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ABSTRACT

The ambiguity problem in synthetic-aperture radars for spacecraft use
consirains their application in usual form to relatively narrow swathwidths. Mon=
itoring hydrological and other parameters that require frequent and timely observa=
tions indicates the need for much wider swath widths. In this report the use of a
scanning antenna beam for a synthetic aperfure system is examined as a solution to
this problem. When the resolution required is modest, the radar need not use all the
time the beam is passing a given point on the ground to build a synthetic aperiure,
so fime is available to scan the beam o other positions and build several images at
different ranges. The result is that the scanning synthetic~aperture radar (SCANSAR)
can achieve swathwidths of well over 100 km with modest antenna size.

Design considerations for a SCANSAR for hydrologic parameter ohservation
are presented here. Because of the high sensitivity to soil moisture ai angles of
incidence near vertical, a 7 to 22° swath is considered for that application. For
snow and ice monitoring a 22-37° scan is used. Frequencies from X-band to L=band
were used in the design studies, but the proposed system operates in C-band at 4,75
GHz. It achieves an azimuth resolution of aboui 50 meters at all angles, with a
range resolution varying from 150 meters at 7° to 31 meters at 37°, The antenna
requires an aperture of 3 x 4,16 meters, and the average fransmitter power is under
2 watts.

The system uses recursive filters implemented with shift registers fo achieve on~
board processing. This serial approach seems quite feasible to implement with reiatively
simple state~of~the~art components in small enough quantity that their cost and power
consumption will not be excessive. The result is an output that requires only about
4 megabits/second for telemetry.

Gray-scale resolution is not as good as required for the final analysis, but can
be improved by combining cells on the ground.
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A SHORT STUDY OF A SCANNING SAR FOR HYDROLQGICAL
MONITORING ON A GLOBAL BASIS

John P. Claassen

I. Introduction

Intensive interest has recenily been indicated in orbiting synthetic aperture
radars (SARS) for various global applications. In some applications it is highly desir-
able fo provide expansive coverage on each orbit. A casual examination of the theory
indicates that coverage by a SAR is severely limited by the interaction between doppler
and range ambiguities. Pulse coding schemes have been proposed to overcome the
limitation. However, when high resolution is not necessary, it is conceivable that
a radar can synthesize images over a wide swath by scanning to and dwelling on
successive cross=frack imege cells as illustrated in Figure 1. An image is synthesized
while the radar dwells on each cell. If the dwell time is sufficiently short (but nct
too short) and the angular scanning sufficiently rapid, continucusly coverage on a
wide swath can be realized.

It is the objective of this report to demonstrate the feasibility of such
a scanning 3AR for a hydrological application requiring moderate resolution. In
particular, the theory of a scanning SAR is developed. The theory was incorporated
into a computer design program (SCANSAR) and several computer design cases suitable
for monitoring soil moisture are reported. Additional design ¢ases are archived in
Appendix A while SCANSAR is documented in Appendix B,

On the basis of these design studies a scanning SAR system suitable for hydro=
logical monitoring is proposed and described. A design objective in proposing the
syztem was to realize a simple and relatively inexpensive SAR. A simple on=-beard
processor is proposed. The relaxed resolution requirement and advancements in LSI
elecironic technolegy should enable one to redalize a simple analog digital processor
as proposed here to synthesize image elements on-board the spacecraft. The realiza-
tion of an on=-board processor reduces the required telemetry channel capacity and the
ground based processing significantly.

II. System Theory and Design
A. Infroduction

A synthetic aperture radar creates an image by preserving both the range and

azimuthal histories as it linearily scans a scene. High azimuthal resolution images
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are achieved by tracking the Doppler (or phase) history of a target for the entire scan
through the beam. To adequately preserve that Doppler record, the radar must sample
returns from the target ot a rate at least twice the Doppler bandwidth F g+ Asaconse”
quence the pulse repetition frequency PRF must satisfy

PRE > 2F, (1)

On the other hand to avoid range ambiguities, the PRF pericd must be greater than
the time for two successive pulses fo arrive at the radar simultaneously from the near
and far edges of the iliuminated area. This is usually expressed as

: c

where AR is the slant range across the illuminated area and ¢ is the velociiy of
propagation.
As a result of (1) and (2), we require

C
2aR > PRF Z 2F, (3)

Now for a narrow beam it is easily shown that the slant range is given by
AR = Zo BH tan © o/coseo {(4)

where
By = K/H = beam width in he elevation plane

Zo = altitude of the SAR
60 = beam pointing angle

H = aperture height

With little loss in generality a planar earth as shown in Figure 2 will be assumed.

From the above it is evident that

BH < € cos 60

4 Fd ZO tan eo (5)
fe., the beamwidth i+ the elevation plane is limited by the doppler band. Now, since
the azimuthal resolution r_ for a fully focused system is related to the total doppler

bandwidth by




Figure 2. SAR geometry.
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where v g is the ground velocity of the imager, it is clear that
cr,cos O

4 Yy Zo tan 90 7

BHQ

It is observed that the beamwidih in the elevation plane is propertional to the desired
azimuth resolution. When the range resolution r_is to be comparable fo the azimuth
resolution Tar the images must invariably point af moderate or large incident angles
fo avoid excessive RF bandwidths, Af a pointing angle of 45°, for example, the

beamwidih requirement becomes

By < 4.9° {8)
when

. - 5 meters

Vg = 7.2 km/sec

Zo = 435 km

The corresponding maximum cross~frack coverage, given by
Cr =Z° By cos 90 (%)

is only 72.7 km.,

To provide more coverage per orbit one may employ partially focused or
unfocused systems at the sacrifice of azimuthal resolution. If one further sacrifices
to some degree multiple looks on the same resolution cell it is conceivable that suf-
ficient time may be available to slew the radar beam over various image cells over a
wide swath while synthesizing images on each cell. Indeed as the following sections
show such a scanning SAR can be realized. A design theory is presented and various
design realizations of interest are itlustrated.
B. A Design Theory for a Scanning Radar.

1. Azimuth Resolution and the Basic Concept.

Suppose that cross-track coverage is desired between incident angles €, and 6,
as illustrated in Figure 3.% Further suppose that the radar operates at wavelength A,
has an antenna length L, and orbits at an altitude Z with a ground velocity v_. If an
azimuth resolution T is required in the near image cell, a tracking bandwidth (not the
tofal bandwidth) of

* Again a planar earth is assumed with little loss of design accuracy
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afy = = w®y (10)

is required where Ry is the radar range fo the nearest image cell«
To observe a response from this filter a target in this doppler bandwidth

rust be tracked for
EIAS (n
seconds. If is clear that we require

A (12)
for a realizable design, since -IQ'- is the resolution |imit for the fully focused case.
r )A; a tracking filter must be employed. On the otherhand, if

L \
IFT< a-|<
%]E‘E# (13)

a 7T (14)

is obtained simply by doppler beam sharpening of the illuminated area with stationary
filrers. '

Regardless of whether tracking or stationary filters are employed, when the total
doppler bandwidth is given by

Fd=2nJL (15)

the number of azimuthal filters required to obtain the desired azimuth resolution
is given by

N =2F /f
a

ey (16)

7 REPRODUCIBILITY OF THE
RIGINAL PAGE IS POOR
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Now with an aperture length of L the width of the nearest cell of the antenna
beam will be given by

- A
“%T T R (17)

For continuous coverage on adjacent scans we therefore require: that the angular

scan be limited fo a time
Ts = Cx (91) / vg . (18)

ie,, the time for the imager to pass the closest cell.

2, Tracking Filters

The function of the azimuthal tracking filters may be uncerstood in the
confext of matched filtering as usually applied to synthetic aperture radars. The
signal from a point scatterer as observed by an imager can be represented by a fime

varying phasor

(1) =alxy,z,1) exp Liwg (t = 2/c)] (19)

where w, is the rf frequency of the radar, r is the range {time varying) from the imager
to the target and a(x,y,z) is a complex amplitude associated with the farget reflect=
ivity, the fransmitted power and spatial losses ( er_rz dependence), When the beam

is narrow the distance r may be approximated by

2 2
X

X .
=7, * 7, (20)

where ryis the minimum slant range and x is the along-track displacement to the rarget.
When it is noted that ‘
X =v 21
. 1)

and when a constant phase factor is absorbed in a(x,y,z,t), the return signal may

be written as

() = aleyysz,1) exp w, (1 = v2 /5,0 (22)

The quadratic phqﬁe factor descrites the azimuthal chimp history. A filter matched
to this signal might remove the chirp and integrate the energy inthe de~chirped signal.
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This action can be reclized by the technique shown in-Figure 4. The retum

signal is de=chirped by produtt modulating with cos (w1+wov§’r/ roc)i', removing
the upper sideband and coherently integrating successive return pulses with a delay
line filter. The coherent integrafor is tuned to radian frequency w o " W1 by
adjusting the phase shift so that

O = (w -w) T -2nk (23)

where k is the largest infeger dividing WoT W and T. 7 1/PRF [1]. In the above
it is assumed that W, > Wy and that wq is greafer than half the rf bandwidth.

The inhibit and sample gate inferrupts the integration affer G_ pulses and
directs the result to the output. In a fully focused system the integration is performed
during the entire period when the farget is in the beam. In an unfocused system the
chirping modulator is discarded and the delay filter is tuned to a particular doppler
strip whose bandwidth is given by

fy = v/ | e

where r = -%&— . The integration time is restricted to r a/ Vg a8 opposed fo N r q/vg
for the fully focused case. The semi=focused case integrates for periods between
these limits,

The output of the integrator contains a part or all the range history for an
azimuthal element of width Yy depending on the infegration time. In the case of a
fully focused system, the filter is funed to the slant range For QOther range elements
drift through the filter without integrating, so only one range element integrates
coherently. Therefore a tracking filter must be provided for each range- element as
well as azimuthal element. For the unfocused case the integration tin.e is sufficiently
short that the renge history in an entire azimuthal doppler strip is available at the
output of the coherent integrator. The required number of filters is therefore N a*

For the partially focused case additional filters fo cover the range dimension may be
required depending on the infegration time, wavelength and view angle.

The number of additional filters may be established from the following geomeirical
considerations. Suppose that the integration period is 1/Af,. During this period the

spacecraft will have moved a distance

5
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Figure 5. Range de-focusing geometry.
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AX = vg A—};; (25)
(See Figure 5). If we consider that the filter is tuned to the near edge of the image
cell then during the infegrafion period the filter will have scanned an angle of @

on the ground to keep the near edge in focus. In doing so the filter will have
attempted fo integrate the targets on the far edge subtended by @ , If C_ is the

. length of the image cell, then the distance traversed on the far edge will be given
by aC . If aC < Pyt then the entire azimuthal sirip will have remained essentially
in focus, On the other hand, if csz >, then additional filters are required in
range. If

osz = N,r, (26)

where N iz an integer, then the number of filters in range is given by Nr' The
toial number of filters is given by

Ne =N N_ (27)

Although not obvious from the above, Nr is dependent on view angle; the near
image cells require more filters in range than far image cells,

3. Aperture Height and Related Parameter

If a range guard band factor of 2 is chosen, the PRF is specified us

PRF = ¢/4 AR, ’ (28)

where AR2 is the slanf range across the farthest image cell. Substituting (4), we
may write

If we conservatively sample the total Doppler bandwidth such that

PRF = 2.5F, (30)

then using (28} and (29) from above we can specify

By = 3 ‘ (31)
‘ H ]0R2Fdi'an 92
= A = =
or H — 10 Zo Fd tan 62 10 Zo Fd fan 82 (32)
" cos © F cos ©
¢ Cos 2 o cos )
12
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where Ry =z9.c os0, has been used, The necassary aperture heighi has thus been

established.
The PRF will be governed by the farthest image cell, i.e.,
PRF =c/4 AR, (33)
where

(See Figure 2},
With the above parameters we are in a position to compute several others,
The processing gain, assuming the full RF band will be processed, will be given by

G, = PRF/AF, (35)

where 1/ Af 4 is the integration time. The number of scan cells befween €, and
€y is given by

N_ =(8, -6,) /B, (36)
and the dwell time on each cell by

T, = TS/NC (37)

If TC<A—;——, then there is insufficient time to build a subaperture with the

desired resolution. In this case either the azimuthal resolution must be relaxed or the

angular coverage 8, = 6, shortened, If TCZ_- 1/ af 4 the design may proceed. If
TCZ_ 2/ Af 4 multiple looks on the same azimuthal strip are possible when many
parallel subaperiures are simultaneously synthesized across the beam. The number
of multiple looks will be given by

D, = T Afy (38)

The myltiple looks can be used fo reduce the speckle inherent in coherently con=
structed images.
Finally with aperture height specified it is noted that coverage in the range

dimension for a particular look angle is given by

C. =By Za/ cos® (39)

13-
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4, Range Resolution and the RF Bandwidih.
If a range resolution of rois required by the design, the RF bandwidth will
be given by "

BW = c/2rr sin 8, : {.40)

where 81 is the smallest pointing angle. The pulse duration is therefore

e = 1/BW 41)
Note that, if pulse compressi.on is used, this is the widih of the compressed pulse,
5. Power Requirement
To compute the transmit power requirement, we nofe that the peak return

power er from a single resolution cell is given by

2 o
W = Wpr c I

rp 4 A 2RYL (42)

where

=
[

ip peak fransmiiter power

= effective aperture of anfenna
scattering coefficient

= range to cell

— % g »
n

= Loss factor

Since the tracking filter is @ matched filter, it is appropriate to define the signal o
noise ratio in terms of the peak power fo the meansquared noise. The peak signal

power in relation to this signal~tomoise ratio is therefore given by

er =FkTBW(5/ N)/ Gp {43)
where

F = receiver noise figure

k = Boltzmann's constant

T = vecelver inpuf noise temperature

BW=rf bandwidth

Gp= match—filtered processing gain

The peak transmitter power is related to the average transmitter power by

14
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- _BW
W, = o w (44

tp ta
The required transmiiter power is therefore
. ara 2Rt R kT 5N mRE
Wi'a - G 2 o (45)
5 Ao P

In view of a typical scattering characteristic, the transmit power will be governed
by the minimum ¢° af the largest view angle 6,. A conservative estimate of ¢°
would include the Rayleigh characteristic of the return in computing W, ,» These
considerations were, however, discarded within the fime frame of this study.

6, Telemetry Channel Capacity

If o, and g . are, respectively, the maximum and minimum scaitering
coefficients anticipated in the interval (85, 8;), then the bit requirement Ny is
given by

o)
o

2Nb= ._.___'.‘."E% ’ (47)
3.01 07 .
if we presume a gray-scale resolution equal the minimum ¢ ©. If @ N bi* word

is fransmifted for each resolution cell, then the total number of bits per scan cell

is given by

Bc - Nb Cr Ca/ "o (48)
and the required channel capacity by

Cc = Bc / Tc bits/sec (49)

Error recovery codes, calibration parameters and control words would increase the
bit rate slightly.

If the number of levels is specified in terms of a fractional gray scale resol-
ution {constant resolution in dB), the derivation i somewhat different. For this

case logarithmic encoding is required. The number of levels needed is then

o _ 0
= O max (dB) - @ min (dB)

Ny
rg (dB) (50)

where r_ is the gray=scale fractional resolution. The number of bits required per

resolution cell is therefore

Ny =log, NL (51)
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The required channel capacity is given by (48) and (49}, with (51) used instead of
(47). The computer ouipuis presented here are based on use of (47) rather than
(51), but use of the criterion expressed in (50) wil! results in an easily applied
multiplier.

C. Computer Aided Design Study

A computerized design program was based on the above design theory. The
coding appears in Appendix A. The program,with the aid of the above text and the
comments integral to the program,make the program largely self~explanatory.

With the assistance of the computer program various scanning SAR designs
were considered, Parametric studies were primarily bosed on the span of angles
(82 , 91) , operating wavelength A, aperture length L and resoiution specifications.
In all cases a spacecrafi ground velocity of 7.2 km/sec and an altitude of 435 km

were assumed. The transmit power was based on readily available scattering data, a

loss factor of 7dB, a signal to noise ratio of 3dB (for the smallest o°), an aperfure
efficiency of 75%, and a receiver input noise femperature of 300°K. The loss
factor is based on 3dB attenuation between the fransmiiter and antenna and on @
1dB two way atmospheric loss. These values are believed to be conservative,
Noise figures were based on conservafive estimates depending on wavelength. The
results of all design cases considered are tabulated in Appendix B.

The parametric studies considered scans between 7° and 22° and between
229 and 37°. The angular span about the smaller angles was chosen since it is

known that the sensifivity o soil moisture is greatest at small angles of incidence

[2]. The spen across moderate angles was examined as an alternative which also may

infuitively be useful for hydrology studies of snow covered mountainous ferrain and
for surveying arctic ice®. Frequencies of 9., 4.75, 3.75 and 1.4 GHz were
investigated. The ceniral fwo frequencies are considered near optimum for soil
moisture detection when the ground is covered with vegetation [3]. For the above
combination of angles and frequencies, various aperture lengths from 1 to 10 meters,
depending on frequency, were considered. Moderate resolutions from 50 to 150

meters were specified in the design cases. Results of these studies are summarized

in Table IV.

* The time span of this study did not permit the author fo search for measurements

in these categories. Qther reporis in this series examine these problems.

16




An examination of ile cases in Appendix A indicates the following cbservations:

1. Increased coverage is indeed feasible with a scanning SAR, e.g., 125 km
coverage for small angles of incidence as opposed to 15 km for @ non=scanning SAR.

2, All design cases were achieved with a very modest fransmitter power
requirement. For example, most cases of interest indicated powers in the neighborhood
of a wait (four watts when Rayleigh fading is included).

3. Asa result of the modest resolutions specified and en~board processing
anticipated in the design very nominal telemetry channel capacities are required.

4, At small incident angles,range resolutions less than 150 meters require
large RF bandwidths with prohibitive sampling rates for the processor. The tracking
filter bit capacity to integrate the range history, for example, must be excessively
high to achieve the desired bif resolution.

5. The number of tracking filfers is inversely proportional to the antenna
length, proportional to wavelength and inversely proportional to the azimuth resolution.

6. 1t is also apparent that the number of independent looks can be increased by

sacrificing resolution or swath widih (or both).

7. The total number of filters increases with decreasing frequency for the
same antenna length. The reader will note from Appendix B, that the antenna
length was increased fo 10 meters and the swath width decreased to 10° at a = .214
in atfempt to decrease the number of filters,

When choosing an imager suitable for soil moisiure defection, one must
consider designs at A= 0,063 and 0,08 meters over the small view angles. Also,
recent studies [4] indicate that 50 meter resolution is @ minimal resolution to define
field boundaries. Yet as observed above, 50 meter resolution in the range dimension
is difficult to achieve at the small incident angles without undue complexity in the
fracking filters. As a compromise it is proposed that 150 meter resolution in the
range dimension be accepted af the smallest view angle and a 50 meter resolution
in the azimuthal dimension over the entire swath. Since the total number of filters
is smaller at A = 0.063, considerations will be focused on that wavelength and an
aperiure length of 3 meters. It is inferesting fo nofe that the antenna is nearly

square and would also serve as a suitable radiometer antenna should one consider a

17
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composite sensor. The chosen design cose is shown in Table I, The upper third of
the tabie discloses the input design parameters as apply to the smallest and largest
pointing angle (first and second row). The remainder of the table discloses the
computed design values, The eniries are defined in Table 11. From the computed
range resolutions if is apparent that the range resolution improves with pointing angle
and achieves a value of 48,80 metuis af the cuter image cell, If the aperture height
were increased o 4.17 meters the sume system could also optionally scan the angular
region between 22° and 37° with a nominal 50 x 50 meter resolution over the entire
swath as Table 111 indicates. 1t is noted that four independent looks are achieved
between 7° and 22° and two independent fooks between 22° and 37°.

18
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TABLE 1 RECOMMENDED DESIGN FOR COVERAGE
. BETWEEN 7 AND 22 DEGREES

PALY DESIGN PARAMETERS

PAPRMETERS
ANGLE SPAN 7.00
AZ FES 50,00
PA FES 150.00
LAMEDF - 0.06%
BRD VEL . 7.2
ALTITULE . 435.0
fIPER LEMGTH 3.0
APER EFF 75.0
LOSS FACTOR 7.0
SIGMAY 12.00
SIGMIN -4,00
NOISE FIG 6.0
REC TEMP 360.0
S1G/NOISE 3.00

COMPUTED SYSTEM PAFAMETERE

SYSTEM TYPE: SEMI-FOCUSED

YALUES

22.09

c2.00

UNITS

DEG
M

"M

M

KMsSEC

K
M.
PERCENT
DB

IE

BB

UE

DEG K
DB

w

AFER HEIGHT 1.9¢2 s,
AZMLT PUR . 0.14 1.35 WATTS
PRF i2.00 ‘ KHZ
FD 4 .80 KHZ
RF BU 8.2 MHZ
PROC GRIN _ 463
NCHP <
NCA 1 1
H0. OF FIL 1e%
CHAN CAF . 0.78 2.76 - MBITS/ZEC
COYERRGE AND RESOLUTIOM
SWATH 13v.96 KM
CELLE/SCANM 8
CELI. WIDTH Q.26 9.21 KM
CELL LEMETH 14.56 16.62 kM
SCAM TIME ~ 1.29 SEC
TIME~CELL 0.141 . SEC
A2 RES 50,00 52.52 M
RA RES 150.00 - 48.80 i}
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TABLE 11
DEFINITION OF SYMBOLS

APER = aperture

AZ = azimuth

AMIT PWR = fransmit power

FD = total doppler bandwidih

RF BW = rf bandwidth

PROC = processing

NCAP = no, of multiple looks on the same
azimuthal strip

NCA = no, of filters in range

No, of FIL = number of filters in azimuth

CHAN CAP = Channel capacity

RES = resolution

Note: Total number of filters is given by NCA x No, of
filters,
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- TABLE Il A DESIGN COMPATIBLE WITH THAT OF °
. TABLE I BUT OPERATING BETWEEN 22 AND 37 DEGREES

v et

RAW DESIGN PAFAMETERS

.
-

PARAMETERS YALUES

ANGLE SPAN 22.00 . 37.00
LAMETH 0.063 :

REER LEMGTH 3.0

62 RES -+ 50.00

RA RES 50.00

GRD VEL _ 7.2

ALTITUDE 435.0

APER EFF 75.0

LOSS FACTOR 7.0

NOISE F1G - 5.0

S16/MDISE - 3.00

REC TEMF 300.0

SIGMAY 2.00 -2.00
SIGMIN - -8.00 -12.00

COMPUTED SYSTEM PRRAMETERS

SYSTEM TYPE: SEMI-FOCUSED :
APER HEIGHT 4.15 s

KMIT PUR _ 0.22 1.41
PRF - 12.00 X

FD 4.20

RFE BU 2.0

PROC GRAIM 494

NCRP ' 2

MCA 1 1
NO. OF FIL 198 .
CHAN CRP 1.89 4.02

COVERHGE AND RESOLUTION

SWATH 161 .09
CELLS~SCHM 17

- CELL WIDTH 3.981 . i1.51
CELL LEMZTH e . 10.3¢
SCAN TIME 1.38 : :
TIME~CELL T 0.021 .
RZ REZ . 50.00 S8.05
RA RES 50.00 31l.12

21 ) .
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UNITS

DEG

M

M

M

N .
KM~SEC
KM
PERCENT

DB

DB
DE
DEG K
DB
LB

g

UARTTS
KHZ

* KHz

MHZ

MBITE-SEC

KM

KM
KM
SEC
SEC
M

M
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sy




TABLE IV SUMMARY OF DESIGN CASES b
IN APPENDIX A

XBand - 3,13cm 7-22°

mrmn b va et m b

APERTURE # Ind. #RF ™ J
Length =~ Feight Swath "R A Looks PT FIL BW CAP |
(M) M) (KM (M) W) (MHz)  (MB/S)
1 3.02 128  50-16  50-54 4 39 292 25 9.5
150-49  50-54 4 13 292 8.2 3.2
y 150-49  88-95 7 13 165 8.2 1.8
3 1.01 138 50-16  50-54 4 3% 97 25 9.5
150-49  50-54 4 13 97 8.2 3.2
150-49  88-95 7 13 55 8,2 1.8
6 0.50 154 50-16  50-54 4 39 98 25 9.5
150-49  50-54 4 13 98 8.2 3.2 | »
150-49  88-95 7 13 28 8.2 1.8
22-37°
1 6.6 155  50-31  50-5% 2 13 312 8.0 5.0
150-93  50-58 2 5 312 2,7 1.7
150-93  95-111 4 4 164 2,7 0.9
3 2.19 161 50-31  50-58 2 13 104 8.0 4.9 ‘
150~93  50-58 2 5 104 2,7 1.6
3 150-93  95-111 4 4 5, 2.7 0.9 ]
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TABLE IV (CONT.)}

C-Band ~ 6.3 em 7-22°

APERTURE 7 Ind. # RF ™
Length = Height Swath rn A Looks PT FIL BW CAP
3 1.9 138 50-16  50-54 4 3 185 25 8.3
150-49  50-54 4 1.4 185 8.2 2.8

150-49  122-131 10 1.1 76 8.2 1.1

6 1.0 154 50-16  50-54 4 3 372 25 2.3

150-49 50-54 4 1.4 372 8.2 2.8
150-49  122-131 10 1.1 38 8.2 1.1

22-37°
3 4.2 161 50-31 50-58 2 1.4 198 8.0 4.1
150-93 50-58 2 0.5 198 2.7 1.4
150-93 131-153 5 0.5 75 2.7 0.5
6 2.1 170 50-31 50-58 2 T.4 99 8.u 4.3
150-93 50-58 2 0.5 99 2.7 1.4
150-93 131-153 5 0.5 38 2.7 0.6
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' S~Band - 8.0 cm 7~22°

APERTURE
Length = Height Swath
3 2.4 138
) 1.2 154
22-37°
3 5.25 161
é 2.6 170

L-Band - 21.4 cm 10-~20°

6
10

2.9 117
17 140

gg:-a-go

50 116
3.0 131
o

TABLE IV (CONT.)

R

5016
150~49
150-49

50-16
150-49
150-49

50-31
150-93
150~93

50-31
150-93
150-93

150-76
150-76

150-103
150-103

# Ind.
{ ooks

R
50-54 4
50-54 4
137-147 11
50-54 4
50-54 4
137-147 11

50-58 2
50-58 2
148-171 6
50-58 2
50-58 2
148-171 5

50-52 8
50-52 10
50-54 4
50-54 5
24

4
1.4
1.4

1.4
1.3

2.2
0.5
0.5
1.4
0.5
0.5

0.3
0.3

0.3
0.3

-
l—-="=

468
468
85
585
585
43

250
250
85
125
125
42

3150
3969

1650
594

RF
BW

25
8.2
8.2
25
8.2
8.2

8.0
2.7
2.7
8.0
2.7
2,7

5.8
5.8

2.9
2,9

™
CAP

7.1
2.4
0.9
7.1
2.4
0.9

4.9
1.6
0.6
5.2
1.7
0.6

}'0
0.8

1.0
0.8
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Figure 6. Transmiiter and receiver for scanning SAR.
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II. Proposed System Design

To achieve the design cbjective of 250 km coverage it is proposed that two
scanning SARs be operated simultaneously. rtach SAR would scan one side of the
ground track providing coverage between 7° and 22° (could reduce fo 20°) and would
have the design characteristics specified in Table I. To scan in angle rapidly it is
necessary that a conirollable phase array be employed. 1t is preferable to use o

Aty it s e

vertically polarized array since the power requirement would not be as great. If
possible the sume array would cover both sides of the track. The frequency assigned

to each system would be separated by several RF bandwidths (8.2 megahertz) fo

provide isolation between the left and right processors. Each scanning SAR would

have its own receiver as well as processor; however, the transmitter (and antenna)
could be fime~-shared by both. If two processors are allocated per side, it is con-
ceivable to operate at two frequencies on each side to realize another four independent
looks on each resolution cell,

The transmitter = receiver section of one of the SARs is illustraied in Figure
6. The controller commands the phased array to point at the appropriate image cell,
The transmitter-modulator fransmits G_ pulses where GP is the processing gain. The
RF and IF chain amplifies the return while refaining coherencey.

The output of the IF amplifier is fed to a set of parallel tracking filters each
assighed to a different azimuth-range sirip. Figure 7 illusirates one filter and post
processor channel. The controller initializes the transmit cycle on the basis of the
chirp frequency and controls the chirp rate in accord with the spacecraft ground
speed. The product medulator dechirps the incoming signal, the LPF discards the
upper modulation product. The cluiter fracker follows the center frequency in the
channel and adjusts the mean frequency of the de-chirp oscillator so as to account,
for changes in the center of the doppler return frequency as induced by beam squinting.
The dechirp oscillators in the other channel should be replicas of one another except
that the chirps wi!l be off-set from one another. As a consequence the chirp oscil-
lators need not be duplicated for each channel. As the signal is de=chirped, the pulses
are coherently infegrated by the delay line filter, The filter may be digital or discrete
time analog devices to avoid drift in the delay time. The processor would provide the
clock frequency for the filter . The phase shift ﬁI is sef to integrate w, and its harmonics.

Afrer Gp pulses the integration is interrupted and the range history is dumped. The
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Figure 7. Tracking filters with post processor.




range history is then sampled under conirol of the processor and stored in a set of
paralie! shift registers. The coniroller then initiates a new cycle, In the mean time
the processor stores and clears the confents of the shift register. The contents are
squared and added o previous looks on the same azimuthal=range strip. Once the
multiple looks are completed, the array scans fo a new angle and the cycle is
initiated on a new image cell. The averaged data is then passed to the felemetry
stream. The processor must retain memory of the azimuth off~set between looks

at the same pointing angle, This memory is transferred to the clutier-tracker for

the proper azimuth off-sef compensation,

IV. Conclusions and Recommendaiions

This short sysiem study has developed a design procedure for a scanning
synthetic aperture radar. With this design procedure it was shown by way of
many examples (Appendix B) that when the resolution is relaxed sufficiently in=
creased swath width coverage can be realized as compared fo a fixed angle SAR
operating in nominally the same angular band. Specifically at small incident angles a
scanning SAR can provide coverage in the vicinity of 140 km as opposed to a fixed
angle coverage of nominally 15 to 30 km, A method of en=board processing
which should be realizable with today's technology [5], 18] was proposed. The design
cases show. that the complexity of the processor decreases with increasing frequency for
a given aperture length.

A particular design suitable for soil moisture monitoring was proposed. A
double sided scanning SAR providing coverage af near optimum angles and frequency
was shown to offer a tofal swath width of 270 km. Holf the coverage oceurs on each
side of the ground track between 7° and 22°, The design based on an azimuth resolution
of 50 meters, a minimum range resolution of 150 meters and a 3 by 1.9 mefer antenna
was achieved with a total of 370 fracking filters in the post processor, a modest frans=
mitter power of 2.70 waits and a telemetry channel capacity of 5.50 megabits/second.*
The range resolution improved o 49 meters at the farthest image cell.

