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ABSTRACT

It is an essential design process to analyze the performance of Synthetic Aperture Radar (SAR) processor

before implementation. The contribution of this paper is to identify the chief sources and types of errors, to

assess their impact on system performance, and to suggest the analysis technique for principal performance of the

space-based SAR processor using Range-Doppler Algorithm (RDA). Also, simulation is performed by the

Experimental-SAR (E-SAR) processor to examine the practicability and efficiency of the technique, the results are

discussed, and solutions for the problems are recommended. Therefore, this technique can be used to analyze the

performance of the space-based SAR processor using RDA.

I. Introduction

Spaceborne  SAR has found many important
applications in remote sensing[”. Then, spaceborne
radar will participate in many remote sensing
missions for observation of the earth and
planetsm. The SAR processor is the primary
image generating component of the SAR system.
Work during previous design stage set out the
processing algorithm functional definitions. These
definitions constitute the starting point of this
paper. It is a critical design process to analyze
the principal performance of the SAR processor at
the detailed design stage.

Many previous papers have investigated not the
overall performance analysis of the SAR processor
but the specific point of view such as Doppler

estimationB'S], speed[6’7],
Secondary Range Compression (SRC)[MO}, Range
Cell Migration (RCM)“”, etc.
been published on comparisons between processing
algorithmsm’m.

Thus, the contribution of this paper is to

centroid processing

Some work has

identify the chief sources of error and to suggest
systematically the practical technique for overall
performance analysis of the space-based SAR

processor. Estimations of the magnitude of any
errors are then made and summarized and their
impact on the SAR system performance is
assessed. The errors of SAR processor are due
to imperfections in the algorithms selected or in
their implementation. This paper focuses on not
SAR system but SAR processor performance.
Then, it is assumed that SAR system errors are
already considered and included in the previous
design stage.

Additionally, it is assumed a space-based SAR
system for simulation and called the E-SAR,
which is not a real but designed system based on
the SAR system design criteria"!
tion is performed to prove the practicability and

. The simula-
efficiency of the technique.

I. Performance Analysis Technique

RDA™ is often chosen in a SAR processor
because of its ability to compress a point target
accurately, and because it can be implemented as
a two one-dimensional matched filtering process.

This allows efficient computer implementation,
and provides adequate accuracy control over key
operations such as RCM correction’®. Then, RDA
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Fig. 1 Processing flow of the SAR processor using RDA

Table 1. Error sources and types for processing steps

is selected for the performance analysis of the
SAR processor. Fig. 1 illustrates the processing
flow of RDA.

The space-based SAR processor using RDA
may degrade image relative to an ideal SAR
processor for the following reasons:

e The range and azimuth correlation filters are
not quite matched at the main lobe location;
assessed in terms of the quadratic phase error at
the end of the aperture relative to the aperture
center.

o The RCM correction is not sufficient than
required.

® SAR processor adds noise like errors,
random uncorrelated to image.

® Radiometric calibration is not consistent.

® Image location is not correctly calculated.

To analyze performance of SAR processor is to
analyze errors of it. All errors can be classified by
three kinds of error typé“él_v'such as azimuth focus,
range focus, and noise type. Table 1 illustrates
these error sources and types derived from the
processing steps of echo data in Fig. 1. With the
above contents, we can derive the processing error
sources and their equations of the space-based
SAR processor using RDA as following sections.
These come from processing steps.

Error types

Processing error sources

Azimuth defocus

Remark
Range defocus | Noise type error

BAQ decode

v System error

Replica mismatch

Y System error

Range FFT & IFFT

4

RCM correction
- fr mismatch
- Interpolation error

Focus error due to fr error
- from orbit

- from terrain height

- from polynomial model
- from azimuth block

=< ==

Range Doppler dispersion

Azimuth FFT & IFFT

Azimuth deskew

Range & azimuth interpolation error

===

Calibration errors

System error(pixel
magnitude error)

Location errors

Position error
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2.1 Azimuth Defocus
1) Orbital Estimation Error

Orbit is assumed to be Keplerian[z’w].

