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1.0 INTRODUCTION

The purpose of this report is (1) to provide an analysis of antenna test

procedures used at JPL for measurement of the SIR-A antenna and (2) to point

out that the measured E-plane patterns differ in some significant respects

from the true pattern as experienced during the OFT-2 space deployment; this

results principally from the finite range length associated with the JPL

far-field range.

The SIR-A antenna is a microstrip patch planar array which is 9.38m x 2.09m in

size and is manufactured by Ball Brothers Research Corporation (BBRC). The

antenna is being procured by NASA Johnson Space Center (JSC) for use in the

JPL-designed SIR-A experiment to go on the Shuttle OFT-2 mission and was

tested at the JPL West Mesa Antenna Range during the period October-December,

1978. PSL has provided advisory support to NASA/JSC during this SIR-A test

phase by monitoring tests at JPL and by careful analysis of both the test data

and the most probable antenna pattern performance to be obtained under OFT-2

deployment conditions.

2.0 ANALYSIS OF THE JPL ANTENNA TEST PROCEDURES

2.1 Mechanical

There was good coordination between Ball Brothers Research Corporation (BBRC)

and the Jet Propulsion Laboratory (JPL) cognizant personnel in both the prepara-

tion for and in the mechanical handling of the SIR-A antenna. The JPL procedures

outline described in detail how each step in the handling process should be

carried out. Storage during off-work periods was well planned, and off-hour

monitoring of the storage area humidity and temperature was automatically

recorded and manually observed. The antenna range mount worked well; it was

stable, and positions were repeatable.

The mechanical boresighting of the SIR-A antenna and the rar_ge mount procedures

were well done be JPL personnel. The mirror image described a 3 inch circle

.,t
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around the roll axis as the SIR-A antenna was rolled through 360 degrees. The

boresight range was 150 feet giving an optical equivalent path length of 300

feet; this represents a ± .025 1 error about the roll axis. This is a fixed

systematic error. In budgets for the beam pointing error, the experimental

error must be added to this. Since the observed repeatability was .0920,

these two numbers may be combined to provide a lower bound for the most probable

error:

E = V (.05) 2 + (.092) 2 = ± .105 0 	(2.1)

2.2 Electrical

2.2.1 Beam Pointing

Beam pointing was measured separately for the E-plane and the H-plane by

observing the angles read at the -3dB points on either side of the peak signal

with a theodolite and a target of opportunity. This method was questioned at

the beginning but all observers finally agreed that the beam direction was

known correctly. A tilt in the E-plane toward ^ = 180° of 0 = 0.0683 1 and a

tilt in the H-plane toward ^ = 90 1 of 0 = 0.0608° was measured. Using a

distance of 3136 feet to the source provides a beam pointing direction of (0,

^) = (0.091°, 138.31).

2.2.2 Gain

The gain of three standard antennas was first determined by the three antenna

method utilizing a deMornay-Bonardi model dB-300 insertion loss measuring

device, and a known range distance. Measurements gave the following gains at

1278 MHz.

PSL Standard Gain Horn = +15.60 dBi

JPL Standard Gain Horn = +15.68 dBi

JPL Panel (Modified 3BRC Panel) = +23.08 dBi

4A
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The JPL panel was used for comparison with the SIR-A antenna. No error has

been stated by JPL for this measurement as of this writing.

The SIR-A antenna gain may be estimated from measured antenna 3-dB beamwidths,

which are:

60 (H-plane)

1.28 1 (E-plane)

This well-known directivity formula, which is applicable to low sidelobe

antennas, is [1]:

D = 41,253	
= 37.30 dB
	

(2.2)
6° x 1.28°

The antenna efficiency of a single panel was determined by BBRC to be 51j,.

Thus assuming that the same efficiency holds for SIR-A:

.51D = +34.38 dB
	

(2.3)

The estimated line loss is -0.6 dB so that the predicted gain is G = 33.8 dBi.

The measured gain (an average of three measurements) was 33.62 dBi.

2.2.3 Gain Error

All the error factors involved in the gain are not known at PSL, but as a

minimum the following should be considered:

Range reflections SG-Panel probe = t .065 dB

Range reflections SIR-A probe = ± .03 dB

Experimental spread SIR-A gain = *_ .072 dB

2.2.4 Comments

The JPL antenna range is very well equipped with an adequate staff for data

recording and mechanical handling. Careful efforts were made throughout the
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measurement period to provide JSC and BBRC with reliable and repeatable data.