In preparing this design study the author uncovered certain problems that within
this fime frame remain unresolved in his own mind. The literature available to him
indicates they have been solved, although the techniques were not disclosed. First it
is known that the cluiter lock or fracker has long been implemented aboard aircraft,

The specific implementation method, however, was not uncovered during this study. If

* This figure could be reduced if on~board storage is provided.
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is recommended thai the technique be developed from the literature and adapted fo
this design. The transmiiter power should be reassessed on the basis of the clufter
lock S/N ratio requirement. Secondly, in the review of the literaiure on delay
line filters it was not clear how the phase advance is implemented accurately,

A cursory examination showed that small phase shift increments are required between
adjacent iracking filters. The means by which this is implemented and controlled

is not clear, This problem should also be resolved.
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Appendix A
DESIGN CASES FOR A SCANNING SAR
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ZUMMARRY TAELE 1

FFW DEZIGM PREAMETERS

UMITS

LEG

M

M

g
EMsSEC
kM

M
FERCEMT
IE

M
WATTE
kHZ
kKHZ
MHZ

MEITEZ-ZELC

Kk

M
Kt

SEC
ZED

M

REPRODUCIBILILY s

ORIGINAL PAGH I8 POUR

FPARPAMETERE VALLES

AMELLE SPAM T e 00 2z2.00

AZ RE= S0.040

FAR FREZ 0,00

LAMEDA 0.033

ZFED YEL ¥ e

ALTITURE G435 .0

BHFER LEMGETH 1.0

AFER EFF Ta.0

LOZZ FRCTOR Tall

T IBMAE S.00 -1.0u

TIGMIN =1d.00 -15.00

HOIZE FIR =0

FEC TEMP Inn.0

ZIG-HOIZE Z.00

COMPUTED EYLTEM FRRAMETERS

EYETEM TYPE: ZEMI-FDOCUSED

APER HEIGHT 2,02

H“MIT PUR 2.04 J2LET

FFRF 26,00

FD 14 .41

EF Rl 2 L E

FROC GARINM TEN

MCAF 4

HCA Sl 1

HO. OF FIL e

CHRM CRP = o5 .45

COVERRGE AMND FEZDLUTIOH

EWATH 127.535

CELLESSCAN =4

CELL WIDTH 14,59 15,882

CELL LEMGETH 4,55 5.356

ZCAM TIME .0

TIME~CELL 0,0

AZ REE S.on SI.EE

FR FET TOLa0 18 .27
32
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SUMMARY TAELE 2
RAW DEZIGH PARPAMETERFE

PAFRRMETERS YALLES

FMELE SPAM 7.00 22.00

LFEMEBTA b, 032

APER LEMGTH 1.0

AZ FES S0.00

FR FES 150,00

GRD YEL =

ALTITUDE 435,0

FPER EFF 7.0

LOZS FRCTOR 7.0

MOISE FIG B

2IG-HDIZE 2,00

FEC TEMP 300,40

STEMAY 2,00 -1 .00

TIEMIN -0, 00 -15.00

COMPUTED SYSTEM FARAMETERS

IYETEM TYPE: SEMI-FOCUZED

FBFER HEIGHT 2.03

UMIT PR 1.08 12.57

FRF 26,00

FD 14 .40

FF Bl )

FROZ GAINM TR0

MCFF 4

MCH 1 1

MO. OF FIL 292

CHAM CAP 0.9 2.15

COVERAGE AND PESOLUTION

TWATH 127 .55

CELLE-SCAM >4

CELL WIDTH 14 .55 15.682

CELL LEMGTH 4,385 5.56

SCAM TIME 2.02

TIME-CELL 0, B3

BE RES S0, B0 53,52

FH FES 150, 00 45,20
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TUMMARY TRAELE 3
RAW DEEIGM PARAMETERE

PRFRMETERS WHALLUES UNITS
AMGLE EPAM 70 22 .00 LEMG

AZ REE 22,22 M

RRA RET 130.00 M
LRMEBIDA 7.033 M

oRD YEL P KM~ ZEC
ALTITULE 43T .0 kM
AFER LEMGETH | 1.0 M

APER EFF a0 FERCENMT
LOZ=E FRCTOR a0 IE
ZIGMAX 2.00 -1.00 DR
TIGMIM ~10.00 =15 .01 DE
MOIZE FIi B.0 IE

FEC TEMF ann.n DES K
zIGC-NOISE 2.0 IE

COMPUTED SYSTEM PRRAMETERS
EYITEM TvPE: UMFOCUSED

AFER HEIGHT .03 M

HWMIT PR 1.05 12.27 WATTS

FRF 25, 00 KHZ

FD ] 14,40 kHZ

RF Bl = MHZ

FROC GAIM 413

MCEP 7

MZA 1 i

MO. OF FIL 165

CHAN CAF n.51 1.78 MEITS ZEL

COVERMSE AMD FESOLUTIOM

SHATH 1287 .55 KM

CELLE-SCAM 24

CELL WIDTH 14 .59 15.82 kM

CELL LENGTH 4,295 5.56 kM

ZCAN TIME = SEC

TIME~CELL 7. 0S4 ZEC

AZ RES 2,38 94 .51 M

FA REZ 150,00 =T M
34
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ZUMMARY TRELE 4

FAk DEZIGH PRRAMETERS
FRREAMETERS

AMNGLE “FAN Volan
RZ RET S0.00
A REZ S0.00
LEMELA .033
sRT WEL ¥
ALTITUDE 425.0
RFEF LENGTH el
AFER EFF r=

LOZE FRCTOR ¥l
= IiaMAX S04
SIGMIN -10.00
HOIZE FIG £l
FEC TEMP 200.0
I MDOIZE 2.0

COMPUTED ZYSTEM FAPAMETERS
IYSTEM TYFE: SEMI-FOCUSED

REER HEIGHT 1.01
“MIT PR .24
FRF 1=2.00
FI 4,50

EF Eu =4 .6
FEOC GRIM 2473
W 4
HICH i
MO. OF FIL a7
CHAM CAP 2 LED

COVERMAZE AMD RESOLUTIONM

TWETH 137 .28
CELLZ~SCAN b
CELL WIDTH 4 .25
CELL LEMSTH 14 .58
ZOAM TIME Q.3
TIME~-CELL 0.0=4
AZ FES S0.00
FA REZ 0,00
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SUMMARY TARELE 5
FARW TEZSIGH PRARAMETERS
PAEFAMETERS YRALLUES

AMGLE SPRAH T a0 o2 .00
LAMETA .03

AFER LEMGTH 3.0

HZ FEZ 50,00

FA REZ 150,400

eFD YWEL =

ELTITLDE 435,0

RFER EFF 7o.0

LOz= FRCTOR 7.1

HOIZE FIG 5.0

ZIBSMBIZE 2.0

REC TEMP 00,0

ZIEMAY .00 -1 .00
ZIEMIM ~-10.00 -15%.00
COMFUTED EYITEM PRRAMETERE

EYETEM TYPE: ESEMI-FOCUZED

FFER HEIGHT 1.61

“MIT PUWR 1.02 i2.59
. FRF iz.0on0

FD 4 ..30

RF Eb 2.2

FROC BHRIN 243

HCRFE 4

MCR 1 1
MO. OF FIL =

CHEAM CHP 055 2,15

COYERAGE AMD RESOLUTIONM

ZWATH 137 .96

CELLES2CAN =

CELL WIDTH 4,8 5.21

CELL LEHGTH 14.5% 15 .82

ICAM TIME .55

TIME~-CELL n.asd

RS FEZ S 00 S32.58

FR FEZ 150,00 42,840
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SUMMRARY THRELE ¢

FHW DEEIGM FREAMETERS

FRRAMETERS

AMGLE =PANM v.0n
HZ FEE o33
FA REZE 120,00
LAMEBDA 0.033
BRI WEL ¥a.e
ALTITUDE 435 .0
APER LEMGTH 2.0
AFER EFF TS0
LOZE FRCTOR 7.l
STEMAK =
TIGMIN -1i0.00
MOIZE FIG 2.0
FEC TEMP 200.0
FIo-MOIZE S 00

COMPUTED Z%STEM PARAMETERT

EYETEM TYPE: UMFDCUZED

AFEFR HEIGHT 1.0t
HSMIT PWE 1.03
PEE 12.00
FI 4,20
PF Bl 2.2
FROC GRIM 13z
MIZAF ' v
MCH 1
M. OF FIL bb
CHAM CHFP .51

COVERARGE AMD REZCLUTION

YWHLLEE

I
[
=
Do)

-1.00
—-15.00

[y
{5
B
-~

[y
=
X

ZUATH 137 .96

CELLE-S0LAM =

CELL WIDTH 4 .25 S.21

CELL LEMSTH 14,55 15 .65

TCAM TIME 0.8

TIME~-CELL 0.034

B2 FEZ ] T4 51

FH FEZ 150,08 45,30
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SUMMARY TRELE 7
FRL DESIGH FPRARAMETERSE
FREAMETERE VHLLUES HHITS

ANGLE ZPRM ¥ .00 LE=

Fs RE® S0.00 M

FH RES =000 §
L.AMEDH 0.033 i
zFRL WEL 7. EmoZEC
RLTITULDE 425.0 k.M
RFPER LEMETH 5.0 M

HFER EFF =rEL FERCENT
LOEE FRCTOR Tl DE

S 1EMAN S.00 LE
SILMIN =id.00 =15.04 IE
MOQIZE FIG &0 DE

REC TEMF 0.0 IER K
EIG-HOIEE .00 LE

COMPIATED ESYETEM PARAMETERY

IWETEM TYPE:

HFER HEISHT .20 M
WMIT FUE 2.23 2R.50 WRTTZ
FREF 5. 00 EHE
FI =t KHZ
FFE Bl z MHZ

FFROC SAIMN
M HE

MCH

MO. OF FIL
CHARM CRF

COVERAGE AMD

e

0 T e RO

i fe

i

REZDLUTION

Y

. J:'
o

MEITZ-ZEL

FWAETH 153 .58 kKM
CELLE-2CAM 4
CELL WIDTH = .92 R R 1 kM
CELL LEMSTH 29,12 I ra KM
AN TIME .34 =EC
TIME-CELL 0. mad =EC
AZ REZ= S0.00 o2 .52 ]
FR FEZ S0.00 127 M
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ZUMMARY TABLE 8
RAL DEZIGH PARAMETERE
FRARAMETERE VALLUES

AMELE EZPAM T e 22.00
LAMEDA 0.023

AFER LEMGTH =

RZ RES S0

EA RET 150,00

ERD WEL 7.2

ALTITUIE $25.10

APTR EFF yo.n

LOZE FRCTOR 7.0
CNOIZE FIG .1

Zlo-MOIZE .00

FEC TEMP 200,00

TIGMAY 2. 00 -1.00
TIGMIM =i0.00 =15.00

COMPUTED SYSTEM PREAMETERE

EYETEM TYPE: SEMI-FOCUZED

RFER HEIGHT .50

AMIT PUR .02 ig.83
FFF 5. 00

FI = 1Y

RF EW ’ .2
FROC SAIH 122
HCRF 4
HIZE : & 1
MO, OF FIL 44
CHAM CAP nass D.13
COYERBGE AMD RESOLUTION
EWATH 152,58
CELLESECAN i
CELL WIDTH 2.43 2 .50
CELL. LENGTH 3.1z CICINE
ZCAM TIME 0.32d
TIME~CELL . Ed _
A7 PEZ S.00 52 LEE
FA FEZT 130,00 48 .20
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ZUMMARY TABLE 9
FAW DEESIGN PARAMETERS

FRERMETERE YALLEZ HHIT®
AMGELE ZPRAN v .00 =&, nn DER
A2 REE 22,35 M
FA REZ 150,00 M
LAMEBDA 0,032 M
=FD YEL T e kMo =EC
ALTITULE 4325.0 £
AFER LEMGTH 5.0 M
RPER EFF FS.0 FERCENT
LOZE FRCTOP Tl oE
T IGMAR 2.00 ~1.4an LE
ZIGMIM =14, 400 -15.04 LE
MOISE FIG 5.1 LE
FEEC TEMP S0n.0 DER K
ZIkR-NDIZE 200 IoE
COMFUTED ZYETEM PRAFEMETERS
SYETEM TYPE: LNFOCUSED
AFER HEIBHT 0.50 M
HWMIT PR 1.058 12.54 WRTTE
FRF &30 KM
FI . 2«50 < kEHZ
FF EM 2.2 - MHZ
PROC GRIM &
HZAP v
MCH 1 1
MO. OF FIL =5
CHAM CAP 0.91 = MEITZ-ZEC
COVERARGE PMD RESOLUTION
EWNATH 192.932 EM
CELLE~SCHN 3
CELL LWIDTH 243 ZL.e0 kM
CELL LEMESTH 22,12 SRLET B
SCHM TIME .24 ZEC
TIME~CELL 0. 0zd ZEC
A= REE =2 LEE 94 .51 M
PR FEZ 150.00 45 .20 8]
40
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ZUMMARY TAELE 10
FAW DEZTIGN PREAMETERS

PARAMETERS YALUES
AMSLE =PAN 2. 00 A7 .00
LAMBDFA 0. 03
RPER LEMGTH 1.0
RZ RES 50,00
FR RES S0 00
FRD WEL 7.2
ALTITULE 425 .1
APER EFF TS.0
LDSS FRCTOR 7.0
MOIZE FIG Gl
SIG-NOIZE .00
REC TEMP TG0
= IGMAY ~1 .00 ~5 .
- SISMIM -15.00 —18.00
’ COMPUTED 2YETEM FRRAMETERS
TYESTEM TYPE: SEMI-FOCUSED
FAPER HEIGHT £ .S
HMIT PWR 252 13 .44
PRF 25,00
FII 14,40
FF Bl 2.t
PROC GAIM Te1
HEFAF 2
MCR 1 1
MO. OF FIL 312
CHAM CAF 2.3 SO0
COVERAGE AMD RESOLUTION
ZWATH 155, 0
CELLS.<SCAN Sg A
CELL WIDTH 15,62 18.14
CELL LEMGETH 2.57 345
TCAM TIME 2.17
. TIMEATELL SR 3 -2
AZ RES S, 00 SE LIS
FE RES S0, 00 18
41
»
. 7 L oy - .
ETETY STV - — 3

LMITS

DER

M

M

M

M
EM-ZEC
kM

e e B o e e

FERCEMT

e
E
DE
LEZ ¥
U
e

y
WATTS
KHE
KHZ
MHZ

MEITZ

kM

ki
kM
ZEC
=ELC
it

™

ZEC

Y

B |




TUMmMAaRY TRELE 11

RAh DEZIGM PAPAMETERS

PARARMETERE

AMNBLE SPAM
LAMEDA

RFER LEMGTH
AZ RES

RR RES

ERD WEL
ALTiTUDE
AFER EFF
LOSE FRCTOR
NOISE FIG

S 16-MOISE
REC TEMP

S IEMAX
TIGMIN

YRLUES

22.00 zZr.on
0.032
1.0
SO.00
1s0.00

4-

=4 {4
o= ] QL =t

oo o [

E:'ﬂ!j
200.0

-1.00 =2.00
—1Z.00 -15.00

COMFUTED ZYETEM FARAMETERE ’

EYSTEM TYPES
HFER HEIGHT
AMIT PUR
FRF

FD

FF BH

PROC =ARIN
MCRF

MCA

HO. OF FIL
CHAM CRP

ZEMI-FOCLZED
&.55
.59 4.4
268 .00
14.40

= =
=g

-)
i
—

a0l

= ==

=) T > i
B

-

COVERARBE AMD REZOLUTION

TWATH
CELLZ-=TAN
CELL WIDTH
DELL LEMBTH
ZCAM TIME
TIME-CELL
AZ REZ

mE RES

153,05

| Sl
[y
15 .62 12.14
Z.37 ez
2.17F
0. 0dz
a0.00 SE.03
5S040 9257
42
1Y
- .

IMITZ

LEG

M

M

M

M
EMoEEC
kM
FERCEMT
LE

OB

IE

LER b
IE

LE

t
WATTS
KHZ
KHZ
MHZ

MEITZ-ZEC

kM

kM
KM
ZEC
ZEC
M
M

a4

T VS

. e

0




TUMMARY TRELE 12
PRl DEZIGN PRRAMETERS

PARAMETERS VALLUES
AMNELE EPAN Z2.00 37 .00
LAMEBDA 0.032

AFER LEMEGTH 1.0

RZ REZ SELET

PR REZ 150.00

E"PD "IJEL ? 'E

RLTITUDE 43%5.0

AFER EFF To.0

LOZE FRCTOR Tall

MOIZE FIG .0

ZIGCHMOIZE .00

REC TEMP =00.0

= IERAR —-1.00 —-5.00
EIGMIN ~-15.00 , ~ig.00

COMPUTED SYETEM PARAMETERS
IVETEM TYPE:® VUMFOCUZED

AFER HEIGHT £ .57
HHIT PHF 0 LED 4 .43
PRF TE.00
FI 14 .40
RF Bl 2.7
PROC GAIM 410
HORP 4
HCR 1 1
MO. OF FIL 1ad
CHAM CAF 0,40 0.87

COVERAGSE AMD RESOLUTION

EWARTH 155. 06
CELLE-Z0AN =
CELL WIDTH 13.84 . 18415
CELL LEMGTH 2437 2.4
ZCAN TIME 217
TIME-TELL . s
" REZ HELET 11005
ER FEZ 150,00 TR OIT
43

. e A

UHITE

DEG

M

M

M

M
KMAZEC
kM
FERCEMT
IE

)=

IE

DEG kK
IE

IE

M
WRTTS
KHZ
KHZ
MHZ

MEITZ~ZEC

iy

K
kM
SEC
ZEC
M

1

et
i e

T



EWRTH 161.0%

CELLZ-SCAM 17

CELL WIDTH S.21 .05
CELL LEMGTH v.71 10,23
ZCAM TIME : fl.¥E

TIME~CELL 0.043 .

AZ REE S0, 00 SEL, 05
RA FE= S0, 00 .12

44 .
sttt i — ") o

SUMMRRY TABLE 13
RAU DESIGM PREFRMETERE

FAEAMETERS YALLES

AMELE SPAM 22 . 1l T L00
LAMEIA 0333

APER LEMGTH 2.0

AZ REE S0.00

RA FEE S0.00

ERED WEL T2

ALTITUDE 425.0

AFER EFF oL

LOEE FARACTOR Y0

MOIZE FIG =

ZIG-MOTEE 200

REC TEMP A00,0

= TiEMA -1.,00 -5 .00
ZIEMIN -15.00 =1z, 00

COMFUTED EYETEM PRFAMETERS
EYITEM TYPE: ZEMI-FOCUEED

APER HEIGHT 2.12
HMIT PWR 2,65 13,46
FRF 12.00
FD 4.30
RF E 2.0
FROC GARIM 2610
MCRP 2
MIZF 1 1
MO. OF FIL 1 ot

CHAM CRP =] ) 4,390

COYERREBE AMD RESOLUTIOM

IHITS

LER

]

il

M

M

kM
PERCENT
IE

IE

IE
IEG ¥
LE

IE

M
WHTTE
KHZ -
KHZ
MHE

MRITRCLZEC

EM

kM
A
=EC
ZELC

M

“a

a




SUMMARY TRAELE 14

FAW DESIGMN PRRAMETERSE

PARAMETERS

AMSLE ZPAMN 22 .00
LAMEDR 0.02%
HPER LEMETH 2.0
Az FEZ S0.00
RA REEZ 150.00
GRI VEL 7.2
ALTITUDE 425.0
AFER EFF TS0
LOEE FACTOR vl
MOIZE FIG S.0
EIGCHOIZE Z.00
REC TEMF 200.0
EIGMAX =1.00
TIBMIN =15.110

COMPUTED =ZYETEM FPRPRAMETERE
EYETEM TYPE: EZEMI-FOCUZED

APER HEIGHT £.19
AMIT PUR 0.33
FRF 1z.00
FI 4 .30
RF B ST
FROC SSHIN 2E0
MICARF s
HZA 1
MO. OF FIL 104
CHARM AP .75

COVMERAGE AMD RESOLUTION

SWATH 151 .05
CELLE-ZCAM T
CELL WIDTH T.21
CELL LEMGTH Farl
ICAN TIME 0.¥z
TIME-TELL 0.043
AZ FEZ S0, 00
kR REEZ : 190.00

WALLIEE

=5.0n0
—-1E.00

4,43

i~

[y
-

'I'l
lat

= I
DO )
LT |

—

LR
X
[ -

Lo

=

UMITS

DEG

M

M

M

M
EMATEC
KM
FERCENT
DE

DE

IE

TEG K
DE

bE

M
WRTTE
KHZ
kKHZ
MHZ

MEIT:

1
1)
9

b =)

KM

kM
kM
ZELC
ZEC
it

M

.o

P




SUMMARY TABLE 15
FAYW DESIGN PARAMETERS

PAREMETERE YALLDES DHITS
AMBLE ZPAM 22.00 27 .00 TEG
LAMEDR 0. 0322 M
FAFER LEMGTH 2.0 M
AZ RES a5 .25 M
FRA REZ 150,00 t
FRD WEL T.2 EMoSED
ALTITUDE 435 .4 KM
AFPER EFF FE.0 PERCENT
LOS: FACTOR T.0 IE
HOIZE FIG ol )]
ZIG/NOISE 2,00 oE
FEC TEMF 00,0 IEG K
TIGMAX -1.,00 -5, 00 IE
ZIGMIN -15.00 -13,00 IE
COMPUTED SYEZTEM PARAMETERS
IYSTEM TYPE: UNFOCUSED
AFER HWEIGHT 2.19 M
“MIT PWR .29 4,47 WATTE
FEF 12.00 KHE
FD 4,80 kHE
REF B 2.7 MHZ
FROC GAIM 137
HCRP 4
HCA i 1
MO. OF FIL =5
CHEM CFAP (.41 =T MEITE-ZEC
COVERSBE AMD RESOLUTION
ZHRTH 1651 .09 KM
CELLE-ZCAN T
CELL WIDTH S.E1 gL 05 KM
CELL LEMGTH 7.7 10,29 KM
SCAN TIME 0.72 ZEC
TIME~CELL 0, 0473 2EC
A7 RES =Ll 110,568 Mo
FA RES 150,010 U3 AT M
4
46
s s ‘

e e s

i e




TUMMARY TREBELE 16
FAW DEZIGM PAFARMETEFRS

PAFAMETERS YRLUES
FHGELE SPAN 700 22,00
FZ RES =0.00

FA FES Se.00

LAMEDA 0.0e3

ERET YEL T2

RLTITUDE 435,10

HFER LENMGSTH ' .0

AFER EFF =

LOZE FRCTOR 7.0

ZIGMAR 1z.G0 2.0
TIGMIM - 00 ~&, 0n
MRQIZE FIfR 5.0

FEC TEMF 200,40

ZTIGAMNOISE 200

COMFLUTED EYETEM FARRMETERI
EYETEM TYPE: ZEMI~FOCLIZED

RFER HEIGHT ' 1.22

SMIT PWE n.2 .28

FRF 1z.00

=1 4,210

FF EU &4 .6

FROC GRIM 45T

MCHRP 4

HCZA 1 1

MO, OF FIL 185

CHAM CRP .35 .27

COVERABE AMD REZOLUTIOM

ZRTH 137 .9

CELL%-SCAN =

CELL WIDTH o LEE S.31

CELL LEMBGTH 14 .55 15 &3

SCAM TIME i.89

TIMEACELL N.i181

RS FEZ 50,00 SI.G2

FR FES S0, an 158 .87
47

- 2 - " _

UMITZ

LEG

M

M

M

kMo ZELC
kM

M
PERCEMT
LE

IE

TE

DE

DEG K
e

M
WHTTE
KHZ
kHZ
MHZ

MEITZ<ZELC

kM
kM
kM
ZEC
LEC

M

“a

s

T S Sy T



SUMMARY TABLE 17
PRl DEZIGN PARPAMETERS

PARPAMETERS VRLLES UNITS
AMGLE SPAN 7.00 2e.00 LEG

RZ FES S0, 00 M

RA RES 150,00 M
LAMBDF fi.063 M-

GRD WEL 7.2 KM~ SED
ALT I TLDE 435 .0 KM
AFER LEMETH 2.0 M

APER EFF 75.0 PERCENMT
LOZE FARCTOR .0 DE
SIGMAX 1200 2.00 DE
SIGMIN T =400 -3, 00 IE
MAOIZE FIG &.0 IE

FEC TEMP 200,10 DEG K
ZIG-MOISE 2,00 IR
COMPUTEL 2YSTEM PRRRAMETERS

IYSTEM TYPE: SEMI-FOCLSED

ARFER HEIGHT 1.92 M
SIIT PR .14 1.35 WATTS
RF 12 .00 KbiZ

FI 4.20 © EHZ

FF El 5.2 : MHZ
FROC GAIN 453

NCRP 4

HICA 1 1

MO, OF FIL 185

THAEM CAF 0.78 Z.75 MEITZ<ZEC

COVERAGE AND FETOLUTION

TWATH 137 .56 ko

CELLS-ECAM 3

LELL WIDTH H.25 2,91 kM

CELL LEMGTH 14.5& 1&g .08 kM

UAM TIME 1.2% ZEC

TIME-CELL Q.11 SEC

A REZ o000 I i

FA FEZ 150.00 .20 i
48
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ZUMMARY THRELE 18

RAW DESIGN PARAMETERS
FARAMETERS

COYERRAGE
R FRE®

L
121.95

FA REZ S0, 00
LAMEDHA 0,082
RD WEL FT=S
RLTITULE 435.0
APER LEMGTH 2.1
HFEF EFF =
LOZE FROTOR F.0
ETEMYG 12.00
TIEMIM - 00
MZOIZE FIG S.0

FEC TEMF
ZIG~MOIZE

0.0
.00

COMPUTED ZYETEM PRRAMETERE

EYETEM TYPE: LUMFOCLIZED
AFER HEIGHT 1.32
AMIT FUE 0.11
FRF 12.00
FI 4.31
FF BW 2.2
FROC =AIM 120
MZAF in
HMZA 1
HO. OF FIL =
CHAM CRF .32

COVEFRGE AND FETOLUTION

TWARTH
CELLE-ECRM
CELL WIDTH

—-
i}
‘-"J
o

(S

2.26

CELL LEMNBTH 14 . 5&
ZCAM TIME 1.29.

TIME-CELL .15

AZ FEZ 121,995

R RES 10,00

49
o -~

UMITE

IER

M

M

i
FM-ZEC
km

M
FERCEMT
IE
2.0n IE

-5, 00 IE

nE

BER K
Lk

M
WETT=
KHS
kKHZ
MHZ

Y

1.1%3 MEITZZEC

KM

kKM
M
ZED
SEC
fd

M

—
I v
(2 AN ]
DO

O]

(U
> 1N

Ju 022
(XX

REPRODUCIBILITY OF THL
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SUMMARY TRELE 19
RAbW DEZIGHM PARAMETERS !
FAREAMETERS YALUE: HIMITE
AMGLE SPAM 700 2e.00 TEG !
HE RES Se.na M :
FAR FES 50.00 M
LBMELF 0.063 M
3RT WEL T.e EMsRED
ALTITULE 4350 KM
APER |LENGTH &0 M
AFER EFF TS0 FERCEMT
LOSS FRCTOR 7.0 IR ‘
T ITEMA 12.00 2.0n DE
TIGMIM -4 ,01 —&.00 IE .
MOISE FIG 5.0 IE '
REC TEMF Sa0.a TEG #
TIGS/NOIZE I Y IE

COMFPUTED EYETEM FARAMETERS
EVETEM TYPE: ESEMI-FOCUZED

AFER HEISHT 0.2 I
SMIT PWR 0.2 T2l WAETTS
FRF Bog 312 EHZ
FD 2.40 - KHZ
FEF Ek 24 .5 MHZ
FROC SARIM ' ety
[Rim=i o '
MZA 4 1
MO. OF FIL = 0]
CHRAM CRP .33 .27 MEITZ-SEC
COVERRIE AMD REZROLUTION
EWATH 152.58 kM
CELLE ECAM 4
CELL WIDTH 4.82 4 .35 KM
CELL LEMETH 9.1 33,27 kM
SCAM TIME .54 SEL
TIME<CELL .11 ZEC
A= FE= S, 0o 2Z.82 e
A RES S O 18.27 i
7
50
B N ST - . - -
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SUMMARY THELE 20
FAM DESIGEM PAPAMETERS
FARAMETERS WRLUES UHITE

AMGLE ZPAM V.00 Z2 .00 LER
LAMEDA 0.0E52 M

AFPER LEMGTH (=2 M

ARZ REX Sa.0n M

FR REZ 150.00 Mo
ERD YEL = KEM~ZEC
ALTITUDE 43%5.0 kM
RFER EFF 3.0 FERLZEMT
LOSE FRCTOR 7.0 LE
MOIZE FIG .0 IE
TIG-MOIZE .00 IE

REC TEMP 00,0 DEE K
Z1GMAEE 12.090 200 IE
ZIGMIN -4, 00 -2.,00 LE

COMPUTED EZYETEM PARAMETERE

IVETEM TYPE: ZEMI-FOCUIED
AFER HEIGHT . 2E K

HMIT PWR 0.14 1.35 WATTZ
FRF & .00 $HZ

FT 2.40 KHZ

RF B g.2 MHZ

FROC GAIN e .

MCAP 4

MO 4 1

MO. OF FIL 2%

CHEMH AP n.7e 2.75 MEITZ~ZEC

- COVERAGE AMD RETOLUTION

ZWATH 152.58 toM
CELLE~ZCHM 4

CELL WIDTH 4 .52 4 35 KM
CELL LEMSTH 23.12 I2.3EF kM
SCAN TIME 0.ed ' ZELC
TIME-TELL ) .11 TEC
AZ FEZ SR.00 52.%52 [y
FR FES 150,090 4z 20 M

51
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ZUMMARY TABLE 21

RAW DEEIGHN PARAMETERE

PERAMETERE

ANGLE EPAM ¥L.00
AZ REX 121.95
FH REZ 1Z0.040
LAMEDFA 0.0632
oRD YEL .2
ALTITUIE 43T .0
RFER LEMGTH &.0
AFER EFF BERL
LO%=Z FACTOR r.h
EIDMARE ig.on
ZIEMIN -4 .00
MOIZE FIS .0
REC TEMP 00,0
zIR-NOIZE .00

YALUES INITE

c2.00 LER
M
M
M
EMoZED
KM
M

FERCENT

LE
c .00 e
~2 .00 LE
IE

TER K
IE

COMPUTED EZYS5TEM PARAMETERS

=VETEM TYPE: UHMFDCUZED

FFER HEIGHT .95
=MIT PULR .11
FRF &, 00
FI 2.4

FFE EBh =.

PROC BHRIN =

MCAF 1

HCA

MO. OF FIL =

CHRM  CARP 0.z

COVERAGE AMD REZOLUTIONM

EWATH ‘ 15%.58
CELLE A Z0RM 4
CELL WIDTH 4.5
- LELL LENGTH oF.12
ECRM TIME eed
TIME-CELL n.iel
AZ REE 121.395
BR RE: 130.00

P s 6 T

M.
1.47 HWATTS
EHZ
EHZ
MHZ
1
' 1.13 MEITZ~<3EC
KM
4,96 KM
ERRC T kM
ZEC
TEL
120,55 M
43 =20 M
52
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ZUMMARY TAELE 22
RAW DETIGEN PRFEARMETERE

FRARAMETERE YALUEE

AMGLE EPAM 22 .00 3T .00
LAMBIA 0083

RFER LENGTH 2.

AZ REZ S0.00

FA REZ S50.40

GRD VYEL T

ALTITUDE 435 .10

AFER EFF .0

LOZE FACTOR 7all

MOIZE FIG 2.0

FIGSHOIZE F.00

REC TEMP 200,40

= IEMAX 2 .00 —2. 010
EIGMIN —2, 00 —-lz.00

COMPUTER EYETEM PARAMETERE
EYETEM TYFE: SEMI-FOCUSED

RRER HEIGHT 4.165
“MIT PUR .22 1.941
FPRF 12.00
FI 4,20
FF Bl 2.0
FROC GRIN S,
MCAF 2
HICH 1 1
HMO. OF FIL 19
CHAN CAP 1.39 4 .03

COVERRAGE AND RESOLUTIOM

ZWATH 121 . 6%
CELLE~ZCAM ' iv
CELL WIDTH .91 11.51
CELL LEMETH varl 19.39
ICRMN TIME 1.22
TIME-CELL B.o=t
AZ REE =000 Bt I
FA FEZ S .00 Zl.12
- 483
- 7

UMITE

"
EM-ZEC
M
FERCEMT
LE

IE

LE

DEG K
e

IE

M
WATTE
kKHZ
kHZ
MHZ

MBITEAZEC

KM

Ry
kM
=EC
ZEC

3

)

S e

-
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SUMMARY TABLE 23
FAl DESIGN PARAMETERS

FARRMETERS YALUES UMITE
HAMELE SPAM 22 .00 27 .00 LER
LAMBIR 0.082 t
HBFER LEMSTH 3.0 g

AZ RES =0.00 M

FR RES 150.00 |
R WYEL = EM-SEC
"ALTITUDE 425,40 M
APEFR EFF 5.0 FERCENT
LOSE FACTOR 7.0 IE
MOIZE FIG S.0 IE
IRAMOIZE Iy | IE
REC TEMP S00.0 DEG ¥
Z1EMAX 2.0 -2 .01 (1))
EIGMIN _ ~a .00 -12.00 LE
COMFUTED SYSTEM PRRAMETERE .
EVETEM TYPE: ESEMI-FOCURED

FRER HMEIGHT 4.16 M
H#MIT PURE QLOF .47 WATTE
FRF 12.00 KHZ
Fh 4 20 KHZ
FF Bl = MHE
PROC GAIN 42k

MCRP 2

MCHA 1 1

M. OF FIL 132

CHAM CAP Q.53 1.38 MEBEITE-ZEC
COVERAGE AND RESOLUTION

SWATH 181 .09 A
CELLE-ECAM 17 :

CELL WIDTH a,.31 11.51 kM
CELL LEMIETH 7.7l 10,533 M
ZCAM TIME 1.z28 ZEC
TIME~ZELL 0.0z TEC
RZ REZ S0.0n0 SEL0T bt

R FEZ 1So0.00 T2.3ET i

b e et = At e g A
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SUMMARY TRELE 24
FAKW DEZIGN PREAMETERS

PARAMETERS YALUES

AMNGLE ZPRAN 2. 00 B3r.0n
LAMBDA n. 053

AFER LEMSTH 2.0

AZ FEZ= 1231 .40

FR FES 150.00

&RD WEL T 2

RLTITUDE 435.0

FFER EFF vE.0

LO=ZE FRCTOR L

MOISE FIR 5.0

TIGsHOISE 3.00

REC TEMP 00,0

ZIGMAY .00 ~-2 .00
SIGMIN =X —12.00

COMPUTED EZYETEM PARARMETERS
EYETEM TYPE: UNMFOCUSED

RFEF HEIGHT 4,18

XMIT PLIR Q.07 047

PEF 12.00

FD 4,20

RE B 2.7

FROC GRIN 129

MCFRP =

HCA i 1

MO. OF FIL 75

CHAM CAP 0.2 n.5e

COVERAGE AND RESOLUTION

THATH 151 .09

CELLS~SCAN 17

CELL WIDTH 2,91 11.51

CELL LEMGTH 7.71 10.39

ZCAN TIME 1.38

TIME-CELL i, 021

AZ REZ 131.40 152,55

RA FES 150,00 23,37
55

. S . ¥
R

UMITE

IER

M

M

M

u!
EMoEEC
kM
PERCEMT

M
WRTTE
KHZ
KB
MHE

MEITEAZE

KM

kM
kM
ZEC
ZEC

M
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SUMMARY TABLE 25
FAM DESIGN PRARAMETERS

PARAMETERS WHLLES

AMGLE ZPAN 22.00 27 .00
LAMEDH 0.003

AFER LEMBTH =y

AZ REE =000

FA RES S0.00

2RD WEL 7.