Regres-
sion is fitted to Keplerian orbit. Orbital velocity
that is found by assuming orbit eccentricity is
known from previous observations. The orbital
velocity is then related to the orbital radius since
the gravitational acceleration is constant. Orbital
acceleration is:

a=V/R (1)
8V =(VER) /2R @

, where V is platform velocity and R is the
distance from earth center to the platform.
Doppler frequency modulation (fz) is proportional
to (~): 2VY/AR,, where 4 is wavelength and R,
is slant range[”]. Therefore, fr is ~ (4V3 V)[4
R;). Phase at the edge of aperture is:

¢ = 05 fr (r/2)° 27 (radians) 3

, where r is synthetic aperture duration. Then,
phase error at the edge of aperture is:

g =0530f(r/2) 360 C ). @)

2) Terrain Height Errors
To get the terrain height error, equation (1) is

used:

a=V/@d+k 5)

, where d is the radius of the earth at nadir and
k is the SAR platform altitude to the nadir point.
Component(a;) in look direction is {Vz/(d+k)}cos
g, where ¢ is look angle. Error in target
height % is error in # and then it is (h sin i)/Rs

, where i is incidence angle. Therefore,

Say = (V' / (d+k)] sinf &8
= (V2 / (d+k)} sind {(WR) sin i}.  (6)

Contribution to fz is (28 ar)/A. Then,

Sfr = (YA ){VAd+K)J(l/Ry)sinb sin i. @)

Assume s is 1 km because it covers over 90%
of landmass.

3) Polynomial fz Model Errors

Polynomial fr model is the cross track
quadratic model for fz Main across track
variation comes from I/R; dependence. Thus, the
quadratic approximation is:

YRy = Y(Ro+r) = (I/R)(1+1/Ro)"
= IR, - /RS + FYR - wooee ®)

, where R, is slant range at mid swath and r is
the slant range variation relative to swath center:
r={(swath width) xsin iJ/2 and R is (R, - 1).
Thus the relative error (& Rg) in I/R, is {7
(1/R)/(1/R;)), where & (I/R)) is real estimation
error: & (I/R)=1/Rs - (I/Ro*+1/R+r/R,’). fr in the
case of I/R, dependencem] is:

fr = (YA R) [V/I(1+kd)}] . )

Then, the fz error (¢ fr) due to polynomial fr
model error is:

Ofs =fx X OR: . (10)

4) fr Change over Azimuth Block

fr is evaluated at the center of azimuth
processing block, and then wused for whole
processing block. Phase ‘and location errors at
block edges are corrected, but focus error cannot
be. The azimuth processing block size (4s) should
be > 2 X(interpolator length) for reasonable
compﬁtational efficiency. fr comes from slant
range variation (d'Ry). Then,

SRy = (Ab /2) X sample size

(A4s /2) X {c / (2 XAg)} 1

, where Ar is Analog to Digital Converter (ADC)
rate and c is light velocity. Therefore, fr error due
to fz change over azimuth processing block is:

Ofs = (6R /R ) X fr (12)
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2.2. Range Defocus

1) RCM Correction Errors

In addition to the popular range-Doppler
approach, a number of accurate algorithms for
stripmap SAR processing have been proposed in
recent years'®, These include the chirp scaling
algorithm”g] and the range migration algorithm''!).
The range migration algorithm in particular is
well suited to dealing with large range migration.

This error is related to the error in f; Range
migration is ~ (A (f5° - foc’) / 4fz), where fp is
Doppler frequency and is fixed by processor and
error comes from fr estimation error, and fpc is
the Doppler center frequency.

Maximum  (fo'-fpc’) = Maximum  (fo°) = (By/2),
where By, is the azimuth processing bandwidth.
Then,

Maximum RCM = {4 /(4fe)}(Buy2)*. (13)

Error in RCM = Error in fz = Error in slant
range. Therefore, Erfor is ~ J R, Then, the
RCM comrection error (6 RCM) due to fg

mismatch is:

O RCM = (& RyR){A /4f2)}(Bar/2)’. (14)
If yaw steering is not perfect, then fpc#0:
therefore,
_ R A (Bsy 2, 2
SRCM=—p* 7 (Z*+ /o0 = foc™). (15)

