
(USA-CR-167534) SAR CALIBRATION TECHNOLOGY
RBTIEV Final Report (Environmental Research
last_ of Michigan) 161 p BC A08/eF A01

CSCL 171 Unclas
G3/32 09229



TECHNICAL REPORT STANDARD TITLE PAGE

I.	 Rep.rl No. 2.	 Government Ac cession No. 3.	 Recipi e nt's Catalog No

4.	 Talc and Subtitle 5.	 Reltorc D. to

SAR Calibration	 Technology Review
August	 1981

6.	 P, rh,rmt-it; OrL.amz.atow Code

Authorls)

J.	 L.	 Walker and	 R.	 W.	 Larson

H.	 Perlorming Oil,,an cation Ift-Imal \„
150400-7-F

9.	 Perfornccnl± Or t:antr.ttuni N:.mc- and Address 10.	 14„rk Unit No.

Environmental	 Research	 Institute of Michigan

Radar and	 Optics	 Division 11.	 Cotttta,t or Grant %,,.
P.	 0.	 Box	 8618 NAS	 9-16135
Ann Arbor, Mieh;gan	 0107 13.	 Type- oflteport and Ptttnd(l,vrrod

Fl ndl	 Report
29 May 1980 through

12.	 Sponsnnnt: Arriv-c ".nnr and Address

NASA/Lyndon B.	 Johnson Soace Center
Houston,	 Texas	 77058 31	 July	 1981

14.	 S1x,nsc,nn l; Avt-nry Cudr

F_	 Suppl,•ment.cr y N,,tes

11:.	 Ah-Arart

This	 report presents a	 review of SAR calibration	 technology	 including a

(
general	 description of the primary calibration 	 techniques	 and	 some of the

factors which affect the	 performance of calibrated SAR systems.	 The use of
reference reflectors	 for measurement of the	 total	 system transfer function
along with an on-board calibration 	 signal	 generator	 for monitoring	 the

temporal	 variations of the receiver to	 processor output	 is	 a	 practical

approach	 for SAR calibration.	 However,	 preliminary error analysis and

, previous experimental	 measurements	 indicate	 that	 reflectivity measurement

accuracies	 of better than	 3 dB will	 be difficult	 to	 achieve.	 This	 is	 not

adequate	 for many applications and,	 therefore,	 improved end-to-end SAR

calibration	 techniques	 are required.

1

I"	 h,	 N',trds

Synthetic	 aperture	 radar	 Clutter
IN	 Dtstnhulnm S1.0r t- tit

Radar cross	 section
Amplitude calibration
Signal	 dependent noise

Reference reflectors

I"	 Se, unl^	 1'I.tnsd.	 1 -f	 lhts	 r, 1x,r1, 20	 S„ urcty Classtl.	 1 ,-I	 tl.i•	 pl., Z1.	 No.	 ,I	 P,.: 22.	 1`.

Unclassified Unclassified xi	 +	 145



PRECEDING PAGE BLANK NOT FILMED

LERIM	 RADAR AND OPTICS DIVISION

FOREWORD

This is the final report for Contract NAS9-1E135, Systems Analy-

sis Support of Advanced Synthetic Aperture Radar Project sponsored

by NASA Lyndon B. Johnson Space Center. The work reported here was

performed by members of the Radar and Optics Division, ERIM under

the direction of Dr. A. Kozma.

The principal investigator for the project was Dr. J.L. Walker.

1^

	
In addition, R.W. Larson contributed substantially to this work.

This contract was monitored by Dr. Kumar Krishen, NASA Lyndon B.

Johnson Space Center, Houston, TX.

i i i



LERIM	 _	 RADAR AND OPTICS DIVISION

ACKNOWLF^GEMENTS

The authors gratefully acknowledge the support of the Radar and

Optics Division Staff during this ,--oject. 	 In particular, T. Lewis

attended AdSAR design reviews, B. Th , ,en assisted with SAR analysis

proorams and made important contributions in the area of statistical

error analysis. We also thank R. Shuchman for reviewing this report

and providing helpful suggestions and R. Hamilton for his work in

reviewing and editing the final draft.

PRECEDING PAGE BLANK NOT FILMED

v



PRE._,EDING PAGE FLAW NOT FILMED

LERIM	 RADAR AND OPTICS DIVISION

TABLE OF CONTENTS

FOREWORD	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 i i i

ACKNO'JLEDGEMENTS .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 v

LIST OF	 FIGURES	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 ix

LIST OF	 TABLES	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 xi

1. INTRODUCTION	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 1

2. APPLICATIONS	 OF	 CALIBRATED	 SAR	 SYSTEMS	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 3

3. SUMMARY	 OF THE	 SAR	 CALIBRATION	 PROBLEM	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 9

4. CALIBRATED SAR PERFORMANCE	 PARAMETERS	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 17
4.1	 Conventional	 SAR Performance	 Parameters 18
4.2	 Additional	 Calibrated SAR Performance	 Parameters 31

5. SAR CALIBRATION METHODOLOGY AND TECHNIQUES	 .	 .	 . .	 .	 .	 35

5.1	 Calibration	 Techniques 35

5.1.1	 Reference	 Reflector	 Technique 36

5.1.2	 Composite Transfer	 Function Technique 39

5.1.3	 Scenes of Opportunity 39

5.2	 Antenna	 Pattern Measurements 39

5.3	 Monitoring of SAR Parameters 43

5.4	 Measurement of Total	 System Transfer Function 45

5.5	 Utilization of Calibrated SAR for Remote Site

Data	 Gatherin g 48

5. CALIBRATED SAR SYSTEM DESIGN	 CONSIDERATIONS	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 53

6.1	 Reference	 Reflector Considerations 53

6.2	 Reflector Array Design 73

6.3	 Calibration	 Signal	 Generator 74

6.3.1	 Design	 Requirements 78

6.4	 Signal-Dependent Noise 80

6.4.1	 Distributed	 Clutter Dy.iamic	 Range 80
6.4.2	 Integrated	 Sidelobes 83

6.4.3	 Quantization	 Noise 93

7. CALIBRATION	 ERROR	 CONSIDERATIONS	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 99

7.1	 Calibration	 Errcr	 Considerations 99

7.2	 Estimation of oo Using	 In-Situ	 Reference Reflectors 105

7.3	 Transfer	 Function Errors 108

7.4	 SAR Calibration	 Scenario 114

7.4.1	 Single	 Channel 116

7.4.2	 Relative	 Calibration 118

8. REVIEW	 OF	 PREVIOUS	 CALIBRATION	 PROGRAMS	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 121

9. AdSAR	 SYSTEMS	 ANALYSIS	 SUPPORT	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 129

vii



LERIM 	 RADAR AND OPTICS DIVISION

TABLE OF CONTENTS
(Concluded)

10.	 CONCLUSIONS AND RECOMMENDATIONS . . . . . . . . . . . . . . . . . 137

REFERENCES . . . . . . . . . . . . .	 . . . . . . .	 . . . . . . . . . . 141

APPENDIX A: CALIBRATION OF SYNTHETIC APERTURE RADAR . . . . . . . . . A-1

viii



LERIM	 RADAR AND OPTICS DIVISION

Y

LIST OF FIGURES

3.1. Reflectivity	 Measurements	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 12

3.2. SAR	 Calibration	 Problem	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 14

4.1. Point-Target	 Response	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 20

4.2. Two-Target Response as a Function of Relative
Target	 Phase	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 22

4.3. Effective Backscatter Coefficient of Total 	 Noise
for	 an	 =	 -24	 dB	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 24

4.4. Effective Backscatter Coefficient of Total 	 Noise
for	 an	=	 -30	 dB	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 25

4.5. Effective Backscatter Coefficient of Total 	 Noise
for	 ao 	=	 -36	 dB	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 26n

4.6. Simple Two-Parameter Contrast Model 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 28

4.7. Image Contrast vs. Terrain Backscatter Coefficient
(a°)	 for	 an	 =	 -25	 dB	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 29

4.8. Image Contrast vs. Terrain Backscatter Coefficient
(ao )	 for	 MNR	 =	 -15	 dB	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 30

5.1. Antenna Pattern Measurements Using SAR Data;
Averaging of "Non-Homogeneous"	 Terrain	 .	 .	 .	 .	 .	 .	 . .	 .	 42

5.2. Measurement of Total	 System Transfer Function	 .	 .	 .	 .	 . .	 .	 46

5.3. Example of Calibration Data Gathering Procedure 	 .	 .	 .	 . .	 .	 49

6.1. Reflector Types Suitable for SAR Calibration
References	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 55

6.2. Equations for the Maximum Radar Cross Section of
Reflectors	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 56

6.3. Comparison of Angular Response of Luneberg Lens
and	 Triangular	 Corner	 Reflector	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 57

6.4. Measurement Geometry for Top Hat Reflector 	 .	 .	 .	 .	 .	 . .	 .	 59

6.5. Measurement Geometry for Triangular Corner
Reflector	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 59

6.6. Lobing Structure for a 10 m 2 Top Hat with ^ = 90°
(Across	 Corner)	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 60

6.7. Measured Elevation Response	 for Trihedral	 Reflectors	 . .	 .	 61

6.8. RCS of Triangular,	 Circular, and Square Corners 	 .	 .	 .	 . .	 .	 62

ix



ERiM	 RADAR AND OPTICS DIVISION

LIST OF FIGURES
(Concluded)

6.9.	 Angular Tolerances for Square Corner Reflectors
at X-band	 . . .	 . . . . . . . .	 . . .	 . . . . . . . . . . 	 65

6.10. Angular Tolerances for Triangular Corner

Reflectors at X-band . . . . . . . . . . . . . . . . . . . 	 65

6.11. Angular	 Error	 Geometry	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 66

6.12. Multi path	 Geometry	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 68

6.13. The Bistatic Radar Cross Section in the Plane of

Symmetry for Triangular and Square Corner Reflectors

of Equal	 Peak	 Effective	 Area	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 69

6.14. Calibration	 Signal	 Generator	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 75

6.15. SAR Receiver Block Diagram with Calibration Signal

Generator	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 77

6.16. SAR Imagery Including Examples of Impulse Response

Sidelobes	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 85

6.17. Point-Target Response Showing Effect of 6° RMS Phase
Error	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 87

6.18. Point-Target Response Showing Effect of 60 0 RMS Phase

Error	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 88

6.19. Single-Step Response for Uniform Aperture	 .	 .	 .	 .	 .	 .	 . .	 .	 . 91

6.20. Single-Step Response for 35 dB Taylor-Weighted

Aperture with	 Random	 Phase	 Errors	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 92

6.21. Quantizer	 Characteristics	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 94

6.22. Quantizer Gain as a 	 Function of Input Signal

Level	 and	 Word	 Size	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 96

6.23. Quantizer SNR as a	 Function of Input Signal

Level	 and	 Word	 Size	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 97

9.1. Ambiguity Ratio Along the Range Direction at X-band	 .	 . .	 .	 131

9.2. Ambiguity Ratio Along the Range Direction at	 L-band	 .	 . .	 .	 131

9.3. Ambiguity Ratio	 in the Azimuth Direction	 for X-band	 .	 . .	 .	 132

9.4. Ambiguity Ratio in the Azimuth Direction for L-bond 	 .	 . .	 .	 132

9.5. TNR vs. oo at Ground Range of 23.5 km at X-band	 .	 .	 .	 . .	 .	 134

9.6. TNR vs.	 «o at Ground	 Range of 23.5 km at L-band	 .	 .	 .	 . .	 .	 134

9.7. TNR Along the Range Direction with o o = -30 dB at

X-band	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 135

9.8. TNR Along the Range Direction with cyo = -30 dB at

L-band	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 135

x



.:RIMimemel RADAR AND OPTICS DIVISION

LIST OF TABLES

2.1. SAR	 Calibration	 Requirements	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 5

4.1. Typical	 SAR	 Performance	 Parameters	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 19

4,2. Additional	 Performance Parameters	 for a Calibrated SAR	 .	 .	 .	 . .	 19

5.1. Techniques	 for Determining Total	 System Transfer
Function	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 37

5.2. Calibrated	 SAR	 Data	 Collection	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 44

6.1. On-Axis	 Measured and	 Calculated	 RCS	 for , a	 6-in.A Corner	 .	 .	 . .	 64

6.2. On-Axis	 Measured and	 Calculated RCS	 for a	 11.5-in.	 A Corner	 . .	 64

6.3. Ed ge-Induced	 Ripple	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 70

6.4. Comparison	 of	 Corner	 Reflector	 Types	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 71

6.5. Example	 SAR	 Parameter	 Values	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 82

7.1. Reference	 Reflector	 Error	 Sources	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 100

7.2. Variation	 in	 Reflector	 Value	 Due	 to	 Multipath	 .	 .	 .	 .	 .	 .	 .	 . .	 103

7.3. Estimates	 of SAR	 Parameter Uncertainties	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 113

7.4. SAR	 Calibration	 Scenarios	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 115

9.1. Preliminary Design Parameters for the Advanced SAR System 	 .	 .	 . .	 130

x 



LERIM
	 RADAR AND OPTICS DIVISION

1

INTRODUCTION

The use of synthetic aperture radar (SAR) for earth resource

applications is motivated by the all-weather day/night operation of

these systems and their capability of providing fine resolution

microwave reflectivity data at long ranges. SAR systems have been

used successfully for many years especially in military reconnais-

sance and target acquisition applications. These applications have

primarily exploited the SAR image data to provide information related

to the position, shape, and the relative reflectivity distribution

of various scattering objects.

There are many other potential earth resource applications for

problems in geology, agriculture, oceanography, and ire monitoring

which require the capability of making absolute radar cross section

measurements. In addition; when designing target acquisition rc,dars,

necessary inputs for most detection algorithms are the radar cross

section characteristics of tactical targets and ground clutter.

There exists only a limited amount of experimental data of this type.

Moreover, the complexity and variety of targets and terrain types as

well as the presence of both natural and cultural contaminating ob-

jects, make it very difficult to derive a useful theoretical model

to predict microwave reflectivity in general. Therefore, it is nec-

essary to depend heavily upon experirental measurements that can be

obtained from a calibrated SAR, i.e, a SAR whose total transfer

function (scene reflectivity to output image signal) is known.

In mid-1980, the Radar and Optics Division of ERIM init;ated an

effort under the sponsorship of NASA/JSC to provide systems analysis

support for the joint JSC/JPL Advanced Synthetic Aperture Radar Pro-

ject. The objective of this project was to develop and demonstrate

new technology for future SAR systems. Accurate, absolute amplitude

calibration was one of the key technology areas to be investigated.

The Radar and Optics Division's role was to provide technical support
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by attending design review meetings, providing technical critique

and recommendations on the material presented at these meetings, and

reviewing relevant SAR calibration technology. This report p,°esents

a summary of the work performed under this contract.

In Section 2, various potential applications of amplitude cali-

brated SAR systems are briefly described, along with estimates of

calibration performance requirements. Section 3 presents a review

of the basic SAR calibration problem and discusses some of the fac-

tors that affect our ability to calibrate a SAR. For background

purposes and to establish consistent definitions of terms, various

conventional SAR performance parameters are reviewed in Section 4

along with three additional parameters which are directly related to

calibrated SAR systems.	 Techniques for calibrating a SAR are dc:

scribed in Section 5, important aspects that must be considered when

designing a calibrated system are described in Section 6, and various

error sources that affect reflectivity measurements are de9c: • ibed in

Section 7. A review of previous SAR calibration programs is pre-

sented in Section 8 along with some of the key results. During the

early portion of this project, the Advanced SAR System specifications

and design approach were reviewed. For completeness of this final

report, a summary of these results is given in Section u. Finally,

Section 10 provides some recommendations for future SAR calibration

work.

2
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2
APPLICATIONS OF CALIBRATED SAR SYSTEMS

This section presents a brief overview of different applications

for calibrated SAR data along with some representative references.

Each of the various application areas mentioned has requirements for

a SAR system that include a calibration capability. Calibration re-

quireinents include spatial accuracy, image aspect ratio, and other

image parameter specifications in addition to ,amplitude calibration.

The purpose of this brief discussion on applications is only to iden-

tify the disciplines and areas of study for which calibrated SAR data

has been used or is required. The reader is referred to various ref-

erences for detailed information, particularly the workshop reports

L1,2] for extensive reference lists.

Calibration of SAR data is generally thought of in either a

relative or absolute sense. In the relative sense, the earth scien-

tist is interested in obtaining SAR images that are free of system

effects. This means that differences in image intensity should be a

function of target reflectivity only. System effects such as antenna

gain, recorder gain, P. power loss, and change in effective reso-

lution cell size are all corrected. Occasionally, the earth scien-

tist also wants the natural target reflectivity (which is a function

of incidence angle) to also be normalized within the image. This

facilitates machine classification of the data.

Absolute calibration is necessary when SAR data from different

passes or different days are to be compared. For example, if a soil

moisture scientist wants to look at SAR images collected over a one-

inonth period, absolute calibration is required. A geologist may re-

quireit) solute calibrated data when comparing orthogonal-look-

directio+, uata.