However # despite these strengths, the JPL antenna range facility does not seem

to have adequate staifing for detailed analyses of range performance, error

budgets, etc, It appeared that virtually the entire burden of JPL test planning

and coordination, as well as range and data analysis was placed on the shoulders

of one JPL engineer; this is too great a load for one person. As a result, JpL

seemed particularly weak in the areas of understanding the significance of

range reflections, the detailed analysis of such range characteristics as

finite path length effects on sidelobe levels and phase patterns, detailed

error budgets, etc. This is not intended as a criticism of the JPL antenna

engineer, but is meant to convey the need for more JPL analytical support in

the area of antenna metrology.

In addition to this comment, there are additional observations which may be

helpful in improving future measurement programs.

1. There was initially some confusion in proper methods for identifying

the cross-polarized patterns in relation to the principal component

patterns.

2. A complete error analysis should be provided by JPL to JSC, detailing

both systematic and random errors.

3. An analysis of the effects of range reflections should be included

in the above.

4. An analysis should be provided by JPL of methods used to measure

antenna patterns as applied to power contour graphs. The JPL method,

as observed by PSL personnel, was to normalize the recorder to a

particular power level for each roll cut. This was done because a

0.5 dB power drift was observed for a 3 time period of 4.7 minutes.

This normalizing procedure is questionable if the data is used to

produce a power contour plot. It may be necessary to include the

0.5 dB drift 
in the error analysis.

-'j
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3.0 SIR-A PATTERNS: PLEASURED vs. TRUE

4

Although several analyses of the SIR-A antenna patterns have previously beer.

carried out-by both PSL and BBRC [2, 3 1 4, 5, 61, none of these has adequately

addressed the effect of the finite range length (3136') of the JPL West Mesa

Antenna Range, while at the same time incorporating the effects of the true

aperture amplitude and phase distribution. This section will show that (a)

the mathematical model and numerical results presented herein agree well with

the measured far-field amplitude and phase patterns, and (b) the finite range

length (3136') produces a measured pattern which Is different from the true

in-situ pattern (as deployed on the Shuttle) in two important regards: (1)

the measured E-plane phase vs. angle pattern is almost-entirely a result of

the finite antenna range length, and (2) pattern amplitude nulls are much

deeper than appears from measured data to be the case.

3.1 Antenna Pattern Analysis: Aperture Distribution

At the JPL 3136' range, the wave incident on the SIR-A antenna is not truly a

plane wave; it is a spherical wave with a 3136' radius of curvature, as shown

in Figure 3.1. This means that the antenna is not being tested under true

plane-wave-incidence conditions, and that effectively the phase of the edge

lags that of the center by an amount

A = 2nQ (radians)	 (3.1)
A

where

2 =(3136) 2 + (L/2) 2 - 3136 (ft.)	 (3.2)

For the SIR-A E-plane, L/2 = 16' so that

2 = .0408'	 (1.2435 cm),	 (3.3)
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so that at 1278 MIz (A = 23.474 cm),

A	 .333 rad (19.1 0 )	 (3.4)

To a very good approximation, the phase of the incident wave may be written as

a parabolic contour

^i (x) = - ax 2	(3.5)

where

e = 4A	 (3.6)

L2

and

x = distance along aperture, measured from center

The standard diffraction integral for the far-zone electric field of an aperture

is

L/2

E(e) = cos 6	 I(x) 
ejkx sine dx
	 (3.7)

L/2

where a is the angle measured from broadside and I(x) is the aperture current

distribution. Although the SIR-A BBRC antenna is actually an array, there is

a s,ifficient number of elements so that the aperture distribution I(x) may be

represented as a piecewise continuous function. It is further assumed that

each of the seven panels has a uniform current and a uniform phase, but that

these values are different for each panel. The current amplitude of each

panel is determined b;>:

1.	 The feedline network nominal design
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2. Individual values of the reflection coefficient at the input to each

panel

3. Panel manufacturing tolerances (as measured by changes in the peak

gain for each panel)

Unfortunately, only the magnitude of the input reflection coefficients for

each panel is known by PSL; these are based on BBRC-measured values of the

VSw'R (2]. Calculations herein have been based on worst-case assumed values of

the reflection coefficient phases. The nominal design of the feed network

delivers a relative power of 1/8 to the four outside panels (two on each end)

and 1/6 to the center three panels. Finally, differences in current amplitude

due to panel manufacturing tolerances can be observed by noting the change in

individual panel gains (2]. These factor y are summarized in Table 3.1.

