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Abstract — Modern synthesized aperture radars (SAR), e.g.
space SARs for remote sensing of the Earth, use signals with linear
frequency modulation and signals with phase-code shift keying
(PCSK) coded by M-sequence (MS) as probing signals. Utilization
of PCSK-signals permits an essential improvement of the radar
image quality at the stage of its compression on azimuthal
coordinate. In this paper, probing signals with zero
autocorrelation zone (ZACZ) are synthesized, which signals
represent a sequence of two PCSK-pulses with additional linear
frequency modulation of sub-pulses in the pulses. A comparative
analysis of the correlation characteristics of the synthesized signal
and the PCSK-signal coded by MS has been performed. It is shown
that in ZACZ, at a mismatch in the Doppler frequency, the level
of all side lobes (SL) of the autocorrelation function (ACF) of the
synthesized signal is less than the ACF SL level of the PCSK-signal
coded by MS. The total ACF of the ensemble of 4 signals has zero
SL along the whole time axis 7, and at a mismatch in frequency in
ZACZ, it has a lower SL level than the total ACF SLs of the
ensemble of 4 PCSK-signals coded by MS.

Index Terms—Ambiguity function, autocorrelation function,
complementary sequences, pulse train, zero autocorrelation zone.

I. INTRODUCTION

ynthesized aperture radars (SAR), e.g. space SARs of the
Earth remote sensing, due to their operation principle,
impose the following requirements on probing signals:

- they must be coherent within the limits of the time interval
equal to the aperture synthesis time to provide a high spatial
resolution on the azimuth co-ordinate, which is directed along
the velocity vector of the space vehicle;

- they must have an intra-pulse modulation to provide a high
value of the average emission power and, at the same time, a
good spatial resolution on the elevation co-ordinate, which is
orthogonal to the space vehicle velocity vector direction. This
requirement implies the utilization of the so-called complex
signals in SARs, for which signals the product of the effective
frequency band and the duration of the probing signals is much
higher than 1;

- together with other SAR parameters, they must provide the
quality of the radar image, as required in the specifications.
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Among various classes of complex signals, only two main
classes have yet found practical application in space SARs -
these are signals with linear frequency modulation (LFM) and
signals with phase-code shift keying (PCSK). Space SARs for
remote sensing of the Earth have been using LFM-signals up to
now [1 — 5]. This situation is determined historically, as LFM-
signals were the first complex signals to be used in radar
technology, and their properties were studied in detail a long
time ago. PCSK-signals were used as probing signals in space
SARs mounted on Venus-15 and Venus-16 automatic
interplanetary stations designed to provide a radar map of the
Venus in 1983-1984 [6], [7]. Truncated M-sequences (MS)
were used as the code of those signals.

At the same time, we would like to note a growing interest of
radar experts in PCSK-signals [8 — 11]. This results from the
fact that utilization of discrete coding of the coherent ensemble
of probing signals in SARs opens the prospect for significant
improvement of the radar image quality in terms of parameters
related to the properties of total correlation functions of the
ensemble. PCSK signals have a number of fundamental
advantages:

- the ambiguity function (AF) of the PCSK-signal has a
“thumbtack” form, which is close to an ideal one, as opposed to
the AF of the LFM-signal, which has a form of a “comb”;

- correlation characteristics of the coherent train of reflected
probing PCSK-signals can be significantly improved at the
stage of signal compression in azimuth when an ensemble of
different orthogonal codes is used;

- when the operation of pulse compression by range is
performed, no “window” processing is required for the
ensemble of PCSK-signals.

Nevertheless, PCSK-signals have shortcomings in
comparison with LFM-signals. For instance, a single PCSK-
signal for short code sequences has a higher level of the
maximum side lobe (SL) of the autocorrelation function (ACF)
and a higher integral level of the ACF SL.

In view of the aforesaid, it is expedient to consider PCSK-
signals with zero autocorrelation zone (Zero Autocorrelation
Zone - ZACZ) [12 — 15] in the area of the central ACF peak as
probing signals for SARs. These signals are a periodic sequence
(a train) of M >1 coherent pulses coded (shift-keyed by
phase) by ensembles of complementary or orthogonal
sequences.