3
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Absolute amplitude calibration capability in a SAR system pro-

vides an additional dimension to the data. Information regarding

the values of radar cross section (RCS) for a wide variety of objects

becomes available for interpretation and classification when cali-

bration is realized. Also, considerable information regarding values

of the scattering coeff it ieilt o ` for a variety of terrain types be-

comes availa'jle. Classification of target types and terrain, in

general categories, may prove to be possible. Also target scattering

centers and calibrated distributions of terrain types can be measured

to provide additional information for classification. Further, if

calibrated dual-channel SARs are considered with orthogonal polari-

zations or different wavelengths, classification by polarization and/

or wavelength scattering propertie q may provide yet another basis on

which to classify targets and terrain types. It is thus clear that

SAR calibration capability can be utilized for extending data

exploitation.

Additionally, calibrated SAR data can be used to aid in the

validation of diffuse terrain and sea radar backscatter models. It

is realized that calibrated SAR measurements of every terrain feature

of interest to the earth scientist are not possible.

A summary of SAR caiibratior, requirements for various appli-

cations is included in Table 2.1. As indicated in the table, there

are numerous specifications that have not, as yet, been determined.

Thus, many more experiments are needed. With the availability of a

calibrated SAR, a number of experiments can be defined to provide

quantitative data with which to help determine the utility of cali-

brated data and calibration requirements for various remote sensing

applications.	 Calibration performance parameters are describe in

more detail in Section 4.

Some of the important applications of calibrated SAR systems are

discussed in the following paragraphs.

4
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Clutter Statistics

To date, the objective of all SAR calibration programs conducted

by ERIM has been to gather calihrated SAR data for use in calculating

bacKscatter statistics for various types of terrain. Several such

SAR calibration programs are discussed in Section S. Histograms of

data obtained with a calibrated SAR have been used to provide input

to &-fine radar clutter models [3-5]. Clutter models are utilized

in radar system design for detectability criteria. Example results

obtained are given in Appendix A.

Soil Moisture Determination

The ability to compute an absolute value of reflectivity o * of a

given area, made possible by calibrated data, can be utilized to

determine a measure of sail moisture. Knowledge of the soil type

greatly improves the accuracy in the estimated value of soil mois-

ture. The absolute value of 
u* 

of particular areas, obtained from a

series of images over an extended time period, can be compared to

obtain crop yield estimates based on soil moisture. Although there

are many discussions of this application regarding the limitations

based on ":oil-moisture measurements", a carefully defined and con-

ducted verification experiment using SAR is required to determine

the achievable accuracy i6-8].

Target C1assificition

RCS measurements of	 a large	 class	 of	 targets	 (i.e.,	 vehicles,

ships)	 indicate some general trends.	 For example, the expected value

of RCS,	 on	 the	 average,	 is larger	 for	 trucks	 than for tanks.	 Quan-

titative	 measures of the RCS values may be 	 useful in	 a rough	 auto-

matic	 -lassification scheme ^0-10].	 In addition, the measurement of

the RCS	 of	 the	 component	 scattering	 centers	 that comprise a	 target

signature may alsa be useful for target classification.

0
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Crop Classification

Results of ground measurements of the v' values of a Marge

number of fields, with and without growing crops indicate a cluster-

ing by crop type. Periodic coverage, by SAR, of areas of interest

and the comparison of the absolute values of o ' values can yield

information on crop type and crop growth. The estimates are improved

with the utilization of other a priori information such as season,

rainfall, past crop history, etc. [11-16]

Oceanography

Absolute values of the Q ' values for the sea can be utilized to

obtain estimates of surface wind velocity, sea roughness, and

(perhaps) wave heights X17-22]. Also, last but not least, a very

important application for a calibrated SAR is for sea ice surveil-

lance and ice classification 'L23-301.

7
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3
SUMMARY OF THE SAR CALIBRATION PROBLEM

Some applications of SAR systems, as indicated in the previous

section, require the measurement of radar cross section (RCS) of

various scene elements. Depending on the application, the required

measurements can be either the RCS associated with scattering centers

of a specular target or the RCS per unit area (backscatter coeffi-

cient) u° of diffuse terrain.

Generally, an estimate of the mean value of c o is desired, al-

though the higher-order statistics are sometimes of interest. As is

well known, superimposed on the average terrain reflectivity is a

noise-like granularity often referred to as coherent speckle. When

there are a large number of small scatterers in a resolution cell,

the amplitude of the SAR image is often modeled as a Rayleigh distri-

bution witn the phase uniformly distributed between 0 and 2x. This
model appears to be valid for coarse-resolution SARs when there are

no large RCS point-like scatterers in the scene. Sometimes, Weibull

or some other form cf probability density function is more suitable.

In addition, of course, macroscale reflectivity variations occur for

typical farmland due to variations in soil moisture within a field

or from field to field; the v ' statistics for such farmland are often

of interest.

A SAR system provides an image whose power (squared-modulus of

complex amplitude) varies as a function of the RCS of each resolution

cell. This relationship between reflectivity and output image power

is not generally known in an absolute sense unless the total system

transfer function is carefully measured. In accordance with the

general definition of the word calibrate (i.e., "to graduate a gauge

of any kind with allowance for its irregularities so that the gauge

can be used to provide an absolute measurement"), the calibration if

a SAR is defined as the measurement of the total system transfer

function so that the SAR output can be related to the reflectivity

of the scene in an absolute sense.

9
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It should be noted that, even if the radar could be calibrated

to achieve a high degree of measurement accuracy, there is always

the inherent statistical variation of the terrain reflectivity itself

which implies that a large number of independent measurements may be

required to estimate the average value of a ' with small variance.

This should not be confused with the basic accuracy and precision of

the calibrated SAR.

As is well known [31] from the radar range equation and sim-

plified SAR models, the power P I at the output of the image-

formation processor is given by

PT G2 (A) x2
(3.1)P I = L ( 4,x)3 R4 HR a

where P T = average transmitter power,

G(e) = antenna gain as a function of depression angle e,

L = system losses (propagation losses, transmission line

losses, radome losses),

a = wavelength,

R = range,

HR = receiver to processor output gain function (including
the effects of azimuth and range compression), and

a = radar cross section.

This can be rewritten in the form

P I = KP G2(4) HR a	 (3.2)
R

where K  is given by

PT a`

KP =	
L(4n)3 .

10
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It is, therefore, conceptually straightforward to estimate a from

a SAR image if one has a Knowledge of the total transfer function

G2H	
a H

R	(3.3)S = KP R4	 '

The power, P I , associated with the reflector response in the image

is measured and a is determined from HS (P I versus a curve).

Similarly, for the case of diffuse terrain, the power P I is

measured over the particular image area AC of interest (referenced

to ground plane) and an estimate of a° can be obtained from the

relation

-1 P I00
	 HS AC 	 (3.4)

The SAR calibration process of determining the total system

transfer function typically requires several measurement steps, as

described in Section 5. In principle, the SAR calibration process

is much like calibrating any measuring instrument. It consists of

(1) collecting SAR data for some type of standard reference reflector

field with known reflectivity, (2) performing measurements on the

resulting imagery, and (3) calculating the system transfer function

HS.

As indicated in Figure 3.1, some applications require only a

relative measurement of reflectivity, e.g., a comparison of the back-

scatter coefficient of one portion of the scene with respect to an-

other portion. In this case, it is not necessary to calibrate the

SAR in the sense of an absolute measurement of the total transfer

function. The primary requirements for relative measurements are

that the transfer function be stable i.e., not vary between succes-

sive measurements) and that the total system noise sufficiently

low to permit one to resolve small differences in reflectivity.
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Similarly, for situations requiring an absolute measurement of re-

flectivity, but with reference reflectors of known RCS in or near

the area to be measured, a complete explicit knowledge of the total

transfer function is not necessary. The remaining case depicted in

Figure 3.1 (i.e., absolute reflectivity measurements with no in-situ

reference reflectors) requires complete system calibration as defined

here.

There are a number of practical problems associated with SAR

calibration which must be solved in order to have a system with suf-

ficient accuracy and precision to be useful. First, there are dif-

ficulties in achieving reliable reflectivity references. Knowledge

of the "true" value of reflectivity is limited by the accuracy of

some other measurement device, whether it be anechoic chamber mea-

surements or an auxiliary calibrated SAR, scatterometer, etc. In

addition, other factors discussed in Section 7.1, such as reflector

pointing errors and multipath effects, contribute to the overall un-

certainty of the references to be used for SAR calibration.

There are uncertainties in virtually every part of the system,

as indicated in Figure 3.2, which contribute to the total SAR cali-

bration error. For example, errors in any of the parameters in the

system transfer function, such as antenna gain as a function of de-

pression angle, variation in system losses, transmitter power varia-

tions, etc. will all contribute to a reduction in reflectivity mea-

surement accuracy. These errors are described in more detail in

Section 7.3. Most of these errors can be minimized in a well-

designed SAR system; however, transmitter power monitoring and a

calibrated signal generator which injects controlled signals into

the receiver for monitoring the receiver-processor gain are usually

required. Unfortunately, the most serious factors are antenna gain

uncertainties and geometry uncertainties which are not alleviated by

on-board signal monitoring.

13

i



LRIM	 RADAR AND OPTICS DIVISION

<b

c	 I --- .
o	 `c

I m

C ° I E	 t
E 1 m	 '^	 I.N I M O	 I

W
1 ^ W	 I

1 c	 1

1 _^	 c 1
I E 

3	
1

I c 0-2 1

m

EN
°

C
O

O	 O	 6,
E E O

1	 .o^
0 

a

1
I	 1

n

•p w
J

I Z [ W 1 co

^• •
/

C)
C t'
IZ

^	 m
o - O

Z
_O

p p Q ._ - F-

.^	 .	 11
c	 '

I

m̂
a

O	 W
fc_ :oc	 1

J
QI p ^^'^ C^^I

^

C O O.^
7ZZ=;

U

••^
d'
4

> — N.
Y
^

Ip	 C	 ,, c C O Cal

N

I CI	 .-.1

I
M

C B C,6 ,_,,,,
Qa^aW l ^

^i c
,c 	 o
Io
I^o da I	 ►°i-^6

I °aN E ^1
c

lo`^t^^l

14



LERIM	 RADAR AND OPTICS DIVISION

Various noise sources throughout the system also make it diffi-

cult to achieve accurate reflectivity measurements and even our

ability to distinguish small differences in terrain reflectivity.

As described in Section 4, the total noise consists of both additive

noise (primarily receiver thermal noise) and signal dependent noise.

Nonlinearities in the system are not only a significant source of

signal dependent noise (intermodulation and saturation effects), but

can also cause gain compression of large signals and small signal

suppression [32-33].

Good system calibration imposes requirements for both well—

designed, well—characterized (knowledge of errors, etc.) stable

instrumentation and a methodology that provides for proper measure-

ment, parameter monitoring, and periodic verification.

This section of the report has provided a brief summary of the

SAR calibration problem. More detailed descriptions of SAR cali-

bration techniques and system design considerations are presented in

Sections 5 and 6, respectively.

15
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4
CALIBRATED SAR PERFORMANCE PARAMETERS	 a

For background purposes and to establish some common definitions,

a set of parameters that describe the performance of calibrated SAR

systems are described in this section.

The design of a SAR involves the detailed design of each of the

major subsystems such as the antenna, transmitter, receiver, motion

compensation, image—formation processor, etc. including the selection

of the various hardware elements. Prior to undertaking this complex

hardware design, it is important to establish specifications for each

of the subsystems and to determine a consistent set of SAR system

parameters (i.e., satisfy ambiguity constraints, radar range equa-

tion, etc.) so that the complete SAR system will meet its require-

. ments. The requirements depend strongly on the particular appli-

cation, such as ocean surveillance, crop classification, target ac-

quisition, etc. Each type of application will lead to a set of user

requirements, such as target size and cross section, terrain reflec-

tivity specifications (max, min a'), wavelength, polarization, etc.

Many of the parameters necessary to completely specify a SAR system

do not follow obviously from the user requirements, but must be es-

tablished by means of utility studies involving experimentation,

analysis, and experience.

The SAR system parameters can be partitioned into two categories.

The first category consists of functional requirements. These are

system parameters that define functions to be performed or methods

to be used, e.g., mode of operation, polarization, wavelength, etc.

The second category contains the system parameters related to per-

formance. These are primarily image quality parameters.

17
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In the past, it has been common to specify a SAR system primarily

based on various military reconnaissance applications. These appli-

cations have led to a set of SAR specifications that emphasize target

detectability and spatial resolution. There still is not universal

agreement within the SAR community concerning a standard set of SAR

performance parameters, - -.though those listed in Table 4.1 have wide

acceptance.

As discussed in Section 3, there are many applications for a

calibrated SAR. These applications involve making various types of

measurements of terrain reflectivity or RCS values. Consequently,

additional performance parameters are needed to specify adequate per-

formance for SARs, which are to be used for these applications.

Table 4.2 lists three additional parameters which are directly re-

lated to calibrated SAR systems.

In the following sections, the conventional SAR performance

parameters are first briefly reviewed, then, the three parameters 	 a

which are appropriate for a calibrated SAR are described.

4.1 CONVENTIONAL SAR PERFORMANCE PARAMETERS

Mainlobe Width of Point Target Response

An important measure of SAR performance is related to the two—

dimensional output function corresponding to a point target. This

is often called the SAR impulse response. 	 Ideally, this response

would have a very narrow mainlobe and no sidelobes. In practice,

this cannot be achieved and a typical SAR point target response will

have the characteristics shown in Figure 4.1.

The response width is usually specified at the —3 dB level with

respect to the mainlobe peaK. In addition to the —3 dB level, lower

secondary levels, e.g., —15 dB, can be specified to further bound

the point target response width.

18
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TABLE 4.1

TYPICAL SAR PERFORMANCE PARAMETERS

1. Mainlobe Width of Point-Target Response

2, Point-Target Response Envelope

3. Equivalent Noise Backscatter Coefficient (an)

4. Dynamic Range

5. Spurious Response Level

6. Geometric Distortion

TABLE 4.2

ADDITIONAL PERFORMANCE PARAMETERS FOR
A CALIBRATED SAR

1. Reflectivity Measurement Accuracy

2. Reflectivity Measurement Resolution

3. Reflectivity Measurement Precision

19
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The response width impacts the capability of the SAR to produce

fine detail in the imagery. It is related to image resolution but

the capability of a SAR (or any coherent imaging system) to distin-

guish closely-spaced point targets depends not only on the point

target response width but also on the relative phases of the return

signals associated with each point. As indicated in Figure 4.2, the

resolvability of two point targets can be better or worse than the

usual Rayleigh resolution criterion. Nevertheless, it is common

practice in the SAR community to refer to the 3 dB widths in both

the range and azimuth dimensions as the "resolution" of the system.

Point Target Response Envelope

This specification bounds the amplitude of the point-target

response outside of the mainlobe. This is another way of specifying

the acceptable peak values of both the near sidelobes (closer than

10 mainlobe widths from center) and the far sidelobes. Large near

sidelobes are especially troublesome when attempting to image de-

tailed cultural objects with many closely-spaced scattering centers

while nigh peak sidelobes located far from the mainlobe appear as

false targets.

Eauivalent Noise Backscatter Coefficient

In the past, it was common to specify the Signal-to-Noise Ratio

(SNR) and;or the Clutter-t-3-Noise Ratio (CNR) performance for a SAR,

where N is the additive rF,eiver thermal noise. In recent years,

much more concern has been given to the tact that si g nal dependent

noise sources (such as quantization and saturation effects, inte-

grated sidelobes, and ambiguities) often ioi,posa a more severe limi-

tation than receiver thermal noise in detecting either low radar

cross (,ection targets or slight variations in terrain reflectivity.

Consequently, various types of total noise parameters have peen de-

fined.	 The	 equivalent	 total	 noise	 Backscatter	 coefficient
0

(a te,) is representative.
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The total noise in the system can be expressed in terms of an
0

effective backscatter coefficient (a tn ) which relates the noise

level to an equivalent signal level corresponding to an actual radar

return from a diffuse clutter region with a backscatter coefficient
0

of atn .	 This parameter is given by the sum of both additive

and signal-dependent noise components in the form:

at
= an + MNR aavg ,	 (4.1)n 

where an = the effective backscatter coefficient due to additive

noise,

MNR =the multiplicative noise ratio, and

oavg =the average backscatter coefficient of the illuminated

scene.

The parameter 
j*n 

denotes the terrain backscatter coefficient

which would produce the same mean image intensity as the system

additive noise. The value of a 0 n can be reduced by decreasing the

receiver noise figure and/or system losses, or by increasing antenna

gain or transmitter power.

It is normally assumed that MNR is constant for a given SAR sys-

tem. Contributions to MNR include the integrated sidelobe ratio

(ISLR) of the point-target response function, range and Doppler

ambiguity ratios, and various nonlinear distortions. In Section 6.4,

some of the effects and sources of signal-dependent noise are

discussed.

The effective backscatter of the total noise as a function of

z 0 n, 
aoav, 

and 14NR for typical ranges of these parameters is

shown in Figures 4.3 through 4.5.

There are other related parameters which also have been used to

specify the noise performance of a SAR. For example, SNR and CNR

could be specified along with ISLR, ambiguities, A/D converter

quantization, etc., although this removes the flexibility of the SAR

designer in optimally budgeting noise contributions among the various

sources.
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Image contrast is also used as a SAR performance parameter, as
0

indicated in Figure 4.6.	 If the additive noise an is fixed,

the contrast should improve as the average terrain backscatter co-

efficient (assume aav = ate ) increases. However, as shown in

Figure 4.7, the contrast is limited by the multiplicative noise co-

efficient. When attempting to image very low reflectivity terrain

features in a low average return area, the image contrast is limited

by the additive noise component as shown in Figure 4.8.

