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ABSTRACT Synthetic aperture radar (SAR) are exploiting millimeter-wave (mmWave) band for imaging
applications. However, with the conventional pulse-width of few tens of microseconds the receive SAR
signal experiences intra-pulse Doppler shift in mmWave band which results in severe image degradation. The
recently proposed, orthogonal time frequency space (OTFS) modulation has shown to be resilient against
the Doppler impairments. In this work, we propose a cyclic-prefix (CP)-OTFS modulation with practical
pulse shaping waveforms for SAR applications. We present a novel delay-Doppler domain based pulse
compression technique to mitigate the intra-pulse Doppler impairments. The traditional pulse compression
techniques in SAR are known to have inter-range-cell-interference (IRCI) due to the presence of range
side-lobes which leads to low resolution imaging. The proposed receiver algorithm effectively exploits the
diagonalization property of factor-circulant matrix and eliminates IRCI. The receiver algorithm is shown to
have a lower computational complexity vis-a-vis the state-of-the-art matched-filter OTFS radar receiver thus,
making it suitable for real-time SAR applications. Finally, simulated SAR images show the effectiveness of
our methodology in eliminating the distortion caused by intra-pulse Doppler shift and removal of IRCI for
high resolution imaging.

INDEX TERMS Inter range cell interference (IRCI), intra-pulse Doppler, orthogonal time frequency space
(OTFS), synthetic aperture radar (SAR).

I. INTRODUCTION
Synthetic aperture radar (SAR) is an imaging device with
a wide range application in both civil and military domain.
SAR is known to have imaging capabilities of natural and
man-made objects in all day and weather conditions [1],
[2], [3]. Traditionally, SAR are operated in X-band or lower
frequency bands however, these bands are extensively occu-
pied and requirement of large bandwidths for high resolution
imaging cannot be fulfilled. As an alternative, high frequency
millimeter-wave (mmWave) band which offers large swath of
bandwidths is being explored by the radar research commu-
nity for SAR imaging applications [4], [5], [6]. The extensive
advancements in the field of mmWave massive multiple-
input-multiple-output (MIMO) antenna technology [7], [8]
is proving to be a key enabler for mmWave band radar
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operations and it is now also leveraged for radar applications
[9], [10], [11].

The mmWave offers high resolution SAR imaging how-
ever, with a pulse-width of few tens of microseconds the
receive SAR signal experiences a discernible intra-pulse
Doppler shift due to millimeter wavelengths. It is known that
the transmit pulse should be long enough for the radar to emit
sufficient energy so that the received echo is detectable by the
receiver [12]. Hence, without compromisingwith the transmit
energy of the signal the intra-pulse Doppler shift needs to be
compensated, which otherwise will impair the received signal
and adversely impact SAR imaging capabilities. Therefore,
an appropriate signal processing technique needs to be formu-
lated to counter the effects of intra-pulse Doppler experienced
by SAR in mmWave band.

The SAR transmit pulse has a long duration due to which,
the reflected signal from the scatterers is overlapped with
each other on reception at the receiver. These superimposed
echoes have a natural interference wherein, the reflected
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energy from one scatterer interferes with the other. To over-
come this interference the conventional SAR utilizes an
LFM (Linear Frequency modulation)-based transmit pulse
[1], [2], [3] which has a large bandwidth as well as a
large pulse duration. The receiver exploits the pulse com-
pression technique, which yields narrow compressed pulses
thus, making the receive signal distinguishable for different
range cells. However, the pulse compression also results in
interference of energy from the adjacent range cells due to
the side-lobes of the ambiguity function of an LFM pulse.
The magnitude of the side-lobe is approximately

√
L, if the

magnitude of themain lobe is L. These undesirable side-lobes
in range profiling of a SAR system are termed Inter-range-
cell interference (IRCI). Thus, such receivers with range
side-lobes are unsuitable for high resolution imaging. Orthog-
onal frequency divisionmultiplexing (OFDM) and Frequency
domain system identification (FDSI) were proposed to mit-
igate IRCI for both single-input-single-output (SISO) [13],
[14] and MIMO [15], [16] SAR, respectively for high res-
olution IRCI-free imaging however, these systems fail to
counter the effects of intra-pulse Doppler shift. Thus, explo-
ration of newer waveforms and signal processing techniques
is required to collectively mitigate the effects of intra-pulse
Doppler shift and IRCI.

