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Abstract

Radar imagery, realized by means of synthetic aperture radars (SARs} is very
important iv exploring planet, satellite and comet surfaces. The most valuable feature of the
autocorrelation function (ACFE) of the SAR signals is the level of their side lobes, because
they determine the dynamic range of the image and the possibility to discover small objects.
With regard to this, our paper suggests a method for applying in spacecrafi-based SARs the
so named generalized complementary signals, whose ACF does not have any side-lobes. It
uses the polarization features of electromagnetic waves.

1. Introduction

Radar imagery is very important in exploring planet, satetlite and comet
surfaces [1, 2]. It may be sketched as follows. The transmitter of the spacecraft-
based radar sends electromagnetic signals,
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Fig 1. Processing of radar signals

The cxamined objccts reflect the signals. producing so named echo-
signals. They are the input to the radar receiver. Usually. in order to maximize
the “signal/noise™ ratio. the receiver (s constructed as a filter, matched to the
sent signals. In this case, the receiver’s output is the autocorrelation function
(ACF) of the sent signals. This is clarified in Fig. 1, where a radar signal is
shown (Fig. 1a). The duration of the signal is 7. but it is separated in »n sub-
signals (or “elementary signals™) with duration 7 (i.e. # =7 /rg}and differ-
ent carricr frequency. This technique is named “discrete frequency shift-key-
ing” (DFSK).

106



It allows obtaining a different echo-signal from every “reflected point” of the
object. Usually, the receiver’s output, produced by a single point echo, is
characterized by a main peak V and a sequence of side-lobes with maximal
amplitude ¥, as shown in Fig. 1b. At the end, the radar receiver output
signals ar¢ sampled and processed to extract the object image {3].

In general, the above-described technique of using complex radar
signals provides for both large performance range (provided by the aggregated

power of elementary signals) and high distance resolution (defined by z() of

the spacecraft-based synthetic aperture radars (SARs). Unfortunately, real
objects comprise more than one reflected points. As a result, the echo-signals
of all reflected points interfere, as shown in Fig.1¢. In this situation, it is hard
to obtain a detailed object image, because the side-lobes of the more powerful
signals mask the main peaks of the weak signals.

With regard to this, our paper aims to suggest a method for applying
the so named generalized complementary signals, whose ACF does not have
any side-Iobes. It uses the polarization features of electromagnetic waves.

2. AMethod of Phase-Manipulated Complementary Signals Applied
in Spacecraft-Based Radars

It is known [4] that discrete phase- and frequency-modulated signals
may be presented as the real part of the complex-valued function:

A Z]{Uj.exp(ié’_f).exp[an(jh g (= Jjzg)
=

where ; = /_7; U is the amplitude of the j* elementary pulse j =1.2,...,n;
Jo is the carrier frequency; {f].fa,-.. f,} are real time functions, which

express the frequency modulation; {63 0<6; <2x; j=12,..n} is the set
of numbers, describing the phase modulation and:
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To maximize transmitter efficiency and to simplify the practical
accomplishment of the process of signal receiving, the so-named uniform
signals with

Ty = const; UJ' =const; =1,2,...,n;;8j e{(2x)Y/ m; [=0l,..,m-1} are

most widely applied.
In this case and if only discrete phase shift keying (DPSK]} is applied,
the signal is named “discrete phase-manipulated (PM) signal”. It can be

described precisely by the sequence {{{ j)}f-:I of normalized complex

amplitudes of elementary signals [4]:

Gy SU)=exp(id; ) <(i)e texpQail/m);l = 0,..om—1}

As mentioned above, the signals whose ACF has close-to-zero level of
the side-lobes, are the most attractive for implementation in spacecraft based
SARs, With this regard, 1n the rest part of the paper our attention shall be
focused on the so-named generalized complementary signals, whose ACF is
free of any side-lobes.

It is known that a single radar signal does not have non-periodical ACF
with zero level of the side-lobes. Moreover, the classes of single uniform
discrete radar signals with small level of their side-lobes seem to be very rare.
For this reason, Golay introduced [5] the so-named complementary series (or
signals {CSs)). They are a pair of two uniform binary phase-manipulated signals,
whose aggregated non-periodical ACF is similar to a delta pulse.