HLTITURNE 25,0

HPER EFF 2.0

LOEE FRCTOR 7.0

MOISE FIG 2.0

ZIBS-MOIZE 2.0

FEC TEMF F00.0

ZIGMAR 2. 00 -2 .00
FTIGMIN ==.00 -ig.dan

COMPLITED, 3YSTEM PRRAMETERS
SYITEM TYPE: SEMI-FOCUSED

APER HEIGHT 2.08

®MIT FuLR .22 1.41
FRF . 00

FI 2 .40

RF Bl 2.0

PROC GRIM 242

MORF 2

MCA 1 1
MO. OF FIL 25

CHAM AP . 2.00 4,38

COVERFAGE AMD REEOLUTIONM

ZWATH 170.14
CELLE-ZCAN =
CELL WITTH 3, HE S.VE
CELL LEMGETH 13.41 Z0.7T
TCAM TIME .59
TIME-CELL 0.0vvy
AZ RES S0.00 Se.ns
FH REZ S0.00 1.1z
56
%
-3
N g B

UHMITE

DEG
M

M P
M

j

kM- ZEC

kM

FERCENMNT

e e g -

M
WATTS
EHZ
KHZ
MHZ

MBIT

(5]

~TE
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)
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SUMMARY TAEBLE 24
RAW DETIGM PARAMETERS

PARAMETERS WRLIES UMITS
RMGLE =PAN 2.0 27,00 DEG
LAMETF C R,063 M
APER LENGTH 8,0 . M
AZ RES 50,00 M
RA RES 150,00 M
SRD WEL 7.2 KMoZED
ALTITUDE 435 .0 KM
AFER EFF 7S .0 FERCEMT
LOSE FACTOR 7.0 UE
MOIZE FIf S0 IE
TIG-NOIZE 5. 00 8
REC TEMP 200,00 TEG K
T IEMAY 2.00 -2 .00 )3
ZIGMIN -2, 00 —-12.00 IE
COMPUTED 2YSTEM PRARAMETERS

»
SYETEM TYPE: SEMI-FOCUZED ,
APER HEIGHT 2.02 "
HHIT FhR 3. 07 0,47 WATTS
PRF &G0 KHE
FD Z.40 : KHZ
REE EW 2.7 MHE
FPROC GALM 249
MCFP 2
MIZR 1 1
MO. OF FIL EE)
CHEM AP 0.67 1,34 MEITZZEC

COVERAGE AND RESOLUTION

EWATH 170,14 ki

CELLESSCHN 9

CELL WIDTH 4,35 S.75 k4

CELL LENGTH 15.41 EN.FY kM

ZOAM TIRE 0.&39 TEC

TIME~CELL 0.077 ZER

HZ REZ S0, 00 55.05 M

FA RET 150,00 F3L3T F4
57
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SUMMARY THELE 27
FAY DESIGM PRPAMETERE

'l

PARAMETERS VALUES UNITS
AMGLE SPAN - E2.00 3700 DEG
LAMETA 0,062 M
APER LENGTH & . 0 M
AZ RES 121 .40 M
RA RES 150,00 b
5RO WEL 7.2 KMo TEC
RLTITULE 435 .0 K
APER EFF 7E.0 PERCENT
LOZS FACTOR 7.0 : TE
WOISE FIG 5.0 DE
ZIG-NOISE 2.00 IR
REC TEMP 300.0 IES K
S IEMAY 2.00 —2. 00 DE
SIEMIN -2, 00 ~12.00 DE
COMPUTED SYSTEM PRRAMETERS
SYSTEM TYPE: UMFOCUSED
FRFER HEIGHT 2. 08 . M
SMIT PLR 0.07 0.47 WATTS
PRF &.00 KHZ
FD .40 KHZ
RF B 2.7 MHZ
FROC GAIN =X
MEAP . S 4
HCA 1 -
NO. OF FIL 28
CHRN CRP 025 0.55 MEITS.SEC
COVERAGE AND RESOLUTION
TWATH 170,14 KM
CELL S-SCAN 9
CELL WIDTH 4.96 5,76 KM
CELL LENGTH 15.41 20.77 . KM
SCAN TIME 0.E3 ZEC
TIME/CELL 0.OFY ZEC
AZ FES 131 .40 152,55 M
FA RES 150,00 ERy M
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FLIMMARY THELE 28
FAW DEZIGN FARAMETERS

PARAMETERE WALLEZ
COWERAGE Vel 22.00
AZ RES S0.00 ‘

RA RES S0.00

LAMEDR 0. 0e0

RO “EL Tl

ALTITUDE 435.0

AFER LEMETH 2.0

RFER EFF TR.0

LO=: FACTOR F.0

TIGMAA 2.00 .00
SIBMIM =5 .00 -1z.04
MOIZE FIim 2.0

FEC TEMP 200.0

IB-NOIZE Z.00

COMPUTED EYVETEM PRFAMETERS
EYETEM TWPE: ZEMI-FDOCUZED

APER HEIGHT 2,43
“MIT PUR 0.1 4, 0
PRF 12.00
FD 4 .20
RF EM 24 .5
FPROC GRIM S
MZAP : 4
MCF - 1
MO. OF FIL CEsd -
CHEM CRP .01 .09
COVERAGE AMD FESOLUTIOM
SWATH 137 .76
CELLE<SCAN ]
CELL WIDTH 11,659 iz.51
CELL LENGTH 14 .56 15 .68
ZCAM TIME 1.82
TIME~CELL N.L.203 -
AZ RES L S0..00 53,52
FA FES 50,00 16 .27
59
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TEG
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M

M
KM-ZEC
KM

M
PERCENT
IE
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ZUMMARY TRBLE 29
RAIKW DEZIGH PRRAMETERS

PARAMETERS VALUES
AMBELE ZPAM ¥ «00 22 .0
LAMBDA G080
HFEF LENGTH .0
AZ REZ SO.00
FH FEZ 150,00
zREYI WEL V.2
ALTITUDE 425 .10
AFER EFF F=
LOXS FACTOR 70
MOIZE FIG 2.0
TIGAHOLSE .00
FEC TEMP Ba0.10
ZIGMAE S.00 300
ZIGMIM —S, 00 -12.00
COMPUTED ZY¥STEM PRRAMETERS
ENETEM TYPE: SEMI-FOCUZED
AFER HEIGHT 2.42
wMIT PUR .07 1.3%
FRF i2.0a0
FI 4,30
PROC BAIM it
M AP 4
MCA & 1
MO. OF FIL 234
CHAM CAP 0.67 2.36
COVERRAGE RND RESOLUTION
EWRTH 137 .36
CELLE~SCRN s
CELL WIDTH 11.6%9 iz.51
CELL LEMETH 14 .98 1 .68
SCRH TIME .82 :
TIMELTELL I.203
AZ REZ S0.00 52.58
FH FES 1E0.00 G LB
60
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UMITS

TER

M

M

M

M
FM<ZEC
kM
FPERCENT
Ie
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DER K
LE

IE

M
WATTE
KHZ
kHS
MHZ

MBIT:=-ZEC
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SEC
CEEC
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FUMMRREY TARBLE 30

RAlY DEZIGM PRARAMETERS

PAFAMETERS YRLLES
AMBLE =PAM Ta0n 2z.010
AZ RPEEZ 136 .29
FRA REZ 150,00
LAMEDR 0,020
BRL WEL T a2
FALTITUDE 435.10
AFPEFR LENGTH Z.0
AFER EFF V5.0
LOZE FRCTOR Tall
SIGMAL .00 3.0
SIGMIM -5.00 —1z2.0n0
MHOIZE FIB 2.0
REC TEMF 20000
TIG-MOIZE 23.00
COMPUTED EYETEM PRRAMETERES
EWETEM TYPE: LUMFOCUZED
AFER HEIGHT 2..43
#“MIT FPUR n.ov 1.35
FRF _ iz2.09
FH 4.20
EF EH Z.2
FROC SARIN 21z
MCAP 11 1
HZA 1 -
MD. OF FIL =5
CHRM TRF 0.24 .36
COYERAGSE AMD RESOLUTIOM
EZWATH 1537 .76
CELLE-ZCAN 2
CELL LIIDTH i1.89 1z2.51
CELL LEMGTH 14 .56 15.88
ZCAM TIME 1.62
TIME~CELL 0.20n3
ARZ REZ 128,99 145 .62
FA REZ i59.00 45,30
&1
s e e i . S o

UMITE

IEG

M

M

M
kEM-ZEC
KM

m
PERCENT

M
WATTS
kKHZ
EHZE
MHZ
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SUMMARY TABLE 31

RFW DESIGN PAFAMETERS |
FRRAMETERS YALUES UMITS g
COVERFISE 7.00 22.00 DEGR !
AZ RES S0, 00 M |
PR PES S0, 00 M ;
LAMBTA 0. 020 i

GRD YEL 7.2 KM~ SEC

ALTITUDE 435 .0 KM

APER LENGTH £.10 i

RFER EFF TS0 FERCENT

LOZE FRCTOR 7.0 IIE

3 IGMAY 5. 00 2,00 IE

ZIGMIN -5, 00 ~1&. 00 I'E

MOIZE FIG 2.0 DE

PEE TEMP 300.0 LEG K

TIG-NOISE 3,00 I'E

COMPUTED SYETEM PPRRAMETERE
EYETEM TYPE: ZEMI-FOCUZED

APER HEIGHT 1.21 M

HMIT PWR .21 4,0 WRTTS

FRF gL 00 KHZ

Fn A KHZ

FF EW C24.5 MHZ

PROC 5AIN ©oang

MCAP 4

NCA 5 , 1

MO. OF FIL 117

CHAM CAP 2.0l . T.0% MEITS~ZEC

COYERAGE AND RESOLUTIONM

ZWATH 152,592 kKM
CELLE-S0AM <4
CELL WIDTH . E L2 kKM
CELL LEMETH 23.18 F2L.ET kM
ZCAM TIME n.21 SEC
TIME~<CELL 0.202 ZEC
RZ REZT o, 00 pC T g
FR REZ =T 16 .27 k|
) ;
62
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ZUMMREY TRELE 32

RAW DEZIGH PARAMETERS

FRAFEMETERE
AMELE ZPAM TL.00
LAMEDIA 3. 030
AFER LEMGTH 2.0
AZ REEEX Sn.08
FFH REZ 150.0&
=ED WEL =
ALTITUDE 435.0
HFER EFF ' 75,0
LOSS FRCTOR T
MOISE FIG 2.0
2IE-NOISE 2. 00
FECZ TEMP 00,0
ZIEMAX S.00
ZTIEMIN -5, 00
COMPUTED SYETEM PARAMETERS
SYETEM TYPE: SEMI-FOCURETD
AFER HEIGHT 1.21
“MIT FPUR 0.07
FFF e (11
FI _ 2.40
FF Bl 2.2
FROC GATH z92
MHZAP 4
FIZH 5
Hd. OF FIL 117
CHAMN CAP 0.e7
COVERARE FAMND RESOLUTION
ZUATH : 153.948
CELLE~SCAN 4
CELL WIDTH 5.04
CELL LEMGTH 2.1z
=CAM TIME .31
TIME-CELL 0,203
AZ REZ =000
FH REE iSo.00
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ZUMMERY TABLE 33

FAK DEZSIGM PRRAMETERE
PARAMETERS
AMGLE SFAM T .00

AZ FES 135,99
RA RESD 150,00
LAMEDA \ n.n20
FRD VEL . T.E
ALTITUDE 425.0
AFER LENGTH 1]
FFER EFF TE.O
LO=SS FACTOR 7.0
SIGMAY S .00
SIEMIM =5 .00
MOIZE FIG 2.0
REC TEMP 200.0
TIG-MOISE 2,00

COMPUTED EYSTEM PARAMETERS

SYSTEM TYPE: LUMFOCUZED

RPER HEIGHT : 1.21
“PMIT PUR i 0,Aa7
PRF AR Y
Fn d 2.0
'FF Eh ‘ R -
FROC SRIN 107
MIZFF , 11
MR 1
MO, OF FIL 4.
CHAM CRP 0.2

COWERAGE AND PESOLUTIOM

EWATH 152.352
CELLZ 20N g4
CELL WIDTH =T
CELL LEMNGTH 22.1z
SLRM TIME .21
TIME~CELL n.202
Az FEE 13,93
FH FEZ 150,00
b4
L o

YARLUES

I
0

=00
—18.00

1,34

DOUNs 3
L] FT.'I
o I
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UNITE

DER
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ZUMMARY TRELE 34

FARY DEZIGH PRRAMETERS

PARAMETERS

AHGLE ZFAN
LAMEBIR
APER LENGTH
AZ RE=

FA REES

GRD WEL
ALTITUDE
RPER EFF
LOEs FROTOR
MOIZE FIG
ZIG-MOIZE
REC TEMF
SIGEMAR
ZIGMIN

2200
0,030

2.0
S0.00
S0.00

I
=] f23
=4 L -
. L] L] ] ]
P B W I 1 X

D

2.00
2000
200
~-12.00

COMPUTED SYSTEM PRARAMETERE

IVETEM TYPE:S
FPER HEIGHT
AMIT PLE
PRF

Fh

EF Bl

FROC GAIM
MCAP

MCH

MO. OF FIL
CHAM CFAP

COVERAGE AND REZOLOTION

ZWATH
CELLE-SCRH
CELL WIDTH
CELL LEMGBTH
ICAM TIME
TIME~CELL
AZ RET

FA FEZ

S.23
0.
tz.0n

Me &0

L PRy e

(]

L
i h
(3 (W)

161 .09
i7
1iz2.51
1.74
H.inz
Sg.400
So.on

ZEMI-FOCUSED
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SUMMARY TABLE 35

FrW DEZIGN FRRAMETERE
FARAMETERS

AMSLE ZFAM 22.00
LAMEDA 0.0z
AFPER LENGTH 2.0
HZ RES S0.00
FA RES 150.00
BRI YEL Y=
ALTITULE 435.0
HFER EFF roa.l
LO=s FACTOFR ral
MOIZE FIf 3.0
ZIE-MOIZE Z.00
REC TEMP 200.0
TIGMAR S0
EIGMIH —-12.00

YALLEES - UMITE

i}
=J

"L 06 DEG

i, LB
~15.00 IE

COMFUTED ZYSTEM PARAMETERS

SYITEM TYPE: SEMI-FOCUSED

RFER HEIGMT 5.25
HMIT FUR 0.09
FRF 12. 00
FI 4,20
FROC GARIM GEE
S =1 2
MEA 1
MO. OF FIL 250
CHAM CAP 0.7%

COVERAGE AMD REZOLUTION

ZWATH 1g1.09
CELLESECRH i7
CELL WIDTH 12.51
CELL LEMSTH T.7ri
TICAM TIME 1.7
TIME-CELL 0.102
AZ FEZ SQ.00
FH FEZ 150.680
B 1

M
n.47 WATTE=
kKHZ
KHZ
MHZ

b
"

g
L]

ki

14,58 kM
10,23 K
=EC
REC
R}
M

w0 i
L XN ]

[}
=4 n
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SUMMARY TRBLE 36 @ {
. | ’
FAW TESIGN PARAMETERS | | .
! ! |
PARAMETERS WALLES UMITS | '
: o
AMELE SPAM 22.00 37.00 LES % |
LAMBIDA 0.020 M |
APER LEMBTH 2.0 M t 5 |
AT REZ 147 50 M : ' |
PA RES 150,00 M :
SRI YEL 7.2 Mo SED
ALTITIUDE 435.0 KM
BFER EFF TS.0 PERCEMT
LOSE FACTOR 7.0 IE
MOISE FIG 3.0 LE
Z1G-MOIZE 2,00 DE : f
REC TEMP BO0.0 NEG K )
S 1EMAK 300 f. nE -
SIGMIM ~1z.00 ~15.00 IE
COMPUTED SYSTEM PARRMETERS 1
TY2TEM TYFE: UNFOCUSED
RFER HEIGHT 5 .25 M ;
MMIT PR 0.09 0.47 WATTE
PRF 12,40 KHE
FD 4.80 EHZ
FF EBY 2.7 MHZ
PROC GAIM 212
HIZFP - B _
M 1 1 ]
MO, OF FIL =
“HAM CAP .26 0.55 MEITE<SED
COVERAGE AND RESOLUTION
TWATH 161 . 0% KM
CELLES~SCAM 17 '
CELL WIDTH 12.51 14,52 KM
CELL LEMSTH 7.7 10,59 KM
TCAN TIME 1.74 ZEC
TIME-CELL 0,102 TEL
AZ RES 147 .60 171.35 b
RA RES 1590.00 T LIV M
£
ik v st M—-— el k.p.‘ o




ZWATH 170.14
CELL Z2-Z0AM =l
CELL WIDTH L
CELL LEMGETH 15.41
ZCAM TIME 0.27
TIME-CEILL 0.097
HZ FEEZ SO0
FH FEE So.og o
68
DR - S
ket ot i SR = -

ZUMMARY TABLE 37

RAW DESIGM PARRMETERE

PARAMETERS

AHGLE EPAN 22.00
LAMEBDA 0L 020
APER LEMGTH Bl
AZ REL S0.00
FR FEEZ S0, no0
oRD WEL ¥.2
ALTITUDE 435.0
AFER EFF 7.0
LOSE FRCTOR ¥l
MOIZE FIfz 2.0
FIG-MOIEE Sa 0
FEC TEMF 200.0
TIGMAN Z.00
ZIGMIM =i2.00

COMPUTED =YSTEM PAFAMETERS

YETEM TYPE:

RFER HEIGHT 2.2
wMIT PHR 0.23
FRF F. 00
FI 2«3
FF BW 2.0
FROC GARIM =1z
MCRP e
MCH 1
MO. OF FIL 125
CHRM CRFP £a.30

COVERAGE AND RESDOLUTION

SEMI-FOCUSED

3700
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M
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SUMMARY TAELE 38

RAW DEZIGN PARAMETERS

PARAMETERS

AMGLE =FAN 22 .00
LAMEBDFA 0.0
RPER LEMGTH £ a0
AZ RBEE 20,0
RA REE 150,00
BkED WEL T a2
HLTITUDE 435.0
APER EFF oL
LOZE FACTOR a0
MOIZE FiIz Z.0
SIG-NOILE zZ.0e
REC TEMP A00.0
= IIEMAE 2.00
TIGMIN -12.00

COMPUTED EYSTEM FRFAMETERE
SYETEM TYPE: SEMI-FOCUSED

RPER HEIGHT 2 .65
MMIT PWR 0.0
FRF 2,00
FI 2.4
FF Bl 2.
FROC SAIN 313
NCAF 2
Mz F 1
MO. OF FIL 125

.20

CHAM AP 1

COVERAGE AMD RESOLUTION

EWMATH 1¥n.14
CELLZ<ZCHAM =
CELL WIDTH =i
CELL L EMETH 15.41
ICAN TIME n.E7
TIME-CELL 0. 03
HE REZ ' S0.00
FA FEZ 1506, 00
69

YALLES

I_IJ
=1
=
=

n.
-15.00

0.47
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SUMMARY THELE 39

FRW DESIGN PRPAMETERS

PARAMETERE

ANGLE TFAM
LAMEBDA

AFER LEMNGTH
Az RET

FA REZ

BRI WEL
ALTITUDE
HFER EFF
LOZE FROTOR
MOIZE FIf
ZIG-MOIGE
REC TEMP
TIGMAW
TIGMIH

COMFUTED ZYSTEM PRARAMETERE

IYETEM TYPE:
RFER HEIGHT
“MIT PUWRE
PRF

FI

RF Eb

FPROC GRIM
HCAFP

MCA

HO. OF FIL
CHAMN CRP

D T D S e T T O O D

s s 2 o= ow
L

UMFOCUZED

Lk

Ju e R

G o= [
2 Te~d o o D L

2.
10

42
.27

COVYERARRE AND REESOLUTIOM

ZWATH
CELLE-ZCAM
CELL WIDTH
CELL LEMETH
ZCHHN TIME
TIME~-CELL
FZ FEZ=

FA REZ

ivo.14
a

E'UEE'
15.41
0.37
0. 087
14y .50
130,00

70
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RFAW DESIGM PARAMETERS

FARAMETERS

ANGLE SPAN 10.00
LAMEDA B.214
AFER LENGTH .0
Az RES 50, 01
kA RES 150, 01
SRD WEL 7.2
ALTITUDE 435.0
RPER EFF 75.10
LOSS FRCTOR 7.0
NGISE FIG 2.0
3I6/-NOISE 3.00
REC TEMP 3000
T IGMAY 12. 01
SIGMIM ~5.00

" SUMMARY TABLE 40

COMPUTED SY2TEM PRRAMETERE

SYSTEM TYPE: SEMI-FOCUZED

AFPER HEIGHT 2.88
SMIT PR .3
FRF &. 00
FD 2.40
RF BY I
FROC GRIAM TR
MCAP =
MR Y
MO. OF FIL 315
CHAM CHP 0,35

COVERRSE RAMD RESOLUTION

SWATH 116.54
CELLES-ZCRAN 2
CELL WIDTH 15.75
CELL LEMETH F3.28
ZOAM TIME 2.19
TIME~ZELL 1.024
HE FEZ S0 .00
FA REZ 158,00

71

.

YALLES

20,00

=10.00
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SUMMARY TABLE 4]

RAW DEZIGN PARAMETERS

FRRAMETERE
ANGLE EPAN i0.00
LAMEBDH : d.21d4
APER LENGTH 10,0
AZ REE 0.0
© RA REE 150,00
RD WEL ¥
ALTITUDE ‘ 435.0
APER EFF 3.0
LO=E FACTOR L
HOIZE FIG 3.0
ZIGSHOLEE 2.00
FEC TEMP 200.0
ZIEMRY 12.040
EIGMIN ' =5, 00

CYALUES UMITE

an. 00 DER
M
M
M
M
EMoZEC
EM

PERCEMT

DE
LE
1)
nEs K
Q.0 B
=10.40 LE

COMPUTED SYETEM FRRAMETERE

IYEITEM TYPE: ZEMI-FOCUSED

FPER HEIGHT 1.73
whHIT PWE n.o3
PRF HL.E0
FD ' 1.44
RF Bu .9
PROC =AIM 473
HCAR i0
HCE 2t
MO. OF FIL 139
CHRM CAF D.37

COYERAGE AMND REZOLUTION

ZUWATH 1z2.81
CELLE-ECAM. 1.
CELL WITTH 2,45
CELL LEMGTH 25 .45
ICAM TIME 1.21
TIME-CELL 1.313
AZ FEZ .00
FA REZ 150,040
5 , .

M
WATTE
KHZ
kHZ
MHZ
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in
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- W
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EUNNHPY.THBLE42
RAW DETIGN PARAMETERS

PREAMETERS YRLUESR
AMNGLE Z=ZPRAN en.od 20,00
LAMBIA n.214
HPER LEMNGTH 5.0
HZ REE on. Q0
PR REZ 150.00
=RD WEL T
ALTITUIE 4235.0
AFER EFF 3.0

) LOSS FACTOR 7.0
MOIZE FIz 2.0
SIG-HOIZE S.00
FELC TEMP Z00.0
ZIGHMAE S.00 2. 00
SIEGMIN -1Q.00 -15.00
COMPUTED =YSTEM PRARAMETERS
SYETEM TYPE: =EMI-FOCUSED
FFER HEIGHT E-T
2MIT PUR 0.0 .25
PREF 2. K0
FD - 1}
RF B 2.9
FROC GAIM 226
HCAP )
MCF 5 Z
M. OF FIL eIl

""" CHAM CAF N.,37 0.2
COWERRGEE RMD FESOLUTIOM
ZWRTH 115.94
CELLE-ZCHH 4
CELL WIDTH 16.51 17 .5
CELL LEHMGTH &1.23 ' 25 a0
ZCAM TIME .02
TIME-CELL ST
HE EREZX S0.00 o4 .25
FA FES 1S0.00 102 .61

73
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SUMMARY TRELE 43 -

FAN DEZIGN PREAMETERS

FARAMETERSE

ANGLE SPAM 20.00
LAMEDA n.2i4
HPER LENGTH 11.0
A2 REE [0.00
FA FES 130.00
ERID YEL G-
ALTITUIE 435 .0
APER EFF 5.0
LOzE FRCTOR R
MOIZE FIB 3.0
FIG-MOIZE 3.00
RELC TEMP ana.0
TIEMAR S5.00
ZIGMIN —-10.00

COMPUTED EYSTEM PRRAMETERE

SYESTEM TYPE: SEMI-FOCUZED

APER HEIGHT 2.98
#MIT PUR 0. 04
PRF 2.60
FD 1.44
RE B 2.9
PROC GAIM 495
MCAP 5
MCR -3
MO. OF FIL 193
CHAN CAP 0,43

COVERAGE AMD FESOLUTION
SUATH 131 .35

CELLEAZCAM e
CELL WIDTH .91
CELL LEMGTH 22029
=CAN TIME 1.22
TIME~<CELL 0.e22
AZ REZ So.0n0
FA FEZ 150,00
Y

WALUES

74

3
L
L]

D |
Lo}

=00
~15.00

.25
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UMITE
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M
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PERCENT
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APPENDIX B

COMPUTERIZED DESIGN PROGRAM FOR THE SCANNING SAR

(SCANSAR)

75




T T A T -

001 0CSCANSAR

pQz0C
0030C
an40C
00soc
0060

0o7vo0 -

0080
0090
0100
0110
0120
0130
el40C
0i50
61&0C
0170
0180C
190
0200
0210
020
0230
0240
0250
0260
070
0280
0290
D300
03190
p32n
320

03359
03c0
0379
6230
(390
0400
0419
0420

.- 0430

inn
1000

1001

10p2

1003
1008

Lo

Ll o

°

[
2

1004

1065
1065

1007

BT SRR EEE . & Bt i sl 22 CIECH o LA L L LS AL I LS h e

BESIGHN OF A SCANMNING SRR
THIS PROGRAM WAS PREFARED EBY

JOHN P. CLARTTENM

DIMENSION THETADC2>s THETRE(E2> s SIGMAKC(E) s RACE) s
RRC22s CCCED s WTCED 2 TYPEC(4) s BRC27 s GR(EY s RLEZI
SIGMINCE) )
PERL NFys KT+ LOZZs K
TRATA Cs DEGs YEZe PIs TYPEs THOUSs Ks JJ-
B.0EQ03s 0.0174522925s “YEES s 3.141925»
‘UNFOCU” +“SED” s “SEMI-F7s"OCUSED” s 1000,0s 1.38E~23»
Q177177077040
ARITHMETIC AZSIGHMENT STATEMENT
TAMCEY = SINCEA/COSCHES
SPFRESE CAFPRIAGE RETURNS OMN READS
CRLL FPRRRM(3sJd>
INPUT PRRAMETEFRSC(GEOMETRY?
WRITE{6+100Q0)
FOFMAT /771X s “DESIGH DOF A SCANNING SRR HRYING s
< INPUT DESIGN PRRAMETERS AS FOLLOWS: s~
“APERTUFE LENGETH <(M> <>
FERADC<SA1001)> AL
FORMAT(FS .&>
MRITEC(SR 1002
FORMRTC(1X »OPERRTING WAVELEMNGTH <M 7
READRCS-1001)> WL
WRITEC(G21003)
FOREMATC1Xs"MIN AND MAX YIEW ANGLES (DEG)Y 7
FERDCS 10022 THETAD
FOPMAT(RF2 .22
WRITECE 210047
FORMATC1R» "AZIMUTH RESOLLT 1M (M> <)

WRITECE +1005)
FORMATC(1X s “RANGE RESOLUTION (M> *3
READCS 10013 RRC1D

WRITECS1005)

FOPMATC 1Y s ”GROUND VELOCITY CKMsoSECY *3
RERDCSs1001) YGP

WRITECE 1007

FORMAT(1X s SPRCECRAFT ALTITUDE CKMD 4>
RERDCSs10013 ZP

Figure B=la. Foriran Listing for SCANSAR.
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I S

04440C
2450

0460
0470C
0430
0a90C
0300

0510

Q520

0530 =20
oS40
0550

05549

0s70

6580 2060
0590 %
0600

(&1 0C
gc20 30
0530C
0E4 0
3&e50C
0860

057 o

0820

D5S0

aron 40
grioc

‘BYED

6730
g740C
avsoc
0veld 43
arro
0vad
orvaoc
aaao
9210 3000
o200 &
BEZD

. 0240 3001

0830
03z¢ 5S¢

SCALE YARIABLES' -
Y6 = VGP+TIOUE
2 = ZP+THOUE

UNFOCUSED PRESUMPTION

ITYPE = 1
COMPUTE MPX AND MIN RANGE
o0 20 I=1:2

THETARCIY = THETRDC¢I)+DEG
RCIY = Z/COSCTHETRARCIN)
COMTINUE
FULLY FOCUSED LIMITATIO
RAFF = AL-2.0 .
IFCRAFF .LT. RACL}Y 6O TO 30
WRITEC(E s2G00) i
FORMRT 1= s INRDEQUATE APEPTURE LENGTH TO’ s
* ACHIEVE RESOLUTIDMN. IMPUT DATA AGRINI‘ ~)
60 TO 10
UNFOCUSED LIMITATION
RALUF = SORTC(LLeRCZI~2.0)
. ESTABLISH SYSTEM TYPE
IFCRAUF .LT. FAC1YY 50 TO 40
PARTIALLY OF FULLY FOCUSED SYSTEM REQUIRED
IFD = 2.04VG+RACL Y R¢L > UL
RAC2Y = DFDSUL+RC(EI /2. 0-YE
ITYPE = 3
GO TD 45
RACLY = PAUF
UHFOCUSED =¥ eT™M REQUIRED
DFD = 2,04YE+RACLI. &t il
RACEY = TFD+UIL#RC2Y -8 D V6
RPERTURE HEIGhT TO SATISFY DOPPLER SRAMPLING
REQLIREMENT
FD = 2.0eYGAL
MFILT = FD-DFD + 0.5 )
AH = 10.04FDeR(2ISTANCTHETARR (2 YoliLC
CHECK WITH DESIGNEPR
WRITECA 30005 AH
FORMATC1X s THE MPERTURE HEIGHT IS’ sF6.2357 M.7s
# DO vBU WISH TO INCRERSE THE HEIGHT’ )
READCS «3001) ANS
FORMAT (A3
IFCANS .NE. YESY GO TO 70
RERDCS 51001 AHMNEW

Figure 8-1b. Foriran Listing for SCANSAR,
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0870
08380
0830
4e00
0910
0s20
0834
09400
3954
0960
nove
gozn
13-4
1000
1010
10240
10300
1040
1050
10640
lovre
ig20
1090
1100
1iioc
1120
i1z0
1140C
1150
1160
ii7oc
tiep
119GC
1200
igiac
iz29
1230C
1240¢€
1250
i2&0
1270
1220
12910

2002

&0

7o

20

Figure B-lc.

&

_ i

IF ¢AHNEW .GT. AHY #O TH &0 ‘ ; '
WRITECE»R002) ‘
FORMATC1X 2 7NEW RPERTLRE HEIGHT MUST BE LARGER THAN'
< THE DLD. TRY AGRIN!‘/)
60 TO S0
fH = RHMNEW
BETAH = Wi~AK

COVEFARE PARAMETERS

et s e 2

MCELL = ¢THETARC(EZ}~THETARC1>}~/BETEBH + 0.5 .
BETAL = WL/AL .