Orthogonal time frequency space (OTFS) modulation was
recently proposed with delay-Doppler domain based signal
processing [17]. This new modulation scheme was shown to
be robust against Doppler shift impairments in time-varying
channels. OTFS-based radar system has been proposed for
conventional range and velocity estimation [18] applications.
OTFS is shown to counter Doppler however, the proposed
use of matched-filter fails to remove IRCI. Thus, if SAR
applications desire to take advantage of OTFS, a newmethod-
ology to eliminate IRCI is required for high resolution
imaging.

Low complexity receiver algorithms for OTFS modu-
lation based wireless communication systems are a key
research area for its efficient implementation. In [19] and
[20] the authors have proposed low complexity minimum
mean square error (MMSE) OTFS receiver based on OTFS
channel sparsity. The authors in [21] have proposed an effi-
cient transform-domain maximal ratio combining detection
method which exploits the Doppler diversity and is free of
any matrix inversion. On the similar lines, receivers with
low computational complexity for OTFS-based SAR are
also desirable for real-time applications. In [22], the authors
have proposed a real-time SAR imaging methodology for
large-scale scenes using an observation-based sparse imaging
with some approximations. In [6], a MIMO-SAR imaging
technique is proposed for enhancing azimuth resolution for
autonomous driver assistance in vehicles. Hence, with the
envisaged real-time applications for SAR, a low complexity
receiver is more practicable from the implementation point of
view.

OTFSmodulation scheme is yet to be explored for the mul-
tifarious requirements of SARwhich motivated the authors to

investigate OTFS modulation for SAR imaging. In this paper,
we propose cyclic-prefix (CP)-OTFS-based SAR and, the key
contributions are summarized as under.

• We derive a novel pulse compression algorithm for
CP-OTFS-based SAR. The proposed algorithm is shown
to be capable of removing IRCI from the range profiling
and offering high resolution imaging. The technique
achieves IRCI-free high resolution imaging with a pulse
compression gain similar to that of a conventional
LFM-based radar system.

• We exploit the Doppler resilience of OTFS modulation
by incorporating delay-Doppler domain based signal
processing. This methodology effectively mitigates the
distortion caused by intra-pulse Doppler shift in SAR
imagery. The mitigation is achieved concurrently with
IRCI-free pulse compression.

• Through the use of the diagonalization property of
factor-circulant matrix, we reduce the computational
complexity of the receiver toO(MNlog2(MN )) vis-a-vis
O(M2N 2) of the matched-filter OTFS radar [18], where
N and M represent number of symbols and number of
subcarriers, respectively.

The paper is organized in the following manner.
In Section II, we introduce the system model of CP-OTFS-
based SAR and present a corresponding delay-Doppler
channel model. Section III proposes our low-complexity
receiver design for CP-OTFS-based SAR. We also present
the signal-to-noise ratio (SNR) analysis after the proposed
range compression technique. In Section IV, the computa-
tional complexity of proposed pulse compression algorithm
is presented along with some simulation results. Finally,
in Section V we conclude the paper with our remarks.
Notations: The notations followed in this paper are:

X, x, x represent matrix, vector and scalar, respectively.
CM×N represents M × N matrix with complex entries,
IM denote theM -dimensional identity matrix and diag(x), the

diagonal matrix with elements of x. Fn = {
1

√
ne

−j2πkl/n
}
n−1

k,l=0
and FH

n denote the n-point DFT and the IDFT matrices,
respectively. The scalar WN = e−j

2π
N , ⌈·⌉ denotes the ceil

operator, vec(X), the column-wise vectorization of the matrix
X, [·]n, the mod-n operation, ◦, the Hadamard product and⊘,
the Hadamard division.

II. SYSTEM MODEL FOR CP-OTFS SAR
In this section, we present the system model for CP-OTFS-
based SAR and corresponding delay-Doppler channel model
for a SAR scenario.

