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Waveform diversity for SAR ECCM based on
random phase and code rate transition

KEE-WOONG LEE AND WOO-KYUNG LEE

In this paper, we propose an effective waveform diversity scheme that can be applicable to synthetic aperture radar (SAR)
operations affected by interfering signals. A novel approach is taken to achieve fully adaptive SAR waveform diversity that
generates sufficient number of orthogonal signals with modest performance trade-off. To this purpose, multiple phased-code
waveforms are arbitrarily generated with mutually low cross-correlations. They exhibit a highly flexible characteristic as their
code lengths are not limited and Doppler tolerance is well preserved throughout SAR imaging. Various SAR jamming simula-
tions are carried out to demonstrate that the proposed waveform diversity has a good potential for electronic counter-

countermeasures applications.
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. INTRODUCTION

In modern electronic warfare, the electronic counter-
countermeasures (ECCM) capability and low probability of
detection and interception (LPD/LPI) properties are con-
stantly emphasized [1]. Recently, electronic countermeasures
(ECM) against synthetic aperture radar (SAR) has been
attracting attentions and various deceptive jamming techni-
ques have been developed [2, 3]. Simple notch filters can be
used against narrowband noise jammers although image qual-
ities are sacrificed [4]. But when wideband digital radio fre-
quency memory (DRFM) jammers are present, conventional
space-domain filtering schemes cannot be practical solutions.
They may not work against DREM jamming, when the hostile
signal is directly duplicated from the transmitted waveform
[5]. Waveform diversity is relatively easy and simple to imple-
ment since it only requires different types of waveforms
having good cross-correlation characteristics with each
other. A good cross-correlation implies that the transmitted
waveform is orthogonal with the DREM signals, resulting in
sufficient suppression of jamming noise [6-8].

Noise waveforms have long been attractive candidates for
waveform diversity owing to their randomly orthogonal
properties, efficient spectrum utilization, good ECCM cap-
ability and LPD characteristics [9]. But random noise wave-
forms tend to exhibit high sensitivities to Doppler shifts and
extra care should be taken to maintain the phase coherence
of transmit waveform in SAR application. The notion of

Department of Electronic and Information Engineering, Korea Aerospace
University, Goyang-si, Gyenggi-do, South Korea

Corresponding author:

W.-K. Lee

Email: wklee@kau.ac.kr

https://doi.org/10.1017/51759078717000678 Published online by Cambridge University Press

taking random phase or chirp rate perturbations on linear
frequency modulation (LFM) waveforms was introduced
for SAR ECCM [6] but there still remains challenging
issues in regard to Doppler sensitivity losses and acceptable
orthogonal properties [10-12]. In most cases, waveform
diversity adversely affects SAR image quality and becomes
a complicated task of trading-off between diverse SAR
image properties. In practice, there is no known analytic
solution to achieve fully adaptive SAR waveform diversity
that generates sufficient number of orthogonal waveforms
with modest performance trade-off against direct DRFM
jammers. Advanced pulse compression noise (APCN) wave-
form is a class of random sequence derived from LFM [13,
14] and it makes use of random perturbations on both amp-
litude and phase modulations to obtain noisy waveforms.
However, like other noisy signals, the increased random per-
turbations in both amplitude and phase distributions cause
considerable losses in terms of signal-to-noise ratio (SNR)
and Doppler tolerance [15].

Several studies have been carried out to adopt waveform
diversity techniques for wide-swath SAR missions [16, 17].
However, the previously known techniques are usually not
considered for SAR ECCM due to the limited number of feas-
ible waveforms or poor Doppler sensitivities.

In this paper, a novel waveform construction scheme is
introduced to generate multiple random phase code sequences
such that the performance degradation at receiver is mini-
mized against interfering signals. For this purpose, a method
of code rate triggering is implemented in conjunction with
random phase perturbation to generate a group of orthogonal
waveforms with flexible design parameters. To investigate the
possible use for SAR ECCM, various SAR target jamming
simulations are performed under possible ECM scenarios
including false target and frequency shifted jamming.
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Finally, it is demonstrated that the proposed waveform diver-
sity has a good potential for use in future imaging radar mis-
sions by providing flexible ECCM capability.

