosj3 

x=0 

and apply the identity 

sin(a-b) = sina cosb .- cosa sinb 

to (B-3)weobtain 

tana = (l + kF)sin,8 + k(k+ F)sin¢ 
(1 + kF}cos,B + k(k + F)cosl/J 

(B-4) 

(B-5) 

The normal to the line defined by a will inter sect the normal to the range surfac e 

at the transmitting site at a height H given by 

H = h - R tana (B-6) r 0 

where H is measured from the range surface. From the geometry of Figure B.2, 

(hr - h t ) R 
sinj3 = cosj3 = 0 

Rn Rn 
lJ 

(B-7a) 

(h
r 

- ht ) R 
sinl/J = cosl/J = 

0 

RR RR 
(B-7b) 

cos(3 RR 

cosl/J = 
Rn 

(B-7c) 

Sub&.titution of (B-7a) and (B-7b) into (B-5) gives 

(l+kF)(hr-ht ) / Rn+ k(k+F)(hr+ht ) / RR 
tana = --------~--~--~--.---------~~~--~ 

which can be written as 

(l + kF)(hr - h t ) RR / Rn + k(k + F)(hr + h t ) 
tana= --------------------------------------- (B-8) 

Multiplication of this expression by R , and substitution of (B-7c) into the result, 
, 0 

B-4 

n, 

.. ~ 
: , 



1 

qu 

.... 

gives 

R tana = 
o 

(1 + kF) (h - ht ) cos~ + k(k+ F) (h + h
t

) 
r cos r 

(1 + kF) cos1 + k(k+ F) 
cos,/, 

Substitution of (B-9) into (B -6) and simplification yields 

H - h cos [ (l+kF)COS~ - k(k+F)J 

- t (l + kF) co s{3 + k(k + F) 
cosljJ 

As discussed in Appendix A, cj> can be set equal to 'iT with negligible error for 

s:m.all grazing angles. In this cas e, 

F = -cos 

so that 

1, nA 
RR-Rn=Y n odd 

F= 0, nA-
RR-Rn=T n odd 

-1, RR-Rn=nA; n=1,2,3, ..• 

If we can express h
t 

in ter:m.s of the fixed parameters R , h and A and the 
o r 

(B-9) 

(B-IO) 

(B -11) 

(B-12) 

integral variable n, then (B-IO) and (B-12) will allow H to be plotted as a function 

of k. Fro:m. the geo:m.etry of Figure B. 1, 

(B-13 ) 

and 

R2 = R2 + (h + h f 
R 0 r t ' 

(B-14) 

so that 

R2 - Ra = 4h h 
R D r t (B-15) 

We may write (B-15) as 

(B-16) 

. which yields, for RR - RD :. N;\/4, 

B-5 



R 8 h h _ NA 
n = NA r t 8 N=1,2,3,4, ... (B-1?'} 

Squaring (B-1?) and equating th8 result to (B -13) gives 

(B-18) 

For the cas e of interest, the range of values for N will be such that (~A)2« h~. 
Also, R2» h2, so that we have o r 

h == NA t8 
R o 
11 

r 
(B-19) 

Applying (B-12) and (B-19) to (B-10), the following results are obtained for the 

Ininima, inflection points, and maxima of the apparent scurce height versus actual 

source height as sensed at the center of the receiving ap',~rture: 

( cos/3 _ k) / (cos{3 + k) 
NARo 
----, 

cosljJ cosljJ 8h ' r 
N=2,6,10, ... 

(cos{3 -'k!3)/ (cos{3 +~) 
NAR 

H= 
0 

cosljJ cosljJ 8h r 
N= 1,3,5, ... 

(cosf3 +k)/ (cos{3 _ k) 
NAR 

0 

cosljJ cosljJ 8h 
r 

N=4,8,12, •.. 

The following figures are graphs of H versus ht with k as a parameter for 
3 R = 10 feet, h =30 feet, and for frequencies in L-, S- and X-bands. o r 

B-6 

(B-20) 
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APPENDIX C 

HEIGHT OF THE APPARENT SOUR CE OF 
RADIATION OVER A PLANAR REFLECTING SURFACE 
AS SENSED BY AN AMPLITUDE-},10NOPULSE RADAR 

C. 1 Introduction 

In Appendix B an analysis was made of the height of the apparent source of 

radiation as sensed by a phase-monopulse radar over a planar range surface. 

In this appendix a similar analysis is made to determine the height of the 

apparent source as sensed by an amplitude-rrlOnopulse radar, such as that 

employed by the LEM ren4ezvous radar system. The problem is physically 

different in the manner in which the radar samples the incident field. While 

the phase-monopulse radar (Figure C. la) consists of two antennas which are 

physically separated so that each antenna samples a different area of the inci­

dent field (although with some degree of mutual coupling between the antennas), 

the amplitude-monopulse radar consists of a single aperture (Figure C. Ib), 

usually a paraboloidal reflector with two feeds which are displaced to produce 

two displaced directivity responses to the incident field (see Chapter 5 and 

Appendix J). The amplitude-monopulse radar samples the same incident field 

but pro':ess es the data with two separate feeds. Thus a different analysis is 

required to determine the direction to the apparent source as sensed by an 

amplitude-monopulse radar. 

C.2 Apparent Versus Actual Source Height 

Assume that an amplitude-monopulse radar having sinKe IKe lobe structures 

(see Appendix E) is illuminated by a direct-path signal ED' and a single extran­

eous signal ER which arrives at the radar at an angle SR * from ED' The 

orientation of the angles of incidence of these signals with respect to the mono­

pulse lobes is indicated schematically in Figure C. 2(a), and the resulting differ­

ence channel phasbr diagram is sketched in FigureC. 2{b). 

*' This analysis assumes that the extraneous signal enters the directivity patterns 
of both feeds at some point on their main lobes. The effects of wide-angle inter­
ference are discussed in Appendix D. 
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(a) Phase-Monopulse Device (b) Amplitude-Monopulse Device 

F·:.~ure C. 1. Schematic Representations of Monopulse Devices 
for Single-Plane Direction Sensing 
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(a) Pattern Angles Related to Incident Signals 

~s; 
~""~~---E-D-B --4Il~--E-D-A---'~---

(b)" Direct-Path and Reflected Signals in A Channel 

Figure C. 2. Relation of Difference-Channel Phasors to Points of Incidence 
of ED and ER on the Monopulse Directivity Patterns 
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The respective pattern angles in radians as measured from the lobe centers are 

given by 

KeA = Ke
C 

- KeD (Direct Signal in Lobe A) (C -1) 

Kel = K\ +, Ke
R 

(Extraneous Signal in Lobe A) (C-2 ) 

Ke
B 

= Ke
C 

+ KeD = 2Ke
C 

- KeA (Direct Signal in Lobe B) (C-3 ) 

KeB = Ke
B 

- Ke
R 

= 2Ke
C 

- KeA - Ka
r 

(Extraneous Signal in Lobe B) (C-4) 

If we write the extraneous signal in terms of the direct signal as 

(C -5) 

then the difference signal, EA - EB = ~E, is written 

(C-6 ) 

Now, for small KS., the function sinKS,/KS, can be approximated from. its power 
1 1 1 

series by 

sinKe, 
1 

Ke. 
1 

(KEl, 'f 
1 _ ---",....:1:-

3 ! (C-7 ) 

It is noted that (C-7) represents a valid approximation only over the major por­

tion of the main sinKe/Kei lobe of each pattern. If either Eb or ~ is received 

in the region of a first pattern null or through a sidelobe, a modification of (C-7) 

is required which would be based on recorded patterns for the A and B channels. 

(See Chapter 4 and Appendix D of this document.) For cases where (C-7) is 

applicable, (C-6) can be written 

(C-8) 

C-3 

-.....-.-~-- .. 



where we have used (C-2) through (C-4). Employing Euler's identity in (~-8), 

we obtain 

which simplifies to 

Recalling that the angle SR is fixed by the range geometry while the angle SA is 

established by the operator via the pointing direction set for the radar axis, it is 

seen that solution for the particular SA which will caus e the derivative of (C-9) 

with respect to SA to become zero determines the pointing direction for which the 

radar exhibits a minimum difference signal. This situation represents 

orthogonality between the sum-channel signal and the difference-channel signal 

of an amplitude-monopulse radar; while (C-9) could be examined for the various 

combinations of conditions which would produce an absolute null (AE=O), the 

resulting criteria would not likely be met in an antenna test range environment. 

Consider the derivative of (C-9) with respect to SA: 

Setting this derivative equal to zero yields 

or, us ing (C - I ), 

S -D-

Ek k(k+ cos</» 

k(k + coscj» 
1 + 2k cos</> + ~ SR . 

(C-IO) 

(C-ll) 

This value of SD may be interpreted in terms of the range geometry to indicate the 

apparent height of the source of radiation. Consider Figure C. 3 below. 

For R »h
t 

and h , we have the following expressions for the angular parameters o r 
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in radians: 

-1 hr + h t 
h r + ht l/J = tan 

. 
R R 

0 0 

-1 h -h h -h r t . r t f3 = tan 
R R 

0 0 

aR =l/J-f3 . 2h
t 

It 
0 

-1 h -H h -H r r 
O! = tan 

R - R 
0 0 

and 
h-H 

aD = ex - {3 
. t 

R 
0 

Substitution of (C-14) and (C-16) in (C-ll) gives 

k(k + cosp) 

1 + 2k cos<j> + k3 
or 

C-5 

(C-12) 

(C -13) 

(C -14) 

(C-15) 

(C -16) 

(C-17) 



H= 
I - ~ h , 

I + 2k coscj> + l~ t 
(C-18) 

where H is the apparent height of the source of radiation. 

Note that for cases where (C-7) is valid, the above result is independent of the 

b eamwidths of the symmetrical lobes, since the factor K = 2.78 I (beamwidth in 

radians) does not appear in (C-ll) or (C-18), While some dependence on K could 

be introduced by approxi:mating sin X. Ix. by the first three terms of its power 
1 1 

series rather than the first two terms as in the above analysis, the resulting 

equation in X for :minimizing aE would be in terms of fifth powers of X. The 

relative accuracies inherent in any correlation of data by employing experimental 

values for cj> and k do not warrant the use of such an unwieldy expression. 

Comparison of (C-l8) with equation (B-IO) of Appendix B shows that the results 

of the current analysis are analogous to the results of Appendix B, which had no 

relation to the bea:m structures of sensing antennas. 
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APPENDIX D 

EFFECT OF EXTRANEOUS SIGNALS ON 
BORESIGHT MEASUREMENT ACCURACIES 

D. I Introduction 

The height of the apparent source of radiation as sensed by a phase-monopulse 

or an amplitude-monopulse device under test over a planar range surface was 

shown in Appendices Band C to be affected by the pres ence of energy reflected 

from the range surface. The context there was that of an extraneous signal 

entering the test aperture from a small angle relative to the direct-path signal 

direction. The analys es presented in Appendices Band C do not apply for angles 

of incidence SR of the reflected-path signals greater than CIA/D radians where, 

(1) D is the dianieter of the aperture of an amplitude-monopulse radar and C
I 

is 

approximately 1.5 or (2) D is the spacing between the antennas of a phase-

'1-:- monopulse pair and C1 is approximately 0.5. lli terms of the aperture field 

variation, Appendices Band C are not valid for spatial periods P of the aperture 

field variation (see section A. 6) which are less than CzD where (1) Cz is 213 for 

the amplitude monopulse case or (2) Cz is 2 for the phase-monopulse case. 

This appendix considers the effect on boresight measurement accuracies of 

extraneous signals which enter the test aperture from arbitrary angles of 

incidence. 

D.2 Errors in Amplitude-Monopulse Systems 

Consider a single-plane amplitude-monopulse system as shown schematically in 

Figure D. I(a). The phasors which correspond to the sum (:E) and difference (.6.) 

n channel signals are depicted in Figure D. I(b) for the condition where an extraneous 
R ; 
~ \ signal is present in both the A and B channels of the monopulse system. (The 

'wt 
eJ time dependence of all phasors will be suppressed in this analysis.) In r, 

H Figure D. I(b), 1 ! 
A = A o 0 

is the phasor in channel A due to the direct-path 

signal ED 

is the phasor in channel B due to the direct-path 

signal ED ' 

D-I 
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and 

is the phasor in channel A due to the extraneous 

signal ER 

is the phasor in channel B due to the extraneous 

signal ER ' 

thus the phasors in channels A and B, respectively, are 

and 

f). = A-8 

~ = At B 

PARABOLODIAL 
REFLECTOR 

SUBREFLECTOR 

DIRECT-PATH 

(a) Single-Plane Cass egrain Amplitude-Monopuls e Radar 

- --

------

(D-I) 

(D-2) 

. (b) Phasor Diagram of Signals in Monopulse Circuits 

Figure D. 1. The Effects of Wide-Angle Extraneous Signals on the Sumo. and 
- Difference-Channel Phasors of an Amplitude-Monopulse Radar 
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Assuming the monopulse system has identical sinKa/Ka main lobes with peak 

amplitudes M for the A and B patterns, and has been aligned so that the lobe 

axes are equally displaced from the reflector axis (optical boresight axis), then 

for the orientation of the radar which causes the direct-path signal to arrive 

along the reflector axis A will be equal to B . In this case, the sum and o 0 

difference signals become 

(D-3) 

and 

(D-4) 

The relative amplitudes and phases of the phasors a and b cannot be precisely 

predicted for arbitrary angles of incidence of the extraneous signal. It is of 

inte:rest, therefore, to examine the effect of the extraneous energy under the 

worst ca,se of phasing between a and b. It is seen that, regardless of the relative 

amplitudes, the phas e condition which will cause the greatest error is given by 

1> = <PI = <P2:f: iT radians; this situation caus es the phas or s a and b to add in the differ­

ence channel. Applying this condition in (D-4), we have 

Typical composite patterns of an amplitude-monopulse system are shown in 

Figure D. 2(a). In keeping with the LEM/RR configuration, we have assumed 

(D-5) 

that the crossover level on each pattern is at -3 decibels with respect to the beam 

maximum. The slope S of the patterns ,will approximate straight lines in the 

region of the crossovel' point, where 

S 
- d(M sinKa/Ka) _ d(M sinKa/Ka) dKa 
- dK8 - dKa . dK8 (D-6) 

'-·1 Since ~ = 8 + Y = 2y - a B ' where y is one-half times the half-power beamwidth of 
j ; 
, . the patterns, then 

n " i 

~ ! 

~~--.- .. 

dKaA 
dK8 = 

d~ 
-dRS = 1 , (D-7) 

and we have equal and opposite slopes for the patterns at the crossover point with 

the magnitude of the slopes given by 

Is (crossover) I = ,M(Ka cosKa - sinKa) (D-8) 
(Ka)l3 
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. As shown in Appendix E, the factor K is given by 

K=2.28D/A (D-9) 

where D is the diam.eter of the main paraboloidal reflector and A is the wavelength, 

and the half-power points of the patterns correspond to a value of approxim.ately 

1.39 radians for KO!. Thus, the slopes of the patterns in the region of the 

crossover point have m.agnitudes of 

Is (crossover) I == M(1.39 cos1.39 - sin1.39)/(1.39f 

or 

IS (crossover) I ~ 0.38M (D-lO) 

Assuming that the am.plitude-m.onopulse system. senses boresight as the condition 

of orthogonality between A and 1:;, the error in bore sight direction is repres ented 

by the pattern angle K(08) shown in Figure D. 2(b), at which the patterns differ in 

m.agnitude by (a + b). The difference phasor A at the physical angle 08 off the 

optical boresight axis is given by 

or 

~8 = ~AX - 2S{K08) 

~8 = (a+ b)e
jep - 2S(K08) (D-ll ) 

This change in the difference phasor causes A and ~ to be orthogonal, as indicated 

in the phasor diagram. of Figure D. 3. 

-b 

/ 
/ 

-28 (KSe) 

/ 
- - - ~~-r--.., Li MAX = a-b 

/ else 
/ 

/ 
/ 

--------
Ao 

---
:E (crossover) = :E (08) 

Figure D. 3. Orthogonality of!,; and LS Phasors at Corrected Boresight 
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Solution for the angle 09 which will produce this orthogonality for a general phas e . 

angle cp is straightforward, but te'dious. Only the result will be given here, where 

the procedure was to obtain the argUlnents of the is. and ~ phasors at the point K09 

on the patterns, and to for ce ARG(Ao9) to equal ARG(~09) + 'IT /2. It can be shown 

that this leads to 

(D-12) 

Ii 
The purpose here is not an exhaustive analysis based on approximations, but 

rather an indication of the order of error one might expect for boresight measure­

ments. Thus we will examine (D-12) only for the case which would produce 

maximum boresight error. This condition can be shown from equation (D-ll) to 

occur for <j> equal to zero or 'IT radians. Setting 4> equal to zero or 'IT radians in 

(D-12), we have 

= 1 (a2 _b2 )+ (a+b)R. M = 
2SK (a- b) +/2 M 

Employing (D-9) and (D-10), this expression can be written 

I09MAX 1== 
[!Y.577 

D/A. 

(D-13) 

(D-14) 

It is emphasized that the magnitude (at b)/M represents a signal in the monopulse 

circuitry. For the LEM/RR, the ratio D/'A is approximately 20 and boresight 

errors of the order of one milliradian are of interest. Figure D.4 gives plots 

of the required suppressiun of extraneous energy in terms of the decibel level of 

Ca + b) referenced to the individual pattern peaks M as a function of maximum 
'I . 

~ilowable boresight error, with D/'A as a parameter. For these plots, equation 

(D - 14) is us ed in the form 

20log a::; = 20log(09MAX )(1.73D/A) . (D-15) 
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Equation (D -14) must be rewritten to determine boresight errors which can 

result from given magnitudes and angles of incidence of extraneous signals in 

terms of the ratio of the extraneous field ER to the direct path field ED incident 

on the test aperture (see paragraph A. 6). Also the investigator must have 

rather detailed knowledge of the actual pattern structures of the monopulse device. 

In terms of the direct-path signal ED and the extraneous signal E
R

, the phasors 

of equations (D-I) and (D-2) can be written 

(D-16) 

a = (D-·I7) 

and 

(D-18) 

(! where C is a constant which accounts for the intrinsic impedance of free-space, 

the efficiency of the antenna and the waveguide impedance. The directivity terms 

(d) are d.efined as follows: 

and 

d is the directivity of the A and B patterns at the crossover point, 
x. which is postulated as before to be the point of incidence of ED ' 

d
a 

is the directivity of the A pattern at the point of incidence of E
R

, 

db is the directivity of the B pattern at the point of incidence of E R . 

It is noted that when both pa,tterns intercept ER within their main lobes, 

the phases of a and 1J are constrained to be approximately equal. Since 

ED is postulated to arrive at the crossover point, then a andb are very 

nearly in phase with each other and with A and 13 , and A is equal to 
a a a 

B . For this case the differ;::nce phasor 
a 

A = (A + a) - (13 + b) = a - b a a 

can be written, from (D-17) and (D-18) with <PI = <P2 . 0 , 

D-8 
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Thus as d
a 

approaches db' ,6,approaches zero for any practical ampli­

tudes of E
R

, however large. This means that extraneous signals which 

arrive at the test aperture from virtually the same direction as the 

direct path signal have little effect on the boresight direction. 

The developments which follow apply to relatively large angles of incidence for 

the signal E
R

, which presents a high probability of the greater errors which occur 

for the assumed worst-case phasing <Pl=4lz±1T radians. The difference phasor at 

the crossover point is then written 

and the difference phasor at the angle K08 is written as before as 

Since M=v"2 A by postulation, the above expression can be written 
o 

A08 = ~AX - 2(0.38.[2 A o )(2.28D/A)68 

(D-19) 

(D-20) 

The terms of (D-20) are all in phase with the phasor A , so that there is a partic-
o 

ular value for 08 which will produce an absolute null for A08 ' (Since we have 

assumed worst case phasing for the extraneous signals and ideal phasing for the 

direct pq.th signals, the boresight correction will result in an absolute null for 

A08 ') In practice some quadrature component of A will always exist at boresight. 

The monopulse circuitry sens es zero magnitude of the component of A which is 

in phase with:E (by sensing the condition of orthogonality between A and :E). For 

the idealized conditions of the present analysis, this is tantamount to setting 

A08 = 0; the results of the analysis are thus applicable to the practical case in 

which a residual quadrature component of A exists at boresight. 

Setting A08 equal to zero in (D-20), and employing (D-l6) and (D-l9), we have 

(D-21 ) 

Since d (the directivity at the peak of each pattern) is equal to 2d , we can o x 
write (D -21) as 

d"2" 
I .73 (D / A) ----:J".~o---,-X-

d:+ db 
08 (D-22) 

D-9 



Equation (D-22) contains the san~e infonnation as (D-14), where it is seen that 

, , 

a+b 
1Vf = (D-23 ) 

~ l l 

Application of (D-22) to a particular problem requires that the ratio d; / (d; + d:) 

be either postulated or approximated from experimental pattern data; if we 

represent this ratio by the term p, then we can write (D-22) in decibel form as 

ER 
2010g - = 2010go8 + 2010g 1. 73D/A + 2010gp 

ED 
(D -24) 

The X-band amplitude-lnonopulse device employed in boresight comparison tests 

on the MILA range was designed to give a general simulation of a single-plane 

channel of the LEM/RR. The individual patterns of this antenna are illustrated 

in Chapter 4, Figure 4. 12. Note that for angles of incidence ~ of the signal ER 

greater than approximately 2.5 degrees as measured from the borestght axis, 

ER enters one or both of the patterns through the sidelobes, and the effects of the 

sidelobes must 'be approximated in some way if a prediction is to be made of 

pos sible boresight error resulting from extraneous energy entering the aperture 

frorn angles greater than this value. For any' similar arnplitude-monopuls e 

device whos e patterns have the general character of a sinx/x amplitude variation 

over the main lobes, we can define an angle 8k at which the sidelobe approxirna­

tions must be applied in terrns of the aperture ratio D /A. That is, since the first 

null of typical sinx/x patterns occurs at x::;;2.5x3-d:>' then for 8R to correspond 

to main lobe reception of ER in both patterns we must have (see Figure D. 2(a) 

or 

8 1 .!. 
R-

{D-25} 

(D-26) 

Since the beam angle in degrees at the half-power points is given by a 3-<b= 35A/D 

for such patterns, then 

8 1 

R 
1. 5 (35 A/D) = 52.5 A/D degrees 

D-IO 

(D-27) 
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One approach to the approximation of the pattern effects for SR> Sa is to obtain 

an envelope of the sidelobe regions of the com.posite patterns. This approach was 

used to produce the qualitative data in the sidelobe reception portion of Figure D. 5. 

This portion of Figure D. 5 is a plot of equation (D-24) for an assumed boresight 
1. 1 l-

en·or of one milliradian, with the ratio p = d"2 / (d"2 + d
b
"2) approximated from the o a 

sidelobe envelope. It is emphasized that this plot is not intended to represent 

a quantitative comparison to the LEM/RR configuration. However, since the 

experimental device did provide a generalized simulation of a single channel of 

the LEM/RR, it is reasonable to assume that the envelope represents a useful 

estimate of the region of high probability for the effects of signals ER incident 

from angles greater than Sa off the boresight axis. The portion of tigu::e D.
1
5 for 

SR<Slk. is also plotted from equation (D-24), but with the ratio p= d; /(d; -cl£) 
calculated directly from sinx/x tables. (See discussion following (D-18).) 
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Figure D. 5. Extraneous Signal Level Referenced to Direct-Path Signal 
Which Can Cause a One Milliradian Boresight Error. 
The curve is plotted versus the normalized angle of 
arrival of ER , and represents an_approximation to 
the quantitative effect of signals ER which enter the 
the aperture from regions such that SR> Slk. . 
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To use Figure D. 5 for other values of boresight error, the ordinates should be 

changed by a factor of + (-) 6 decibels for each increase (decrease) in the bore­

sight error by a factor of 2. (See Figure D. 4.) As luentioned above, the aper­

ture ratio for the LEM/RR is approximately 20, so that OR is very nearly 2.6 

degrees. Although the information shown in Figure D. 5 is based on approxima­

tions, useful qualitative conclusions can be drawn frolU the curves. For exalUple, 

in the case of the LEM/RR, a reflected wave which arrives at an angle of greater 

tha.:l ("Hl,,"~-ha.lf degree from the boresight axis can cause a 0.25 milliradian bore·· 

sight error if it is of the order of 30 to 40 decibels below the direct signal level. 

The lUOSt sensitive angle is between 2 and 4 degrees frolU the boresight axis. 

In this region, the reflected wave has a n~aximum effect on one channel and m.ay 

have a luinimulU or additive effect on the other: resulting in the pos sibility of 

maxilUum error in the indicated bor esight direction. Reflected signals entering 

this region of the patterns of t.he order of 45 decibels below the direct signal level 

can cause a O. 25 n~illiradian boresight error. 

D.3 Errors in Phase-Monopulse Systelus 

Consider a single-plane phase-monopulse systen~ as shown schematically in 

Figure D.6(a). For direction sensing in the plane of the antenna pair, a typical 

procedure is to insert a calibrated phase shift into one signal channel of proper 

magnitude to caus e the relative signal phases to be zero at a summation point. 