A. CP-OTFS SAR MODULATOR
The OTFS modulator places MN input complex weights
xl,k (M and N are some positive integers) in a delay-Doppler
grid as M × N matrix X =

{
xl,k

}
, l ∈ [0,M − 1] , k ∈

[0,N − 1]. The delay-Doppler domain matrix X is converted
to the time-frequency domain by applying Inverse Symplectic
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Fast Fourier Transform (ISFFT) as

Xtf = FMXFH
N (1)

The time-frequency domain signal has N symbols of dura-
tion T and M sub-carriers with spacing 1f = 1/T .
Then ‘‘Heisenberg transform’’ is applied to Xtf to obtain a
delay-time domain signal. The transform is implemented by
an M -point Inverse Fast Fourier Transform (IFFT) followed
by pulse-shaping with a pulse gtx of duration (0,T ]. The
M × N delay-time matrix is expressed as

S = GtxFH
MXtf (2)

where Gtx is the diagonal matrix with entries as samples of
gtx : Gtx = diag

(
gtx0 ,gtx1 , . . . , gtx(M−1)

)
. We choose, gtx to

be a rectangular pulse which reduces Gtx to IM. Finally, the
time domain OTFS samples are generated by column-wise
vectorization of S

s = vec (S) (3)

The time domain signal has a duration of NT (without CP)
and bandwidth of M1f with K = MN samples at an
interval Ts = 1/M1f . We append a CP of length (L − 1)
to the time domain OTFS samples, where L corresponds to
number of range cells in swath. The value of L is evaluated
as L =

⌈
(τmax − τmin)

/
Ts

⌉
, where τmax and τmin are the

maximum and minimum delays of received echo from swath,
respectively. The CP length in SAR application is equivalent
to the maximum delay estimation in matched-filter OTFS
radar [18]. The sequence s in (3) after CP addition is passed
through a digital-to-analog convertor which derives the time
domain transmit signal s (t).

B. OTFS SAR CHANNEL MODEL
We consider a single set of fast time data for analysis i.e.
sampled response of swath for a single transmit OTFS pulse.
We assume that the velocity of the SAR platform is known
to the operator with the aid of SAR geometry and on-board
sensors. The response of the target swath for a single transmit
pulse is a P-tap narrowband, doubly selective radar channel
model which is represented as

h (τ, ν) =

∑P

p=1
hpδ

(
τ − τp

)
δ
(
ν − νp

)
(4)

where δ(·) is the dirac delta function, hp is complex gain of
the pth reflector, while τp and νp denote round-trip delay and
Doppler shift of the pth reflector, respectively [18]. Round-
trip delay and Doppler shift of the pth reflector are expressed
as τp = lp/M1f and νp = kp/NT , where lp and kp are
integers. The OTFS framework for SAR considers the delay
and Doppler shift as integer multiples of the delay resolu-
tion 1/M1f and Doppler resolution 1/NT , respectively, the
ranges for delay is [0,T ] and Doppler shift is (− 1

2T , 1
2T ],

respectively. Since, the delay of received echo in SAR appli-
cations ranges from (τmin, τmax] hence, the symbol duration
T ≥ (τmax − τmin) in CP-OTFS-based SAR.

The conventional SAR signal processing considers neg-
ligible Doppler shift within a single receive pulse at lower
carrier frequencies [1], [2], [3] however, in mmWave band
SAR operations this intra-pulse Doppler shift is discernible.
We consider this intra-pulse Doppler to be induced by plat-
form movement only, as the targets in the swath are assumed
to be static. It is known that the swath size is typically much
less than the distance between SAR and swath centre hence,
at a particular slow-time a common look angle for the reflec-
tors can be considered. Therefore, the common intra-pulse
Doppler shift at a given slow-time can be given as νo =

2Vp
λc

,
where Vp is the platform velocity with respect to swath centre
(known to the operator) and λc is the wavelength of carrier.
This intra-pulse Doppler shift in CP-OTFS-based SAR will
be ranging between (− 1