I. RANDOM PHASE AND CODE
RATE TRANSITION TECHNIQUE

A) Waveform group generation

The phase perturbed LEM is constructed by imposing partial
random perturbation on the signal phase distribution. When
implementing waveform diversity of size M(M > 1), we
need a group of M independent phase sequences. Here, the
mth waveform is implemented by imposing stochastic phase
distributions P,,(t) = exp{jm0,,(t)} on the conventional
complex LFM waveform L(t) as

Rin(t) = L(OPw(t) = exp{j(mK:t* + 6,1(1))} (1)

where K, is the chirp rate of LFM. Instead of using completely
unpredictable noise sequences, here we adopt a strategy of
using staggered partial code lengths. The code rate staggering
is implemented in conjunction with random phase perturb-
ation and hence the generated code is denoted as random
phase and code rate transition (RPCR).

The code rate of stochastic phase is not fixed but continu-
ously altered along the time sequences. Hence the waveform is
constructed by a group of phase sequences having time
varying partial code lengths. For the given spectrum and
chirp rate, RPCR waveforms can be uniquely defined by
arranging the random phase sequences of time-varying
length of v,.

In general, the stochastic signal P,,(t) of length N can be
expressed as

N
Po(t) = ) Vrecaln] - (Ut — nty) — Ut — (n — 1))} (2)

n=1

Here t;, is the bit duration, U(#) is a unit step function and
Vrecr[n] is the nth element of the stochastic sequence. ¥grpcr is
comprised of G sets of subgroups. The gth subgroup is of

I channel
— — Qchannel

amplitude

time[us]
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length 7y, and has a constant phase term of ¥rpcr, =
exp(jf). This can be expressed as

G
Po(t) =) Vrecr, - {U(t — D) = Ut — D)} (3)
g=1

where D, = %'y, . G is the total number of phase groups
of P,,(t). In (3), the random perturbation of RPCR or P,,(t) is
determined by the choice of group phase 6, and length v,.
Here v, is chosen in the interval of [1, ..., Y], Where
Ymax designates the maximally allowable partial code length.
0, is taken in [o, 277]. 7, can be expressed as a random variable
of arbitrary discrete number distribution.

Similarly, the phase perturbation is taken by the random
variable of 6,, = rand(o, 6,,,,,). 6,4, designates the depths of
phase perturbation and can be set by a scaling factor & as
Omax = 27e. Here € is an arbitrary number given as 0 < &
< 1. The choice of & and %,,,, determines the level of
random phase perturbation and the generated waveforms
can be classified by these design parameters. For classification,
the group waveforms of the same class are denoted by
RPCR(Y, k). Here vy and k correspond to v,,,, and 10 X &,
respectively.

Figure 1 illustrates a sample case of complex amplitude dis-
tributions and the frequency spectrum of RPCR(10,10). LFM
of 60 MHz bandwidth is adopted as a basis signal to mix with
a stochastic phase function in (3). There occurs a bandwidth
spreading effect due to the random transition of phases.
This will certainly affect overall performances and should be
taken into account at the band-limited receiver.

A group of multiple RPCR waveforms can be arbitrarily
constructed from the fixed pair of (y, k). With maximum
phase perturbation of k = 10, the phase diagrams of three dis-
tinctive RPCRs are generated for y= 1 and y = 10 in Fig. 2.
The randomly distributed phase perturbations and time
varying code lengths are easily identified in each (v, ) groups.

Similarly, a group of multiple RPCR waveforms can be
arbitrarily constructed from the given (7y, ) pair. While
co-sharing the limited time and frequency resources, they
exhibit partially noise-like characteristics. The design goal is
to find a set of co-channel RPCR waveforms that maintain
near orthogonal relationship with good Doppler tolerances.
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Fig. 1. RPCR waveform characteristics (a) I/Q channels in time domain and (b) power spectrum.
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Fig. 2. Phase plots of RPCR waveform set (a) RPCR(1,10) case and (b) RPCR(10,10) case.

It turns out that a good choice of y and « pair helps to achieve
this goal as they uniquely affect the overall performance.

B) Orthogonality and Doppler tolerance

Let the cross-correlation function (CCF) of R; and R; signals
be given as p;;. Having cross-correlation higher than autocor-
relation sidelobe peak (ASP) implies that the radar detection
performance is degraded due to the non-perfect orthogonality
of co-existing waveforms. Multiple orthogonal waveforms
may be distinguished from each other on the condition that
the cross-correlation peak (CP) is lower than the minimum
of ASPs [18]. This can be expressed as

max|pij(7)| < min[ASP(p;;(7), ASP(p;i(7)] (4)

In a good orthogonal code set, it is expected that there
exist sufficiently large number of waveform pairs satisfying
(4). To this purpose, a single RPCR waveform R, is generated
as a reference signal. Then its cross-correlation measure-
ments are repeatedly carried out with the newly generated
RPCR waveforms R; (j >1) until (4) is met. Monte Carlo
simulation is taken to select additional orthogonal waveforms
that satisfy (4) with the group waveforms previously
generated.