In space SARs, pauses between the emission of probing
signals are used for receiving echoes reflected from the Earth
surface, i.e. signal reception and transmission with the same
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antenna are alternated. Therefore, signals with ZACZ
considered in [12 — 15] are not suitable for this purpose, as they
have a large number of pulses in the train.

Signals with ZACZ considered in [16] and [17] consist of a
minimum number of pulses in the train, i.e. two pulses;
however, at mismatch in the Doppler frequency, they have a
high enough ACF SL level.

The object of this paper is the synthesis of probing signals
with ZACZ consisting of two PCSK-pulses in the train
(M =2) and having, at mismatch in the Doppler frequency, an

acceptable SL level of the ACF both for single probing signals
and the total ACF of the ensemble of PCSK-signals used in the
aperture synthesis mode.

One of the varieties of such a signal was considered in [18].
There, the signal is a sequence of two PCSK-pulses with
additional linear frequency shift keying of sub-pulses in pulses.
In this paper, we consider an additional linear frequency
modulation of sub-pulses in pulses.

II. FORMATION OF THE ZACZ-SIGNAL WITH LINEAR
FREQUENCY MODULATION OF SUB-PULSES IN PULSES

2
Az.N = (A(zl,)N/z A(z,z)v/z);
i D
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sequences (CS); i, j and i, j' are numbers of paired CSs; i’ is
the number of the CS, which is adjacent to the CS with the

number i ,and ;' is the number of the CS, which is adjacent to
the CS with the number ; [19].

The PCSK-signal (2) coded by rows of the matrix A, , from
(3) is called a coherent complementary signal (CCS). We call
this signal “coherent” because the coherence of PCSK pulses

must be maintained in the train. In addition, we call it
“complementary” because the pulses are encoded by
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Fig. 1. An envelope of a train of M PCSK-pulses

Let us consider a radar signal representing a sequence (a
train) of M pulses (Fig. 1) shift-keyed in phase by an ensemble
of M sequences [18]. Each pulse with the duration T, consists
of N sub-pulses (discretes) with the duration of T, =T, / N
each. The pulse repetition period is 7' =q7, =gNT;, where
q =2 is the off-duty factor of the pulses. The ensemble of M
sequences can be defined by the following matrix:

M N R
A > ai,n = eXp(Jnai,n ) > (1)

i,n=1

MN = ||ai,n

- ~ IM.N . .
where A, = "am ||ivn:] is the matrix of the binary code.

A complex envelope of the signal under investigation will
have the following form:

M N

()= a8, (t—(n-1)T,-(i-1)T), )
i=l n=1

where S, (1 —(n—1)T,),(n—1)T, <t < nT,, is the envelope of

the n-th discrete of the pulse.
At M =2, the coding matrix (1) can be written as follows
[18]:
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complementary sequences.

Let us consider CCSs with additional frequency modulation
of the discretes of train pulses under the linear law (CCS-LFM),
as shown in Fig. 2.

The frequency variation law within the limits of the n-th
discrete is as follows (taking into account Fig. 2):

F.
Tst, forn=1,.,N/2;
0 at 0<r<T,, (4
F.
F, —Fst, forn=N/2+1,..,N,

0

1.(0)=

where n=1,2,..., N =2"" is the number of the discrete in the
CCS pulse; Fy = b/ T, is the width of the CCS-LFM spectrum.
7(t)

~

L
0

0 | T ok

N
|

Fig. 2. LFM law of discretes within the limits of the CCS pulse

Then, the phase variation law within the limits of the n-th
discrete is as follows:
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j ,forn:N/2+l,...,N.

Thus, the complex envelope (2) of the CCS-LFM is as
follows:

Sotevnriof {2 s |

forn=1,..,N/2; (6)
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is the matrix composed from the adjacent pairs

i,n=1

of the binary D-code

[17, 19],

a,, = exp(jna,, ),
2
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Frequency Modulation and Zero Autocorrelation Zone

III. ANALYSIS OF THE CORRELATION CHARACTERISTICS OF
CCS-LFM

Let us perform a comparative analysis of CCS correlation
characteristics without modulation of discretes (further simply
CCS) with correlation characteristics of CCS-LFM. To
compare the relative SL level of these two signals, it is
necessary to provide the same level of main lobes of their ACF,
which is equal to the number of discretes in two train pulses.
We consider CCS and CCS-LFM with the number of discretes
in the pulse N =256. The base of the linear frequency
modulation of the discrete is four, i.e. b = 4. Both signals have
the same off-duty factor ¢ =2. Thus, both signals have the
same level of the ACF main lobe equal to 512.

