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SUMMARY

Weightiug is a well known technique for shaping the compresse.d pulse waveforr
in uadér processing. Usually, weighting is arplied to the trensfer function
nund has the effect of sacrificing the time mainlobe width (resoluticn) in
exchange f'r decreasing the height of the neighboring sidelobes. This paper
raports on simulations of weighting in the time dom~iu, as used to shape tte
tive-compressed pulse wavefoim. The digital input radar data is 32 bit

1,Q, and simulates data from a point target as imaged by a Seasat~A type
system. Weighting functions tested include stepped-amplitude distributions,
(with 1 through 5 steps), anc¢ the cosine-sguared plus pedestal distribution.
Effacts treated include mainlobe broadening, peak energy reduction, the
int:greted sidelobe retio, signal té noise ratio, and nearest sidelcbe

suppression.

1.0 INTRODUCTION
Pulse compression in radar is commonly accompiished through matched filtering.
A radar point target return s(t) is correlated against a t-shifted version

of its conjugate s*(t) over a time interval T, to yield an cutput at time T:

T/2

a(t) = s(t)s*{t - 1) dt. ' (1)

-T/2

* This paper presents the results of one phase of research carried out at the
Jet Propulsion Laboratory, California Institute of Technology, under Contract
No. NAST-100, sponsored by the National Aeronautics and Space Administration.
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The estimate 3it) yields a prediction of the return Trom a target at the

*location specified by t. The function |§(1)| usually has multirle peaks,

and thus creates detection ambiguities when there is large signal dynamic
range. For example, if s(t) is & linear FM signal, 5(v) approximates & sinc
function with high (-13.2 db) sildelobes.
The relation (1) may alsoc be expressed in the frequency domain. Set
= *{_
sr(t) s*(-t).

Then (1) becomes

T/2

5(t) s(t) Sr(T - 1) dt (2)

-T/2

S@Sr(‘l’).

If capital letters denote fourier transforms, then (2) implies

S(w' = s(w) - Sr(w). (3)

The inverse transform of &/w) is of course s(1). In (3) we can multiply
Sr(w) by a weighting function W(w) to obtain a new output Slé'

Sl(w) = S{w) - Sr(") < *W(w). (L)

The inverse transform, sl(f), is now only an approximatién to $(t). The goal c¢f
frequency domain weighting is to select a function W in (4) such that sl(r) is

a good local approximatiosu to 8(t}, but has lower sidelobes,

It is known that weighting of the time domain signal can produce similar
effects, particularly if the signal iv linear FM. 1In time weighting the
weighting function is multiplied with the return signal

i
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sl(t) = s(t) wit)

or with the reference function s*(t)
(t) = s*(t) w(t),
prior to filtering.

This paper reports on simulations of time-weighting, performed on digita™

SAR data of the type expected from satellites such as SEASAT-A.

It is shown that use of a cosine-squared-plus-pedestal time-domain weighting
scheme cen result in sidelobe suppression down tou -36 db, with mairlobe

broadening of less than 390% for the simulated dais.

Section 2 gives a brief descripticn of the frequency domain weighting epproech,
which is th:n used tc motivate the ideas on time weighting presented in
section 3. Finally, section 3 contains the numeriral results extrapolated

from the simulaticns.

2.0 [I'REQUENCY DOMLIN WEIGHTING

Let the signal given by eq. (5) be receivzd at the radar receiver at time t.

2
exp{j(fut +% )}for -T<t<?
s(t) = (5)

0 elsewhere.

The natched filter response at time t is

T-t bt b 2
3(— +£ t) -j(—(t+1) +f (t+1 )\
= 207 \2 ° g, (€)
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By elementary calculation, we have

~Jf v sin (bT-r - %12)

bTt

2T sinc (bTt) x (phase factor)

ic valid. Ignoring the phase factor, we see that S(t) peaks at v = 0. There-

after, sidelobes 13.2 db below the peak intensity occur near 1 = * 3n/2bT.

These sidelobes can mask weaker peaks corresponding to neighboring targets,

as shown in Figure 1.

By slightly mismatching the filter response, (and hence sacrificing signal to

noise ratio and mainlobe width), the sidelobe levels of the filter output can

be decreased. The process is most easily understocd when mismatching is

Fig. 1. Sidelobes Masking Weak Peaks
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(1) = 2Te . vTT (1) -
Usually, the range of interest is such that 1t is small compared to T, so that
the approximation
. -Jfr v .
(1) = 2Te o sin_(¥T7) (8)
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aceonplintad by weighting in the frequency dimain [S]. fet #(1) represent

.

the outpu. of a matched Cilter.  Tts fourier transtom is given by

w

¢

S{w) = s} eap {=J2awi} i ) (g)f

7

-y

(We nonune B8(w) = 0 tor lkl > B/, By the rowrier shift theorem the funet lon

" ) o= st F o oo Sunw .
L(h) {w [l - R (1

1 a
: : 1
:;l\[) :.._\l_‘_:(l +-T1-)+::‘|)+-—“—1;:((—T)' (}])

(Here nois an integer and :1“ ic arbiteary).