Dynam ic Range

The dynamic range of a SAR system refers to the range of reflec-

tivity valuas which result in detectable changes in the output image.

There are a number of more specific definitions depending on whether

point targets or diffuse clutter are assumed and whether the concern

is with linear dynamic range or total dynamic range.

One common definition of dynamic range is the range of input

radar cross sections of point targets for which the response mainlobe

width and envelope image-quality specification are achieved. With

this definition, a typical dynamic range for a SAR system is between

50 and 80 dB.

The dynamic range can also be defined as the ratio of peak usable

output sional power to mean output noise power. Furthermore, peak

usable output signal is defined as either the. peak point target or

mean clutter-image intensity for which linear operation is achieved.

Spurious Response Level

Spurious response level is an image quality parameter that

accounts for undesirable artifacts in the image which are not in-

cluded in any other performance parameter. Examples of spurious re-

sponse are (1) intermodulation products resulting in false targets,

(2) coherent signal leakages, (3) I/Q imbalance effects, etc.

27
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CONTRAST = AVERAGE IMAGE INTENSITY OF CLUTTER
AVERAGE IMAGE INTENSITY OF SHADOW

= CLUTTER + TOTAL NOISE
TOTAL NOISE

00 + MR -CFO  + Qn

MR • v + Q
n

FIGURE 4.6. SIMPLE TWO-PARAMETER CONTRAST MODEL
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Geometric Distortion

Geometric distortion is a measure of the spatially variant dis-

placement error in the image. It represents a loss in relative

accuracy in the locations of points in the image with respect to the

actual location of the points in the scene. The total geometric dis-

tortion in the image includes both (1) deterministic effects due to

ground-plane-to-slant-range-plane projection and (2) range curvature

and various linear range phase errors due to navigation and motion

measurement errors. Depending on the application, geometric distor-

tion can be specified in terms of a maximum allowable spatial error

or as a percentage of distance measured within the image.

4.2 ADDITIONAL CALIBRATED SAR PERFORMANCE PARAMETERS

Reflectivity Measurement Accuracy

Reflectivity Measurement Accuracy (RMA) is related to the abso-

lute calibration of the SAR system. A good RMA value implies a low

error between a measured value of reflectivity and the true value of

reflectivity. The RMA is usually expressed in percent of the true

value or in dB. That is,

RMA = ° Q °— or 10 log —o ,	 (4.2 )a 
0

where Q° is the measured value of the backscatter coefficient and o'

is the "true" value. The "true" value is assumed to be the measured

or calculated value of the best available accuracy, or some other

accepted standard. As discussed in Section 6.1, the ability to

determine the reflectivity measurement accuracy is limited by the

availaoility of reliable and practical standards.

Reflectivity Measurement Resolution

The amplitudes of the backscattered signals from coherently

illuminated terrain are distributed statistically and appear in the
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imagery as a speckle pattern. When two or more homogeneous regions

are being imaged, the question often arises as to whether or not the

two regions have different backscatter coefficients.

Reflectivity Measurement Resolution (RMR) is a measure of the

capability of the SAR system to detect and measure small differences

in the backscatter coefficient of distributed clutter. Sometimes

the closely related terms "Radiometric Resolution" or "Noise Equiva-

lent ea°" are used for this performance parameter. 	 It is the

fundamental performance metric for relative a ' measurements.

RMR can be defined as the minimum difference in backscatter co-

efficient (ea°) that is measurable. A measurable a is defined as e

such that the ratio of the RMS error between the actual difference

(A) and the measured difference (e) to the actual difference is less
than 1 percent. That is,

E e - e)
n	

< 0.01,	 (4.3)

where e = 2 - J1,
2 = mean backscatter coefficient of region 2,
1 = mean backscatter coefficient of region 1, and
n = measured value of e.

Reflectivity Measurement  P recision

The precision of any measurement process refers to the quality

of coherence or repeatability of the measurement data and is a

parameter that indicates the "closeness of agreement among repeated

measurements". If a number of measurements of a standard reflector

are made with a SAR system under fixed conditions, the dispersion in
the measurements will indicate the reflectivity measurement precision
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(RMP) of the system, RMP is usually expressed as the standard devia-

tion of the set of measurement results.

A detailed and systematic analysis of the various factors that

affect RMA, RMR, and RMP has not been completed. It is important to

establish a statistical amplitude model of the SAR system so that

the impact of system errors, total noise, and nonlinearities on the

calibrated SAR performance parameters can be established.

In addition, a practical set of experimental measurement proce-

dures must ^e developed to verify SAR performance in terms of RMA,

RMR, and RMP.	 This will involve the design of test sites with

appropriate reflectivity standards that are well characterized.
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5

SAR CALIBRATION METHODOLOGY AND TECHNIQUES

Calibration as applied to a SAR system has been defined in Sec-

tion 3 and can be summarized as follows. Absolute calibration im-

plies that RCS values are to be estimated to within some absolute

error bounds; relative calibration is a comparison of RCS values on

a given image or on separate images. Overall system stability, that

is, the capability to repeat measurements, is referred to as the

precision of the measurements. The objective of calibration is to

measure the system transfer function to permit the SAR output signal

to be related to the reflectivity or radar cross section (RCS) values

in the imaged scene.

The methodology which has been established as a guideline for

SAR calibration can be summarized as: (1) provide for measurement

of total system response (that is, from the scattering area to the

output imagery), (2) provide methods for the monitoring of system

response, (3) provide methods for calibration verification, and (4)

provide for periodic verification of calibration accuracy. In addi-

tion, it is desirable to utilize the measurement results and analysis

to obtain an estimate of error for various calibration measurements.

These will be reviewed in Section 7.

A discussion of general calibration methodology and several basic

techniques applicable to the calibration of a SAR system are included

in this section. An example of the application of a calibration

technique utilizing reflectors as calibration references and a cali-

bration signal generator for system monitoring is given. Finally,

an example of a procedure for verification and data gathering with a

calibrated SAR is also given.

5.1 CALIBRATION TECHNIQUE

Following the guidelines of the SAR methodology given above, any

SAR calibration method should include some appropriate technique or

IF
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-approach for the measurement of total system transfer func*on. 	 The

,meas^jrement method must provide for a calibration reference to which

the SAR absolute calibration is referred.	 Any met;iod for SAR tali- -
bration must satisfy the following additional requirements: 	 !l)	 p;u-

vide for the monitoring and recording of -particular SAR system param-

eters,	 (2}	 include an operational procedure for c±ata gathering, 	 and }
(3) include a calibration verification procedure.

The	 general	 calibration	 method	 should	 provide	 for	 t	 separate

measurement of the SAR system antenna response.	 There are-several

wechniques available for the measurement at -antenna response; these

-	 will be described in a following section.

A partial	 list of techniques for the calibration of a SAR system

is	 given	 in Table 5.1.	 The techn=que breakdown its done	 in the ge-

neric sense, with some	 indications for specifics given.	 The	 utili--

nation of any of the suggested techniques will provide a measure-of

the total SAR system transfer function.

5.1.1	 REFERrNCE REFLECTOR TECHNIQUE 	 _

The first technique listed involves the measurement of the total

SAR	 system	 transfer	 function	 using	 referenc2	 standards	 with	 tali-

brated r?flect'ivity values;	 some examples	 are given.	 The relation- f

ship of SAR output power as a functior, of reflectivity value	 is oh-.

tained from the empirical data. 	 These results are applicable.at the

particular	 ranges	 and	 depression	 angles	 far	 which	 the .calibration -'

data are obtained.	 If calibrated data arc required at other ranges

or depression- angles, either 	 (1)	 additional - calibration data at 	 the

desired parameters inust by obtained or	 (2) knowledge of - the antenna

and range response is required to Apply-calibration data to -the de-

sired parameter values.	
,4 _
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Reflectivity values used as calibration references must be mea-

sured ds accurately as possible using a calibrated measurements

facility; examples are given in Table 5.1. It is most desirable to

;utilize reflectivity references that will retain their calibrations

over a long time period without requiring re-calibration of the

reference. point-.like reflectors, such as corner reflectors, satisfy

this requirement best. --In addition to the measurements of the abso-

lute value of each calibration reference reflector, the angular re-

sponse must also be known. These data will 5e utilized to correct

the RCS value of each reflector for variations in aspect angle during

-Amaging with the SAR. In order to realize minimum error in the cor -

rection- for aspect angle, accurate measurements of the orientation

angles for each ret lector must ae made and recorded. : .Reflector de--

s ign is discussed in Section 5.1.

There are a number of approaches that can be followed to cali-

brate the reference reflector or reflectivity areas. Careful and

repeated measurerteets of various reflector= s can be made in an ane-

choic chamber facility to calibrate each individual reflector. These

reflectors are then installed in an area that can be imaged with the

SAR system that is to be calibrated. If possible. the reflector area

should oe near the test site where measurements w ith the calibrated

SAR are required. Auxiliary calibrated instrtlaentation can be- u' i-

t ized to calibrate particular areas for use as calibration refer

ends. 'rut- example, (1) scatter,-lit--ter:.-ground-based or airborne.

(2) short pulse. - C61, or other cal iterated RC; measurement instrumen-

tation, or (3) anotiier calibrated STAR could_ be- utilized to, pruvi d--

Lite absolute cal iba^.atiun reference 341.

"Error sources include uncertainties in (1) reference reflectivity

values, (2) determination - or imaging 3eo! ►tetry, (3) a4te ana: re5,r0irtse.

(Q) output measur'L!erits .- . (5) JnC-oaven sated SAR veh 1 c ie at<f i tull es ,

(o) transmitter acrwe: , and (7) temporal variation of transfer- func_-

tion. These errors 'w:_i? be `de cribed 4n mr'e detail in Section 7.
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5.1.2._ COMPOSITE TRANSFER FUNCTION TECHNIQUE

- The transfer-function of each of- the individual subsystems of

the SAR system can be measured separately and the results combined

to give-total system response. A suitable measurement technique must

` be utilized to properly measure each system component. Since a num-

ber of separate measurements are required, the possibility for error

is greater than for one single measurement of total system transfer

function. Also, the results from individual measurements may not be

combined properly; such problems as input-output matching, coupling

or interaction between components and other effects may not be prop-

erly accounted for.

Although, in principle, the response of each SAR component (or

some of them) can be determined from theoretical analysis, and the

results combined to give total system response, the possibility for

error is very great. Also, as discussed above, the problem in cc. -

bining component responses is present.

5.1.3 SCENES OF OPPORTUNITY

A very few scenes have a limited and well documented range of

scattering coefficients. These can be utilized for a calibration of

sorts, but the potential for absolute error is quite high. There

are M number of available references documentating measurements of

the scattering coefficients of a variety of scenes; in particular,

dry desert and forest areas have relatively small variances in the

values of their scattering coefficients. This technique may be bet-

-	 ter than having no bounds at all on calibration; also, a series of

x	 measurements could demonstrate the precision performance for relative

measurements.
t

5.2 ANTENNA PATTERN MEASUREMENTS

The SAR antenna response should be measured utilizing an antenna

range to provide an accurate pattern reference. 	 The in-flight

39
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measurement techniques discussed here are designed to verify that

the proximity of the SAR vehicle (airframe, radome, etc.) or the

spacecraft launch or temperature effects, etc., have not distorted

the antenna pattern. In addition, these techniques will provide a

measure of the true, operational pattern of the SAR antenna.

Several techniques for the measurement of antenna response on

the SAR vehicle are:

(1) use of calibrated reflectors across the swath,

(2) homogenous-terrain a * measurements in range,

(3) non-homogenous-terrain average a e measurements in range,

(4) incident-power calibrated receiver (gain measurement), and

(5) near-field measurements technique (installation mock-up

required).	 -

The reflector array method has been used in the flight measure-

ments of dual polarization SAR antennas operating at X-band. This

method requires a number of reflectors of equal RCS to be distributed

across the range swath. The array is imaged a number of times so

that reflectors are imaged at different depression angles (a number

of measurements at each angle improves accuracy, of course). After

correction for range differences, system range response, and aspect

at each reflector, the resulting response is a measure of the 2-way

antenna pattern. Results obtained from X-band low-depression-angle

measurements were very consistent and provided a pattern over de-

pression angles from 6 * to 21 - with an error of less than 2 dB stan-

dard deviation. Additional measurements of the reflector array with

the SAR could reduce the 2 dB error. The reflector method is well

suited for steep-depression-angle antenna response measurements,

where minimum error from multi-path is encountered.
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The uniform terrain method has been utilized with SEASAT-SAR and

ERIM SAR data with satisfactory results; however, it is difficult to

obtain homogenous terrain areas that fill the total swath width.

Also, for aircraft measurements, the value of c o changes with angle

subtended across the swath.

An averaging technique to account for variations in a * over non-

homogenous (or homogenous) terrain is outlined in Figure 5.1. The

procedure can be summarized as follows: First, obtain SAR data over

an area of terrain having as nearly homogeneous scattering charac-

teristics as possible. An area of 10-20 miles in length in a rural

region would be satisfactory, avoiding cultural areas.	 Second,

process the SAR data to obtain an image and divide the swath width

into N range intervals corresponding to one degree increments in de-

pression ailgle a. Third, measure an average power <P n> for each

range interval over the total image length, consisting of M image

pixels. Averages made over long paths a'^- a given depression angle

should result in an equal backscatter coefficient measurement from

each range interval for non-homogeneous terrain. Little averaging

is requires for homogeneous terrain. Fourth, normalize the measured

values of average power from each range interval for range variation

across the swath (1/R 3 factor for the SAR system). Normalization

to near range is convenient. 	 After normalization for range, any

variations in the values of average power across the swath should be

due to the two-way antenna response. A measure of the relative an-

tenna response across the swath is thus obtained. This method can

be applied to data obtained over rural areas and would be particu-

larly applicable to a spacecraft system where the total swath sub-

tends a narrow angular extent so variation of a * over the swath will

be negligible. The accuracy of this method should be very good, but

an analysis of the technique to obtain an error estimate is required.

The utilization of calibrated ground receivers is recommended

for simultaneous pattern response and absolute gain measurements.

41
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Although the receivers are more costly than precision reflectors,

both gain and response (assuming several receivers) can be measured

very accurately. The measurements described can be utilized for

periodic checks of the response. This provides a measurement of the

antenna gain as well as geometry and propagation factors.

A full-scale model of the aircraft antenna mounting structure

can be constructed and antenna pattern measurements made on a far-

field antenna range. Although the model construction can be expen-

sive, the results should be very accurate. Spacecraft antenna pat-

terr c can be measured using a far-i-ield range but without the mount-

ing structure model, because the effects of mounting can be accounted

for. Near-field measurement techniques have advantages in that the

sidelobe levels and polarization isolation can be measured with best

accuracy [35]. The capabilities of near-field measurement instru-

mentation tend to limit the maximum physical size of the antenna that

can be measured, but techniques have been used (SEASAT antenna for

example L36]) to overcome some of these limitations.

•.3 MONITORING Or SAR PARAMETERS

Provisions for the monitoring and recording of SAR parameters

during calibration data yu;hering must be made as a part of any

calibration tec'Inique that is utilized. A list of parameters to be

measured is given in Table 5.2.

System monitoring requirements for calibration must be deter-

mined, primarily from a system error analysis. 	 Important conside-

rations inciude: (1) the instrumentation which needs to be included

for the monitoring and recording of particular operational par^.-m-

eters such as (1) vehicle roll, pitch, and yaw data recorders fo.

use in the calculation of SAR geometry for data reduction, (2) a

signal generator for monitoring the temporal variation of system

response, (3) a transmitter power monitor recorder, and (4) others.
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TABLE 5.2
CALIBRATED SAR DATA COLLECTION

Parameters to be Measured

All Reference Reflectors

Size

Location
Orientation Angle

Power Transmitted

Reference Power
Antenna Depression Angle
Drift Angle
Roll Angle

Velocity

Altitude

Range

PRF Pulse Width

Calibration Signals
Range Delay
Sweep Length

NAV Parameters
Bandwidth (range, azimuth)

Processing Parameters

SAR

Measurements Prior to Data Collection

Reflector Response (e, ^)

Antenna Response

Reference Signal Generator Verification

System Losses

System Response

Measurements on SAR Data

Output power for targets or scenes to be calibrated.

Reference reflectors and calibration generator signals.
Vehicle geometry; viewing aspect angle and range.

Antenna and reflector responses.
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(2) methods of recording parameters which are compatible with data

analysis, and (3) specifications of measurements required on the

calibration data. This latter would include (1) sample size, (2)

number of samples, (3) how the measurements of the calibration

reference reflectors are to be made and recorded, and (4) procedures

for correction of aspect angle to reference reflectors using the

geometry parameters recorded.

5.4 MEASUREMENT OF TOTAL SYSTEM TRANSFER FUNCTION

As an exampie of the measurement of total SAR system transfer

function, the first calibration technique listed in Table 5.1 will

be utilized. The various calibration programs that have been con-

ducted by ERIM have utilized reflectors for the absolute RCS refer-

ence and a calibration signal generator for monitoring of the tem-

poral variation in the H R portion of the system transfer function.

Also, instrumentation has been designed and utilized for the moni-

toring of important system parameters (such as (1) transmitter power,

(2) aircraft roll, pitch, and yaw angles, and (3) reference signal

generator power level). Finally, other system parameters, listed in

Table 5.2, were recorded and utilized later during reduction of the

calibrated SAR data. This approach requires the design, fabrication,

and installation of reference reflector arrays for (1) measurement

of the SAR system transfer function, and (2) SAR antenna response

and calibration verification.

