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THE IDEAL SIDELOBE SUPPRESSION
FILTER TRANSFER FUNCTION IS EX- 1
PANDED INTO A POLYNOMIAL SERIES |

THE INFINITE TERMED POLYNOMIAL
SERIES IS TRUNCATED TO FINITE TERMS
AND UNDECIDED COEFFICIENTS A, B, C,
D.. ARE INSERTED IN EACH TERM OF -]
THE POLYNOMIAL SERIES

CONVERSION OF THE FINITE TERMED
SERIES FROM THE FREQUENCY DOMAIN | 3
TO THE TIME DOMAIN ‘

LP ALGORITHM IS APPLIED TO FIND THE
OPTIMIZED COEFFICIENTS A, B, C, D...

S0 AS TO MINIMIZE OUTPUT PEAK SIDE- L4
LOBES

INSERTING THE COEFFICIENTS A, B, C,
D.. BACK TO THE INVERSE TRANSFER As
FUNCTION OF THE FILTER
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OFTIMIZATION METHOD AND AN OPTIMIZED
FILTER FOR SIDELOBE SUPPRESSION

FIELD OF THE INVENTION

Thas invention relates 1o sidelobe suppressson filuers
in binary coded radar systems

BACKGROUND OF THE INVENTION

Today, binery coded radar systems are sed for both
civilian and military purposes In radar systems, the
Barker code is one of the most commonly vsed hinary
phase-coded waveforms, because if has o relatively hagh
ratio between its mainlobe and sdelobes, and the length
of the code 1 also relatively shor. The manmmum length
of the Barker code u 13 When using the Barker code
and the pulse compresshon technigue, it i also possihle
1o achieve & betler range resoluson. The invention can
be spplied in variows rader systems, such as MT1 (Mov.
ing Targe! Indicator), PD (Pulse-Doppler) and SAR
(Symthetic Aperture Radar) systems Barker coding
wavelorms are sometimes wsed abio in spread spectrum
OO AN ICATENN

This invention is also applicable wath other binary
ecoding waveforms, sach s iruncated PN saquences and
conacatenated codes.

When comuidering the Barker code as & pubie com-
presseon waseform, the sidelobe level of the Barker
code sher maiched filienag should be suppressed 1o a

M
peak sidelobes of the filvers designed by the LP algo-
rithm are lower than those of the filvers designed by the
LMS algorithm. Another problem with the LP 1ech-
nique is the complexity of the filver soructare. For exam-
ple, when wsang o 13 bit Barker code. at least 20 tapped
delay elements are nesded im the filter 1o oblsin an
accepiable performance. The LP technique is presented
in the publication: 5. Zoraster, Minimum Peak Range
Sidelobe Filters for Binary Phase-Coded Waveforms,

19 JEEE Tramsactions on Acrospece and Electronic Sys-

certain low level 1o be able 10 acheeve a good resolution 30

for ranging sad speed messuring That & why the opt-
mizstion of & sdelobe filter u & matter of grest impor:
tance m modern radar sysiema. Without suppressson,
the pesk wdelobe bevel for a 11 bin Barker code (s oaly
2113 dB lower than the mamlobe level and this is notl
sufficiently low for most radar spplications.

There are mainly three possible ways 0 design a
Barkes code sidelobe suppression filier. The first two
meihods are called LMS and LP methods In these
methods, n mismatched filter is designed for the Barker
code-ugnal directly, instead of first weng & matched
filier 1o perform the pulse compression cormelation and
then seppressing the sdelobes lmer Both the LP algo-
rithm and the LMS algonthm are usable when syathe-
siring the filvers in the tme domain,