Thue =, (1) i toe original matehed Silter ocutput with paived echos superinpoged
me crUraet of ¢ afB) The oches are seated by o Saetor of " [0 in the

. 1
ense wheee o = 3, the sine tuaetion in (8Y, then S{w) o a rectanzic function

at o a L

(exeept for a shift factor due to the phase offzet). Mking n = 1, we obtain
]

trom (8):

s T

:?-1(\.') = :\-(\c)[.l o, oces —'—] ()
and
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{Yere B is proportional to T, ny virtu- of (8)). When the three sinc functions

are nlded, a nev "quasi-sinc" function results with lower sidelobes. (BSee fig- - |
ure 2).

Thus weighting by W(w) = (1 + a, cos 27w/B] can lower the time sideloles. 1In
the radar case, we would actually be confronted with a superposition c¢f sine
functions at the wiveighted filter output. Each sinc function would be centered *
on its own resolution element. However, by the linearity of the fourier trans-
form operation, cne weighting function applied to the superposition spectrum

serves to suppress the sidelober of ali sinc functions ub once.

3.0 TIME DOMAIN WEIGHTING FOR TIME SIDELOBE SUPPRESSION

Time domain weighting is accomplisned by multiplying the return signal or time
reference function by a properly designed veighting function. Since the weights
can easily be incorporated as part of the time domain referencze function, the
technique is a promising one for application to real-time spacecraft on board
processors, ‘ithe effect of time weizhting on time output can often be easily
determined [1].

For example, let the radar sigual s(t) be the lineur FM signal given in (5).
Then, in a rough manuner of spcaking, there is a ono-to-one corresponcence between
time and frequency. That is, each time interval At cerresponds to a frequency
iuterval Aw in the spectrum. Hence a time weighting function W(t) wculd have
about the same effect as the frequency weighting function W(t = w). ‘hus a first

order estimate of the effects of time weighting by W(t) may be obtaired through

= === = = SUPERPOSITION OF
SINC FUNCTIONS

Fig. 2. Superposition of 8inc Function and Seuled Echo
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frequency weighting with W(w). More precisely, it is known that for the
linear FM signal (5), the filter time output g(t) resulting from a time
weighting w(t), satisfies

T

lg(t)] = ‘%%; w(t) exp {Jbtt} d1l. (13)
-7

For further details, see [1] p. 187.

In SAR processing, the azimuth aperture is gensrated by a sensor meving linearly
with constant velocity over the upertwre length. Thus, tc a reasonable
approximation, the azimath matched rilter functien is a linear PM chirp, and the
above time weighting approximations {e.m. (13)) aoply. However, the asimuth chirp
is a sampled (discrete) functicu, ond the resuwlti are somewhut ditlerent.
Therefore, to discover the etffects of weighting with discrete time fundtions,
actual sinulations were performed. The weirhtings were applied along tie azimuth
direction of simnulated SMASAT-A SAR data.  Each duta inprt point was quantized

to b bits, as was each reference and weighting cocffizient. The sround spacing
between adjacent data input points was around ki meters. A total of %096 input
points was used to process a lb-look output data point. 1Thus each look required
filtering of 102k points, or 102k separate weighting coefficients. The

spacing between output data points was around 26 meters. The sim.laved input
data was designed to represent the return from a point target so that the effects
of weighting could be easily observed. The cutput image was 16 (range) by 512

(azimuth) points.

The weighting functicons selected for simulalion vere the stepped amplitude

distributions and the cosine - squared plus pedestul function [3], [}, [5].

The stepped smplitude distrivutions are given in table 1 for 1 through 5 steps.
{See also fipure 3). These distributions were chosen for their optimality in
antenna pattern adjustment, and their ease of implementation [3]. Role that

T ie proportional to N = 107k, the number of weights.
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TABLE 1

SYEPPED AMPLITUDE TIME WEIGHTING FUNCTIONS

Bl a2 a3 ah a5 b1 b2 ,ba bb
1 e . . cen 1 oo veo
0.5 . “ 1 0.5
0.35 0.35 0.30 eee cee 1 0.625 0.350
25 0.25% C.25 0.25 ‘e 1 0.78 0.55 0.34
0. 300 0.225 0.235 0.170 0.070 1 0.72 0.54 0.36

—tp~ 11ME

fo— bT
"o 4
N
L
- byt —{ o
{ byT i {
= 1

Fig. 3. <Stepped Amplitude Time Weighting for Time Waveform Shaping

0.18

The cosine squared-plus-pedestal distribution [5] is, theough a tric..metric

identity, equivalent to the weighting given by the fight—hund factcf in eq. (10).

It is defined by

W(t) = H + (1 - R cos® (wt/T)

v-8§-8

et e

(14}




e cramm e — CL TS Y

where
H = pedestal height (0 < K < 1)

T = pulse timewidth.
For the simulation, we select H = 0.05 to épproximate Hamming weighting, vwhich
produces the lowest sidelobes attainable +ith this type weighting ii the
frequency domain [5]. The resulting weighting is similar So the 9uylor
approximation to the physically unrealicable optimum Dolph - Chebyshev weighting

(2], [6], and represents a practical approach for digital processing.