The calibration procedure is outlined in Figure 5.2. The re-

flector arrays are imaged with the SAR and the measured values of

power P I in the output image from the reflectors in the cali-

bration array provide a measure of the total system transfer

function HS:

PI = H s v .	 (5.1)
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Also, empirical results from SAR data of the antenna reflector array

(or other antenna measurement techniques) provide data from which

the antenna response . G(e) is obtained. A separate measurement with

a calibrated ground receiver should be used to obtain measurements

of the absolute gain of the antenna. And, recording of the flight

and system parameters provides the imaging geometry 1/R 4 , e, and
KP.

Measured values of the `recorded signals from the calibration

signal generator provide the system transfer function H R , where

HR is the SAR system response from the SAR antenna terminals to

the output image (Eq. 5.2) and is related to total SAR system re-

sponse by Eq. 5. i.

PI - HR pcal (5.2)

	

H s = p 
-T 

G2 	 (9) HR	(5.3)
R

The system transfer function measured using SAR data from refer-

ence reflectors is given by Eq. (5.1). Using Eq. (5.3) this can be

written as

PI = KP _7 G2 (e) HR Or	 (5.4)

where the output power P I is obtained using data from measurements

made with the calibration signal generator Eq.. (5.2) is equated to

the values from Eq. (5.4), to give

1	 2	
(5.5)Pcal ° KP _T G (e l ) °r

1

where system response H R cancels for measurements obtained over a

short time interva. Calibration can be verified with a verification

of Eq. (5.5) using the measured values of KP , R, and G(e).

t-
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In summary, the calibration of a SAR requires that the total

system transfer function be measured, that the antenna response be

measured and verified on the SAR vehicle, and that system operating

parameters be monitored and recorded. Several techniques for accom-

plishing these requirements have been discussed. The preferred

technique for the measurement of total system transfer function is

that utilizing reference reflectors. Similarly, a tPc ..;aique utiliz-

ing reference reflectors for the in-flight measurements of antenna

response should provide the most accurate results. However, an

averaging technique using SAR imagery of terrain can be utilized

also. The transfer function of the SAR receiver-recorder-processor

is monitored using a calibration signal generator, the requirements

of which, have been reviewed. Also, recording and monitoring of other

system parameters are required.

5.5 UTILIZATION OF CALIBRATED SAR FOR REMOTE SITE DATA GATHERING

A calibration procedure utilizing reflectors and a calibration

signal generator is outlined in Figure 5.3 for data gathering at a

remote test site. Assuming that some time elapses after the measure-

ment of the system transfer function, a verification test is usually

required before a mission to obtain calibrated SAR data. The top

block diagram in Figure 5.3 outlines the data gathering procedures

to obtain verification of the system transfer function HS.

The first step in the calibration procedure is to image the

reference reflector array to obtain a verification of the SAR cali-

bration. Measurements are made to determine (1) the total system

transfer function H S, (2) variations in the s ystem response HR,

and (3) the system transfer function as given by Eq. (5.3) using the

antenna response (measured during the calibration of the SAR) with

the appropriate geometry (1/R 4 and 9). Calibration verification

is then completed and, assuming no discrepancies were noted, the

calibration in terms of the reference signal generator is obtained

14
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(Fa. 5.5) for particular values ,f range P. 1 and depression angle

e l .	 ',his relationship is then utilized ".*o calibrate the data ob—

tained at a r^zIOte test site, again using P cal r^ asureTents of

HR to del.ermine any variations in HR . Note that the signal gen-

eratur power is at the receiver input; hence, the 1/K 4 fatter is

used here.

At some time later, SW data are obtained at the test site,
"area x" depicted in the lower part of Figure 5.3. Received SAR

s i gnals from "area x" are processed to proviee an output power FT

proportional to the poker received from an RCS •+slue ax at angie

en , that is
I

P I	 H s a x l 	 .	 (5.6)

ten

Tne measured antenna response g(e) is u;.ilized with the geometry

to normalize e n vaiues to calibrated values at range R 1 and

angle s l .	 Zhe calibration look—up table provides absolute values

for 7x .	 System, aain variations in H R are acco+Inted for by using

measurernerts obtained from the signal generator source.

Output values are given in RCS per resolution area.	 If 1 x is

from a "poin t." taraet, results frerr. system performance rreasurements

can correct for sidelibe response, noise, etc., to obtain a corrected

RCS value. When distributed scattering areas are to be measured,

iraging geometry parameters are .Ised to compute the resolution area

Agd and the normalized scattering coefficient ,- is obtained from

a k = a  Agd .	 (5.7)

the verification experimen-i described for distributed scenes can

be accemplisried by following the aroceuure described in the paper

C(IIV
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"An Unconventional Approach to Imaging Radar " alibration," by R.

Fenner et al [34]. This paper describes the measurements necessary

to provide a calibrated 3 scene or area and for the simultaneous data

gatherin g for' verification demonstration. A Death Valley site is

reroxiendej as the experiment location.
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5

CALIBRATED SAR SYSTEM DESIGN CONSIDERATIONS

In the desi g n of a calibrated SAR system, there are a number of

critica l. factors that must be considered, in addition to the basic

SAR design requirements related to stability and compatibility with

a particular calibration technique. These include: (1) the selec-

tion of reference reflector type and size, (2) reflector array de-

sign, (3) requirements for special instrumentation necessary for cal-

ibration (e.g., a calibration signal generator), and (4) the effects

and sources of signal dependent noise. These aspects of calibrated

Salt system design are briefly reviewed in this section.

6.1 REFERENCE_ REFLECTOR CONSIDERATIONS L37]

In order to satisfy the requirements for SAR calibration, refer-

ence reflectors or reflectivity areas having known values of RCS must

ue provided for use as absolute calibration "standards". The stan-

dard RCS reflectors are used to (1) measure the system t ansfer func-

tion by imaging an array of calibrated reflectors having a range of

RCS values, (2) measure the antenna response in elevation (range) by

imaging an array of reflectors of constant RCS values, and (3) pro-

vide the absolute values of RCS for calibration reference.

Considerations for reflectors to be used as SAR calibration ref-

erences include the following:

1. Values of RCS versus size

2. Mechanical tolerances

3. Angular esponse

a. Elevation

b. Horizontal (along-track)

4. Variations in RCS

a. Edge effects

b. Mounting

G
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5. Multi-path

a. Bistatic RCS

b. Mounting

6. Reflector type

a. Cost

b. Installation

c. Weather

6. Siting of reflectors

Examples of a number of reflectors considered for calibration refer-

ences are given in Figure 6.1, with expressions for the maximum RCS

for each reflector type given in Figure 6.2. The reflector types

considered included the following:

1. Luneberg lens

2. Top hat

3. Corner reflector

a. Square

b. Triangular

c	 Round

4. Sphere

5. Flat plate

The angular response of a Luneberg lens reflector is given in

Figure 6.3, along with `.he response of a triangular corner reflector

for comparison. Clearly, the Luneberg lens provides a smooth RCS

value over a wide angular range. The angular response width is im-

portant, due to siting accuracy requirements and imaging geometry

requirements.

The Luneberg lens is bes , suited as a calibration reflector ref-

erence due to: (1) nearly uniform RCS over a 90 ` or greater aspect

angle, (2) minimum multi-path problems, and (3) negligible "edge"

effects and RCS ripple. 	 However, Luneberg lenses are very costly

and tend to De vulnerable to weather effects. 	 Also, only low RCS
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FIGURE	 6.3. COMPARISON OF ANGULAR RESPONSE OF LUNEBERG

0

LENS AND TRIANGULAR CORNER REFLECTOR.
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values are available due to the cost, size, and weight. However,

well-sited, low RCS, Luneberg lenses are excellent calibration

references.

The geometries for the top hat reflector and corner reflector

are given in Figures 6.4 and 6.5, respectively. The top hat reflector

is very well-suited for small RCS values because the ground plane

can be tilted to insure optimum aspect viewing from the SAR. The

measured response is shown in Figure 6.6 for a 10 m 2 top hat.

Note in Figure 6.4 that the viewing aspect is centered on the diag-

onal across the ground plane. This aspect reduces edge effects from

the ground plane to a minimum; the ripple on the response is about 1

d6. The frequency dependency of the top hat can be seen from the

equation given. The response of the top hat in azimuth (the 0 angle)

is constant over 0 t 30' about the diagonal.

Measured patterns showing the response of each corner reflector

type (square, triangular, and circular) are given in Figure 6.7.

The response measured in the plane including the peak RCS value for

a 90' range of aspect angle is given in the figure. Each major divi-

sion on the plot is 10 * . The sharp peak on the right side is due to

the flat plate as viewed from the bottom. The reflector is rotated

90' to a second sharp peak which is due to the dihedral when viewing

the corner parallel to the lower side. The reflector is rotated

through for values of a from 0' to 90' to show the angular response

through the peak, which is seen to occur 35' from the lower edge.

In comparing the angular responses, it is seen that the triangular

corner provides the largest beamwidth, but also has greater ripple

in the region of interest. Since corrections in the RCS value for

each reference reflector will be required due to variations in imag-

ing viewing angle from the SAR, a smooth response will reduce the

error contribution from this source.

Figure 6.8 gives the measured angular responses for square, tri-

angular, and circular corner reflectors. The edge dimension for each
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FIGURE 6.4. MEASUREMENT GEOMETRY FOR TOP HAT REFLECTOR.

FIGURE 6.5. MEASUREMENT GEOMETRY FOR TRIANGULAR CORNER REFLECTOR.
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FIGURE 6.6. LOBING STRUCTURE FOR A 10 m 2 TOP HAT WITH

p = 90 0 (ACROSS CORNER).
(8 variable, E^ polarization, f = 9.03 GHz)
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. 4r,
	65 60 55	 35 30 25

/
b=8.48
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FIGURE 6.8. RCS OF TRIANGULAR, CIRCULAR AND SQUARE CORNERS.

(A - for a plane cut (Q = 45°)

(B - for a conical cut (e = 54.74°)
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reflector is 8.48 inches.	 Variation in RCS value is indicative of

the area efficiency of the square corner, with the circular having

medium efficiency and the triangular being least efficient. 	 Each

reflector has a peak response 35' above the flat s;de.

Figure 6.8a compares the response of the three reflector types

as measured through the peak response (0 = 45' ) with e = 90' being

parallel to the flat base. The improved area efficiencies of the

circular and square corners are reflected in the narrower response

angles and larger RCS values as compared with the triangular reflec-

tor. Figure 6.8b gives a "horizontal" cut throu gh the peak response

(e = 125') for 0 < 0 < 90 0 .

Variations in the corner reflector RCS values as a function of

frequency are illustrated with the measured and calculated values

given in Table 6.1 and Table 6.2 for horizontal and vertical polari-

zation. Also, calculated values of RCS (including edge effects) are

given in each table; the calculated values are for horizontal polar-

ization. It is seen that the variations in RCS value with frequency

are larger for the smaller reflector size. This is due to the edge

effects contributing to the total RCS; these effects are minimized

in the square corner.

Mechanical or construction tolerances required to maintain a

given precision in reflector RCS have been considered in considerable

detail with results summarized in Figures 6.9 and 6.10. The geometry

is illustrated in Figure 6.11 for triangular and square corners. It

is seen that the angle tolerances for the square carrier are slightly

more severe than for the triangular., but not appreciably so.

As an example, if it is required to construct a square corner

reflector having a measured RCS value within 1 dB of theoretical val-

ue (that is, Ai < 1 dB), the lower curve in Figure 6.9 is used. If

the reflector has a side dimension "a" of 10 inches, the angle ea

must be less than 1 degree. Using the same example for a triangular

corner, it is seen that ea must be less than 1.6 degrees.
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TABLE 6.1

ON-AXIS MEASURED AND CALCULATED RCS

FOR A 6-IN. e CORNER

Frequency Measured	 (dBsm) Calculated	 (dBsm)

MHz)	 _ Horiz. Pol.	 Vert.	 Pol. Corner and Edges

9250 3.67 4.47 2.31

KOO 3.92 4.47 2.27

9325 5.17 4.87 2.27

9350 3.97 3.97 2.28

9375 5.17 4.47 2.30

9400 4.92 4.97 2.33

9450 5.82 5.97 2.43

TABLE 6.2

ON-AXIS MEASURED AND CALCULATED RCS
FOR A 11 .5-IN. A CORNER

Frequency Measured	 (dBsm) Calculated	 (dBsm)

(MHz)  Horiz. Pol .	 Vert.	 PGI _ Corner and Edjes

9250 13.67 14.67 14.16

9300 14.12 14.67 14.11

9325 15.27 15.67 14.12

9350 14.47 14.42 14.14

9375 15.77 14.72 14.18

9400 15.12 15.57 14.25

9450 15.77 15.67 14.42

I!
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Multipath considerations are very important in selecting the

orientation and siting of c reference reflector for calibration.

The reflectors should be optimized for the particular radar imaging

geometry. The general multipath geometries are illustrated in Fig-

ure 6.12. Sample calculations for typical assumed values of RCS,

aspect angle, and multi-p ath reflection coefficients are given in

Section 7. Use of an aGsorbing fence located to intercept the multi-

path radiation (the first Fresnel zone) reduces greatly the error

due to multipath. Clearly, the bistatic RCS of a reference reflector

is important in determining the magnitude of the error due to multi-

path. Bistatic RCS values for the rectangular and square corner are

given in Figure 6.13.

Contributions to the RCS ripple due to edge effects are given in

Table 6.3 for each of the three corner types. As may be seen from

the data given, the edge-induced ripple becomes greater as the nomi-

nal reflector RCS value decreases. The square corner has the lowest
	 i

error due to edge effects and multipath and is used as a calibration

reference at low RCS values for 3 em wav elength radar.

A sphere, when isolated, provides a very stable RCS reference.

The RCS value is aspect-angle-independent and, for diameters larger

than aoout 2 wavelengths, frequency-independent. However, the RCS

is very sensitive to multipath effects. Also, iarge sphere diameters

are required (for example, 3.56 meters to r?ali_-^ a iu aBsm RCS

value). Spheres are useful in anechoic chambers for very-low-value

RCS references, but c-e not well suited for SAP -31ibfdtion.

The fl --"- plate also provides a very accurate RCS reference; how-

ever, ti:e plate requires very precise orientation and, hence, is not

considered a good reference for SAR calibration.

A summary of comparisons between	 corner	 reflector	 types	 is	 given

in	 Table	 6.4. It can be seen from the values	 given	 in	 the	 table that

minimum error due to edge effects	 and multipath	 is	 obtained with the
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(a)	 Direct
	

D

(c) 1 Grcund Bounce

(d) 2 Ground Bounces
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FIGURE 6.12. MULTIPATH GEOMETRY.
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square corner, when compared to other corner reflector types. How-

ever, the square corner provides the least value of angular coverage

over which the RCS value is nearly uniform. Since the 25' angular

response is adequate for SAR calibration applications, the square

corner is preferred over the other corner reflector types for small

RCS values. The conclusions regarding the selection of reflectors

for calibration references for SAR systems can be summarized as

follows:

1. Luneberg lens reflectors are best suited for low value RCS

references (RCS < 0 dBsm); hcwever, because of the large cost

of the Luneberg lens, square corner reflectors and top hat

reflectors provide a good compromise in accuracy versus cost.

2. Square corner reflectors are the best selection for interme-

diate RCS values (0 dBsm < RCS < 20 dBsm) due to low multi-

path effects, minimum edge effects, and cost considerations.

Circular corners are slightly better than square in multipath

ripple, but cost considerably more to construct.

3. Triangular reflectors are suitable for large RCS values (RCS

> 20 dBsm).

4. Top hat reflectors are excellent for low RCS reference (RCS

< 10 dBsm at 3 cm wavelength); however the cost is moderate

to high.

5. Measured angular response patterns can be utilized for

aspect-angle corrections.

6. Mechanical construction tolerances of the square corners are

satisfied by using 0.25 inch aluminum stock with socket bolts

used to fasten the three sides together. Also, all edges

are tapered.

7. Multipath fences consisting of absorbing material should be

used on flat ground to reduce multipath effects for depres-

sion angles less than approximately 20 ` ; when sites permit,
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t
installation of reflectors on hill tops reduces multipath

effects.
g
a

6.2 REFLECTOR ARRAY DESIGN

Calibrated reflectors are utilized for (1) measurements of the

total SAR system response, (2) in-flight measurements of the antenna

pattern, and (3) calibration verification (if they provide absolute

RCS reference values). Major considerations in the selection of re-

flectors for the SAR system response measurements include:

1. Minimum RCS value equal to the minimum detectable signal

value. Maximum RCS adequate to saturate the SAR system at

prescribed imaging ranges. At least three intermediate RCS

values to establish response. Also, as many additional re-

flectors of equal value as possible to provide additional

individual measurements for each RCS value.

2. Array extent to provide adequate spacing between large and

smaller r?flectors. At least twice the distance correspond-

ing to a transmitted pulse length in range and twice the real

aperture angular extent in along track direction.