By the LMS (Leasi Mean Square) algorithm, the
LMS filter is dewigned to replace the Barker code
maiched filier. The LMS mismaiched filters for the
Barker code are wtilized to minimize the beasi mean
squire of the sidelobe, that is 10 say o mimimize the
average energy of the sidelobe. Minimizing the average
energy of the sidelobe is pot enoegh, because 1 does not
assure that the peak sidelobe s minimized In radar
applications, a high peak sidelobe of & strosg targes
echo can sometimes mask the mainlobe of & weak mrget
echo. Also, the LMS sidelobe suppression fliers are
complex in their filer wrecture. The LMS techniqee is
preiented in the poblication: M. H. Ackrowd and F
Ghari, Optimum Mamatched Filters for Sidelobe Sop-

kL

N

tema, Vol AES-18 No 1, Janeary 1980, pp. 112-113.
The third sidelobe reduction filter devign method is 1o
synthesize, in the frequency domain, a R-G filer, which
is n separate sidelobe suppression filter connected to the
matched filver, The hardware wructure of the R-G filter
is relatively simple as compared with LMS and LP
filiers, but iy performance is not a5 good as that of the
LP Glters. It should also be pointed out that the R-G
filiers can only be used for the Barker codes with posi-
tive udelobes. For example, an 11 but Barker code has
negative sidelobes, thus the R-G fliers cannol be used
for i The R0 filters are presented in the publication:
A, W, Rikaczeh, R M. Golden, Range Sidelobe Sup-
pression for Barker Codes, 1EEE Transsctions on
and Electroaic Systerms, Vol AES.T, No, 6,

Now. 1971, pp. 10871082

SUMMARY OF THE INVENTION

Therefore, it is & principal object of the present inven-
tion o provide 5 new method of designing Barker code
sidelobe neppressson filiers tn order to enhance the ca-
pability of the suppression of the sidelobe.

Another chiect of the invention is 1o provide a rela-
tively simple hardware structure of the filter while
achieving promising performance.

As used herem, good performance means the capabil-
ity of the filter to suppress both the positive and the
negative sidelobe and 10 keep the peak ssdelobe 10 0
minimum. The preseni mvention can be wtilized for
other kinds of bimary codes in addition 1o the Barker
code, such a for truncsted PN sequences and comcate-
nated codes

In order to achieve (ke shove-mentioned objecty. the
optimization method for sadelobe suppression acconding
10 the present invention wuggess deugning the sdelohe
suppression filter in both the time domain and the fre-
quency domain. The filter fs Arst synthesized | the
freqeency domaim using & fnite-termed polysomial
series 10 approumaie the transfer famction of the ideal
sidelobe sappression filter for w bissry phasecoded
waveform, such as the Barker code, truncated PN se-
quence or concalenaled code. The approaimated trans
fer fenction contmims coefficients A, B, C, D, the val-
wes of which are unknown so far. Then, by using the
inverw Foener transform, the finile-termed polysomisl
serbes of the filter in the frequency domaln B converted
into the time domain, In the time domain, the LP algo-
rithm is applied to calculae the coefficients of the m-

pression, |JEEE Tramactions os Aerospace and Elec. 80 verse filler sequence 8o o o minimize peak sidelobe

tronke systems, Vol AES-S, Mo 1, March 1973, pp
204-218.

Another prior method of designing s mismatched
filter for the Basker codes wiilizes LP slgonthm (Linear

owtpets, The obiained coefficients are pui back 1o the

inverse transfer function of the sidelobe filier 10 ssure

an optimal performance for the sidelobe suppressson,
It = still anather obpect of ths invention o reakize o

Programming). Linesr Programming techmigues are & sidelobe suppression filier for pulie compression radar
wtilized 10 determine (he optimal filter weights in order  systems ptiliring an 11 or 13 bu Barker code. In order 10

10 minsmize the peak range sidelobes of & binary phase-
coded wavelform such as the Barker code. The ocutpul

achieve the above-mennoned object, the filier and the
certam coefficients in the 1ramafer function HiN of the
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filter ere optimized 50 83 10 minimize the cutput pesk
sidelobe.

The above-mentioned features and objects of the
mvention will become more apparent by reference 1o
the following description and the sccompanying draw- 3
ings. The reference R-Gopt in the following texi is ssed
to represent the new optimized filler for sidelobe sup-
[preswsion,

BRIEF DESCRIPTION OF THE DRAWINGS

F1G. 1 is & Now chart of an eptimization method for
& sidelobe soppression filter nocording o the nvention,

FIGS. 2 & b and ¢ are dingrams showing (R-G-2)u
filter oulput waveforms for an 11 bit Barker code.

FIG. 3 s a hleck diagram of an (R-G-2) . filter de-
signed by the new optimiration method.