‘Table =z gives the total energy in decibels in the 3 center lines sbout the peak.
{(By "line" is meant a range line of 16 data points centered around the azimuth

psak, See figure 4.)

TABLE 2
PEAK ENERGY AND INTEGRATED SIDELOBE FATIO

Weighting Technique Total Energy in 3 Center Lines Peak Energy
Rectangular 103.109 100.067
2 step amplitude 103.458 99.667
3 step amplitude 103.51L 99.415
L step amplitude 103.5k4¢ 99,350
S step amplitude 103.552 . 99. 362
cos-.+ pedestal 103.478 98.748

Note: Total energy in 512 lines is 103.671 db for each type of weighting.
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Since the total energy in each 16 x 512 image was normalized to 103.671 db,
the energy in the center lines reveals in a rough way how much eneréy is left
over for sidelobe generation. This data can of cowrse be used to compute tﬁe

"integrated sidelobe ratio" in decibels, defined by

total energy outside muinlobe
total energy in mainiobe
(3 center lines)

Integrated Sidelobe Ratio = 10 10510
o+

The results are summarized in table 3, for both L and 32 bit quantization, and

give a fair estimate o7 the 2-dimensicnal integrated sidelobe ratio.

TABLE 3
INTEGRATED SIDELOBE RATIQ, DB FOR VARIOUS WEIG!ITINGS

Weighting ) Integrated Sidelobe Ratic
Rectangular b bits 32 bits
" (no weighting) - 12.1 ab - 12.8 ab
2 -~ step amplitude - 13.3 dv - 14,3 ab
3 - step amplitude - 14,5 ab - 16.1 db
b - step amplitude - 15.6 db - 17.8 db
5 - step amplitude - 15.7 db ~ 18.0 dv
cos® + pedestal - 17.3 db - 21.7 db
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Mble I also gives an indication of loss in signal to noise ratio in tems of
peak enecgy.  Since ench weighted ocutput has the same total energy, the penk
cherpy in the sccond column indicates the loss in SNR rathar accurately., The
crentest toss (1,319 db) relative to the unweighted case oceurs with cés? +

pedoestal welighting,

Table & is used Lo derive the mainiobe broadening resulting rrom weighting., As

hJ
eapectad, the worst broadening is seen to occur with cos™ + ped weivhting, with

RIIR

eily 4 3 Jdb suppression (16 meters from the peak.  Tn this case the 3 db re.alution

ia dogended to 30 meters,

Tie values in Table § can be uzed Lo derive fairly jrecize values tor the

reaclution achieved with each veightingg scheme, in the tollewing nanner.  The
antput. Cilter Qunetion is modelled ns a sine function which is ol}scly tracked
in Lhe range of interest by a quadratic., Using: Lagrange's interpeiaticn poiy-
aarial, with the peak it 2 nearest neixshbors as input-peints, the distarce to
5.

the 3 ab mainloabe threshold is caleuiantad. The results are shown in toble

TABRLE A

SUPPRESSTON AT NFAREST NEIGHBOR, DR

Weishiting Techmigque Suppression, b
min - mix

Rectanmmular Q Q

2 step anplitide 5 O

[

3 step plitade

q ostep maplitude

oo
[P BV |

5 step amptitude
~ .
cus + padestul 3 N
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TABLE
RESOLUTTION ACHIEVED

Weighting
Rectangular
(Mo weighting)
2 -~ step amplitude
3 - step amplitude
4 - step.amplitude
5 = step wiplitude

2
Cos” + pedestal

B el et e - - — - -

5
WITH WEIGHTING

Resolution

7]

©

. m

27.2m

28.8 m

28.8 m :
28.8 m

30.km

Finally, table 6 gives the side.cbe suppression actually achieved with ench

weighting scheme. Xach technique generated 2 sidelobes of generally different

heightsy hence the min and max suppressions are both tabulated. The best

2
suppression is achieved by cos™ + pedestal

wveighting, with a =36 db measure-

tent at the highest sidelobe. (The sidelobe asymmetry results from the

true peak occurring berlvWeen two data catput points).

TABLE

6

NEAREST SIDELOFE SUFPRESSION, DB

Weighting Techaique

Rectangular

2 step amplitude
3 step amplitude
L step amplitude
5 step amplitude

o]

Cos™ + pedestal
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Sidelode Suppression, dbd

min max

20 =24

22 25

26 29

30 33

29 33 '
3 )
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main for time sidelobe. suppression presents an attrac-

tive altermative Lo rregquency Jdemain weighting, cspeciully If Line-donniyg
azimuth processing s to be accenplished.  The simulatiagns show that vﬁs? +
pedastal weiphting aclieves 36 db sidelube supprassion with a SNR lons of Tess
than 1.5 db, and resolution loss of dround 25%.
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