3. Siting selectad so as to maximize the signal-to-background

(clutter) ratio, S/C. This implies careful attention to the

o' value of the terrain or surrounding area in order to maxi-

mum the S/C ratio:

S a

	

	
or	

(6.1)

o `p r p a csc 9

4. Siting cons i derations and selection of reflector locations

to minimize multipath. The reflector location can be ideal-

ized as shown in =igure 6.12 to reduce multi-path. Also,

when necessary, use of a fence consisting of absorbing mate-

rial has been demonstrated to be very effective in reducing

the multipath component.
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Major considerations in the design of a reflector array for the

in-flight measurement of vertical antenna response include:

(1) reflectors of equal RCS value spaced across the total imaged

swath,

(2) reflector RCS value in the middle of the system linear re-

sponse at the particular range to be used during imaging,

(3) signal-to-clutter ratios larger than 10 dB,

(4) multi-path precautions as cited above,

(5) reflectors spaced in azimuth (along track) to insure that

system does not saturate due to multiple number of reflec-

tors being imaged simultaneously, and

(6) adequate number of reflectors to provide at least 5 values

for each depression angle val l -e (the number of samples can

be obtained by multiple passes).

6.3 CALIBRATION SIGNAL GENERATOR

The calibration signal generator provides the reference and mon-

itoring source for the periodic verification of the SAR system trans-

fer function. The basic requirements for calibration signal genera-

tion are:

(1) simulated signal received from a point reflector and/or from

distributed scatterer-.

(2) range-dependent signal,

(3) amplitude control, and

(4) automatic control capability.

A block diagram of a calibration signal generator is given in Fig-

ure 6.14. The input power can be obtained from the SAR signal wave-

form generator (transmitter amplifier input signal) to insure dupli-

cation of the transmitted waveform. 	 A digital phase shifter-,
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controlled by a signal generated with a programmed microprocessor,

provides the azimuth signal history as a function of range and vehi-

cle velocity. Velocity information can be obtained from the SAR

system navigation and control system. Range can be selected by the

particular microprocessor program to record calibration signals at a

variety of different ranges; this provides a measure of uniformity

over the processed range interval. Finally, the calibration signal

power is coupled into the receive input through a variable, digitally

controlled attenuator. The range of attenuator values can also be

programmed in the microprocessor and must provide a range of signal

levels from below the minimum detectable signal up to saturation. A

system block diagram given in Figure 6.15 shows the location where

the calibration signal is injected into the SAR receiver. Coupling

is provided for with a directional coupler, as illustrated.

Calibration signals are recorded prior to, or immediately follow-

ing, each data-gathering pass to provide a reference for each data

set. If experience has demonstrated that a particular SAR system

has the re q uired long-term stability to satisfy error requirements,

use of the signal generator can be less frequent.

Procedures for using the calibration signals, after the signals

are recorded, include the following steps. First, the signals are

processed through the SAR signal processor and the output values are

recorded for each calibration signal. Care must be taken to insure

that the processing of the calibration signals follows exactly chat

used for the SAR data (i.e., all system constants, bandwidths, and

gain settings). Careful consideration must be given to the signifi-

cance of the measurement of the calibration signal power. 	 If the

calibration signals are to be used to verify system response, all

such measurements must be consistent. In addition, if the calibra-

tion signals are to be correlated with previously made calibration

measurements from reference reflectors, these must be consistent

also. For the calibration of point reflectors on the image, measure-

ments of peak values of the calibration signals are required; for
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calibration of distributed scatterers, further consideration is

required.

System responses, as measured using calibration signal Pcal

versus corresponding measured values of output power P I , provide

the transfer function of the system. These measured transfer func-

tions are compared from time to time to monitor system stability from

the antenna terminals to the image output and to obtain a measure of

gain correction, if necessary.

Finally, it should be pointed out that a calibration signal gen-

erator satisfies a second important function, that of SAR system

operational diagnostics. With a signal generator, the complete oper-

ation of the SAR can be (and usually is as standard operational pro-

cedure) checked out on the ground before each data-gathering mission.

jystems having a real-time processor (RTP) on-board can use the simu-

laLed SAR return to verify proper o peration up to the image output.

Clearly, if the SAR system is not operating to specification for any

reason, data gathering must be delayed until the system has been re-

paired. The calibration generator can be utilized to detect and

identify system problems on the ground, thereby avoiding the gather-

ing of non-calibrated data.

6.3.1 DESIGN REQUIREMENTS

The type of signal provided from the calibration signal generator

will depend to a great extent on the particular SAR system to be

used.	 Ideally, the response of the total SAR system is to be mea-

sured; this includes the receiver, 	 recorder,	 znd SAR signal

processor.

As outlined above, the requirements that the calibration signal

generator must satisfy include the following:

1. Provide a signal identical with that received from a point

reflector	 and/or with	 that received	 from distributed
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scatterers. This requires that the range and l zimuth signal

modulation be identical to that used in the SAR.

2. Provide compensation for variations in vehicle velocity aid

for range.

3. Have provisions for control of signal amplitude level into

the receiver.

4. Generator power output should be coupled into the receiver

input at, or near, the SAR antenna terminals.

5. Provid- the capability to control signal power level ano

range to required values.

The requirements listed above provide for a complete capability to

measure the SAR system response at any value of range, vehicle veloc-

ity, and signal power. Since the X-L SA.' utilizes optical recording

variations in the range and azimuth response must be monitored.

Requirements for a calibration signal generator for an all-

diQital SAR may be less demanding, after stabi li ty in range and

azimuth has been demonstrated with results from response measure-

ments. Factors that must be considered include:

(1) system gain as a function of range and azimuth, and

(2) overall short- and long-term stability.

Adequate system monitoring and caalibr a tion may be realized, for digi-

tal systems with verified stability, by using a single calibration

reference. A single refer ice signal, perhaps with only noise modu-

lat i on, may be adequate for system monitoring. These requirements

and the resulting impli ,_ations for calibrat:on capability and error

must be further analyzed to obtain optimum solutions.

the range power values trom the calibration generator into the

SAR receiver should provid-- a signal level from, or slightly below,

minimum detectable signal up to the limiting level of the system.
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Considerable care in the overall system design is required to avoid

problems due to leakage into the receiver. Clearly, leakage signals

can obscure calibration signals at some levels and, at worst, gener-

ate misleading information if the leakage is unrecognized as such.

All requirenents for the most versatile calibration signal have

been satisfied using a microprocessor-controlled generator. The

block diagram of this system is given in Figure 6.14 and the require-

ments are listed in this section. The microprocessor is programmed

to compute the azimuth Doppler history e(x) as a function of range

P r and vehicle velocity input. Also, the program controls the

digital microwave attenuator through a sequence of attenuation

values.

6.4 SIGNAL-DEPENDENT NOISE

The lowest measurable 0 Baal level at the output of a SAR system

is limited by the total system noise.	 As indicated in Section 4,

t h is noise includes ad,iiti% , e (signal-independent) noise as well as

multiplicative (signal-dependent) noise sources. In a well-des ,Jned

system, the additive noise is dominated by receiver thermal noise.

Signal-dependent noise sources include integrated sidelobe energy of

the point-target response, ambiguities, and intermodulation effects

caused by _,ystem nonlinearities.

In this section, the effect of signal -dependent noise on the

usable system dynamic range for distributed clutter measurements will

be examined and two key sources of signal -dependent noise, namely,

integrated sidelobes and quantization, will be reviewed.

6.4.1 I)ISTRIBUTED CLUTTER DYNAMIC RANGE

As def ined in Section 4, the dynamic range of a SAR system for

clutter measurements is the ratio of the maximum mean clutter image

intensity for which linear operation is achieved to the mean output

noise power. That is, clutter dynamic range (CDR) is given by
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(6.2)

where a * 	= maximum backscatter coefficient of terrain patch for
max	

linear operation and

otn = equivalent backscatter coefficient of total noise

The value of a * depends on the area of the clutter region (AC)
max

and the maximum received RF power level permissible for linear opera-

tion. The peak received RF power level from a reflector with cross

section a is

P G^	 ^2

P R - 
T L

	
3 4 a= K a,	 (6.3)

(4x) P

where definitions of parameters and example values are summarized in

Table 5.5.

The RF power level corresponding to a distributed clutter region

of area Ac and backscatter coefficient a ' is aDDroxi-_-telly

PR = K A_
%_
 a* sec o,	 (6.4)

providing

Ac < A s ,	 (6.5)

where A s is the area of the total illuminated scene. That is,

As = L a L R ,	 (6.6)

there La and L 	 represent the dimensions of the illuminated

scene in azimuth and range respectively and are given by

L a = ^ and	 (6.7)

a

cT

LR = ^ .	 (6.8)

31

^i ^r



`RIM	 RADAR AND OPTICS DIVISION

TABLE 6.5

EXAMPLE SPR PARAMETER VALUES

Example Value
(X-Band Channel

Symbol Definition of X-L SARI

PT Peak transmitter power 500 watts

G ,antenna gain 28 dB

L Total	 system losses 8.9 dB

X Wavelength 0.032 m

Tp Transmitted pulse	 length 2.7 µsec

da Antenna azimuth length 1.52 m

R Slant range 5400 m

P R Received RF power level

Pmax Maximum P R for linear operation -70 dB
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Therefore, the maximum backscatter coefficient for linear operation

is

P

	

max	
(6.9)

°max - K Ac sec e

For the homogeneous clutter case wherein the entire illuminated

scene has the same backscatter coefficient (A c = As ), it turns

out that

	

°max = ^av'	
(6.10)

which implies that the clutter dynamic range is given by

0	 0

CDR - °max -	 °av	
(6.11)

ot n 	co+ 	 MNR aav

or

	

CDR = 1
	

(6.12)

for a SAR system in which she total noise is dominated by signal-

dependent noise.

In general, the clutter dynamic range iF given by

	

CDR = 
Pmax - 1	 1	

(6.13)

K sec e A c otn

For the example values given in Table 6.5, the clutter dynamic

range varies between 9 dB and 51.5 dB for values of A c ranging from

As to tree limiting case of the area of a resolution cell (assuming

a;v 
= -15 dB).

6.4.2 INTEGRATED SIDELOBES

An important source of signal-dependent noise is the integrated

sidelobe energy of the system impulse response. Even though the peak
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value of the sidelobes may be down more than 25 dB or so relative to

the peak of the mainlobe in a well-designtu' SAR system, the total

integrated energy contained in the sidelobes is often significant

and may reduce image contrast and reflectivity measurement accuracy.

For example, the sidelobes of the responses to a very large re-

flector can be observed in the lower left corner of the SAR image

shown in Figure 6.16. Every element in the scene has approximately

the same relative sidelobe response, which tends to distribute energy

from one portion of the image to adjacent portions and, hence, affect

the accuracy of reflectivity measurements.

Integrated sidelobe effects are of particular concern when

attempting to measure a patch of terrain with a relatively low back-

scatter coefficient which is surrounded either by terrain with a high

backscatter coefficient or other large reflectors. Since integrated

sidelooes represent a type of signal dependent noise, increasing the

transmitter power will, of course, not alleviate the problem.

As is well known, these sidelobes car, be controlled by proper

amplitude weighting of the coherent processing aperture and by mini-

mizing phase errors. Phase errors [31, 38] which vary over the proc-

essing aperture tend to remove energy from the mainlobe and redis-

tribute it into the sidelobes. Phase errors which vary approximately

sinusoidally tend to concentrate this energy at distances from the

mainlobe which are proportional to the frequencies of the phase-error

variations (sometimes called paired echoes [39]). Random, broadband

phase errors distribute the energy over many sidelobes; this effect

may extend far from the mainiobe. These high-frequency, random phase

errors are of primary concern in calibrated SAR system design.

There are numerous sources of this type of phase error in a SAR

system, such as uncompensated motions of the SAR vehicle, local

oscillator and transmitter phase instabilities, interpolation errors

associated with digital processors, etc. In designing s SAR system,

a maximum acceptable high-frequency phase error for the total system
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is first established, then a phase error budgeting procedure is car-

ried out to allocate a portion of the total phase error to each of

the contributing sources, in order to establish appropriate component

design specifications.

Figures 6.17 and 6.18 show two examples of the effects of high-

frequency gaussian random phase errors for the case of relatively

large errors (6' and 60' rms). The decrease in mainlobe amplitude

and increase in sidelohe level can be readily observed.

A detailed analysis of the effects of general types of phase

errors is a very difficult problem. For the purposes of this report_,

an approximate expression which indicates the increase in sidelobe

energy caused by high-frequency gaussian random phase errors will be

derived.

Either the range or azimuth channel of a SAR can be represented

by the Fourier transform relation

	

B/2	 2	 _

j o ( f )
g(x)I Z =	 -f 2 w(f) e E	 ej2nfx df

	 (6.14)

where g(x) = complex impulse response,

x = image spatial coordinate,

f = signal spatial frequency over cohe r ent aperture,

w(f) = aperture weighting function, and

(f) = phase error.

If it is assumed that the phasa error can be modeled by a sta-

tionary Gauss an random process with zero mean and autocorrelation

function R 0 (f), then the expected value of the image intensity can

be written as

2	 °°	 ro	 -[R0(0)-R6(f-f')

` lg(x)l = f 
j
.w (f )_W(f	 e

e-j2lrx(f-f') df df'.
	 (6.15)
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Defining new variables, p =f - f' and p' _ -f', the above equa-

tion can be rewritten as

	

Elg(x)l'	 1w(p) * —W (-P)l e- [R 0 
(0)-R 0 /kp)l

a•

	e-j2nxp dp.
	 (6.16)

In most situations, the autocorrelation function of the high-

`	 frequency phase errors is concentrated about the origin. That is,

	

R0 (p) := 0	 nor p > processing aperture length.

Therefore, for values of x within the mainlobe of the SAR system

impulse response,

2

	

EIg(x)I 2 = e
-°x

190W1 2 for Ix I< o,	 (6.17)

where g o (x) = error-free impulse response,

P = 3 dB width of mainlobe, and

^0 = R0 (0) = variance of

The reduction in mainlobe energy (MLE), as seen from Eq. (6.17),

is

2

Reduction in MLE = e-co.

Tnis implies that the increase in the sidelobe energy (ISLE) of the

impulse response is

2

-QISLE = 1 - e^.	 (6.18)

Therefore, the ratio of the increase in integrated sidelobe energy

to actual mainlobe energy is approximately equal to the variance of

the phase error. A typical SAR design requirement is that this ratio
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be approximately -15 dB, which implies that the corresponding RMS

value be about 1.4 degrees.

An alternate approach for studying the impact of impulse response

sidelobes on SAR performance has been developed by Bayma [40]. This

approach involves examining the response of a SAR to a uniform clut-

ter and shadow (no-return) boundary — sometimes called the single-

step response. That is, let

1, x<0

s o (x) _

	

	 (6.19)
0, otherwise,

where s o (x) is the one-dimensional terrain reflectivity.

The mean response to this reflectivity step is given by

Els ( Y ) I 2
 = E l h ( x )I 2 * so(x)

X
Elh(x)l 2 dx,	 (6.20)

_C0

where h(x) is the phase-error-contaminated SAR system impulse re-

sponse. The transition of the response between the uniform clutter

and the no-return region is a function of both the impulse response

mainlobe width and the sidelobe level. The depth of the response in

the no-return region is determined by the integrated sidelobe ratio.

Figure 6.19 shows the response for an unweighted aperture with

no phase errors. In Figure 6.20, the results for a 35 dB Taylor-

weighted aperture with four different levels of random phase error

are shown. Other examples of single-step responses and also double-

step responses can be found in Reference [40].

Other ways in which sidelobes of the SAR impulse response affect

the performance of calibrated SAR systems are discussed in Sec-

tior, 1.1 of this report.
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6.4.3 Q_'NTIZATION NOISE

In modern SAR systems using digital recording of ,:ie phase his-

tory data, the quantization inherent in the A/D converter is often a

significant source of signal -dependent noise. Quantization noise

can be the -iargest single contributor to signal dependent noise in a

well-designed SAR system. This is because data-handling-rate con-

straints imposed by either data links or tape recorders tend to re-

strict resolution or swath width. Therefore, a reasonable system

design decision is to budget relatively sma61 amounts of signal-

dependent noise to all sources other than SAR phase history quantiza-

tion and use the smallest quantized word length (A/D converter out-

put) which is consistent with image quality requirements.

The question, of concern here are: (1) what is the signal-

dependent noise contribution due to quantization and (2) what is

the optimum input level for an A/D converter?

The effects of sampling and quantizing SAR phase history signals

have been investigated from a number of viewpoints [41-47]. Typi-

cally, it is assumed that the phase history signal can be modeled as

samp'e function of a zero-mean Gaussian random process. It is also

assumes that the signal is sampled only slightly above the Nyquist

rate, so that the samples are uncorrelated.

As described by Bayma [42], if x is the input to a quantizer and

y the output as indicated in Figure 6.21, then the portion of the

output signal which is correlated with x is

y = ax,	 (6.21)

where a is the equivalent linear gain of the quantizer chosen to

minimize the mean square error. The remaining (uncorrelated) portion

of the output signal is denoted by e y , where the mean square error

is given by
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`+ —

var (ey ) - E(y - y) 2 	 (6.22)

arid, therefore,

var (y) - var (y) + var (ey ).	 (6.23)

The SNR of the quantizer is then given by

SNR .. var
	 )	

(6.24)
var k eyT

and the multiplicative ooise ratio (MNR) associated with the quan-

tizer is just the reciprocal of the quantizer SNR.

The effective gain (a) of a quantizer is shown as a function of

Input signal level for various word sizes in Figure 6.22. For small

input signals (less than quantizer step size), the effective gain

can become arbitrarily large while, for large signals, the gain is

compressed due to quantizer saturation.