AssulUing plane wave propagation, the angle e to the source of radiation would 

then be calculable from the equation 

sine = 2~D <P , (D-25) 

where D is the separation between the antennas, <p is the 'lueasured differential 

phase and t.. is the wavelength. 

If an extraneous signal at the frequency of the direct-path signal is incident on the 

radar, the signal at the summation point of the monopuls e circuitry will be a 

combination of phasors as depicted in Figure D. 6(b). (As for the amplitude­

monopulse analysis, the assUlued ejwt tilue dependence of all phasors is suppressed.) 

The individual phasors are as defined below . 

.L 

AD = C ED dl. is the Eflasor in channel A due to the direct-path 
signal ED ' 

D-12 
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B 

(a) Single -Plane Phas e-Monopuls e Radar 

(b) Alteration of the Monopulse-Circuit Phasors 
due to an Extraneous Signal 

Figure D.6. The Effects of Wide-Angle Extraneous Signals on the Phasors 
of a Phase-Monopulse Radar Circuit 

and 

BD = C ED d: e
jO 

is the :E!lasor in channel B due to the direct-path 
signal ED ' 

- C ER da~ ejO'a. th h . h I A d t th t a = 1S e E!!asor 1n c anne ue 0 e ex raneous 
signal ER ' 

~ . 
b = C ER d£ eJOb is the Rhasor in channel B due to the extraneous 

signal ER . 

D-13 



The directivity terms are defined as follows: 

dA and dB are the directivities of the A and B patterns, respectively, 

at the point of incidence of ED' and 

d a and db are the directivities of the A and B patterns, respectively, 

at the point of incidence of ER . 

The constant C accounts for the intrinsic impedance of free -space, the as sum.ed 

identical antenna efficiencies, and the effects of the transmission paths of the 

monopuls e circuitry. 

To investigate the boresight error caus ed by the extraneous signal, we as sume 

the monopulse to be adjusted so that 0 = cp.;'( In this case, the phase difference 

Acp = cpl - cp (D-26) 

is proportional to the boresight error. From Figure D. 6(b), with 0 set equal to 

cp, we have 

- a sina 
A,j.. -1 a -1 
~'t' = cp I - cp = tan + tan . 

~+a cosaa 

b sin(<t - cp) 
(D-27) 

~ + b cos (~- cp) 

As in the amplitude-monopulse analysis of paragraph D. 2, we will examine the 

effects of ER for worst-case phasing of a and b. It is seen from (D-27) that Acp 
will take on its maximum value for aa= (4n-1}-rr/2 and ~= cpt (4n-3)1r/2, where 

n=1,2,3, •.. , for any particular set of magnitudes for the phasors . 

phase difference due to ER is thus 

-1 / -1 / A~AX = tan a ~ + tan b ~ • 

Th e maximum 

(D-28) 

Typical phase-monopulse systems employ antennas of low directivity, so that a 

highly probable condition is one for which 

Assuming that these approximations apply, (D-28) becomes 

;'( 

Acb. • 2 -1 a . 
~~X = tan ~ 

-1 b 
2tan B 

D 

For O=cp, the monopulse would indicate true boresight in the absence of E R . 

D-14 
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E d 2 
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A~AX ~ 2 I 

EDdI 

(D-31) 
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for the wide angles of interest where ERd; will be sm.all in com.parison to EDdl. 

For the purpos e of this analysis it is logical to as sum.e that the initial setting of 

o=cp was accom.plished with the direct-path signal incident near the bore sight 

axis, so that equation (D-2S) m.ay be written 

A 
sin9 ~ 9 ~ 21TD Acp 

or 

(D-32) 

From. (D-3l) and (D-32) we can express the m.axim.um. boresight error A9
MAX 

as 

1 

1 

2E d 2 
R a 

radians. 

Let the ratio (d
A

/d
a

>"2 be equal to pl. Then from. (D-33) we have 

ER D 
20 log E = 20 log (1TA ) + 20 log pI + 20 log A9MAX . 

D 

(D-33) 

(D-34) 

If the ratio pI is known or can be approxim.ated, equation (D-34) will allow calcu­

lation of the required suppression of extraneous energy to satisfy a specification 

of m.axim.um. allowable boresight error. 

As an exam.ple of particular interest for the MILA facility, consider a test situa­

tion at 2.3 GHz with D=24 inches. Assum.e an effective peak gain for each antenna 

of 10 decibels, and an app:r.oxinlate gain of 0 decibel at the point of incidence of 

E
R

• Then 
ER 

20 log E = 20 log (14.7) + 10 + 20 log A9MAX 
D 

decibels, 

or 

ER 
20 log E . 33 + 20 log A9

MAX D 
decfoels. 

D-IS 



For a one rnilliradian allowable error, this exam.ple case would require the 

extraneous signal to be suppressed to a level of the order of -27 decibels with 

respect to the direct-path signal. Accuracies of the order of 0.2 m.illiradian 

would allow a m.axim.um. extraneous signal level of only -41 decibels with respect 

to ED' 

Figure D. 7 gives plots of equation (D-34) as a function of boresight error for 

20logp' equal to 10 decibels, with the ratio D/A as a param.eter. To apply 

Figure D. 7 to other directivity ratios AI, one would change the ordinate scale by 
1 

a factor (20 log p.' ) - 10 decibels. 
1 
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APPENDIX E 

APPARENT SOURCE HEIGHT VERSUS ELEVATION SQUINT ANGLEj,~ 
FOR THE GROUND-REFLECTION MODE 

As shown in Appendix A, the magnitude and phas e of the reflection coefficient for 

either horizontal or vertical polarizations of the transmitted wave are very nearly 

1.0 and 'IT radians, respectively. In paragraph A. 5, it was shown that operation 

in the ground-reflection mode requires the source antenna to be located at a 

height given by (see Figure E. 1) 

h == ARo 
t 4hr 

(E-01 ) 

and that for optimum phase conditions over the test aperture, the axis of the 

radiated pattern should be oriented in the vertical plane such that the direct-path 

<t. of 

..... 

sin Ka 
Ka 

SOURCE~~~--~--+---~--~----

iMAGE 

RECEIVER 

~I 

Figur e E. 1. Parameters for Consideration of the Effect of Variations 
in Elevation Squint Angle on the Operation of a Ground­

Reflection Antenna Test Range 

signal ED and the reflected signal ER are equal in amplitude. If all the above 

conditions are satisfied, the results of Appendices Band C indicate that the 

apparent height of the source of radiation will be given by (s ee for example 

_,, 
"'See section 2.2 for definition of "squint angle". 

E-l 



equation (B-20) 

H == [cOS,B - COSI/J] 
Lcos,B + cosi/J 

(E-2) 

Ground reflection antenna test ranges are designed with ht and.h «R , so that 
r 0 

RR == Rn == Ro . Therefore the cosine terms in (E-2) will be approximately equal 

to unity, and H will be approximately zero for the ratio k = ER / En equal to unity. 

If an improper elevation squint angle is employed, k will not be unity, and (E-2) 

must be replaced by the expression 

H = ~~:~ ~ ~~~:*J ~:: (E-3) 

The object of the following derivation is to express the ratio k in terms of the 

elevation squint angle 8 , in order to provide a theoretical basis for correlation 
s 

of experimental boresight comparison measurement data as discussed in 

Chapter 4. The transmitted radiation pattern is assumed to be symmetrical 

about the axis of the source antenna, with an amplitude A which varies as 

A sin{Ka) 
o 

A = Ka (E-4) 

and the half-power beamwidth of the main lobe in radians is assumed to be given 

by the familiar expression for typical microwave antennas of diameter d, 

BW(-3db) = 1.22>­
d 

(E-5 ) 

The reflected wave ER is assumed to be produced by specular reflection from the 

point of specular reflection in accordance with the quasi-geometrical optics 

approach as dis cussed in paragraph A. 2. 

The proportionality constant K in (E-4) is found as follows. If a. is an angle 
1 

measured in radians from the axis of the main lobe, then at A = 0.707 A , 
o 

~( ( » 0.61>-
a i = D3 db = '2 BW -3 db = d 

For this same amplitude, we find from sin x/x tables that the product Ka3 cb 

must be given in radians by 

E-2 

(E-6 ) 

(E-7) 
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• From (E-6) and (E-7) it follows that, 

K - 2.28d 
- A 

where d and A are expressed in the same units. 

(E-8) 

Referring to Figure E.1, and still on the assumption of a unity reflection 

coefficient, the ratio of the reflected signal to the direct-path signal is given by 

k = 

From the geometry, 

and 

Ao sinKfi"b 

Kan 

(E-.9) 

(E-10) 

(E-ll ) 

,~ Since Ro is large compared to (hr + ht ), 

and 
-1 hr - ht 

f3 = tan R 
o 

h -h 
r t 
R 

o 

We can now write (E-3} in terms of the range parameters R , h , I/J and fl, o r 
source parameters d and a , and the wavelength A as s 

AR 
H= 4h 

o 

r [

(as + iP) sin(~ [SS - f3J) - (as - f3) sin (~[as + iPJ) ] 
(a +iP) sin {~.28d re - QJ) + (a - Q) sin (2.Z8d[a + iP]) 
s· A t..:'s tJ S tJ A s 

(E-12) 

(E-13) 

the 

(E-14) 

As an example of particular interest for the MILA range, consider the case where 

d = 1 foot (paraboloid) 

R = 1000 feet 
o 

E-3 

·1 



x = 0.098 foot (f= 10 GHz) 

h = 30 feet 
r 

ARO 
h = 4h - 0.82 foot. t . r 

We then have 

(3 == 0.0292 radian 

I/J == 0.0308 radian 

and 

K == 23.3 

Substitution of thes e values into (E-14) yields the theoretical curve of apparent 

source height H versus elevation squint angle e which is shown in Figure E. 2. s 
The ratio k = ER /En is also plotted ver sus as in Figure E. 2. A comparison of 

the theoretical and experimental values of H versus a is given in ~hapter 4, 
s 

Figure 4.6. 

It is emphasized that in the ground-reflection mode the apparent source height is 

not critically dependent on fine adjustments of a . Although the optimum case is 
s 

represented by a as that causes.k to be equal to unity, Figure E.2 shows that 

insofar as boresight comparison measurements are concerned, k could vary from 

approxiInately 0.6 to 1. 6 with only a 0.4 milliradian change in the indicClted bore­

sight direction between these extremes. This variation in k corresponds approxi­

mately to a ±2. 3 degree excursion in a. Since the assumption of a unity reflec-
s 

tion coefficient is quite good for the MILA range, the indicated procedure for 

ground-reflection operation is to set the source height at XR /4h and adjust the o r 
elevation squint angle to a declination below the horizontal so that the beam axis 

bis ects the angle (1/J+{3), which will caus e k to be very nearly unity. It is seen 

from Figure E. I that the latter adjustment is accomplished by setting a equal to 
s 

Using (E-12) and (E-13), it is seen that 

\ _ i[hr:oht + hr~:tJ 

which can be written 

a 
s o 

-A 
4h 

r 

E-4 

(E-1S) 

.f' 

radian. (E-16) 
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For the example above, this corresponds to as == -0.05 degree. Figure E. 3 
o 

gives a plot of as in degrees versus frequency from L-band to X-band. 
o 
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Figure E. 3. 

I 

\ 
\ 
\ 

1\ 
\ 
~ 

r---..... 

~ r--r---

J 
2 4 6 8 10 I~ 

FREQUENCY (GHz) 

Elevation Squint Settings Versus Frequency Ground-Reflection 
Operation of the MILA Range. (The calculated squint settings 

are for an assumed unity reflection coefficient 
and for ht = AR o /4hr .) 

It is emphasized that the indicated procedure will result in slightly different 

apparent heights of the source for horizontal and vertical polarizations. The 

apparent heights depend on both the coefficients of reflection of the surface and 
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on the directivities of the transmitted pattern for the two polarizations. While 

it is possible for these effects to work in opposition and cancel each other, in 

practical cas es one or the other is likely to predominate resulting in a small 

difference in the apparent source height for the two polarizations. However, for 

a practially symmetrical transmitted pattern and a close-tolerance surface such 

as the MILA range, the measurable difference in the apparent source location 

for the two polarizations will be due primarily to the change in reflection co­

efficient, and will represent only a small bias error in boresight comparison 

measurements. (See paragraph 4. 1. 1.3.) A further implication here is that 

sorrole depolarization of general elliptically polarized energy will always occur 

upon reflection from practicable anten:::la test range surfaces. 

The very small but non-zero shift in appar ent height for the two linear polariza­

tions can be explained from consideration of the relation of the factor k=~ fEb 
to the reflection coefficients for a smooth surface. From (E-12) and (E-13), we 

see that (E-3) can be written for the MILA range at X-band frequencies as 

(E-17) 

sinc e h »ht = AR f 4h so that cosf3 == cos If; == 1. As suming that the elevation squint r 0 r 
angle S has been adjusted as discussed in connection with equation (E-16), any s 
change in k as one goes from one linear polarization to another depends primarily 

on the resulting change in reflection coefficient magnitude. Referring to 

equations (A -14) and (A-I5) of Appendix A, we see that the magnitude of the ratio 

of the reflection coefficients for horizontal (normal) and parallel (vertical) com­

ponents of the transmitted field is given by 

P 1 + cosS k.' sin2 S 
I o,n! = I---.:..;"':::r======----

Po,p 1 - cosS /€~ - sin2 S cosaS 
(E-IS) 

Since €' will be greater than unity, we see that this ratio is always greater than 
r 

unity for any e less than Trf2 radians. Itfollows that the factor k in equation (E-I7) 

will be slightly larger for horizontal polarization than for vertical polarization. 

Since k is equal to or less than unity for practical test configurations, the indi­

cated apparent source height Will' be slightly lower for horizontal polarizations 

than for vertical polarizations. 
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APPENDIX F 

DIFFRACTION FENCE PLACEMENTS ON A PLANAR RANGE SURFACE 

F. 1 Introduction 

In this appendix an analysis is presented of the problem of placement of diffrac­

tion fencing for operation in the elevated mode over a smooth, planar range 

surface. A range surface such as that at MILA can be considered to be a lossy 

dielectric. Several authors F-
1 

have treated the problem of reflection from lossy 

dielectric surfaces; the bulk of su.ch work deals with theoretical approximations 

to solutions of complex boundary value problems. When the reflecting surface is 

essentially smooth and planar, as is the MILA range, it has been shown that the 

energy which reaches a receiving point via the reflecting surface appears to 

originate primarily at a single image of the source. This irnage is located along 

the line from the receiving point through the "point of specular reflection"* (s ee 

Figures A.4 and F. 1) in the range surface. Screening of a portion of the range 

surface by diffraction fencing will produce a reduction in the contribution of 

F-1Clarke, R.H., and G. O. Hendry, "Prediction and Measurement of the Coherent 
and Inqoherent Power Reflected from a Rough Surface," IEEE Transactions on 
Antennas and Propagation, Volume AP-12, No.3, May 1964; pp. 353-363. 

Beckmann, Petr, "Shadowing of Random Rough Surfaces," IEEE Transactions 
on Antennas and Propagation, Volume AP-13, No.3, May 1965; pp. 384-388. 

Twersky, Victor, "Signals, Scatterers, and Statistics," IEEE Transactions 
on Antennas and Propagation, Noven~ber 1963; pp. 668-680. 

Twersky, Victor, "On Scattering and Reflection of Electromagnetic Waves 
by Rough Surfaces," IRE Transactions on Antennas and Propagation, January 
1957; pp. 81-90. 

Beckmann, Petr, and Andre Spizzichino, The Scattering of Electro-Magnetic 
Waves from Rough Surfaces, The MacMillan Company, 1963; pp. 9-10. 

Silver, S., Microwave Antenna Theory and Design, Radiation Laboratory 
Series, Volume 12, Chapter 5, McGraw-Hill Co., 1949. 

Kerr, Donald E., Propagation of Short Radio Waves, McGraw-Hill Book 
Company, 1951; Volume 13, Chapter 5. 

* The term "point of specular reflection" a.pplies literally only in the case of 
geometrical optics where the wavelength approaches zero. Specular reflection 
at wavelengths in the microwave frequency region is actually the superimposed 
effect of elemental contributions reradiated from all illuminated regions of the 
surface. The relative amplitudes and phases of such contributors can be 
examined by dividing the surface into Fresnel zones, discussed in the following 
paragraphs. 
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reflected energy to the field at the receiver, but simultaneously introduces varia­

tions in the receiving-aperture field due to diffraction effects. A discussion of 

diffraction effects is presented in terms of the MILA range geometry in para­

graph F. 3. Tabulations and plots of Fresnel zone and diffraction fence param­

eters of specific importance to the MILA facility are given in this appendix. 

F.2 Fresnel Zones on a Planar Range Surface 

Consider Figure F. 1, which represents an elevated antenna range having a 

source antenna at height ht' a receiving antenna at height hr' and a separation 

between the bases of the antenna support structures of R. The shortest path 
o 

between the source and receiver via the range surface is given by 

POINT OF SPECULAR 
REFLECTION 

GENERAL POINT (o,y,z) 

RECEIVER 

Figure F. 1. Sketch of Fresnel Zone Boundary on a Planar Range Surface 

This path defines the point of specular reflection, which is the center of the 

region of constant phase, at which the grazing angle I/J is given by 

(F-l ) 

(F-2) 

For any other point (0, y, z) on the range surface, the path length via the surface 
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Since r > r , the phase of the wave traveling along r will lag behind that of the 
o 

wave traveling along r by AiP radians, where 
o 

AiP = 2'1!. (r - r ) A- 0' 

and A is the wavelength of propagation. 

By definition, the locus of points (0, y:, z.) for which 
1 1 

or 

AiP. = N1T 
1 

r. - r = 
1 0 

NA­
T N=1,2,3, ... 

(F-3) 

(F-4) 

(F-5) 

(F-6) 

determines the outer boundary of the Nth Fresnel zone. ~~ The inner boundary of 

the Nth zone is given by 

r. - r = 
1 0 

A­
(N - 1)"2 

energy arriving at the receiving point from the outer bound of a F:t'esnel zone 

(F-7) 

lag s in phas e by 1T radians that ener gy arriving from the inner bound of the zone. 

The pertinent parameters of a given Fresnel zone are the cente:l", length and 

width of its outer bound, and the area enclosed by its bounds. These parameters 

can be calculated from (F-6), which is written in terms of the range dimensions 

and coordinates, the wavelength and the Fresnel zone number as 

(F-8) 

Equation (F-8) shows that the successive outer bounds of the Fresnel zones 

describe a set of expanding ellipses whose major axes lie on the range axis. The 

algebraic manipulations of the solution of (F-8) for the pertinent parameteTs will 

not be given herej the solution and resulting expressions are simplified by the 

~~Although Fresnel zones are strictly defined for point source radiators, for 
practical antenna range geometries Fresnel zones for a point in the receiving 
aperture can be defined by regarding the transmitting antenna to be a point 
source located at the center -of-phas e of its aperture. 
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introduction of the following definitions: 

F1 (N, A, 1/1) = ( NA 
t;R + secl/1) (F-9) 

0 

(h2 _ h2 )/ R2 
F2 (N, A, 1/1) = 

r t 0 

if - I 
(F-10) 

and 
(h2 + h2)/R2 

F3 (N, A, 1/1) = 
r t a 

E1 - I 
(F-ll ) 

It can be shown that (F-8) through (F-11) yield the following expressions for the 

parameters of the outer-bound ellipse of the Nth Fresnel zone: 

R 
Center: 0 

zN = "2 (I - F2 ) (F-12) 

J. 

Length: 1. -N- ~F1 (I + F2 ~ 2F3)"2 (F-13 ) 

Width: wN = [E'f-I]~ 11 iN (F-14,) 

Area: A -N- iiN
w

N 
(F-15) 

The area enclos ed within adjacent zone boundaries is then given by 

(F-16) 

which is a slowly decreasing function of N. 

If the illumination were truly isotropic, contributions to the received field from 

succes si ve Fresnel zones near the point of specular reflection would be es sentially 

constant in amplitude. However, for practical directive microwave antennas, 

the relative illumination of the various zones depends on both the height and 

pointing-angle of the source of radiation.. For example, consider the particular 

case of the 18th Fresnel zone on the IOOO-foot MILA range, with ht =hr =30 feet 
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. and A= 0.098 foot (10 GHz). This zone has the following para:meters:~:~ 

z 18 = 500 feet 

1. 18 = 575 feet 

w18 = 42 feet 

The 18th zone for this case thus extends fro:m 212.5 feet to 787.5 feet along the 

range axis, as :measured fro:m the source tower. Assu:me that a source antenna 

having a 3-decibel bea:mwidth of 0.122 radian has its :main bea:m centered on the 

receiver, and that the bea:m has a typical sinK8/K8 a:mplitude characteristic. 

The situation is as sketched below. 

i of sin K9;X9 beam 

~ "" --==-fl~ VOl.. ~ ___ 
;. limits of 18th zone ::-- 0.0:: 

ht = 30' 

212.5 787.5' 

Fro:m the geo:metry, 

-1 / 81 = tan 30 2 12 . 5 - 8 degrees 

and 
-1 / e 2 = tan 30 787. 5 - 2 degrees. 

hr = 30 
, 

As shown in Appendix E, these physical angles correspond to values of K8 of 

approxi:mately 3.2 radians and·0.8 radian, respectively, referenced to the bea:m 

axis. Fro:m sinx/x tables, it is seen that the illu:mination at the receiving-end 

point co:mpared to the bea:m :maxi:mu:m will be approxi:mately -1.1 decibel, <and 

the source-end point will be in the region of the first null of the bea:m, or at 

so:me -30 decibels or less relative to the receiving-end point. 

~~Tabulated parameters for the first twenty Fresnel zones are given for both X­
band (10 GHz) and S-band (2.3 GHz), for source heights fro:m 24 to 36 feet, at the 
end of this paragraph. 
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In the analysis of the MILA range, a computer program was written to calculate 

pertinent parameters of the first twenty Fresnel zones at X- and S-bands for 

transmitter heights between 2;4 and 36 feet. The tabulated results of these cal­

culations are reproduced directly from the computer "format on the following 

pages. The following definitions and nomenclature were employed in the computer 

program: 

HI 

ZO 

S 

C 

Zl 

Z2 

W 

A 

N 

= 
= 
= 
= 
= 
= 
= 
= 
= 

the source height. 

the point of specular reflection. 

the secant of the grazing angle at Z O. 

the center of the Nth Fresnel zone. 

the source limit of the Nth Fresnel zone. 

the receiver limit of the Nth Fresnel zone. 

the width of the Nth Fresnel zone. 

the area enclosed by the outer bound of the Nth Fresnel zone. 

the Fresnel zone number. 

The range length was set at 1000 feet and the receiver height was set 

at 30 feet for all calculations. The formulae employed were those 

derived above. The X -band frequency was set at 10 GHz and the S-band 

frequency at 2.3 GHz for the calculations. 
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X-Band Data 

* "* HI = 24 * * 
ZO = 444·444 

~ . 

S = 1.00146 

'; C. Zl Z2 to,) A 

* N = 1 * 446·253 356.fj38 536.069 9.84712 1389.25 

* N = 2. * ; 
A 

447.948 3.22.914 5720982 13.9291 2735.72 

* N = 3 * 449.54 , 298.727 . 600.352 17.0629 Ll042.15 

* N = 4 *' 
451.037 279g457 622.616 19.7061 5311013 

* N = 5 * 452.448 263.358 641.538 22.0359 6'545.17 

* N = 6 * 453.779 249'.52 6'58.039 24.1431 '77Li6.33 

* N = 7 * 455.039 237.396 672.682 26.0815 8916.58. 

* N = 8 * 456·231 226.6,23 685.84 . 27.8864 10057.8 

* N = 9 * 457.363 216.948 6'97.777 29.5821 11171.5 

* N = 10 * ; 
, 458.437 20·S.184 708.689 3101864 12259.3 

* N = 1 1 * 459.458 200.19 718.726 32~7128 13322.5 

* N = 12 * 460.43 192.856 728.005 3.4.1716 14362.5 

* N = 13 * 461.357 186.093 736.62~ ... 35.571 15380 • .t1 

" * N = 14 * , , 
462.242 17·9. '829 ,744.655 36.9179 16377.3 I 

* N = 15 * ., 463.087 174.006 ·752.168 3£302178 17354.2 
I 
! * N = 1 6 * I 

463.895 168.575. 759.215 39.4752 1831201 

* N, '= - 17 * 
\ 

1 464.66~ 163.493 765.844 40.,6941 19251'.8 
\ * N = '18 * 465.409 158.725 772.094 '41.8779 20174.2 

"'1 * N = 19 *. l 

I 466.12 154.241 777.998 '43.·0294 21080. , 
*N 20 = * 

<] 
466.802 "150.015 783.~89 4401511 21970. 