Figure 3 shows the auto-correlation function (ACF) and
CCF simulation results from the thus generated pairs of
RPCR(5,10) and RPCR(10,10) waveforms groups. For y=5

case, the CP is —21.3 dB and this is lower than ASP by
5 dB. Increasing y to 10 slightly reduce the gap to 4.5 dB
and still the good orthogonal property is preserved. In this
way, multiple orthogonal waveforms can be generated for
other RPCR groups. Intensive Monte Carlo simulations are
taken for the different choice of vy and the average ASP and
CP levels are listed in Table 1. Although the integrated side-
lobe ratio (ISLR) is not a direct measure of the orthogonal
property, it may affect the quality of distributed target
imaging. Like APCN [13], RPCR is based on a discrete conver-
sion of LFM and its ISLR property is comparable to typical
LFM case. It can be readily shown that RPCR exhibits
robust ISLR performance in proportion to ASP for all cases
in Table 1.

Having higher « is beneficial for orthogonal property as it
intensifies the chaotic levels of the sequences and but at the
price of extended Doppler loss. Meanwhile, the random
code rate transition helps to relax phase corruption and
restrain Doppler mismatching, while the noise-like phase
characteristic is still maintained. In Fig. 4, the ambiguity
plots of RPCR waveforms are shown as functions of range
times 7 and Doppler shifts v. The time-bandwidth product
BT is 800. Despite the maximum phase perturbations of k =
10, the Doppler tolerance is steadily improved as vy is
increased from 1 to 10. RPCR(1,10) has no code rate transi-
tion and exhibits poor Doppler sensitivity in Fig. 4(a). On
the other hand, the benefit of using code rate transition is
highlighted in Fig. 4(c), where superior Doppler tolerance is
achieved with y = 10.
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Fig. 3. ACF and CCF of RPCR (7, k) waveform groups (a) RPCR(5,10) and (b) RPCR(10,10).
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We have found that by selectively choosing RPCR
sequences from the randomly generated groups, their
Doppler losses and mutual orthogonality can be fully compro-
mised. Hence, for the sake of good orthogonality, « of 10 is
taken for all simulations throughout this paper.

. WAVEFORM DIVERSITY ON SAR

A) Waveform agility scheme

Waveform diversity is considered as an effective scheme for
ECCM, when deceptive jamming signals are present in the
received SAR signal. DRFM jammers work by detecting and
regenerating the triggered pulse waveforms. However, the
detection, analysis and regeneration processes take a certain
period of time and hence a finite time lag should occur in
most DRFM jammers [5]. Therefore, it is safe to assume
that the DRFM transmit signal is not the direct duplicate of
the previously received SAR pulse waveform. Under wave-
form diversity scheme, SAR payload varies its transmitting
waveform along the azimuth slow-time in every pulse repeti-
tion interval (PRI). Meanwhile, the received signal is pro-
cessed using the replica of the previously transmitted pulse.
Figure 5 illustrates the SAR ECCM scenario using waveform
diversity of triggering multiple codes.

Converting RPCR waveform in equation (1) into a discrete
code of length N, the total set of waveforms reflected from a
point target can be expressed as

igper, [1]  Tirece,[2]
igpcr, (1] Trecr,[2]
srpcr[m, n] = :
igpcry-, (1] Tirecr,, | [2]
uppcry[1]  @recr,,[2]

The size of the orthogonal waveform set should be
increased in proportion to the PRI and antenna aperture
length and given as M =T, x PRF. Here T, is aperture
time and PRF is the pulse repetition frequency. Mutually
orthogonal RPCR waveforms can be arbitrarily generated
from the group class of (v, k). As their code lengths are not
limited, the size of sgpcr is freely extended to suit for the
given SAR geometry.