The SNR of tale quantizer is presented in Figure 6.23.	 The opti-

mum input signal levels resulting in maximum output SNR car. be seen.

These are consistent with the result` of Max [411. 	 For input signal

levels below the optimum value, the effective quantization noise is

constant, which impl : '-s that the SNR should increase proportionally

with the inp,lt ,ignal. The SNR decreases quite rapidly for input

signals larger than the optimum value resulting from saturation-

induced no ise.

The contribution to the system MNR (^-Ihich is the reciprocal of

the Alh converter SNR) is given below, assuming optimum adjustment

Of input signal level.
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AID Converter MNR JdB)	 Number of Bits .1
- 2.4	 1

- 8.7	 2

-14. 1	 3

-19.3	 4

-24.5	 5

-29.8	 6

-35.2	 7

-40.5	 8

It is necessary to use some type of automatic gain control in

order to maintain the optimum A/D converter input level. If this is

not dune, the c. -.antization noise will be larger and will vary as a

function of the input signal level.

..
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7

CALIBRATION ERROR CONSIDERATIONS

The reflectivity measuremen, accuracy of a SAR system is affected

by the uncertainty in knowing the system transfer function and by

the presence of total system noise. This section will examine some

of the error sources that contribute to system transfer function un-

certainty and the resulting impact on r^ Pasurement accuracy. Since

the total accuracy depends to a great extent on the particular SAR

calibration scenario, i.e., availability of reference reflectors and

whether or not they are located at the same depression angle as the

area to be measured, a summary of the errors associated with each

scenario is also included in this section.

7.1 REFERENCE REFLECTOR ERRORS

As described previously, reference reflectors play a Key role in

the SAR calibration process, since they are often used for measure-

ment of the total system response, in-flight measurement of the an-

tenna pattern or, at least, for verification of calibrated SAR per-

formance. This section will summarize the sources of error in the

RCS of a reference reflector, i.e., the difference in the measured

RCS and the actual RCS.

The primary reference reflector error sources are listed in

Table 7.1. Uncertainty in knowing the orientation angle relative to

the radar line-of-sight is often the largest contribution to the

total reference reflector error. 	 The RCS of corner reflectors not

only decreases with departures from the axis of symmetry but ripples

in the angular response also occur (Section 6.1). Experience has

shown that the azimuth (horizontal) orientation and the elevation

(vertical) orientation of field-deployed reflectors can be estimated

to within *2' and t l' respectively. If a correction is made for the

estimated angular response of the reflector, it should be possible

to estimate the RCS of a reference reflector to within t l dBsm of

the "true" values with a 90 percent confidence level.
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TABLE 7.1

REFERENCE REFLECTOR ERROR SOURCES

1. Orientation Angle Uncertainty (azimuth and elevation)

2. Multipath Effects

3. Clutter in Resolution Cell

4. Energy in Sidelobes

5. Interpolation Error

6. Edge Effects

7. Mechanical Variations
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Multipath Effects

The effective RCS of a reference reflector located above a ground

plane will be modified due to reflections involving both the refer-

ence reflector and the ground plane. The proper choice of reflector

type, as reviewed in Section 6.1, can minimize but not completely

eliminate these multipath effects.

The total effective RCS of a corner reflector above a ground

plane (Figure 6.12) is given by

_	 _	 _ 2
a r = 

L^aD 
+ g a s ,/0 1 edo l + ps X0 2 ej02]	 ( 7.1 )

where a D = RCS due to direct nath,

a l = RCS for one-ground-bounce path,

17 2 = RCS for two-ground-bounce path,

Ps = amplitude reflection coefficient of ground plane,

61 = relative phase of one-bounce returns, and

02 = relative phase of two-bounce returns.

Depending on the relative phases (m 1 and 0 2 ), the contribution

of multipath may be either positive or negative with respect to the

direct return RCS. Generally, multipath contributions are signifi-

cant only in the case of low grazing angles and relatively smooth

reflecting surfaces, i.e., large p S . In order to obtain a quanti-

tative estimate of the multipath contribution, specific reflector

types, mounting geometries, and ground-plane bistatic reflectivity

coefficients must be considered. Errors induced by multistatic

effects have been examined in previous measurements programs and

standard deviations of RCS measurements of about 1 dB are typical.

As an example of multipath effects, consider the first two terms

in the above expression for the RCS of a reflector. These correspond

•
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to the one-bounce situation in Figure 6.12(a, b, c). The computed

values for the maximum and minimum RCS for 10 dBsm square end trian-

gular corners are given in Table 7.2.

Clutter in Resolution Cell

The measurement of the RCS of a reflector is corrupted by the

surrounding clutter and total noise background. This section will

examine the error caused by the background.

The measured RCS of the reference reflector can be written as

Jb
ar 	

b 2.
e	 J(7.2)[-'/

where or 0 RCS of reference reflector,

ob = RCS of background (clutter plus noise in resolution
cell),

0b = Phase of background relative to reference reflector
return.

The above equation assumes that the signals add coherently and that

bb is uniformly distributed between 0 and 2*.

The probability distribution for total return signal can be cal-

culated and, subsequently, the mean and standard deviation can be

determined. For present purposes, it can be observed that the

approximate average of the measured RCS is a  + a  and the maxi-

mum and minimum values are Wor + -.,/a—b ) 2 and Wa—r -
-)2, respectively.	 This implies that the background causes an

average 3 dB error in the measured RCS for a 0 dB signal-to-

background ratio (od ab = 1). The error will, of course, be re-
duced by using a larger RCS reference reflector and using more than

one reflector.

Energy in Sidelobes

Another source of error that occurs when using point-like refer-

ence reflectors for SAR calibration is related to the decrease in
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TABLE 7.2

VARIATION IN REFLECTOR VALUE DUE TO MULTIPATH

Square Triangular

Reflector site:	 co 10 dBsm 10 dBsm

Reflection Coefficient:	 os - 8 dB - 8 dB

(short grass)
Wavelength 3.2 cm 3.2 cm

Edge dimension 13.4	 cm 23.1	 cm

Depression Angle 12' 12*

Bistatic	 RCS:	 of
(from Figure 6.12) 0.18 m2 0.72 m2

Variation	 in	 or

Max.	 value 10.6 dBsm 11.66 dBsm

Min.	 value 9.24 dBsm 7.9 dBsm
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energy of the mainlobe of the point target response and the attendant

increase in sidelobe energy caused by system phase errors. In addi-

tion to the contribution to signal -dependent noise as described in

Section 6.4.2, this effect can also result in an error in estimating

the backscatter coefficient of terrain when point-like reflectors

are used as calibration references.

If the effects of total system noise are ignored, a typical es-

timator for the reflectivity of a patch of terrain is

° ' S	

°r	
(7.3)

T IT F_ '

where P IT . average power over the terrair. patch (measured on the

image) ,

a r • RCS of reference reflector, and

P r . peak power response from reference reflectors.

The °r lP r ratio is assumed to represent the total system trans-

fer function and, hence, allow SAR image measurements to be related

to absolute cross sections.

In the presence of phase errors, the peak of the reference re-

flector response is reduced; if ignored, this effect would lead to

an erroneously high estimate of terrain reflectivity. Therefore, it

is usually oetter to attempt to measure the total energy of the ref-

erence reflector response, i.e., mainlobe and sidelobes. In prac-

tice, to avoid contamination by background terrain clutter and system

noise,	 only the near sidelobes are included	 in the actual

measurement.

Interpolation Errors

In SAR systems involving digital recording and image formation

processing, the point-target response is not a continuous parameter

function, but is known only at discrete sample positions. Typically,

104

w



LERIM 	 RADAR AND OPTICS DIVISION

• sa,,apling ratios between 1 and 2 samples per mainlobe width (3 dB)

are used. This implies that, in order to estimate either the peak

power or total energy of the reference reflector response, some form

of interpolation must be incorporated as part of the measurement al-

gorithm. The choice of interpolation function, the number of sample

points to be used, and the resulting error are still currently being

studied.

Edge Effects and Mechanical Variations

There are numerous other mechanical construction factors which

affect the uncertainty in knowing the RCS of a reference reflector.

These include not only the edge effects and construction tolerances

described previously but also posts and other mounting hardware which

can contribute returns that add coherently to the main return to

either increase or decrease the total RCS.

7.2 ESTIMATION OF o * USING IN-SITU REFERENCE REFLECTORS

In order to illustrate the impact of reference reflector errors,

one of the simplest SAR calibration situations will be examined,

namely, the estimation of J * using in-situ reference reflectors.

That is, reference reflectors are located in or very near a region

of terrain whose backscatter coefficient c e is to be estimated.

The basic procedure is to select an area in the SAR image which

encompasses the terrain region of interest and to measure the average

power over this area. An absolute reflectivity is estimated by mul-

tiplying this terrain power by the ratio of the estimated reference

reflector cross se ,_-tioo to the power of the reflector response. The

accuracy can be improved by using a number of *eference reflectors

and averaging their responses.

If the only statistic to be extracted from the SAR image data is

the mean value of ,*, the average value of the total system noise

•	 can be suotracted from the average of the measured terrain response.
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One way to estimate the total noise is to measure the power in the

image data for a "no-return" area. Typically, this area can be

either a large shadow, smooth water, or some other specially designed

surface.

Using this procedure, an estimate of c o is given by

°R cos e
a^ 

_ (SIT - SIN )	v o 	
(7.4)

SIR a r

where P IT = average terrain power in the image overall sample
resolution cells,

PIN = average power in the image associated with sample

resolution cells in the no-return area,

O
R
	= estimated cross section of reference ref l ectors, and

PIR = average of reference reflector power responses in the
image.

That is,

NR

1
P IR = NR 	 H s aril	

(7.5)

i=1

where N R = total number of reference reflectors,

a ri = actual cross section of the i th reference reflector,
and,

H s = system transfer function (Section 3).

As discussed in the previous section, the estimated cross section

a r of the reference reflectors will be in error because of orien-

tation uncertainties, multipath, etc. Furthermore, it is assumed

that '.he power responses from both the terrain and the no-return area

being measured are independent and identically distributed exponen-

tial random variables. As an additional simplication, it is assumed

that the effective backscatter coefficient of the so-called no-return

area is zero.
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The expected value and variance of the estimate for a * can be

derived from the results for the quotient of two random variables

[48] and are given by the approximate expressions

E(o ' )	 a' + 

(7 .

	

V(o

NR' 	
and	 (7.6)

r

2

V(a•)	
('3 

* 
a tn )	 (°tn)	 2	 V(arl)	 (	 )+	 t a^	 7.7

NT	 NN	 NR	 -^

where	 NT = number of terrain cells being averaged,

NN = number of no-return area cells being averaged, and

V(a ri ) = variance of reference reflector cross section.

By analyzing the reference reflector errors described previously

for specific situations, an estimate of the square of the coefficient

of variation V(a ri )/or can be determined. This value, along

with an estimate of the equivalent backscatter coefficient for total

noise (a^ n ), can then be used to calculate the expected value and

variance of the estimate for various a J levels.

For the case of a sufficiently large number of reference reflec-

tors NR , the expected value of the 7 0 estimate becomes unbiased,

i.e.,

E(3. ) = a
	

(7.8)

and the variance reduces to

. ) 2	 (. )2

	

VW) _ (a 

+

N 

atn	
+ 

a 

Nn --
	 (7.9)

T	 N
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7.3 TRANSFER FUNCTION ERRORS

Instrumentation for the monitoring and recording of particular

system-operation parameters has been described in a previous section

of this report. In this section, the errors associated with the

measurements of each of the system parameters will be summarized.

For quantitative measurements on the SAR data, the measured

parameter is the power P I in the output imagery obtained from

processing SAR data. The general expression for P I given in Sec-

tion 3 is repeated here for convenience:

2

P I = PTA— G2 (9)HR o.	 ('.10)
R L

Output Power Measurements

The output image obtained from processing SAR data is presented

in either an analog or digital format. Considering the analog system

first, measurements of output power from the SAR are made in an op-

tical signal processor. Experience has demonstrated that power mea-

surements can be made with an uncertainty of approximately l dB.

Contributions to this uncertainty include (1) variations in transmis-

sion losses th;-ough signal film and liquid gate in the optical proc-

essor, (2) variations in the illumination source, and (3) uncertain-

ties in the reading of the output meter.

` When SAR image data are in a digital format, the measurement of

output power is made using an array of samples defining the area of

interest. The pe-ik response may not be included within the sample;

an interpolation function will give the peak value and the location

of the peak. The error in peak value will depend upon (1) the inter-

polation spacing, (2) the quantization levels used, (3) data format,

linear or log, and (4) the statistics of the data to be measured.

Typical values for measurement error have been calculated to be less
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than *0.5 dB and can be less if more samples are used in the esti-

mate. All of the above error estimates assume a signal-to-noise

ratio of about 1 dB or greater. Measurement error will increase for

small signal values due to contamination by noise.

The details of the approach for the measurement of the output

parameter P I ; for (1) calibration reference reflectors, (2) an-

tenna response, (3) calibration signals, and (4) the test site area

of interest, will affect greatly the uncertainties in the final cali-

bration accuracy. The important factors will clearly be the number

of independent samples, signal-to-noise ratio, and methods of estima-

tion. These considerations are outlined in an example given in

Section 1.2.

Transmitter Power PT

In the measurement of transmitter power, two errors must be con-

sidered, (1) the absolute value, and (2) the repeatability or preci-

sion of the measurements. Absolute calibratior uncertainty is esti-

mated to be *0.25 percent and instrumentation uncertainty is less

than 1 percent, based on manufacturers' specifications. An addi-

tional error of approximately 0.25 dB is due to uncertainties in the

directional coupler and estimates of loss for transmission lines.

Using a commercial power meter and a precision directional coupler

with an X-band SAR, the uncertainties in average power measurements

are about 0.3 dB. This error includes uncertainties in pulse width

and pulse repetition rate.

Antenna GainG 6

The antenna gain appears in the radar equation as a squared fac-

tor; hence, any uncertainties are doubled in value. Careful measure-

ments in antenna response made on a far-field antenna range can have

errors as small as *0.5 dB in the main-lobe region. Estimates in

the sidelobe levels can have considerably greater error, depending

on signal level.	 The largest uncertainty is introduced by placing
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the antenna in a radome surrounded by the structure of the aircraft

R

	 frame. Results of measurements obtained in previous SAR calibration

efforts give approximately t2 d.B uncertainty in antenna gain within

the 10 dB contour of the mainlobe. Measurements made, during flight,
F

of the antenna response have increasing error at lower depression

angles due to multipath, so that the error could increase to as much

as 4 dB for depression angles less than approximately 15%

For spacecraft SAR antennas, the structural environment does not

result in appreciable error; however, thermal variations cause defor-

mation )f the aperture surface, resulting in gain variations. Also,

if the antenna is deployed in space, a verification of the opera-

tional gain and response is desirable.

Receiver, Recorder, and Processor H

Temporal variations in the receiver, recorder, and processor

portion of the system transfer function can be monitored, if neces-

sary, using a calibration signal generator. Results of measurements

reported over a period of 10 days showed uncertainties in compensated

values of HR of less than 2 dB for a SAR system utilizing film re-

cording and optical processing. A large percent of this residual

uncertainty is due to error in the measurement of P l . Gain com-

pensation factors (normalization of total gain) required we re as

large as 3 dB.

Long term gain stability performance of less than t l dB is antic-

ipated from new SAR systems using digital recorders and processors.

Calibration Signal Generator Pref

The power for the calibration signal generator is obtained

through a directional coupler from the transmitter driver. The sig-

nal is modulated with the proper time-bandwidth Doppler history

(appropriate for the particular range and velocity) by a digital

phase shifter. Amplitude is then controlled by a digital attenuator,
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and the calibration signal is coupled into the receiver through a

directional coupler. A second directional coupler is used to provide

a power-level monitoring point prior to the adjustable attenuator.

Measurements of the attenuation steps showed a standard deviation of

approximately t0.2 dB, or less, depending on the number of attenua-

tion elements programmed in the "on" position at any given setting.

Using the same value of standard deviation for transmitter power

(0.3 dB), the overall standard deviation for the calibration gener-

ator power is less than t0.5 dB.

Geometry

	

i.	 Three operational geometry parameters must be measured and util-

ized in the calibration of SAR data: 	 (1) range R, (2) altitude h,

and (3) antenna pointing angle reference e. These factors are util-

ized for calculating

(1) range factor 1/R3,

(2) depression angle e = h/R, and

 (3) reference angle for antenna gain: G(e0 - 9).

Range estimates are made based on measurements of delay time. Uncer-

tainties of less than 0.1 µsec have been demonstrated with the ERIM

X-L SAR system. Uncertainties in the altitude can vary from 1 per-

	

4.	cent to several percent depending upon altitude and topological

ground information available. Spacecraft ephemeris data can be very

	

`	 accurate after a large number of orbits have been observed.

Error in the radar range equation due to range uncertainties will

be less than 0.2 dB for a typical aircraft SAR situation. Uncertain-

tiesin calculated depression angle will be less than 0.5 ` for a <

.'*40' and less than 1.5 for 40' < e < 60 for aircraft-type geometry.

	

^	 Y 9	 Y

Error in depression angle results in uncertainties in the value

of resolution area (Agd = 0 a o r csc e) calculated to determine

values of o° for distributed areas. 	 Uncertainties in A 9 at
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steep depression angles (e > 50') can be as large as 0.5 dB, with

uncertainties less than 0.2 dB for shallow depression angles.