• 

~11 
\ !r; 

." \ it; 
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* ~ HI = 26 '* * 
zo = 464.286 
S = 1.00157 

c 
* N = 1 
.46!D.37 
* N = 2 
466).39 
* N = 3 
467.351 : 
* N:;: 4' 
468.26 ., 

* N ·.S" 
469.119 
* l'! '= 6 
469.933 
* N - .. 7 
470.705 
* N = 8. 
471.439 
* N = 9 
472.1~6 

* N = 10 
472.801 
* N = 11 
47:3.434: , 
* N = ,12 
474.039'; 
* N = 13 
474.617 
* N, 141 
475...1 7 
* N·= .15 
475.699 ' 
* N= 16 
47'.296! 
'* N:;: -17 

\ 471,\.692.· 
!fc N =, 18 
477. ,l~9. 
* N .19 
477.608 
*', N = 20 
418.039 

. " 

.. ' 

ZI 

* 
3.78.342 

* 345-121, 

* 
,3g0.949 . * '. 
,301'; 556' 

* 
'* 
* 
* 
* 
* 
* 
* 
* 

.. " 

285.256 

27t'.169 

258.765 

247.694 

237.7'1 

228.632 

2050592 

* "'.~ : 
199~OI8· 

192.889 
* '" ,: I' 

187.t56 

*' 181.78 

* > 

·176.723 

* 171,;,957 

* 1670455 . 

\,. 

X-Band Data 

Z2 

552.398 .. 
,.587 .. 658 

~13.754-

634.963 
, " 

652.9,a2 

668~ 697 

'695.183 

, .70,6.563 

716~97 
.1 ; " " 

, • i I' 

73~;' 40'9 

743.6'42 
~;: " 

7~1.322 

758.509 

771.605 
: ... 

777.5.95 

783.259 

788.624 

F-8 

9.88253 

13.9774 

1701203 

19,,7704 

.22.1056 

2LJ.'2172 

2601593 

27.9673 

29.6657 

31.2783 

3~.8Q05 

3.4·261 

35·6618 

37.'p 

38.3109 

39.5692 

40.789 

LJl·9735 

A 

1350.98 

2662.5LJ 

3937013 

5177.03 

638LJ.38 

,7561.07 

8708.8LJ 

9829.33 

1092LJ. 

11-99 LJ. 2 
I 

130LJl.2 

14066.2 

15070,.1 

1605LJ.2 

17019.2 

17966. 

18895.LJ 

19808.3 

20705.3 

21587. 
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'lid .. 

X-Band Data 

"'" 

-
* * HI = 28 * * ,;~ 

,. ZO = 482.759 
I S = 1,00168 ·1 
! " . 
~-

C ZI Z2 A ~ hI 
~ '. . ) * N = 1 1,* 

483.247 398.959 567.536 9.90194 1311.02 
i' • * N ;; :' = 2 * ., 483·709 366.152 601.267 14.0041 2585.9f1 " ; 

* N - 3 * 
T"" 484.147 342.102 626.191 17.152 3827.02 
! * N = 4 * ! ,{ 

484.561 322.687 646 ~ 434· 19.8059 5036.05 i.l ~ 

* N = 5 * 484.954 306.28 663.628 22.1443 6215.04 

* N = 6 * 485.328 292.032 678.624 24.2585 7365·61 

~~ , * N = 7 * 
i: 485.683 279.431 691.936 26.2028 8489.23 

* N = 8 * 
486.022 268.137 703.907 28.0127 9587.LILt 

* N = 9 * ! , 
1 ' 486·345. 257.914 ' ~ 714.777, 29.7126 10661.5 

* N = 10 * 486.654 248.!?8~ 724.723 31.3206 11712.6 
~ ~ . 

* N = 1 1 * 486.949 240.017 733.881 _ 32.85 12741.9 

* N = 12 * 487.231 232.105 742.357 34.3115 13750.LI 

* N = 13 '" 487.501 224.765 750.238 35.7133 14739.1 
*' N = 14 :f: 
487.761 217.927 751.594 37.0622 15709. 
* N = 15 * , 488.009 211.536 764.482 38.3639 16660.8 

* N = 16 * 488.248 205.545 770.951 39.6229 17595.3 
* N =. 17 * ['1 
488.477 199.911 777.043 '10.8431 18513.3 

* N = l8 * L188·698 194.602 78;2.794 L12.0281 19415.5 

q * N -, 19 * :1, 488.91 189.587 788.234 43.1806 20301~.5 

* N = 20 * 
rl 489.115' 184.839 793.39 4LJ.3032 21175. 
~ ~ ~ ~ 

,if, 
::'1 
\:."; 
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X-Band Data 
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n " . 

* * HI = 32 

ZO = 5 1 '6. 1 29 
S = 1.00192 

c 
* N = 1 
515.727 
*N = 2. 
515.34.5 
* N = 3 
514.981 
* N = 4 
514.63.4 
* N -' 5 
51'4.302 
* N = 6 
513.985 
* N = 7 
513.682 
* N = 8 
513.392 
* N = 9 
513,. 114 
* N = 10 
512.847 
* N = 11 
512.59 
* N '= 12 
512.344 
* N = 13· 
51~.107 " 

. * N = f4 
511.879,: 
* N = 15 
5111.66 

. * N = 1'6 
511.448 
* N·· 1'7 
511 .2.44.' : 
* N = ':18 
511.047' . 
* N' =, 19 
510.857' 
* N = 20 
510-974 

* * 

Zl 

* 436 ... 705 

404<>946 
*. 

* 
* 
* 

* 

* 
* 

38"1.373 

~62-144 

345.743 

331.381 

318.583 

307.031 

296.506 

286.842 
*. 

277·915 
* 

269.,625 

*' 
261.896 

254.66 

* '247.866 

* 241.468 

* - 235.42,7 
.* 

* 
* 219el4 

X-Band Data 

Z2 

594.75 

625.745 

648.589, 

667.124 

696.589 

708.781 

719.752 

729.722 

738.851 

747.266 

755.0&3 

762.,319' 

769.098 

775.454 

781.428 

787.061 

792.384 

797 .. 424 

802.207 

F-ll 

9.90367 

14.0066 

17.1551 

19.8094 

. 
24.2627· 

26.2072 

28.0174 

29.7176 

31.3257 

32~8554 
, 

34.317 

35.719 

37.0681 

,.38.3699' 

40.8494 

~3 • .1871 

44·3099 

.A 

1229.33 

2LJ28.96 

3600.37 

5864.23 

6959.37 

8031.52 

9081.86 

10111.3 

11120.9 

12111.LJ 

1,3083.8 

14038.7 

lLJ977. 

15899.2 

16806. 

17698.1 

18516. 

20291.3 



* *. HI = 34. * * 

ZO = -531.25' 
S': . 1,,00205 

c 
* N = . 1 
530.518 
* N = . 2 
529.82 

'* N::: 3' 
529.153 
* N = 4 
528.515 
* N ';: 5 
527.905 

'.* N = 6 
527.3'2 
* N = 7 
526.759 

,453.999 

* .422.6'37 

* .399.586. 

* 
~80.535 

* 364.222 
*. 

349.886 

337.068 

* * N = 8 
526.22 325.464 ' 
.* N = 9 
525.703 
* N-· ! 0 
525.206 
* N = 11 
52407.27 
* N = I ~ 
524 •. 26 '7 
* N = 1;3 
523.823·" 
* N ..:. i;\"t\44 

* 
* 305.097 

* 296.056 
*. -, 

287 .•. 64t 

* .2.79 .. 716 

523.;~$>1!~ . 
* N::; ":"~:{!S" If: 

*' .' 
272.398 

522.982 .'; 
* N ;: ·'·r 6 
522. 58·;4.~;,. 
* N = ,i·:.o:~ '.~ !.Jr=!' 
522 .1.~9:·~~4: 

;1;' ,(u.~ 'r~t' 

265. ,-455 
* 

258.904 

* 
252·707 

* N =('!~ 1:8:'~~' . * 
52'1 .. $"':'?~:~~:~'i> 246. 633 
* N =.';·~.,.ltli:,~i~.i~'" ,., "'~.J.. f'l", " ) 
521.461 ........ ~41.252 

* N ;: .20 \ * 
521.119 235.942 

.. 

X-Band Data 

Z2 

·636.803 
. 

6!?S.7? 

. 616. 4~6 

69i.5~8 

704':754 

.7f6.449 

726.976 

736·. 5~6 

7.45.314 

1,5,3.398 

760.892 

767.87 

774.392, 

'780.509 

791·69 

796.82 l' 

801.681 

806.296 

F-12 

\ 

• 

w 

9.89049 

,1:3--9883 

17.J331·· 

19.78~7 

22'.1211 . 

24.2337 

2601766 

~7.9853 

29.6842 

31.2913 

32.82 

34'.2808 , 

35·682 

~7. 0304' 

38.3316 

·39.5901 

40.8101 

41.9947 

43d469 

44.2694 
.' > 

I -:-

" 

A 

1188.81 

2350.71 

3487.01 

4598.9 

5'687.63 

675~.25 

7799.73 

8825.1 

9831.21 

10818.8 
, 

'11788.8 

12741.9 

13678.7 

14599.8 

15506. 

1.6397.7 

'1"".275.6 

1 8140. 1 

18991.6 

19830.7 

11 



REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR. 
---- - - -

.. 
X-Band Data 

* HI = 36 * * 
.zo = 545.1455 

n S = . 1.00218 

II C Z 1. Z2 ~} A 

* = 1 ~ * 
544.452 .470.346 618.559 9 .8698 1148 . 91 

r * N = ·2 * 543 . 93 43'9.809 647. :178 13.9598 2273. 6 
* N :: 3 .* 
542 . 575 4 16.916 668.233 17.099 3375.06 
* N = 4 * 54'1.694 398.085 68,5.303 19. 746 44 54.33 
* N = . 5 

, 

! j 
540. 849 381. 902 699.796 22. 0787 551 2 . 49 
* N = 6 * 540. 038 367 .634 712. 441 24'.1 882 6550.45 

r' * N = 7 

I 539. 258 354 . 839 723.676 26.1 284 756 9. 0 1 

* = 8 * 538.508 343. 223 733. 79~ 27.9348 8569.0 8 

1 * N = 9 * . 537 .785 332.579 742.992 . 29. 6316 9 55 1. 39 
* N = 10 * 

I! 537 .09 322 .757 751 .423 3 1.2368 10 5 16.6 
* N = ' 11 * 536.42 31 3.639 759.201 32 . 7639 11 465 . 5 
* N = 12 * r] ·5 35.773 305.1 33 766 .413 3 4.2232 12398 . 7 * N =, 13 * 535 .1 .' 2 97 0166 773.132 35.6231 13316 . 8 

11 * N = " 4 * 534.5 6. 289 .678 7.79 .415 36.9704 14220 . 3 
* N = ' 1.5 * 

r i 533. 964 282.618 785 .31 3 E. 2705 15109. 8 
* N . 16 * 533. 2.75.944 790 .858 39. 5281 15985 . 7 * N ' ,:I.' 1 7 

r I 532 i 2 9.619. 796 093 40. 7472 1 848.6 
* N 
532 ·263.61 3 801.044 41. 931 1 1769 9. 

II * N • 
531. 257.899 805.737 4 . ·0826 1 537 . 2 
* N ' = 20 • 

n 
531.323 252.452 810.194 44.2044 19~63 .7 
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, REPRODUCIBILITY Of THE ORIGINAL PAGE IS POOR. ' I 

-- - - - - -- ~ -

'J 

S-Band Data 

... * H1 = 24 . '* * 
ZO = 444 .4A4 
S = 1.09146 

C ZI Z2 \IT A 

* N = 1 . * , ! I ' 

451. 565 273.23 .11 .- ~9.896 20. 5924 5 768 . 4 , 
* N '= 2 •• ' ' , ' , ' , 

457. 068 a1 9.419 694. 717 29.1 4 18 10878 . 6 . 
* N 3 * - . .' , 

461-. , 49 l85. 31 7:)7. 467 35.7108 15483 el 

* N· 4 • .' . 
l 

768'-822 ' 46$. 02 ,',161.2 18 , 41 · 2539 1968 6. 9 
* N = 5 * 4'67. 986 ·i42.848 7 9"3 . 124 46.1 4 11 · 23 5'65 . 5 
* N 6 ., 

j 

'470. 89 128.335 ' 8 12 . 642 50. 5619 271 74 . 7 
* N . 7 * " 472. ~29 11;6.534 . -828.724 54.6291 30557. 
* N, 8 ... 

, 47 4 . 48 , 106.722 842 . 238 58. 4162 33745 . 5 
* N = 9 ' * 47 .097", 98.42.11 8 53 . 772 6 1.9742 ' 367 66 . 4 
* N = 0 * 477.521 9 1. 2966 ' 8 63 . 746 6 5.3405 39640.9 
* N, =, 1 1 * 47'S . 78 f 8 5.1081 8'72 '.464 66.543 42386 . 2 
* N . 2 * • . 'If ' , 
479. 91 79.6775 88,0 . 1'54 71. 6.037, 45016 . 8 
* = ::13 '" 480.932 74.8696 886.994 74.5399 475 44 . 7 I ' • N t: .' 14 * i 4 8 1. 7.0.5799 8 93. 12 77.3658 49980 . 1 
* N 15 * 482·684 66.7266 8 98 . 642 80 . 0929 52331 . 6 

. ... ' 16 
.' ' 

4 3 ' 63~2441 903 . 646 82 · 73 1 5 4606.8 t , .\ 17 '* 
f 1 

" . 
48 l' ."" 6.0 . 0796 90 . 205 8 5 . 2884 56 12.1 -• " \, 18 * 484.1 . 57 . 1897 91 2 . 376 87.7719 5~ 9 53 . 2 

I * N .' * "I~ 

90'-1 879 485 .3 ..... · 54.5389, 916. 2 1 610 35 ~ 2 • N == 20 * 485 .921 52.0975 919-745. 92. 5 L114 62 . LI .1 
-" 
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S-Ba nd Data 

• 

'. . ' HI = 26 • • 
r ' ZO = 464.286 

S = 1.00157 , 

C ZI Z2 V, A 

• N = I • 
468. 581 295 . 266 641. 896 20. 6588 5624.23 
... N = 2 * 471. ?55 240 . 264 70 3.6-45 2 9. 2247 10 636. 

• N = 3 • 
474·675 204.899 744.45 35.8018 15 17 1. 5 

• N = 4 .' 476 .914 179,.368 774. 46 41. 3492 19 326 . 

• 'N = 5 
478. 79 159 .. 798 797. 782 46 .. 2384 2316 8 . 8 

• N = 6 ' ... 
480.384 144.207 816. 561 50. 6602 26752 . 

L • N = 7 • 
48 1.756 131.441 832 . 071 5 4 . 7276 3011 5 . 2 

• N = 8 

I 
482.948 120.766 845.1 31 5 . ~1 44 3328 9 . 8 

• N = 9 .. 
483.995 ' 1 11.689 8 56. 301 62 . 0718 3 6300 . 7 . 
• N = 10 

1. 48 4 .92 103.866 8 65.975 65 . 4373 391 68 .1 
... N = 11 
485. 74 97.0457 8 74.444 68. 6389 41 908. 8 

• N = , 2 * 48 6. 8' 9 1-0'415 88,1. 927 71. ,6986 445 36 . 4 
... N = ',' 13 • 

l t 
48 7.15 8 5.711 888 . 591 ' 74.6338 ' 470 62 . 7 
... N : " . 4 * 
48 7. 80.9434 89 4.566 77.4587 49 497. 6 

* N - :15 * II 488.305 7 6.6515 899 .958 80 . 1848 5 1849 • .4 

* N II 16 * 488, 7 72.76$'2 ' 904 . 849 8 2 . 821 9 5 4 125 . 7 

f1 
• N' '-: 17 . 

69.2278 909.309 85 . 3782 332.5 48 9 , . 5 

• N' 
.. * 48 9 !t69 

.. . 
65.9927 9 13 . 394 606 5 475 . 7 

1 
. \ 87 • 

... N ;,l 'f • 490'.'G86 63.02 13 917.151 90. 2 757 0 60 . 

* N = 20 * 490.45' 60.2814 920.619 92 .6283 62' 9 . 

F-1 5 
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REPRODUCIBILITY Of THE ORIGINAL PAGE IS POOR. 

* * Hr ' = 28 * * 
zo = 4 82~ 759 
S = 1 . 001 .68 

- ~-- -

S- Band Data 

'II', ~ , .. " . '. '\ . ... ~ ."., 

c 
* N = 1 
4 84. 708 
* N '= 2" 
486 •. 26 1 
* N = 3 
4 87 . 528 
* N = 4 
488 . 582 
* N = , 5 
4 89 . '47 1 
* N = 6 
41 90 . 232 
* N = 7 
490 . 891 
* N = 8 
4 9 1. 466 
* N = 9 
49 1. 974 
* N = 10 
4 92 . 424 
* N = 11 
492 . 827 
* N = i2 
493 . 1 9 
* N = 13 
49 3 . 516 
* N = 14 
49 3 . 813 
* = ' 15 . 

, 4 9 4 . 085 
* N 16 
4 9 • 33 
* 17 
49 4 . 

Zl 

* 
* 260 .533 
* 

,2 24.045 .. 
19 7.38 1 

* 176.744 .' , 

' .. 
160 . 173 

* 14 6 . 5 '15 
* 

13 5 . 03i 
* 

125.219 

* 1 16.728 

* , ' 10 9.2'99 

* , , , 
102.138 

* 9 1.6598 

* 6. 9351 
* 

82.6485 

7 .74 

49 . 77.~ 75 . 16 
* .' 9 ~ ·" " '-. ·: 
494. 968' .:' :".'., / 71. 8673 ' 
* N = 2 0 .~: ' • 
4 9 .149 68.82 74 

• Z2 

653 . 05 

"71 1. 89 · 

' 7-~ 1, • . 0 12 
f' '~f : .... 
. ":t,. . 

" >.77 .78!3 

·820.291 

. 8'3 5'.267 

.': SA7. 02 

I. 

.~.'} 85 8 . 728 
" 
',,' 
II' 868. 12 . , " 

876.354 

\ 
883.639 

89{). 135 

'895 . 967 

90 1. 234 

906 . 018 

91 0 . 384 

91 4.386 

91 8 . 069 

92 1. 47 1 

F-16 
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35 .8533 

41 .4035 
• 

46'.2 9·45 

50.7 171 

54 .7849 

58. 5719 

62.1 2 92 

65. 4945 

68 .6958 

71 .7551 

74 .6899 

77· 51 44 

80. 24 

82 . 8767 

85 . 4325 

8 7 . 9147 

90 . 3292 

92 . 8 13 

A 

10378 . 8 

14839 . 

1893 8 . 7 

262 94 . 6 

29635 . 6 

3279 3 . 8 

3 5792 . 5 

38651 . 1 

4 1385.5 

44008 . 9 

4 6532 . 5 

4 fJ966 . 

5 1317 . 5 

53 594 . 2 

55 802 . 2 

5 7 947 . 

60 0 33 . 4 

6206 5 . 5 



S-Band Data 

* * HI ,= 30 * ~ 

ZO 500 .' , = 
S = 1.0018. • 

~ , 

C Zl Z2 , W A 
* N-= 1 . * 
500 336 . 549 663. 451 20.7078 531 6 . 7 

J. * N = 2 * 
500 280 .1 88 719. 812 29. 2868 1011 2 . 2 
* N = 3 * 
500 242 . 806 757 .194 35. 8709 1449 1. 9 
* N - 4 * 
500 , 2 15 .1 8 784 . 82 41.4223 18532 . 2 

. ' N = 5 * 
500 193 . 605 806. 39'5 • 46· 314 22290. 3 
*'N = 6 * 
500 176.153 ~23 ,. 847 50.7372 258 10 . 
* N = 7 * " 500 161.677 838. 323 54. 8054 2912 5 . 6 
* N = 8, * 
500 149 . 44 1 850. 559 ~8. 5925 3226 4 . 5 
* N = 9 
500 138 . 939 861.061 62.1 50 1 35248 . 7 
* N = 10 
500 129 . 814 870. 186 65 . 5 154 38096 . 4 
* N = 1 1 
500 121 . 802 8 78.{98 68.71 68 40 822 . 8 
* N = 12 , 
500 . ' 11 4 .705 885.29 5 71. 77 62 43440 . 5 
* N = 1 

i. 
500 108 . 369 8 91.631 7'4 .711 4 5960 . 3 
* N = 14 
500 102 . 675 897 . 325 , 77. 5355 48391 . 3 
* N = 15 
500 9 7 . 5258 902.47J1 80. 26 11 50741.6 
* N ' 16 
500 ' . 92.8J15J1 907 .1 55 82.8977 5301 8 . 

N 17 
500 88.5704 911 . 43 85. 4536 55226.4 
* N 18 
500 84.6485 9 15.352 87. 9357 57372 . 3 
* N , , 

500 ,8'1.0362 918.964 90~3 502 59460 . 2 
* N = 
500 77.6969 922.303 92.7023 6149 4 . 4 

F- 17 



* ~ HI = 32 * * 
ZO =' 516".129 
S = 1.0019·2 

* N III 1-
51 4.51 ' 
* N = 2 
51 3.186 
* N = 3 

. 51 2 .OS4 
* N = . 4 
511 .151 
* ' N :I '5 
51 0.352 
* N III 6 
509.659 
* III ' 7 
509. 054 
* N III S ' 
508.S19 
* N:I 9 
508.045 ""' 
* N III I ' 
507.62 
* N III fl ~ 
507. 237 
* N III . 12 
506. 892 
* N III 1 
506. 577; ·. 

. * N :I . 
506 . 29 
* N :I 15 
506.027 
* N III 16 
505 .785 
* III . 17 

* 
* 

*' 
* 
* 
* 
* 

* 
* 
* 

Zl 

355 . 841 

299.20_9 

261" .1 36 

2;32. ;P6 

210 .315 

192.076 

1 76'. 859 

163.929 

152 .. 784 

143.062 

"'34.497 

1'26 . 886 

120 .074 

108 . 376 

505 .562 c • 98.6757 
* N = . 

/ -, . ' # 

505.35 .' 94 . 171 
* N III ~ \r , , .. '. 
50S el63 · ... , .~ 4 ;·:.: 90 ~ ~89 

* N = 20 * 
0 4.984 ' 86 .853 

S-Band Dat a 

Z2 

6 73.179 

727 .164 

189 . !:"9~ 

810. 388 

827. 243 

841 . 2A8 

8 53.1 09 

8 63.305 

8 72 . 177 
. 

8 79 . 978 

88.6 .891 

8 93 . 08 

' 8 98. 644 

903 . 679 

90 8. 26 

91 2 . 448 

9 16 . 293 

9 19.831 

923 .. 16 

F-18 

· w 

20 . 6993 

. ~ 5.859 

. 41. 4099 

46. 3013 

SO '7244 

54. 7926 

58 . 58 

62 . 1377 

65 . 5033 

68 . 70 49 

71. 7646 

7 4 . 69~7 

77. 5244 

8.0 . 2503 

82 . 8873 

85 . 4434 

87 . 9258 

90. 3406 

92 . 693 

A 

5 159.0 2 

9840.17 

14135 . 2 

18 111. 9 

21 821.7 

25304 . 4 

28591 '. 4 

3 708 . 3 

.346 75 . 5 

37 510 . 3 

40226 . 8 

4283 7. 2 

453 51 . 6 

477 79 . 

50 126 . 9 

52402 . 

54610. 

56756 . 3 

58845 . 2 

60880 . 8 

, 1 

. I 

f' . j 



S-Band Data 

* * HI = 34 * * 
ZO ' = ,531 . 25, . I 

H s = 1.002 05 

I' C ZI Z2 W A l! * N = 1 • * 52S· 288 ,374 . 273 682.302 20 .6736 500 1. 48 
lit, N = 2 ,* . 
52 5 . 838 3J 1 . 585 7'3 4.09-1 29. 243 ' 95 66 . 09 
* N = 3 * 523. 778 279. 001 768. 555 35. 8.219 13 77 3 . 4 

• I * N = , '4 ' * 522. 023 249 . 9 -11 794. 134 41.3703 17 683 . 
* N = ' 5 * 52Q. 508 226.821 814.1 95 46. 2603 2 1 3,Lj 1 • 
* N = 6 * 519. 188 207.887 830. 4~-9 50 . 6825 247 83 . 3 

! ' * N = 7 * 51 8 . 027 - 192.00 1 8 44. 053 54 . 7503 2803 8 . 8 
* N - 8 * , 
51 . 999 t78.437 , 855. 56 I 58. 5375 311 30 . 9 

.1 * N = 9 * , 
51 6 . 081 166.696 865.467 62 . 0952 340 78 . 8 
* N = 10 * 

i 1 
5 15.257 -'156.416 874. 099 65 . 461 3 6898 . 3 
* 'N = 1 1 * 514. 514 147.329 88 1. 699 68 . 6629 39603 . 