2) Range Doppler Dispersion

Jin and Wu™ introduced the concept of SRC
in the context of handling cases of severe range
walk. It was extended by Schmidt® who investi-
gated methods of implementation and multi- look
processing. Phase error, if SRC applied, is of form:

_ wRe {(fpet0.5B,)%— foc’) B,
dp=~"7 V2 12 (B,+ 1) (16

, where f. is camer frequency and B, is pulse
bandwidth. Such errors have less effect than other
phase errors since they only affect the azimuth
focus for the edges of the range bandwidth.
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2.3. Noise Type Errors

1) Interpolation Error

Interpolations are used at 3 processing steps:
RCM correction, azimuth deskew, and range
resample. A sinc interpolation used to interpolate
band-limited data with a uniform spectrum gives a
mean square error (6 5 points sinc
interpolation is 0.012, 7 is 0.006, and 9 is 0.003.
Thus Root Mean Square (RMS) error (J'1p) due
to interpolation is:

Slg « 81 x (N)*° an

, where N; is the number of samples. This looks
like a noise error. This is independent for each
look, averaged in multilook, and then reduced by
I/(number of looks)o‘j.

2) Computer Truncation Error

Usually we use FFT and IFFT to perform the
range and azimuth compression. We assume that
our correlator uses a 32-bit CPU using IEEE
format. It stores data of 2% bit precision. After
each operation, there is an error of 1/2 bit in 222,
an error (6 T) of 1 in 10". Therefore, RMS error
(8 T¢) due to computer truncation is:

STc =« T x (N)* (18)
, where N, is the number of errors.

2.4. Location Error

Along track displacement (y) from zero Doppler
is ~foc/fr in time and is (foo/fr)Ve in meters,
where V; is the ground velocity. Therefore,

Sy = Vi (foolf) O fr. (19)

The orbit errors appear directly as location
errors (along and across tracks). The orbit altitude
error produces an across track error of J R/tan 1.

M. Simulation & Discussion

The E-SAR processor is the primary image-
generating component of E-SAR. Fig. 1 is used
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for the performance analysis of the E-SAR
processor. The E-SAR parameters and require-
ments used for simulation are shown at Table 2.
Its operation mode is stripmap mode and its
swath number is variable from Swath Width
number (SW) 1 to SW20, depending on incidence
angle, but its swath width is same. It uses
on-board Global Positioning System (GPS)
receivers for orbital estimation. It is assumed that
observation is carried out every 10 seconds and 5
observations are used.

The worst case for E-SAR processor is at SW1
(near field) or SW20 (far field). Then, we can
calculate the error values to those two cases
among SWs. There are results from table 3 to 6.

The phase error due to fz change over azimuth
block at SWI1 is at the design target limit
because that of the phase error is = /8 (22.5° ).
But an error of 25.32° produces an IRF broad-
ening of 0.6%, then it is acceptable provided
there are not several such contributions.

Table 2. Parameters and requirements of the E-SAR

Contents Values Unit

Earth radius 6370 km
Satellite height 618 km
Carrier frequency 9.65 Gk
Satellite velocity 7553 Ws

. SwW1 6883 s
Ground velocity SW0 6851 %,
Wave length 0.0311 m
Incidence angle 15~51 degree(® )
Doppler center SW1 1214 Hz
frequency SW20 3639 Hz

. SW1 65 Mk
Pulse bandwidth SW20 25 ™
Azimuth processin,
bandwidth i 2551 fe
Light velocity 3x10° Ys
ADC rate 60 M
Azi T i
blf)lct?(u;}ilzg ocessing 115 samples
Synthetic aperture duration | 0.682~0.966 s
GPS accuracy + 20 m
Swath width 33 km
fR.change over <x8 radians
azimuth block
Yaw steering error + 0.6 °
Impulse Requnse Function <1 %
(IRF) broadening

Table 3. Azimuth focus errors

Processing errors |Symbol; Unit | Value |Remark

Position errors SR m |9
Orbital estimation X4 ° 10.1608 |SW1
errors Jo ° ]0.2234 |SW20

Sfr | Hys [005 |SWI
Sfe | Mfs 032 |SW20
do | ° [1.047 |SWI
Sg | ° |13437[SW20
dg | ° [0032 |sWI