It is necessary to emphasize that Golay’s definition of CSs is not useful
in some important cases. This situation has motivated some theoreticians to
extend the classical definition as follows [ 6, 7, 8].

Definition 1: The sef of p sequences (PM signals), whose elements are
complex numbers, belonging to the multiplicative group of the m-th (> 2)
roots of unity:
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{4 = {51(.}')}j21242 = {52(1)}?:[;-‘-314)0 = {‘fp(j)}jil};
() elexplml/my 3 =0l,...mp —1};6=12,.., p.

are a set of generalized complementary signals (GCCs) if and only if their
aggregated ACF has ideal shape, similar to a delta pulse:

R=nNp ) bt if r=0

P
()  Re(r)= YRy (r)={
k=l

0; if r=12,.,max{n}.

In (5) the non-periodical ACF R 4, (r ) are defined by the well known
formula [ 4]:

n—|r|
SN+l ~m-v<r<o
R()-{ 7

©) S ee (N +k), 0<r <o,
j=1

Consequently, Golay’s codes are a particular case of the GCCs, when
p=2, m=2.The CCs and GCCs are unigue among all PM signals for the

following features:

- their aggregated ACF has ideal shape, similar to a delta pulse;

- if a pair of GCCs, consisting of n elements, 1s known, then it is easy
to create an infinite set of pairs with unlimited code-length.

It should be emphasize that most types of uniform PM signals with
close to ideal ACF have limited code-length. For instance, Barker codes exist
only for » <13, if n is an odd integer.

With regard to the GCCs’ positive features, they are studied very
intensively and a quick reference revealed more than 200 conference reports
and magazine articles related to this theme during the past ten years.
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The natural question, which arises from Definition 1, is “How can the
GCCs be implemented in a real communication system?”. The most obvious

answer is to use p different frequency carriers f;.k=1,2,.., p, phase

manipulated according to the sequences A,k =12,..., p. Unfortunately, this

is not the best approach when the communication system is a spacecraft-based
SAR. This conclusion will be clarified by the following example. Let us assume

that a spacecraft-based SAR exploits GCCs with p =2 and the transmitter
radiates simultaneously two uniform PAM signals with carriers f|, 15,
manipulated according to the sequences A, 4, . As a result of the so-named

Doppler effect, the carriers f,; of the echo-signals will be:

I_VRJ;C

~ f(1-2Vpic), k=1,2
TYATREL S ’

(0 Jek=Tx

where Vp is the radial velocity of the spacecraft relatively to the object and ¢
is the velocity of the electromagnetic waves propagation. [f the explored object
is on the earth’s surface, then ¥ must be at least 27 360 km/h. Then the

difference Af = ‘fel - er‘ will be too significant and it may lead to irreparable
phase distortions between the components of the GCCs.

For the above reason, in the rest part of our report we shall prove a
more appropriate approach to GCCs implementation in spacecraft-based S4Rs.
Namely, we propose the two uniform PM signals, composing a pair of GCCs,

to be transmitted simultaneously on one frequency carrier fy but by means of
different types of polarization. Let the horizontal and the vertical polarized

PM signals be described by the sequences A1={ﬂ(j)}f.=l and

Ay ={n( j»?:; , respectively. Then the signals, reflected by an object
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Fig. 2. Method of GCCs applied in spacecrafi-based SARs

point, will be S, S, respectively. The reflected signals are connected with
the transmitted signals by the following matrix equation:

Sp

Sp

Dy Dy
Dyy Dy

4
Ay

Dy Dy
Dy Dy

®) - ; :

oi-|

where the complex valued matrix “D" is the so-named “polarization matrix of

the target scattering”. Its entries depend on the physical features of the object,
its orientation and position relatively to the radar and the carrier frequency of
transmitted signals. When these parameters are constant, then the entries of

the matrix |D| are also constants and more over, Dy, = D, ;. Accounting that

the size of a single reflected point is small, it may be concluded that Dy; = Dy, .
Consequently, the matrix can be presented in the form:
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o b,

where Dy = Dy =ky; (Dy3/ k) =(Dy/ky) = ks

As stated above, the main obstacle for GCCs practical implementation
by means of polarized electromagnetic waves is the fact that each echo-wave
comprises both horizontal and vertical polarized components. For this reason,
we propose the method of signal processing, shown in Fig. 2. We shall explain

it using the following notation. Let {£'( J’)}jzl be the sequence of normalized

complex amplitudes of elementary signals, composing an arbitrary complex
signal. As mentioned, the result of processing this signal by its matched filter
will be the ACF ofthe signal. It may be presented by the following polynomial:

(10)  P(x)=Fx)F* ).