DETAILED DESCRIFTION OF THE
DRAWINGS o

FIG. 1 shows the flow chart of the upmunnm
method for sidelobe suppresiion filters. The first step is

to use an mfmite-termed polynomial series 1o represent
the tramsfer function of the ideal sdelobe suppression
fitier. In siep 1. the ideal sidelobe sappression filier 1%
transfer function H(f) s expanded mo & polynomial
serles. The poalynominl sersed is an spproximation of the
transfer fusetion HiM. The infintle termed pobynomial
series is then sruncated imto firite 1erms (according 1o
the sccaracy requised) and the undecided coefficients ™
A B.C D...are inseried |nto each term. Then Hif)
=an be written

Mnad - SUEOR. | o[ mazp ),
o(48-)

where A, B, C and D are the weighting coefficients of
each term, [is the frequency, N is the length of the
binary code (Barker code), and T is the width of sab-
pulse of the Barker code In wep 3, the fimitelermead
polymomial series of the filver in the frequency domats is
converted 1o the time domain by the Fourer ransform,

In step &, the LT algonithm & applied in the time domain
to optmize the coefficients A, B, C, D, In sep 5, the o
coofficients sre inserted back 1o the inverse tramsfor
fupcton of the sdelobe suppression filter.

In the following. an 11 bt Barker code will discossed
as on example. Assume that the Barker code possesses
the smocorrelation function RiK) consisting of the con- 43
tribution of the mandobe, such e the sebfunction Eadi),
and the comribution of the sidelobes, such =3 the sab.
funetion RJt). The convolution of the two subfunctions
can be written:

L]

Bir) = Rt 1R i ]

The energy density spectrum of the 11 & Barker
code & ohained by using the Fourler transform;

EN=ELTE,/N

where

65
a)

4
- pimsl ™
Bl = T
E«il) and E4f represent the specirum contributions
of the main lobe and the sidelobes, respectively. It is

obvaous that if we could find a network which has a
tramsfer function 1/EAf), then the sidelobes n every
range cell would vanish. Often U b rather difficul: to
symthesize o filter with a transfer function exactly equal
io I/EdM. But the closer the filter transfer Tumction
approximates 1/EJf), the lower the peak outpat side-
fobe will be. From (1c) we obtamn for the required trans-
fer fenction:

) - =ph =
The following seguality s troe for any valee of T

So (3} can be expanded into & convergent polynomial
series. For the sake of simphcity, only the first four
terme of the series will be retained in Hif). That i,

R
o senp Y

where A, B. C and D are unksown coefficients and will
be determined lster, [fwe lt A, B=0,C =D =0,
then Hil will be & first crder polynomial spproxima.
tiom, sesulting in an (R-G-1)qe filter; WA, B. C =2 0, and
cnly D = ©, then H( will be a second order approai-
mation, resulting in an (R-G-2lg filier, and w0 forth,
Obviously, the higher the order of the approximating
polynameal, the lower the peak outpat sidelobe will be
mgm.!hemrempﬁmﬂmmnw:

In order to wiliee the linesr nlgorithm
1o solve the unknown coefficients A, B, C and D above,
we transform HIF) to its impulse response by an mverse
Fourier tramform. We noe that

1 4]

Noo | = Salinm

[+

el

.= I 18}
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~continued

N=)

n(__ i

_x”l.\"- 1IFWJ-I!T!)'

We see thit bi1) s 8 delu function sequence and can
be sampled every 2T seconds. The sampled sequence
will be @ discrete set {h} (im0, £1, =2, ... ) If wa bet
the input signal be the discrete autocorrelation sequence
of the Barker code {R,), it will be for an 11 bit Barker
code:

|

The discrete convelution between {h} and {R;}

13

1 20
Ni=0

=] w] el
Dew

xia

(v = () * (hhimt, =0 =2 . (W
it the ouiput waveform of the sidelobe suppression
filter. For the sake of convenience, we ducard the
fourth term in (7), i.e. leit D=0, By (%) we will get a
linesr programming madel for an (R-0-2)y fllter, The
outpat waveform of (9) s shown in FIG. 1, in which
FIG. 2{a) shows the convolution between the first term 4y
in (T and Ri1). FIG. 2{8) the second term in (7) and
Ri1], and F1G. 2ic) the third term and Rit).
From the sum of the three waveforms m FIG. 1 we
obtain the following linear programming model, in
which the objective function i