Fig. 3 shows ACF R(‘t) of CCS and CCS-LFM. The

ambiguity functions R(t,F) of CCS and CCS-LFM are shown
in Fig. 4 and 5, respectively. The ZACZ width is
Z=NT,(q-1) [16],[17].

In Fig. 4 and 5, M =2 is the number of pulses in the train,
and T = gNT, is the pulse repetition period. A half of the main

lobe width of the AF section with the plane T=0 R(O,F ) at
the zero level is equal to AF =1/(MT)=1/(gMNT,). A
minimum SL level in the delay-frequency plane (’C,F ) of the
AF at |r| <Z and |F| < AF needs to be provided.

Table 1 provides the values of the correlation characteristic
of CCS and CCS-LFM for three AF sections with planes
F=0, F=03AF and F=05AF . In Table 1: R__ and

R are relative levels of maximum ACF SLs outside and

Z max
and R, . are relative rms

S

inside of ZACZ, respectively; R

rms

ACF SL levels outside and inside of ZACZ, respectively.

300

400 500 600 700

7/ T0

Fig. 3. ACF of CCS (dotted line) and CCS-LFM (solid line)
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It follows from Table 1 that in case of a mismatch by
frequency, the maximum ACF SL level of CCS-LFM in ZACZ
is lower than the maximum ACF SL level of CCS more than by
6.5 dB, and the rms SL level — more than by 6 dB. Besides,
outside ZACZ, the rms ACF SL level of CCS-LFM is lower
than the respective ACF SL level of CCS more than by 6 dB.

From [14], [20], we know that pseudo-noise signals are the
optimum discrete signals, i.e., signals with a minimum level of
the maximum ACF SL. The most known and widely used
example of such signals is a truncated M-sequence, in which

the minimax SL level of the normalized ACF aspires to l/ Ny
with N,, growth, where N, is the period of the M-sequence.
TABLE 1

VALUES OF CORRELATION CHARACTERISTICS OF
CCS, CCS-LFM AND MS

F 0 | 03AF | 0.5AF
R CCS | -23.8| 238 | -23.8
m "OCSILEM | 263 | 2263 | 264
dB MS | 273 | 27.8 | 252
X CCS | -349 | 348 | 347
ms > "CCS-LFEM | 412 | -41.1 | -41.0
dB MS 352 | 338 | 324
R_.|_CCS | -330 | -247 | 208
4B | CCS-LFM | -329 | 315 | 277
R_,l_CCS | -343| -386 | 347
4B | CCS-LFM | -349 | -449 | -a1.0
1
0.8
—=0.6
Iy
s
x 04
0.2
0 -l

100

Table 1 provides values of the correlation characteristics of
the considered MS for three sections of the AF with planes
F=0, F=03AF and F =0.5AF, and Fig. 6 shows ZACZ
for the examined CCS and CCS-LFM signals and a part of the
MS ACF at a mismatch in frequency F =0.3AF.

It follows from Fig. 6 and Table 1 that in case of a mismatch
by frequency F' =0.3AF and F =0.5AF , the maximum and
rms SLs levels of the ACF of the CCS-LFM in ZACZ are less
than the corresponding SLs levels of the ACF of the MS.

Modeling results showed the validity of this result at |F| < AF.

IV. COMPARATIVE ANALYSIS OF TOTAL ACFS OF THE CCS-
LFM ENSEMBLE AND CYCLIC MS ENSEMBLE

As we mentioned earlier, in space SARs, PCSK signals
modulated in phase by truncated MSs were used as probing
signals. However, in adjacent sensing cycles, for maximum
ACF SL suppression depending on the necessary time for the
aperture synthesis and other SAR parameters, MSs with
different generating polynomials and/or different cyclic shifts
were used [6].