Ii * N' = 12 
513. 839 ,139 . 23 1 868 . 448 7 1.7229 ' 42204 . 3 

•• * N = 13 * 513. 224 131 . 963 8 94 . 486 7 4 . 6585 4 4711 . 9 

H '-'= N = 14 * " 
512 .662 125 . 4 899. 924 77. 4836 4 7134 . 2 . 
* N = 15 * 512. 145 119 . 44 904. 85 80. 21 49 478 . 5 
lie N = 16 
5 11.668 ' 1 1.l{. 00 1 9.99. 336 82. 8475 5 17 5 1. 2 
* N = 17 * 5 11. 228 109.0 15 913· 441 85~404 1 53957 . 9 
* N = 18 * 510.819 104 . 427 91 7 · 212 8 7 .887 5610 3 . 7 

,*, N - ' 19 * 510.439 100·1 89 920.69 ' 90~3023 5 19 2 . 8 
* N = 20 * 510.085 96.2605 923.91 92.6552 60229 . 2 
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'I 

- and a t a 

~ HI = 36 * * 
ZO = 545 . 455 
S = 1.0021 8 

C ZI Z2 Iv A 
* N ;: 1 * 541.38 . 3 91.88 690. 879- 20 . 6335 4845.46 
* N ::;: 2 * 5 37 . 974 335.318 740·631 29-1 9 1 9292 . 45 
* N. = 3 * 5 35 .086 296 .381 7 73 .792 35. 763 13Lt09.6 
* N = Zl '. 532 .60-6 2 66.762 79.8 .. '45 41. 307 1 17249 . 3 
* N = S * 530.453 243.078 817.828 46.1 9 4 3 20 852 . 5 
* N = 6 * 52S.56 6 223 . 53 7 833 . 596 50 . 6148 24251 . f, 
* N = 7 . 526 . 899 207 . 053 846. 746 54·6814 2 7472 . 7 
* N = 8 * 
525.41 6 192 . 914 , 857 . 9 18 58 . 468 30537 . 5 
* N = 9 * 524.087 180.625 8'67. 55 62. 0255 33463 . 4 
* N = 10 * 522 . 89 169.826 875 . 955 65 . 3912 362f,5 . 6 
* N'= 11 * 52 1 . 80 '7. 160.249 . 883 . 364 68. 5934 38956 . 5 
* N = 12 * 520. 821 15 1. 69 1 889,. 95 71. 6537 , 41 546 . 9 
* N = 13 * 51 9. 92 143 . 99 895 . 85 74 . 5896 44045 . 9 
* N = 14 
519. 094 137 . 02 90 1.1 68 77. 4153 46 46 1. 7 
* N = ' 15 * 51 ~: . 333 130 . 676 90 5 . 989 \ 80 .1 423 4 80 1. 1 
* ~ = 16 * 51 7 ~63 1" 24 . 877 91 0 . 384 · 82 . 7803 5 1070.3 

* = 17 * 51 . 98 11 9.551 9 14.408 5 . 3376 532 74 . 6 
= 18 * 51 6.375 14 . 642 91 8-108 7 . 82 12 55 418 . 9 

* = 19 * 51S. 8 12 110.1 0 1 921. 523 90 . 237 1 57 507 . 3 
* N' = 20 * 515.286 I ' 105. 886 924·686 92 . 907 59543 . 8 
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. F.3 Diffraction Effects of Fence Placements 

From the above discussion, it can be seen that the primary use of diffraction 

fences on <a planar range surface should be the screening of t._h"e receiv~r fron1. 

energy which would, in the absence of the fences, be incident from points within 

the region of the range surface including the Fresnel zones which are illuminated 

by relatively high-level regions of the transmitted pattern. Such surface screen­

ing requires placement of the diffraction fences such that they intercept part of 

the energy from the source antenna; this results in perturbations of the receiving­

aperture field due to diffraction effects. If such perturbations are not negligible, 

a compromise must be arrived at for a fence configuration, which will afford an 

acceptable total field disturbance due to the combination of reflections and 

diffraction. The following development gives an indication of the effect of a 

single fence on the free -space field of the source antenna for the MILA range 

geometry. 

Consider Figure F. 2. 

ht 

1 'MAGE 

Ro 

/ 
/ 

Figur e F. 2. Relation of Diffraction Parameters to Range Geometry 
for a Single Diffraction Fence at the Center of the Range 
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From the geometry, 

(F-17) 

(F-18) 

(F-19) 

and 

(F-20) 

(F-21 ) 

and 

(F-22 ) 

For a point-source radiator, consider the superposition of the diffracted fields 

from the source and its image. If the fence of height hF were infinitely wide, 

the Cornu spiral
F

-2 would provide a solution to the calculation of the field at the 

receiving point. 

The full development of the theoretical basis of the Cornu spiral and its applica­

tion to the present problem is beyond the scope and intent of this analysis. The 

approach is essentially one of di.viding a wavefront into incremental regions in a 

systematic fashion and computing the field at an obs ervation point in terms of the 

relative phases of contributions from these "secondary" or "differential" sources. 

It is shown in the indicated references tha.t this procedure leads to the Fresnel 

integrals 

Ju IT(U I )2 
C(u) = cos 2 du ' 

o 

F-2Rossi, Bruno, Optics, Addison-Wesley Publishing Co., 1965; pp. 184-196. 
Longhurst, R.S., Geometrical and Physical Optics, John Wiley & Sons, Ltd., 

1964; pp. 264-274. 

Jenkins, Francis A., a.nd Harvey E. White, Fundamentals of Optics, McGraw­
Hill Book Company, 1957; pp. 363 -375. 
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" and 

J
u 1T(UI)2 

S(u) = sin 2 clu ' , 
o 

and to the Cornu spiral, which is a plot of S(u) versus C(u). 

Consider Figure F. 3, which summarizes the application of the cryptically stated 

technique to the present problem. 

S 

SOURCE 

(a) Section Through Wavefront 

The point P of Figure F. 3(a) receives energy o 

dj 

PC! 

Po 

Pb 

SHADOW 
REGION 

APERTURE 
OF 

INTEREST 

9 

Po Pa 

d ...... u 

0 
t 

-Po Pb 

(c) Resultant Field Arnplitude 

s(u) t 
,5 

/ 0 
/ 

,5 ~ 

c (u) 

(b) Sketch of Corn:u Spiral 

Figure F. 3. lllustration of the Application of the Cornu Spiral 
to the Straight-Edge Diffraction Problem 
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from only half of the transmitted wavefront. The magnitude of the field which 

would exist at Po in the absence of the fence is represented by the line 21 Zz on 

the Cornu spiral sketched in Figure F.3(b). The presence of the fence makes the 

lower branch of the spiral ineffective as far as the field at P is concerned, thus 
o 

the amplitude at P , normalized to the unobstructed case, is represented by the 
o 

line 2 1 0 , thus is 0.5 as shown in Figure F. 3 (c). 

For a point of observation such as P, the whole of the wave above SP is un-a a 
obstructed, so that the total upper branch of the spiral is effective. In addition, 

the portion of the wave between SP and SF is unobstructed, and the corresponding a 0 

portion of the spiral between 0 and Al is also effective. The field amplitude at 

Pa is thus represented by th,:,! line 21AI on the spiral. As P
a 

moves away from 

Po' the point Al moves around the lower branch of the spiral toward 2 2 , pro­

ducing the successive maxima and minima indicated in the amplitude sketch. 

For a point such as P
b

, the whole of the wave below SP
b 

is obstructed, as well as 

the portion of the wave between SP
b 

and SPo ' The corresponding effective portion 

of th~ Cornu spiral is thus between A2 and 2 1, and the amplitude at P
b 

is repr e­

sent'~d by the line 2lA2 on the spiral. As P
b 

moves away from Po' the point A Z 
moves around the upper branch of the spiral toward 2 1, producing the uniformly 

decreasing portion of the amplitude sketch for d < O. 

It is noted th"t even for ideal theoretical conditions (an isotropic source antenna 

and a knife-edge of infinite width and height), the Cornu spiral is so:mewhat 

inaccurate in the regions of its asymptotes (21 and 2 2 ) due to certain approxima­

tions. Also, the finite source -fence distance and the nonuniform amplitude and 

phas e of realizable transmitted wavefronts would contribute to error if this 

technique were applied to precis e quantitative analyses. However, for the 

present purposes, this approach yields rapid and informative qualitative indica­

tions of the effects of diffraction fencing. 

For the range configuration of Figure F.2, the point PI is in the illumination 

region of the source, and is removed from the boundary of the shadow region of 

the source by a distance (hI' + H L ) cosaL == (hI' + H L ). The field at PI.' due to 

the source~ is one-half that which would have existed if the fence were not present. 

Between PI. and PI' this field exhibits successive maxima and minima. The point 

P2 is in the shadow region of the image, and is removed from the boundary of the 

illumination region of the image by a distance HUcosa U= flu. The field at Pu ' due 
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to the in~age, is one-half that which would have existed if the fence were not 

present. Between Pu and P
2

, this field decreases uniformly toward zero. 

The fields may be plotted ir01'I1 the Cornu spiral, if the distances XaL and 

XOU from the top of the fence to the points PL and PU ' respectively, are known. 

From the geometry of Figure F. 2, 

(F-Z3) 

and 

(F-24 ) 

If d L and d U are distances from PI., to II and from Pu to P2 , respectively, the 

, ;, • corresponding arc lengths on the Cornu spiral are 

.... 

I 
I 

"L" (X~2t dL 

and 

where the units of the spiral are chos en such that 

s - vi for d2 - (X + A}2 Xa .!. X A - - 02 -0- 0 

As stated above, the range dimensions are such that 

dL == hr +HL (the dist~ce from PL to the receiver) 

and 

d U == HU (the distance from Pu to the receiver) . 

Employing these approximations and equations (F-17) and (F-18), equations 

(F-2S) and (F-26) become 

2 .L ~ R l _1/4 
sL == (X")2' (ht - 2hF + h r ) 0h t - hF)2 + ( 2°}2J 

and 

(F-ZS) 

(F-26 ) 

(F-27) 

(F-28 ) 

(F-29) 

(F-30) 

A sketch of the diffraction-field amplitude versus the Cornu spiral factor s is 
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given in Figure F.4 for a point-source radiator, where the an'lplitudes are 

nonnalized to that of the unobstructed free-space wave. Figure F.5 gives a 

graph of the envelope of the diffraction field amplitude about the free-space 

asymptote up to s = 25. Twn alterations of the idealized curve of Figure F. 4 are 

caused by the use of typical directive source antennas rather than point-source 

radiators. Since the fence is at s orne level of illumination below the level of the 

beanl axis, the successive maxima and mininla of the field will approach the 

free-space asyn'lptote somewhat lnore rapidly than indicated in Figur e F.4. 

Also, the asyn'lptote will exhibit son'1e concave curvature for relatively slnall 

displacen'1ents from the shadow-illumination boundary, so that both the relative 

amplitude and the peak-to-peak variations of the resultant field will be less than 

indicated by the theoretical curve. lTigure F.4 thus represents a "worst-case ll 

condition of diffraction in the antel1l1a range situation. (Second-order reflections 

are not considered in this analysis. ) 

A computer program was mnployed for calculation of diffraction effects 

r esulfing fron'1 the placen'1ent of a single fenc e at the center of the MILA range. 

The calculations were basF~Q on equations (F-27) through (F-30), and were made 

for both an 8 -foot fence and a 12 -foot fence at X -band, S-band and L -band. The 

results of this computer analysis are summarized in Figures F. 6 through F. 8. 
-, 

As an example of the use of these data in conjunction with Figures F. 4 and F.5, 

consider a test situation at 10 GHz with the source and receiving heights set: at: 

30 feet and a 12-foot fence in place at the center of the 1000-foot range. From 

Figure F. 8(d), we see that the receiving point is approximately 24 feet into the 

shadow l' egion of the image, and the corresponding Cornu spiral factor is 4.8. 

Referring to the portion of Figure F. 4 illustrating the shadow region, the image 

is seen to contribute a negligible amount of energy to the field at the receiver. 

For the direct wave from the source antenna, Figure F. 8(d) shows that the 

receiver is some 36 feet inside the illumination region, corresponding to a 

Cornu spiral factor of 7.3. The plotted envelope of Figure F. 5 shows that for 

s = 7.3, a peak-to-peak variation of the order of 0.06 tinles the bealn 111<LxiInum 

will exist i:1 the field near the receiver due to diffraction of the field from the 

source antenna. For typical logarithmic field amplitude plots, such a variation 

would produce a ripple component given by 2010g(1 + .03)/(1- .03), or about 

O. 5 decib e1. 

If an isotropic source antenna had been employed without the fence in place, the 
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specular point would have been illUIninated by energy at the level of the direct-

path wave. As suming the relatively large grazing angle for this example reduced 

the magnitude of the reflection coefficient to 0.5, the corresponding ripple 

component of a logarithmic aperture-field plot would be given by 2010g (1+.5}/(1-.5), 

or about 9.5 decibels. For this theoretical example, then, a single 12-foot fence 

at the point of specular reflection would reduce the variational component of the 

receiving-aperture field from approximately 9.5 decibels to 0.5 decibel. 

It is of interest to consider the effect of this same fence for the conditions of the 

above example with the exception that a typical dir ective source antenna is 

employed rather than a theoretical isotropic source. As a particular case, assume 

that a I-foot diameter paraboloid is used, and that the main lobe of the transmitted 

beam is centered on the receiving aperture and has a sinK9/K9 amplitude charac­

teristic. For such a pattern, the factor K is given by (see Appendix E) 

K == 2.28D/A 
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where D is the paraboloid dialneter and A is the wavelength. This form for K is 

used with angles e. l11.easured in radians fron"1 the axis of the ulain lobe. For the 
1 

current example, the angle to the specular point is given by 

-1 2hr . 2(30) . 
es == tan Ro == 1000 == 0.06 radIan 

and the angle to the top of the 12-foot fence is given by 

-1 2(30-12) . . ef == tan 1000 == 0.036 radIan. 

Thus Ke ::: 1.39 and Kef::: 0.84; from sinx/x tables it is seen that the level of the 
s . 

wavefront at the top of the fence is some 1. 1 decib els below the beam maximul1"1, 

and that in the abs ence of the fence the specular point would have been illunlinated 

by energy SOlne 3 decibels below the beam Inaximun"1. Again assuming the reflec­

tion coefficient is only 0.5 due to the elevated source, the reflected wave would 

have an al11pli~ude 0.354 Urnes that of the direct wave if the fence were not used; 

tIns value corr esponds to an aperture-field variation of 6.4 decibels. (See Figur e 

4.8 for an experimental plo~ of the aperture field under the conditions of this 

example.) When the fence is in place, the reducriun of the illunrination of the 

top of the fence to a level 1.1 decibels below the direct-path beam caus es the 

resulting diffraction envelope to be reduced by a factor of approximately 0.9. 

The residual aperture -field variation due to diffraction should thus be very nearly 

20log (1 + .9 [.03J )/(1 - .9 [.03J), or about 0.4 decibel. Experimental verification 

of this theoretical value was not obtained, becaus e the emphasis of the X -band 

progran"1 was on obtaining residual variations of les s than 0.2 decibels. 

A further reduction of the residual variation requires a lTIOre directive source 

antelUla rather than a reduced fence height, since the fence must screen a signi­

ficant portion of the range surface in the region of the specular point. Several 

sets of experimental aperture-field data are presented in Chapter 4 which 

illustrate the effect of diffraction fencing on the field purity in the elevated mode, 

employing directive source antennas. It is shown that once the first several 

Fresnel zones are screened from illumination by the source, additional fence 

placements provide very little improvement in the configuration of the field over 

the test aperture. Figures F.9 and F.lD show the relative Fresnel zone screen­

ing provided by an 8 -foot fence and a ! 2 -foot fence at X-band and S-band, 

respectively, as a function of source antenna height in the eluvated l"l"1ode. 
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APPENDIX G 

POLARIZA TION MEASUREMENTS 

Determination of the complete radiation characteristics of an antenna requires 

measurement of the polarization p1:operties of the antenna. Polarization pro­

perties of antennas and polarization measurement techniques have been described 

in detail in the literatureG-l. Only a brief discussion of polarization will be 

presented here as it relates to tl1.e KSC-MILA problem. 

The polarization of an electromagnetic field at a point in space is defined as the 

direction along which the electric vector points, and the polarization of an 

antenna is descrfbed by the polarization of its radiated field. At large distances 

from an antenna the polarization of the radiated field is virtually independent oX 

the distance frorn the antenna in the same lTIanner that the radiation patterns are 

independent of distance. 

The electric vector of a linearly polarized wave at a point in space oscillates in 

a single direction which is normal to the direction of propagation. In this case 

the total energy in the field is contained in a single polarization, repres ented by 
~ 

the electric field and its associated magnetic field. In the general case, how-

ever, the total energy in the field is the SUlTI of the energy in two orthogonal 

polarizations. The electric vectors of these two orthogonal polarization compo­

nents are in space quadrature, but are not necessarily equal in either magnitude 
..... 

or phase. In this event, the total field at a point in space represented by E(t), 

the vector summation of the two component electric vectors, does not oscillate 

in a single direction, but rotates in a plane which is normal to the direction of 

propagation; in the general case the instantaneous magnitude of the total field 

changes with time, and the tip of the electric vector repres enting the direction 

and magnitude of the field and plotted versus time describes'an elliptical locus, 

which is the familiar polarization ellips e of Figure G. 1. 

The importance of the polarization in the analysis of system performance can be 

seen by consideration of the equation for power transfer between two arbitrarily 

G-IL . Clayton and J. S. Hollis, Antenna Polarization Analysis by Amp1itud~ 
Measurement of Multiple Components, presented at the Thirteenth Annual Sym­
posium on USAF Antenna Research and Development, University of illinois, 
15-18 October 1963. 
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Figure G. 1. Polarization Ellips e for Right-Hand Elliptical Polariz~tion. 
Direction of propagation is out of paper. Rotation of E (t) 
is counterclockwis e in accordance with IEEE Standards. 

polariz ed antennas G-2, 

P 
r 

where 

P is the power received, 
r 

P is the input power at the term.inals of the transmitting antenna, 
o 

G is the gain of the transmitting antenna, 

G' is the gain of the receiving antenna, 

R is the separation between antennas, 

r is the axial ratio of the transmitting antenna in the direction of 
the receiving antenna, 

r' is the axial ratio of the receiving antenna in the direction of the 
transmitting antenna, and 

a=(T-T'}, the angle between the maxima of the polarization ellipses 
of the two antennas. 

(G-I) 

G-2V . H • Rumsey, G.A. Deschamps, M.L. Kales, and J.I.Bohnert, "Techniques 
for Handling Elliptically Polarized Waves with Special Reference to Antennas, " 
Proceedings of the IRE 2.2., pp. 533 -552 (1951); also the immediately following 
paper by M. G. Morgan and W. R. Evans, "Synthesis and Analysis of Elliptic 
Polarization Loci in Terms of Space-Quadrature Sinusoidal Components." 
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In accordance with IEEE standards, in (G-l) rand r' are taken as positive for 

right-hand circular polarization and negative for left-hand circular polarization. 

The quantity within the brackets is comn~lOnly referr.ed to as the polarization 

efficiency of the antenna systen'1. When r=r' and cx:;'O, the polarization efficiency 

becomes unity and (G-1) reduces to 

p = P GG' 
r 0 

In this cas e the antennas are said to be polarization m.atchec1. 

(G-2) 

If either of the antennas is linearly polarized, r or r' approaches infinity, and it 

is nec cs s ary to write (G -1) in the forn'1 

p = P GG' (l)2 
r 0 4'ITR 

I I 4 I 1 
(1 + -) (1 + -) + - + (1 - -"-r' ) (1 - r~' I ) cos 2cx ~ rl.:l r r' _.<l ••• '" 

2(1+-4r} (1+::1) r r 

(G-3 ) 

If the field of an antemla under test is explored by rotating a linearly polarized 

probe antenna (r'= 00) about an axis which is parallel with the direction of propaga­

tion, the received power is given by 

p 
r [ (~+ 1) + (~- 1) COS2CX] 

2 (r2 + 1 ) (G-4) 

The an'1plitude E of the signal at the terminals of the probe antenna is propor-
J. r 

tional to (P )2. 
r 

Thus, from (G-4) Er can be seen to be given by 

(G-5) 

The quantity within the brackets of (G-5) is the polarization pattern of the antenna 

under test, shown in Figure G. 2. The polarization pattern has l1'la.xima f0r cx=O or 

'IT and l1'linima for cx= ±'IT/2. The polarization pattern serves to define the axial 

ratio r and tilt angle T of the polarization ellips e. 

Measurement of the polarization pattern of an antenna by rotation of a linearly 

polarized probe in the field serves to determine the tilt angle and a.-.,,;:ial ratio of 

the field radiated by the antenna in a given direction; it does not detern'1ine the 
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Figure G. 2. Geometry Showing Relationship of Polarization 
Pattern to Polarization Ellipse 

sense of the polarization. This can be accomplished by sampling the field 

successively with idt::ntical right circularly polarized and left circularly 

polarized antennas, and using the relation 

r = (G-6) 

where ER and EL ar~", the amplitudes of the signals at the terminals of the right­

and left-circularly polarized antennas, respectively. 

An alternative method of polarization measurement is given by Clayton and 

Hollis G-l. This method, called the multiple component method, involves 

me21surement of a minimum of 4 components of the received field, usually ER 

andEL and EO or E90 and E45 or E 135 , as shown in Figure G. 3. 

If all six components are measured, the complete polarization characteristics of 

an antenna can be determined by the si:rpple equations: .. 
(G-6) 
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and 

1. -I 
T = ztan 

~o 
(G-7) 

Additionally, measurement of all six components provides a check on the validity 

of the data through redundancy since 

Use of (G-8) with (G-7) gives 

1. -I 
T = ztan 

2E45 (E~ + Ej) 
2.E'lO - (E~ + E'l) 

requiring measurement of only four compon(~nts, but without the redundancy 

check provided by six measurements. 

(G-8) 

(G-9) 

·When antennas are employed in a system which detects energy scattered from a 

complex target, the polarization response of the system depends on the cOlnbined 

polarization characteristics of the translnitting and receiving antennas and of the 

target. A determination of the requirement for polarization measurements must 

be made for any particular test problem on the basis of the particular systeln 

characteristics and error specifications which apply. 

EI35VE45 

Figure G" 3. Field Components Used in Multiple Component 
Method of' Polarization Analysis 
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APPENDIX H 

ANGULAR MEASUREMENT ACCURACY 
OF THE MILA RF BORESIGHT TEST FACILITY 

H. 1 Introduction 

This appendix considers factors which affect the capability of the MILA RF 

Bor esight Test Facility in ITleasuring the direction of the line-of- sight froITl the 

source antenna to an antenna under test, usually a direction sensor, such as the 

Gemini or LEM rendezvous radars. The results also apply to angle Ineasure­

ment accuracy for ITlaking radiation pattern ITleasur eITlents , although extreITle 

precision is not norITlally as critical in this application as in the bor esight 

measur eITlent probleITl. 

To provide a background for the specific data and calculations which are pre­

sented in section 4.3, a theoretical discus sion is included of antenna positioners 

and antenna positioner errors related to bor esight ITleasureITlents. Certain of this 

inforITlation was developed under Contracts AF30(602)-3425H-I and NASIO-817H-2. 

and under Scientific-Atlanta spons~red research tasks. 

H.2 Angle Measur ernents on a Boresight Range With Specific Reference 
to the GeITlini and LEM Rendezvous Radars 

An antenna bore sight test range has as its priITlary function determination of the 

accuracy of a direction sensor; here we will consider the sensor to be located on 

an aircraft or space vehicle. A direction relative to the vehicle is usually 

described by two angles ITleasured froITl reference coordinates of the vehicle's 

coordinate system.. Figure H. 1 shows the standard spherical coordinate 

system.H-
3 

which is eITlployed for virtually all direction ITleasuring systeITls. 

H-1Investigation of Precision Antenna Pattern Recording and Display Techniques 
Phase II, Final Report, Vol. I, Contract No. AF30(602)-3425, Project No. 4506, 
Task No. 45064, Report No. RADC-TR-65-534. 

H-2See A Precision Ground-Reflection Antenna Boresight Test Range, included as 
Appendix K of this docuITlent. 

H-3 
IRIG Standard Coordinate SysteITl and Data ForITlat for Antenna Patterns, 

Inter-Range InstruITlentation Group, !RIG DocuITlent No. 102 -61, AD 266697, 
SepteITlber 1961, Chapter IV. 
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Figure B. 1. Standard Antenna Coordinate System 

cj> = 90° 
e = 90° 

The coordinate axes may be oriented with respect to the vehicle in any manner 

that is most convenient; the particular orientation usually is determined by the 

requirements of the vehicle's guidance system. The IRIG standard coordinate 

system for vehicle-mounted antennas is shown in Figure B.2. 

Direction-measuring (boresight) accuracy may be determined in one-way or two­

way n~easurements, sensing the direction to a source antenna in one-way tests 

or to a target antenna in two-way tests. T!le angle measuring problem is the 

same in both cases; here we will consider the measurements to be one-way 

lneasurements made with a source antenna with the understanding that the 
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discussion applies to both types of tests. In making tests of this type it is 

usually impracticable to move the source antenna over the wide range of angles 

which m.ay be required, therefore the line-of-sight to the source antenna is 

maintained fixed or nearly-fixed in direction and a positioner, called a bore-

sight positioner, is utilized to support and rotate the antenna system, with the 

vehicle if it is m.ounted, in relation to the source antenna. The boresight 

positioner should have such orientation capability as required by the using system., 
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and provide a position angle l' eadout systenl whos e output can be con"lpar ed with 

the direction readout of the vehicle's n'leasur en'lent systen'l. 