2T , 1
2T ] i.e. |νo| ≤

1
2T . The delay-

Doppler domain SAR channel model at a given slow-time is
given as

h (τ, ν) =

∑M−1

l=0

∑N−1

k=0
hl,kδ

(
τ −

l
M1f

)
× δ

(
νo −

(k)N
NT

)
(5)

where

(k)N =

{
k if k ≤ N

/
2

k − N otherwise

and hl,k denotes the complex gain of swath at delay tap l and
Doppler tap k corresponding to delay l/M1f and Doppler
frequency (k)N

NT , respectively, the tap l = 0 corresponds to
the beginning of swath. As discussed, the reflectors have a
common Doppler shift hence, (5) will have hl,k = 0 for the
indices (k)N ̸= νoNT (νo is integer multiple of 1/NT ). The
SAR received signal r (t) can be expressed as

r (t) =

∫∫
h (τ, ν) s(t − τ )ej2πν(t−τ )dτdν (6)

C. CP-OTFS SAR DEMODULATOR
The OTFS receiver on reception of r (t) removes CP from
head and tail, and samples it at an interval Ts which is
represented as vector r = {rn}

MN−1
n=0 with entries as

r =

∑P

p=1
hpej2π

ko(n−lp)
MN s[n−lp]M + w (7)

where ko = νoNT represents the common Doppler tap and
w is additive white Gaussian noise vector of length K with
variance σ 2. The receiver devectorizes r intoM×N matrixR
and applies ‘‘Wigner transform’’. The transformation is per-
formed as matched filtering operation with a pulse grx of
duration (0,T ] followed by M -point Fast Fourier Trans-
form (FFT). Lastly, a 2-dimensional (2D) Symplectic Fast
Fourier Transform (SFFT) is applied and the demodulated
two-dimensional delay-Doppler domain samples

{
yl,k

}
,

l ∈ [0,M − 1] , k ∈ [0,N − 1] are retrieved as M × N
matrix Y as

Y = FH
M (FMGrxR)FN + W (8)
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where Grx is the diagonal matrix with entries as sam-
ples of grx: Grx = diag

(
grx0 , grx1 , . . . , grx(M−1)

)
and the

M × Nmatrix W is additive white Gaussian noise with terms
wl,k∼ CN(0,σ 2). We choose, grx to be a rectangular pulse
i.e. Grx reduces to IM. The statistical properties of w remains
unchanged in (8) as all the operations are unitary. The exact
relation between X and Y in delay-Doppler domain with
rectangular pulses gtx (t) and grx (t) is given as [23]

yl,k =

M−1∑
l′′=0

N−1∑
k ′′

=0

hl′′ ,k ′′ e

j2π


[
l−l

′′
]
M

M


(
k
′′

)
N

N

αl,k

× x[
l−l′′

]
M

,
[
k−k ′′

]
N

+ wl,k (9)

where

αl,k =

{
1 l

′′

≤ l < M

e−j2π
k
N 0 ≤ l < l

′′

where the Doppler tap k
′′

will correspond to the Doppler
frequency νo.

III. LOW COMPLEXITY RECEIVER FOR CP-OTFS SAR
In this section, we derive low complexity SAR receiver
algorithm for intra-pulse Doppler compensation and
IRCI-free range compression and analyze SNR.

A. DOPPLER COMPENSATION AND IRCI-FREE RANGE
COMPRESSION
The receiver forms N vectors of dimension M × 1 from the
columns ofY and processes them independently based on the
input-output relation obtained from (9). The relation between
the input-output vectors is expressed as

ỹk′ = Hk′ x̃k′ + w̃k′ (10)

where vectors ỹk′andw̃k′arethek ′-th column of Y and W,
respectively, k ′

∈ [0,N − 1]. The vector x̃k′= [x0,[k ′−ko]N z
0ko ,

x1,[k ′−ko]N z
1ko , ...., xM−1,[k ′−ko]N z

(M−1)ko ]T , where z = ej
2π
MN

and the M ×M channel matrix Hk′ is

Hk′ =


h0,(ko)N hM−1,(ko)NW

k ′

N · · · h1,(ko)NW
k ′

N
h1,(ko)N h0,(ko)N · · · h2,(ko)NW

k ′

N
...

. . .
. . .