Pointing angle and computed values of a are used with the mea-

sured antenna response to determine antenna gain value. Pointing

accuracy of the X-band SAR antenna in the ERIM aircraft has been

measured to within an uncertainty of about 0.1% Aircraft pitch and

roll can be monitored to within a 0.1" uncertainty. Combining all

angle error estimates, an uncertainty in antenna angle (eo - e) of

3' or less can be expected at steep depression angles, with uncer-

tainties of between 1 to 2' at shallow depression angles. If these

errors occur at angles about the beam maximum, the resulting uncer-

tainty in antenna gain will be 1 dB or less for a 12' beamwidth an-

tenna. However, if the angle is a half beamwidth or more from the

antenna peak, uncertainties as large at 3-4 dB or more can result.

Uncertainty values for the ERIM X-band SAR (1974) are given in

Table 7.3. Estimates of the expected capability of the future ERIM

X-band SAR are also given.

Losses L

The total system loss factor L includes transmission line, propa-

gation, and radome losses. Measurements of the transmission line

losses are made between (1) the transmitter output amplifier to the

antenna terminals (antenna losses are included in the gain factor)

and (2) between the antenna terminals and receiver input. These mea-

surements can be made within a maximum uncertainty of 0.1 dB. It is

important to check these values periodically. Included in the mea-

surement are losses in the rotating joint, circulator, TR protection,

and several waveguide junctions. Variation in any of these due to

vibration, aging, etc., can result in a significant change in loss.

For operational wavelengths longer than approximatey 5 cm, pub-

lished values of propagation losses are adequate. For wavelengths

shorter than approximately 5 cm, propagation loss should be based on
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TABLE 7.3

ESTIMATES OF SAR PARAMETER UNCERTAINTIES

SAR Error Estimate Error Estimate

Parameter 1974 ERIM X-Band SAR) __LFutur3 SAR

Transmitter Power 0.3 dB < 0.1	 dB

Antenna Gain :	 2 dB < t 1 dB

Output Power Measurements 1 dB < 0.5 dB

aref
t 2 dB t 1 dB

Receiver 1.3 dB < 0.5 dB

HR

Recorder-Processor

Calibration Signal Generator	 0.5 dB	 0.1-0.2 dB

Geometry

R	 1 percent	 < 1 percent

9d < 500	 < 1

ed > 50'	 < 2'

ed - 70 0	3'

A gd	 0.1-0.3 dB

Pointing Accuracy	 0.1' azimuth,
1°	 < 0.2'

Losses (no rain)	 0.12 dB	 0.12 dB

(atmosphere and
transmission line)
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published data that are related to temperature, humidity, and pies-

sure measurements. For aircraft operation in clear weather, at w4ve-

lengths of 3 cm or longer, published values will provide estimates

of propagation with a maximum uncertainty of approximately 0.02 dB.

For moderate rainfall (6 mm/hr), total attenuation can exceed 3 dB

with an uncertainty of 0.3 dB or more. Several dB uncertainty could

be introduced clue to a heavy rainfall, but these conditions are very

isolated. Backscatter from rain can increase the effective system

noise by a considerable amount, but should be a limiting factor dur-

ing only a very small percentage of operational time [49-56].

Losses due to transmission through the aircraft radome are

negligible except when the radome is wet; during these periods, cali-

bration data could be seriously degraded. Operation in rain or

clouds, such that the radome is wet, should be avoided by a change

in altitude or flight path.

7.4 SAR CALIBRATION SCENARIO

Measurement uncertainties that contribute to the error in the

calibration of a SAR system are dependent upon the particular SAR

calibration scenario. Table 7.4 includes a list of SAR parameters

with a table of several calibration scenarios considered in this sec-

tion. Particular SAR parameters that c ontribute to the measurement

error for each of the scenarios are indicated in the table. Using

the values for parameter uncertainties listed in Table 7.3, an est:*,-

mate of the total uncertainties in the reflectivity measurements for

each scenario has been calculated using statistical methods X48].

These values were calculated, using error estimates appropriate for

the 1974 ERIM X-band SAR and for a future SAR, and are included in

Table 7.4. The first four calibration scenarios listed are for

single-channel operation. Two examples are for a calibration reflec-

tor array co-located with the test area, and two exam p les consider a

remote test area. Two additional scenarios for relative calibration
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are included. Each of the SAR calibration scenarios is discussed in

this section. As pointed out elsewhere in this report, measurement

uncertainties can be reduced by increasing the number of samples.

Practical considerations, such as the cost of additional flight time

and additional reference reflectors, etc. tend to limit the number

of measurement samples. However, consideration of the statistical

sampling patterns in the analysis of the SAR imagery f r om test sites

can minimize uncertainties.

7.4.1 SINGE CHANNEL

Case I

The first scenario requires that calibration reflector arrays be

located near the test area such that both the reflector array and

the test area can be imaged on a single pass. This is the scenario

used in the example given in Section 7.2. The imaging geometry is

such that both reflectors and test area are imaged at the same range

and depression angles. For this situation, all system parameters

are identical for both the calibration and test site data, except

for (1) short-term variations in transmitter power and receiver-

recorder-processor and (2) errors in output measurements. The mea-

sured ratio of the power P I	from a reference reflector to the

received power P I	from the rtest area o x is equal to the ratio

of the RCS values:x

PIr =r	(7.11)

P I	 °x
x

The uncertainty in the reference reflector values is the largest

error source in absolute calibration. The total error estimate is

3.5 dB based on the parameter values given. If a number of indepen-

dent measurements are made, the standard deviation will be reduced,

but the absolute error will not be changed, due to the "bias" in the
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absolute a references. Errors in the RCS value of the absolute ref-

erence reflectors can be reduced by increasing the number of indepen-

dent measurements made on each reflector.

Case II

The second scenario considered again requires that the calibra-

tion reflectors and test site be imaged at the same range and depres-

sion angle, but the test site is now remotely located. The time de-

lay between reflector imaging and data gathering could extend to over

a week. The geometry p° ameters of the system transfer function

cancel (within the error bounds that we define as identical geom-

etry), but now long--term variations in H R become important and the

calibration signal generator is used to relate the calibration re-

sults to the data obtained from the test site. Four gets of measure-

ments on SAR output imagery are required: (1) calibration reflectors,

(2) calibration signals obtained from a calibratiun reflector pass;

(3) test-area sites, and (4) calibration signals recorded durin; 3

test-area pass. System and operating parameters must be reLurdcd

for all calibration and test-area passes. The two sets of measure-

ments of the calibration signals are used to relate the calibration

reflector power values P I to the output values obtained from the

test site (e.g., Figure 5.2).

Measurements (1) and (2) from the reflector array and sior-el

generator provide the calibration of the signal generator power.

Measurements of the calibration signals recorded during data gather-

ing provide a measure of system response Hit during data gathering

to account for any long-term variations.

Errors that contribute to the total uncertainty in reflectivity

measurements as shown in Table 7.4 are due to uncertainties in o,

P cal I 
P T , and output-power measurements. Also, although it is

s pecified that the geometry is constant, there will be errors in

altitude, heading, and range used in calculating the geometry.
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Variaticns in HR are assumed to be compensated within the error of

the calibration signals and measurements.

Case III

The relationship given for Case I is modified to include the

vometry factors and the antenna respons= G(e) when the reflector

site and test site are ima ged at different ranges and depression

anyies, but during a single pass. Measured output (image) powers

for the reference reflectors and test site are given by Eq. (5.1).

For this single-pass situation, the reflectors are located at or near

the test site, so that HR is constant during the total period

(short-term stability). Errors that contribute are (1) the error

associated with the measurement of the output powers, (2) the geom-

etry as determinea from aircraft altitude and slant range, (3) the

antenna response, and (4) the error in the reference reflector.

Case IV

The imaging scenario which results in the largest value of uncer-

tainty is associated with SAR measurements at a test site remote from

the calibrat i on reflectors, as Case II described, but with the data

taken at a variety of ranges and depression angles. Calibration

generator power levels are calibrated with the reference reflector

array at a range R 1 and depression e l , as given by Eq. (5.4).

Power measurements from the test-site area and calibration signals

recorded during data gathering at the remote test site must be re-

lated to the calibration using Eq. (5.4). In addition to the error

sources describes in Case II, the following additional errors will

contribute: (1) uncertainty in ac,tenna response and (2) determination

of the geometry constant using altitude and range information.

7.4.2 RELATIVE CALIBRATION

Measurements of RCS diffe-ences or ratios are comparison measure-

ments to obtain relative values of RCS. Measurements of the relative
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value of RCS may be made using (1) various areas or reflectors on a

single image, (2) identical areas or reflectors as imaged during

separate passes, (3) identical areas or reflectors as imaged on sep-

arate SAR channels (but during a given pass), and (4) identical or

various areas as imaged during separate passes. The temporal separa-

tion between passes can range from minutes to days or months.

Several possible conditions for which re l ative measurements may

` be required are illustrated in Table 7.4. The single-channel expres-

sion for the received power is given by Eq. (1,1). Consider a very

short time elapsing between the measurements of the two data sets to

be compared, for example, on d given image within a single pass. If

measurements are made of areas that have been imaged at the same de-

pression angle, all system parameters are identical and (assuming

negligible short-term system variation) the comparison of the power

P I for the two scenes provides a measure of the relative values of

t RCS. Again, for the short time interval situation, but considering

areas imaged at different depression angles e l and e2 and ranges

R 1 and R 2 , a comparison of power received must he weighted by

antenna gain response and range, as illustrated in Eq. (5.3), to ob-

tain a relative measurement of the two RCS values 
°1 

and 02.

Considering relative measurements to be made on SAR data obtained

over long time intervals, variations in the total system response

must be considered. Comparison of RCS values from areas imaged at

identical depression angles and range Minimizes er" or, in that cor-

rections for antenna response and differences in range (use of imag-

ing geometry parameters) are not required. Relative measurements

made on data from different SAR channels (frequency or polarization)

reg g ires absolute calibration on each channel.
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8

REVIEW OF PREVIOUS CALIBRATION PROGRAMS

During the past 15 years or so, there have been a number of pro-

grams that have considered various aspects of calibration applied to

imaging radar systems. Some of the major efforts are given in Refs.

[57-65]. Most calibration approaches suggested for application to

SAR systems include the use of reference reflectors and a calibration

signal generator. These approaches differ in the methods of utiliz-

ing the reference reflectors and in the design and implementation of

the calibration signal generator. The following discussion reviews

the results F rom several programs directed toward the calibration of

imaging radar systems.

1. The NRL four-frequency radar was operational during the 1966-

1973 time period L- 57]. Calibration was achieved by utilizing

two approaches: (1) receiver transfer functions for each

channel were measured and (2) calibrated sphere reflectors

were imaged on each data-gathering day. The spheres were

dropped from the aircraft (Super Constellation) and the sig-

nal return was recorded during the period that the sphere

could be manually tracked. Major error sources are identi-

fied as (1) receiver instabilities and (2) tracking error

during sphere measurements. Estimates for the magnitude of

these errors are approximately 1 dB for receiver stability

and 2 dB maximum for sphere-tracking error. A maximum error

estimate of t3 dR i r, given in [ 57]. However, the error is

less for relative measurements made between channels for

which simultaneous sphere calibrations are obtained.

2. Goodyear Aerospace Corporation conducted a program to obtain

calibrated data with an AN/APS-79 radar set in 1966 L581.

Calibration signals were recorded as density wedges on the

signal film. These signals include phase and amplitude in-

formation identical to that received from individual targets

.
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or terrain scatterers during the period of signal recording.

A particullar approach involves utilizing a sample of the

coherent radar reference frequency and amplitude modulating

this signal with noise. The noise is band-limited to match

the Doppler spectrum width and amplitude weighted to match

the antenna response (two-way). This signal is injected into

the receiver at the antenna terminals. The band-limited

noise is equivalent to the signal return from homogeneous

terrain. Using this approach with a fixed PRF results in a

calibration that matches the received signal spectrum only

at one velocity. Variations in reference power are obtained

with a calibrated attenuator. Signal wedges are recorded

across the signal film, each wedge corresponding to a differ-

ent input power level from the calibrated noise gene,•ator.

A number of radar parameters must be monitored during data

gathering missions to obtain calibrated data. These include:

(1) range delay calmration references,

(2) altitude AGL,

(3) Power transmitted,

(4) receiver gain (if any),

(5) antenna angle,

(6) drift angle,

(7) roll,

(8) yaw, and

(9) transmitted pulse sh,pe.

Antenna patterns were measured, but his did not include

in-flight measurements which are required to account for the

effects of the proximity of the aircraft frame. Measurements

were made on film transparencies; these included the calibra-

tion power wedges and test areas of particular fields. Aver-

ages were taken over a measurement aperture that included an

area of approximately 1000-ft diameter.
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Data reduction utilizes the measured range and altitude to

compensate for the depression angle and account for the range

factor. The depression angle is used with the antenna re-

sponse to obtain the antenna gain for each measurement. Cor-

rections for roll, etc. (see above list) are utilized. The

final measured output was a normalized scattering parameter

from each field.

Data from several flight test programs are available. These

data consist of radar imagery of various fields in the

Phoenix area with values of scattering coefficients for each

field.

Results from this program demonstrated that a useful quanti-

tative measurement can be obtained from a calibrated SAR.

This was based on measured values of precision for the SAR

of about t l d8.

3. Another approach to the calibration of an imaging radar was

taken by Westinghouse in 1970 [59].	 This approach was

applied to a noncoherent real-aperture system.	 The basic

scheme follows, in general, other approaches. A reference

signai is coupled into the radar receiver following the an-

tenna and reference power is recorded as a function 3f input

power level. The variations in calibration power are con-

trolled by an attenuator which is automatically stepped

through a range of values to provide the required output

power calibration levels. Calibration signals are recorded

over the entire range sweep to provide a measurement of range

response.

Here, the calibration power is provided by a sample of the

transmitter power, which is suitably attenuated and mixed

with the receiver L.O. signal. The power is not measured on

an absolute scale, but is proportional to the transmitted
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Newer level. Precise measurements of the antenna gain and

the waveguide loss to the point of injection of the calibra-

tion signal are required.

Several options are available in the monitoring of the trans-

mitted signal:

(a) separate monitoring and recording of absolute values,

(b) sampling and recording of transmitter signal,

(c) utilization of transmitter signal as calibration refer-

ence, and

(d) sampling of transmitter signal and use of sampled level

to modulate a reference oscillator signal, which is re-

corded and used as the calibration signal.

4. A program, under AF sponsorship, was conducted by ERIM during

the 1974-1976 period [60, 61]. This effort resulted in a

calibration of the ERIM X-band SAR system. Reference reflec-

tors were designed and used in two calibration arrays. Also,

a calibration signal generator was utilized. This program

is described in Appendix A.

Conclusions and recommendations reached, based on results

obtained from this effort, included: (1) measurements of the

antenna pattern are required to verify any effects due to

the proximity of the aircraft structure or to the antenna

and (2) the calibration signal must be more flexible to pro-

vide suitable calibration signals for a greater range of

operating parameters. This should include selectable values

of range, vehicle velocities, and selectable amplitude se-

quences of signals. Also, automatic operation is recommended

for calibration of future SAR systems.

5. Preliminary analysis of data obtained from the recent SEASAT

L-band SAR has included evaluation; of calibration [62].
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Reflectors were located at several sites so as to be imaged

during various passes of the SEASAT-SAR. Data were limited

due to the untimely "death" of the SAR, but data available

continue to be analyzed for various application studies and

radar system evaluation. Calibration design considerations

included: (1) stable receiver transfer function and measure-

ments prior to launch and (2) sensitivity time control (STC)

and reflector arrays. Also, detailed system parameter mea-

surements (including the antenna pattern) were made prior to

launch. Results of the preliminary analysis (2) verify the

expected resolution of 10 meters, (2) measure the impulse

response sidclobe level as -27 dB (somewhat higher than de-

sign value), and (3) measure the system response and dynamic

range with imagery from the reflector array. However, the

absolute calibration of the SAR was not realized.

Results from the SEASAT-SA^ measurement are given in Refer-

ence 63. Again, the results are of a preliminary nature.

6. A very detailed calibration study is reported in Reference

64. This analysis is directed toward the calibration of the

Shuttle Imaging Radar (SIR); the calibration approach pro-

posed follows closely the previous calibration programs [58,

60, 61, 651 disc.issea.	 A calibration signal	 gener;itor

("space calibrator" is defined for the space environment.

Also, a reflector array (corner reflector fore) is required.

Tasks are outlined to define required reflectors, reflector

sizes, mounting, and installation.

7. An approach to the calibration of SAR systems that utilizes

calibrated ground-based and airborne scatterometer instru-

merits is described by Fenner, et al. [34]. This approach is

similar to the calibration verification methods prepared as

a part of other calibration programs.
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A well-documented ground test site in the Death Valley,

California, area is identified for use as the calibration

area. Two sets of measurements are described: (1) back-

scatter measurements using a calibrated ground based scatter-

ometer system and (2) measurements of the identical area

using calibrated airborne scatterometer instrumentation.

Results are presented from measurements 1 and 2. These data

are to be used as calibration references for SAR data ob-

tained over the test site.