H. 2.1 Basic Consideration of the MILA Test Positioner for Mounting 
a LEM Mockup 

Appendix K describes the coordinate systenls and angle readout systen'ls which 

are en'lployed in the tests oI the Gen'lini rendezvous radar. In this section two 

positioner orientations are described which are applicable to tests of the LEM 

rendezvous radar. The descriptions are idealized in nature in that parallax, 

luis alignment, radar boresight and other errors are assumed to be zero. The 

effect of angular errors is considered in Section H. 3. 

Figure H. 3 shows the LEM coordinate system and indicates a direction OT 

lueasured by the angles ex and f3 (the shaft and trunnion angles, respectively) of 

the rendezvous radar .>l~ Figures H.4 and H. 5 show the LEM oriented on the bore­

si ght positioner in such a way that the lower azinmth and the elevation axes are 

utilized to rotate the LEM to the required test positions. Figure H.4 illustrates 

a zero reference position~~~~ where 

(1) the l' cndezvous radar shaft axis is parallel to the LEM coordinate 

a..-xis OYL 

(2) the rendezvous radar trunnion axis is parallel to the LEM coordinate 

axis 0XL 
(3) the rendezvous radar RF boresight axis is parallel to the LEM 

coordinate axis OZL' 

At these positions the shaft (Ci.) and trunnion (f3) axis resolvers are to read zero. 

),~The deSignations ex and f3 
system. Thes e angles are 
angles by the definitions 

are eluployed in thp. L1SM rendezvous radar ('.oordinate 
related to the stemdard spherical coordinate 8ystelu 

ex=cp 
f3 :::. 'iT i2 - e . 

(H-l) 
(H-2) 

The LEM OYL axis is the polar axis. 

~'<~~For simplicity it is here assl.uued that there are no misaligllluent errors in the 
l' endezvous radar or the positioning systelu and that parallax error does not exist. 
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Figure H. 3. LEM/RR Coordinate System 

The shaft angle Q! is measured in the right-hand. direction in the ~ ZL 
plane, from ~. to the inters ection of the ~ ZL and lL T planes. TT1e 
trunnion angle"13 is the latitude angle of the"'LOS! (measured from the 
~ ~ plane) in the ~ T plane. It is assumed that the distance OT is 
of"'suHicient magnitJae that 0 and 0' can be considered concident. 
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<:>1I--I--POSITION E R 
ELEVATION AXIS 

~POSITIONER LOWER-I AZIMUTH AXIS 

Figure H.4. View Along the LE!vf/RA OY Axis of a 
Part:ial LEM Mockup Mounted all a 
Three-Axis Boresight: Positioner. 

The LEM/RR OYL (shaft) axis is orthogonal to the 
LEM/RR OXL and O~ axes in a right-hand coor­
dinate sys!:en:1, and is aligned parallel to the 
Positioner Elevation A.'ds. For the illustrated 
position of the radar, a::: f3::: O. 

LOS 
t1------:~, --T 

~a 

/ 

Figure H. 5. LEM Mockup Inclined Such Tha.t: t:he LOS 
is a.t an Angle of ta Front the LEM/RR 
OZL A.~is. 

The trunnion angle {3 is zero for the illustrated 
position of the radal', since the LOS is in the 
XLZL plane of the LEM/RR coordinate system .• 
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The zero reference position of Figure H.4 also shows that 

(1) the boresight positioner1s elevation axis is parallel to the LEM 

coordinate axis OYL and nOl'lual to the direction 0 1 T 

(2 ) the positioner 1 s lower -azimuth axis is parallel to the LEM axis 

OX
L 

and no1'n"1al to the direction 0 1 T. 

At these positions the shaft position readout of the boresight positioner corre­

sponds to the zero position of the shaft and trunnion axes of the rendezvous radar. 

Figure H. 5 shows the boresight positioner elevation axis rotating the LEM and 

the LEM coordinate systelu to an inclination of +a relative to the direction OT. 

The rendezvous radar is shown with its RFaxis aligned with 0 1 T, ind.icating 

that the shaft axis has rotated through a fa angle equal to the angle of rotation 

n"1ade by the bor esight po sitioner 1 s elevation axis. 

Examination of Figure H. 5 shows that during the radar tracking tests (assuming 

no radar errors, nllSalignlnents or parallax) the rendezvous radar trunnion axis 

remains parallel to the boresight positioner l slower -azin"1uth axis. In either the 

orientation of Figur e H.4 or the inclined position of Figure H. 5, rotation of the 

positioner 1 s lower -azimuth axis can be IUatched by rotation in the opposite 

direction by the radar trunnion axis to keep the RF boresight axis of the antenna 

aligned with the direction 0 1 T. 

Figur e H. 6 illustrates a front view of the LEM and positioner orientation shown 

in Figure H.4. The purpose of Figure H. 6 is to indicate a LEM coordinate 

systeIU and positioner axis orientation that may be dir ectly con"1pared to an 

alternate method of mounting the LEM mockup on a three-axis boresight positioner. 

In the alternate configuration of Figure H.7 the upper-azimuth a..xis of the bore­

sight positioner is utilized to rotate the LEM coordinate system to selected 

angles a. The elevation axi s is used only to adjust the upper -azin"1uth axis to a 

position of perpendicularity with l' esp eet to the lower -azin"1uth a..xis. A n"1aj or 

advantage provided by the mounting configuration of Figure H. 7 is that of improved 

positioning accura.cy. The upper - and the lower -axin"1uth axes can be counter­

weighted so that the center of gravity of the turntable loads about each of thes e 

axes is very nearly on the axis of rotation. The resulting small shifts in weight 

due to axis rotations result in small deflection errors. A disadvantage of the 

lUounting orientation of Figure H.7 is that the boresight positioner is clos e1' to 
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LEM IRR 

POSITIONER LOWER­
AZIMUTH AXIS 

POSITIONER -
ELEVATION AXIS 

POSITIONER 
ELEVATION AXIS 

Figure H. 6. View Along the LEM/RR OZL 
Axis of a Partial LEM Mockup 
Mounted on a Three-Axis Bore­
sight Positioner, The LOS is 
out of the page, and O'.=f3= O. 

LEM/RR 
YL~S~H~A~F~T~A~X~IS~--~~3k~-----

r 

~POSITIO. NER LOWER-I AZIMUTH AXIS 

POSITIONER UPPER­
AZIMUTH AXIS 

COUNTER 
WEIGHT 

Figure H. 7. View Along the LEM/RR OZL Axis of a Configuration Utilizing 
the Positioner Upper-Azim.uth Axis for LEM/RR Shaft Motion. 

The LOS is out of the page, and 0'. = {3 = O. 
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. 'the rendezvous radar reflector than in the previous orientations. Although the 

LEM mockup can be designed to partially surround the positioner, parts of the 

positioner would likely be visible to the radar for certain test orientations. 

H.3 Angle Measurement Error on a Boresight Range 

Angle measurement errors from a number of sources must be considered in 

determining the accuracy of a boresight range. For the purpos es of this analysis, 

the error sources can generally be included in one of the following classifications: 

(1) Geometric Error 

(2) Shaft-Position Error 

.(3) Deflection Error 

Additional direction errors which can be caused by phas e and amplitude variations 

in the field over the test aperture, reflections, and parallax are discusl1ed in 

other sections of this report. 

H. 3. I Geometric Error 

If the boresight positioners of Figure H. 8 were geometrically perfect, the earth­

fixed positioner axis OA would be exactly normal to the positioner axis OZp' and 

the direction line OT from the positioner to the source antenna would be exactly 

normal to OA. The geometrically perfect boresight test system would also have 

the vehicle installed on the positioner turntable so that the coordinate system of 

the vehicle would be exactly aligned with the coordinate systeln of the positioner, 

as implied in Figure H. 8. 

An actual boresight range consists of physical components that may approach the 

above requirements, but geometric and mechanical errors will always exist. 

Every boresight measurement system will have three separate geometric errors, 

which can be identified and described as follows: 

(I) Coordinate axis alignment error- -Improper alignment of the 

vehicle coordinate system with that of the antenna positioner. 

(2) Orthogonality error--Non-orthogonality of the two motion axes 

of the antenna positioner. 
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{a) (b) 

Figure H. 8. Spherical Coordinate System Employed with Two Orientations of 
MILA Test Fositioner. The configuration shown in (a) is that of 
Figures H.4, H.5 and H.6. The configuration of (b) is that of 
Figure H. 7. Note that the same coordinate system applies to 
both test positioner arrangements. In (a) and (b) axis OA 

refers to the lower azimuth axis of the test po sitioner. 
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(3) Collimation error - -Non-orthogonality of the e -axis (OA) with 

the direction OT to the signal source antenna. 

The analysis in this section will not present arguments relating to the inter­

dependence of one geometric error upon the others; an analysis of the combined 

effect of simultaneous errors of the three types is beyond the scope of the present 

study. For most measurement applications sufficient accuracy will be achieved 

by calculating the three geometric-error effects separately, and the following 

calculations will treat them as if they were independent functions. 

H. 3.1.1 Coordinate Axis Alignment Error: In order to calculate the errors that 

are caused by coordinate axis misalignment it is convenient to stipulate 

that the positioner and range be mechani:::ally perfect in all other respects. That 

is, it will be assumed that the two motion axes are exactly orthogonal and that the 

direction to the source antenna is exactly orthogonal to the OA axis. 

Examination of Figure H. 8 shows that the polar axis of the coordinate system is 

to be coincident with the cj> axis of the positioner. Since the vehicle coordinate 

system is defined with respect to a mechanical reference on the vehicle while the 

<j> axis is mechanically related to the positioner, some misalignment between the 

two will always exist in practice. The misalignment can be described and the 

errors analyzed by the use of Euler angles (see Appendix I). 

Figure H. 9 illustrates an antenna range installation in which a vehicle coordinate 

system (XYZ) is positioned and fixed to a positioner turntable such that a mis­

alignment error exists. The direction <1>, e is the direction to the sourc e trans­

mitter in the vehicle coordinate system (XYZ). 

The polar (<I» axis of rot'7tion is OZ of the positioner. turntable coordinate system 

'X'YZ, and the direction (j), e is the direction of the sour ce transmitter in the 

positioner coordinate system. * 

The vehicle coordinate system XYZ is misaligned from coordinate system XYZ 
by the Euler angles a, f3, and y. (Not to be confus ed with the shaft and trunnion 

angles a and f3 of paragraph H. 2.) 

* In the context of paragraph H~...L. the system (XYZ) would correspond to 
(zt. XL YL ), and the system (XYZ) would correspond to (~ Yp Zp). 
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In the typical boresight measurements situation the boresight dir ections are 

required as a function of <p, 8. However, the boresight range equipment 

(positioner, position indicator s, recorder) will measure the boresight directions 

as functions of <p, e. 

Given the Euler angles a, f3, and y and the direction (j), e, the direction <p, 8 may 

be calculated by equations (1-9) and (1-2) of Appendix I: 

<p = tan -1 '-- sine sin«j) - a) 
L:>in 8 co sf3 cos (<p- a) 

J_ y 
cos8 sintJ 

(1- 9) 

8 = cos-
l 
[cose cosf3 + sine sinf3 cos«j)-a~ (1-2 ) 

Figure H. 9. A Direction Described in Two Coordinate Systems 
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H.3 .1.2 Orthogonality Error: A positioner with an orthogonality error is dia-

gram.m.ed in Figure H. 10. For this case it is stipulated that all other 

characteristics of the geometry of the system are perfect. The coordinate system 

of the vehicle coincides perfectly with the positioner coordinate system, and the 

direction to the source transmitter is exactly normal to the mechanical a-axis, 

which will be designated OAI. The polar (~) axis of the antenna positioner is OZ. 

The mechanical a-axis OAI, which should be coincident with OA, is displaced by 

an angle 6 from the XY plane. 

If the geometry were perfect, the vehicle coordinate system XYZ could be 

rotated about OA so that the direction OT to the source transmitter would be in 

the plane OMZ. However, due to the orthogonality error, rotation about the 

e axis will position 01' in the plane OMZ I. 

The angles or directions which will be indicated by the instrumentation equipment 

are </>, e, where ~ is the rotation about the positioner polar (</» axis and a is the 

rotation about the positioner a axis. 

Figure H. 10. Antenna Positioner With Orthogonality Error 
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In order to position the direction OT a& shown in Figure H. 10, OT can be con­

sidered to have moved from OX to OM by rotation about the 02 axis, then from 

OM to OT by rotation about the OAr axis. Therefore, the direction ej;" of OT is 

the angle between planes X02 and M02. 

Since e is a measure of the mechanical rotation about OA' it is an angle in plane 

M02', which is the plane of the great circle that is normal to OA'. 

The spherical triangles utilized in the solution are shown in Figure H. 11. It 

can be seen that the spherical angles 2X, 2M, 2M' and 2'M are all equal to 90 

degrees by definition or construction. Also the spherical angles 22' T and 

TM'M are equal to 90 degrees. Angle 0 is the orthogonality error. 

From the right spherical triangle 2'2T 
-1 -

e = cos (coso cose) (H-3) 

and 

(H-4) 

From the right spherical triangle MM'T 

cos(900- S ) 
cos~<j>= cos(90 Q

- e ) 
or 

sinS 
cos ~cj> = sine 

Substituting from equation (H-4) gives 

sinS 

It can be seen from Figure H. 11 that 

<j> = ej;" + A<j> , 

therefore 

(H-5) 

(H-6) 

z 

z' 

-1 sine co s ---=;;;;;,.-----...i 
(l - cosa 0 cosa '8)"2 

(H-7) Figure H. 11. Spherical Triangles 
of Figure H. 10 
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The evaluation of equation (H-7) is difficult when 0 is small. By the substitution 

01 identities a more convenient form can be derived. It can be shown that 

equation (H-7} is identical to 

(H-7a) 

thus for small 0 where cos2 o= 1, 

- -1 ~ -] 
</> == </> + sin Lsino cot 8 (H-7b) 

H. 3. 1.3 Collimation Error: Collimation error is that error which exists when 

the direction to the source antenna is not nonnal to the e axis. The 

effect of collimation error is shown in Figure H. 12. In this analysis the coor­

dinate axes of the vehicle are coincident with the coordinate axes of the positioner 

turntable and the positioner 8 axis (OA) is exactly normal to the positioner </> axis. 

Colli:rnation error is identified in Figure H. 12 as angle c:. When the vehicle 

Figure H. 12. Antenna Positioner With Collimation Error 
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coordinate system XYZ is moved by rotation of the e axis, OT sweeps a conical 

surface OZ I MI. The arc Z I MI is a portion of a small cir de which is parallel to 

the great circle (ZM) of axis ~A. Arc TTl is a portion of a great circle that 

intercepts point A. It can be seen that an antenna positioner with collimation 

error cannot position OT coincident with the OZ -axis; OZ I is the dos est 

approach of OT to the OZ -axis. 

The zero position for <j> will be defined as that position of the mechanical <j>-axis 

that will align OT with the coordinate axis OX. This occurs when OA is at OAI, 

an angle E from Y. The angle e is again defined as rotation of the axis OA; the 

zero position for e is that position which establishes coincidence of OT with OZI. 

The spherical triangles of Figure H. 12 which are utilized for the solution of 

angles <j>, e are redrawn in Figure H. 13. By construction, TTl Z is a right 

spherical triangle with the 90-degree spherical angle at TI, and MM" Z is a rIght 

spherical triangle with 90-degree spherical angles at both M and M". 

In Figure H. 12 it can be seen that 

E = ZZI = TTl = MMI 

and 

<j> = 4l + MIM" 

or 

<j> = <j> + MM" - E , 

where E is positive when angle AI OT is 

less than 90°. 

Further 
tanE 

tanG = ----
sin e 

and since 0'= MM" , 

-1 
MM" = tan 

tanE 
sine -

(H-8) 

which may be substituted in equation (H-8) 

to give 

- -1 
<j> = <F - E + tan 

tanE --
sine 

(H-9) 
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From the conventional relation between the sides and the angles of the right 

spherical triangle TT'Z. 

-1r, - J 8 = cos (os8 cOSE . (H-I0) 

H. 3. 1 .4 Summary of Geometric Er ror Calculations: The calculations fo r a 

direction <p, 8 of a vehicle having geometric misalignment errors are 

sun1.marized as follows: 

(1) Coordinate Axis Misalignment 

(Figure 1.1, Appendix I, and section H.3.1. 1): 

<p = tan 1 '- sine sin«j) - a) ] 
Lsin8 cosf3 cos(<j> -a) - cos8 sinf3 - y 

8 = cos-
1 

[coss cosf3 + sinS sinf3 cos«(j)-aU 

(2) Orthogonality Error 

(Figure H.I0 and section H.3.1.2): 

- -1 sinO cose 
</> = <p + sin _ 1. 

(1 - cos2 0 cos2 8)2 

-1 -
8 = cos (coso cos8) 

(3) Collimation Error 

(Figure H. 12 and section H. 3.1.3): 

- -1 tanE 
<p = <p - E + tan -:-= 

sln8 

E) = cos-
1 

[cose COSE] 

H. 3.2 Shaft Position Error 

(H- 1 1) 

(H-12) 

(H-7a) 

(H··3 ) 

(H-9) 

(H-IO) 

The shaft position of a boresight positioner is usually determined by synchro 

transmitters, resolvers or digital encoders. Shaft position er ror is the difference 

between the true shaft angle and the shaft angle as indicated by the encoder or 
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synchro readout system. The angle measuring equipment of the MILA boresight 

positioner consists of geared synchro transmitters at ratios of 1: 1 and 36: 1 with 

respect to each axis. Over large angles of axis rotation the readout error is 

les s than 0.01 degree (36 arc seconds) maximum for the upper and lower azimuth 

axes and 0.05 degree for the elevation axis. All three axes show an improvement 

in accuracy when a small angle is considered. Errors of less than 0.005 degree 

were recorded when axis angles of 2 to 5 degrees were calibrated. Additional 

information on shaft position error is given in section 4.3. 

At the current state of the art, direct-drive digital encoder systems are more 

accurate than geared synchro systems. On the basis of recent nleasurements 

at Scientific -Atlanta of the accuracy of a positioner which employed 19-bit 

encoders, modification of the existing MILA bor esight positioner by the addition 

of 19-bit encoders can improve the accuracy to about 10 arc seconds. (The total 

shaft position error with an encoder installed consists of the encoder error, 

encoder housing deflection, encoder coupling error, differential temperature 

effects, etc.) 

H. 3.3 Deflection Error 

Positioner deflection errors are caused principally by changes in the forces 

applied to the positioner turntables and by expansion and contraction of structural 

members due to differential temperatur es. Measurements performed by 

Scientific-Atlanta on other recent projects and observations made at MILA 

indicate that temperature effects caused by uneven solar heating can be expected 

to induce deflections of up to 30 arc seconds in the positioner structure between 

the concrete mounting pad and the upper azimuth turntable. 

To reduce the effect of errors due to solar deflection an insulated shield or 

barrier could be fabricated to cover the positioner support structure. In addition 

to the solar radiation shield a deflection monitoring system can be employed. 

The deflection monitor would be installed to indicate the inclination of the lower­

azimuth axis relative to the local gravity vector. Electronic levels such as the 

Taylor-Hobson II Talyvel'l or the Geotechnical Corporation Tilt Measuring System, 

Model 18279, could be utilized for this purpose. Both the Taylor-Hobson and the 

Geotec levels have remote-reading electronic indicators that could be installed in 

the antenna range control room. 
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Large changes in the positioner bending lTIoment applied at the upper azilTIuth 

turntable will cause significant direction errors in a vertical plane. For 

exalTIple, if a 2000-pound lTIodel were supported so that the center-of-gravity 

was 1. 0 feet above the upper -azilTIuth turntable and the lTIodel was rotated frolTI 

the vertical to a horizontal position with the elevation axis, the change in 

bending lTIOlTIent would be 20, 000 pound-feet. The MILA boresight positioner 

has a cOlTIpliance in bending of approxilTIately 12 x 10-8 radians per pound-foot, 

and the 20,000 pound-foot change would cause a structural deflection of 

approxilTIately 0.1 degree. 
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APPENDIX I 

SPHERICAL COORDINATE TRANSFORMATION BY EULER ANGLES~~ 

The relative orientation of two three-dimensional, o:.:thogonal coordinate systems 

can be described by the three Euler angles Ci., {3 and 'Y. In the general case any 

relative orientation of the two coordinate systems can be achieved by three 

succes sive rotations about the coordinate axes. The rotations from a coo:r dina"te 

system XY Z to a system XYZ are (Figure 1. 1): 

1. Rotation about the Z -axis through an angle Ci. to XIIylIZ II. 

2. Rotation about the yll-axis through an angle {3 to XIYIZI. 

3. Rotation about the Z I-axis through an angle 'Y to XYZ. 

y 

x 

Figur e 1. 1. Coordinate Axes Rotated Through 
the Euler Angles Ci., {3, 'Y 

):<The material presented in this appendix was developed under Contract AF 30-
(602)-3425, and was contained i11 Rome Air Development Center Report RADC­
TR-65-534 dated February 1966. It is presented here because of its direct use 
in Appendix H. 
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Let the spherical coordinates </>, e designate a direction OP in the coordinate 

system XYZ of Figure 1. 2, and let the spherical coordinates ~, '8 designate the 

dir ection OP in the coordinate system X Y Z. The direction </>, e may then be 

described in terms of~, 8' and the Euler angles a, f3 and y. 

Figure 1. 2. A Direction Described in Two Coordinate Systems 

Figure 1. 3 shows the spherical triangles which are used in the solution of 

</>, e = f(cp, a, a, (3, y) 

From the spherical triangle ZZP and the law of cosines, 

cos e = cos a cos f3 + sin a sin {3 cos (ej; - a) , (1-l ) 
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Figure I. 3. Spherical Triangles From Figure I. 2. 

or 

9 = cos-1[cose cosf3 + sinO sinf3 cos (~-a)] • (1-2 ) 

And also by the law of cosines 

cos a = cos 9 cos f3 + sin 9 sin f3 cos n (1-3 ) 

It can be seen that 

n = 7T - (<I> + y) , 

and 

cos n = cos [7T - (<I> + ')I)] 

or 

cos n = -cos (~ + ')I) , (1-4 ) 

and 

sin n = sill (<I> + ')I) • (1-5 ) 

Equation (1-4) may be substituted into (1-3) to give 

cos e = cos 9 cos f3 - sin 9 sinf3 cos (<I> + ')I) 
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or 

sin e cos (cp + y) = cos e cos {3 
sin {3 

cos S 

From the spherical triangle ZZ P and the law of sines, 

sin ({ - a) = 
sin e 

sinn 
sinS 

Substituting from (1-5) and rearranging gives 

sine sin(cp + y) = sinS sin(~ - a) 

Dividing (1-7) by (1-6) gives 

tan (cp + y) = sin S sin{3 sin (f - a) 

cos e cos {3 - cos e 

Substituting (1-1) into (1-8) and rearranging gives 

cp = tan-1 [ sine sin{3 sin{¥ - a) ] 
cos f3 [cos e cos {3 + sin e sin (3 cos (cp - a)] - cos e - Y 

which may be simplified to 

cp = tan 1 [ sin S s in ~ - a) ] _ Y 
sin e cos {3 cos (cp - a) - cos S sin (3 
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APPENDIX J 

THE EFFEC TS OF PARALLAX 
IN B0RESIGHT MEASUREMENTS OF ASYMMETRICAL ANTENNAS':~ 

J . 1 Introduction 

The purpose of the investigations which are reported in this appendix is to obtain 

an understanding of the errors which ar e introduced in precision antenna bore­

sight measurements by testing at typical antenna test-range separations between 

the antenna under test and the source antenna. The errors arise from three basic 

and interr elated sources (1) from the physical distance which almost always exists 

between the antenna under test and the origin of the coordinate system in which 

measurements are made, (2) by the uncertainty and lack of uniqueness in the 

definition of a specific point which can be used as the effective location of the 

antenna under test, and (3) by the distortion of the radiation pattern which results 

because the antenna is being tested in a spherical wavefront rather than in the 

virtually planar phase front in which the antenna normally operates, that is for 

large separations between the antenna and the source of radiation. The viewpoint 

in the investigations is related to direction measurements rather than to measure­

ments of distortion of the complete radiation pattern; this viewpoint was taken 

for economy and because of the specific concern for boresight accuracy in the 

evaluation of the MILA range. 

In the present study a Burroughs Datatron 5000 com.puter of the Rich Electronic 

Cornputer Center of the Georgia Institute of Technology was programmed to cal­

culate antenna patterns as a. function of the separation between the source 

antenna and an antenna under test for certain assumed asymmetrical antenna 

configurations. In the following paragraphs terms ar e defined, a summary is 

given of the technique which was employed ill the calculations, and the resulting 

data are presented. 