080 I = 1s2

.GACIY = PCI1Y$RETAL,THOUS ‘ ‘
GRCI> = RCISSRETAH/COSCTHETARCI} ) ~THOUS .
CONTINUE

SWATH = (RL2)*3N(THRETARCEI X=R{1J+SINC(THETRR (1) 3/THOUS +
CGRC2) + GRC132-2.0
ATIMING
TELEW GACL Y YGSTHOUS
TCELL =.TELEW~NCELL
IFCTCELL .6T. 1.0-.0FD> GO0 TO 85
WRITECA «200323
FORMATC 718 7 INSUFFICIENT TIME 7D RCHIEVE RESCLUTIOMS? »
“TRY BERAINZ <72
cO0 T4 190
PULSE REPETITIONM FREGOUENCY
DELRE = BETRH®P(Z3TRAMCTHETRP(2d >
PRF = CrC(4.0+DELED )
RANGE RESCLUTION
IR = PRCLIMEIMCTHETHRRCLY )
RR(2> = DR /SIMNCTHETRR{2)
BAMDWIDTH FEQUIRED !
Bl = L 2.0 DR/THOLUS ++2 ’ _ S
PROCESSING GAIN . |
NGP = PRF/DFD +0.5 _
MO. OF CELLYS AVRILAZLE FORP AVERRGING
NCRAP = TCELL+DFD + 0.5
NO. OF CELL AVYERAGRELE PEFORE
DEFOCUZIMGE IM RZIIMUTH
¥ = ZeTAMCTHETPR(2Y -~ BETAM-2,.0)
DELY = =Y + Z¢TRMNCTHETRR{EY + EBETARH-2.0)
DELY = VG~DFD
BETR = 2.0+ATANCIELYA2 .05
NCR = RA2OEBEETA-DELY + 0.5

U]

Fortran Listing for SCANSAR.
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© 1740

13B0C
1210
13290 4000
1330

1240

1250 4002
1350

1370

1380 4003
1390

140¢

1410 4004
1420

1420

14490 4007
1450

1460

i47¢ 4005
1480

1490

1500

1510 400c
1520
1530C
1540
1550
“1560

1570

1520

1520 %
1600
1610 20
iezoC
1630
1640
1650 So0a60
1660
1670
1680
ig9n
i700
iriga
1720
17320

1750
1760

PErERoudientgeee g

INPUT POWER PARAMETERS
WRITECS 40002 :
FORMATC1= 71 0SS FRCTOR (DB>7)
READ(Ss1001> LOES
WRITECS s4102)
FORMAT (1 s “NIOISE FIGURE (DB>7>
FEADCTS1001> NF
WRITE(& 40033
FORMATC(1X s “SIGNAL-NOISE (DB>Y
READCS 10012 SN
WRITECS 240042
FORMATC(1X s "MARX SCRATTERING CDEFFICIEHTS CDE>")
READCG21008y ZIGMAY
WRITECE 240072
FORMAT (18 «“MIN SCATTERING CUOEFFICIENTS (DB}
READ(S 10022 STGMIN
WRITECG »4005)
FIORMAT (1% "APEFTURE EFF (PERCENTY” )

READC(S 10012 AEFF

AEFF = AEFF-120.0
WRITECE + 410106 _
FORMATC1X s “RECEIVER INPUT TEMPERATURE (DES K}
PEADCS+1001Y TEMP
COMPUTE TRANSMITTER POWER ANL CHANMEL CREACITY
FACTOR = 4.0+PIeliL4e5¢10. 044 ¢ (LOSS+NF+SNY~ 10, 01 +FRF oK+ TEMP
NO. OF BITS PER CELL
MBITS = ¢SIGMAXC1Y~SIGMINCEY>~2.0103 + 0.5
IO 90 I = 1.2
WTCIY = FACTORP (1) eed,C10.0++<SIGHINCID/10.0)+RARCIDRRCI I 4NGP+
CALOAHOREFF Joel)
COCIY = BGRCIISGACII/CRACII#RRCID ISNEITSATCELL
COMTINUE
LIST SYSTEM DESIGN PRAPAMETERS
WPITECEsS0GMY THETADs WL ALs RAC1)s BRCLD s
YGEPs ZPs FEFF+100.0s LOSSs MFs SNs TEMP: SIGMAXs SIGMIN
FORMAT (/#/20% s “SUMMRRY TABLEZ.~s1%: RAW DESISN PARAMETERS” /.
1%+ PARAMETERS 175 s VALUES «1 0% 5 “UNITS s v
1¥s“ANGLE SPAN” s4%a Z(F10.2,5%) » DEG“~
1X s LAMEDAY 183 sF 10,3 5208 "M ~
lxs’HPER LEMGTH” s23X sF10.1 20157 M7~/
s7AZ RES” s8X+F10.2:280%s M7~
1X5’PH RES” +8%aF10.2:80% s M*
183/GRPD YEL” y7X+F10.1 208 s "KMASEC
153 “ALTITUDE s6X% sF10. 120X s “KM7 »
1Xs“AFER EFF’ «8X sF10.1+204+PERCENT/
1%+7LOSS FACTOR” 3% sF10.1120% 7 DE“~
1%3°NIIISE FIG” s5XsF10.1s205s 0B~/

‘Figure B-1d. Fortran Listing for SCANSAR,
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1770
1730
1790
1800
1310C
igan
1230
1840
1850
1860
ig7¢g
i8z0
1890
1809
1910
1320
1920
1540
1950
1260
1570
1980
1930
2000
2010
aozo
2030
2040
20650
2060
2070
2080
2090
2100
2110
2126

1o gt

1% SIG/NOISEY a5 sF10.2:208s7DR7
1837REC TEMP’ +6FsF10,1+20%+“DEG K7~
I¥+7SIGMAX  »8KE +2C(F10.25558) s DB“~
1K 7SIGMINS 18X +2C(F10.2:5H) 2 "DB" 772
COMFUTED PARAMETERS
HWRITECE 50013 TYPECITYFEI »TYPECITYPE+1D «RHs UWT»

L PRFATHOUS s FD-THOUS s Blle NGPy NCRAPs MCAs MFILTs CC

5001

R 0% 0% Q0 0 00 09 0O 0Y 0k a0

Too2

0O Q¥ Q5 3 G0 e QP 25 02

SQaoo

FDPNHT(IF*'PUMPUTEE SYSTEM PHPPMETEP¢‘//
1827SYETENM TYPE:” 12X 2R6~

1¥s“APER HEIGHT 3k +F10.2+20XKs " M7~

1M s“HMIT PUE"EFFE(FIU.cSuR)”MﬁTTS'/
15+°PRF“311EsF10.2:208 s “KHZ
ixs'FD’leHsFIG-EsEUX”KHE'f

15 s“RF EBU7 23X aF10.1 208 s MHE/ ~

15 +°FFOC GRINT +SXI10~

IKs"MCAP” s10¥ 110~

1% e MCAY 211110~

I¥+7NO. OF FIL sd4¥sI10-

1Xs7CHRM CAP” s6=s2C(F1 0,258 »"MBITEASEC ~ /)
WRITECGsS002y SLUATHs, MCELLs GRs 3Rs TSLEWs TCELLs FAs RR
FORMAT(1X s “COVERARE AND REZCLUTION ~»

1M s 7SUATH 29K aF1 0.2 208 KM’

18 s“CELLS/SCANY sd¥ 110/

1837CELL WIDTH 24X s2(F10.2+5X> s "KM"~
1497CELL LEMGTH” + 2R 2CF10.2s5%0 s "KM~

18 "SCAN TIME  »SKEF10.2+208s“SEC” -

1X s’ TIMEACELLY S sF10.2:20s“SEC’~

137 AZ FES s8Xs2(F10.2s5R) v M-~

1837FA PES  +2E «2C(F10.29SHI s M v rr

147WANT TO DESIGN ANOTHER DONE“ 4D

READCS <3001 ANS

IFCANT EG. YES?> 6O TO 10

WRITECE 2000

FORMATCA~1X»"VERY INTERESTING!’ s RAUFWIEDERESEHEN D
ETOP

END

Figure B=Te. Fortran Listing for SCANSAR.
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Figure 1

LiST OF FIGURES
Comb filter passbands showing carrier and iis side=
bands (zero phase shifi).

Comb filfer passhands phase—shifted to account for
Doppler shifting.

A comb filter delay line.
A simplified comb filter delay line.

Sin nx/sin x comb response centered on the harmonics
of the received pulse.

Represeniaiion of comb filter Doppler band coverage.
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ABSTRACT

A great deal of interest has been shown in the development of a spaceborne
synthetic aperture radar capable of wide=swath coverage. Although digital proces~
sors are presently quite popular, analog processors offer a means for processing radar
images on-board and in real time. The processor discussed herein is based on the
idea of comb filters implemented by recursive use of delay lines. In this form, the
various range elemenis are processed sequentially as a signat circulates around a
delay line and is added to the incoming signal. No memory is required for the
individual signal elements as in processors that first accumulate all the elemenis
required for the synthetic aperiures for a bunk of range cells and then process them
in a batch mode. The resulting reduction in processor size, complexity, and power
consumption makes the comb filter processor concept an afiractive possibility for

use in a spaceborne system.
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COMB FILTER THEORY FOR USE IN A SCANNING SYNTHETIC
APERTURE RADAR SIGNAL PROCESSOR (SCANSAR)

Mark Komen

1.0 INTRODUCTION

A real-fime spaceborne synthetic~aperiure radar could provide the wide=swath
coverage necessary for the water resources and sea ice missions, and other missions
requiring frequent imaging. With a relatively modest reselution, the radar has
enough time to build many images of areas on the ground and can scan iis beam to
ook at areas at different ranges.

Basically, SAR data processing involves correlating chirp waveforms generaied
by varying Doppler shifis as the radar fravels past targets on the ground. Today,
digital processing of SAR data has become widely used thanks to ifs speed, capacity,
reliability, and cost effectiveness. Obviously, a saiellite~borne processor must be
compact and fast enough fo provide data in real time. Although digital processors
have the necessary speed, their large memory requirements and the subsequently
large number of operations involved make them questionable candidates for modest—
resoluiion radars when considering power consumption and spacecraft size constraints.

A very credible alternative fo the digital processor is a serial analog processor
using comb filters to process the returns from different azimuth elemenis (range ele~
ments of a given azimuth being processed sequentially). The comb filier has a set
of passbands spaced as the Fourier components of the received pulse, thereby per-
mitting narrow=band Doppler filtering while retaining the wideband characterisiic
of the pulse frain necessary o retain range resolution, This memorandum concerns

itself with an analytical description of the theory behind a comb filter processor,

2.0 THE COMB FILTER PROCESSOR

The great advaniage of this type of processor is that it sequentially processes
the data as it is received from the ground thus tremendously decreasing the amount
of data storage space néeded by the digital processor, The comb-filter processor

is described in anaiog terms, but could be implemented digitally.

e 4 e e




If the integration fime necessary to yield a required azimuth resolution is
T and if the sysiem pulse repetifion frequency is F, then the number of pulses
transmitted (and received) by the sysiem during building of each synthetic aperture
is given by

N = TF

In other words, the ground is illuminated by N pulses and by infegrating
these N returns, an image is constructed. In the comb filter, each return is
delayed by the repetition period and summed with the next incoming return, this
cycle being repeated until all N pulses have been added together. Only signals
having the proper period add each fime, the others drifting in and out of phase
during integration,

The comb filter passbands are spaced such that they align with the Fourier
components of the received pulse as in Figure 1. However, the effect of Doppler
shift is to introduce an offset in the speciral componenis, so the comb filters must

be phase=shified by this same amount per Figure 2. The system then is composed

of a set of comb filters, each tuned o accomodate the Doppler shifts from a differeni

azimuih element such that the enfire range of Doppler frequencies over an observed
area on the ground is within the tofal passband of the processor.

As shown in Figure 3, a comb filter consists of a delay device, a tunable
phase shifter, and a weighiing amplifier, The delay device samples the first
return and holds it for the proper pericd, the phase=shifter tunes the filter for the
desired Doppler shift, and the weighting amplifier is used fo reduce sidelcbes in
the sin X/X character of the comb teeth. After the proper number of received
pulses has been integrated by the filter, the resulfing composite waveform is then
fed into a buffer for temporary storage.

3.0 ANALYSIS OF A COMB FILTER DELAY LINE

To examine what happens analytically curing processing, refer to Figure 4
for a simplified version of the comb filter delay line. A pulse enters through the
switch into a delay device where it is delayed for one repetifion period. The
delayed pulse is then phase=shified and added to the nexi incoming pulse entering

via the switch.
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For pulses circulating the loop at some frequency W the value of the

ouiput affer N frips through is given by
ch cos w f
+ Za, coslw_ (t~T)+9]

+ Eqn cos [w_(t = 27T) + 2¢]

-+

L X N

+ Ean cos [wn (t = NT) +iN@ |

where T is a variable time delay and @ is a constant phase shiff. It is desired to
sef a value for @ such that all cosine (wni') terms will add in phase. ¢ must be less
than 27 .

Examine the expression for an entering pulse and one that has been through.
the loop (both at frequency w ):

L3 + - o
a,c0s w i+ a cos (wni' ¢b wnT)

For these quantities fo add in phase
¢-wT = 2ar
where r is some integer.

Therefore,

W=

b+ 2 7r
n ]

Now looking at the expression for a pulse at frequency w, having been through
the loop twice

cos(w i + 2¢ - 2w]T),
It can be seen that
2(~¢ + wnT) = 27s

To add in phase with the other pulses (s is an integer)

- P+ ms

¥n I

Where r = 2s, the two equaticns for w_are identical.

It has been shown that

wT ~® = 2qr
n

u
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Looking at the next harmonic Wt

wﬂ+]T-¢= 2?7(|'+1)
P+ 27 (r+1)
T

—

wn-i-]

Noting that w_ = _2%7_ where w, is the puise repetition frequency

_ P .
W+l ~ ""i; D) ow,
W, =—T—+nwo wheren=r

From this result, it can be seen that a constant phase shift introduced at
some frequency w, will appear in all the harmonics of that frequency.
Af this poini, suppose a small drifi from w, s introduced
W= W + 6n

Rewriting the circulation expression for N trips through the loop:

a_ cos (wn + Gn) t
+ a cosliw + §) (r=T)+ ¢]
+ @ cos [(Wn it 5 (£=2T) + 29 ]

+ .

+ a cos[(wn-l- Sn) G-M+ig ]

+ -

+ g cosliw, + §) (1= NT) +Ng 1,

Examining the expression affer one irip through the loop by opening the

brackets
w o+ 8 )(-T)+¢=wi+ &t -wT -8T7 +¢
wT = ¢ FnwT

from before, and

b Zo.




ok wdli

wT =2n
° or

nwl = 2nm .
Yo

Hence,

wnT = ¢+ 2nw

However, phases differing by multiples of 27 can be ignored, so

wT =¢
n ‘ and

(wn-l- Gn) F=T)+¢

wnr-l-(snr - - anT + ¢

wt 8 (F~=T

Expanding the brackets for the ith trip through the loop
(wn+ 5n) F-iT)+ip = wot= dw T+ 8t ~i6T+ id

= w i ~i{¢p +27n) + 8. =1 SnT +ig

i

wo b+ 6{t = iT)

Rewriting the circulaiion expression up o the Ifh iteration as exponentiais

wt Je(r-im)
IS ae e
i

n
IFani=anforalll ( ) I ;
jw_+é&) o =jis
aen g T

i

n
n

Recognizing the second summation as the sum of a geomeiric series of the
form

'l-'l

1
i_ 1-
T T,

the expression hbecomes _
jw_+68 )t o ls T
ae n n I1-~e n

n 16 T
I1=e n

= 0|
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Manipulating the quantity in the pareniheses and using Euler's formula,
the final form of the expression is

flw, + 8t sinl_ng__ J-1) T8

ae e
n " Tsin 18 .
j(wn + 6n)i~
Note that % ae represents the original signal W with the 6 n

offset, Thee? I-1) T8 term can bhe neglected since T and & are both small

quaniities. The sin nx/sin x expression shows the comb response. There will be
a maximum where

sin -:%5— =0
or where

For smali —1—'26—- ;

G 118 I8
in s _ - -1
sin TS K

Therefore, there will be a peng of height I where

§ = 2?” = w,m

See Figure 5.

From this, it can be seen that regardless of the modulating signal, as long
as the pulse repetition frequency is the same, there will be an offset 6 where there
is a driff S from Wor and a consequent reduction in ampliiude.

Infroducing the weighting amplifier with gain K as originally shown in
Figure 3 will modify the circulation expression which now becomes

. ej(wn-i-csn)f ,IS.'. K.e_ji S, T
5 N T
for the it frip through the loop where K. is the amplifier gain function, Standard
methods in antenna and filter design can be used to esiablish weights {KEI that

give desired sidelobe suppression, with the usual widening of the main response.
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4.0 ULTIMATE USE IN THE SAR PROCESSOR

As stated previously, the SAR processor musk separate out refurns from dif-
ferent azimuth elements. This is accomplished by setting up a bank of comb filters,
each funed fo a different Doppler frequency such that the bandwidih of the entire
banks is at least equal to the expected Doppler bandwidth of returns from the ground.
As the satellite moves af its given velocity, the shiff will also change at some given
rate. Therefore; the returns from a target on the ground will appear in several of
the filters as the satellite travels. Figure 6 illusirates the Doppler band coverage.
The purpose of each comb filter is fo separate these different Dopplers from different
along=track elements.

Since the Doppler shift for any point target decreases linearly in frequency
with fime as the radar passes the target, the processor must take this into account. -
This can be done either of iwo ways: (1) change the phase shift in the comb filter
feedback path o frack the varying Doppler shifi; or (2) convert the varying frequency
to a fixed frequency by beaiing the incoming signal with an appropriate reference

frequency varying af the same rate as the signal from a point target.

 Mechanization of the serial processor is the subject of other reporis in this

series,
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- Figure 1, Comb filter passhands showing carrier and its side~bands -
(zero phase shift).

Figure 2. Comb filter passbands phase~shifted to account for Doppler :
shiffing.
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Figure 3. A comb filter delay line. _
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Fvigure. 4, A simplified comb filter delay line.
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Figure 5. Sin nx/sin x comb response centered on the harmonics
of the received pulse.
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Figure 6. Representaiion of comb filter Doppler band coverage.
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ABSTRACT

With modest resolution requirements, a spacecraft synthetic aperture
radar system can be devéloped which is capab]é of widé swath coverage.
This is achieved by scanning the antenna beam outward in range to dwell on
successive areas on the ground (scan or image cells). This scanning synF
thetic aperture radar (SCANSAR) can uti]izé the extra observation time
brought about by this resolution to take several looks at areas on the
ground and improve image interpretability.

The SCANSAR system discussed herein utilizes a comb filter approach

to analog processing implemented by the use of serial analog memories as

recursive delay lines. By this method, the various range elements are
processed sequentially as a signal circulates around the delay line and
is added to the incoming signal, theréby eliminating memory requiremants'
for individual signal elements. Furthermore, the use of low power CMOS
devices in the processor makes for small powef consumption. '

The angulak swath coverages for the SCANSAR design are 6.7 to 22.5°
to sense soil moistﬁre and 22.1 to 37° for ice monitoring. Total swaths
are 128.8 km and 150.2 km respectively. Azimuth resolution is 50 m in
both swaths with the range resolution varying from 150 m at angles near
the sateilité track to 33 m at the far angles. The average transmitter
power is approximately 15 watts and the total power consumption for a

single~sided SCANSAR processor is around 200 watts.
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1.0 THE SCANSAR CONCEPT

1.1 INTRODUCTION

The SCANSAR concept was born out of a need to provide wide swath
coverage with special regard to the water resources and sea ice missions
(and other missions requiring frequent imaging). However, SAR coverage
is 1Timited by the interaction wetween Doppler (azimuth) and range ambig-
uities. Fully focussed fine-resolution systems suffer these coverage
deficiencies. |If fine resolution could be sacrificed for somewhat more
modest resolution the radar would have time to achieve the wide-swath
coverage desired by scanning to and dwelling on successive cross-track
image cells (see Figure 1). With the proper resolution, the radar may
have enough time to take several '"looks' at each image cell, allowing
for averaging and thereby enhancing the interpretability of the radar

image.

1.2 COVERAGE LIMITATIONS

To adequately preserve the Doppler history of a target, the Nyguist

sampling theorem states that for azimuth-offset the radar must sample the

target returns with at least twice the Dcppler bandwidth, F.

PRF > 2.F,

However, Harger (1970) states that for range-offset SAR systems, a

sampling rate equal to the Doppler bandwidth 1s acceptable. Oversampling
by 50%, the PRF inequality becomes

= - (2Vgy
PRF > 1.5 F, = 1.5 (%)

where Vg = satellite ground velocity
L

physical length of the antenna.

For a fully-focussed SAR, the azimuth resolution for an antenna of
length L is

-
Il
] ol
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Hence,

PRF > "|5_ Vg

a
For a satellite at an altitude Zo’ with a beamwidth_Bh, whose antenna
is looking at its farthest lcok angle 8, illuminating & cross-track distance
L on the ground, as in Figure 2, to guarantee that the nth pulse reflected
from R] + AR reaches the receiver before the arrival of the (n+l)th pulse
reflected from RI’
2AR

AT > 2%
c

1]
where AT = BRE

Choosing a range guard band of 2,

c
PRF < LAR

Therefore to avoid ambiguities in range and azimuth it is required
that

ry 4AR
or
B e
ry €Vg
" From Figure 2
AR = Bh R tan 8
Since R = E%g—b , assuming plane-~earth geometry for simplicity,
Bh Zo tan 6

cos @
Substituting ihto the ambiguity inequality,

Z0 B tan 8 c
Y L S < s
r, cos 6 - blg
cr_ cos 8
B < _E—._.
h - 6Vg Zo tan ©

3




SAR geometry.

2.

Figure




From this equatiqn, it can be seen that the elevation beamwidth is pro-

portional to the azimuth resolution, and since azimuth resolution

for a fully focussed system, Bh is inversely proportional to the Doppier
bandwidth. The cross-track coverage (swath) is then given by

B, Z
o

If a very fine resolution is used, r, is small, Bh will be small, and

correspondingly, the swath will be small.

The tracking bandwidth is

2Vg r
of, = —=2

d , AR
where A is the wavelength and R Is the slant range to the nearest image
cell. To observe a response from a tracking filter with this bandwidth,
the integration time is

= L

Again, with a fine resolution system, Afd will be small and Ty will be

T

large. By sacrificing azimuth resolution, the coverage can be increased -
and since integration time is inversely proportional to azimuth resolution,
time will be available at the expense of the number of independent Tooks
averaged, to scan the radar beam over various image cells over a wide
swath. This is the basic concept behind SCANSAR.

1.3 SCANSAR DESIGN THEORY

Claassen discusses the Ffine points of the SCANSAR design theory in
his paper (1975) which is the source for many of the equations used in

this section.

For a fully focussed SAR, the azimuth resolution limit is equal to




half. the physical length of the antenna. For an unfocussed system, the
azimuth resolution is a function of the operating wavelength and the
slant range to the image cell observed, Semi-focussed systems are

between these two extiremes:

—Ié--e:r.a] < -2—]
where
L. = physical length of the antenna
= operatihg waveléngth
ra] = azimuth resolution at the nearest image cell
R, = slant range to the nearest image.cell.

In this resolution range, tracking fitters (or their equiValent) must
be employed. The number of filters depends on the total Doppler bandwidth

Fd ,
: _ 2Vg. : -
Fa = 7L

‘and the number of filters is given by

M = ..F:EI.
a Afd

where Afd is the tracking bandwidth discussed earlier. |t would be
appropriate at this point to discuss the tracking filter CGncept._

The tsodops in the region broad side to the satellite and perpen-
dicular to the satellite track are hyperbolas as in Figure 3 for flat
terrain. In the region near the cross-track direction and for relatively
narrow beamwidths in both azimuth and elevation, these isodops are closely
approximated by parallel straight ]fnes paraliel to the zero isodop. This
is shown for an image cell in Figure 4. The tracking filters can then be
thought of as Forﬁing slightly displaced synthetic beams, each filter Afd
Hz wide, integrating returns from a.different azimuth strip. As the satel-
lite moves, the Doppler frequencies for each cell will shift and the filters
must be able to track the ghaqge.:vComb filters will be used to track

the time varying Doppler frequencies in the proposed design and will be

L




. Figure 3. Satellite isodops (top view)

TRACK |

= | S - _zero doppler line -
X L |___ directly perpendiculz
L | e | o the satellite

[mage Cell

—=1 0

. Figure 4. Image cell isodops. .
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discussed in section 4.
Since the antenna scans, .the.number of cross-track scan or image
. . . '
cells (rot pixels or resolution cells) in a swath is
(8

N 2 f.e]) / B,

cell

where 8, and 9] are the inner and outer look angles over which the beam

2
is scanned, _
Referring again to Eigufe 2,. the azimuthal width of the image cell

nearest the satellite track is

'Bh Zo
GAy = B Ry = 55 7,

Therefore for continuous coverage, the total time to scan over the range
of look angles is
GA, (8)
. I S
SLEW Vg

where GAI is the azimuthal width of the image cell closest to the satel-
lite track, and the aperture is constrained to it this cell.
Hence, the time available to look at each image cell is

-

+ . lslew
 CELL NeELL
TeELL must be greéater than or equal to E%;' to achieve the integration -
. : . . 2
time for the azimuth resolution at each subaperture. I[f TCELL > zﬁi; ,

there is time to take 2 or more looks at each image cell before scanning

to the next one. The number of looks is

Mooks = TeeL - A
- The PRF was set according to the range to the farthest Image cell
with a guard band of 2

C
PRF = LAR

-




and, Zo B, ‘tan‘é

AR = ‘205 e 3
2.
where 8, 1s the largest look angle.
Substituting,
c cos 8, -
PRF _—jlﬁo By Tan 8, :

Sampling the total Doppler bandwidth such that
PRF = 1.5 Fd

C Ccos 92

h. 6Zo Fd tan 9,2

B

The aperture height H is given approximately by' '

A
H = Bh
H = &
I\:lotirfg that Fo = T
y 6 Z, Fd tan _62
FO cosS 62
where Eb.= tarrier-frEquehcy.

1f the ground-range resolution - is specified in the design, the RF'
bandwidth will be given by

c
2r sin 8
r .

BW =
, . o
where 61 i{s the smallest pointing angle. The unchi rped pulse length is

~then

P BW

To compute the transmit power requirement, it is noted that the peak
return pOWer.wr'p from a single pixel (resolution cell) is '

2 a .
wtp A" o P Ty

W = -
P by 12 RE L

f

PR




where

, wtp = peak transmitter power
A = effective aperture of antenna
o® = scattering coefficient
R = range to cell
Lf = loss factor

The peak signal power in relation to the signal~to-noise ratio is

W F kT BW {5/N)
rp TG
p
where

F = receiver noise Tigure

k = Boltzmann's constant

T = receiver input nolse temperature
BW = RF bandwidth
GP = tracking filter processing gain

g = %%E- and can be thought of as the number of pulses integrated

d
necessary to achieve the desired resolution.

The peak transmitter power is related to the average transmitter
power by

_ By
wtp = ®RF i

- Therefore, the required transmitter average power is

v o b A2 RY L F kT (S/N) PRF
ta _ 2 o -
_ Gp AT g rarr

If O ax and O.in 27C the maximum and minimum scattering coefficients

expected in the interval (Bza 91): the telemetry bit requirement Ny is

o
N = ° max
b~ 3.01 ¢° min

presuming a gray scalé resolution equal to the minimum o°, |If an N bit

'ID

P




[T IO TR

word is trapsmitted for each resolution cell, the total number of bits per

scan cell is

Ny (ER;) . (GA;)

c _itl_ !‘a
where
GR] = Tength of image cell néarest satellite track
GA] = width of the image cell nearest satg?]ite track
r. = range resclution
rpo= azimuth resoiution.

The required channel capacity is then,

B
__ (> . '
CC = TZ- bits/sec.

1.k INTERPRETABILITY CONSIDERATIONS

The interpretability of images is strongly affected by pixel size
and by the degree to which speckle hides differences between pixels.
There are two considerations in choosing the spatial resolution (pixel
size) alone. Bandwidth is related to'ground-rénge'reso]ution by

c

BY = oo
r

as discussed in section 1.3. At small look angles, the bandwidth becomes

"quite large, in spite of modest ground range resolutions. Secondly, if

large azimuth resolutions are chosen, fewer filters are required and the

| complexlty of the processor is reduced.

According to Moore (1976), interpretabrllty I is related to resolu- '

tion by

I = |.e 'V/Vc
o8

where V = a volume descriptive of the resolution

n




[

V. = a1 effective volume characteristic of the features to be
interpreted.

The volume V, also known as the spatial gray-level volume (S6L) can be
expressed as

Vv = ry I‘r I‘g
where
ry = pirxel azimuth resolution
Fe = pixel range resolution
Fy = gray-level resolution.
Moore defines gray-level resolution for square-iaw detection as
W
P - N0
o 10
where
wNBO = paower level bealow which 90% of the fading signals lie with
N independent samples averaged
' wN}O _ level beloﬁ which 10% of the signals lie with N independent

samplies averaged.

This ratio is then a measure of the ratio of signal powers that bound

80% of the expected received levels; or in terms of picture quality, this
ratio is that within which 80% of the brightness levels are found. For a

Rayleigh-fading signal (coherent reception, no averaging) rgN = 21.9 while

for a photograph (where thousands of xndependent samples are averaged by
the panchromatic nature of 1ight), Fan = 1.

The potential resolution of the system using the full bandwidth for
range resolution is Fao by Mot Averaging signals from several cells
results in a larger cell as in Figure 5. In this case i5 smaller cells
have been averaged. Synthetic aperture systems may first process the
15 smaller pixels and add them together later or use subaperture proces-
sing in azimuth. r__ would be the resolution limit for the fully
focussed SAR, %-where L is the physical length of the antenna.

12
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Pixel size.
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Figure 6a shows the resolution volume. Rewriting the SGL volume as

¥V =
rl"

[rq (W [rg (0]

where

z1lows for better observation of the inter-relation of the three quan-
tities Fae P and rg. This definition of ¥ states that the interpret-
ahility is dependent on the area of the pixel and not just its linear
dimension.

The minimum volume (best effective resolution) occurs where N g (N)
is @ minimum, if re is fixed. rg (N) decreases rapidly as N goes from 1 to
a small number, and then it decreases more slowly. The product Nrg(N) is
plotted in Fibure 6b, where the minimum is shown to lie between N = 2 and
N=3. Since the picture guality is better for N = 3 than for N = 2, anrd
since effective resolution is equivalent, N = 3 gives optimum results for
visual interpretation. For quantitative measurement of scattering coef-
ficient, N = 3 results in excessive uncertairty and some resolution must
be sacrificed by making N larger to improve the precision of the measure-
ment. - ' |

Regarding SCANSAR, and thinking of N as the number of looks per pixel
in each scan cell, the tradeoffs between azimuth resolution and interpret-
ability become apparent. The number of looks NL is given by

T

NL - c:ll = (Tcell) (Afd)
where
Tcen dwell time on each image cell
Afy = tracking bandwidth
T = integration time necessary to achieve the desired

azimuth resolution. ,
The tracking bandwidth is directly proportional to the azimuth resolution.
For fine resolutions, Afd is small and therefore the number of looks is

small (and the number of filters needed to process the Doppier bandwidth)

14
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is large). For somewhat worse resolutions, Afd is larger, the number
of looks increases, and the interpretability goes up until N = 3,

Obviously very coarse azimuth resolutions are unwanted due to their low

information yieid,
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2.0 SYSTEM PARAMETERS

2.1 [INTRODUCTION

The relationships discussed in 1.3 were compiled by Ciaassen into
a computer design program entitled ''SCANSAR". This program has since
been modified somewhat and an updated listing can be found in Appendix
A.

2.2 PARAMETER SELECTION

Two swaths determined by two look angle spans were chosen in order
to accomodate both the sea ice and different parts of the water resources
missions. An anguiar span of 7°-22° was chosen since according to
Ulaby (1976), the sensitivity to soil moisture is greatest at small
angles of incidence. A 22°-37° span was chosen for studies of snow-
covered terrain, standing water, glaciers, lake ice, |cebergs and sea
ice. Although several candidates for operating wavelength were consid-
ered, 0.063 m (~ 4.75 GHz) was chosen for two reasons. First, 4.75 GHz
is considered a near-optimum frequency for viewing soil moistures when
the ground is covered with vegetation (Ulaby, 1976). Second, the number
of tracking filters is proportional to wavelength and 0.063 m was the
smaller wavelength relative to other possible selections. _

The aperture length was selected at 3 meters, ‘the spacecraft alti-
tude at 435 km, and the spacecraft ground velocity at 7.2 km/sec. 50
meters was chosen for the azimuth resolution, but at small incidence
angles, 50 meter range'resolution involves excessive bandwidth.