...

hM−1,(ko)N · · · h1,(ko)N h0,(ko)N


(11)

We observe that the entries above the main diagonal are
multiplied by the same factor W k ′

N thus, forming Hk′ a fac-
tor circulant matrix. We now derive an efficient algorithm
to estimate the complex gain of reflectors and eliminate
the Doppler phase term z(M−1)ko . Since, the matrix Hk′ is
a factor-circulant matrix hence, it can be represented as
[24, Theorem 1]

Hk′ = KKKk′FH
MDk′FMKKK−1

k′ (12)

where KKKk′ = diag
(
1,W−k ′

MN ,W−2k ′

MN , ....,W−(M−1)k ′

MN

)
and

Dk′ = diag(FMKKK−1
k′ (

√
Mh)), while h = [h0,(ko)N , . . . . . . . . . ,

hM−2,(ko)N , hM−1,(ko)N ]
T . So, (10) can alternatively be repre-

sented as

yk′ = KKKk′FH
MDk′FMKKK−1

k′ x̃k′ + w̃k′ (13)

The received vector yk′ is pre-multiplied byKKK−1
k′ followed by

M -point FFT which is expressed as

FMKKK−1
k′ yk′ = Dk′FMKKK−1

k′ x̃k′ + FMKKK−1
k′ w̃k′ (14)

Notice that, Dk′ is M × M diagonal matrix and FMKKK−1
k′ x̃k′

is M × 1 column vector so we can express Dk′FMKKK−1
k′ x̃k′ =

D′

k′ ◦ FMKKK−1
k′ x̃k′ , where D′

k′ = FMKKK−1
k′ (

√
Mh) ∈CM×1

Since, the SAR receiver has perfect knowledge of x̃k′ ,
element-wise division is carried out to estimate D′

k′ as

D̂′

k′ = FMKKK−1
k′ yk′ ⊘ FMKKK−1

k′ x̃k′

= D′

k′ + FMKKK−1
k′ w̃k′ ⊘ FMKKK−1

k′ x̃k′ (15)

Finally, h is estimated by taking M -point IFFT of D̂′

k′ fol-
lowed by multiplication byKKKk′ and we obtain

ĥk′ = KKKk′FH
MD′

k′ + KKKk′FH
M(FMKKK−1

k′ w̃k′ ⊘ FMKKK−1
k′ x̃k′ )

=
√
Mh+w̃′

k′ (16)

where w̃′

k′ is noise with variance as in (15). The esti-
mate ĥk′ in (16) is a scaled version of h by a factor
of

√
M with an term of additive noise w̃′

k′ . Therefore,
we observe that the complex gains h = [h0,(ko)N , h1,(ko)N ,

h2,(ko)N . . . . . . , hM−2,(ko)N , hM−1,(ko)N ]
T of M reflectors are

estimated without any addition by the coefficients of adjacent
cells. Thus, h is perfectly recovered with a gain of

√
M

and is devoid of any IRCI from the adjacent cells. Notice
that, h is perfectly recovered without any additional phase
term due to intra-pulse Doppler shift. This compensation is
due to the signal processing of the received OTFS signal in
delay-Doppler domain.

The signal processing from (10) to (16) is only for M
received samples, thus, in order to perform the range com-
pression for all K samples, a complex addition is carried out
for allN sub-matrices with the evaluated estimates. Note that,
h is perfectly evaluated N times so, the complex addition is
equivalent to a coherent integration which improves the SNR
by a factor of N . The overall functionality of the proposed
low-complexity receiver is given in Algorithm 1.
We note that the CP is dropped from head and tail of the

receive signal and the receiver processes the signal only for a
duration NT . Hence, the initial inactive time for the receiver
will be for the duration NT . Therefore, the minimum range of
CP-OTFS is similar to that of a pulsed radar i.e. cNT

/
2where

c is the speed of light.
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Algorithm 1 Low Complexity CP-OTFS Receiver