The maximum SL suppression of the total ACF of the MS
ensemble is achieved by utilization of the complete cyclic MS
ensemble with the number of discretes in the pulse equal to its
period, i.e.,at N = N,,.Inaddition, the adjacent MSs are shifted
to each other for one element, and the number of MSs in the

ensemble is equal to V. Then, for the total ACF of the complete
cyclic ensemble of N MSs with the length of the one period, the

Fig. 4. The ambiguity function of CCS

Let us perform a comparative analysis of the correlation
characteristics of considered CCSs with the PCSK-signal
modulated in phase by an M-sequence (further simply MS) with
the period N, =511. To align the levels of the ACF main lobes
of CCS and MS, we will add one element from the adjacent
period to its period, i.e., the number of discretes in the MS pulse
willbe N =N, +1=512.

48
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following equation may be formulated:
N .
re=Yr m=01,..,N-1, 7
i=1

where 7! is non-normalized ACF of i-th MS.
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After formulating equations for ACFs of each of the N MSs
and summing them up according (7), we will find out that

rw = (N=|m|)(r, +7,.,) - (8)

N-m
where r = z a,a,,, is the aperiodic ACF of the current part

n=1

n+m

of the MS with the length of one period; 7, , = Zananw% is
n=1

the aperiodic ACF of the adjacent (from the right) part of the
MS.

FMT

Frequency Modulation and Zero Autocorrelation Zone

cyclic ensemble of 511 MSs and the cyclic ensemble of 4 MSs
for three AF sections with planes F =0, F=03AF and

F=0.5AF . In this table, R, . and R

max X rms

maximum SL level of the total ACF and the relative rms SL
level of the total ACF, respectively. From Table 2 we can see
that the maximum SL level of the total ACF of the complete
cyclic ensemble is lower than the maximum SL level of the
cyclic ensemble of four MSs more than by 15.5 dB, and for rms
SL level — more than by 12 dB.

Further, we will look at the values of the total ACF of the
CCS-LFM ensemble. According to (3), there is a total of

are the relative

800

200

7 TO

Fig. 5. The ambiguity function of CCS-LFM

It is known from [20] that the sum in (8) determines the
periodic ACF of the MS with a period N=N,, ie,

=17, where 2 =S aq, at|m/=0,1..N=1_Itis

nn+m

r +r

m N-m
n=1

also known that for MS r? =-1 at |m| =12,.,N-1.
Thus, from (8) we obtain that

r =(N—|m

m

)il = =N +|m| at [m|=1,2,..,N -1, )

from which the normalized total ACF of the complete cyclic
ensemble of MS is:

. [

1
Ry ==t & Im|=1,2,..,N-1. (10

m

The SL level of the total ACF of the complete cyclic MS
ensemble can be considered as the minimum possible limit. The
lesser MSs the cyclic ensemble contains, the higher SL level of
the total ACF is. We shall consider an ensemble consisting of
four MSs shifted to each other for 128 elements to be the cyclic
ensemble with the maximum SL level of the total ACF.

Table 2 provides the values of the total ACFs of the complete

MARCH 2020 « voLUME XII « NUMBER 1

N/2=2" CCSs formed from the adjacent AS pairs of the k-
order and forming the complete CCS ensemble with the number
of discretes in the pulse N =2"".

TABLE 2
VALUES OF THE TOTAL ACF OF ENSEMBLES OF
511 MSs, 4 MSs AND 4 CCS-LFM

F 0 | 03AF | 05AF

4AMS | -386 | -399 | -398

Ry »dB | 511MS | -542 | -555 | -58.1
cos. | 324 | 307 | 264

Ry dB | TEM b 300 | 435 | 354
AMS | -467 | -46.7 | -466

R, .dB |511MS| -589 | -597 | -61.1
cos. | 348 | 573 | 529

Ry,m-dB | M b 345 | 670 | 593
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200 250

Fig. 6. ZACZ of CCS, CCS-LFM and a part of the MS ACF at F =0.3AF

Modeling results show that the total ACF of the ensemble of
four CCSs (with and without modulation of the discrete) with
adjacent numbers in the complete ensemble has zero SLs along
the whole time axis t of the ACF. In this case, the number of
the ensemble j of four CCSs with the number of discretes in the
pulse being N =2*"' is connected with the CCS number i in the

complete ensemble of N/2 using the following equation:

Jj :L%J+l; i=1,2,...,2%; j=1,2,..2"2

an
where LZJ is the integer part of the number z.