‘Hence, 150 m range resolution was decided on for the inner

edge of the near swath (7°-22° angle range) and 50 m by 50 m was used

in the far swath (22°-37° angle range). _ The transmit power was based

cn readily avallable scatterlng data, a loss factor of 7 dB (3 dB one-

way attenuation between antenna and transmitter and 1 dB 2-way atmospheric

" loss), a signal-to-noise ratio of 3 dB (for the smallest ¢°), an aperture

efficiency of 75%, and a receiver input noise temperature of 300° K.

16 . REPRODUCIBILITY Lp ©
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The program 1s set up such that the angles input as the view angles
are, in reality, the pointing angles. Hence, the actual range of illum-
ination is somewhat larger due to the beamwidth of the antenna (which is
assumed constant over the swath). A probiem that has arisen from time
to time is that of gaps appeariﬁg between the image cells at adjacent
view angles. Since the beamwidth is a function of aperture height, which
is a function of the largest look angle in the swath, this angle must be
chosen with care, A good assumption to start with would be allowing the
actual inner and oquter edges of the swath illuminated by the extremes of
the beamwidth at the inner and outer pointing angles to be 7° - 22° or
22° - 37° and increasing the number of cells in the swath by 1. Using this
criterion, the actual input angles were 8.4° and 20.8° for the near swath
(actual coverage from 6.7° to 22.4°) and 22.0° and 36.2° for the far swath
(actual coverage from 22.1° to 36.9°). Computer runs for the two swaths
follow. The "“"transmit power" number is the avérage. The processor gain
can be thought of as the number of pulses integrated to achieve the desired
resolution., The number of filter banks Is the number needed for the process-
or to keep the Doppler shifts from ground targets in focus over the swath.
The scan time is the total time for the antenna to scan over all the image
cells in fhe swath. The time per cell is the amount of time the antenna

dwells on each image cell.

2.3 CONCLUSIONS

In'examining'the System parameters and:coverége'output 1istings,
several comménts can be made. A relatively small antenna 3 meters by 2.4
meters could handle the system requirements. The average transmit power
is a modest 15 watts in the far swath. 6 looks are obtained in the near
swath, 3 in the far., Although the number of filters is fairly large, _
only one bank is needed for each swath, a filter bank being related to

the radai's abfility to track the Doppler returns over the swath, which

is diséussed in more detail in Section 4,0. Perhaps most important; the
 scanning SAR was able to provide toverage of 130 to 150 km compafed with

fixed angle coverage of only 15 to 30 km. Thus, for soil moisture obser-

17
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vation, a scanning SAR looking out both sides of the satellite track
could offer a total swath width of 260 km with a 50 m azimuth resolution.
At a near optimum frequency of 4.75 GHMz, using two 3 by 1.07 m antennas
and 370 tracking filters, a transmitter power of 27 watts and a telemetry

channel of 4.8 megabits/second are required.
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3.0 RADAR SYSTEM AND ANTENNA

3.1 INTRODUCTION

Based on the parameters discussed in section 2.0, the transmitted
pulse length T is the reciprocal of the RF bandwidth (6.8 MHz for the near
swath) and the PRF is 7200 Hz. The duty cycle is defined as the ratio
of the time the transmitter is puised to the interpulse period or

D =

—f~

-
where T = =gF

Using the above numbers, D = .106%. The transmitter average and

peak powers are related by the duty cycle as

My = D % Mo

If W, is 15 watts, then the peak power is 14.2 KW, This very high
peak power can be reduced by using chirp techniques to expand the trans-
mitted pulse and increase the duty cycle. Using a 100 to 1 chirp, the

‘transmitted pulse length becomes 14.7 microseconds, the duty cycle

becomes 10.6%, and the peak power becomes a more modest 142 watts.

3.2 PULSE COMPRESSION. TECHNIQUES

Although many pulse compression techniques have been developed,
passive Tinear FM and active phase coded implementations are the most

widely used. Either implementation could be used in the SCANSAR design.
3.2.1 Linear FM

The Tinear FM or chirp waveform is reiativeiy'easy to generate and

because of its ease of Implementation it has became one of the most

- popular pulse compression techniques. Two classes of devices are used

in generéting and processing chirp waveforms: 1) ultrasonic devices in

which an electrical signal is converted to a sonic wave and back, and

2) electrical devices that use the dispersive characteristics of efec-
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trical networks., Many types of devices exist in both classes, however,
one of the best devéloped technologies is found in the area of disper-
sive delay lines which belongs to the ultrasonic class - specifically,
the surface acoustic wave (SAW) delay line.

SAW dispersive delay lines use an Input and output array of elec-
trodes on the same surface of a piezoelectric plate (nondispersive
medium) to create a 1inear delay-vs.-frequency characteristic. If an
electric signal is applieddto the electrodes, a surface wave is gener-
ated; conversely a surface wave applied to the electrodes will induce a
voltage across them. The delay~vs.-frequency behavior is determined
by the electrode spacing, which can effect an up or down~chip depending
on the orientation. Figure 7 is a block diagram illustrating the use
of a SAW delay line chirp generator and decodei. Here, a signal is down-
chirped, mixed up to some carrier frequency and transmitted. The
received signal is then mixed down to some intermediate frequency
(typically 30-500 MHz) and up-chirped. In practice, the same disper-
sive delay line may be used for both the transmitted and received
signals. Several manufacturers including Plessey and Andersen Labors-
tories offer product lines with SAW dispersive delay line pulse~compres-
sion ratios as high as 625. '

3.2.2 Phase-coding

Phase coded waveforms differ from linear FM in that the pulse is
divided into several sub-pulses, each of equal length and a particular
phase. The phase is selected in accordance with a phase code. Binary
coding, the most popular, consists of a sequence of Is and 0s or +1s and
-1s, the phase of the transmitted signal alternating between 0° and 180°

in accordance with the sequence as in Figure 8. The compression ratio is

.equal to the number of subpulses in the waveform.

A special class of binary codes, the Barker codes, are considered
optimum in the sense that the peak of the autocorrelation function is
N and the sidelobe magnitude less than or equal to one, where N is the

number of elements in the code. At present, Barker codes are known only
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up to a compression ratio as high as 13, Longer phase codes can, of course,
be used for greater pulse-compression ratios. They are not optimum in the
Barker-code sense, but codes with reasonable sidelobes exist and can be
used. . _ .

A matched-filter receiver for phase coded waveforms is given in
Figure 9. The received signal is passed through a bandpass filter
matched to the subpulse width and applied to a tapped-deiay Tine. The
taps are spaced at intervals of the subpulse width; the phase shift at

each tap being 0° or 180° in accordance with the phase code.

3.3 RECOMMENDED HARDWARE

3.3.1 Power Output Amplifier

V The selection of the power output amp]ifief may he made from three
candidates: the travelling-wave tube (TWT) the klystron, and the solid
state amplifier (SSA). At 4.8 GHz, the SSA, although ideal ‘in many ways
is limited in its maximum power output to a peak power on the order of
100 watts. The klystron stability is as good or better than the TWT
but it suffers from a lack of bandwidth. The recommended TWT has the
best overaill bandwidth and efficlency (single stage efficiency running
at about 25%). The TWT also has an excellent track record concerning.its
use on spacecraft. The Hughes family of spa¢e~qualified TWT's can boast
over 800,000 hours of failure-free life-test and space operation. See

Erickson (1975) for more detail concerning power output amplifiers.’

3.3.2 Receiver Front—-End

Perhaps the single most important consideration amongst receivers

is noise. Possible choices for the low noise amplifier (LNA) are the

parametric amplifer, the transistor amplifier, and the tunnel-diode
amplifier {(TDA). According to Erickson (1975), these three amplifiers
have noise figures at 5§ GHz of épprox?matély 0.5 dB, 2.3 dB, and 4.5 dB
respectively. With a total noise figure of 5 dB for SCANSAR, the TDA
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can be rejected immediately. Of the paramp and the transistor amplifier,
the latter can claim high reliability, large dynamic range, high power
output, non~critical power supply, and Tow weight. With advancing
technology the noise figure of the transistor amplifier may be reduced
even further, so it would make an excellent choice for the SCANSAR LNA.

3.4 ANTENNA CONSIDERATIONS

Considering the aperture height at the maximum range in the far
swath, a 3 meter by 3 meter electronically scanned antenna could handle
the SCANSAR system requirements. Two antennas would be used for a
double~sided SAR. Electronic scanning is desirable in that a minimum
amount of time (1 to 3 microsecpnds) is spent changing pointing angles.
Fong (1976) considers other benefits to electronic scanning including
computer operation and reliability. The nominal pointing angle for
each swath should be the farthest one. In the computer design, a con-
stant heamwidth was assumed over each swath. In reality, the beamwidth
is inversely proportional to the tangent of the pointing angle so the

beamwidth increases with decreasing angle. For purposes of coverage,

therefore, [t would be desirable to set the beamwidth according to the
farthest pointing angle and scan the beam inwards towards the satellite.

Another alternative antenna structure is a parabolic reflector with
mulitiple, off-axis, feeds. The number of feeds required is 5 or 10
depending on the swath to be observed. Total scan is about 30°, so
pointing at 22° would allow a scan of + 15°. Since the feed for such an
antenna need be off-axis by only half the scan angle, feeds need only
occupy space‘i_7.5°‘from the “horizontal' axis of the antenna. Such an
antenna might well be significantly less expensive than a scanned array,
particularly in view of the extensive experience with reflector antennas
on communication satellites.

Before reflector antennas can be considered as real candidates for
SCANSAR, a thorough study should be made of the effect of aperture biock-

age on sidelobes and consequently on ambiguities.
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4.0 PROCESSOR

H.1 INTROBUCTION

Although digital SAR processors are presently quite popular, analog
processors offer another means for processing radar images on-board and
in real time. The recommended processcr uses comb filters implemented by
recursive use of analog shift registers. _

In this form, the various range elements are processed sequentially
as a signal circulates around a delay element and is added to the incoming
signal. The comb-filter has a set of passbhands spaced as the Fourier
components of the received pulse, permitting narrow bzad Doppler filtering
while retaining the wideband characteristic of the pulse necessary to

retain range resolution. An obvious benefit to using this type of proces-~ .

sor is that the amount of storage necessary to process the returns is
considerably less than those processors which batch process the range
cells, since here no memory is required for individual signal elements.

.2 COMB FILTER CONCEPTS

SAR data processing involves correlating chirp waveforms generated
by varying Doppler shifts as the radar travels past targets on the ground.
If the integration time necessary to yield a required azimuth resoliution
is T and if the system PRF is F, then the number of pulses, N, integréted
during the building of each synthetic aperture is

N = TF.

In a comb filter, each return is delayed by the repetition period and
summed with the next incoming return, this cycle being repeated until
all N pulses have been added together. Only signals having the proper
period add each time, the others drift in and out of phase during
integration. ' A

The comb-filter pass bands are spaced such that they align with
the Fourier components of the received pulse as in Figure 10, The
effect of Doppler shift is to introduce an offset in the spectral com-

ponents, so the comb-filter must be phase shifted by this amount as in
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Figure 11. The system, then is composed of a set of comb~filters, each
tuned to accomodate the Doppler shifts from a particular azimuth element
such that the entire range of Doppler frequencies over an observed area
on the ground is within the total passband of the processr,,

As shown in Figure 12, a comb filter consists of a delay device,
a tunable phase shifter, and a weighting amplifier. The delay device
samples the first return and holds it for the proper period, the phase
shifter tunes the filter for the desired Doppler shift and the weighting
amplifier is used to reduce the sidelobes in the sin x/x character of the
comb teeth. After the proper number of pulses is integrated by the filter,
the composite waveform is fed into a buffer for temporary storage. 198
filters per side are used to facilitate both swaths.

According to Komen (1976 } in order for pulses from the same azimuthal

strip to add in phase,

¢ - WnT = =27r
where
¢ = phase shift to tune each filter ;hannel
wn = |F frequency of the returns
=
T = FRF
r = some integer.
; - _
Since wn = nwo where wo = 5
= &
wn T + nwo
] 1Y
wn+] =5 * {me1) wﬁ'

where wn and wn+1 are harmonice of wb. These two equations show that a

constant phase shift ¢ introduced at some frequency wn will appear in all
the harmonics of that fregquency.
The expression for the pulses circulating the loop & times can be

written as

)
w
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Figure 10. Comb filter passbands showing carrier and
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Figure 11. Comb filter passhands phase-shifted to

account for Doppler shifting.
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Figure 12. A comb filter delay line.
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where §_ is a small offset from wn'

Rewriting, the expression becomes

.ZTGn
J(”n + ﬁn)t sin — J(Q-I)Tﬁn
I a e TS e 2
n 0 - sin —2
2
JW +8 )t
It is noted that I a_e " represents the original signal wn with
n

the 6n offset. The sin nx/sin X expression shows the comb response. As

ﬁn is small, the last factor can be neglected.
Introducing the weighting amplifier with gain K, the circulation
expression becomes
jW+s )t 8
1 ae 10 K
n .
n i

e JlﬁnT
Standard methods in antenna and filter design can be used to establish
weights (Ki) that give the desired sidelobe suppression with the usual
widening of the main response.

Since the Doppler shift for any point target decreases linearly in
frequency with time as the radar passes the target, the processor must
take this into account. The SCANSAR system converts this vérying fre-
quency to a fixed frequency by beating the incoming signal with an
appropriate reference function varying at the same rate as the signal
from the point target. As the satellite moves, the ground returns will
shift in frequency but after beating with the propoer swept local
oscillator signal,” the return from each azimuth remains fixed. Impie-

mentation of the comb-filter Tollows.

4.3 DESIGN CONSIDERATIONS

L.2.1 PRF Diversity

- The tracking bandwidth Afd, the integration time t©, the beamwidth
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Bh’ and the pulse width Tp are listed below.

t_ A, {Hz) T {sec) Bh (®) T, {sec)
j Near Swath  26.0 0.03846 3.376 147 % 1078
Far Swath 24.2 0.04132 1.513 130 x 10'5 i

Assuming the beamwidth constant, the actual total angular coverage for
each scan position for both swaths is listed in Table 1.

In examining the actual angular coverage at each scan position,
an interesting probiem arises. The beam energy will strike the near
edge of each image cell before it strikes the far edge. Since the | =~
range R is a function of known angles, the actual times the returns |
arrive at the antenna can be determined by

T = 2R

" where ¢ = speed of 1ight.

The transmitter will send out pulses every 3%?-seconds. After K
pulses, the returns will begin arriving at the antenna at an interval of
every ﬁér-seconds. Upon closer examination of the transmit and receive
times it can be observed that at certain pointing angles, the returns
will arrive during the time the transmitter is supposed to be trans-
mitting.

For example, Table 2 lists the actual times a pulse will return from
the inner andvouter edges of each scan cell (the HP-25 calculator program
which generated the data for this Table can be found in Appendix B),
neglecting transmit puise length. Table 3A shows the pulse transmit
times at a PRF of 7200 Hz. It is observed that a pulse is being trans-
mitted while the returns from near swath scan cell 4 and far swath cells
2;'6, 8, and 10 are being received at the antenna. This highly undesir-
able condition can be readily resolved by studying other PRFs that satisfy

e

the ambiguity relationships and selecting one to use as an alternative
at the selected pointing angles. A PRF of 7050 Hz was chosen and as
Table 3B shows, the problem is solved for the aforementioned scan

positions. This means that slightly fewer pulseé are integrated. The
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TABLE 1.
NEAR SWATH

» Beam . Antenna Beam

Scan Position Near Edge _Pointing Angle Far Edge
1 6.712° 8.400° 10.088°
2 - 9,812° 11.500° 13.188°
3 12.912° 14.600° 16.288°
Iy 16,012" 17.700° 19.388°
5 19.112° 20.800° 22.488°

FAR SWATH

Beam Antenna Beam

Scan Position _Near Edge Pointing Angle Far Edge
T 22, 144° 22.900° 23.657°
2 23.622° 2l;,378° 25.135°
'3 25.100° 25.856° ' 26.613°
. 26.577° 27.333° 28.089°
5 28.055° 28.811° 29.568°
6 29.533° 30,289° - 31.046°
7 31.011° | 31.767° 32.524°

8 32.488° 3324k 34.001°
9 33.966° 3h,722° 35.479°
10 35.444° 36.200° 36.957°
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TABLE 2.
NEAR SWATH

‘Time From Time From
Scan Cell Inner Edge OQuter Edge Pulse Length
1 2.92001 msec 2.94554 msec 25.52 msec

2 2.94305 2.97855 | 35.50

3 2.97523 3.02126 46.03

b 3.01705 3.07434 57.29
5 ©3.06917 . 3.13867 69.49 |
FAR SWATH | | '
Time From Time From ]
Scan Cell inner Edge Quter Edge Pulse Length j
1 3.13094 msec ' 3.16606 msec 35.12 msec %
2 3.16522 ' 3.20332 38.11 ° f
3 3.20241 3.24366 41.25
" 3.2h264 3.28717 bhsh
5 3.28613 3.33721 58,08 |

6 3.33306 _ 3.38487 ~ 51.81

7 3.38363 3.439k2 55.79

8 3.43804 - 3.49807 ' 60.03

9 3.49663 3.56122 | 64.58

10 3.55967 . 3.6291h o 63.47

34




.~ Puise Number

TABLE 3A.

PRF = 7200 Hz

21
22
23
24
25
26
27
28

Pulse Number

TABLE 3B.

PRF = 7050 Hz

Transmit Time

21
22
23
2k
25
26
27

35

2.77778 msec
2.91667
.05556
o 19h4kh
.33333
47222

61111

wWoWw oW W W W

. 75000

Transmit Time

2.83688 msec
2.97872
3.12057
3.26241
3.40426
3.54610
3.68794
3.82979
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number of pulses integrated in each swath for each PRF is listed below.

PRF = 7200 Hz 7050 H=z
Near Swath 276 271
Far Swath 297 291

It should be noted that in section 2, the computer listing foi the
near swath shows the process gain as 277. However, in rounding the
tracking filter bandwidth Afd to 26.0 Hz, the process gain reduces to
276 and the processor is designed around this number.

The PRF assignment for each scan cell of each swath is as follows:

PRF = 7200 Hz 7050 Hz
Neat Swath 1, 2, 3, 5 4
Far Swath I, 3, '[I'g 5, 79 9 2’ 6’ 8’ ]0

The PRF diversity does complicate the processor to some extent but

it can be handled easily enough.

4,3.2 Doppler Siope

- The SAR processor must correlate chirp waveforms generated by the

varying Doppler shifts as the radar travels past targets on the ground.
The SCANSAR system accomplishes this hy beating these waveforms with some
reference function varying at the same rate as the Doppler shifts. The
result is a. set of fixed frequencies which can be processed by the
proper comb-filter channel. It is then necessary to determine just how
much the Doppler shifts will change during the time it takes for one
took.

From the Westinghouse report {'Final Reporf.- Spaceborne SAR Pilot
Stuﬂy“, 1974), the instantaneous Doppler frequency and FM slope are directly

proportional to range rate (velocity) and range acceleration, respectively,
. |
fa = 3
. o
and g -76&
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Figure 13 shows how these quantities are related to inertial or flight
parameters. Triangle XYR forms a plane where X is the component of the
distance fromthe antenna center to the target in the direction of the ;
velocity vector. Y is the distance from the antenna center to the X plane
(earth's surface) orthogonal to X while R is the distance from the
antenna center o a target located along the X-axis. Hence, U
R® = % + v2.
Taking the time derivative of both sides,
RR = XX + YY . 3
However, Y = 0 since V and X are parallel and the satellite is assumed
to be flying a straight path. Therefore,
= oL . = -
R = R = Vecoso = VR
where
V = spacecraft velocity
VR = component of spacecraft velocity along the line of ' 5{:
sight to the target (LOS) @
¢ = angle between the velocity vector and the LOS to the targe.. §
Then, . :
2V
2y “ R
-Fd = 5~ cosa = v
Differentiating again with respect to time,
RZ+RR = X2+ XK + Y2+ vy
T R R - R R °
: : v
Since Y = 0 and substituting for R, ¥
| . 2 .. 2 ,
R o= Y a R cos” @) X cosa+¥Y sinc
2 .2 . -
= !_-5%5—-5- + X cos a+ Y sina

Ly
=J
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Figure 13.
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o - vaz
= TR T &%
where
Ve = V sin o = spacecraft velocity component perpendicular
to LOS
a_= companent of acceleration along LOS.

Thus, the Doppler FM slope is

-2 | _a |
A R 'y

: lfé

For a constant veleccity and a side looking radar,

2
fd R Hz/sec
where
Vg = satellite ground velocity
A = wavelength
R = range to the swath

To observe the Doppler shifts over the swath, the range R is
considered to the swath inner edge, center, and outer edge. -

The total change for one look is -
AF = f) (R) =

vihere T = intégration time for one look,

I the total change over the swath is less than the tracking band-

width : : : .
A7 (R,) - Af (R) = af,
where o _
P Range to swath inner edge
Ro = Range to swath outer edge,

the range elements remain "in focus'. |If this condition is satisfied,
one bank of filters will be able to process the returns.

reference function to vary as Doppler frequency changes in the center of
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the swath will enable the inner and outer edges to remain in focus.
The reference function could vary on a per-pulse basis tuned to the
swath center Af or

pc

AF = AF (R)
pc N
where
= number of pulses integrated
¢ = range to swath center.

A summary is given for both swaths in Table 4.

4.4 SYSTEM DESIGN

The radar system will transmit and receive at 4.75 GHz. The incoming
signal will be mixed down to 60 MHz and then to 5 MHz for use in the
filter channels. Figure 14 shows the frequency translation and the RF
bandwidth of the returns.

A better picture of what is to happen can be seen by expanding Figure
14 in the 5 MHz region and showing the comb of spectral components over
the 6.8 MHz bandwidth of the near swath as in Figure 15, The 4.8 kHz
spread about each spectral line is the Doppler Frequeﬁcy sptread. In
order to sample the return information properly, the processor sampling
frequency must be at least twice the highest fregquency over the bandwidth
or,'at'least 16.8 MHz. Expanding this figure about the center frequency
as in Figure 16 shows the individual filter positioning over the Doppler
band. 198 filters will cover the Doppler returns from both sWaths. Only
185 of these are needed for the near swath.

The basic processor for the SCANSAR is shown in Figure 17. The proc~

essing system takes the range~-offset coherent video signals from the
radar system, preprocesses them with a scanning local oscillator, comb-
filters simultaneously observed banks of azimuth elements and delivers
the processed pixels to the telemetry éystem for transmission back to

earth. Examination of the sgbsystems follows.
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TABLE &,

Near Swath

Far Swath

3757.32 Hz/sec

3656.39 Hz/sec

3496.58 Hz/sec
140.62 Hz

10.03 Hz

.509 Hz/pulse

.519 Hz/pulse

3504.20 Hz/sec

3273.10 Hz/sec

3023.15 Hz/sec
135.25 Hz

19.87 Hz
455 Hz/pulse

L65 Hz/pulse

Doppler slope to the swath Inner edge, center, and

outer edge

total Doppler frequency change over cne look at the

swath center range

1l

[

tuned to the swath center

b1

change in total Doppler frequency over the swath

change of reference function on a per-pulse basis
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Figure 14. RF to IF frequency translation
showing RF bandwidth.
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Figure 15. RF bapdwidth on 5 MHz filter channel
carrier showing Doppler spread.
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L, 4.1 The Scanning Local Oscillator (5L0)

The SLO must provide a signal whose freguency varies at the same rate
as the Doppler shift change for a given pixel so the mixer output for each
pixel is a constant frequency as in Figure 18. In the figure, the Doppler
frequency shifts from three point targets of adjacent along-track pixels‘
are shown to be linearly decreasing functions of time. Mixing with the
SLO yields a set of constant frequencies which can be filtered with fixed
filters in the channel bank.

The SLO can be implemented by considering that the Doppler slope is
known and the change of Doppler frequency has been calculated on a per-
pulse Hasis in section 4.3. One method would b~ phase-shifting the SLO
at certain increments after a specified number of pulses has been received
to produce the desired frequency shift. Another would be using balanced
modulators,

a. SLO by Phase Shifting
Frequency w is defined as the change of phase ¢ with time or,

¢ = Jwdt

Since it is desired to change the frequency with time,

@ = J (w+ Aw) dt

where Aw is the total change in Doppler frequency during one look. As

shown earlier, the total Doppler shift is given by

Aw = at
where
a = Doppler siope v
t = time for one look.
Integrating,
,Q = thj; -%vai:2

where %-atg is the total phase shift during one Took.
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Substituting,

1 2. _ 1
5 at ) .AWt
_ 2mAft 180° _ o
$ = - X = 180° Aft

Using the numbers from Table 4 of the preceeding section,

¢ (Total, Near Swath) = 973°
¢ (Total, Far Swath) = 1006° .,
The phase shift A between any two returning pulses e and tos is -
12 1.2
Ap = —atn-!-'l Eatn ‘
!
1 2 2 . -3
= 37 8 (tn+1 B tn )

Z ] _ i
= g 4 (tn+1 * tn) (tn+1 tn)

Recognizing the last term as the repetition rate ( 5%?‘),

a ( tn+]

PRF :

A = 5

where the term in parentheses is the actual average time coordinate for

2 adjacent pulses, T

avg
60°
Ad (deg I'EES) = S—ID-R—F—E- Tan . ===

Since there are two PRFs and a Doppler Slope (a) for each swath, this

equation can be rewritten as

‘ A¢_(degrees) = KT %/
where i ;
- 360°a | i
K= “prr y |
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Values of K for each PRF and swath are listed below,

PRF = 7200 H=z ' 7050 Hz
Near Swath - 182.81950 186.70928
Far Swath 163, 65950 167.14162

A FORTRAN computer program (sée Appendix C) was written which calculates
the phase shift necessary for each returning pulse. It would be more
feasible to introduce a phase shi¥t every X degrees instead of for every
pulse. Since it is desired that the Trequency decrease with time, the
phase shifting process will proceed faster with earlier pulses than with
jater ones.

Tables 5 A, B, C and D show the resulté of introducing a phase shift
every 20°. These resuits were obtained by taking the computer output
listings in Appendix C, starting from the last pulse, calling it pulse ]
and working backwards. As can be seen, the earlier arriving pulses are
grouped in 35 and 4s while later on, 10 pulses are grouped per 20° phase
shift. The groupings were keyed on the 7200 Hz PRFs for each swath with
these same groupings used for the 7050 Hz PRF.

SLO system operation proceeds as follows. The 60 MHz [F will be
mixed with the 55 MHz SLO signal to place the return on a 5 MHz carrier.
The counter will count the proper number of pulses and will switch in the
proper amount of phase-shift such that after all the pu]sés for one look
have returned, there will have been a cumulative phase-shift of 973° or
1006° depending on .the swath. 49 ]umped-constant phase shifters are
needed for the near swath, 50 for the far, as in ngure 19. The average
error over 1 look is essentially zero and the largest error after a given
phase~shift is approximately 20° which amounts to about 3 Hz of Doppler

shift. Future studies could attempt to optimize the error for each PRF.

b, SLO by Balanced Modulatars

The use of balanced modulators is actually a single sideband tech-
nique which involves mixing two signals and getting out one of the two
sidebands. This method is especially useful where the sidebands are | |
close in frequency to the input signals. This system involves two sub-
systems: é chirp reference generator and the miﬁer. The basic configura-

tion is shown in Figure 20,
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TABLE 5A

NEAR SWATH PRF = 7200
Returning Pulses Total Actual Total Using
Pulses Shifted... . .Phase Shift - 20° Increments
1-3 3 20.99° 20°
46 3 41.75° Lo°
7-9 3 62,28° 60°
10-12 3 82.58° 80°
13-15 3 102.65° 100°
16-18 3 122.49° 120°
19-21 3 142.11° 140°
22-24 3 161.49° 160°
25-27 3 180.65° i80°
28-30 3 199.58° 200°
31-33 3 218.28° 220°
34-36 3 236.75° 240°
37-39 3 255,00° 260°
L0-42 3 273.01° 280°
43-45 3 290.80° 300°
L6-48 3 308.36° 320°
49-52 L 331.42° 340°
53-56 Y 354,06° 360°
57-60 b 376.30° 380°
61-64 b 398.14° Loo°
65-68 4 413.57° k2o°
69~-72 L 440,59° 4ho°
73-76 b Le1.21° - heo°
77-80 L 481.42° 480°
81-84 b 501.50° - .- 500°
85-88 b 520.62° 520°
89-92 b £39.62° 5ho°
 93-96 4 © 558.20° 560°
97-100 T h 576.38° 580°
~ 101-104 4 Lok, 16° 600°
- 48
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NEAR SWATH PRF = 7200 (CONT.)

Returning Pulses . Total Actual Total Using
Pulses Shifted .Phase Shift 20° Increments
105-108 4 611.53° . 620°
109-112 4 | 628.49° 640° ;
113-117 5 649.12° 660°
118~122 5 669.12° 680°
123-127 5 688.48° 700°
128-133 6 710.78° 720°
134-139 6 737.36° _ 750°
140-145 6 752.92° 760° | -
146-152 7 775.76° 780° |
153-159 7 797.36° g00°
160-166 7 817.71° 820°
167-173 7 836.31° 840°
174-180 7 854.68° 860°
181-188 8 873.57° | 880°
189-197 9 892.88° 900°
198-207 0 911.93° 920°
208-222 15 935.73° 940°
223-242 20 958.58° 960°
243-276 34 974,12° 973° #

* 13° increment
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TABLE 5B

NEAR SWATH PRF = 7050

Total Using

Returning Pulses Total Actual
Pulses. Shifted.... ..  Phase.Shift 20° Increments
1-3 3 21,49° 20°
L-6 3 L2, 7h° _ 40°
7-9 3 63.76° 60°
10-12 3 84, 54 8a°
13-15 3 105.07° 100°
16-18 3 125.37° 120°
19-21 3 145,43° 140°
22-24 3 165.25° 160°
25-27 3 184,847 180°
28-30 3 204,19° 200°
31-33 3 223.29° 220°
34~36 3 242.16° 240°
37-39 3 - 260.70° 260°
Lo-42 3 279.19° 280°
43-45 3 297.34° 300°
L6-48 3 315.26° 320°
49-52 4 338.77° 3h0°
53-56 L 361.87° 360°
57-60 L 384%.54° 380°
61-64 b 406 .78° 40o°
65-68 4 428.61° 420°
69-72 L Lkso,01° Lko®
73~76 4 470.98° 460°
77-80 4 491.53° 480°
81-84 h 511.66° 500°
85-88 h 531.36° ' 520°
89-92 . 4 500.64° 5h0°
93-96 4  569.50° - 560°
97~100 4 587.93° 580°
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NEAR SWATH - PRF

7050 (CONT.)

Returning Pulses Total Actual Total Using
Pulses Shifted .. Phase Shift 20° Increments
101-104 it 605,94° 600°
105-108 b - 623.52° 620°
109-112 b 640.69° 640°
113-117 5 - 661.54° 660°
118-122 5 681,73° 680°
123~127 5 701.27° 700°
128-133 6 723.83° 720°
134-139 6 7h5.44° 740°
140-145 6 766.10° 760°
146-152 7 788.99° 780°
153~159 7 810.59° 8oo°
160-166 7 830.89° 820°
167-173 7 849.89° 840°
174-180 7 867.60° 860°
181~188 8 886.24° 880°
189-197 9 905.19° 900°
198-207 10 923.73° 920°
208-222 15 946.57° 940°
223-242 - 20 967.76° 960° .
243-271 29 979.67° 973° *

* 13° increment
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TABLE 5C

FAR SWATH PRF = 7200 .

—— e -

Returning Pulses Total Actual Total Using
Pulses. Shifted Phase Shift =  20° Increments
1-3 3 . 20.22° 20° oo
b6 3 40,23° oo
7-9 3 60.04° 60°
10-12 3 79.65° 80°
13-15 3 99.05° 100°
16~18 3 118.24° 120°
19-21 3 137.24° 140° B
22-24 3 156.02° 160°
25-27 3 174.60° - 180°
28-30 3 192.98° 200°
31-33 3 211.15° 220°
34-36 3 229.12° 240°
37-40 4 252.76° 260° |
b1~k i 276.04° 280° 3
45-48 4 298.95°  300° |
49~52 4 321.50° 320° g
53-56 i 343.68° 340° -
57~-60 4 365.50° 360°
61-64 L 386.96° 380°
65-68 4 L408.05° 400°
69~72 4 L28.78° 420°
73-76 b Lh9,15° LT
77-80 4 469.15° 460°
81-84 4 ~ 488.79° 480°
85-88 A '508.07° ~ 500°
89-92 4  526,98° 520° ;
93-96 b 545.53° 540°
97-100 s 563.53 560°
101~104 4 581.53 580°
105-108 4 598.99 - 600°

52




FAR SWATH PRF = 7200 (CONT.)