8. A calibration program, under DARPA sponsorship, was conducted

at ERIM during the 1918-1981 period [65]. This program pro-

vided calibration capability for the .`our-channel X-L SAR

system operated jointly by the Canada Centre for Remote

Sensing CCRS and ERIM. The approach followed that utilized

during the previous ERIM calibration program, but included

the following additional tasks, as recommended:

(a) measurements of the antenna pattern in the aircraft to

provide in-flight measurements,

(b) microprocessor-controlled calibration signal generator

to provide the capability to generate calibration sig-

nals as a function of aircraft velocity, range, and am-

plitude values, and

(c) improved reference reflectors for calibration verifica-

tion and antenna pattern measurements.

This effort has been recently completed; preliminary results

from verification measurements show very good calibration

capability. Values of reflectors located in areas imaged

during subsequent flights have been determined using recorded

calibration signals. Values obtained are within several dB

of the measured RCS. Additional verification measurements

are required to determine an error or calibration confidence

bound.
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In summary, calibration techniques applied to both SLAR and SAR

systems atilize a calibration generator, reference reflectors, or

both for the absolute calibration technique. Variations in the de-

sign and capability of the calibration signal venerator are great.

As discussed above, the simplified approach provides for a "step

wedge" type calibration signal reference, applicable at one range

only. A microprocessor-controlled calibration signal generator has

been recently demonstrated that provides very great flexibility in

providing calibration references applicable for a wide range of air-

craft velocities, range, and amplitude values.

R
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9

AdSAR SYSTEMS ANALYSIS SUPPORT

The objective of the joint (JSC/JPL) Advanced Synthetic Aperture

Radar (AdSAR) Project was to develop and demonstrate technology for

SAR systems with new functional and performance capabilities for mis-

sions planned for the 1985-1995 period. The technical goals of AdSAR

included wide swath, selectable transmitter center frequency, select-

able bandwidth and polarization, and absolute amplitude calibration.

As part of this project, the Radar and Optics Division of ERIM

provided technical support by attending design review meetings, pro-

viding technical critiques and recommendations on the material pre-

sented at these meeting, and reviewing relevant SAR calibration

technology.

During the early part of the project, ERIM reviewed the AdSAR

specifications and design approach. The system description as docu-

mented in Reference 66 was an initial cut at the functional require-

ments for the system. Based on this description, the ERIM SAR Sys-

tems Analysis and Constraints (SARSAC) computer program was used to

evaluate the predicted AdSAR system performance. Plots of ambigui-

ties and terrain-to-noise ratio (equivalent to clutter-to-total noise

ratio) as a function of range and azimuth distances for X- and L-band

were generated. The results indicated that even through some of the

parameter values given in Reference 66 were not optimized, the basic

parametric design in terms of swath width, signal-to-noise ratio,

ambiguity level, etc., was good.

The parameters ass.imed for this evaluation are given in

Table 9.1. The ambiguity ratio, which is the ambiguous energy due

to sampling of the radar signal divided by the energy received from

an element in the desired scene, was the first factor considered.

Figures 9.1 and 9.2 show the variation of ambiguity ratio as a func-

tion of distance along the range dimension for X- and L-hand, re-

spectively.	 Similarly, Figures 9.3 and 9.4 are plots of ambiguity
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TABLE 9.1

PRELIMINARY DESIGN PARAMETERS FOR THE ADVANCED SAR SYSTEM

Parameter X-band L-band

Vehicle altitude 10 km 10 km

Squint angle 90* 90*

Ground range 10 km 10 km

Range resolution 7.5 m 7.5 m

Azimuth resolution 2.0 m 2.0 m

ISLR -10.01	 dB -10.01	 dB

Elevation beamwidth 35.0* 35.0'

Azimuth beamwidth 1.6* 12.0*

Pea'( elevational	 antenna -13 dB -13 dB

sidelobes

Peak azimuth antenna sidelobes -13 dB -13 dB

Maximum power 1000 watts 1000 watts

Center frequency 9.6 GHz 1.275 GHz

System losses 4.3 dB 4.3 dB

Noise	 figure 7.9 dB 7.9 dB

Word size 6 bits 6 bits

Pulse	 length 20 usec 20 usec

PRF 1000 Hz 1000 Hz

Aircraft	 velocity 250 m/sec 250 m/sec
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ratio vs. target distance at X- and L-band along an azimuth cut

through the center of the swath, i.e., at a ground range of 10 km.

The -25 dB ambiguity level requirement can be seen from these curves

to be consistent with the desired resolution and number of looks.

The terrain-to-noise ratio (TNR) as a function of backscattre

coefficient a * at X- and L-band is shown in Figures 9.5 and 9.6, re-

spectively. These were plotted at a ground range of 23.5 km, which

is considered to be the worst case. The additive noise was specified

to be no worse than -30 dB, which is verified from these plots be-

cause TNR is equal or greater than 0 dB when o * _ -30 dB.

Figures 9.7 and 9.8 are plots of TNR along the range (line-of-

sight) dimension. Since a * _ -30 dB for these curves, it follows

that the total swath width is determined by the criterion than TNR

is greater than 0 d3. The results indicate that the swath width is

19.02 kin for X-band and greater than 20 km for L-band. This is con-

sistent with the initial AdSAR system goal for a swath width of

approximately 20 km.

The SARSAC capability used for this brief evaluation has been

useful on a number of SAR system design studies in the past. We ex-

pect that this system analysis tool will also be useful for designing

future multifunctional, calibrated SAR systems for various terres-

trial and extra-terrestrial applications.
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10

CONCLUSIONS AND RECOWENDATIONS

in this report, we have presented a review of SAR calibration

technology, including a general description of the primary calibra-

tion techniques and some of the factors which affect the performance

of calibrated SAR systems. The use of reference reflectorF for mea-

surement of the total system transfer function along with a calibra-

tion signal generator for monitorin g of receiver to processor output

temporal variation is a practical approach for SAR calibration. How-

ever, preliminary error analysis and previous experimental measure-

ments indicate that reflectivity measurement accuracies of better

than f3 dB will be difficult to achieve. This is not adequate for

many applications and, therefore, improved end-to-end SAR calibration

techniques are required.

It is clear that a number of investigations should be performed

to prepare for future designs and applications of calibrated SAR

systems:
i

1. Results from a general review of available calibrated SAR

data indicate a trend for the bacKScatter from terrain, as

determined from SAR data, to be greater than results obtained

using other reflectivity measurement instrumentation, such

as scatterometer and ground-range facilities. This conclu-

sion is based only on a comparison of "similar terrain types"

as reported in the literature. Clearly, there are factors

that could reconcile these differences, such as roughness

effects, moisture, and others. However, since the trend

seems to prevail, it is recommended that a car,, ul verifica-

tion experiment be defined and conducted to resolve This

apparent discrepancy. The experiment should provide for the

simultaneous gathering of data from a test area with a cali-

brated SAR system and with other instrumentation, such as a

scatterometer, etc. The plan outlined by Fenner, et al. [34]

0
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describes such an experiment. Adequate reference reflectors

R	

must be included so as to provide additional verification.

t 
2. A detailed, systematic analysis of the factors that affect

calibrated SAR performance has not been done. It is impor-

tant to establish a complete, statistical SAR system ampli-

tude model so that the relationships between (1) various

errors, total system noise, and nonlinearities and (2) re-

f;-ctivity measurement accuracy (RMA), reflectivity measure-

ment resolution (RMR), and reflectivity measurement precision

(RMP) can be determined.

3. There is also a need for a practical set of measurement pro-

cedures to assess SAR performance in terms of RMA, RMR, and

RMP. This will involve the design of test sites with appro-

priate reflectivity standards that are well characterized.

4. Improved reflectivity references are needed. In many situa-

tions involving the measurement of terrain backscatter

coefficients, distributed or diffuse reflectors would be

advantageous.

5. The use of a calibration signal generator has been common

practice in most previous SAR calibration programs. The

signal generator can be considered as a monitoring device to

assure that temporal variations of the receiver/ processor

portion of the system are within acceptable bounds and/or it

can be used as a key element in a calibration approach by

facilitating the data reduction process when making absolute

reflectivity measurements. That is, rather than explicitly

including various gain settings and processor amplitude

parameters, e.g., laser power in the case of optical proc-

essing or digital processing normalization constants, it is

often convenient to use the calibration signals as references

in the image data.	 In either case, the trade-off study of
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the alternate forms of calibration signals should be per-

formed. The types range from point-like signals to a two-

dimensional distributed signal with a "black hole" in the

center for system noise monitoring.

b. As described in this report, it is important to be able to

perform in-flight measurements of the antenna gain as a

function of position across the swath. An error analysis

of the five techniques reviewed herein along with the devel-

opment of improved techniques is needed.

1. The degree of calibration needed for various applications

is not very well known at the present time. Therefore,

utility studies and experiments to establish realistic cal-

ibrated SAR performance requirements should be performed.

8. A significant effort in terms of calibrated SAR data collec-

tion and calibration instrumentation design investigation

is needed to prepare for the development of future SAR sys-

tems for earth resource applications. In order to properly

support these experiments, a reliable, stable, and well-

characterized SAR system is required. The U.S. Air Force

SAR Tes' Bed, which will be flight tested in 1982, is highly

recommended for this role.

9. Large, high-quaiiLy ,:a:ibration test .-ites should be estab-

lished in three different regions in the United States.

These quasi-permanent facilities wcuid be used for perfor-

mance verification and for any necessary recalibration of

the future calibrated spaceborne SAR systems that will be

required for earth resource applications.

10. Finally, increased emphasis should be pla,:ed on the develop-

ment of improved terrain reflectivity models. Experimental

measurements cannot be made for all combinations of the many

variables which affect microwave backscatter. Therefore,

calibrated SAR measurements should be used primarily to

validate reflectivity models.
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Introduction

In the design of radar detection systems, an often-used measure

of system performance is the probability of detection for a tar-,
get of specified cross section. For most radar applications,

cultural objects are the targets of interest. However, the en-
ergy scattered to the radar antenna from the target must compete

with energy scattered from the terrain that is included within
the resolution element surrounding the target. The latter energy

is referred to as a clutter signal return and the probability of
detection is a function of the magnitude and the statistics of

this clutter return.

For other applications, the clutter return becomes the signal of
interest. For example, in remote sensing work, it is the "clut-

ter" energy scattered from the sea, ice, or land that must be
received, classified, and interpreted to yield information.

or
For both areas of application, the characteristics of the radar

clutter and the return from cultural targets, as measured with a
synthetic aperture radar ( SAR), become more valuable if the sys-
tem is calibrated so as to provide absolute values of radar cross
section.

Demonstration SAR Calibration Program

This paper briefly discusses a program whose objectives were to
(1) calibrate a synthetic aperture radar (SAR.), (2) collect
amplitude-calibrated SAR clutter data from a variety of terrain
areas, and (3) perform a statistical analysis on these data.
This work was carried out by the Environmental Research Institute
of Michigan (ERIM), under the sponsorship of the Air Force in
cooperation with persoonel of the Air Force Avionics Laboratory
(AFAL). Additional details on the program can be found in Ref-
erences 1, 2, and 3.

*This effort was supported under Air Force Contract Nos.

F33615-70-C-1433, F33615-72-C-1817, F33615-75-C-1034, and
F33615-79-C-1820.

* WPAFB, Dayton, Ohio during the period this work was

conducted.
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ERIM's airborne X-band SAR system was calibrated and operated at
9.3 GHz for the data-:ollection phase of this program. This
radar was flown in a C-1318 aircraft on bailment to ERIM from

the Air Force.

Calibration Techni ques and S ystem Desiqn

The calibration techniques and instrumentation discussed here
were developed under a program in which ERIM conducted an

investigation to provide an amplitude calibration for ERIM's
airborne SAR system; details of that program can be found in
Reference 4.

Calibration of the radar system requires an accurate determi-
nation of the overall system transfer function Kn which relates

radar cross section c to output image intensity Io, as follows:

c a Knlop

where Kn is the overall system transfer function applicable to

each data set n (data flight or digital tape). Two techniques
are used to measure Kn:

One of these techniques consists of imaging reference targets

having various known values of backscattering cross section.
The accuracy of this method depends upon the precision to which

(1) the cross sections o of the reference targets are known and

(2) the output images of the targets can be measured [1, 4]. In
this program, two identical arrays were used in order to provide

calibrated references at different ranges; both arrays were lo-

cated in the same vicinity (the Willow Run Airport area).

Using calibration reflectors, the complete system transfer func-
tion Kn is measured at the range and depression angle at which

the reflectors are imaged. In each array, six values of o were
utilized which ranged from 0 dBsm (1 m2 ) to 5C dBsm (105

m2 ) in 10-dB steps. Three targets of each size, except for
the single 50 dBsm reflector, were provided.

The ether technique involves the use of a reference signal gene-
rator whose output signal simulates the radar return from a point
target. This signal is generated by the same source that pro-

vides the chirp pulse to the radar transmitter and is injected

into the receiver (Figure 1); it has the following characteris-

tics:	 (1) the range (chirp) modulation, the pulse width, and

the pulse repetition frequency (PRF) are identical to those
transmitted, (2) the azimuth signal (Doppler history) is identi-
cal to that which would be received from the target at the se-

lected range within the illuminated swath, and (3) the signal
level at the injection point corresponds to that which would re-

sult from the target on the ground whose cross section is being
simulated. Achievement of the correct power level requires ac-
curate information about the measurement geometry, the antenna
response, the transmitted power, and the values of
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various system losses [1, 4]. The signal generator can be used

to provide a measure of the system transfer function from the
antenna's terminals to the output imagery. In this work, the
signal generator provided signals to simulate received signals
from two different ranges and two aircraft velocities only.

The reference-target technique has the advantage of providing a

direct measurement of the overall radar system transfer function
and the disadvantage that the reference targets must be set out
or the ground and must be convenier+t to the areas being imaged
by the radar. On the other hand, the reference-generator tech-
nique has the advantage of always being with the radar, but the

disadvantage of measuring directly only a partial-system transfer

function. With accurate measurement of the radar antenna pattern

and the system transmission-line losses to the receiver, the
reference-generator technique is satisfactory after verification
of calibration using information from the reference-target

measurements.

Note in Figure 1 that the receiver employs two channels; the

reason is to increase the overall linear dynamic range of the
system. The low-gain channel images strong targets without sat-
urating while the high-gain channel images weak tar gets well
above the noise.

Results from the cal bration program [4] showed that the basic

error in the amplitude calibration of the ERIM SAR system is 5

dB, which is one standard deviation for five independent measure-

-	 ments of a reference-target array. During the data-gathering

program, one recording of the refere^ce-target array was supple-
mented with three recordings of signal-generator calibrations on
most of the signal films; this procedure resulted in a 7-dB

i
	 standard deviation.

In addition, a mean-value shift of 9 dB was observed between the

two calibration techniques, i.e., the reference targets produce
lower output power than the signal generator for the same re-
ceived power at the antenna. It is believed that the reference-
target calibrations were correct and that the most probable

source for this systematic error was the use of an incorrect

value of antenna gain in the calculations related to the
reference-generator calibration. Therefore, 9 dB have been sub-
tracted from the signal-generator values used in plotting the
calibration curves; in this way, the reference targets were used
to calibrate the signal generator. The resulting values have

standard deviations of 5 and 7 dB, as discussed above.

Collection and Analysis of Calibration Data

Both the reference-target and reference-generator calibration
techniques were used on every data flight. The reference tar-

gets were imaged at the beginning and end of each flight; cali-

oration signals from the reference signal generator were recorded
at intervals during the flight.
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The reference signal generator measures the partial-system
transfer function KR (from the receiver input through the out-

put imagery). This can be converted to the overall-system
transfer function Kn by considering the geometry, antenna re-

sponse, etc. This function is defined by the following equation
[1]:

(4')3R4KR

n - Pta GLe-O

where R - range,

Pt - transmitter power (pea;:),

a - wavelength,

G - antenna gain,

L - system losses, and
a - propagation path attenuation factor.

The system transfer function KR includes the system from the

antenna terminals, where the calibration signal generator is
mounted, to the output imagery. Thus, the factor KR includes
the following:

(1) transfer function for receiver antenna terminal to mixer
output,

(2) transfer function for video amplifier,

(3) transfer function for recorder and film development

process,

(4) transfer function for optical processor,

(S) range compression factor, and

(6) azimuth compression factor.

In addition, the calibration is a function of depression angle
due to the antenna's elevation pattern [1, 4]. Therefore, to
relate the calibration data to a specific depression angle, the

values for the total power per resolution element, P T , must be
multiplied by an appropriate correction factor.

The calibrated SAR data were processed in the AFAL computer
facilities to obtain distributions of backscatter for values of
depression angle between approximately 7 and 20 degrees. Exam-

ples of the distributions or histograms are shown in Figures 2-4;

examples for three depression angles are given. Figure 2 shows

histograms for farmland areas in central Ohio. Figure 3 histo-
grams are for snow-covered areas in central Michigan. Finally,
an example of a combined histogram from the two receiver channels
for an urban area is given in Figure 4.

Conclusions

Calioration of a SAR system nas been demonstrated and limited

data have been obtained with the calibrated X-band SAR system.
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The major contributors to error are believed to be (1) tincer-
tainties in absolute value of antenna response, (2) uncertainties
in reference calibration reflection, and (3) variations in SAR
signal processing. Values of co are in general agreement with

data obtained from similar terrain types as reported in the
literature. Best correlatian occurs in the upper bounds of the
average of 36 published data curves.
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