* The investigations reported herein were supported jointly under Contracts 
NASIO-2l03 and AF30(602)-3425. Except for the introduction to the investigations 
and minor differences, the material presented is the same as that reported in 
the final report under the latter contract (s ee Investigation of Precision Antenna 
PatteI'll Recording alld Display Techniques, Phase II, Final Report, VoL I, 
Contract No. AF30(602)-3425, Project No. 4506, Task No. 45064, Report No. 
RAD C-TR-65-534.) 
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J.2 Definition of Term.s 

J. 2. 1 Parallax 

Parallax is defined as the difference in the apparent direction of a point or obj E.~ct 

as seen from. two different station points which are not on a common straight 

line with the point or object under observation. In Figure J. 1 let the directions 

to the point p be measured from station points which are the origins 0 and 0 1 of 

two parallel coordinate systems. If the directions to p are defined by (cp, 8) and 

(cpl, 8 1) respectively in the two coordinate systems, the cp and ~ parallax angles 

are defined by (cpl_cp) and (8 1-8), as shown below. 

~I 

(ro,4>0,90 > 
~~ _______ y I 

x 

Figur e J. 1. Coordinate Systems Employed for Antenna Measurements, 
Showing Parallax 

With reference to Figure J. 1, the general expression for the rnagnitude of the 

radius vector in a Cartesian coordinate system is 

:a _ :a + ,.2 + :a r. - x. y ~ z. 
111 1 

(J -1) 

J-2 

I 
\ 

l 
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:r Translation from a system whos e origin is (x = 0, y = 0, z = 0) to a system whose 

origin is at the point (x , y , z ) defines 
000 

• n 

~r 
1, 

:r2 = x2 + y: + z2 
o 0 0 0 

If the point defined by (J -2) is to be the origin of a primed coordinate system 

(Xl, yl, Zl), then 

Xl = X -'x 
0 

yl = y-yo 

Zl = z-z 
0 

(J -2) 

(J-3) 

The general transformation equations for the changes of variable in going from 

Cartesian to spherical coordinate systems are (see Figure J -1) 

x. = r. sinS. coscj>. (J -4) 
1 1 1 1 

y. = r. sinS. sincj>. (J -5) 
1 1 1 1 

Z. = r. cosS. (J -6) 
1 1 1 

From (J-4) and (J-5), we have r~ sin2S. = ~+ y;, and from (J-6), cosS. = z. Ir .. 
1 111 111 

The transcendental equations for 9 1 are seen to be 

1 [ 1 sinS I = -rl (r sinS coscj> - r sinS cos</> 'f + (r sinS sincj> - r sinS sincj> F2 o 0 0 0 0 oj 

and 

where 

rl = 

cosS I = 
(r cosS - r cosS ) 

o 0 

rl 

(J -7) 

(J -8) 

.i. 

I(r sinS coscj> - r sinS coscj> 'f + (r sine sincj> - r sinS sincj> )2 + (r cosS - r cosS )212 L: 0 0 0 c., 0 0 0 oj 

Using (J-7) in (J-5) gives. 

sincj> ! 
(r sinS sincj> - r sinS sincj> ) 

000 

= ~r sinS coscj> - r sinS coscj> )2 ~~ (r sinS sincj> - r sinS sincj> ~ i ~ 0 0 0 o. 0 oj 

J-3 

(J -9) 

(J -10) 



Using (J-8) in (J-4) gives 

(r sina cos<j> - r sina sin<j> ) 
000 

COS<j>1 = ----------------------------------~------------------------, 
f{r sina cos<j> - r sina cos<j> f + (r sina sin<j> - r sina sin<j> fJ "§ L 0 0 0 0 0 -0 

Equations (J -7) and (J -8) yi eld 

1 r (r cosa - r cosa f }~ 
a l = cot- 1 0 0 

(r sina cos<j> - r sina cose!> )2 + (r sina sin<j> - r sina sine!> f 
o 0 0 0 0 0 

and equations (J -10) and (J -11) yield 

-1 <j>1 = cot 
r sina cos<j> - r si:nG cose!> 

o 0 0 

r sina sin<j> - r sina sin<j> 
000 

for the pri:med angular parameters. The unprimed angular" pararneters are 

and 

-1 [ z2 J ~ e = cot 2 2 r - z 

-1 
<j> = cot 

x 
y 

The parallax angles are given by 

and 

a = 0 1 - 0 
P 

<p. = <j> 1 - <j> 
P 

(J -11) 

(J.-12) 

(J -13) 

(J-14) 

(J -15) 

(J -:'.6) 

(J -17) 

The situation depicted in Figure J -1 is typical of practical antenna problems, but 

differs markedly in s everity betwe~n operational and measurement situations. 

Let the direction to a target at p be measured in the unprimed coordinate system 

defined by the shaft orientations of, say, a two-axis positioner with origin at 0, 

the inter section of the positioner axes. Let the center of the antenna be located 

in 0 1 a distance r from o. In the typical operating enviromnent the distance 
o 

Rl to the target is of the order of miles and therefore is so large compared with 

r that cj> and a can almost always be considered equal to cpl and a l respectively 
o 

withotl.t measurable err'or. When measurements are being made of the radiation 

characteristics of such antennas, on the other hand, the rallge RI is often not 

J-4 
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~ [sufficiently great compared with r that parallax can be neglected. We will be 
o 

concerned with the effects of parallax at ranges which are of the order of D2 lA, 
where D is the diameter of the antenna under test. 

J"" J . 2.2 Center of Parallax 
,1 i .. ~ 

. , 

. ~, 

" , 
\ 

r"' 
\ i 

In discus sions related to measurement of the radiation patterns of symmetrical 

antennas parallax is sometimes discussed in terms of the center of radiation of 

the antennas !-l This term may be used synonymously with center of phase. In 

considering parallax in test~ng asymmetrical antennas it is n~ces sary to define 

terms more precisely, and in this discussion we will use the term center of 

parallax in contrast with center of phase, and we will not employ the term center 

of radiation . 

Parallax error can be accounted for and removed in analyzing antenna pattern 

data, except for a con~ponent which exists because of lack of specific information 

concerning the location of 0 1
, the center of parallax of the antenna under test. 

The center of parallax will be defined for our purpose as that location 0 1 , i:..'lor 

near the aperture of an antenna under test, which can be employed as an origin 

such that the function g(RI, cpl, al) describing the normalized radiation pattern of 

an antenna will be constant with R I. 

Strictly speaking, of course, g(RI, cpl, 0 1) is not constant with RI; thus a true 

center of parallax does not exist as defined. In pattern measurements of 

narrow-beam antennas, however, a major concern is that of determining the 

direction of the main lobe of the radiation pattern. It is of interest, therefore, 

to consider whether a center of parallax can be defined for practical us e in 

locating the direction which the main beam of an aSYlll'metrical antenna will have 

at large operational ranges when the measur ements ar e made at distanc es that 

are typical in antenna test ranges. 

j i For this study, the direction to the peak of the beam was computed in two ways: 

in' L 
1i ~' 

I 

(a) A computer search was employed at given ranges R to determ.ine the 

point at which the amplitude of the beam had zero slope. The corre­

sponding direction angles to such points are termed <PMR . 

J-1Chastain, et aI, Investigation of Precision Antenna Pattern Recording and 
Display Techniques, Final Report, 1 April 1962 to 29 March 1963, AD41S-912. 
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(b) The direction to the 3 -decibel points on each side of the beam maximum 

was determined by computation at given ranges R, and the average of 

these angles was taken as the direction to the peak. These angles are 

termed ~R. 

The transverse displacement of 0 1 as R was reduced from R = co to some finite 

range R was calculated in the computer program for cas e (b) above. The defining 

equation for this displacement can be obtained from Figure J. 2. 

Ay = .R. 
cos CPR 

(J-18) 

(J-19) 

Ay (for small <.I>R) (J-20) 

Plots of ~<I>, ACPM and ~y are presented for several combinations of phase and 

amplitude asymmetries as a fun::tion of range in paragraph J .4, where 

(J-21) 

Y 

TO ex> 

0 1 

AY 

Oee:~-----'------'-------------X 

Figure J. 2. Geometry Defining Center of Parallax 
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. J. 2.3 Center of Phase 

The center of phas e of an antenna can be defined as the location of the c enter of 

a sphere of radius R I which is coincident with and of the same radius as the phas e 

front produced by an antenna at a point in space p(R, <1>, 8). The location of the 

center of phase is of specific importance in measuring the boresight direction of 
J-2 

phas e-monopulse or amplitude-monopulse radars becaus e such radars 

operate by sensing the direction of arrival of a wave as the direction of the 

normal to the approaching phas e front. 

Morita has shown that a unique center of phase does not generally exist for the 

practical antenna. In analogy with the location of the center of curvature of a 

planar curve, the radius and the location of the center of phas e of an antenna are 

not fixed, but vary with the location in space of the field point. Although the 

radius of curvature of the wavefront of a beam in space is :not generally constant 

with rotation of a plane of exploration about the axis of the beam, the axial loca­

tion of the center of phase is usually not of great importance in practical appli­

cations; therefore our concentration of attention will be directed toward the 

transver s e location of the center of phas e. 

In the following investigations antennas will be considered which are symmetrical 

in 8 but asymmetrical in <1>. Considering only the transvers e location of the 

center of phase, a coordinate system X"Y"Z" (see Figure J.3) will be defined 

which is pa'':'allel with a coordinate system XYZ in which a narrow-beam antenna 

radiates with its beam axis nearly parallel with the X axis. 

Consider the sphere SI centered at 0, and the phase front S2 which intersects 

Sl at Pl' Let the phase of the field at PI be I/> l' Now call 1/>2 the phase at P2 a 

distance RD.<I> from PI in the <I> direction. 

From the geometry, for D.R« R, 

D.R 
RD.<I> -

where O! is defined as the angle at PI between Sl land S2 in the XY plane. 

(J-22) 

J-2Tetsu Morita, Deterrnination of Phase Centers a'lld Amplitude Characteristics 
of Radiating Structures, Tech. Report No.1, SR 1, Project 898, Stanford Res. 
Inst., Menlo Park, California, Contract DA04-200-0RD-273, AD68240; 
March 1955. 
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Figure J. 3. Geometry Defining Center of Phase 

Also, 

and 

n coscj> 
R 

for R» n 

P::6m (J-22), (J-23), and (J-24) 

_~JL.!.~M 
2'Tl'a<l> cos<l> - 2'Tl' A<I> 

(J-23) 

(J -24) 

(for small <1». (J - 25) 

Calculations w~~re rr ... ade in this study of O(R) for certain assumed antenna 

asytrunetries uEling P2 and PI as the half-power points of the main lobe in the XY 

plane. >.'c Results of these calculations are presented in paragraph J. 4. 

"( 

.. The values of Uthus calculated were checked for several cases which are con-
sidered to be extreme by defining a third point pI as the peak of the beam and 
S oIving equation (J -2 5) for values of <I> and ljJ related to the point pair s PI' p I and 
P2' pl. The average values of n calculated in this manner were in close agree­
ment with those presented here. 
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· J. 2.4 Boresight Deviation 

Parallax is of importance in testing high-accuracy, amplitude-monopulse 

direction-of-arrival sensors and, specifically, in measuring the boresight 

error of the LEM rendezvous radar. Antennas of this type sense the direction 

of arrival of a wave as that direction for which the sum pattern signal ~ and 

the difference pattern signal A. at the terminals of each of the two channels 

(e. g., azimuth and elevation) of the monopulse network are in phase quadrature, 

assuming ideal data processing circuitry in the monopulse receiver. This is 

tantamount to the condition that 

IAI = IBI ' 

where A and B are the magnitudes of the signals produced by the opposite lobes 

of the monopulse pattern for the crossover direction in one plane, and C and D 

are the magnitudes in the orthogonal plane. A problem of specific concern is 

that of the behavior of the bor esight dir ections with the separation between the 

source antenna and the antenna under test. 

If we consider sensing in only one plane (say the XY plane, Figure J. 4, where we 

will assume the Z axis to be vertical) the monopulse antenna can be considered to 

consist of two asymmetrical antennas, one with its feed (A) on one side of the 

centerline of the reflector and the second with its feed (B) on the opposite side. 

The axis of the antenna is assumed to lie in the XZ plane. If the antenna possesses 

z 

REFLECTOR IN YZ PLANE 

--~---------------------------~---Y 

. ./ 
./ 

./ 
./ 

~; 

./ 
./ 

./ 

./ 

",,­
",,-

L ././ /--'----- ----------
X 

Figure J. 4. Schematic Representation of Single-Plane Monopulse Sensor 
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mirror symmetry about the XZ plane, the asymmetry for channel A will be 

identical to that for channel B, and the boresight direction </> defined by 
{) 

\A\=\B\ will beinthe XZ plane (</>=0). 

Now, still assuming absolute symlTIetry, if the boresight direction is 

lTIeasured at a source antenna separation \vhich is sufficient for the secondary 

pattern to have forlTIed. (for exampLe at a separation of D2 /4A, where D is the 

dialTIeter of the reflector), the measured boresight direction lTIust lie in the 

XZ plane because of the assulTIption .of symmetry. In practical cases ideal 

• symlTIetry will never exist and the purpos e of the investigatio~ of this s ectiol1 

is to provide an insight into the variation of the bar esight direction as lTIeasur ed 

at different source antenna separations for assulTIed degrees of differential 

symlTIetry between the two antennas of the lTIonopuls e pair. 

In the following section the lTIethod is des crib ed which was elTIployed in the cal­

culations; in section J .4.2 and Figur es J. 16 through J. 19 the input data and 

resulting calculations are presented. It is elTIphasized that these calculations 

are lTIade to give an insight into the problem; the design and fabrication of the 

LEM rendezvous radar are directed toward achievement of as small a differen­

tial aSYlTIlTIetry as possible, and it is expected that the aSYlTIlTIetry which results 

will be much les s than that employed in the calculations. Conclusions are drawn 

in Chapter 6 concerning the results of the calculations. 

J.3 Radiation Pattern Calculations 

J. 3.1 Theoretical DeveloplTIent 

Radiation patterns were calculated for a nun~ber of silTIulated antenna configura­

tions by the aperture-field lTIethod l, as suming the total radiated energy to be con­

tained in a single polarization. For this cas e the contribution by direct radiation 

frolTI the aperture to the field at p is described by equation (A-7) where Si is the 

activp aperture of the antenna, which we will henceforth call silTIply S, and which 

is assulTIed to be a planar surface lying in the Y Z plane of Figure J. 5. This 

integral does not give the total field at p, but only the contribution frolTI the 

aperture; however we '~.'ill assume that almost all of the energy frolTI the antenna 

passes through the aperture and that the contl'ibution to the field at p of sources 

other than the field over S can be neglected. 

J-IO 
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APER'rURE IN 
Y ~ PLANE ----
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Figure J. 5. Aperture Geometry for Theoretical Development 
of Aperture Field Method 

Equation (A-7) leads to the scalar diffraction 'integralJ -3 under the assumptions 

which have been made:* 

J 
jljJ(o,y, z) -jkr 1 

E ;K F(o,y,z)e e r [(jk+r)x'!.+jkx·!']ds, 
p s 

where, with reference to Figure J.5, 

K is a constant of pr oportionality, 

F(o, y, z) is the amplitude of the field distribution over S, 

ljJ (0, y, z) is the phase of the field distribution over S, 

r is the distance from a source point (o,y, z) to a field point p(x ,y ,z ), 
p p P 

k i!3 the wave number 2rr lA, A being the wavelength, 

!', ~, B. and.!:. are unit vectors, and 

r denotes the direction of power flow through the aperture. 

J-3Silver, Samuel, Microwave Antenna Theory and Design, RLS Volume 12, 
McGraw-Hill, 1949, p. 170. 

(J -26) 

~~ In this section the exponential form e-jkr will be employed. The choice is 
optional and has no bearing on the outcome of the argum.ent. (See J. A. Stratton, 
Electromagnetic Theory, McGraw-Hill, 1941, page viii.) 
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For the problem at hand we can restrict p to the Fresnel and Fraunhofer regions, 

which are sufficiently removed from the aperture that 

l. 

2. 

3. 

l/r is negligible compared with k, 

~.!. = ~. g = sine cos<j>, 

r= R except in the phase term e-jkr 

In addition we will postulate that the direction of power flow through the aperture 

is nea:rly enough parallel with the x-axis that ~. p= 1 with negligible error. 

If we designate the rectangular coo:rdinates of p by (x
p

' y , z .), the distance r 
p p 

from. p to the point (0, y, z) in the aperture is given by 

r = [:x.2 + (y - y)2 + (z _ z)21 ~ 
p p p J 

The transformation, 

x =R sine cos<j> , 
p 

yp =R sine sin<j>, and 

z = R cose 
p 

allows writing 
1 

r ~ ~R sine cos.pf + (R sine sin<j> - y)2 + (R cose _ z)~ 8 

which through routine reduction gives 

r = [R2 - 2R-(y sine sin<j> +z cose) + (y2 + Z2)] ~ • 

(J-27) 

(J-28) 

(J -29) 

(J -30) 

For our application symmetry will be postulated about the X-axis in e, so we 

will require p to move only in <j> in the XY plane. Further the region of explora­

tion in <j> will be near the X~axis, and sine will be equal to unity and cose equal 

to zero. Under these conditions equation (J-30) becomes 

~ 

r = [R2 - (2R Y sin<j> - y2 - zF)J 2 

and r can be approximated by the first two terms of the binomial expansion, 

giving 

l...±:l r = R - Ysimp+- 2R~ 

(J - 31) 

(J -32) 

These approximations allow (J-26) to be written, since we are interested only in 

J-12 

---------~-----~.,.~.-~ 



I . relative phas es and magnitudes at specific values of R, 

_ j ~(o, y, z) + k(y sincp - r;;2 ~ 
A =JF(o,y,z)e ds 

p s 
(J-33) 

.... where 

I· ... 
.. , 

" . 

1 ~, 

~ i 
Ii , '. 

A = C E , and 
p p 

C is an appropriate phasor. 

The aperture S which was assumed for the simulated antenna configurations 

employed is shown in Figure J. 6. The aperture is circular in shape, of radius 

a and is assumed to be illuminated by fields which ar e described by the functions, 

F (0, y, z) = ~ 1 + cos r p J [1 + K2 Y ] (J -34) 

and 

(J -35) 

~--~+-~~-----y 

x 

Figure J. 6. Aperture Geometry Employed in Antenna Pattern Calculations 

Equation (J -33) is accordingly written 

_ . a[~ j(K!3-2~)Z2 ~ j[K3Y+K4y3+(K5-2~)y2+kysincpJ 
A = J J F (y, z) e dz e dy 

p -a z£ 
(J -36) 

Since the integral within the brackets is not a function of cp, the calculations can 

J-13 



be rnade by the equivalent slit rnethodJ -4 In prograrnIning the cornputer for 

achieving an approxirnation to (J -36) by a process of finit~ surnrnation, F and I/J 

were approximated by 41 sarnple points along each axis'. 

J.4 Presentation of Data 

In the cornputer calculations deterrnining center of parallax and center -of-phas e 

the following sets of input data were employed to represent typical asymmetries 

of F and I/J of equation (J -33). 

Kl = (0.46Z) 

K Z = (0), (0.5), (1.0) 

K 3 , K4 = (0,0), (1.4, 0), (0, 1.57), (1, 1) 

K5 = (0), (ir/Z), (-ii/Z) 

g = (0.5), (1), (Z), (4), (CD) 
D 

Graphs of the functions F(o, y, z) ernployed in the calculations are shown in 

Figur e J. 7 showing rotational symmetry of F about the x-axis for K2 equal to 

zero and increasing asyrntnetry in the y direction for increasing values of K Z ' 

J.4. 1 Center -of-Parallax and Center -of-Phas e Calculations 

In Figures J. 8 through J. 16 values of ay, a</>, A</>M and n, as defined in paragraphs 

J.2.Z and J.Z.3, are presented as functions of RA/Da for the indicated values of 

the parameters listed above. For completeness certain graphs are included for 

cases for which the values of ay, ~</>, a</>M and n are zero by symmetry. 

For convenience, all curves are plotted upward, regardless of algebraic sig~.'. 

Where a curve is actually a plot of negative values, a minus sign pr ecedes the 

curve designator. In cas es wher e the graphs become congested, some curves 

are dashed in order to make them m.ore readable. 

J-4L . Clayton and J.S.Hollis, "Calculation of Microwave Antenna Radiation 
Patterns by the Fourier Integral Method," Microwave Journal, Septernber 1960. 

J -14 



'D 

I 

; ,. 

\ ~ 

. t 

,----r---.-- '--~--

1.0 r----+-------t----f--

N .. 
>-.. 
0 

K 
0 
E 

u.. 
..... 

N .. 
>-.. 
0 

u.. 

o~ ________ ~ __ ~ __ ~ ____ ~ __ ~ __ , __ ~ ________ ~ __ ~ 
-0 o a 
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." J .4.2 Boresight Deviation Calculations 

Calculations were made of boresight directions <I> (section J. 2 .4), as functions 
o 

of range for simulated amplitude -monopu1s e radar antennas. The apertur e 

illumination functions employed wer e 

FL(o,y,z) = ~lL+cosfp] U +K2Ly] (J-37) 

FR (0, y, z) = ~lR + cos¥ pJ [1 +K2Ry] (J -38) 

lPL(o,y,z) = K 3Ly+ K4Ly3 + KSrf3 (J - 39) 

and 

lPR (0, y, z) = K 3Ry+ K4Ry3+ KSp2 (J -4 0) 

where the subscripts Land R indicate left (+<1» and right (-<I» lobe illumination 

functions. The following parameters were employed: 

K1L = (0.462) 

K1R = (0.46~~) 

KzL = (0) 

K2R = (0), (0.5), (1) 

K
3L

, K4L = (-1.4, 0), (0, -1.57), (-1, -1) 

K 3R , K4R = (1.4, 0), (0, 1.57), (1, 1) 

K5 = (0), (rr/2), (-rr/2) 

RA j)l = (0.5), (1), (2), (4), (ex» 

Calculated values of <I> versus RA/n2 are plotted in Figures J. 17 through J. 19. o 
The ordinates for these plots are given ill terms of the parameter, 

(for <1>« 1) . 

For the particular cases calculated, the aperture was very nearly 20 wave­

lengths in diameter, so that <j> ::: u/20rr. To use these curves for a general o 

J-25 

(J -41) 
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ABSTRACT 

The NASA-MSC-FO-MILA':' antenna boresight test facility is described and 

the results of measurements of the range characteristics are presented. 

The antenna test facility, which is of the ground-plane type, was designed 

for making boresight accuracy tests of the 1428-Mc Gemini rendezvous radar 

and as a general purpose antenna test facility. It provides a separation of 

1000 feet between transmitting and receiving antennas and is graded to a 

tolerance of one inch. 

The re-luireITlents of the boresight probleITl dictated that far-zone, free-

space conditions be siITlulated to a high degree of precision, and that extraneous 

reflections be suppressed to a ITlinimuITl practicable level. 

The radar is tested in a full-scale mockup of the GeITlini spacecraft, which 

is mounted on a l1"lUlti-axis antenna positioner capable of orienting and 

indicating the position of the test ITlockup to an accuracy of O. 01 degree. The 

polarization of the field at the test aperture, the transITlitting antenna height, 

azimuth and elevation squint angles, and the frequency of the transITlitter 

are remotely controlled froITl the operator's console. 

During May and June of 1964 the range was validated for ITlaking boresight 

acceptance ITleasureITlents of the Geluini rendezvous radar. Measurem.ents 

were ITlade of the aITlplitude and polarization of the test aperture field as 

functions of position, frequency, and environmental conditions. A number 

of measure.ITlents at different positions in the test aperture were made using 

a microwave interferometer to determine the location of the phase center 

of the COITlposite array consisting of the transmitting antenna and its image 

in the range surface. In addition, measurements were made of the height 

of the source of radiation as a function of elevation squint angle of the 

transmitting antenna. With the axis of the antenna horizontal, the source 

appeared to lie within a circle less than one foot in radius and centered 

slightly above the midpoint of the line joining the antenna and its 

geometrical image. 

':'National Aeronautics and Space Administration- -Manned Spacecraft Center -­
Florida Operations - -Merritt Island Launch Area. 
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A PRECISION GROUND -REFLEC TION ANTENNA BORESIGHT TES T RANGE 

J. S. Hollis'::, R. E. Pidgeon, Jr. t, and R. M. Schutzt 

1. INTRODUCTION 

The purpose of this pappr is to describe the NASA-MSC -FO-MILA:::::: antenna test 

facility and the results of ',neasurements of the range characteristics. This antenna 

!ange, which is shown in Figure 1.1 and in the plan view of Figure 1.2, was designed 

specifically for making boresight-accuracy and calibration tests of the 1428-Mc 

Geluini Rendezvous Radar and secondarily as a general purpose antenna test facility. 