In pulsed spaceborne SAR system, ‘stop and go approxima-
tion’ is valid [19] and the mth echo signal is processed by the
mth receiver of the corresponding matched filter matrix. This
can be expressed by the discrete convolution of

The diagonal elements of (6) are ACFs and the others des-
ignate CCF. The orthogonal waveform selection is performed
through an iteration process such that all the ACF and CCF
elements satisfy (4). Here, SAR range Doppler algorithm
(RDA) [19] is taken and after azimuth compression, the
SAR point target response (PTR) is obtained as

sazc(T, M) = Wu(n) Pmm(T— ﬂ) X pa(M)

x exp( "”’f’ ) exp(amfyn) ()

Wa(n) is the normalized amplitude, while f, and f,, represents
the center frequency and Doppler centroid of the incoming
signal. p,,,, designates the range compression response and
corresponds to diagonal element of (6). p,(7) is the azimuth
compression response and usually represented as a sinc
function.

Figure 6 illustrates SAR PTRs obtained by using RPCR
waveforms of three different classes. Target responses are
comparable to LFM case but with slight losses in ISLR and
PSLR (peak sidelobe ratio). It appears that having low v is
advantageous in terms of sidelobe level but it is simply attrib-
uted to bandwidth extension effect and will be compensated
for after finite bandwidth filtering. It will be discussed in
next section. Nevertheless, given the superior Doppler toler-
ance, the performance degradation may be acceptable for all
cases.

tirpcr, [N — 1] tirpcr, [N]
tirpcr, [N — 1] tirpcr, [N]
: (5)
ugper,, [N — 1] dgper,  [N]
igpcr, [N — 1] “RPCRM LN

B) Bandlimit constraint

Unlike LFM, the power spectrum of the phase-coded signal
spreads out indefinitely and SNR loss occurs due to the imper-
fect matching at the receiver. The matched filter simulations are
performed with the bandlimit constraint considered and the
results are shown in Fig. 7. As expected, RPCR(1,10) suffers
from —4dB loss and hence the merit of having chaotic
sequence is impaired. This is attributed to the extended band-
width spreading effect by the random phase perturbation.

On the other hand, the SNR loss is reduced to —1.3 dB as y
is increased to 5. It is further improved as —0.8 dB for y= 10

le [k]
pzM[k]

Prv—n k]

Pa—n K] (6)

Poi-yi-nlkl  par—vymlk]

k=N
Pss = Z Srpcr[ M, n]sgPCR[m, n—kj
k=—N
i Pn[k] pu[k]
P [k] P22[k]
par-—lk]  par—.lk]
| pmlk] jyaLd
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Table 1. ASP and CP levels of RPCR groups.

Waveform ASP [dB] CP [dB]
RPCR(1,10) —27.91 —28.22
RPCR(5,10) —16.09 —21.30
RPCR(10,10) —14.57 —18.92
RPCR(20,10) —13.91 —15.41

and —o.3 dB fory = 20 and becomes comparable to the ori-
ginal LFM case. This can be explained by the smoothing
effect of higher code rate transition that gives rise to the reduc-
tion of the abrupt phase changes.

Waveform design is a process of performance trade-off for
the specific radar application. In this paper, the maximum
depth of phase perturbation (k = 10) is applied for RPCR
waveform generation to obtain superior orthogonality.
Then, the code rate factor vy over 5 is taken in order to min-
imize the SNR loss and maintain orthogonality and Doppler
tolerance. Figure 8 shows the simulated SAR PTR cases
using RPCR waveform diversity. Two waveforms are selected
from RPCR(5,10) group and their PTRs are analyzed with and
without bandwidth limiting. They exhibit relatively good per-
formances comparable to conventional LFM cases [16], while
their orthogonality is verified through the co-channel PTRs.

V. SARECCM BASED ON
WAVEFORM DIVERSITY

A) SAR deceptive jamming

Since the DRFM jamming signals are coherent with the ori-
ginal SAR signal, false targets can be intentionally generated
in the processed SAR images. This is known as false target
jamming (FTJ) and regarded as a potential threat to the mili-
tary radar mission [20]. Randomly or stepped frequency shift-
ing jamming (RFS] or SFS]) can cause barrage effects and
mask a portion of SAR image [21, 22]. A demodulated FS]
(frequency shifting jamming) signal can be expressed in two-
dimensional functions as

sipp(T, M) = /Pi(mw, [T — 74, () [walm — m; ]

j T,
X exp { _M}S[T — Ta ()]
X eXpUZWfdfm{T - Tdrgt(n)}] exp{jzﬁfdslaw(n)}
(8)
Br o |
& [
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Fig. 5. SAR target imaging based on multiple code triggering scheme.