Returning Pulses Total Actual Total Using
. Pulses Shifted .Phase Shift 20° Increments
109-112 . b 616.08° 620°
13-117 5 636.94° 840° |
118-122 5 657.23° 660° b
123-127 5 676.95° - 680°
| 128-133 6 699.86° 700°
134-139 6 721.95° 720° |
140~145 6 743.23° 740° 1
146-151 6 763.71° 760° |
5 152-157 6 783.33° 780° | _ ui
. 158-163 6 802.15° 800° *
; 164-163 6 820.15° 820° i
| 170176 7 840.12° 840° : i
177-184 8 861.58° 860° , ;
: 185-192 8 881.58° - 880° %
‘ 193-201 9 902.34° ~ 900° |
B 202-210 9 921.27° | 920° |
- 211~220 10 940, 14° gho° ]
a 221-233 13 961.27° 960° !
§ 234~249 16 982.00° 980° é
250-297 48 1009.27° 1006° * |
. % 26° Increment. - ' . | | i
| |
, E |
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TABLE 5D

FAR SWATH PRF

= 7050

2 L A il

Returning Pulses Total Actual Total Using
.Pulses Shifted Phase Shift 20° Increments
1-3 3 20.66° 20°
L-6 3 ST N Lo°
7-9 3 - 61.34° 60°
10-12 3 81.37° 80°
13-15 3 101.17° 100°
16~18 3 120.77° 120°
19-21 3 140.15° 140°
22-24 3 159,32° 160°
25-27 3 178.27° 180°
28-30 3 197.01° 200°
31-33 3 215.54° 220°
34-36 3 233.86° 240°
37~ko 4 257.95° 260°
L1-44 4 281.66° 280°
L5-48 L 304,98° 300°
k9-52 b 327.93° 320°
53-56 4 350.50° 340°
57-60 4 372.69° 360°
61-64 b 394.51° 380°
65-68 h 415,94° Lo0°
69-72 b 436,99° 420°
73-76 4 L57.66° 4ho°
77-80 4 477.96° 460°
81-84 4 497.87° L80°
85-88 b 517.41° 500° |
89-92 L  536.56° 520°
93-96 b 555.34° 540°
97~100 4 573.74° 560°
104-108 4 591.76° 580°
109~112 h 609.40° 600°
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FAR SWATH PRF =

7056 (CONT.)

Nhiem

* 26° lncrement

55

Returning Pulses - Total Actual Total Using
. Pulses Shifted .. .. . Phase Shift 20° Increments

113~116 4 626.65° 620°
117-121 5 647.70° 640°
122-126 -5 668, 14° 660°
127~131 5 688.00° 680°
132-137 6 711.04° 700°
138-143 ) 733.23° 720°
1454-149 6 754,57° 740°
150-155 6 775.05° 760°
156-161 6 794.68° 780°
162-167 & 813.46° 8oo°
168-173 ) 831.38° 820°
174-181 7 851.21° 840°
182-189 8 872.46° 860°

- 190-198 8 892.18° 880°
199-207 9 912.56° 900°
208~217 3 931.01° 920°
218-227 10 949,27 940°
228-240 13 969.46° 960°
241-256 16 988.80° 980°
257-291 42 1010.71° 1006° =
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The reference generator supplies a voltage ramp (which varies pro-
portional to the Doppler shifts from the ground) to the voltage controlled
crystal oscillator which provides the chirp to the balanced modulatnrs.
The VCX0 signal is split-into two parts, one of which is phase-shifted
by 90°. The VCXO0 signal is mixed with a 54.9 MHz signal from the fre-
quency synthesizer which is also split with one component undergoing a
90° phase shift. When the mixed signals are recombined at the summing
point, the 54.8 MHz component cancels, leaving the chirped 55 MHz com-
ponent.

The reference function can be generated digitally as in Figure 27.
The VCX0 requires a control volitage in order to operate. Changing the
control voltage in a linear fashion will result in the VCX0 generating a
chirp. The control voltage is stepped down in the counter on a pulse-by-
pulse basis corresponding to the desired rate of frequency change. The
amplifiers provide the necessary gain to deliver the propér control
voltage to the VCX0 for the desired swath.

b k.2 Divider Network

The divider network feeds the SLO mixer output to each filter channel

simultaneously. T. E. Sponamore (1976) suggests using passive hybrid

networks such as those used in the Bell System L-% and L-5 carrier systems.

However, within the time frame of this report, the author was unable to

‘discern exactly how these networks function and what criteria must be

considered in their design. More research must be done in order to

find 2 way to implement a divider network for SCANSAR.

k. 4.3 The Filter Channel

A block diagram of a single filter channel is shown in Figure 22,
The basic operation of the channel proceeds as follows. The output of
the SLO mixer is a set of constant frequencies representing the Doppler
shifts from targets on the ground; the frequencies are functions of
azimuthal position reiative to the spacecraft. The SLO mixer output goes

to all 198 (or 185) processor channels simultaneously to be processed for
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A comb-filter channel.

Figure 22.
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range information. Reticon serial analog memories (SAMs) are used to sample
and hold the range information for 5%3 seconds., The maximum clock rate on
the Reticon SAM~64 is 12 MHz. Since at least 16.8 MHz is needed to sample
the returns, operating two SAM banks in parallel each at 10 MHz will give
the desired sampling, plus some oversampiing. A Z~phase clock is used to
separate the range elements such that SAM bank A handles the odd-numbered
elements and bank B the even-numbered elements. After the proper delay,
the range elements are recombined, low-pass filtered, and mixed up to 100
MHz to be phase shifted. The channel phase-shifter is selected according
to swath, the amount of phase-shift being determined by where the filter
is tuned, The comb-filter response is then weighted to reduce sideiobe
levels and the signal is mixed down, amplified, and added to the next in-
coming pulse. After all the pulses for one look have been added, the result-
ing waveform is demodulated and stored in the buffer bank.
a. Serial Analog Memories

The SAM-6L4 is a 64 bit analog shift register with independent read-in

and read-out clocks. Information read-in and read-out functions cannot
occur simultaneously in a storage element, hence one element is left

ﬁ% - "vacant, leaving 63 available for storage for this recursive delay line

- application. To determine the number of SAMs necessary to process the
returns, ft is necessary to_determine_thg number of pixels per image {scan)

cell. Referring to Figure 2, the slant cell length AR is given by,

AR = Bh R tan 8.

This same ffgure may also be used for a comparable view for a pixel by
replacing AR with re and S with Rr’ where rg is the slant range resolution
and Rr is the ground range resolution. ro is determined by the pulse

length <t
g P’

crp c
where
B = RF bandwidth = =~ .
: ' - P
Therefore the number of pixels P, is given by
- MR Bh R tan © _ 2B Bh R tanla
o ' rs c B
. - 6o
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-
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The number of SAM cells SC needed is the round-trip time for each
cell divided by the sample time Ts' In the slant cell length equation
R is only a one-way length therefore, replacing R with %? >

2 B_ R tan 8
§C = h . fs
c
where
- : w =
fs = sampling frequency = TE

For a sampling frequency of 20 MHz, near swath Bh of .059 rad and
far swath B, of .026 rad, the number of SAMs needed is given below as a

function of angle.

Near Swath Far Swath
8.4° 3 22.9° 11
20.8° 23 r 36.2° 23
22,488° * 25 36.957° * 23

*Farthest look angle due to beamwidth.

Since 25 is the maximum number of SAMs needed to process the returns,
the SAM banks referred to earlier can be arranged with 13 SAMS in each
bank for a total of 5148 SAMs Tor all the filter channels.

- The SAM banks in Figure 22 actually appear as in ngure 23, SAM's
Al and Bl are activated to sample a return puise. The counter counts
range elements and when all 63 positions are filled, the elements are
diverted to A2 and B2, etc. until all the range elements are stored. The
buffer bank operates in a similar manner. After 138.9 usec or 141.8 psec
depending on the PRF used, a start pulse from the contfollef starts the

readout clocks and the counter, and the range elements are recombined.

It should be noted that this entire process could be implemented digitally.

b. Phase-Shifter _
Shifting the center frequency of the filter by an amount less than

the spacing of the testh is accomplished:by using a frequency~independent
(al1 pass) phase shift, each channel requiring a different phase shift to

tune It to a different doppler frequency. Setting the Doppler filter band
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from 1000 to 5800 Hz (4800 Hz bandwidth) puts the zero Doppler frequency
at 3400 Hz. The necessary phase-shift ¢ to tune a chanpnel to a frequency
f for a given repetition rate T is |

¢ = 2« F T,

The individual filter bandwidths are 26 Hz (near swath) and 24.2 Hz
(far swath). Setting the phase shifts for the center at each band would
place filters at 13 Hz, 39 Hz, 65 Hz ... for the near swath and 12.1 Hz,
36,3 Hz, 60.5 Hz ... for the far swath.

Some phase-shifts as functions of frequency for the two PRF's are
given in Table 6,

All-pass functions have magnitudes constant for all frequencies and
are characterized by their poles and zeroces being images with respect to
the origin and with respect to the imaginary axis. A network such as in
Figure 24 could be employed.

c. Weighting

Amplitude weighting of the frequency comb is used to suppress the
sidelobes of the comb response. The first sidelobe resulting from a
uniformly weighted comb is approximately 13.2 dB below the peak. By
amplitude weighting, the sidelobes may be reduced to any desired level.
Unfortunately, reducing the sidelobes results in widening the main lobe
therecby degrading the resolution. For the terrain-mapping function of
SCANSAR, the sidelobe Tevels need not be as low as those for identifying
hard targets and as a result, the main Tobe will not widen as much and
the loss in gain is not as severe.

Table 7 shows the sidelobe levels for several basic distributions.
The SCANSAR was designed around the relation Bh = A/H (radians) or
57.3 A/H (degrees). From the table, it can be seen that this beamwidth
can be obtained by using a parabolic weighting with the value for A lying
between .5 and 0. Using A = .4 results in a half power beamwidth of
57.1 A/H with sidelobes 18.1 dB below the peak and a gain factor of
.952, These values are derived in Appendix D. The weighting can be
implemented by using a voltage controlled amplifier (VCA) whose gain
K is preprogrammed to weight the response as the pulses circulate through

the Toop.
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PN

Bt e

¢ (1000)
¢ (2000}
¢ (3400)
¢ (4800)
¢ (5800)

TABLE 6

Near Swath

50.000°
100.000°
170.000°
240,000°

290.000°
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Far Swath

51.064°
102.128°
173.617°
245.106°
296.170°
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the leop; in much the same manner as the SLO balanced modulator refer-

ence function generator.

%

TABLE 7. LINE SOURCE DISTRIBUTIONS *
HALF FOWER ANGULAR
BEAMWIDTH IN| DISTANCE 7O
bl B el Rkl i A
=13
~15%= E(u) /l’\\ /‘ \ b BELGW Max] FACTCR
] =
] I sinu LN A
S 4328 50.8% 573% B2 10
t{x)=1 ]
. az|io 50,82 5733 132 10
[ T e 5 8] sark 5073 I58 234
57 Zett-a1- 5562 6533 17 870
H{x)=1-{1-AYz? du a5.9% 8193 206 833
I NI R A A
oW | Firaa c8.83 859 23 8io
@z '
2 sinu e A b M
T oon = az23- nagd 32 567
T
052 I
_éll_ i |’ '

2 inze 2 ™ . .
> -5_-(-1-—) 7343 ias 264 a5
flxl=ted 21 -

From Jasik, H., ed., Antenna Engineering Handbook,

McGraw-Hill, 1961, p. 2-26.
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d. Gain Stabilization
It may be necessary to guarantee that the gain around the loop stay

a constant. This may be done by injecting a signal at a known frequency
and voltage as shown in Figure 25, recovering it via a frequency trap and
comparing the voltages. The difference voltage may be used to drive the
weighting amplifier to restore equilibrium.

e. Channel Summing Point

The channel summing point serves to add an incoming signal to one
which has circulated the loop. One unfortunate problem with the SAM is
that there is a 92.6% loss in signal amplitude in moving a signal through
one, due to the fact that a sample is stored on a 2 pf capacitance but is
read out through a 25 pf capacitance. This implies the use of an ampli-
fier to compensate for this loss. A circuit such as in Figure 26 could
be used to accomplish both tasks by using a summing-inverter op amp net-
work.

For example, let VA be an incoming signal and let VB be a signal
which has circulated through the loop and has lost 92.6% of its ampli-
tude. The voltage VO at the output of the summing inverter is given by

R R

A B
Vo, = R, (== + = )
0 F VA VB
where
RF = feedback resistor
RA’RB = input resistances.
Selecting RA = NRB = RF s
v, -+ NY
- A B\ _
Vo = Rg R ) = N + Y,

The gain due to the SAMs is g% or .07407. Therefore,

VB = .07407 x (SAM input voltage)
It is desired to have VB of the same order as UA. Let VIN = .01 voit.
VB = .0007407.
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Since
NUB = 0]
N = 13.5
so
Vo = VA + 13.5 VB

If VA is at a level of .01V, the following table traces the signé]
amplitude.

]
2
Pulse Vo Vg Vo Vg (= 7 VO)
i 0] ¥ oV .01V .0007407 V
2 0] .0007407 .02 .0014815
3 .01 .0014815 .03 .0022222
237 -01 2.97

The unity-gain inverter just inverts the output from the summing-inverter
with no change in gain. It may be desirable to switch in an amplifier
with a gain of 13.5 after the last pulse has been summed in and sent
through the SAH to be delivered to the buffer, however its location is not
critical and could be placed in the circuit directly preceding the buffer
itself.

L, 5 DETECTION AND BUFFERING

After all the necessary pulses have been integrated and mixed.
up to 100 MHz, they are full-wave detected to eliminate the carrier, low-
pass filtered.to yield a composite waveform and stored in the buffer bank.
A detection-filter bank configuration such as that of Figure 27 may be
used.

The detection process effectively halves the IF bandwidth, therefore
the bandwidths are 3.4 MHz and 3.85 MHz for the two swaths. Running the
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buffer SAMs at 8 MHz will sample both swaths. Computing the numrer of
SAMs needed from the expression in the preceding with fs = 8 MHz, 10 SAMs
are required for the buffers. The buffers contain the compressed azimuth
data observed by each filter. ‘ _
While the comb filter is summing the returns for one look the range
elements in the buffers from the preceding look can be read into the
accumulators. The returns for each look are then added to the appro-

priate addresses in the accumulators.

The basic buffer-accumulator arrangements is shown in Figure 28 and

with more detail in Figure 29. The huffers empty into 16-channel analog
multiplexing/demultip]exing switches such as the RCA-CDL067B which gate
the range sampies into an 8-bit A/D converter. From section 1, the

number of bits Nb is given by

. ao(max) d {min)
b 3.0103 *

The maximum number of bits is 7 in the near swath, hence the 8-bit A/D
converter. .
The conversion time Tc for reading out the buffer samples is given

by
= B
Tc NS
where

time for 1 look (.03846 or .04132 sec)
number of channels (185 or 198)
= total number of samples in each channel buffer bank (640).

n

TC is approximately 325 nsec for these values. An A/D converter such as
Datel's ADC-UH8B with a 100 nsec conversion time could be employed. The
A/D converter output could then be placed on a data bus to be read into
the accumulators. RCA-CDhO57A L-bit Arithmetic Logic Units (ALU) could
be used to implement the accumulators. These ALUs are capable of per-
forming up to 16 functions aithough their purpose here is for addition
of the looks. Each ALU contains a register and acts as a tri-state

device, An enable pulseAfrOm the controller can instruct the ALU to
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switch into the data bus to retrieve data. The ALUs for accumulators
186~195 could be switched to a high impedance state while the satellite
is operating in the near swath. Two ALUs are required to accomodate the
8-bit output from the A/D converter and since there are 640 samples per
channel, 1280 ALUs are required for each accumulator.

4,6 TIMING AND CONTROL

There are two major decisions for the master controller. The first
decision is whiéh swath the satellite is to observe. From aﬁ equipment
standpoint, this sets the antenna pointing angie program, the dwell time
for each scan cell, and the number of filter channels to be used. It
also determines the proper amounts of phase shift (or frequency shift)
in the SLO and in the filter channels, and the number of buffer integra-
tions (looks). Once this decision is made, the other is selecting the
corract PRF for each scan cell pointing angle. This decision determines
the transmit and receive cycles, the read-in and read-out start times on
the SAM clocks, and the filter channel delays. Since there is a finite
time delay between transmitting a pulse and receiving a return, the trans-
mitter can be shut down after it has sent out the proper number of pulses
for all the looks at a scan cell position until all the returns are back.
The buffers can then dump their contents into the major summing junction
for transmission to earth while the antenna is scanned to Tts next
position.

4,7 ALTERNATIVE PROCESSOR CONFIGURATION

A potential problem exists with the filter channel configuration of
Figure 22 in that the dynamic range of the SAMs may not be great ehough
to accomodate summing 300 pulses. According to Reticon, the spurious
level of a SAM Is 55 dB below 4 volts or 7 mv. The random noise level is
63 dE below 4 voits or 2.8 mv. This problem can be circumvented by modify-
ing the filter channel arrangement as in Figure 30 and processing the
returns in a '“pipeline' fashion. A bank of /Y N filters (where N is the
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total number of filters) pre-filters the returns, summing 20 pulses. This
sum is dumped into a secondary bank of filters set up as before but whose
delay is 20 times that of the pre-filters. This scheme prevents the totzal
level in any SAM from exceeding &4 volts. For example, let the input
voltage level to the pre-filters be .1 volt. After 20 pulses are summed,
2 volts will be in each pre-filter,

Utilizing the 92.6% SAM amplitude loss as a .074 gain factor to set
the level to the secondary bank, then .148 volts will be input to these
SAMs. In summing 300 pulses, the pre-filter will dump 15 times so that
after one look, the total voltage in each secondary filter SAM will be
only 2.22 volts. | .

Other than the two delay times, the only remaining difference between
the pre-filters and the secondary filters is that the pre~filter phase
shifts are set to the center of their respective 343 Hz béndwidths. The
circuit configurations for the filter channels are the same as befor%'and
reat:ire no hasic changes in system hardware either preceding or following
them.

4 8 EDGE EFFECTS

According to the system design, the antenna beam will illuminate
9.23 km in azimuth on the ground and the SCANSAR s able to take 6 looks
at a scan cell in the near swath. However, since the satellite is moving
along-track at 7200 ~ sec, the scan cell itself will Yslide" along the
ground during the time it takes for the 6 looks. Therefore some pixels
at the beginning and end of the scan cell will be observed 1 te 5 times
instead of the desired 6.

One method of overcoming these 'edge effects' would be by broadening
the azimiuthal beamwidth (Bl) such that the 3 dB point on the antenna
pattern would shift down, allowing more coverage. |t is also possible
. to alleviate the problem by making use of the system timing, making the
problem one of control. | | | |

During each look, the satellite will fraval 276 meters and the scan

cell will slide by this same amount. After 6 looks, the satellite will
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have moved 1656 meters in 0.230 seconds elapsed time. |t can be observed
from Table 2 that it takes approximately 0.003 seconds (near swath) for
the first pulses to return to the radar. Therefore, the amount of time
the antenna needs to dwell on any cell is approximately 0.233 seconds
(the satellite travelling 1677.6 meters during this time). The SCANSAR
computer~design program allows 0.257 seconds of dwell time per cell,

Figure 31 shows a scan cell as it slides along the ground during the
six looks. The horizontal lines represent the beginning and end of the
scan cell after each look and the number of looks at each area of the
cell is given for each position. From the reference point {original
beginhing edge of the cell), the satellite has moved 10886 meters.
Figure 32 shows the breakdown of the 1677.6 meter cell slide. The 21.6
meter number comes from the fact that after the radar has looked at !
cell and scans to the next, it has moved..003 sec x 7200 m/sec (21,6 m)
before the first pulses return from the ground. Figure 33 shows a 5
scan~cell swath. Figure 34 shows thé starting poihts of each cell in the
swath relative to cell 1, As can be observed, the séte]lite travels a
total of 8388 meters with respect to the reference point so that when the
antenna beam returns to position 1, there is an 842 meter overlap on the
area observed in the preceding position 1. Therefore those areas on the
around which have been observed less than 6 times from one cell will be
seen again on the next antenna scan.

Figure 35 represents the overlap of two superimposed cells at antenna

position 1 of adjacent swath scans (see inset). The left cell (la) was

observed in the first scan, the right cell (1b) in the next. The vertical

scale is in meters measured from the bottom edge of the left cell. As
is apparent from the figure, all ranges except for the 262 meters between
the 9506 and 0768 meter marks are seen at Jeast 6 times by 1 cell or the
other. The excess looks can be discarded; or may be used to improve gray-
level resolution. Since only 5 looks are available in this range from
cell Ta, 1 look can be "borrowed' from cell ib. This should be a

relatively simple task for the controller to accompliéh.
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5,9 SUMMING THE LOOKS

Independent looks can be summed in the accumulators in 2 ways. The

first involves resetting the SLO after each look. The satellite moves
276 meters per look. At the end of ook 1, filter | stores the contents
in accumulator 1, filter 2 in accumuiator 2, etc. 276 m is 5.52 pixels
in azimuth, so at the beginning of look 2, filter 1 is looking a distance
52% of the way into pixel 6 {(whose returns are stored in accumulator 6).
In order for look 2 to add correctly to look 1, the SLO must have been
shifted down from its reset point by .52 x 26 Hz = 13.52 Hz. Now, filter
1 empties into accumulator 6, filter 2 to accumaitator 7, etc. At the
beginning of look 3, filter 1 will be at pixel 11.04. Therefore, the
SLO must shift down .04 x 26 Hz = 1.04 Hz. At the end of look 3, filter
1 empties into accumulator 11, filter 2 into 12, etc. This can be performed
by the controiler.

' The other method merely involves letting the SLO run continuously for
6 looks (843.72 Hz) and resetting it only to observe a new scan cell. This
way, Filter 1 will always empty into accumulator 1, filter 2 to accumuiator
2, etc. every look., This can be easily implemented by using 6 of the SLO
lumped phase-shift networks or stepping the balanced modulator control
voltage ramp for 1656 pulses instead of 276. In either case, 34 extra

accumuiator banks will be nzeded to accomodate the cell slide.
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5.0 MOTION COMPENSATION

Two kinds of spacecraft motion must be taken into account in the
operation of the spacecraft SAR, since both can have the effect of dis-
placing the Doppler band relative to the iliumination pattern of the
antenna: (1) attitude errors can cause the antenna to point in some
direction other than along the zero-Doppler line; and (2) vertical
veoicity components caused either by non-circularitv of the orbit or by
the oblateness of the earth cause a net shift in the Doppler freguency
and therefore an apparent along-track displacement of the image. Ideally
the antenna should be pointed along the zero-Doppler line, but this line -
is not perpendicular to the orbital plane, since the Doppler frequency
is measured in terms of velocity relative to the rotating earth. At the
equator 2 point on the earth has a linear velocity of about 463 m/sec.
If the satellite were in a true polar orbit, this would mean that the

zero-Doppler line would deviate from perpendicular to the orbit plane by

3.5° at the equator, decreasing to zero at the poles. For other orbits
the deviation is less at the equator, but the component along the orbit

of the earth~rotation velocity gives a displacement to the image that
depends on position in the orbit. With the typical narrow beams, rota-
tion of either the satellite or the antenna to compensate for the rotation
of the zero-Doppler line relative to the orbital plane should be included
in the design of the satellite-radar system.

Attitude variations -of the satellite can also cause errors in the
Doppler shift for which compensation must be provided. Yaw rotates the
beam position on the ground; pitch moves the entire pattern ahead of or
behind the zero-Doppler line. The sateliite attitude control system
keeps these variations within relatively firm limits, but additional
compensation must be provided unless the attitude limits for the vehicle
are kept within very small bounds. - | ¥

- Three methods for compensating for these movements are: (1) control- '
ling the frequency of an 6scillator to centef the signhal spectrum tn the

processor passband, (2) electronically steering the antenna in azimuth

R
2\

to the desired angle to compensate for yaw and earth's rotation, (3)
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physically moving the antenna or spacecraft to correct for earth's
rotation and yaw and pitch errors. Roll errors may also cause problems,
although these are not usually as severe because of the wider vertical
beam of the antenna., In some configurations of the SCANSAR, however,
the vertical beam is narrow enough so that roll errors can become &
problem. For this situation, stabilization of the antenna (mechanicatly
or electronically) is called for, since Doppler shifting cannot make this
type of correction. Furthermore, for some situations involving. fine-
resolution radars, the curvature of the off-normal isodops must be con-
sidered in the processing, but this problem is not believed to be signi=-
ficant for the modest resolution systems discussed here. '

Method (1), use of an offset local oscillator fregquency, must be
used to compensate for vertical velocity variations, and can be used to
compensate for earth's rotation and attitude errors. The earth's rota-
tion error correction frequency can be programmed in advapce, but attitude
errors must be detected by the satellite control system sensors which can
then provide a correction voltage to the radar. The output of the error
control oscillator can then be mixed in a single~sideband modulator with
the 54.9 GHz stable reference from the frequency synthesizer to produce
a signal at 54.9 + fp Miz. This signal is then mixed in the scanning
local oscillator. A diagram of this method is shown in Figure 36,

In practice, some combination of methods (1), (2), and (3) must be
used in the radar-satellite system. Detailed design of this system

depends on both orbit and satellite attitude control parameters.
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6.0 POWER AND SIZE

6.1 POWER CONSUMPTION

The major contributors to the power consurption are the transmit-
ter, the receiver, the frequency synthesizer, the controller, the SAMs
and their drivers, and the bﬁffer A/D converter., The average transmit-
ter power is 15 watts but with a 25% efficienéy it will use 60 watts.
The low noise transistor amplifier used in the receiver can be expected
to use 10 watts maximum. Based on presently available units, the fre-
quéncy synthesizer will use approximately 15 watts continuous power.

25 watts is allotted to the controller on a sheerly intuitive basis.
The controller, being the heart of the processor, is an inherently
complex device whose specific design was not considered within the
context of this report.

The guiescent (DC) power consumption for each SAM is & mw. Each
filter channel for the single bank configuration contains 36 SAMs (26
in the loop, 10 in the buffer bank) for a 28.51 W DC usage. The DC
clock consumption is also 4 mw per SAM, however, only 3 SAMs would be
operating in each channel (2 in the loop, 1 in the buffer) for a total
of 2.38 W.

The proposed drivers are National Semiconductor MM88C29 CMOS Quad‘
Single-Ended Line Drivers, each package containing & drivers. From
the National Semiconductor CMOS Daté Book, the normaiized AC power con-
sumption Wy, . for a 10 MHz clock rate at V. = 10 V is 1000 wW/pf. The
power consumption per driver package, WD, is given by

Wy = Wyac (Cpp * C)
where .
Cop = no load capacitance. (150 pf for this device).
CL = Joad capacitance.
Allowing the absolute maximum power dissipation per package (WD = ,5¥),

the maximum load capacitance CL is 350 pf. The SAM clocks are rated at
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20 pf, therefore 17 SAMs can be operated by one driver package at 10
MHz. For the 8 MHz buffers, WRAC = 800 ﬁw/pf and CL = b75 pf resulting
in 1 driver package operating 23 SAMs. The final figure for the single
channel configuration is 37 W as compared to 33 W for the pipeline
approach. See Appendix E for more detail on the power caiculations.

The buffer A/D converter uses approximately 10 W, 10 VW is allowed
for miscellaneous items such as amplifiers, switches, VCOs, and the SLO
D/A converter. included in this total are the 14 analog muitiplexers
" which use 0.2 uW quiescent and ! mW operating power per unit. Also
included are the ALUs. Although 253,440 ALUs are needed, they only use
10 u¥W apiece quiescent and approximately 1 mW apiece operating power
but only 2 operate in each channel at any given time. Power supplies
are assumed 85% efficient.

Table 8 shows the power budget for a single-sided SAR with a total
power consumption of around 200 watts. One area to be awaited in the
near future is the advent of CMOS drivers with lower power consumptions
and the ability to accomodate greater load capacitances.

If a Ionger antenna were used, the number of filter channels would
be reduced, although the length of each SAM chain would be increased.
Since driver power is proportional to the number of channels, the 37W
figure for SAMs and drivers would be less. _

Aperture length (AL) and aperture height {AH) are related by

A = 12 Vg R2 tan 6, A
c AL
where
Vg = satellite ground velocity
R2 = slant range at farthest look angle
8, = farthest look angle in swath
A = operating wavelength
c = speed of light.

For SCANSAR, Ug = 7.2 km/sec, R2 - 465327 m, 92 = 20.8°, A = 0.063 m, and

c=3x 108 m/sec so this relation reduces to
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TABLE 8.
1 side
SAMs {(and drivers) - 37 w
Transmitter (25% eff.) - 60
Receliver - 10
Frequency Synthesizer - 15
Controiler - 25
Buffer A/D - 10
Miscellaneous - 10
167 w
Assuming 85% efficient
power supplies - 197

a8

2 sides

74
120
20
Shared
Shared
20

20

29%

346
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Aperture length determines the horizontal beamwidth, the azimuthal
scan cell width, and the Doppler bandwidth. The horizontal beamwidth
BE is given by

A
B, = A
The scan cell width GA is given by

GA = Bz R]
where Ri = slant range to the scan cell nearest the track,
The Doppler bandwidth Fd is
2y
F = -—g-
d AL

Obviously, when the aperture length decreases, B, increases and the scan

2
cells become wider. For a given velocity, the Doppler bandwidth becomes
larger. The number of filter channels NFLT needed to process the Doppler

bandwidth is

F
d
NFLT = —2
Afd
where Af, = tracking bandwidth (fixed by the resolution).

Hence NFLT increases as Fd increases. A plot of the number of filters for

" various aperture lcagths is given in Figure 37.

The power consumption is based on requirements for the filter channel
and buffer serial analog memories and their associated clock drivers. The

number of SAMs required to process the data is given by

2 AR tan @ f

s max max s
- 63 c AH
where
Ro.x = Stant range at farthest look angle (470800 m)
89
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farthest look angle coverage in swath (22.488°)

SAM sampling frequency.

Using the above censtants,

s = 1:299 x 1070 f
AR

where fs = 20 MHz in the filter channels, and fs = 8 MHz for the buffers.

Table 9 shows the number of SAMs per channel; the number of channels, and
the total number of SAMs per processor as functions of aperture height
for the near swath. Figure 38 shows the total channel power consumption
considering SAMs and CMOS drivers calculated in the same manner as
Appendix E. Although the total number of SAMs fluctuates, their AC

power consumption, which depends on the number of SAMS operating at a
given time in each channel, will decrease with increasing antenna length.

Long, thin antennas give the lowest power consumptions.

6.2 SIZE

The physical size of the radar depends mainly on the layout of the
electronic components. It is recommended to mount the components for
each channel on the same board in order to minimize propagation delays.
The drivers for the SAMs could be located together in order to centralize
the large amount of heat they can be expected to generate. Heat can be
dissTpated by radiation into space. The fixed shapes of many off-the-
shelf-items such as the microwave plumbing, transmitter tube, and power
supplies must be considered in order to package the hardware for minimum
voiume. Obviously, high voltage leads should be kept to minimal lengths,
It would also be advisable to locate the transmitter tube as far away from
the antenna as possible so as to reduce thermal effects. The entire radar

system could conceivably be enclosed in a 36" x 36" x 18" volume.
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TABLE 9.

ey

&}

Aperture SAMs per No. of Total No.
Length Channel Channels of SAMs
0.500 8 1108 8864
1.069 14 518 7252
1,604 19 345 6555
1.791 22 308 6798
2.000 25 277 6925
3.000 36 185 6660
%.000 48 138 6624
4,500 53 123 6519
5.000 59 111 6549
6.414 70 86 6278
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7.0 CONCLUSIONS AND RECOMMENDATIONS ‘ : E

The SCANSAR signral processor can effectively be implemented as an

analog system; however, there are a few considerations worth mentioning.

The stability of the filter channels is a critical factor and must be ‘ ‘
examined in detail. Obviously, the more complex a processor is, the more |
difficult it becomes fb operate under a given set of constraints., It is
hoped that in the near future, the storage capability of the SAM (or
similar devices) will be expanded so that fewer of them will be needed.
For example, using 1024-bit analog devices would reduce the number of

such devices in each channel to 3 and would eliminate much of the switch=
ing circuitry presently required. The effect on the total power consump-
tion is an unresolved issue in that although the number of devices has
been decreased, chances are that due to the increased number of bits, the
quiescent (DC) power would go up and the clock tine capacitance would
increase, thereby requiring more drivers.