Ll

4

1= M (1IA 4 B 4 9IC) {100
and & subject to the constraints
45
|=d =38+ WC| & 13 1=
| = w 30 & 2C| & 1)
|= A = 4@ + VC| 5 15
[— 4430 & 8] B3
|= 4 + 6B + 6L & 15
|— 48 4 85| = 13
| =&l + 3| & 12
|= 1) & 13
| = 20 - €| & I8
|-E-9%C| 518
{= 15C] & 15,
4A8CE0 "
The sbove equations can be solved by an lterative
Simplex LP algorithm 1o obtan the coellicients A, B,
md C_ The optimized sidelobe suppresson filter (R-G- g
Tlgeris obtained by inserting the coefficients back to (3).
In the following table |1, the fller designed by the
pew method and the prior art methods are compared. It
should be noted thai the peak sidelobe suppression level
for the flier designed by the new methad s improved g8
by 262 dB as compared with the ardmary R-G filters.
Table 1 also shows the performance of the ordinary LS
filters and LP filters.

6
TABLE 1
Tha perfiarmtce Comparnom hetwren

LS filer  LPfilier  RG fler  New filier

Peil pide ks =80 sl =438 -l 4l
supprensca (dl)

Mt udelobe -8 -0 ~M2
sappressns (dB)

LSNER (dB) -0 -0l T
Doelay elemanay 1] n [] 1]
Mubuplicaman ] i} 1 H
ity meeded

LEWE The boin in gl 15 nosns wia

Tha 15 amd LF fimars beve oo of 53 mpped deiay somenis. the B.G fives o
g mrw Fin wry ppibinped = b o el ondr spprraten

A1 puriormamcm hown i dbe ieble aee fod o 10 i Batiar cods

The overall performance of the filter designed by the
mew method {8 shown in the following table 2.

TABLE 2
The pefoemande of the pew

Bbiers foe |0 il and 13 bi Barker codes

Mran
The Peak Mean  square
new filiens udtiobe  FZFL® wdeobe sdelobe  LENR*™
inomerappr =80 =W 1007 =J2W -0
(L1 .
I order dppr. =139 =49 —ad] 42013 008
[LE]
Ind oeder =1 =N =007 =11 =0%
wppe. (10}
Ind order —MA]  -TTEE MR M -0
wppt. {13
rd order =351 =K =38 =41 =108
wppr {10)
ded onder =% —éliF -#H =3 =150
appr. {150

PPEPL The useimbe bevel on (be B b o et e mamions sk sl
BTy e TRENT TRREERY TOR e
SLENR. The bois n wgas 1o sons e

Table 3 shows the optimized coefficaeals of the new
filters for 11 and 13 b Barker codes.
TABLE }

The optiminnd coefficsents of 1he
mew filers for | 3 il e cibes
Iss ovder wppr. _3nd rder appr Jrd order appr
1 1 1] 13 1 13

A TS A0 M0 e ma aviln
B o -0 Al =174 Y —am)
= - an 1.0 1] L1 wa
D a8 an g L] o =0

In table 3, the rathos between the individual coefMicients
in each column are important. For a filter of the third
order approximation and for a |1 bit Barker code, there
are the following coefficients from A o Dv 49530,
~d30.13, 28 48 and —0.88, of which only three are inde-
pendent. For the sake of convenience, these three coef.
ficients are normalized by the fourth ome. Therefore
only three multiplication units are nceded in the new
filter. The larger the order of approximation, the lower
the sadelobe suppression level and the mare complex the