Table 3.1

SIR-A E-Plane Current Amplitude Factor:

Panel
Position

Feed Network
Nominal Design

(Power)	 (Current)

Individual
Refl.	 Coeff.	 Ampi.
(VSTA'R)	 1PI

Individual
Gains

(dB)	 (Current)

FN
I F 

1 1/8 0.866 1.16 .074 25.93dBi .9661

2 1/8 0.866 1.14 .064 25.86 .9583

3 1/6 1.000 1.12 .057 26.03 .9772

4 1/6 1.000 1.12 .057 I	 26.13 .9886

5 1/6 1.000 1.06 .029 26.23 i.000

6 1/8 0.866 1.17 .078 `	 25.87 .9594

7 1/8 0.866 I	 1.14 .064 26.10 9851

The relative current amplitude for each panel may be computed as

I  = FN F 	 (3.8)

.:here
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FN = relative current produced by a perfecL feed network and identical

matched panels

FT = transmission coefficient from feedline to mth panel

J ^n
= I1+pI = I1+ 

IPM 
le	 I	 (3.9)

(FT ) max = 1 + I pml ; (FT ) min = 1 - Ipm)

F  = relative tolerance-caused change in current (w.r.t. 1.0) as evidenced

by measured gains of individual panels w.r.t. panel X15.

Of course, the individual gain factor 
V  

is influenced in part by the input

reflection coefficient factor FR ; however, F  is also influenced by the antenna

efficiency k  (0 < k  < 1) which is dependent only on the internal heating

losses. Thus, the peak gain of panel m (relative to panel 5) would be given

by

F(m) k(m)

FGm) =
	 T	 L	

(3.10)

F (5) k(5)
T	 L

Assuming that the heat-loss factor is identical for each panel, i.e. k(m)

k(5),L

F(m) = I1 + pml
G

+ p 
s

I 	 (3.11)

I1 

If it is assumed that pm = -Ipml, it will be seen that the predicted values of

relative gain from (3.11) agree well with the BBRC-measured values from Table

3.1. This strongly suggests that variations in gain of the individaul panels

derive mostly from individual mismatch differences.

Using equation (3.8) and appropriate values from Table 3.1, the relative panel

currents can be computed and listed, as in Table 3.2.
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Table 3.2

Computed Relative Currents

for SIR-A Panels

Panel Position Relative Current

1 0.8367

2 0.8299

3 0.9772

4 0.9886

5 1.000

6 .8308

7 .8531

The phase of the current across each panel is determined by two parameters:

1. The insertion phase S  of each panel. This has been measured by

BBRC [7] and is listed in Table 3.3.

2. The quadratic phase taper (p i (a) due to the finite range length, as

shown in Figure 3.1 and calculable from Equation (3.5).

Table 3.3

Pleasured Insertion Phases

of SIR-A Panels

Panel Position Insertion Phase, S 

(deg.)

1 +	 2°

2 - 12°

3 - 14°

4 0°

5 +	 4°

6 +	 3°

7 +	 40

i
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3.2 Antenna Pattern Analysis: Far-Field Patterns

If the total E-plane array length is L, then each of the seven panels has a

length L/7.' The total field is then given by

7
E(6) n cosh f E^a (a)	 (3.12)

m=1

where, from (3.7),

j6	
xm+L/14 -jax

2 jkx sine
Em (8) = Iai e	

m	
r	 e	 e	 dx	 (3.13)

J 111-L/14

and where

6m = (m-4) L 
(in
	 1,2, ... ,7)

7

k = 2n/A

a=4A
L2

The integral of (3.13) can be rewritten as a Fresnel integral; however, since

a is small, the quadratic phase term can be expanded in the first two terms of

a binomial series, i.e.,

-j as`
0

e	 -1 - jax2 +	 .
	

(3.14)

Thus,

fie;.:,	 _......	 ...
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X + T-
M	

14

E m (6) = I m x3501	 L
:{
0' - 

14

12

x + L

m	 14
ejkx sin6 dx
	 a

Lx - -
01	 14

x 2 ejkx sin 6 dx (3.15)

These are standard integrals and the evaluation is straightforward although

details are messy. The resulting E-plane field pattern (normalized to 1 for

an infinite rat , ge length and 6  = 0 for all m) is
7

	

E(6) = 
cosh	

I e
 J6	 2 ie 2 J (a;- 4)X 	 sitiX + c^	 l

(a	 - jbm ) (	 (3.16)

7	 m=1 m
	

X	 49 
m	

J

where

	

X = kL sin6	 (3.17)
14

	

4(m-4)	 sitiX
a =	 -	 - cosy 	(3.18)

M	
Y	 X

	L = [4(m-4)
2 + 11	 nX - 2	 siMx _ cosx	 (3.19)

n:

	

X	 X2 X

The second term in the braces of Equation (3.16) is due to the quadratic phase

error associated with the finite range length of the JPL range. For this

range, A = .333 rad. However, as the SIR-A antenna is deployed on the shuttle,

the range is essentially infiaite so that A = 0, leaving only the array facror

for a seven-element array of I - length panels with individual amplitudes (Im)

	

and phases (601 ) .	 7
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3.3 SIR-A Pattern: Numerical Results

Figures 3.2 and 3.3 illustrate antenna amplitude and phase pattern comparisions

between JPL-measured data (8] and calculations based on the preceding theory.