The width of a comb 'tooth' in a comb filter is directly proportional
to its tracking bandwidth (Afd) and is therefore directly proportional to
the azimuth resofution. Decreasing the sidelobe levels results in widen-
ing the main lobe and decrading the resolution. It is conceivable that
more detailed comb response sidelobe weighting studies may require
revision of the resolution requirements.

As was noted in Section 2.2, the SCANSAR computer-design pragram

was written such that the angles used in the design were the pointing

angles and inter-cell gaps developed. This was compensated for by chang-
ing the angles to account for the beamwidth and increasing the number

of cells in the swath by 1. A preferable design would take the beam-
width into account initially when calculating the number of cells, there-
by skirting the gap problem entirely.

The ideal way to evaluate system performance and to study possible

. S . | o

improvements would be to construct an aircraft version of the processor, 4
which would be considerably- less complicated than the sateilite version, ‘
and fly the system., Perfecting its operation on a small-scale basis

would lend itself well to expansion to spacecraft operation.
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APPENDIX A

This appendix contains the updated FORTRAN program listing of

SCANSAR used in designing the processor for this report.

The original

version of SCANSAR can be found in Claassen (1975). Final output

listings are located in section 2.0,
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FULLY FOCUSED LIMITRTION
RAFF = RL<2.0
IFIRAFF LLT. RRZ135 50 TO 39
WRITE<S 20002
FORMAT 1M " IMADEQUARTE APERTURE LENGTH TO»
T RCHIEYE RESOLUTION. INFUT IATA [ASRINEG -2
5O TO 190
UNFOCUSED LIMIiATION
RAUE = SARTIWL.#RI25-2.92
ESTABLIEH EYETEM TYPE
IFIRAUF LT. RAZLY GO TO 49
PARTIALLY OR FULLY FOCUSED IYSTEM REGUIRED
IFD = 2.LEARATL IR D 7bL

RAZ22 IFDsL AR 2372 . 3706
ITYPE = 3

S0 TO 45

REC1Y = RAUF

UNFOCUSED EYSTEM RERUIRED
IFD = 2.0»YGE*RATLIRIL 7ML
RPRZ2> = DFDAUL+R7 2372 .06
APERTURE HEIGHT TO EATIESFY DOPPLER SAMPLING
REGUIRERENT
FD = 2.9%/57AL
MFILAR = FD-OFD + 0.5
AR = G.0+FI2R{2STANITHETAR 2 Mol - C
CHECK WITH JEIIGNER
WRITELS:3000> R[4
FORMAT 1IN »"THE APERTURE HEIGHT IS sFAo.2:7 M.”»
7 D0 YOU WISH TO INCREASE THE HEIGHT .2

_ RERNIS 3031 ANS

FORMAT (A3 o T e
IFZANS NE. YES> GO TO 79 :
RERD<S+1001> AHNEY
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y

98790
4239

2223 39402

0299
239190
2329
0339
Q3490
350
1360
2379
N334
4224
1009
1519
1920
1039
10400
1059
1990
1970
1039

a0

1022 2003

1109
1119
1129C
1139
1140
1152¢C
1160
1179
1180C
1123
1202C
1219
1229C
12373
124100
1259
1269
1279
12890
1299

25

IF {RHNEMW ,6T. fAM> GO TO 69
WRITE{G.3002)
FORMAT{1X»"MNEW APERTURE HEIGHT MUST BE LARGER THAN»
© THE DLD. TRY AGRINIZ .-
G0 70O 50
A = AHNEW
SETAH = WiL.-AH
COYERAGE PARAMETERS

e e e Gk oA

MCELL = <(THETAR<2)-THETAR{1)3-BETAH + 0.5
MCELL = NCELL + 1

BETAL = L[k

DO 209 I = 1.2

GATIY = RIIVABETAL.-THOUE

GRZIy = RIIYSBETAH/-COSITHETARSI X >.-THOUS
COMTINUE

EMATH = (RAIZIASINITHETAR R I -RIIISZINITHETARZ 1 3 3 3 < THOUS +

% CGRIE) R BRI1LIAZLD

TIMIMG
TELEW = GRAZ1.GTHOUT
TCELL = TSLEW.-NCELL
IFZTCELL 5T, 1.0-DF02 GO TO &5
WRITECS»2003
FORMAT-71x o " INSUFFICIENT TIME TO ACHIEYE PEZOLUTIONS
“ TRY RGAINC 7D
0 TO 19

PULEE REPETITION FREQUEMCY
DELR = ZETAHARI2IATANITHETAR .2 )
PRF = C.-74 , 043ELRD

RAMGE RESOLUTIOH
DR = RRI1IASINITHETARIL D
RRZ2) = IR SINTTHETARI2) )

BAMIWIDTH REQUIRED
2 = C2.0-DR-THOUSH42

PROCEESSING GRIN
HizP=PRF.-OFD

NO. OF CELLE RAYRILABLE FOR AYERAGING
LOOKE = TCELL+DFD

DEPTH OF FOCUS
PMIN=Z/COZ{THETAR{2>-RETRH.-2.03

FACTL = RI1RI1 WL

FACTE = .0.64RAC1*RAZLY - g e
NFILR = 0 : ‘

RPLUS = Z/COS{THETRARIE>+3ETAH.-2.D>
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1399 &6 -
1319

1329

1330

12490
1252C
1360 27
1370 4909
1329

1239

1490 49042
1410

14290

1429 40203
1441

1450

1460 42304
1479

14890

1430 4097
15040

1310

1527 4005
15329

1549

1550

1560 4006
1579
1529C
1590
1299C
1610

1629
16390
1340 p
1659

1668 30
1e70C
1880

1650 3
1702 5000

1712 &
1729 &
1739 &

RMINUE = FACT14+RPLUS. (FACT2oRPLUS+HFACT1)
NFILR = NFILR+1
IFCRMINUSLLTeMIM: o0 TO 37
RPLUS = RMINUE
G0 TO 3¢
INPUT POWER PARAMETERS
WRITE{&»40990)
FORMATZ1X«“LOSE FRCTOR <D3>7>
REARD7S,1001) LOSE
WRITECS 24002
FORMAT 1R« “NOIZE FIGURE <IRM %
FERDZS1001> HNF
WRITE <& 2400320
FORMAT 21N« "SIGMALMOITE <02>7)
READZS.10013 =M
WEITEZS 40045
FORMRT 1M "MAM SCATTERIMNG COEFFICIENTE <DRM‘)
READIS 100230  SIGMAM
WRITECS 240072
FORMAT <1« "MIN SCATTERIME COCFFICIENTSE <DBH->
READIS»10032 ESIGMIN
WRITEZS 240052
FORMAT © 18+ “APERTURE EFF ZPERCENT) )
READIZS«1001 ) RAEFF
HEFF = REFF.-1292.9
WRITEZG «400052
FORMARTCIRs "RECEIVER INPUT TEMPERATURE <DEG K>7D
FERDCT10213 TEMP
COMPUTE TRAMEMITTER POWER fAND CHBNMNEL C.FRCITY
FACTOR = 4.04PIsbiL 2410, 394 (LOSTENF+END 10, 10 *FRF K2 TEMP
N. OF BITE PER CELL
ME2ITE = <EIGMANILI-SIGMINIRY>.-2.9103 + 0.5
o0 39 1 = 1.3 B
WTCI» = 4, 0FRCTORAR I 424710, 04 S IGMINCI + 710, 0+RATI 4
RRLI>PNGP ALAAHAREFF Y420
CCCIY = GRITIAGRIIDZIRALI N ARRIIV D4NRITE-TCELL
CONTINLE
LIET SYSTEM DEXIGH PARAMETERS
WRITEZG«S0092 THETADs WLs ALs RAZ12s RRI12 s
"YBPy ZPs AEFF#137.0, LOEEs MFs ZMe: TEMP» RIGMAKs TIGHIN
FORMAT¢.--/20H s “EUMMARY TRBLE .~/ s1Xxs“RAK DESIGN PARAMETERS .~
1N PARARMETERE 717X s "WVRLUES” 9198 s “UNITS”.vv
IR s “ANGLE SPANY v4Xs 2<{F12.2+5%) s DEG .~
INs’LAMBIDAY s8N sF10.35298» M~ .-

39

e

~



1749
1759
1789
1779
1789
1729
1309
1319
1229
1330
12449
1259
1582C
18719
1820
1829
12990
1719
1320
1929
1340
19540
1959
13740
1229
1999
20400
2019
2029
20340
2040
2952
23
2070
29320
20%0
21090
2119
2129
2139
2149
2159
2164
21790

G €2 3% G2 GF GO g3 69 G2 o G 4T

-
=

@

2001

9399

G 93 0¥ 42 47 42 9 QR o 40

G a3 G §F 6T 4O g R T

1Xs7APER LENGTH  oSE:F 0,1 y208s" M7~

1837A2 RES »8XsF13.3+s20Ms " M7~

1M [FA FEE a2 oF 10,2208 a" M7~

I1Ma"BRD YELY o7XsF10.1 298« "KM ZEC” .~

18 "ALTITUDE o8 oF 10,1 s B 0N s 1M~ -

I s"APER EFF 7 26 sF10.1 2308 o "PERCEMNT " .~

1%« LOSS FACTORY »38sF10.1 20470

1M "MOISE FIG  sSRoF10,1 207007

I e "SIG-NOISE- o+ 5¥:F1 0,220 087

1N "REC TEMPZ s8N sF10.1s204s"DEG K7

1M s " SIGMANM y3HI2IFL1 O Ba8Ny 708"~

I e "SIGMIM «QN R F 122880 OB /0™
COMPUTED PARAMETERS

WRITEZ6:5001> TYPECITYPED s TYPECITYPE+®L) sHH UWT»
PRF-THOUZ s FR/-THOUT BWs MGRPs LDOKESs MFILR. NFILAs CC

FOEMRT 21X« "COMPUTED SYETEM FARARMETERS .-~
e SYITEM TYPE 17 o2y ERG.

1Mo "APER HEIGHT "3XsF1 0.8 +s208s " M7 .-

1= 7MMIT PUWRZ sBM e Z{F1O .88 s "WATTS "
180 'PRF 11X 10,2280 "HHE 7 -

1IN s "FD alCHsF1 0.2 s20M s "KHIE "

18 e’RF 22U 23 sF10.1 920" MHE 7~

1M “PROC GRIMNY #5X:1190.-

187 LO0KSE  2»3¥sT110-

16 "FILTER RANEE s2¥sI119.-

18 s "FILTERS.-BAMNK Y *2MH 11 0.7

I« "CHAN CAP s8H «s2CF10.,2s5K3 s "MRITE/EECY 772
WRITEC(G+5002) SWATH» MCELL» GAy GR» TSLEW. TCELL« RAs

FORMAT 2173 "COVERRAGBE RAND RESOLUTIOMY ..~
1M s “SHATH 23R sF1 0.2 430Ny M-

IM e "CELLS-SCANT » 3821107

1Ma“CELL WIDTHY 24M2{F10.2 2582 "KM7 s
LM s "CELL LEMGTHY »3MsEIF10.2x5R0 s "KM~
1M "ZCAM TIME sSMsF10.2:20M"SEC7~

1M s " TIMEACELL »SMsF 10,2204 » SEC .Y
12 "AZ FET s8R aE(F13.2s3NM2 2 M
INs“RA REZ »BXsE8IF10.2+5E M7 0vr

1 WANT TO DESIGHN ANDTHER ONE-.<)
READCS 3001 ANE

IFZAMNE EG. YES?> -0 TO 19

WRITELS 3909)
FORMAT - 1Xs“YERY INTERESTING?/,/ AUFWIEDERSEHEN )
STOP e -
END
100
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APPENDIX B

This appendix contains a program used on a Hewlett-Packard HP-25
scientific calculator to figure the round=-trip times to the inner and
outer edges of an image cell and the length of the return puise. The
input data required is inner look angle, outer look angle, and altitude.
The round~trip time from the inner angle is displayed first, for approx-
imately 4 seconds, followed by the round-trip time from the outer angle
for the same display time, followed by the pulse length. [n the final
design, this must be modified to use spherical-earth geometry.
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HP-25 Program To Calculate Round-Trip Times To

The image Cell Inner and Outer Edges.

STEP FNSTRUCT {ON
01 RCL 1
02 £os
03 ENTER
04 RCL 3
a5 S5
A
06 1/X
07 2
08 X
09 RCL 4
10 *
3] PAUSE
12 PAUSE
13 PAUSE
14 PAUSE
15 PAUSE
16 STO § '
17 RCL 2
FNPUT
STD 1 - INNER ANGLE (DEG)
STO 2 -~ OUTER ANGLE (DEG)
STO 3 -~ ALTITUDE (m}
STO 4 - 3 x 108 (m/sec)

102

STEP

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

INSTRUCTION

cos
ENTER
RCL 3
1/X

2

X

RCL &4
PAUSE
PAUSE
PAUSE
PAUSE
PAUSE
RCL 5

-

GO TO 00

S

3



APPENDIX C

This appendix contains the Fortran program and output listings which
generated the incremental phase shifts for the scanning local oscillator

discussed in section 4.4.1. Data was input in the following format:

7200. , 7050. , O. , A, B, NPULSE

where A and B are the swath constants for 7200 Hz .and 7050 Hz PRFs

(respectively) shown on page 46. NPULSE is the maximum number of pulses
per look.

103
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0010C
HHCHIN
0030C
J040C
agsac
Q9590
997 ac
A9z90
R I
A1 99C
ati1ac
Q1zac
a1z0c
14900
M15aC
aie g
a17n
219
a190
1200
9219
amReed
221
25410
HICH
HEE
aey
020
NP
9299
=19
a2E0
320
N2410
AR50
-N36 G
Q370
qazEn
330
HERR
24190
0423
430
0449

THIZ PROGRAM CALCULATES THE IMCREMENTAL
PHREE EWIFTE FOR THE SLO SLEEYETENM

INPUT PARAMETERS
DPRFKY = PRF
R = CONETANT FOR DPRF{1)
2 = COHETANT FOR IFRFI2D
MPULEE = NUMBER OF PULSES PER LDOOK

OUTFUT PARRAMETERS
I = PULSE NUMERER
T = TIME <{EEC>
TRYE = RYERAGE TIME <SEC)
IPHI = IMCREMENTAL PHEATE SHIFT <DEGS
PHIT = CUMULATIVYE PHAZE EHIFT <DEG)

DIMENEION DRRFI3H
READCS 10000 CDPRF D sK=1 433 s A s B s NPULSE
1000 FOMMATA2FG.0.2F10, 5150

=

S IFIIPRFIEY JEG. 3.70 5O TO 2%
FHIT=4.
WRERITETG 20000 IPRFIKD

S000 FORMATIZR«"PRF = 7 3yFE . 0774« "FLLEE” o 4N« "TIMEZSEC> " s

BARY TAYE TIMECSECY 7 »dX s "PHASE SHIFTIIEGY” «4M s "FPHI TOTAL s

RR=1. 0. IPRF K3

HEG=

=

IFOOPRF<K) .EG. 7299, DEG=H
40 190 I=1+NPULSE

MI=]
T=NI

2[R

TAYG=TXIAREF{ =TI L Q22RR3.72.0

IFHI=IEG*TRYE

FHIT=PHIT+IFHI

WRITECE «20000 TaToTAVEDFHI +FPHIT

2000 FORMATISN s I3 224X E1L .50 238 FR. 527N F 2,52
17 COMTINUE

WRITEZG «42902

4020 FORMAT {773

=k

I=1

B0 T

a9 £

-

END

1
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7299.,7959, 59, 102.81950, 186 . 70528 » 90277

105

CPRE = 7200, e e
PULSE  TIME<SEC>  AY6 TIME{SEC)  PHASE SWIFT{DEG>  PHI TOTAL
1 9.1388%E-93  0.20823E-03 3.93295 © 9.0280%
2 0.27770E-03  0.24722C-03 - 9.96343 n.19157
3 0.41667E-53  9.48611E-03 9.93687 3.13944
4 O.SSSEGE-32  0.G62500E-03 0.11426 9.20479
S 0.63444E-02  0.7633%E-93 2.13965 0.44435
6  0.83333E-93  9.30272E-23 - D.16505 9.6.9%49
?  9.972228-33  0.194176-02 5.19944 9.73334
&  D.11111E-92  9.11896E-02 9.21563 1.91%66
8  D.12B00E-92  0.13194E-02 2.24122 - 1.0566%
12 0.13BG9E-98  0.145G3E~92 9.36661 1.52259
11 3.1SRTRE-02 0.1%972E-02 9.2%299 1.21559
12 3.166G7E-02  D.17361E-02 . 4.31733 2.13209
13 0.18956E-08  0.187S0E~-02 0.2427% Z.47568
14 D.19444E-92  0.20133E-02 0.26218 2 .84206
1S 9.30833E-0% - 0.21%5086-02 3.393%7 2.23743
16 0.32828E-92  9.22917E-00 9.41896 3.65639
17 9.236116-98  9.24206E-02 | 8.4443% 4010074
12 0.25999E-02  0.25634E-9% - 2.46974 4.57043
15  D.26383E-98  0.27003E-0@ 9.49514 = . 06562
29 9.27778E~02  0L2B84TRE-02 3.52953 5.56861%
21 0.23167E-92  0.89G61E-0U0 554552 613207
22 0.2055GE-22  9.318S0E-08 0.57131 ¢.7022%
83 . 0.21344E-0%  0.286323E-02 053679 7.29993
24 0.33233E-08 0.24020E-00 9.6229% 7 92218
- 25 9.34720E-08  0.25417E-02 9.64742 856366
TSNEE D.26111E-08  0.268066-02 © 0.6728% 3.24254
2 D.ETSONE-02  9.36194E-00 9.63527 5.34931
28 TSN0.2B829E-08  9.395236-02 5.72266 19.66447
23 o 5.40972E 02 5.74308 11.41352
30 0.416BRE-02  0.42261E-02 a.77444 12.13797
21 0.43956EME  D.437SIE-02 3.73924 12.987249
B2 0.48444E-08S 9.4513%E-02 '9.82%22  13.81393
33 D.45833E-98 O 9.46528E-02 0.85968  14.66365
24 0.472226-02  9.47217E-08 a.eTe01 15.53966
35 0.4B611E-08  0.4%296E-02 9.30149 . 16.44196
36 9.50090E-02  9.50694E-92 . D.%2679 17 36785
37 9.512B%E-02  0.52003E-08  s.emziz 18.3220%04
28 0.527PRE-02  4.53472E-32 9.37783 13.29761
29 0.54167E-08  0.54361E-02 1.098%7  80.3995G
40 0.55SSGE-02  0.5G2S0E-92 . 1.02836 . - 21.328%4
41 5.SGMME-03 0.5763VE-02 1.08375 22 .25269
42 0.52333E-52  0.53023E-02 . 1.57914 5346134
43 D.B9TRPE-D2  D.60417E~-00 ©1.19453 . 24.56637
44 0.61111E-02  9.61B06E-92 = - 1.12993 - = £5.69630
45  2.GER00E-D2 - 0.631%4E-02 - 1.15532 2625161
4G 0.6338%E-92 5.6ASG3E-02 1.18071 26,9323
47 0.6527BE-02  0.65972E-02 o 1.29618  2m.zacal
43 0.66EA7E-2  1.67T3GIE-02 . . 1.2314%_ . 39.46%43
4% 0.63056E-92 . 0.687S0E-95 7 1.25¢e3 31.72689
59 0.69444E-05 9.701396-92 . 1.23028 23.00908



St

s2

53

54

5%
.
‘a3

oe
53

63 .

61
62
63
64

.652

66

67 o

G2
o
79
71
gy

o b

74
75

)

L

73

7%

89

a1

(CHY

38

B4

8%

- BE

a8

B9
23

31
22

ggﬂf'

.24
- 95
26

87

- 93

B
i ' 19? Lo

9.79833E-02

D.72222E~02

9.72611E-92
3.75900E-02
. 763BBE-I2

-39????38f92

©9,73167E-92

J.30556E-92
0.313%44E--02

0,.33333E-92
9.34722E~98

0.86111E-02
J.87500E-02
0.33383E-02

© 8,30278E-92
0.31667E~02

. 0.93956E-02
 0.94444E-22
" 5,.95G33E- 02

0,9722R2E-92

3.92611E-02

9.19999E-08
9.1913%E-91
9.19278E-91

2.19417E-91

9.10556E-91
C9.19694E-01
9.198336-91
9.1 9372E-91
9,11111E-01

.11333E-21
3.11528E-N

C9,11667E-91 .
9.11896E~91
. 0.11944E~91
- 9,12033E-01
9,12222E-91 -
U 0.12361E-01

9.12509E-01
9.12637E-01

3.12778E-21 .
91831 7E-01

2,12956E~-91

2.13194E-01
- D.13333E-21
L B.1347RE-01
9.13611E6-91

AT157SE-01
9.13883E-~01

)

Se2E- 02

‘J-

1
2
4226E--22
SGP4E-- 02

9.
9.
9.
9. ,
9.77083E- 92
3.

9,

R REER

IBGI1E-IR
3.81250E-02
2.32639E~22

9,84928E~58

9.85417E~-92
D.BE3%6E-02
0.831%4E-92
9.89583E-92
0, 30372E~02

.92361E-02

0. 937850C-02

D951 30E-02

3.96520E~ 92
3.97317E-02
9.99306E-02

0410069 E-01..

- 9.19243E-91

- 9.19347E-01

%.19436E-01

2.19628E-91 - -

9.19764E~31

3.10933E-01

2.11342E-11

0. 11181E-01 -

2.11313E-91
2.114%3E-01

©9.11597E-91
11736601

9.1187%E-91

2.12014E-21

9.12153E-91
9.182%3E~91
9.12431E~01
3.12569E-01
9.12798E~91

. 9.12847E-01
T 0.12986E~01
9.13125E-91

9.13264E-91

0,1340236-31 .
9.13542E-51

9,12621E£-21

C0e

PUPE-IR

Qd?aEfﬁa.._.

9113319E“91' s
| u3aseE-n

1.39767

1‘33396
1.3584%
1.30234
1.42323

1.43462

1.46332
1.43541
1.51339
1.9361%
1,56153
1-5369?
1.61237

1.63776

1.66315
1.63854
1.713%3

1.72938

1.75472
1.7%2211
1.815%90

 1-$433$' 

1.86628
1.89167
1.91797

1'.94E46

1.26785
1.933224
2.31863

2402

2.06942
2492431

2.12020

L 29148587 0

2.17033
219637
2.22176

' 3-24?16

2.27255
2.293794
2.2233%

L 2.34572
L 2.37411

2.39951
2.424%9

e 245029
O 2.H7H6E
2.50197

. 2JDR2646

T 2,551364-~~

34.31674

| 25.64389

T« J0BES
22.33203
3%.80133

. 41.2359%

42 L6557
44.13136
45.63218
47.22837
42 .72995
59.37633
51.9332%

'-53153?35

5%,29029
E6.37874
5269268

G0 .43200

G2 .17672
53 .IBEEE
S EIZER
'5?(64321'u-

. BR.50950

T1.40117
T2.218k4

LTS L2506

TY.2EE%4
TRALERLITE
31.24041
F3.22444
85.35285
87 44365
22565856
#1.,7144%5
AT . BE543

90003130

I .30357

"1 090.95078

102 .628387

S 125.18181

197 44454

RS § - Pac I CI R

112.16738

114 .S6638

116.33178

119.44207
i ¥4 98-} g
124 .41382

136.9452G ~

tzdlaia



101
192

- 193

194
195

196

19?7
193
139

110

Ei3

112
113
114

115.

116
117

113

119
122
121

c1Ee
12
124

12¢

127

128
1e22
139
121

132

133

_;134.u
125

136
137

138
13%
149

141

142
143

144
145

R K-S

148

143

-QEﬁ;ﬁﬂ_g

9.14028E-31

9.14167E~-31

9.14396E-91
9, 1444401
9.14583E~91
9.14722E~91
9.14861E-91
9.15999E-31
9.1513%E-91

9, 15272E-31

9.15417E-31
3.155596E-0
3.156394E--01

0,15833E-01
9.15372E~91

J.16111E-21
3.16250E~01

16302601

D.16528E~-91
D.165676E-M
0.,16806E-31

0 16944E-01
9,17922E- 01
0.172226-01

- 3.17361E-01

9.17509E-01
3 ol 7629611
9.17772E-01
9.17917E-01

0,120%6E-01 -

9.18134E-91
9.13333E~01
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APPENDIX D

Thfs_appendlx derives the power patterns for the parabolic distri-
butfon discussed in section &4.4.3.

| Accordlng to STiver (1965), the parabollc fleld distributlon is
given by '

fix) =1 = (I*A)xz, [ x| < 1.

::ltiidfréctinfy'pattérn f§ given by

glo) = 5 / f(x) e dx
L . L

" where _
"a = over-all Tength of the aperture
Ty = %F- ]

oo 8 ?'nang!e;measur?derqﬁ*xhé:ﬁﬁrma?=to the aperture - .0
. x = normalized distance along the aperture =1 < x < 1.

_lntegrat!ng,

(W = & [HAE ., (o & (EHIY)

£ sy, . L2osnu-meny
IHU;:Ji .u:i-*. -::.ﬁ:.?2~: fu3:_,  UL T

“The power pattarn g (u) must be normalized to l th‘le’FﬁQf:th?”.-;-m
”-ﬂfirst term ra 9085 tO Sere. iS S T e e e




by L'Hospitad)'s rule. Applyiﬁq'the same rule to fhe seacond term

(1-8) Vim -[(z'uz)“%".z‘-’“’s “] = (1-8) lim -(_"u2 cos u) :

U0 u u+o 3u

- u" sin u = 2u ¢cos u
=  (1-4) 1lim ( n )

- .' (1 'A:) l'i.'m'
o

 .(32 cos u+ 4 u sinu = 2 cos d)
i ; g .

A

- (1),

Therefore, a normalnzlng factor must be used .at each 4 such that the -

magnitude of gz (u=o) = 1.

g(u) = 1 = X 1 -3 (I-A)]

where X = 'normal?éing factor.

Then X is given by

X =
] 2 ’
[l'?“-A)] L

Normalizing factors are listed below for the values of 4 listed in the
line source dastribution table on page . ..~ PR

o | 1o

« 0.8 .15

0.8 e
o | 2.2




At the end of this appendix Is an HP~25 calculator program used to plot

g (u) x.

Using A = 0, 4 results in the dfstrlbution falling to its half power .

point at U= 89.7° (l 566 radians) For A= 0.4, the normalizlng factor
X » 1.563. Since '

A
8 | - |
b A S

'Substitutfng'u'- 1;556 radians,

- Bh, = 0.997 &

which is quite close to the desired vatue of 1.0 Ma. ‘Thé’Sidélobeé«Ere =f”*

' approxlmately 18.1 dB helow the peak. The gain factor G{4) is given by

YO R R X a2

.9"[1-'-? (1-8) *;rﬂ;ﬂ) i)

| G(ae0.4) = 0.952.

st " o




KP-25 Program To Plot

3

u

gz(u) - [si: Uob (1-2) [(Z-uz) sin u - 2u cos u

STEP INSTRUCT | ON
o1 RCL 1
02 RCL 2
03 X
04 STO 4
05 ENTER
06 3
07 yx
08 STO 5
09 2
10 RCL &
1 x?
12 -
13 RCL
14 SIN
15 X
16 $T0 6
17 2
18 RCL &
19 X
INPUT:
STO 1 ~ INPUT ANGLE (DEG)
ST0 2 - gz (RAD/DEG)
STO3 - 1 -4

132

STEP INSTRUCTION
20 RCL 1
21 cos
22 X
23 CHS
24 RCL 6
25 +
26 RCL &
27 +
28 RCL 3
29 X
30 ST0 7
3 RCL 1
32 SIN
33 RCL 4
34 D
35 RCL 7
36 +
37 x?
38 GO TO 00

|



APPENDIX E

This appendix shows the power consumption calculations for the two

processor configurations discussed in section 6.1,

Duty cycle, D, is defined as

—~4| A

where T = length of pulse to be sampled
T = how often a pulse arrives at the sampling device (the
repetition rate).
From Table 2, the longest pulse is approximately 69.5 psec, The
repetition rate depends on the actual implementation for each device.
For the loop SAMs in the single channel configuration, the repetition

. 1 .
rate is 7350 Az or 138.9 usec, D = .5 for this case. The buffers are

oparated every .03845 sec and the associated duty cycle is .00181.
In the pipeline approach, the pre-filter duty cycle is also .5
and the buffer duty cycle is also .00181, The loop SAMs run 20 times
. _ . e . 1
slower than the prefilters, hence, their repetition rate Is 360 Hz and
their duty cycle is ,025,
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SINGLE CHANNEL CONFIGURATION

DRIVERS LOOP SAMs {10 MHz)

2 SAMs on x 198 chan x 1 pkg = 24 drivers
chan. 17 SAMs

24 drivers @ .5Wea = 12 WxD=26,00W

BUFFER SAMs {8 MHz)

1 SAM on x 198 chan x _1 pka = 9 drivers
chan 23 SAMs

9 drivers @ ,5Wea = 4.5 Wx D= _,008 W

_ bW 26 SAMs (loop) + 10 SAMs (buffer)
Eﬂﬂi PDC ~ SAM x chan
= 28.51 W

) x 198 chan

hmW 2 SAMs (loop) on + 1 SAM (buffer) on

Poc cLock = SAW chan
x 198 chan

= 2.38 W
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PIPELINE CONFIGURATION

DRIVERS LOOP SAMs (10 MHz)

2 SAMs on x 14 chan {pre-filters)

1 pk -
X T SAMS 2 drivers

2drivers @ .5 Wea= 1 MWxD= 5W

2 SAMS on x 196 chan (loop)

i pkg

T EANs 2k drivers

X

24 drivers @ .5Wea =12 WxD=_,3W

BUFFER SAMs (8 MHz)

| SAM on x 196 chan x | pkg = 9 drivers

chan 23 SAMs
9 drivers @ .5Wea = 4.5W xD= ,008W
_ bmw 210 chan x 26 SAMs + 19€ chan x
SAMs PDC 5am X ( chan

= 29.68 W

p - bmW ( 14 chan x 2 5AMs on + 196 chan x 3 5AMs on
DC CLOCK SAM * chan an
= 2,46 W
= 2.95 W

Protar = 3232 ¥
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ABSTRACT

Since snow, surface water and such are extremely changeable quantities, a
revisit tims of about 6 days is required for the water resources satellite. This short
revisit time makes large swath widths necessary, but the swath width , about 4C0 km,
is not attainable using a single antenna because length constraints imposed on a satellite
mounted antenna make sufficient ambiguity suppression impossible. Multiple antenna
systems are necessary, and the requirement of having non=interfering antenna retums must
be considered. Using a technique of implementing a specific sequence of 180° phase
shifts of the rador output pulses can effect suppressioﬁ of ambiguous returns from the
terrain adjacent to the imaged terrain, and antenna suppression can now occur in these
adjacent regions which allows use of the maximum unambigucus swath, and increases
the swath width by about 40%.



A REVIEW OF SWATH=WIDENING TECHNIQUES

Stan McMillan

1.0 Introduction

When considering the necessary parameters of a synthetic aperture rodar (SAR)
for the water resources mission, we must pay particular attention to the chaingeableness
of the phenomenon we wish to measure, or monitor. Snow, soil moisture, surface water
and such ore greatly fluctuating quontities, and as such, the imoging of the terrain
should be done relatively often. '

The requirements of the mission are such that a revisit period of less than or equal
to 6 days should be utitized with full coverage of the continental United States and
Alaska. This requirement leads to the necessity of using very large swath widths, and this
report is concerned with the various techniques of accomplishing large unambiguous swath
widths, particularly by using either multiple antennas, an ambiguity suppression technique,
or both,

2,0 SAR Theory

It is well known from SAR theory that tradeoffs are required with respect to puise
repetition frequency (PRF),and antenna pattern to minimize range and azimuth ambiguity.

Consider first the difficulty of eliminating ambiguity in the azimuth direction,
Figure 1 shows a typical SAR geometry with the half power illumination cell shown. If
we assume quadrature detection and processing, then the nyquist sampling theorem shows
that sampling must be done at greater than or equal to the doppler bandwidth, Hence,

2v

v

|

satellite velocity (approximately 7 km/sec)

L = length of the physical antenna in the azimuth direction.
where equality would imply a sharp cutoff of the antenna beam at the 3 dB peints for no
ambiguity. This does not hoppen, and sampling at a rate of 2V/L would cause image
degradation because the ambiguous return is only reduced 10 dB. In report GERA-1985 by
Goodyear Aerospace Corparation it is maintained that a better selection would be

= 29V
PRF = 22
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because the azimuth ambiguity level is reduced about 20 dB ofter processing. By
simply choosing a iarger PRF the azimuth ambiguity level is reduced still farther, but
unfortunatisly the sampled nature of azimuth data introduces ambiguity in the range
direction.