The range has the dual capability of operating as a groLll1d-reflection range and as a 

conventional elevated range. As can be seen from Figure 1. 2, the surface of the 

range is graded plane. In the ground-l"eflection mode of operation the antenna under 

test, assuming that it is operated on reception, is illuminated by direct-path energy 

from the source antenna and by energy which is specularly reflected frorn the srnooth 

range surface. In this luanner reflections from the earth are used to advantage rather 

than being allowed to contribute to the received field in a random fashion. The ground­

reflection mode of operation is the subject of this paper. 

In the elevated mode, discrin1ination against extraneous reflections is achieved by 

the directional characteristics of both the transmitting antenna and the antenna under 

test and by the use of diffracting or absorbing materials. While the performance of 

the range has not been tested for the elevated mode, the planar range surface is advan­

tageous for" this luode because the location and size of the region of specular reflection 

can be calculated. 

For the rendezvous radar boresight application the radar is tested in a full-scale 

mockup of the Gemini Spacecraft, shown in Figure 1.3. The mockup is mounted on a 

precision, multi-axis positioner on top of the range control building. To aid in 

suppressing reflections from the support structure, the building is oriented such that 

its sides make angles of 45 degrees with the axis of the range, and the two illuminated 

sides of the building are covered with weatherproof, high performance, microwave 

absorbing material. 

':'Principal Engineer, Scientific-Atlanta, Inc. 

t Senior Electronic Engineer, Scientific -Atlanta, Inc. 

+Design Engineer, McDonnell Aircraft Corporation. 

':":'National Aeronautics and Space Administl"ation--Manncd S[)acccraft Center-­
Florida Operations--Merritt Island Launch Area. In this paper the range will be 
called the Gemini Rendezvous Radar Boresight Test Range or ~ppropr iate 
contractions . 
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2. THE GEMINI RENDE ZVOUS RADAR 

A brief description of the Gemini rendezv~)Us radar is given to p!'ovide. an under­

standing of some of the major problems associated with establishing the specifications 

for the boresight test range. 

1 The purpose of the rendezvous radar is to measure the range and relative bearing 

from the Gemini spacecraft to the unmanned Agena target vehicle during the rendez­

vous of the 1:\"10 satellites in space. ':' A co -operative radar system is employed in 

which an RF pulse is transmitted from the Gemini radar, received by a transponder 

in the target vehicle, and re -transmitted after a short delay at a different frequency. 

The range to the target vehicle is determined from the measured delay between 

transmission and reception of the signals. Readouts are provided for range, range 

rate, and direction to the Agena vehicle, and an on-board digital computer calculates 

the orbital corrections which are necessary to effect rendezvous. 

The Gemini rendezvous radar operates as a two -channel phase -monopulse radar or 

interferometer to m,~asure the direction of arrival of the received signal. Three 

antennas are incorporated in the interferometer with one antenna common to both 

channels. A fourth antenna is used as the transmitting antenna. The antennas are 

located on the spacecraft as shown in Figure 2.1. 

The phase differences between the signals received by the two orthogonal pairs of 

antennas are measured by the radar, The electrical phase differences tPl and tP2 are 

related to the space direction angles a and f3 as illustrated in Figure 2. 2 by the 

equations 

2rrd 
tPl = -}..- cos a; 

Zrrd 
tPZ = -}..- cos f3 (1) 

where d is the spacing between the phase centers of each antenna pair, }.. is the wave­

length, and a and f3 are measured from the yaw and pitch axes of the spacecraft, 

respectively. These angles are limited by the radar to the intervals of 90 degrees 

±25 degrees. The radar provides coverage for yaw and pitch angles up to ±25 degrees. 

Each channel of the interferometer locates the source of radiation on the surface of a 

cone. The spacing qetween the antennas is less than }..; thus a unique cone is defined 

for each channel of the interferometer. The direction to the source of radiation is 

1 Vester, B. H., "Gemini Rendezvous Radar, II The Westinghouse Engineer, Volume 
24, Number 1; January 1964. 
_.-
"'In the rendezvous mission the two-man Gemini spacecraft will be launched into an 
orbit which is approximately co-planar with that of an unmanned Agena target vehicle 
launched earlier. With the aid of guidance information furnished by the rendezvous 
radar, corrections will be made to the orbit of the Gemini vehicle to bring it in~:o 
contact with the Agena vehicle. 
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rotation with shaft-position encoders. The phase delay thus introduced in each 

antenna is very nearly proportional to rotation of the antenna for small ellipticity 

ratios. 

This paper is concerned with techniques and equipment employed for measuring the 

accuracy with which the radar determines the direction to the Agena, defined as the 

boresight accuracy. Equipment designed by Westinghouse and referred to previously 

is employed to measure the radar range accuracy. 

d cos a = cP I A 

ANTENNA ~I 
PHASE CENTER '-..... IF-----

FROM TRANSMITTER 

a 

ANTENNA 
PHASE CENTER 

Figure 2.2. Illustration of Relationship Between Electrical 
Phase ar;d Space Angle in Interferometer 

//' 
BORE SIGHT 
DIRECTION DEFINED 
BY TWO-CHANNEL 
I NTE R FEROMETER 

I~ 
REFERENCE ~ d ~ 
ANTENNA I I 
~ LP~ f-\lJ W 
d I fl l)F \AZIMUTH 
-L- -t- ANTENNA 

ELEVATION I 
ANTENNA 

Figure 2.3. Determination of Boresight Direction by Intersection 
of Cones of Constant Phase Delay 
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3. THE RENDEZVOUS RADAR BORESIGHT MEASUREMENT PROBLEM 

The Gemini rendezvous radar must function in a space environment of zero atmos­

pheric pressure, increased s.olar radiation levels, and zero gravity. In establishing 

criteria for the acceptance tests of the boresight accuracy, it was considered imprac­

ticable to attempt to simulate a zero-pressure environment or to take into account in 

the measurements the effects of the increased level of solar radiation. The effect of 

gravity on the boresight directions measured by the radar was investigated in the 

manner described in Section 6. 

The boresight-measurem.ent problem can be divided into the following categories: 

(a) Establishment of an incident 1428 -megacycle, circularly polarized 

field over the active aperture of the radar antennas which would ade­

quately simulate an incident plane wave of constant amplitude, 

(b) Provision for supporting, positioning, and indicating the orientation 

of the radar, 

(c) Establishment of a frame of reference in which the measurements 

could be made, 

(d) Determination of the location of the source of radiation, and 

(e) Establishment of an optical line of sight from the source of radiation 

to the radar to permit its comparison with the line of sight indicated 

by the radar. 

We will nc..'t dwell on a discussion of the various range configurations
2 

that might have 

been employed for testing the rendezvous radar. The ground-reflection range was 

selected because of the high suppression required of extraneous signals, the low 

directivity of the radar antennas, and because this type of range is in keeping with 

the flat terrain which exists at Merritt Island. 

A discussion of some of the basic problems involved in the establishment of the inci­

dent field over the test aperture and which influenced the selection of the range con­

figuration is given in the following paragraphs. 

2Hollis, J. S., and R. E. Moseley, "Siting Considerations in Microwave Antenna 
Measurements, II Essay No.3, Scientific -Atlanta, Inc. j August 1961. 

Cumming, W. A., "Radiation Measurements at Radio F1P.ri.':'<:lncies: A Survey of 
CU1'rent Techniques, II Proc. IRE, Volume 47, No.5, pp. 703-7"35; May 1959. 
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3.1 Suppression of Extraneous Reflections 

The radar-boresight error specification for which the range was designed was 3 

milliradians. In a typical measuremen.t problem of this type it is customary to 

require that the measurement system error be an order of magnitude smaller than 

the tolerance of the quantity being measured. This criterion would have resulted 

in a measurement system overall accuracy of 0.3 milliradian and would have limited 

the error cau.sed by extraneous reflections to the order of 0.1 milliradian. 

Calculations showed, however, that this degree of accuracy would have demanded 

suppression of range reflections and tolerances on other measurement errors which 

were not considered practicable. A more realistic range accuracy goal appeared to 

be 1 milliradian with a maximum allowable contribution from extraneous reflections 

of 0.3 to 0.5 milliradian. 

The required suppression of range reflections can be determined by considering the 

relationship of the radar electrical phase error to boresight error. Differentiation of 

equations (1) gives 

2rrd , --x.-s1n 0:; 

(2) 

The mechanical spacing d between antenna centers is 6.80 inches. Evaluation of 

equations (2) for the range of the variables 0: and 13 gives the approximate relationship 

(3) 

9 



Referring to Figure 3.1, let A be the amplitude of the phasor at the difference termi­

nals of one of the interferometer summation networks caused by a direct-path signal 

impinging upon the antenna. If B is the amplitude of the phasor produced by an 

extraneous signal entering the same antenna, the maximum electrical phase deviation 

will occur when the two phasors are in quadrature. The error E will be (B/A)x 103 

milliradians if B«A. For the worst-case condition, if equal and oppositely phased 

extraneous signals exist in each channel of an interferometel' pair, the phase error 

will be 2(B / A) xl 0 3 milliradians, corresponding to a boresight error contribution of 

about O. 4(B / A) x 103 milliradians in accordance with equations (3). 

If the contribution of extraneous signals is to be, say, 0.4 milliradian, we must let 

O. 4(B / A) x 103 mr = 0.4 mr , (4) 

giving 

B/A = 10-3 . (5) 

These calculations indicate that the maximum level of the sum of all extraneous 

signals should be held to the order of 60 decibels below the level of the direct-path 

signal to meet the above criterion. It should be noted that the calculations give the 

maximun1 error contribution from one interferometer channel. The magnitude of 

the total boresight error is given by the rms SUIn of the errors in the two channels. 

~7 
I ANTENNAS 

INTERFEROMETER 

u~-~~~ 
A' 

6. 
(0) 

( b) 

A 

r-e-:;?"~ 
bl~"'A~";;-'; A B 

7T-2€ 

I 

(0) FUNCTIONAL DIAGRAM OF ONE 
CHANNEL OF INTERFEROMETER. 

( b) IDEALIZ ED PHASOR DIAGRAM 
SHOWING SUMMATION OF DIRECT 
PATH SIGNALS IN DIFFERENCE 
CHANNEL. 

(c) PHASOR DIAGRAM SHOWING 
EFFECT OF EXTRMIEO:JS 
SIGNALS. 

Figure 3.1. Illustration of the Effect of Extraneous 
Reflections on Boresight Accuracy 

(A=A'; B=B') 
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3.2 Range Length 

In order to establish the range length it was necessary to determine the extent of tho 

active aperture of the radar antennas, that is, over how nluch of the spacecra.ct: quasi 

constant-arnplitude, constant-phase condition~,nlust be provided. Upon consic\el'ation 

of the problem and after consultation with leading antenna authorities, it was concluded 

that one could not predict to any degree of certainty the contributions of currents flow­

ing over th? surface of the spacecraft to the indicated borcsight angle. However, one 

can show easily that the contribution may be s'i.gnificanL. ):~ It was therefore decided 

that thc entire spacecraft would be nlocked-up and that the phase error would be 

linlited to less than }../16 over the apertul'e reprcsented by the tnaxirnum projection of 

the spacecraft normal to the di.rection of incidence, This would have resulted in a 

range length of about 700 feet. The range length was set at 1000 fect because this 

length resulted in a lower grazing angle for the ground-rcI1<::ction rangc configuration 

and at the sarne time provided a 11101'e desirable phase -variation linlit. 

3. 3 Gain of the Source Antenna 

The maximum gain of the source ant(\nna (actually the dhectivity rather than gain) 

is lirnited because of one of two factors: 

field over the tost aperture 3 and (b) the 

of the incident field at the test aperture. 

(a) the rcquil-ement [01' a ncarly constant 

l'equh'erncnt for control or the circuladty 

To adequatcly simulate far -zone oondi-

lions, a criterion was established that the taper of the field ovor the tcst apcl'hire 

should not vary moro than approximately 0.25 decibel. 

The ma..xi.mun1 projection of the spacecraft is 10 feet at nose -on incidence, but 

the horizontal projection increases to apPl'oximately 19 feet as the spacecraft is 

l'otated in azimuth. The variation of the field in the vertical plane is determined 

by the ground-reflection range configul'ation discussed in Section 4. The variation 

of the field horizontally is detel'lnined directly by the directivity pattern of the 

source antenna. HoweV(!l', it became evident that the g:1,'ound-ro.flec\:ion range con­

figuration was the major factol' in deciding the beamw idth since thc maxhnum 

nl10wable height of the centel' of the source antenna was about. five feet. An 8 -foot 

diameter antenna was employed giving a beamwidth of about 5 degrees and a. 

directivity of about 30 decibels. ,:o:~ Estimates of the cross -polal'ization. character­

istics of a paraboloidal reflector with an axial ratio of 0.373 indicated that the change 

in circulal'ity should not be excessive over tho 19-foot test aperture. Apcrture 

amplitUde and polarization patte:rns arC presented in Section 6. 

l:!Sllbsl'<tul'nt tnl'<tSlll'l'menls havL' shown that currents on the spacL'craft do contl'iblltc 
significantly to thl.' hOl'L'siAht direction. 

'::'::111 tlll' gruund-rdll'ction l'anps this directivity is incrcased by aboLtt 5 decibels by 
till' in-\->has~' inll'rfl'l'enCl' [l'orn the ground-reflected wave, 

1 1 
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4. CONSIDERATION OF THE GROUND-REFLECTION::' ANTENNA TEST RANGE 

The ground-reflection antenna test range has been ernployed for a m.tmber of years and 

has been described in the literature. 4 A rigorous description of the theory of operation 

is exceedingly complex; however, its principle of operation can be explained in an ele­

rnentary luanner by the luethod of images of geon1.etrical optics and by use of Rayleigh's 

criterion of roughness 5 of physical optics. 

The range geometry is given by Figure 4. 1. The range is plane and smooth within 

Rayleigh's criterion to provide for specular reflection of the incident energy. At fre­

quencies above about 100 megacycles for nearly grazing angles of incidence and for 

both horizontal and vertical polarizations, the phase of the reflection coefficient for a 
6 plane incident wave is virtually 180 degrees. Under this set of assumptions an image 

of the transluitting antenna appears to lie below the range surface, equidistant frOlTI 

the antenna, thus n1.aintaining the angle of incidence i equal to the angle of reflection l' 

at the range surface. It has been shown that for a. unity reflection coefficient and, 

neglecting the vertical directivity pattern of the transmitting antenna, the field varia­

tion with height at the test antenna is approxin1.ated by 

where E is the field produced by direct-path transmission. 7 E thus has a sinu­
o 

(6 ) 

soidal variation with height, with a value of zero for h2 = 0 and a fjrst maximum for 

1T 
=2 ' (7 ) 

':'This type of range has been described by the terms ground-level and ground-plane. 
The term ground-reflection Inore specifically describes the principle of operation than 
do the alternate designations. 

4Cutler, C. C., A. P. King, and V{. E. Kock, "Microwave Antenna Measurements, II 

Proc. IRE, Volume 35, No. 12, pp. 1462-1471; December 1947. 
Hollis and Moseley, op cit. 
Cohen, A., and A. W. Maltese, liThe Lincoln Laboratory Antenna Test Range, II 

The Microwave Journal, April 1961. 
Campanella, A. J., C. F. Douds, and R. E. Wolfe, Feasibility Study of a High 

Performance Antenna Test Range (U), HRB Singer, Inc., Contract AF 30(602) - 2445, 
Report No. RADC -TDR -62-301; 19 October 1962. 

Christie, R. A" Antenna Testing Facilities, Bell Telephone Laboratories, Inc., 
Whippany, New Jersey. 

Comn1.unications with Mr. George Dale, Bell Telephone Laboratories, Inc., 
Whippany, New Jersey. 

5Kerr, D. E .• Propagation of Short Radio Waves, Radiation Laboratory Series, 
VoluIne 13, McGraw-Hill; equation 19 and footnote page 16. 

6Jordan, E, C , Electromagnetic Waves and Radiating Systems, Prentice-Hall, Inc., 
New Y01'le, p. 613; 1961. 

7 Cutlel' et aI, op cit. 
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In consideration of the geometry of Figure 4.1, it is evident that, in the ground­

reflection antenna test range, the incident wave produced by the transmitting antenna 

is not plane. Further, the antenna usually has a significant change in directivity with 

elevation angle. Experimental measurements have shown, however, that equation 

(6) predicts the field variation with height quite well near the region of the maximum. 

Although the field may depart from the predicted value in the vicinity of the nulls, 

this is of no consequence since the vertical aperture of the antenna under test must 

be limited to a height d such that the field variation predicted by equation (6) is small. 

A generally accepted criterion for the total variation is O. 25 dec ibel. 

CONTROL 
BUILDING 

SPACECRAFT 
MOCKUP 

RANGE SURFACE 

R 
IMAGE 
ANTENNA 

Figure 4.1. Illustration of the Principle of the Ground-Reflection Range 

Figure 4. 2 shows the limits of the field variation in decibels as a function of the nor­

malized aperture height d/h2 . Here, h2 is the height of the center of the test aper­

ture, which is assumed coincident with the maximum given by equation (~). The 

height hl is predicted by equation (8) to be 5.75 feet for a range length of 1000 feet 

and height h2 of 30 feet, the nominal values for the rendezvous measurement 

problem. 

4. 1 Height of the Apparent Source of Radiation 

The apparent source of radiation for the ground-roi1ection range can be defined as 

the center of phase of the array formed by the t:ransmitting antenna and its image in 

the reflecting surface of th.e range. Although it has been shown that a unique center 

of phase usually does not exist except over a small region of solid angle of the 
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far -zone pattern of a directional antenna 
8

, such a center of phase can be defined as 

it exists at the center of the test aperture. By the method of images it can be shown 

that the height of this center of phase is approximated by 

. I-R 
h = 1 +R hI ' 

where R is the amplitude ratio of the specularly reflected wave to the direct-path 

wave. This approximation is based on 180 -degree phase reversal of the incident 

wave at the range surface and constant phase of the transmitting antenna far -zone 

field with elevation. 

(9) 

In typical ground -reflection antenna range applications the phase center (hence the 

apparent source) is often a.ssumed to be located at the intersection of the range sur­

face with the vertical line joining the centers of the antenna and its image. While 

this assumption is satisfa.ctory for many applications, the height of the apparent 

source can vary significantly; therefore it was necessary to determine its location. 

For exam.ple, a radar accuracy specification of 3 milliradians is represented by a 

circle which is 3 feet in. radius at the test ran.ge of 1000 feet. It was necessary to 

determine that the location of the apparent source could be predicted with sm.all 

error compared with this radar error specification. It was further required that a 

direction be assigned for the mean-location of the apparent source, which would be 

used as a comparison standard in making the boresight measurements. The method 

employe? to accomplish this and th~ results are des.cribed in paragraph 6.3. 

4. 2 Range Surface 

The primary requirements for the range surface are that it be graded smooth within 

Rayleigh's criterion and have a shape which produces a u~ique image of the trans­

mitting antenna in the range surface for all orientations of the spacecraft mockup. 

These requirements are met by a plane surface over the major area of illumination, 

which is graded to ,the tolerances shown in the plan view of Figure 1.2. 

Most of the reflected energy comes fro:m within the first few Fresnel zones on the 
9 range surface . These zones are bounded by ellipses for a plane range surface and 

a point source transmitting antenna. For the range constants at L-band, the first 

Fresnel zone has major and minor axes of approximately 495 feet and 22 feet and is 

centered 280 feet in front of the source antenna. The tenth Fresnel zone has major 

and minor diameters of 888 and 80 feet and is centered 447 feet from the source 

antenna. 

8Tetslt Morita, Determination of Phase Centers and Amplitude Ch<l;racteristics of 
Radiating Structures, Technical Report No.1, SR 1, Proj. 898, Stanford Res. lnst., 
Menlo Park, California, Contract DA04··200-0RD-273, AD68240; March 1955. 

9Campanella et aI, op cit. 
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The range surface is controlled over the area indicated in Figure 1. 2 in addition to 

the region of specular reflection to reduce errors froITI diffuse reflection. 

Th R 1 · h . . 10. . b e ay eIg crIterlOn IS gIven y 

11 sin * < }../k, (10) 

where 11 is the height of a surface irregularity, * is the grazing angle and k is usually 

set between 8 and 32, the constant 32 defining a very SITIooth surface. 

Letting }..=8 inches (f""1428 Mc), and *",,2°, the constants for the current probleITI, 

and letting k= 32, gives 11<7 inches or ±3. 5 inches. However, because of the extreITIe 

accuracy requireITIents of the probleITI and because the antenna range is to be 

eITIployed in higher frequency applications later, the surface was graded to a toler­

ance of ±l inch. Surveys of the range have since led to the conclusion that the graded 

surface probably has a ±l /2-inch tolerance exclusive of the BerITIuda grass cover. 

The question of the type of surface which would be eITIployed was of SOITIe concern. 

Gravel in the forITI of graded, crushed aggregate would be a good choice, because it 

would allow rainwater to leach into the surface and yet would resist wind erosion. It 

was decided against, however, because of the cost. 

Asphalt and concrete were considered but were discarded because of the cost and the 

drainage probleITI caused by their lack of perviousness. The cost of asphalt or con­

crete could have been reduced by use of a narrow strip of either m.aterial down the 

center of the range with grass on both sides. While this technique can be eITIployed, 

it was rejected because of the high angular -accul'acy requireITIent of the ITIeaSUrelnent 

problem., the consequent desire to have no linear discontinuities along the length of 

the range, and because of the drainage problem .• 

Grass has been criticized as a range surface because rhe blades can fill with water, 

which has a high dielectric constant, resulting in changes in the reflecting character­

istics. However, grass was chosen because of the low initial cost, but with the 

specification that it be luaintained closely ITIowed. In IneaSUreITIents which have been 

ITIade to date the effect of Inoisture on the grass 0:1: of the ITIoisture content of the 

range surface has been found to be insigrdficant. ,S:pecifical1y, polarization ITIeasure­

ITIents have been ITIade ilTIlnediately before, during, and after a severe thunderstorln 

with a circularity change of less than 0.1 decibel frolTI an axial ratio of 0.5 decibel. 

The ITIeasureITIent after the rain was ITIade with large puddles of water on the range. 

MeasureITIents have not been Inade at frequencies other than L -band, nor has it been 

possible to ITIake precisely controlled ITIeasureITIents of the height of the apparent 

source imITIediately before and after a rain for cOITIparison purposes. 

10Kerr, op cit, equation (19) and footnote, page 416. 
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5. 1 Spacecraft Mockup 

The spacecraft mockup is a full-scale RF model of the Gemini Spacecraft in which the 

major details forward of the rear mounting structure are retained,':' Window sand 

large protuberances are included, but minor details, such as skin corrugations, are 

omitted. A semi-monocoque design was chosen to provide high mechanical integrity, 

The inner skin, which provides nearly all of the structural strength, is thermally in­

sulated from the outer skin, which serves to electrically simulate the skin of the 

actual spacecraft. To reduce structural deformations from stresses caused by non­

unifo:t:m solar heating, the interior of the mockup is cooled by air supplied from the 

air -conditione d contI' 01 build ing. 

5.2 Positioning and Indicating Equipment 

The accuracy requirements of the Gemin ... rendezvous radar plus the weight and size 

of the spacecraft mockup dictated that the positioner for supporting the lTIockup have 

unusual positioning capabilities and accuracies. This equipment, the coordinate 

system which is en"lployed in the boresight problem, and the method of optically 

aligning the positioner and radar in the coordinate system are described in the 

following paragraphs. 

5.2.1 Coordinate System 

The coore! inatc system shown in Figure 5.2 relates the spacecraft coordinates (roll, 

pilch, <1llcl yaw), radar coordinates, and positioner axes to the location of the source 

X' ~------+-------,f----l~ Y 

Figure 5.2. Spherical Coordinate System 

x 

H ::'The spacecraft moc\nlp was designed by McDonnell Aircraft Corporation and fabri-Ii crctcd by the 6549th i\la intcnance Sqltadl'on, Patrick Ail' Force Base, Florida. 

fl 
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of radiation in a. composite coordinate system. This system is in agreement with 

standards established by the Inter Range Instrumentation Group (IRIG) for testing 

space -vehicle antennaB. 11 The spacecraft mockup is fixed with respect to the 

XY Z coordinate system, and the source of radiation, defined by the point T', moves 

over the surface of the sphere.';c 

The primed coordinate system is fixed relative to the radar; the X'Y' plane is located 

coincident with the phase centers of the radar antennas, assumed to be on the surface 

of the radar ground plane, and the Z' axis is adjusted coincident with the Z (roll) 

axis. 

Figure 5.3 depicts the coordinate system as it is oriented in the test range, showing 

the relationship of the positioner axes to the spacecraft and radar coordinate system. 

PLANE INCLINED FROM 

HOR IZONTAL BY TILT ANGLE Y 

e 

ORIGIN OF X Y Z 
COORDINATE SYSTEM 

,-\1 

Figure 5.3. Spherical Coordinate System Shown in Relationship to Range Geometry. 
The spacecraft mockup is shown rotated clockwise in 8. 