Terrain height errors

Polynomial fz

model errors Jy °  |0.247 |SW20
Sfe | Hgs 121 |SWI

f» change over Sfr | Hys |0.57 |SW20

azimuth block Jy °  ]25.32 [SW1

(X4 °  |24.11 |SW20

Table 4. Range focus errors

Processing errors |Symbol| Unit | Value | Remark

Range Doppler Jo ° |6.66 |SW1
dispersion(with yaw
steering error of
0.6° )

Jy ° 33 SW20

Table 5. RCM correction errors

Processing errors |Symbol| Unit | Value | Remark

.14

RCM errors srcM| m |74 Iswi

(with perfect yaw 518

steering) FRCM| m |04 [SW20
x10

RCM errors (without | » pop| m 1.5 5 lswi

perfect yaw steering %10

: then 0.6° yaw 3.5

steering error) SRCM| m | 703 |SW20

Table 6. Noise type and location errors

Processing errors |Symbol| Unit | Value | Remark
Mean square error
for number of
interpolation points

- 5 points JIg dB |0.13

- 7 points 31 dB [0.064

Computer truncation 2 -
error JTc x10° negligible
Location error due Sy m 1121 Isw20

to fr error

The error can be reduced by using a smaller
block size. In computer truncation errors,
dominant calculation is FFT. Each FFT has about
50 steps with two errors per step (the
operation+twiddle table). There are 2 forward and
2 backward FFT''": about 400 errors, then RMS
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error=2 x10°®. Table 7 summarizes the worst case
error values in the various categories. To assess
these it is necessary to compare with other
similar errors, to consider how they can be
combined with such errors, and to estimate their
impact on system performance parameters such as
the IRF.

Note that the dominant error comes from
terrain  height variations. The range quadratic
phase error is from range dispersion. This has
less effect than other phase errors. The worst case
IRF broadening (maximum yaw steering error) is
still ¢ 1%. fz change over azimuth block is a
little bigger than criteria (= /8), so the block size
should be reduced for single look. In the case of
multi-look, the synthetic aperture time is reduced

Table 7. Processing error values in the worst case

Contri-| Worst SW

Processing errors | Unit bution |case value| No

Azimuth focus

(fr)_errors
- Orbital ° Qa 102234 SW20
estimation errors
- Terrain height
erTors
- Polynomial
fr model errors
- fz change over
azimuth block

Range focus errors

. Qa [13437  [sw20
. Qa [0.247 SW20

¢ Qa (2532 SW1

- Range Doppler ° Qr [6.66 SW1
dispersion
RCM correction_errors
- fr mismatch m Br (5.18x10™ [SW20
: with yaw steering
- fr mismatch m Br (3.5x10° (SW20
: without yaw
steering
Noise type errors
- Interpolation dB N (013
. 5 points
- Truncation dB N [2x10°
Calibration_errors system
S error

Location_errors
- Orbit: along track | m a (9

- Orbit: across track | m r 9
- Orbit m a {338 Sw1
: altitude
(across track)
- fr error m a 1.21 SW20

cf) Q: quadratic phase error, B: broadening due to
mislocation, N: noise, a: along track, r: across track.
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by 1/(the number of looks). Therefore, the phase
error is reduced by 1/(the number of looks)’. The
noise type error is 0.13dB if 5 points interpolation
used.

IV. Conclusion

This paper started to identify the main sources
of SAR processor errors and considered errors
that are due to imperfections in the algorithms
selected, or in their implementation. It suggested
the analysis technique for principal performance of
the space-based SAR processor using RDA:
equations, input and output parameters, and their
relationship.  Also, simulation has been performed
to the E-SAR processor. The contribution to
overall system performance budget degradation is
small except for terrain height variation induced
IRF broadening. But this broadening is still well
within acceptable limit. The dominant location
errors come from orbit errors and the computation
errors are much less at a few tenths of a pixel
They are small enough for automated image
alignment techniques to work even in interfer-
ometric applications.

Therefore, this paper has summarized and
proposed the overall works related to the principal
performance analysis of the space-based SAR
processor using RDA. Our approach can provide
the effective and practical technique for analyzing
the principal performance of the space-based SAR

Processor.
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