The numerical values were obtained from a computer program [see Appendix]

written for a TI-59 programmable calculator; for the SIR-A E-plane, kL = 251.

The agreement is very good, except for the second null position to the left

and the first null depth and position to the right. It will be recalled from

preceding analysis that with an approximate JPL range reflectivity of -21 dB,

the uncertainty in the measured value of the power pattern can be several dB

at the -25 dB to -30 dB level, depending on the exact angle(s) at which the

interfering reflected signal enters the pattern. Thus, there is no compelling

reason to assert that the measured E-plane patterns inspire significantly more

confidence than the calculated patterns presented here; this is particularly

true for the phase patterns.

The calculated patterns show a beam tilt to the right of 0.060 1 ; the measured

value was .061° ± .034 1 . The calculated -8 dB E-plane beamwidth is 2.009°;

the measured value was 1.988 1 ± . 002 1 . The calculated E-plane sidelobe levels

are (-12.7 dB, - 6; -17.8dB, + 6); the measured levels were (-12.2 dB; -17.8

dB). All of these comparisons illustrate that the significant features of the

pattern shape can be very accurately obtained from the theoretical model

presented herein when supplemented by a knowledge of individual panel gains

and insertion phases, and considering the finite range length effect.

The true deployment pattern of the SIR-A antenna can thus be accurately obtained

by :i calculated pattern based on Equation (3.16) an al letting the range be that

of the shuttle-to-earth distance, i.e. A = 0.

The resulting amplitude and phase patterns thus obtained are shown in Figures

3.4 and 3.5, where a comparison is made between the calculated patterns for

the JPL range and the calculated patterns for OFT-2 deployment conditions,

i.e., 0 = 0. The most obvious effects in the power pattern are that (1) the

nulls are much sharper and (2) the sidelobe levels are slightly reduced below

those predicted for JPL range test conditions. The OFT-2 deployment pattern

has a much flatter phase pattern over the -8 dB beamwidth than that predicted

`7
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for the JPL test data. This is to be expected, since much of the concave

shape of the measured phase curve is due to the quadratic phase error of the

illuminating wave associated with the JFL range length.

Is is strongly recommended that the E-plane phase data measured by JPL not be

taken as the true phase pattern that would be experienced under deployment

conditions. The calculated solid curve of Figure 3.5 is a much more accurate

representation.

In order to provide an estimate of the worst-case quadratic phase error asso-

ciated with this phase behavior, a 6th-degree polynomial was found which

provides a best fit (in the least-squares sense) to the calculated phase curve

over the angular range t 1.2°. This curve is shown as the solid line in

Figure 3.6; the actual phase values are shown as asterisks. The polynomial is

given by

where

^ = far-field phase (deg.)

0 = angle from axis (deg.)

C0	 .026015

C1	 -.387169

C2	 -2.156546

C3	 -.937944

C4	 1.381933

C5	 .714718

C6	 -1.705156

The maximum quadratic phase error is incurred at 0 = 1.08 1 , where the power

pattern is at -8 dB; the value is 2.6 1 which is well within specifications.
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4.0 CONCLUSIONS AND RECOMMENDATIONS

This report has summarized the principal highlights of the test procedure used

at JPL and has also provided a detailed mathematical analysis of the SIR-A

E-plane pattern. The differences between the measured and calculated E-plane

patterns are slight, although the calculated E-plane patterns are considered

to be more representative of the in-situ OFT-2 deployment patterns than are

the measured patterns; this is particularly true of the SIR-A phase pattern,

where it is shown from the calculated patterns that the maximum quadratic

phase error (over the -8 dB beamwidth) is 2.60.

It is recommended that the JPL-measured nominal values be used for: (1) beam

tilt, (2) gain, (3) sidelobe level, (4) cross-polarization level, (5) -8 dB

beamwidth, and (6) H-plane pattern amplitude and phase shape. It is recommended

that the PSL-calculated values be used for the E-plane pattern amplitude and

phase shape. Finally, it is recommended that JPL provide a complete error

analysis for all principal measured data.

>1
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6.0 APPENDIX

This appendix presents a listing of the computer program used for the calculated

patterns in Section 3.3 and also a listing of the numerical results. The

program, based on Equations (3.16) through (3.19) with input data from Tables

3.2 and 3.3 was written using one of the author's (KRC) TI-59 programmable

calculator. The data values were printed by the TI PC-100A printer as a

listing of far-field amplitude and phase values associated with each angle,

i.e.

-0:	 1.500	 (the negative of the angle in degrees)

P(dB)	 -17.234	 (power level in dB)

(deg.)	 11.126	 (phase angle in degrees)

Data points are calculated for angles between ± 4 1 from broadside and at

increments of 0.051.
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