Here:

(1) Fr@=¢mx"" 4+ n-Da""2 + .+ L@x+£(),

is the so-named “Hall polynomial”, corresponding to the sequence

{’:(j)}i;:] s Fg (x_[) is the polynomial:

(12) Fg (x‘]) ={* (n).x_("*l) +;’*(n—l).x_("_2) +..+<*(),
the coeffictents of the polynomial P(x) are:
pi = Re (k) k=—(n-1),~(n-2},.. wa=2,n-1,

and the values R (k) of the ACF are computed according to (6).

Accounting for the above notation, (8) and (9), the outputs of the
matched filters shown in Fig. 2 may be expressed by the following polynomials:
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Py (6) = Iy [F, (2) + by Ty (01.F (71

Py (x) = ks F,, (%) + ko By (O0LTA, By (27
(13) Py (x)=kilky.F () + F ()5 (x71);

P (x) = by ko Fy () + By (011, Fp (7).

In (13), &, 1s a special coefficient, brought into the scheme by means
of two directed attenuators. Now it is easy to see, that if the attenuators in
Fig.2 are regulated to obtain %, = k5, then:

Sou{X) = Pph(x) - Rf}f?(x)+ Pp(x)— P;m(x) =
=k {[Fy (O F (x4 By 0)F, (D1

(14
~ k3 [ 00 F, (7 4 By (OF, () = by 2n(— k3.

Formula {14) shows that the method of GCCs use, shown in Fig. 2,
preserves the cancellation of the ACF side-lobes, despite the harmful presence
of cross-reflected signals. The signal power losses depend on the relative

coefficient of the cross-polarized reflection &, .

4. Conclusions

The method of GCCs applied in spacecraft-based radars, presented
above, preserves the positive features of the GCCs, especially the cancellation
of the ACF side-lobes, despite the harmful presence of cross-reflected signals.
This result is achieved by small losses of signal power, because mostly

k; <20% and hence (] - kf) > 96%.-
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METO/ 3A HPHJIATAHE HA ®A30BO MAHHITYJIHPAHHU
KOMIINEMEHTAPHY CUT'HAJIH B KOCMHYECKHTE
PATHOJIOKAIIMOHHH CUCTEMH

b. Beosces, K. Tmwuesa, P, Fozoanos
Pesrome

INonygaBaneTo HA panapHu M300paKCHUA HA HOBBPXHOCTTA HA
THIAHETHTE, CITBTHULMTE H KOMETHTE € BAXEH MOMEHT ITPH TAX HOTO H3yUABAHE.
B To3K nponec Hai-RaXKHOTO CBOMCTBO Ha aBTOKOpEJALHOHHATA (QYHKLUHS
(AK®) ra paauonokallHOHHATE CHYHANH € HHBOTO Ha CTPAHMYHUTE THCTH HA
AK®, 3amioTo TO ONpeAsits AUHAMMHUHHS AHANA30H HA H300paKEHHETO K
BBIMOXHOCTTA 3a OTKpUBaHe Ha ManopasMepHH obextu. [To Tazu npuunwxa B
CTATHATA ce 00OCHOBABA METOI 33 H3MOJI3RAHE HA TAKA HapeueHuTe 0000IeHH
KoMIieMenTapad curiany (OKC), quato cymapra AKD Hima crpaHHuHu
aMCTH. MeToasT ce Xapakrepu3nupa ¢ TOB4, Ue 3aMa3Ba [EHHUTE CBONHCTRA Ha
OKC prnpexn eekTa Ha KPBCTOCAHO MONAPUILMHOHHO OTpaKeHHE Ha
paJapHHTE CUTHAIH. TO3H DOJMOKUTEH Pe3ylTaT ce IOCTHra TeXHHYCCKH
NPOCTO ¥ C MMHUMAJIHY 3ary0y Ha CHEPrua Ha €XO-CHTHAUTE,
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