1: Precomputed :KKKk′
M×M ′KKKk′−1

M×M ′

(FMKKK−1
k′ x̃k′ )M×1

2: Given : a vector RM×N
3: Output : hM×1
4: Compute : YM×N = RM×NFN
5: for k ′

= 0 : N − 1 do
6: for l ′ = 0 : M − 1 do
7: Compute : yk′

M×1 = Y(k ′,l′ )M×N
8: end for
9: Compute : FMKKK−1

k′M×M
yk′

M×1

10: Compute: D̂k′ × 1′
=

(
FMKk′−1yk′

)
M×1 ⊘(

FMK−1
k′ x̃k′

)
M×1

11: Compute : ĥk′

M×1
= Kk′

M×M
FH
MD̂

′

k′M×1
12: end for
13: Compute : hM×1 =

∑
k ′=0N−1 ĥk′

M×1

B. SIGNAL-TO-NOISE RATIO ANALYSIS AFTER RANGE
COMPRESSION
We now analyze the variation in noise power at each stage
of the pulse compression. Since, FFT and multiplication
of KKK−1

k′ in (14) are unitary operations hence, the noise
variance of FMKKK−1

k′ w̃k′ remains same as that of w̃k′ i.e.σ 2.
We now define X̃k′= FMKKK−1

k′ x̃k′∈CM×1 where, x̃k ′m is
the mth element of X̃k′ . In (15) the element-wise division
with X̃k′ changes the noise variance of m-th element of
w̃k′ to σ 2

/
(x̃k ′m)

2.
The receiver then carries out range compression by the

IFFT operation and multiplication of KKKk′ with the samples
obtained in (15). Since, the IFFT and multiplication of KKKk′

in (16) are unitary operations hence, the noise variance does
not change from (15). The noise power in (16) for the l−th

range cell after pulse compression is σ 2

M

M−1∑
m=0

|x̃k ′m|
−2. Thus,

the SNR of l−th range cell after range compression in (16) is
expressed as

SNRl =
M

∣∣hl,(k)N ∣∣2
σ 2

M

∑M−1
m=0 |x̃k ′m|

−2
(17)

We note that a larger SNRl will be achieved with smaller
value of

∑M−1
m=0 |x̃k ′m|

−2 if an optimal x̃k ′m is chosen.
We assume ∥S∥

2
= 1, i.e. transmit signal with normalized

energy constraint so, for X̃k′ we have
∑M−1

m=0 x̃
2
k ′m =

1
N .

When X̃k′ has constant modulus then, |x̃k ′0| = |x̃k ′1| =

· · · =
∣∣x̃k ′M−1

∣∣ =
1

√
MN

, and we achieve minimal value of∑M−1
m=0 x̃

−2
k ′m = M2N . In this case, we achieve the maximal

SNRl after range compression as

SNRmax,l =

∣∣h(l, (k)N )∣∣2
Nσ 2 (18)

After performing range compression for N vectors, the
estimates of h is coherently integrated. The integration

TABLE 1. Computational complexity of various operations.

improves SNR by N and the overall maximal SNR becomes

SNRmax =

∣∣hl,(k)N ∣∣2
σ 2 (19)

Since, the mean power of S is 1
√
MN

the SNR of l-th range
cell for the received signal before range compression is

SNRl =

∣∣hl,(k)N ∣∣2
MNσ 2 (20)

On comparing (19) and (20) we observe that the SNR has
improved by a factor of MN after the range compression.
This improvement is equal to the time-bandwidth product
as in the case of LFM, OFDM and matched-filter OTFS
radars, respectively [1], [13], [18]. We observe that the
actual transmit duration of OTFS pulse is (MN + L − 1)Ts
however, we discard the CP before pulse compression
which results in minor difference of gain by L − 1 since,
L − 1 ≪ MN .

IV. RESULTS
In this section, we present the computational complexity of
proposed pulse compression algorithm and give some simu-
lation results.

A. COMPUTATIONAL COMPLEXITY
The computational complexity is calculated in terms of the
required number of complex multiplications (CMs). The
p-point FFT and IFFT require p

2 log2(p) CMs. The CMs
required for various operations in our proposed receiver is
given in Table.1. It is evident that the overall computational
complexity of CP-OTFS-based SAR is O(MNlog2(MN ))
which is superior to O(M3N 3) of direct matrix inversion
OTFS receiver. The proposed receiver has higher computa-
tional efficiency in comparison to state-of-the-art matched-
filter OTFS radar [18] which has a complexity of O(M2N 2).
The comparison for receiver complexity in Fig.1. is plot-
ted for K∈ [2, 8192]. It can be observed that our proposed
receiver algorithm requires almost 103 and 106 times lower
CMs than the matched-filter OTFS and direct matrix inver-
sion OTFS receiver, respectively. Thus, the result validates
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FIGURE 1. Computation complexity comparison of different receivers.