siructure of the fler

FIG. 3 shows the block diagram for the (R-G2)gy
filter (for an 11 bit Barker code). The filter corsists of an
input 11, an output 12, sx delay elementy 13-18, de-
noted by the symbals Z- 2N and Z-', two muliiplica-
thon umits 19 and 20 for two independent weights B/A
and C/A, end three sdders 21-23 denoted by the siym-
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bal X, and connections between the sbove-memtioned
elements. A signal is received at the input 11 from the
outpet of a matched filier of Barker codes. The delay
clements 13-14 denoted by Z-2Y have such an effect
Ihat the delay in time betwesn the input and the output
will be equal 1o IN tume increment unis. The delay
elements 15-18 denoted by Z-* have such an effect that
the delay between the input and the outpul will be eqeal
to one time merement unit. The multplication oni 19
and the multiphcation anit 10 both have two inputs. In
the adder I1 there are thres input signals which are 1o
be added 1ogether, and one of these thres imputs will be
imverted in sign. The sdder 12 is similar 1o the adder 21
except that none of the three mputs &s inverted in sign.
The adder 23 is equal to the adder 21. The ovtput signal
from the (R-G-2ly filter is obtained from the owipur 12
The optimized coeflicients A, B, C, D.. are the most
important in the fler, more particularly, the ratios

berween the different cosfficients. In FIG, 3, for sxam- 30

ple, for a 2nd order approximation and for an 11 bit
Barker code, the ratio A:B.C & 444:1, In FIG. 3, the
normalized optimized coefficient B/A s equsl 1o 4/44
and the pormalized optimized coefficient C/A is equal

T ()

where A, B, C, D are the coefficients to be optimized, f
# the frequency, N is the length of the utilized binary
code and T is the widih of sub-puise of u Barker code.

3. The optimization method for sidelobe suppression

10 secording 10 claim 1, where the optimization of the

to 1/44. The order of approximation and the lenpth of 2%

the otilized binary code have a major effect on the fher
gructure and the ratio between the different coeflici-
ents. The ratios between the different coefficients in the
{R-G-2)yw filter can be found in the table 3.

The above-mentioned publication A, W. Rihaczek,
R M. Golden, Range Sidplobe Suppression for Barker
Codes, IEEE Tramsactions om Aerospace and Elec-
iromic Systems, Vol AES-T, No. 6 Nov. 1971, pp.
\OBT-1092 is hereby incorporated by reference.

The hardware stracture can be realized with digital
adders and multipliers, An alvernative is 10 use a micro-
procetsor, such as Intel B0S), 1o perform all the addi-
tioms and mulbplications according 10 the mstruction
fiven to the processor,

We claim:

1 An optimization method for sidelobe suppression
for a pulse compression radar system utilizing a hinary
cading wavelorm, said method comprising

X

L

using o polynomial series with usknown coelficients 45

A B CD,... wapproximate an ideal sidelobe
suppression filter transfer function Hif) in & fre-
quency domain,

comvering the palynomaal series from the frequency
domaln to a time domain by an inverse Foarier
transform,

optimizing the coefficiens A, B, C, D
minimize output peak sidelobes, and

b0 8 lo

coefficients A, B, C, D . ., of the approximating transfer
function Hif) is obiained by using the Linear Program.
ming algorithm in the time domain,

4. The optimization method for sidelobe suppression
according to claim 1, where the binary code waveform
i an 11 bit or 13 bit Barker code.

8, The optimization method for sidelobe suppression
according 1o claim 1, where the binary code waveform
is a truncated PN sequence.

6. The optimization method for sidelobe suppression
sccording o claim 1, where the binary code waveform
is a concatenated code

7. A sidelobe suppression filter for pulss compression
radar systems utilizing an 11 bit Barker code a8 2 binary
coding waveform, comprising input and owtput ehe-
ments, delay elements, adder elements, multiplication
elements and comnections between said elements,
whereby an approximation of the waasler fuaction H(D
of the filter is

1

B+ l%“—-h c(%—) -
o F-)

where A, B, C and D are weighting coefficients 10 be
optimized, f is the frequency, N is the length of the
Borker code end T s the width of suh-pulsc of the
Barker code, and the cocfficients are optimized 50 a8 10
mimimize an output peak sidclobe and, for'a Ist order
spproximation of the wransfer function H(f) and for an
I1 bit Barker code, the ratio between the coefficients
A:B is equal 1o 7:1, and C and D are equal 10 0