7 is the fast time in range, 7 is the slow time in azimuth and
Rj(n) is the range between the SAR sensor and jammer. For
convenience, the jamming signal power is given as Pi(n),
while w, and w, are range and azimuth antenna patterns.
The received signal in DRFM is duplicated, modified and
re-transmitted with a time delay 74,(n) to produce false
targets. fq,, is derived from the random frequency perturb-
ation of the RFS] signal and contributes to producing arbitrary
ghost patterns in SAR images. In SFSJ case, linear frequency
perturbation is applied in fy,,, leading to the barrage effects.

The use of conventional interference mitigating process, i.e.
notch or LMS (Least Mean Square) filter is not practical in
suppressing these deceptive jamming signal, as the interfering
signal is distributed over wide bandwidth and overlapped with
the target signal.

B) SAR ECCM technique against deceptive
jamming

Figure 9 illustrates the SAR ECCM scenario using waveform
diversity. In this scenario, the transmitted SAR signal is arbi-
trarily selected from a group of programmed RPCR wave-
forms. The waveform sequence of the SAR system and
DRFM jammer are expressed as

(9)

Wrpcrn(T), N =1,2,...M

(10)

Wiamn(T) = Wrpcrn—1(T), K> 1

M is the total number of orthogonal RPCR waveforms and
I is the sequence lag of the jamming signal. For ECCM

[] ar 0
6. r
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2ty |
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. i .20 gt . ¥ . LA J -20
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Fig. 4. Ambiguity function plots [dB] (a) RPCR(1,10), (b) RPCR(5,10), and (c) RPCR(10,10).
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Fig. 6. SAR impulse responses with (a) RPCR(1,10), (b) RPCR(5,10), and (c) RPCR(10,10).

implementation, the signal transmitted by a DRFM repeat
jammer should be sufficiently orthogonal to the SAR signal
received simultaneously at current azimuth slow-time.

The total received signal can be expressed by

$66(T, M) = Sn, (T, Mrecr,, + Sjpp(Ts Mrecr,, , + (T, M) (11)

Here s,,, is the original SAR signal and correspond to the
mth RPCR pulse sequence shown in (7). sjpp(T, Mrpcr,, , is @
duplicated DRFM waveform. It is a time-lagged pulse
delayed by I within the transmit waveform trains and should
be sufficiently orthogonal to the current SAR signal in the
air or sy, (T, Mrpcr,- The n(7, M) represents additional
clutter noise. As in (11), RDA SAR processing of (11)

T

w— RPCR(1,10) Muiti

RPCRI(5,10) Multi
= = RPCR(10,10) Multi
====RPCR(20.10) Multi

n

amplitude [dB]

range [m)]

Fig. 7. Range profiles for RPCR waveforms at bandlimited receiver.
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results in
R, .
sazclecem (T, M) =/ Ps(M) prum (T— %)pa(n) exp{j6:(n)}

R,
+/ P () Pmim—iy (T—Z—CJ”>Pu(77) exp{j6;(m)}
(12)

6/(m) is the original azimuth phase, 6)(n) is the phase displace-
ment by the jamming signal. Pg is derived from the original
signal level of s, and calculated from p,,,,,, in (6). P, represents
the unwanted jamming effect caused by s;,;, and should be
minimized. This can be implemented by the cross-correlation
operation between mth and (m — I)th RPCR waveforms,
which is equivalent to p,n—;) in (6). DRFM jamming
signals are mixed with the original SAR reflections but will
be weakened in the range compression process and hence sup-
pressed in proportion to |p,,»—n| at the final SAR image.

C) SAR ECM and ECCM simulation

Based on the point target analysis in previous sections, SAR
simulation are carried out to assess the proposed ECCM
scheme under various ECM scenarios. In simulation,
C-band spaceborne SAR parameters [19] are employed and
four point targets (2 by 2 position) are assumed on the
ground. Figure 10 shows the geometry of the point targets
and DRFM jammer. The SAR sensor moves with velocity of
6.8 km/s and its minimum slant range to the reference
target is given as 683 km. The employed SAR signal has a
time-bandwidth product of 8oo and is transmitted with PRF
of 1.61 kHz. It is assumed that the DRFM jammer is located
at a distance of 350 m from the closest target.

To assess the effects of ECM and ECCM, the effective
radiated power (ERP) density of the jamming signal is calcu-
lated in the processed SAR image [20]. In (13), Ps and P,
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Fig. 9. Waveform diversity scenario for SAR ECCM.

correspond to ERPs of SAR and jamming signals. Then, their
relative ratio ERPg; is taken as a jamming effect measure in
(14). The jamming effects appear in unique manners for dif-
ferent ECM scenarios. For a fair comparison, different ERPg;
levels of 99.33, 74.33 and 84.33 dB are applied for false
target, random frequency shifting and SFSJ, respectively.