Parallax between the angles e and 8' exists because the spacecraft mockup is canti­

levered over the edge of the control building to reduce reflec;:tions into the radar 

antennas from the control building and positioner. This parallax is accounted for in 

1lllIRIG Standard Coordinate System and Data Format for Antenna Patterns, II IRIG 
Document No. 102-61. 
':CBere , as in the usual antenna test range, the line OTt remains fixed relative to the 
earth. The coordinate system moves relative to the space -fixed line OTt. 
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0.01 degree, and the radar digital readout is compared with the calculated values. 

To facilitate making these measurements, the positioner is controlled by a high­

performance two -channel servo system with independent operation of the e and <p axes. 

Two modes of operation of the servo system are provided, a rate mode and a position 

mode. In the rate mode of operation, the e and <p axes of the positioner are driven at 

constant rates as set by individual rate controls. Antenna patterns may be recorded 

in the conventional manner in this mode. In the position mode of operation, the posi­

tioner is servo-driven to manually set angles of orientation. The e, <p command 

angles and the digital readout of positioner orientation are displayed on direct-reading 

counters having a resolution of 0.002 degree. The high resolution of the positioning 

servo system makes it possible to position the spacecraft mockup smoothly to within 

a few thousandths of a degree. 

In addition to the manual control capabilities, the positioner can be program­

controlled to automatically generate a series of <p cuts for examining the character­

istics of an antenna over the sphere of radiation. 

5.2.3 Alignment of Coordinate Systems 

The Z and Z, axes':~ are brought to within 0.1 milliradian of coincidence by means of 

a precision clinometer. The coordinate system is defined to measure e from the Z 

axis to the line OT. The line OT is defined as the line joining the origin 0 with a 

surveyed point T on the range surface directly beneath the center of the source 

ante.nn.a. The e -readout counter is set to zero when the Z -axis is aligned with OT. 

Alignment of the Z -axis and the line OT is accomplished by the optical reflection 

procedure illustrated in Figure 5.5. The line OT is referred to as the optical 

boresight. 

CONTROL 
BUILDING 

TARGET 

It.' \ ~-~ ---
RANGE SURFACE 

THEODOLITE 

TRANSMITTING 

ANTEN~ 

T 

Figure 5.5. Illustration of the Optical Reflection Technique for Aligning 
the Z and Z' Axes with the Line OT 

':'The Z' axis is defined by a line passing through a reference point on the radal' 
ground plane and normal to a plane which is defined by three flats on the g:l.'ound 
plane. 
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In this procedure, an optically flat 4-inch diameter mirror is mounted on a fixture 

in front of the radar with the surface of the mirror parallel to the surface of the 

radar ground plane. A theodolite and target are located at surveyed bench marks 

such that the optical axis of these instruments is aligned with OTt. The distance 

from the origin a to the target is approximately 858 feet; this distance places the tar­

get and theodolite at a convenient eye level. 

The positioner is oriented to center the target in the mirror, and the spacecraft 

mockup is then rolled to detect any misalignment of the Z and zt axes. If required, 

the positioner can be reoriented slightly so that the center of the target rotates about 

the center of the mirror as the mockup is rolled, This procedure precisely aligns 

the Z axis with the . line aT. 

The direction to the source of radiation is defined by the line OTt. It is necessary to 

bring aT and OTt into coincidence, since Tt is not necessarily located on the range 

surface but at a height h, approximated by equation (9). Because of extraneou~ reflec­

tions and other measurement errors, the location of Tt cannot be determined as a 

unique point, but as the center of a small region of uncertainty. The direction OTt is 

rneasured by the interferometer procedure':' using the interferometer which has a 

resolution of about O. 1 milliradian, or the radar, which has a resolution of approxi­

mately 0.8 milliradian. The line OTt thus defined is aligned with aT either by moving 

OTt into coincidence with aT 01' by moving the Z axis into coincidence with OTl with 

the 0 readout counters set to zero. aT can be changed by varying the elevation squint 

angle of the transmitting antenna; the Z axis can be changed by tilting the positioner 

with the mechanism provided for this purpose. 

It is planned to supplement the optical boresight alignment system with one in which a 

television camera with a telescopic lens is mounted in the front of the spacecraft 

mockup and aligned optically with the surveyed point T, using the previously described 

optical boresight procedure to establish an accurate reference. This system will pro­

vide a convenient monitoring capability for frequent checks of the boresight reference. 

5.3 Transmitting Equipment 

The transmitting equipment furnished for the radar boresight range includes signal 

sources, antennas, and associated equipment, antenna positioning equipment, and 

equipment for rnaking polarization adjustments. All of the transmitting equipment is 

controlled remotely from the operating console. 

The wooden source tower shown in Figure 1. 1 was designed to permit antenna imped­

ance, radio interference, and Gem.ini and Agena RF compatibility measurements to be 

made. The antunna positioner, shown in Figure 5.6, is raised by means of a hoist 

:::Sl'l' paragraph 6.3. 
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The polar iza ion probe i s sh own in F igur 5 . 8 mounte d on the front s ection of the 

spacecraft mockup. The polarization positioner c an be mounted on the a perture field 

probe as s hown in Figure 5 .9 to permit measurements of p ol a r ization over the te st 

apertur . 

Figure 5 . 8. Polarizat ion Probe Mounted on Spacecraft Mockup. 
The rendezvous radar is not shown in this photo. 

SPAC CRAFT 

PROBE 
A TENNA 

/ 

-------'-'- TO T 

RANGE AX IS 
-+--~H~-----------------

APERTURE FIELD 
PROBE 

F igur 5 . 9. Illustr tion of th U of h Pol r iz tion rob 
to Obtain Polariz tion P tt rns as Function of 

Po iti n in Test Ap rture 
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6. MEASUREMENTS 

6. 1 Introduction 

A field trip was made to validate the range in the ground-reflection mode for making 

acceptance measurements of the rendezvous radar bores ight accuracy. To deter­

mine the performance of the range measurements were made (1) of the amplitude 

and polarization of the incident field over the test aperture, and (2) of the specific 

capability of the range for making boresight measurements. Samples of the data 

are presented in the following paragraphs. 

While indicative of the performance of the range at L-band, the measurements are 

in hO sense comprehensive and, in fact, raise many questions concerning the 

detailed mechanism of the range operation which are worthy of investigation and for 

which the instrumentation is already provided. Because the measurements to deter­

mine the boresight capability of the range are somewhat unusual, the procedure used 

in making the measurements is described in some detail. 

6.2 Aperture -Field Measurements 

6.2.1 Amplitude 

Field patterns were recorded over a 16 -foot diameter aperture in front of the 

spacecraft mockup employing the aperture probe shown in Figure 5.7. The probe 

was mounted to the front of the mockup and parallel with the pitch axis. Measure­

ments were made with the mockup oriented at zero degrees in 9; the mockup was 

rol1ed to successive cp angles, and the field was explored by moving the sampling 

antenna radially across the center of the aperture. 

A linearly polarized horn antenna with a gain of about 15 decibels and with 30-

degree beamwidths was mounted to the probe carriage. The purpose of using a 

relatively high-directivity antenna was to minimize the effect of reflections from 

the probe -support structure and spacecraft mockup to give a measure of the incident 

field. The relative position of the horn on the carriage was adjusted for each cp 

angle to obtain patterns of the vertical and horizontal polarization components as a 

function of radial distance from the roll axis. Aperture field patterns are given in 

Figure 6.1. 

Figures 6.1 (a) and 6.1 (b) are patterns of the vertical and horizontal polarization 

components as a function of vertical position in the aperture. From equation (8), 

the calculated height hI of the transmitting antenna which produces an interference 

maximum at the center of the receiving aperture is 5.75 feet. The corresponding 
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height of the transmitting antenna was determined experimentally to be approxi­

mately 5.1 feet. For these patterns the elevation squint angle of the transmltting 

antenna was -0.5 degree (down) It was found that the height of the interference 

maximum does not vary appreciably with small changes in elevation squint angle, 

indicating that the phase of the far -zone pattern of the transmltting antenna is rela 

tively constant with elevation angle. Addltional measurements are required to 

explain the difference between the height hI calculated by the slmphfled theory lead­

ing to equation (8) and that determlned experimentally. 

It is seen that the peak of the interference pattern for the horizontal component is 

approximately 1 foot lower than that of the vertlcal component. The height of the 

transmitting antenna could be readjusted for a best compromise for the two polari­

zations, although from a practical viewpoint th1S 1S a finer adjustment than is likely 

to be necessary. 

The shapes of the vertical patterns are in virtual agreement with those predicted by 

equation (6) and Figure 4.2. The vertical taper of the field is approximately 0.25 

decibel In 10 feet, which 1S the maximum diameter of the spacecraft. Because of 

the small difference in tile height of the horizontal and vertical polarization maxima, 

the total vertical taper is approximately 0.35 decibel. 

F1gures 6.1{c} and 6.l{d) are patterns of the vertical and horizontal polariza.tion 

components as a function of horizontal position in the aperture. The amplitude 

taper in the horizontal plane is a function of the beamwidth of the transmitting 

antenna. The horizontal dimension of the aperture represented by the mockup is 10 

feet when the mockup is oriented to zero degrees in e and increases to approxi­

mately 19 feet as the mockup is positioned to the specified limits in e. Under these 

conditions the transmitting antenna beamwidth is sufficient to provide an illumina­

tion taper of less than about 0.25 decibel. 

The vertical and horizontal field patterns provide an indication of the proper adjust­

ment of the height and squint angles of the transmitting antenna, and confinTI that 

the range operates in general accordance with the theory discussed in Section 4. 

The smoothness of the patterns indicates virtual freedom of interference from 

objects which are within the directivity pattern of the probe horn. The high degree 

of suppression of extraneous reflections required for the bo 'esight measurement 

problem dictates a measurement technique of greater sensitivity and accuracy, as 

discussed in paragraph 6. 3, to determine the range capabilities for this application. 

6.2.2 Polarization 

Polarization patterns of the incident field were made with the polarization prob .. 

shown in Figure 5. 8. The linearly pola.rized prohe antenna shown in this photograph 
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(a) Vertical Pattern, Vertical Polarization 

(b) Vertical Pattern, Horizontal Polarization 

~ .. ~-"~"-'-"~.'-:'~i'-':~'~'~'~!~:-. ~~~~~~~~--~~~~'~--~~~IO~--r-~'-~ 
!; :,: :',+--+---1+ .. -, .4--I---I--I~+--+--I-""-+-

(c) Horizontal Pattern, Vertical Polarization 

(d) Horizontal Pattern, Horizontal Polarization 

DISTANCE FROM CENTER OF TEST APERTURE (FEET) 

(DOWN, LEFT) (UP, RIGHT) 

Figure 6. 1. Aperture Field Patterns 
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'. 
was employed for these measurements. The circularity of the incident field at the 

center of the test aperture was adjusted from the operating console by varying the 

rela.tive amplitude and phase of the vertical and horizontal field components of the 

source antenna. This adjustment capability permits compensation for the difference 

in reflection coefficient of the range surface for the horizontal and vertical field 

components anu permits measurements to be made of the sensitivity of the measured 

boresight direction to the polarization of the incident field. The polarization pattern 

shown in Figure 6.2 illustrates that the axial ratio can be adjusted to less than 0.1 

decibel at a given position in the test aperture. 

Figures 6.3 and 6.4 indicate the range of adjustment provided by the circularity 

control unit. Figure 6. 3 is a family of polarization patterns with relative amplitude 

as a parameter. The relative phase between the orthogonal components is approxl­

mately 90 degrees. 

Figures 6. 4{a) and 6. 4{b) are polarization patterns recorded as a function of the 

relative phase angle between orthogonal field components. Figure 6. 4{a) is re­

corded in decibels; Figure 6. 4{b) is a linear voltage recording for approximately the 

same phase variations. 

The circularity control unit may be eITlployed to obtain precise linear polarization of 

the incident field after insertion of a fixed phase delay to increase the range of 

adjustment. The patterns of Figure 6.4 degenerate into the linearly polarized 

patterns shown in Figure 6.5 with a tilt angle of 45 degrees as the relative phase goes 

to zero. The linear-voltage pattern of Figure 6. 5{b) has the predicted classic shape 

of two tangent circles. The tilt angle of the incident field can be set ,by roillng the 

transmitting antenna about the axis of the beam. 

The axial ratio of the incident field at the center of the test aperture as a function of 

frequency is given in the graph of Figure 6.6. The change in axial ratio is probably 

caused by amplitude and phase changes in the circularity control circuits of the trans­

rn.itting antenna. The change is negligible over the operating range of the Gemini 

rendezvou.s radar. 

Polarization patterns as a function of position in the receiving apertu.re were recorded 

by mounting the polarization probe on the aperture field probe as illustrated in Figure 

5. 9. Axial ratio as a function of vertical and horizontal positiOli in the aperture is 

given in Figure 6.7. These patterns were recorded after adjustment of the circularity 

at the center of the test aperture and with01.l.l; changing the transmitting antenna. squint 

angles. 

The variation in axial ratio with hodzontal position in the test aperture is largely 

caused by the off-axis depolarization characteristics inherent in the paraboloidal 
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transmitting antenna. A less directive transmitting antenna would result in both a 

smaller variation in axial ratio and a smaller taper of the field arnplitude with hori­

zontal position, but would increase ths susceptibility to extraneous reflections. The 

directivity employed appears to be a reasonable compromise. 

6.3 Boresight Measurements 

6.3. I Discussion of the Measurement Problem 

To determine the boresight measurement capability of the range, it is necessary to 

measure the direction of arrival and purity of the phase front of the incident field. 

The measurements must be made either with a device that does not perturb the inci­

dent field or with a measuring technique that is not affected by reflections from the 

test device. Furthermore, these measurements must be made under conditions that 

simulate the specific boresight measurement problem. High-directivity antennas 

cannot be employed in the measuring device because their directivity would discrim­

inate against wide-angle reflections to which the radar is sensitive. 

Direct measurement of incident-field phase over the aperture to the required 

accuracy was considered impractical because of probe -structure reflections and 

mechanical limitations. It was decided to ernploy an interferometer with radiation 

characteristics similar to those of the radar to determine the direction to the 

apparent source in a manner that cancels errors caused by reflection of energy from 

the probe-support structure. The spacecraft mockup was employed to support the 

interferometer so that double -bounce reflections between the support structure and 

fixed objects would be taken into account, and so that the same degree of shielding 

of the test positioner which exists during radar bore sight measurements would be 

provided. 

6.3.2 Principle of Operation of the Interferometer 

The interferometer functions in the manner of the Gemini rendezvous radar to pro­

duce nulls in the two interferometer channels which are determined by 

(a) the angles of rotation of the azim\tth and elevation spirals 

relative to the reference spiral, 

(b) the circuit phase delays of the azimuth and elevation channels, 

and 

(c) the direction to the source of radiation. 

A block di.1gram of the interferometer is given in Figure 6.8. The ground plane 

and spiral antennas are identical with those of the Gemini rendezvous radar. Rota­

tion of the azimuth and elevation antennas and control of the variable attenuators is 

33 



AZIMUTH 
ANTENNA 

-----0 MOTOR 

0/ 
MOTOR 

/ 
/ 

REFERENCE 
ANTENNA 

ELEVATION 
ANTENNA 

MOTORO----

"""7-----

~6 
COAXIAL 
TRANSFER 
SWITCH 

TO 
RECEIVER 

/ , , , 

'0 
MOTOR 

Figure 6. 8. Block DiagralTI of InterferolTIeter 
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effected from the operating console to obtain a null in each channel. Readout of the 

rotation of the spiral antennas is not provided; instead, the direction of arrival of 

the incident field is determined by the following procedure. 

(a) From Figures 5.3 and 6.9 it is seen that the line OT is identically 

located relative to the spececraft under two sets of conditions: 

(b) 

(1) with the spacecraft mockup rotated clockwise about the 8 a.xis 

to a position 8, cp, and (2) with the mockup rotated counterclockwise 

about the 8 axis and rolled 180 degrees in cp to the satne position 

8, cpo The position in the latter case is identified by the underscored 

symbols ~, ~: 

The relationship of the line OT to the mockup is unchanged under the 

two conditions described in (a), but the mockup is inverted and changed 

in position relative to earth-fixed objects. The source of radiation TI 

is earth-fixed relative to T and therefore moves in the space -fixed 

coordinate system to the position TI as illustrated when the positioner 

is rotated to ~, ~: 

(c) If TI is located at T, and if the interferometer is nulled with the 

mockup positioned to a give.n 8, cp orientation, a null will also exist 

when the mockup is rotated counterclockwise about the 8 axis to the 

identical ~, t orientation. 

(d) If TI is not coincident with T, the location of TI can be determined 

by nulling the interferometer at a given 8, cp orientation and, without 

changing the electrical adjustment, positioning the tnockup to a direc­

tion ~, t which nulls both channels. This procedure tnoves TI to its 

original location TI in the space -fixed coordinate system. The loca­

tion ofT 1 relative to T can be calculated from the tneasured e, cp and 

~, tangles. 

Reflections from the spacecraft mockup do not introduce measurement errors 

because the spacecraft illumination is identical for the two null conditions. In addi­

tion, the interferometer absolute accuracy is not a factor because the interferometer 

acijustn1ent is unchanged during the course of a n1easurement. 

The interferometer method described measures the direction of OTI but does not 

provide information concerning the distance OTI. The direction OT 1 is defined by 

the mirror symmetry or the incident field for the clockwise and counterclocbvise 8 

orientations. Discussions referring to the location of the apparent source are 

made on the assumption that the center of phase lies in the plane of the source 

antenna. 
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Figure 6. 9. Illustration of the Method Employed fOl Positiomng the 
Spacecraft to Obtain Two Identical Orientations 01 the 

Spacecraft Relative to OT 

36 

y 



6.3.3 Practical Considerations 

The process of positioning the luockup to obtain nulls in both interferon"leter 

channels simultaneously as described in paragraph 6.3. 2 is time -consun"litg. 

Therefore, the procedure illustrated by Figll,re 6. 10 was en"lployed in which the 

two inte1·feror:neter channels are nulled inde~)endently. The spacecraft n"lockup is 

positioned about the roll axis to orient the antennas horizontally and vertically. 

One interferOlueter channel is eluployed for azin"luth Ineasurements and the other 

for elevation m.easureluents. The interferonleter is nulled for the direction OTt 

for the clock-wise orientation of the 8 axis as in paragraph 6. 3. 2. For the counter­

clockwise orientation, azinluth nulls are obtained by rotation through A8; elevation 

nulls are obtained by rotation in elevation through AE by 1'neans of the elevation 

a}..-is of the positioner, indicated in Figure 6.10. It is seen that OTt is located 

relative to OT by azimuth and elevation angles (A8)/2 and (AE cos 8)/2, respectively. 

The effect of extraneous reflections froll"l sources external to the spacecraft l1"lockup 

is to cause scattering of the ll1easured location of the apparent source as test condi­

tions such as the position of the spacecraft are changed. The 111agnitude of the effect 

of extraneous reflections on the nleasured boresight direction is discu.ssed in para­

gl'aph 3.1. It should be noted that the interferon"leter n"leasurem.ent m.ethod is sensi­

tive to at least the following error sources in addition to errors from extraneOllS 

reflections: 

(a) spacecraft positioner and angle -readout errors, 

(b) coordinate systen"l m.isalignnlent, 

(c) frequency drift, 

(d) all"lplitude and polarization variations of the incident field, 

(e) RF leakage into the interferometer circuits, and 

(f) interferom.eter changes caused by gravity. 

The l1"leaSUrenlent procedure requires that the n"lockup be rolled 180 degrees in rnoving 

fron"l 8, <j> to ~, ~! and, therefore, the lueasurenlents are sensitive to effects of 

gravity. For exam.ple, loose cables behind the interferonleter panel which can change 

in position as the mockup is rolled can cause large errors by introducing a diffe'rent 

field perturbation for the two opposite orientations of the interferometer. Further­

n1.01'e, the interferometer -n1.eaSUrelnent procedu::.e provides a n10ans for testing the 

radal' for e1'rors caused by rolling the mockup. It was found during range tests that 

an error of a few tenths of a milliradian was introduced by the deflection of shock 

111.0unts on which the interferolTl.Cter was luounted. 
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In making the n1casllremcnts which arc presented in the following paragraphs, it 

was necessary to exercise extreme care in each of the items listed above. 

6.3.4 Interferomcter Test Results 

Figurc 6.11 is a scat:ter plot of the measured azimuth of the apparent source of 

radiation as a function of 0 over tho range of 0 to 25 degrees. The data, WlH'e 

taken over a pcn'iod of several days and were n1adc in conjunction with apparcnt­

height 111easurcments. 

The rneasured data show it counterclockwise bias of about. O. 35 milliradian 

and a total scatter of about O. 55 rnillira,dian from t:he lucan. The indicated bias is 

probably a result: of an initinl optical boresight ('1'1'01' which occurred prior to 

refinement of the optical boresight procedm'e. The azimuth error appears to be 

indcpendent: of O. 

Figlll'e 6. 12 shows curves of the measlll'ed hci~ht of the apparent sourCe as a function 

of 0 for an elevation squint anglc of -0.5 degree. ThL' lT1CaSUrcn1cnts W01'e lnacle 

under a number of different conditions and over a period of sevel'al days. After 

curve (1) was rnude the cool'Ciinate system ulignment wus checked and the optical 

borcs,igbt tests werc repeah~d before taking the data represented by the l'l~main.ing 

curves, 

Frorn the data pl'osent:ed, the meun elevation of the apparent sourCl' is 0.35 n:dlli­

radian above the range StU'lace und the l11Hximmn errOl' from the rneun is 1. 17 

rnilliracliun. However, it is feU thot curve (1) is not representative or the range 

capabilities because of misalignment orrors unci, l'xdudinp; t'lU'\"C (1), tho data 

inclicnle [t mean elevation of 0.25 millil'atlian abo"l' t.he l'ange surface and a maxi­

mum er;:or of 0.55 millhadian [l'om the m,oun.. 

The interferometer clevation cl\;:UUlcl was employed .cor curVllS (l) and (2) and the 

azimuth channel was emplo),ed for the remainder of the C\1l'Vl'S by rolling (hi.' spat'l'­

craft m,ockllP 90 dOt, ','cas in (p. 

For curves (5) and (6) thc transmitting untenna was squinted in n.zimulh to dircet t.lw 

axis of the beam toward the Interfcrom(~ter. Frorl1 th(~$e t~ltrVes thoro appL~urs tL~ 

bl1 a slight improvoment from sqltinting the sou:rcC antenna, f.l.lthough tlw effl1cL was 

not noticed in the azimuth tests. 

Figuro 6.13 is u graph of tho moasul'cd height of the apptll'ont SOlll'CL' as tl function 

()( t:he dovation squint n..nglo of the SOllrCe antenna. The dushl'd curVL~ was t:nlcula.lt'd 

b'om l."qua.l ion (9) on tho t:l.ssumpt.ion ()f. a (sin x) Ix racliftLit)n pat.tern with a ,) -ck(.~ ihd 

ctevntion bcU\nwidth of c; degl'l~L's anci unity rdlection coefficiont: at: tIll' l'nngt' sul'fa~'l'. 

11: is scen thnt the measul"cc\ data an' in general agl'l'Cn1l."nt with the culcubtcd data. 
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Furtherrnore, the smoothness of the experirn.ental curve indicates the high accuracy 

capability of the interfer01ueter technique. 

7. SUMMARY 

Measurement of the Gem.ini radar boresight accuracy required development of a 

test range with suppression of extraneous signals on the order of 60 decibels, 

establishment of a circularly polarized incident field with lo\'v' axial ra.tio and ampli­

tude taper over the active aperture of the spacecraft D'lOckup, and pl"ovision for 

precise positioning of the luockup. Careful design and construction of the ground­

reflection range resulted in a low level of extraneous reflections. Aperture ampli­

tude and polarization test probes provide an indication of the proper adjustment of 

the incident field. A precision multi-axis positioner, controlled by a high­

performance servo system, supports and positions the spacecraft lllockup with 

positioning and readout accuracies of 0.01 degree. The accuracy of the optical 

boresight technique developed for aligning the coordinate systern is 0.1 milliradian. 

A two-channel interferometer was etnployed in the L-band range-validation tests 

to lUeasure the direction to the apparent source and the purity of the phase front 

by a lUethod which is insensitive to reflections from the probe -support structure. 

Tests indicate that the lUeasurement accuracy of the interferometer is a few tenths 

of a lUilliradian. The lUeasured scatter in the location of the apparent source was 

within approxilUately O. 5.5 milliradian of the mean in azilUuth and elevation. The 

height of the apparent source measured as a function of elevation squint angle of the 

transluitting antenna is in general agreement with that calculated on the basis of a 

point SOUl'ce and a plane reflecting surface. 

In lneasurements m.ade to date, the effect of moisture on the range surface has been 

found to be insignificant at L-band. It is anticipated that the range will be evaluated 

at higher frequencies, both as an elevated range and as a ground-reflection range, 

and at lower frequencies as a ground-reflection range. 

Experience gained in the ope;t'ation of the range for preliminary tests of the Gemini 

rende:z;vous radar confirms that the range lueets the design objectives and has additional 

merit in the rapidity with which measurements can be made and in the flexibility pro­

vided for controlled experiments. 
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