FIGURE 2. Normalized range profiles of the point spread function.

FIGURE 3. Simulated SAR images (a) Matched-filter OTFS SAR (b) CP-OTFS
SAR.

suitability of our proposed algorithm over the other existing
methodologies.

B. SIMULATIONS AND DISCUSSIONS
We simulate Spot-light SAR with Range Migration
Algorithm having following simulation parameters: Carrier
frequency fc = 9GHz, Bandwidth B = 100MHz, transmit
pulse-width (without CP) T = 30.72µs, receiver dynamic
range = 50dB, synthetic aperture length = 60m, swath size
= 40m × 40m, swath center = 5km and choose M =

192andN = 16 for OTFS pulse. We do not consider white
noise in simulations for ease of analysis.

The normalized range profile of point spread functions are
shown in Fig. 2. The results clearly indicate that IRCI-free

FIGURE 4. Simulated SAR images of OTFS-SAR with (a) 50% CP (b) 70%
CP.

FIGURE 5. SAR images with intra-pulse Doppler shift: (a) CP-OTFS SAR
(b) Matched-filter OTFS SAR (c) OFDM SAR (d) FDSI SAR.

range profiling is achieved by CP-OTFS while, the LFM
and matched-filter OTFS radars show presence of high range
side-lobes which interfere with the adjacent cells and cause
IRCI. We observe that, the matched-filter OTFS radar has
lower side-lobes as compared to LFM-based radar. However,
the technique is still unsuitable for high resolution imaging
applications as the SAR receivers have a typical dynamic
range of 50dB and side-lobes of the order of −30dB will
result in IRCI.

In Fig. 3. a superior performance of CP-OTFS-based
imaging is observed over matched-filter OTFS SAR. The CP-
OTFS-based SAR has zero IRCI from the adjoining cells
whereas, the matched-filter OTFS-based technique results
in presence of side-lobes which leads to inferior perfor-
mance. We highlight that this enhanced performance is
achieved at a much less computational cost thus, proving
the efficiency of CP-OTFS-based technique. Fig. 4. high-
lights the significance of adding sufficient CP for achieving
IRCI-free imaging. We observe that, CP corresponding to
the number of range cells in swath has to be pre-fixed
to the transmit pulse in order to achieve IRCI-free range
profiling.

The distortion caused by intra-pulse Doppler shift at
carrier frequency fc = 77GHz and platform velocity of
228km/hr is shown in Fig.5. The CP-OTFS-based SAR
effectively nullifies the distortion caused by intra-pulse
Doppler vis-a-vis OFDM and FDSI based techniques
[13], [14]. The matched-filter OTFS also counters the effect
of intra-pulse Doppler shift however, presence of IRCI and
high computational complexity makes it less suitable as com-
pared to CP-OTFS-based SAR.
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V. CONCLUSION
In this paper, a low complexity receiver algorithm for
CP-OTFS-based SAR is proposedwhich effectivelymitigates
intra-pulse Doppler shift impairments and achieves IRCI-free
imaging. This low complexity pulse compression algorithm
was derived by exploiting the diagonalization property of
the factor-circulant matrix. The novel delay-Doppler domain
based signal processing was shown to be effective in nul-
lifying the effects of intra-pulse Doppler shift in mmWave
band SAR imaging. The proposed technique achieved high
resolution IRCI-free imaging while the pulse compression
gain was shown to be equal to the time-bandwidth prod-
uct. The computational complexity of the receiver algorithm
was shown to be O(MNlog2(MN )) which is superior to
O(M2N 2) of the matched-filter OTFS radar. Simulation
results exhibited high quality IRCI-free imaging capabilities
of our proposed algorithm vis-a-vis state-of-the-art matched-
filter OTFS radar. In future studies, the authors intend to
investigate OTFS for fractional intra-pulse Doppler shifts in
SAR imaging.
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