_ PyGrGrN’G . PprGiGrN*G (13)
T GmRIL T TRy
PsrR? P
ERPg; = —J Y RAR (1)

P]T47TR§ P]T4’7TR7S‘ ’

Pgr, Pjp: peak transmit power of the SAR/Jammer, Gy, Gy
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antenna gain of the SAR/Jammer, Gp: receiver antenna gain
of the SAR/Jammer, Rj, Rg: range between target and SAR/
Jammer, L, L;: total system losses of SAR/Jammer.

ECM simulations are performed with LFM, while RPCR
waveform diversity is employed for ECCM tests and the
results are shown in Fig. 11. In Fig. 11(a), when FTJ is
applied, a false target response shows up near the true
targets. In Fig. 11(b), RFS] causes masking effect on
the target scene. SFS] produces a barrage effect casting a dis-
tributed shadow in Fig. 11(c). In this case, the coherent
jamming effect is focused on a narrow area and consequently,
the true targets are completely obscured and cannot be
identified.
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Fig. 11. Deceptive jamming effects and SAR ECCM simulations for RPCR(5,10) (a) FTJ, (b) RFS], and (c) SFS].

Then, the proposed ECCM scheme is applied and the right
part images of Fig. 11 are produced through RPCR(5,10)
waveform diversity. Although the image qualities are slightly
impeded, it is seen that the jamming effect is effectively
removed thus improving the target detection capability.
For further verification J/C (jamming to clutter ratio) and
S/(J + C) (signal to jamming and clutter ratio) are taken to
measure the image qualities and summarized in Table 2.

Table 2. Quality analysis of RPCR waveform diversity for SAR ECCM.

Waveform FTJ (J/C) RESJ (S/] + C) SFESJ (S/] + C)
[dB] [dB] [dB]
Linear-FM 48.45 17.08 11.77
RPCR(s,10) 7.32 25.04 34.77
RPCR(10,10) 7.63 23.06 32.40
RPCR(20,10) 7.63 20.94 30.25

FM, frequency modulation.
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When LFM is adopted, the image qualities are significantly
degraded with 48.45 dB of J/C, 17.8 and 11.77 dB of S/] + C.
But when LFM is substituted with RPCR and the multiple
waveform diversity scheme is employed, J/C is reduced down
to 7dB and S/(J + C) is increased over 30 dB. These results
validate the superior performance of RPCR waveform diversity
against DRFM jamming effects.

Figure 12 shows SAR simulation results when three air-
plane targets are located near DRFM jammer. In Fig. 12(a),
a single RPCR(5,10) only is employed and the barrage effect
intrudes target response above threshold level. On the other
hand, deceptive jamming effect is practically removed in
Fig. 12(b) after multiple waveform diversity scheme is applied.

Finally, SAR raw data simulations are carried out in Fig. 13.
Figure 13(a) shows SAR images distorted and masked by the
barrage ECM effect when conventional LEM is employed. On
the other hand, Fig. 13(b) illustrates that the corrupted SAR
image is restored through RPCR waveform diversity scheme.
All the simulation results verify that the proposed multiple
waveform diversity is an effective technique to mitigate the
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Fig. 12. SAR ECCM against deceptive jamming (a) mono code scheme and (b) waveform diversity scheme.

(b)

Fig. 13. SAR raw data simulations under RFSJ and SFS] barrage effect scenarios (a) LFM and (b) RPCR waveform diversity.

DRFM jamming effects and prevent the loss of critical
information.

V. CONCLUSION

For the successful application of waveform diversity for SAR
imaging, multiple number of orthogonal codes are required
with a good performance compromise between Doppler toler-
ance, bandwidth limiting and cross-correlation levels. The
proposed RPCR waveform diversity is distinguished with its
high flexibility. It can be conveniently applied to provide a
good performance trade-off and preserve the SAR image
quality simultaneously. To investigate the possible use for
SAR ECCM purpose, various SAR target jamming scenarios
are considered and the superior performance is verified.
Through intensive simulations, it is fully demonstrated the
proposed scheme maintain robust performances against
ECM attacks of false target and frequency shifted jamming.
It is claimed that the proposed waveform diversity has a
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promising potential for use in future imaging radar missions
by providing robust ECCM capability.
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