Fig. 7 and 8 show the total ACF R, (t) and the total AF
R, (t,F) of j=1 ensemble of four CCS-LFM with the

number of discretes in the pulse N =256 and the base b =4,
respectively. The off-duty factoris ¢ =2.
o

Y A O Ao
L L 1 1 1 L L J

0 100 200 300 400 500 600 700 800
Ty

Fig. 7. Total ACF of the ensemble of 4 CCS-LFM

50

Fig. 8. Total AF of the ensemble of four CCS-LFM

Table 2 also provides the values of the total ACF of the
ensemble of four CCS-LFM under consideration for three AF
sections with planes F =0, F =0.3AF and F =0.5AF , and
Fig. 9 shows the total ACF of the ensemble of four CCS-LFM,
cyclic ensemble of four MSs and complete cyclic ensemble of
511 MSs at mismatch in frequency F =0.3AF . In the Table 2,

RZ max and RZ Z max

ACF outside and inside of ZACZ, respectively; Ry
R

inside of ZACZ, respectively.

It follows from Fig. 9 and Table 2 that in case of a mismatch
by frequency F = 0.3AF , the maximum and rms SLs levels of
the total ACF of the ensemble of four CCS-LFM are less than
the corresponding SLs levels of the total ACF of the ensemble
of four MS. Modeling results showed the validity of this result
at |[F| <0.35AF .

are relative maximum SL levels of the total
and

are relative rms SL levels of the total ACF outside and

X zrms
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»»»»»» 4 CCS-LFM
—511MS

Fig. 9. Total ACFs of the ensembles of four CCS-LFM (dashed line), four MSs (dotted line) and 511 MSs (solid line) at F = 0.3AF

V. CONCLUSION

This paper addresses probing PCSK-signals (train type)
having a zero autocorrelation zone (ZACZ) and called coherent
complementary signals (CCS). We prove that such signals have
ZACZ and determine requirements to the coding matrix. Since
ZACZ exists for CCS at zero mismatch in the Doppler
frequency only, and a mismatch in frequency causes rather a
high side lobe level in ZACZ, CCS with additional frequency
modulation of closed sub-pulses (discretes) of the train pulses
under linear law (CCS-LFM) have been considered for possible
suppression of the SL. A comparative analysis of the correlation
characteristics of CCS-LFM and CCSs without modulation of
discretes at mismatch in the Doppler frequency has been
performed. For this, we have assumed the same quantity of
discretes in the train pulses. Our analysis has shown that in case
of a mismatch by frequency in ZACZ, the maximum ACF SL
level of CCS-LFM is lower than the maximum ACF SL level
of CCS more than by 6.5 dB, and the rms SL level — more than
by 6 dB. We have also performed a comparative analysis of the
correlation characteristics of CCS-LFM and CCSs without
discrete modulation with PCSK-signal shift-keyed in phase by
M-sequence, which has the same number of discretes in the
pulse with the number of discretes in two pulses of the CCS
train. The analysis has shown that in case of a mismatch by
frequency F =0.3AF and F =0.5AF , the maximum and rms
SLs levels of the ACF of the CCS-LFM in ZACZ are less than
the corresponding SLs levels of the ACF of the MS. Modeling

results showed the validity of this result at |F | <AF. We have

also performed a comparative analysis of the total ACFs of the
CCS-LFM ensemble and the cyclic M-sequence ensemble at
mismatch in the Doppler frequency. This analysis has shown

MARCH 2020 « voLUuME XII « NUMBER 1

that the total ACF of the ensemble of four CCSs (with and
without discrete modulation) with adjacent numbers in the
complete ensemble has zero SLs along the whole time axis T of
the ACF. The analysis has shown also that at mismatch in
frequency in ZACZ, the maximum and rms SLs levels of the
total ACF of the ensemble of four CCS-LFM are less than the
corresponding SLs levels of the total ACF of the ensemble of
four MS. Modeling results showed the validity of this result at

|F| < 0.35AF .
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