. A uidelobe supprossion filter for pulse compression
radar sysiems wtilizing a 13 bit Barker code as a binary

x TN waveform. comprising input and output ele-

imserting the optimized coefficients A, B, C, D into 4

the tranfer function HIF) of the sidzlobe suppres-
sion filuer,

2 The optimization method for sidelobe suppresion

according to claim 1, where the approximation of the

ideal tramsfer fumction | oblained by wing a finite- &

termed polyromial sequence with unknown weightisg
coeflicients A, B, C. D . . . , where the poly-nomial
approximation of the tm&r function Hi{T} is

s 4+ 0 SR - o (e Y+

(]

ments, delay elements, adder chements, multiplication
elements and compections between said elements,
whereby an approximation of the transfer function Hify
of the filer is

Wonas s 820D (Hstp )
()

where A, B, C and D are weighting coefficients to be
eptimized, [ is the frequency, N is the length of the
Barker code and T 5 the width of sub-pules of the
Barker code, and the coefficients are optimized so s to
minimize an ooipur pesk sidelobe and, for & 13 order
approximation of the transfer functson WM and for s 13
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tut Barker code, the ratio between the coefMicients A-B
is equal to 25:~ | and € and D are eqial 10 0.

9. A sidelobe suppressian filler for pulse compression
radar systems utilizing &n 11 bit Barker code a5 8 binary
coding waveform, comprising input and ourput che-
ments, delay elements, sdder elements, multiphcation
elements and comnections between said elements,
whereby an approximation of the transfer function H{)
of the filier is

e+ s SR - (G5
()

1
*

10
bit Barker code. the ratio between the coefficients
ABC is equal 1o 3666:~27.4:1, and D s equal 10 0,
11. A sidclobe sppression filter for pulse compres-
sion radar systems uribizing &n 11 b Barker code as &

§ binary coding waveform, compraing mput and oulput

where A, B, C and D are weighting coefficients 1o be 3;

optimized. [ i the frequency, N & the length of the
Barker code and T i the width of sub-pulie of the
Barier code, and the coefficients are optimired so as 1o
minimize an output peak udelobe and, for a Ind order

approximation of the transfer function HIf) and for an 29

11 bit Barker code, the ratio between the coefficients
ABC s equal 1o 440, and D is equal 1o 0

10. A sidelobe suppression filter for pulse compres-
sion radar systems utilzing a 13 bat Barker code as a

binary coding waveform, comprising inpat and outpul ”

clements, delay elements. adder elements, multiplica-
tion elements and conpections between said elements,
whereby an spproximation of the transfer function HI
of the fler &

mieas 020D . c(sagp )
o225}

5

&

whete A, B, € and D are weighting coefficients to be a3

optimized, 1 is the frequency, N i the length of the
Barker code and T & the width of sub-pulse of the
Barker code, and the coeffichents are optimized so s to
minimize an output peak sidelobe and, for & Ind order

appronimation of the transfer function HiN and fora 13 50

53

dlements, delay elements, adder elements, multiplics-
hom elements and conmections between sad elements,
and an approsimation of the transfer function Hif of
the filter &

Mhmd s l%ﬁ(%]’ +
o(bp-)

where A, B, C and D are weighting coefficients to be
optimized, [ is the frequency, N is the length of the
Barker code and T is the width of sub-pulse of the
Barker code, and the coeflicients are optimized 0 a8 to
minimize an output pesk sidelobe and, for & Ird order
approximation of the transfer function Hif) and for an
11 bit Barker code, the ratio between the coefficients
ABCD is equal to 172,1:8,75-:0,0:0,729.

12 A sidelobe suppression filter for pulie compres-
sion rader systems utilizng & 13 bt Barker code as a
banary coding waveform, comprising inputl and oulput
elements, delny elements, adder elements. multiplics-
tion elements and connections between said elements,
whereby an approzimation of the raasfer fuaction (M
of the filter s

Mpad s pEELDLL c[%):+
o(p)

where A. B, C and D are weighiing coefficients 1o be
optimized, [ is the frequency, N is the length of the
Barker code and T Is the width of the swb-pulse of the
Barker code, and where the coeflicients are optimized
%0 &8 [0 minimize the output peak sidelobe and, for a 3rd
order approximation of the transfer function HIf) and
for & 13 bit Barker code, the ratio berween the coeffici-
ents A-B:C:D is equal to 4953,0:—420, 328,48 — 0,88,