Clearly, range information is contained in the fact that from a given pulse, different
range elements produce returns at different times, but the pulsed nature of the radar signal
makes it possible for two different cells sufficiently different radially from the
antenna to yield returns at the same time. Hence, the return is ambiguous. The maximum
unambiguous slant range that can be imaged is

aR =
SMAX Z PRF
but again the antenna pattern will not accomodate such a choice because the ambiguity
is not sufficiently reduced. The Goodyear report again is referenced, and
AR, = 8¢ _ sbcl
S~ ZPRF ~ Bv .
An important point is how this slant range converts to unambiguous ground range, but *
this will be investigated in the next section.
c and v are or can be assumed constants, so that the only variable in the expression
for unambiguous slant range is L the length of the antenna. This could be extremely impor=
tant since by increasing L the swath width con be increased, but in space applications L

is also constrained, so other techniques for increasing swath width are required.

3.0 Calculation of Ground Swath Width

Figure 2 is a somewhat distorted but diegrematical illustration of the gaometry for
calculating the unambiguous ground range, ARQ. It is easily noted that ARg = ( Gy~ C>t])r
where o, and o are given in radians. Knowledge of the actual radar should allow us to
have some idea of 9] and h, r is given, and ARS can be calculated. The only unknowns of
consequence are R, @,, anda,. From the law of sines and cosines the following expres=
sions can be derived:

R ‘—"-(r+h)cossl rz‘(r+h)2(|'695291)

a] - sin-] (R Sin. 9]]

"
1 7.2 2 _ 2
a2=eos]2r +2rh+h" =~ @R+ RS)
2r (r + h)
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Figure 2. Earth Illumination From a Satellite.



The calculation of the ground swath is then completed by substituting into the formula
noted earlier, ARQ = ( @y = 0t])r where Y and a, are in radians,

Asother important quantity is the 3dB antenna beam width, 8 , where
B = (92 = 8,) and is approximately -ﬁ-—- where A is the radar wavelength, and H is the
vertical aperture height. 8, is given, and 8, can be easily calculated by the law of
sines, and

r sin a2
p = SIN”! [‘R‘T+ iR, |

Consequently, H can be calculated,
Sometimes the entire unambiguous swath is not required for imaging, and the
ground swath is given. By suitable algebraic manipulations the preceding formulce

can stilt be applied.,

4.0 Swath Calculations for the Water Resources Mission

Table & - and Table 1B give parameters of interest to the water resource mission.
The altitudes specified are varioys altitudes that correspond to candidate é day coverage
orbits (R = 83, 85, and 89) as advanced in a memo dated January 30, 1975 by Joseph C.
King. The other important parameter is 8 antenna length in the azimuth direction os this
directly affects the unambiguous slant range, and hence the unambiguous ground swath.

An examination of Table 1B gives some interesting information. With a guard bond

to reduce range ambiguity 20 dB or more we cannot attain a 400+ swath width would require

an antenna on the order of 30 meters long in the azimuth dimension, Another interesting
point is that for a height of 825 km, and a swath width of 254.3 km, we are covering
angles from the nadir of 7° 10 23.2°,

The point of these calculations and this memo is that 6 day coverage and reason-
able antenna length necessitate the use of some sort of swath widening technique. The
remainder of this report will delve into these technigues.,

r = 5500 km c = 3X10° km/sec v =7,5 km/sec

R {kmy BI5 725 540

R (km) 832 731 544.5
@, (radians) 0184 0162 0121
8, (degrees) 7 7 7

Table 1A: Relevant Parameters for Swath Width Determination at Different
altitudes.

> REPRODUCIBILITY OF 77,
. petrig N BAGE 18 T



Antenna R h = 825 km h 725 h

Length S

azimur m {rad.) Width (rad.) Width (rad.) Width
(km) (kem) (km)

4 meters 19.2 03553 | 93.2 L0339 92.9 L0281 o8 km

8 meters 38.4 04704 157.5 04433 153.6 .03808 142.92 km

12 meters 57.6 0564 209.,2 .0531 203 0462 187.6

16 meters 76.8 0644 254.3 .0610 246.2 .0533 226.6

Table 1B: Swath Width Versus Antenna Length and Satellite Altitude.



5.0 Swath Width Widening_

The problem of extending unambiguous swath width is not one with any easy solution,
but ony solution must be bosed on either having more than one rador imeging different ter~
rain so that their respective swath widths are additive, or some technique must be implemented
to distinguish between the returns from different pulses. Each technique has advantages and
disadvantages which must be considered.

6.0 Multiple Antenng Systems

Cne possible way to extend the swath width is to use multiple antennas imaging
different terrain. It is necessary though to have some way to discriminate between returns
that are received by both antennas. Therefore, either the antenna patterns can not overlap
or the operoting frequencies must be slightly different so that the two terrains can be segregated,

First, consider o satellite radar where two antennas are used to image terrcin on
either side of the sotellite track, between angles of 7° and 22° from the nadir. If the satel-
lite altitude were 825 km and antenna lengths 16 meters, the swath width would be over
500 km. What more, since the enfenna patterns are non~overlapping considerabie savings
in hardware can be accomplished because both antennas can operate af the same frequency.
This would allow for only one system to generate pulses of high power microwave energy,
where the energy would be divided and fed to the two antennas. The first stages of proces=
sing would, of course, need to be duplicatad byt if digital processing were used this tech~
nique would lend itself well to time multiplexing and perhaps a reduction in the required
processor hardware .,

Another interesting sidelight to this first proposed design is that the optimal range of
angles for soil moisture and snow cover detection at X~band appear to be 7° to 22° and the
radar would be imaging only within these angles, This may or may not be a considerable
advantoge, but only further reseorch could answer that question.

Aside from the difficulties of satellite alignment and radar alignment that could be
expected in any sidelooking radar system, one major problem opposes the use of imaging
on both sides of the satellite track. This problem is satellite orbital considerations reloted
to imaging the terrain.

For purposes of illustration consider Figure 3, which at first sight is pretty but
meaningless, Certain facts are also required. The distance on the ground between the
antenna patterns at =7° and 7° for a satellite at 825 km is about 220 km, and the unambiguous



swath width for each 16 meter antenna on the same satelilite is 254 km. If we consider each
strip in Figure 3 as 220km wide, then a sotellite track down the middle of strip B would
image strips A and C. Figure 3 now becomes an insirument to illustrate the problems of

picking the proper orbits to produce full coverage of the United States.

[

H G

Figure 3. Earth Swathing Patterns.

Perhaps the most preferred orbital selection for earth sensing satellites is a minimum
drift sun=synchronous orbit. This choice attempts to form continuous imaging across the
terrain and would be realized by imaging A and C the first day and then B and D the next.
Then problems arise since C would again be imaged on the third day effectively halving
the swath width and eliminating any gein derived from the swath widening attempt.

To image the terrain without repetition requires imaging A and C the first day, E and G the
second, B and D the fourth, and F and H the fifth. Such an orbit would be possibie, but

it suffers from the necessity that 3 days separate the imaging of A and B and considerable
changes in that general area could transpire in that time.

Another possible configuration for the SAR (Side=looking aerial radar) is to employ
two antennas looking on the same side, or one antenna with duc! feeds focussed at different
terrains at different frequencies. The swath would add and ke effectively continuous.,

This configuration would allow for the usage of a minimuin drift orbit selection, which
would provide for imaging adjacent strips on adjacent days, Unfortunately considerably
more hardware would be needed to produce and amplify pulses at different frequencies.
Another consideration is whether the needed information can be gained from the second
radar that is focussed from approximately 22° to 35%, Sufficient information does not

seem to be available to make an adequate evaluation of this point.



7.0 Ambiguity Suppression Technigues

As seen previously, the unambiguous swath width is directly related to the pulse
repetition frequency since ambiguity implies that two different pulses travelling different
paths are lending returns to the processor at the same time. Using the antenna beam
alone to suppress the ambiguous return has been examined, but this necessitates using
only about 60% of the unambiguous swath for imaging and retaining the remaining 40%
to effect a guard band for ambiguity suppression. If it were possible to discriminate be-
tween the primary raturn and the first ambiguous return = that is, the return from the ter=
rain adjacent to the unambiguous swath = by coding some sort of informatien on the radar
pulses, then considerably more of the unambiguous swath could be imaged by allowing the
antenna suppressien bands to be located in the previously ambiguous swath.

Perhaps the simplest technique for effecting this return discrimination is by coding
the proper pattern of phase shifts on the sequence of pulses leaving the radar. One
workable pattern is as follows:

P, (s, ¢i)=recf (%) G cos (w58+¢;)

where ‘
0%ifi=4n
Qi = ]809“-;:4“_’_‘ wheren=0, 1, 2, sae
180%ifi=dn+ 2
0%ifi=4n+3

P. (s, Qi) = the i th pulse in the sequence of pulses.

Vif - 5454%

rect ( : )=
§ )
0if 5 <ls|
S = the period of each pulse, a constant.
w, = the angular radian frequency of the carrier.
G = amplitude of the pulse, assumed constant,

the variable, time

“
i



As is easily seen, the only real difference between pulses is the phase function @ ;» and
this is cyclical, every 4 pulses. It is important to show that this pattern will truly suppress
the ambiguous return.

To illustrate the suppression of the ambiguous signal, the greatly simplified case
of the two point targets shown in Figure T is used. Also, it is assumed that there is no
arbitrary phase shift associated with reflection from the targets, that a single aperture of
m pulses, where m is a multiple of 8, is processed by the simple processor of Figure 4, and
that the synthetic aperture is processed for ¢ uniformly illuminated aperture. Finally, it
is assumed that the doppler phase change, Gi  of a pulse P, is the same for both targets across
the aperture.,

The returned voltage, Vg to the antenna from the two point targets T and A of
Figure | will be due to pulses Pi and P, _, respectively, and be of the form

Vg =T cos (wcf +0, +0,) +A cos (wcf +0,_ 4+ Q)i_])

where
W and &, are as defined previously, and
8, = the doppler phase function associated with a pulse P,

T, A = the return amplitude associated with the two point targets.
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If the returned voltage becomes the input to the processor of Figure 4, then after
performing the multiplications, the low pass filterings, and the additions over the synthetic

aperture, the voltage output, V out” 18
m m
Vout = iil T+ iE=] A [cos (Bi_] -8, + (Di-l - (Di)]'

9 A~



An examination of the function, (Di , shows that there are four different cases for ( Q);_] - Q)i).
These are (0° - 0%), (0° - 180°%), (180° - 180°), and (180° - 0%). The facts that
cos (a + 180°%) = -cos aand that sin (a + 180% = =sin o allow us to write
m 'm/2
Vout = i=E] T+ ;;v;] A [cos 8y, " 8y,_1) = cos By, = 8y;) +sin (85,5 =85 -

sin (8y;1 ~ 851,

It is significant that the phase function is very nearly a linear function across the
aperture because then 8. - Bi_‘ = A3 = ¢ constant. Upon substituting A0 into the above
equation, it is found that

m m/2

V. .= I T+ 5 Afcos 23 ~cos A8 +sin AB - sin 26) =
ot =y i=1 i

3

T
1

e

The ambiguous response due to the reflection from point, A, has been suppressed, and only
the deviation of the phase function from linearity intreduces error in Vour due to the point,
A.

Using this technique, it is not possible to image more than the calculated maximum
unambiguous swath both because returns from imaged terrain would overlap, and because the
antenng cannot transmit and receive simuitaneously.

The sequence of phase shifts used above is also the simplest sequence possible because
a simple alternation of phase gives rise to only negative terms in the summation from the

ambiguous terrain rather than alternating terms, and the summation does not tend to zero.

8.0 Conclusions

If sufficiently large antennas could be utilized on a spacecraft, the required 400 km +
swoth width could be accomplished, but this would require an antenna length of 100 meters or
s0, which is hardly practical. In fact, an antenna length of about 19 meters is approximately
what could be expected.

With an antenna length of 10 meters and using antenna suppression of ambiguous returns
alone, 400 km swath widths could not be accomplished even using two antennae, but if a
phase shifting ambiguity suppression technique is also implemented, the 10 meter antenna
would provide approximately the unambiguous swath widht of @ 14 meter antenna, and from
extrapolation, two antennas would image the desired terrain with a 6 day revisit time. In
fact, two 10 meter antennae locking on the same side of the satellite track at different fre=
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quencies could be expected to image a swath of approximately 430 km depending
on the orbit selected.

It is important to remember that a multiple antenna system must be designed
so that the return from one does not add an ambiguous return to the other.

An examination of the problem indicates that the radar would probably consist
of two antennae at slightly different frequencies imaging terrain at different depression
angles. Also, phase shifting ambiguity suppression would probably be used.

1
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ABSTRACT

On-=board processing for spacecraft synthetic=aperture radars is an important
goal for any system intended either for a worldwide mission or for a more restricted
mission where telemetry bandwidth is not unlimited. Feasibility of constructing an on-board
processor for a water=resources mission with 400 km swath has been considered for 1975
components, using the processor scheme proposed by Gerchberg (1970). With 20 m
resolution the memory and speed requirements are so high that power consumption of
650 watts is indicated, but with 50 m resolution enly 104 watts is calculated, and 100 m
resolution only takes 26 watts. No attempt has been made to examine the improvements
possible with more efficient algorithms than Gerchberg proposed.



SYNTHETIC APERTURE RADAR AND DIGITAL PROCESSING
Stan McMillan

1. 0 Introduction

Imaging radars for space applications like the water resources mission are
typically side Jooking synthetic ooerture radars (SAR) because the synthetic aperture
radar can achieve resolutions far finer than the actual antenna ground illumination

pattem, but the resolution can only be accomplished at the expense of complicated
processing of the return signal from ihe illumination area,

Figure 1 illustrates a typical SAR geometry. The satellite is travelling at
a velocity v in the direction indicated, and at an altitude, h, The antenna beam
is always perpendicular to the flight path at the satellite location, and the beam
coverage area is assumed limited to the half-power points on the pattern. At time,
t =0, o point target is located along the line, x =0, and at a radius from the sctellite
of s and the radar emits high powered, extremely shor} pulses of radiation at some
pulse repetition frequency (PRF), and at times, t_ , cces t, caus b

At time, t = =T/2, the point target enters the beam coverage area due to the
motion of the satellite, and it remains in that area until time, t = T/2. That is, the
point target contributed to the return to the radar during the period, T, that it was
in the beam coverage area. At a time, *j' a pulse of radiation is emitted; the velocity
of light is finite, so the leading edge of the pulse arrives at r, and starts back corsider-
ably before the pulse arrives at P >fe orr > r We have a response due to all the
elements at a varying range that is spread out in time, and hence we can distinguish
between or resolve in range by partitioning the retumn in time, but there is poor resolution
in azimuth,

To accomplish resolution in azimuth we must recognize that there is relative
motion in the X~direction between the satellite and ground points, and that the relative
velocity of this motion changes from positive (motion toward a point) to negative (motion
away from the point). The relative velocity gives rise to @ Doppler frequency shift which
is different for different ground cells depending on their x coordinate respective to the
satellites position. Some sort of filter could then be used to eliminate returns from all but

the desired azimuth cell, and resolution in the azimuth dimension could be accomplished.
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The problem of processing is somehow to take the time differences and frequency
differences of different cells and obtain a set of numbers proportional to the amplitude
of the reflected signal from each cell; or, in a different sense, to somehow effect the
time and frequency partifioning.

Gerchberg (1970) approaches the problem of a real~time processor. Real=time
implies that terrain can be mapped and images formed at the same rate. Gerchberg con=
cluded that as of 1970 the technology did not exist to construct real=time processors
because sufficient memory was not available to process the large amounts of data ob~
tained from a SAR, and that power consumption would be far too great, but he projecied
that the technology would exist in 1975,

It is now 1975, and this report deals with whether Gerehberg's predictions on
the advancement of technology were accurate, and whether his processor is now realiz=
able, and applicable to the water resources mission.

This report deals with:

1. Gerchberg's ideas of a general SAR processor

2, Gerchberg's proposed processor including dimension estimates

3. Sample application of the processor to the water resources mission

4, State of the art assessment as of 1975,

After examining these topics the conclusion is reached that Gerchberg's idea of @
truly parallel sub~aperture, non=quadrature processor is realizable using today's components,
but that the requirements of the water resources mission are so stringent that power consumptios:
and processor size remain problems for on=board processing. Neveitheless, the power required
for a 50=meter-resolution processor is only o little over 100 watts, so such a processor can be

used in a spacecraft having only medest available power.

2,0 The Generaliz___e_d. Processor

If noise were not a problem in SAR processing, a single filter looking only at each
azimuth cell would suffice to image the terrain, but this is not the case. The information
is severely effected by multipath fading, and as such, long integration time, look time,
or equivalently many looks are required to remove the signal from the noise.

Figure 2, taken from Gerchberg, is @ typical algerithm implemented for digital
SAR processing. To illustrate the operation of this processor, suppose, first, that the
range cells have aiready been separated by range gating and, second, that a point target
is being imaged such as the point target at range, e in figure 1,



(1) = A cos (w_t +k? + ¢)

S{t) = return from the point target during the aoperture
period T

A = amplitude of the response
¢ = a phase shift associated with reflection

The return during the illumination period from t = =T/2 to t= T/2 has an angular
corrier frequency, the anguler frequency from the redar, of W, and a changing
doppler shift, kt, which implies a linear frequency modulation of the carrier frequency.
If we restrict the antenna to narrow horizontal beam widths, this is o very good _
approximation to the actual phase history.

The mixers and low pass filters indicated eliminate the carrier frequency, and
the following outputs are found ofter the correlators:

A=A (cc cos ¢ =scsin ¢ )

A2=A(E; cos & =ss sin ¢ )
BZ=AG§ cosd + ¢s sin¢ )
B] =A (sc cosd + cc sin ¢ )

where

f sin (kfz) sink (t - r)2 dt

]
i

fces (kt2) cos k (t- T )2 dt

0
0
)]

cs = sc =fcos(kt2) sink (+ - T)2 dt

and the integrals are from = T/2 + T to T/2. Since the retums are not actually
continuous but discrete, the integrals should be replaced by summations, and t by
t. j= {-m, ... m} where m indicates the last return of the aperture and =m the
first, but for purposes of illustration the integrals will suffice.
A couple of interesting points are illustrated by the correlation integrals.
The variable T indicates the amount of mismatch between the reference function and
the retum signal, If the point targef is being imaged, then T = 0, and 'ss and ¢c are
maximized while s =0, This corresponds to facusing the aperture on the point target,
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But, if t is other than zero, then 'ss and cc are reduced and go to zero when

cos kt2 =sink(t= T )2.
The correlators act in effect like tracking filters,
Finally, the output,
V.. =A(ce + s5)

out
is of great significance because the phase angle, ?, has been eliminated, and the output
is dependent only to the variable T. Typically this dependence is in @ 22X relation.

This analysis shows simply that this detection scheme tends to maximize the retumn
from the area of interest, and minimize the effect of targets distant from that area,

and noise, since noise will also introduce a mismatch in the correlator. That is the
desired effect .

3.0 Gerchberg's processor

The generalized algorithm could be implemented, and an area imaged, but
Gerchberg felt that the generalized processor would require teo much memory, and too
many operations. In a typical space application he envisioned that 2,000 range cells could
be required, and also 2,000 returns in an aperture. This would require 4 megacells of
memory at the very least, and this would be for azimuth resolutions considerably finer than
might be required in a given situation. Gerchberg's next problem was to reduce the amount
of memory required while preserving sufficient information for imaging.

First, he considered the effect of just eliminating correlators, Ay, By, and B,
without any compensation. It would have a desirable effect; memory would be halved;
and the number of operations needed to perform the correlations would be quartered; but
a price must be paid, Gerchberg, and later F. Dickey a:id J, Holtzman (Technical Mem~
orandum 177-29) investigated this problem, and with the hypothesis of a Rayleigh=distributed
target, the loss is a 3dB reduction in the mean~to-standard-deviation ratio. This would
imply an increase in clutter level of the image and the image would tend to look grainy.

Another consideration is the fact that fully-focused, full-aperture processing
resolves the terrain into azimuth cells considerably finer than required in most applica-
tions. This finer resolution can be used, and after processor averaging can reduce
graininess and reduce the standard deviation by forming larger cells from the smali
resolution cells, but Gerchberg thought that it would be possible to process for the
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TABLE V

Summary of Cycle Times and Storage Capacities for

Sub-Aperture Processing

SYSTEM PARAMETERS:

Doppler Bandwidth of Return Pulse

Time for point target in physical antenna beam

Radar system velocity

Finest Along~Track Resolution

Along-Track Resolution Degradation Factor

Image M/STD improvement factor due to processor
averaging

The largest number of non-overlapping
sub+-apetures possible in processing

Total number of subapertures employed in processing

Requantization degradation in M/STD

The square root of the range of
differential scattering
‘cross sections to be imaged
Logarithmic quantum in the
averaging stores
Requantization bits

Averaging store counter in bits

Number of bits per word in working stores

Number of words in working stores per range bin

Number ¢f words in averaging stores per range bin

The total number of bits in working stores per range
bin

B

T

Vo
Vo/ B
N

vG

N
G
p (%%mg ggative

RV

5= 1+1.82ve" 2%

B=logy { InRy
In &
raised to the next
highest integer

C= log,G raised to
the next highest
integer

L
TB/N
TBG/N2

TBL/N



TABLE V (CONT.)

The total number of bits in averaging stores per range
bin ~ (B+C)TBG/N*
The number of bits required in the cumulative summer 2L + logz(TB/N)
Number of words required in the buffer stores per ’
. range bhin N
Number of bits in buffer storage per range bin ' NL

FOR SUB-APERTURE PROCESSING WITH SERIAL PROCESSING
IN EACH RANGE BIN:

Working store word maximum cycle time
{same as multiplication time) Nz/(BzTG)
Averaging store word maximum cycle time N/ABG



desired cell size, and still enhance the image. For this purpose he developed a system of
sub=aperture processing. The idea was simply to divide the aperture into a group of non=
overlapping sub-opertures which could be squinted at each of the resolution cells that
contribute to the return in that sub=operture, and then the outputs of the sub=apertures non-
coherently added to form the image of the cell. This would supply resolution to the proper
size, and also, due to the non~coherent adding, supply image enhancement.

We now have an idea as to what Gerchberg's processor is like. If is a non-
quadrature sub-aperture processor. Figure 3 and Table V taken from Gerchberg show
the processor flow diagram and the parameters required for processing.

Referring to Figure 3 , after the signal has been range gated, it must be changed
to a digital output and stored in buffer storage. The number of Lits required in the digital
output is highly dependent on the dynamic range of the return. Gerchberg maintains that
5 bits is right for most applications, while John C. Kirk (1975) gives a technique for
exactly determining the bit requirements.

When a complete sub=aperture has been entered into buffer memory, it is
transferred fo active memory and the correlation begins. The elements of the sub=-
aperture are multiplied by a set of reference functions corresponding to squinting at
each of the resolution cells that the sub=aperture will resolve, and the element, reference-
function products are summed for each squint angle. This number is then added to a number
stored in a siow memory corresponding fo the proper resolution cell. The cell is imaged when
the proper number of sub~aperfures have been added together and the resulting number is
output fo create the full image.

The logarithmic change is an effort to reduce the storage requirements again by
reducing the number of bits required to represent ¢ werd. Directly performing the multipli-
cations and sums indicated for this processor algorithm results in word lengths considerably
lenger than required to maintain the prescribed dynamic range. This was of significance
to Gerchberg because a large saving in storage could be realized if fewer bits could be used
to represent these words in the slow store. The logarithmic, and antilogorithmic changes
illustrated in figure 3 are efforts to accomplish this saving.

A careful examination of Table V gives an idea of the parameters and require~
ments of the processor. Considerable use of this table will be made in the next section.

4.0 Application of Gerchberg's processor to the water resources problem

It is not immediately evident from Table V, whether a non-quadrature, sub=

aperture real time, SAR processor could be constructed using today's technology. An
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illustrative example using typical numbers drawn from the requirements of the water
resources problem can give more readily understandable information.
Typical satellite and radar parameters are as follows:

altitude = 900 km
velocity = 7 km/sec

antenna configuration = two antennas imaging terrain on both sides of the satellite
ground track

antenna length = 8 meters

carrier frequency = 10 GHz

pulse repetition frequency = the Doppler bandwidth = 1750 Hz
swath width/each antenna = 200 km*

azimuth beamwidth = 3.38 km

aperture time, T = .483 sec

resolution cell size =~ 20m, 50m, T00m

Since this is an example, completely accurate calculations will not be needed. [t
is assumed that all resolution cells are square and that the number of range resolution
cells is just the swath width devided by the resolution cell size. Other important

quentities are shown in Table II.

TABLE 11
Resolution cell 20 m 50 m 100 m
No, of azimuth |
cells gcross the 169 67 33
anfenng pattern -
No. of range
cells/side 10,000 4,000 2,000
No. of sub-
apertures, N 5 12,5 25
Pulses per Sub-
Aperture, '_I"% 169 67 33
Sub~Aperture Com-
pletion Time .0966 sec 0.386 sec .0193 sec

* No attempt is made here to address the radar system problem of achieving this
swath width. Ambiguity suppression techniques are the subject of another Technical
Memorandum in this series.
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Figure 4 shows the author's conception of Gerchberg's processor as it might be
implemented for a single range cell, All range cells are processed in parallel, and
each ontenna's retum is processed separately = effectively here are two separate
processors, :
Each pulse from the radar gains information on the terrain within the antenna
pattern, but each processor like that of Figure 4 can only use a portion of the continuous
analog retumn and the processor must have the information in the form of a digital word.
The return from the terrain is partitioned into a group of each signals corresponding to a
range element, then converted from analog signals to digital words, and finally each word
is assigned to the buffer storage of the processor corresponding to the proper range cell.

When the radar has completed a sub-aperture the buffer storage contains @ word for
each of the pulses that made up the sub=aperture, and these words are transferred to active
storage for processing while another sub=aperture is being completed. From Table V, the
number of words in working storage and hence the number of words needed in buffer storage,
or the number of pulses per sub=gperture is given as % where T is the period of the complete
aperture construction, {the time each ground cell receives ilumination by.the beam), B is
the Doppler bandwidth of the signal, and N is the number of sub=apertures,

Sub-aperture processing requires thot the sub~operture be squinted at each of the
azimuth cells within the physical antenna pattern of the sub=aperture, which requires
that each word in the active storoge be multiplied by a different reference function for
each squint, and then that each of the word=reference=function products be summed to
obtain a single number for each squint angle. There are %— azimuth cells and IFJE- squint
angles, ‘

Successive sub-apertures are squinted at the same azimuth cell, and the processing
of @ sub=-aperture is completed when the processor word corresponding to squinting at
a particular azimuth cell is non=coherently added to a word corresponding to the summation
of previous sub—apertures squinted at the same azimuth cell,

The total time, bre required to process a sub~aperture is as follows:

8 [T8
=N [‘N‘ (g 1y 1)) * (g “x“sz)] *ig

- time to acquire the word from active memory and also the reference
function (assumed simultaneously)

fa

M time for @ multiplication
tg; = time for each of the first additions
'q ~ acquisition time and storage time
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ty = time to take the antilog, and the log
tgy = time for each of the second additions
tg = time to move data from buffer to active memory.

In the next section we will investigate the state of the art as applies to these times.
It is important to remember that all range cells are processed in parallel so this is the
time to process a sub~aperture.

The memory requirements must take into account all the range elements, and also
the fact that imaging is performed on both sides of the satellite. The buffer storage, and
the active memory have been shown to require INB- words at L bits per word, and the
averaging store needs -%—- words at M bits per word., The total storage Spis then

ST = 2 [2}}}_ Ly + % (M)] « (Number of range elements).

Gerchberg shows from his studies that for a 40 dB dynamic range in return L=5
is good enough, and that M should then be 9. Table il gives the memory requirements
using the different cell sizes.

TABLE III
Res. cell size 20m 50 m 100m
Memory size 64 M bits 10.2 M bits 2.5 M bits
Buffer storage 16.9 M bits 2.68 M bits 660 K bits
Active memory 16.9 M bits 2.68 M bits 660 K bits
Averaging Storage 30,2 M bits 4,84 M bits 1.18 M bits

5.0 Device Performance

Gerchberg estimated the requirements for a 4.8 M bit processor in 1970, and
decided that the equipment was not yet available to construct a processor but soon would
be that would dissipate 10 1 watts/bit and perform real time processing. He looked to
the semiconductor memory as the most likely candidate and bosed his estimate on a
4 K RAM that Texas Instrument was developing at the time. 4 K RAM's are now avail -

able, and larger RAM's are in the planning stages, but other innovations sueh as CCD
memories are now available which were not even considered in 1970,
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One RAM that is available for building memories is a 1 K chip put out by
INTERSIL, the IM6508A~1, It is a static RAM using CMOS technology. It has o
worst case access time of 100 n sec and typical power dissipation of 9.8 11 watts/bit
in the active mode.

On the bulk memory front, INTEL markets a 16 K CCD chip, the INTEL 2414
that has a maximum random access time of 64 microseconds, and power dissipations of
12.2 1 watts/bit, but dota can be read in or out serially ¢t o considerably higher rafe,
approximately 2 M bits/sec.

If we consider multiplication and addition units, then we have a choice of
speed, or low power dissipation. From an examination of the requirements low power
CMQS components seem to be applicable. As o typical example, the Motorola MC14008AL
4 bit full adder has quiescent power dissipation of 1 microwatt per package, and operation
time of 170 n sec, and the Motorola MC14554AL 2 x 2 bit binary multiplier dissipates
100 n watts per package, typically, and performs an operation in 80 n sec.

From an exemination of thz literature, log and antilog chips do not seem to be
ovailable. In fact, they seem little cailed for, but also there is no doubt that they
could be constructed or that memory look-ups could be accomplished if necessary. A
conservative estimate of the function time and power dissipation of these chips assuming
CMOS construction would be 10 microseconds to perform an operation, and 10 microwatts
of power dissipated per package, but simple calculations would show that these times and
powers do not greatly affect processor time or power dissipation.

Using these device parameters the total sub~aperture processing time can be
calculated, and the processor power consumption estimated,

ty = 100 n sec
M= 200 n sec The 2 x 2 bit multipliers must be combined to forma 5 x 5.

to1 = 300 n sec. The adders must be combined to add 10 bits, but times of
execution don't increase proeportionately.

e 200 n sec

by = 20 u sec

tgp = 300 n sec

tg = 70 u sec ty is the time needed to randomly access one locatien and
serially address the rest., The CCD memory was assumed.

Table IV shows the results of both time calculafions and power calculations
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TABLE IV

Resolution cell size 20 50 100
Processing time 20,6 m sec 4,08 m sec 1.4 msec
per aperture

Power required 450 watts 104 watts 26 watts

The power calculations were performed assuming that in combining multipliers
and adders to perform the computations necessary, about 10 microwatts per adder or
multiplier would be dissipated, Also, the complete processor processing the entire
400 km swath width is considered. )

6.0 Improvements in, and conclusions about, Gerchberg's processor

As is easily noticed, Gerchberg's processor is basically a brute strength processor
using parallel processing to extremes. The times listed are extremely conservative estimates
of processing time, but even from these estimates it is shown that time multiplexing to elim=
inate hardware could be easily accomplished. The savings of time multiplexing would
be that, for a slight increase in control complexity, we would decrease the number of
required paralizl channels with o proportionate decrease in active memory.

An additionul point to be considered is whether it is necessary to preserve all
the Yits available from the multiplication and addition processes. If little or no infor-
mation is gained from saving these then additional savings might be possible by reducing
the necessary averaging memory.

The important point of this report is that Gerchberg's conception of a real time
processor appears realizable using today's technology. Main-frame semiconductor mem-
ories incorporating 1 k bit ¢hips to form 1 megabit modules have been introduced, and
advances are pushing access times and power consumption down.

The problem, as always, with SAR processing is the vast amount of data that
must be used to image a terrgin. The water resources mission puts some rather stringent
requirements on any processor, and the purpose of much of Gerchberg's work was
addressed to reducing the memory requirements. To this effect he proposed a non-
quadrature sub=aperture processor, plus the idea that imaging does not require all of
the sub=apertures for each resolution cell. The author of this report did not address
himself to the last possibility. Still, even with an almost minimal memory requirement,

16



the memory to effect 20 meter resolution was tremendous, 64 megabits. Calculations
show that such a processor would be possible but whether it is feasible is a matter for
greater consideration. It does not appear feasible for an on board processor both
because of size considerations, and because of power dissipation and the difficulty
of handling the heat produced. On the other hand, en-board processing for 50 meter
resolution seems possible, and it seems completely feasible for o 100 meter resolution

cell size,
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