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IRCI Free Range Reconstruction for SAR Imaging
With Arbitrary Length OFDM Pulse

Tianxian Zhang, Xiang-Gen Xia, Fellow, IEEE, and Lingjiang Kong

Abstract—Our previously proposed OFDM with sufficient cyclic
prefix (CP) synthetic aperture radar (SAR) imaging algorithm
is inter-range-cell interference (IRCI) free and achieves ideally
zero range sidelobes for range reconstruction. In this OFDM SAR
imaging algorithm, the minimum required CP length is almost
equal to the number of range cells in a swath, while the number
of subcarriers of an OFDM signal needs to be more than the CP
length. This makes the length of a transmitted OFDM sequence at
least almost twice of the number of range cells in a swath and for a
wide swath imaging, the transmitted OFDM pulse length becomes
long, which may cause problems in some radar applications. In
this paper, we propose a CP-based OFDM SAR imaging with
arbitrary pulse length, which has IRCI free range reconstruction
and its pulse length is independent of a swath width. We then
present a novel design method for our proposed arbitrary length
OFDM pulses. Simulation results are presented to illustrate the
performances of the OFDM pulse design and the arbitrary pulse
length CP-based OFDM SAR imaging.

Index Terms—Clyclic prefix (CP), inter-range-cell interference
(IRCI), orthogonal frequency-division multiplexing (OFDM)
pulse, range reconstruction, synthetic aperture radar (SAR)
imaging, waveform design.

I. INTRODUCTION

RTHOGONAL frequency-division multiplexing
(OFDM) signals are firstly presented for radar signal
processing in [1], and recently studied and used in radar appli-
cations, such as moving target detection [2]-[4], low-grazing
angle target tracking [5] and ultrawideband (UWB) radar
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applications [6]. The common OFDM signals for digital com-
munications, such as the digital audio broadcast (DAB), digital
video broadcast (DVB), Wireless Fidelity (WiFi) or worldwide
inoperability for microwave access (WiMAX) signals, are
also investigated for radar applications in [7]-[12]. Using
OFDM signals for synthetic aperture radar (SAR) applications
is proposed in [13]-[20]. In [13]-[15], an adaptive OFDM
signal design is studied for range ambiguity suppression in
SAR imaging. The reconstruction of cross-range profiles is
studied in [18], [19]. However, all the existing OFDM SAR
signal processing algorithms have not considered the feature
of OFDM signals with sufficient cyclic prefix (CP) as used
in communications systems. In [21], we have proposed a
sufficient CP-based OFDM SAR imaging algorithm. By using
a sufficient CP, the inter-range-cell interference (IRCI) free
and ideally zero range sidelobes for range reconstruction can
be obtained, which provides an opportunity for high range
resolution SAR imaging. On the other hand, according to our
analysis, the CP length, the transmitted OFDM pulse length
and the minimum radar range need to be increased with the
increase of a swath width, since the sufficient CP length is
almost equal to the number of range cells in a swath, while the
number of subcarriers of the OFDM signal needs to be more
than the CP length. Then, the transmitted OFDM sequence with
sufficient CP should be at least almost twice of the number of
range cells in a swath. Meanwhile, the CP sequence needs to
be removed at the receiver to achieve the IRCI free range re-
construction. Thus, this algorithm may need a long transmitted
pulse and suffer high transmitted energy redundancy in case of
wide swath imaging, which may cause problems in some radar
applications.

Although OFDM signals have been widely used in practical
digital communications and studied for radar applications, the
potential high peak-to-average power ratio (PAPR) of OFDM
signals may cause problems for communications applications
[22] and radar applications [3], because the envelope of OFDM
signals is time-varying. In power amplifier of the transmitter, a
constant envelope waveform can be magnified efficiently in the
saturation region. However, the amplifier should be operated
in the limited linear region for a time-varying signal to avoid
causing nonlinear distortion. Many PAPR reduction techniques
have been studied as, for example, in [23].

In this paper, we propose a sufficient CP-based OFDM SAR
imaging with arbitrary pulse length that is independent of a
swath width. Firstly, we establish the arbitrary pulse length
OFDM SAR imaging system model by considering the feature
of OFDM signals with sufficient CP, where the CP part is all
zero. We then derive a sufficient CP-based range reconstruction
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algorithm with an OFDM pulse, whose length is independent
of a swath width. To investigate the signal-to-noise ratio (SNR)
degradation caused by the range reconstruction, we also an-
alyze the change of noise power in every step of the range
reconstruction. By considering the PAPR of the transmitted
OFDM pulses and the SNR degradation within the range recon-
struction, we propose a new OFDM pulse design method. We
then present some simulations to demonstrate the performance
of the proposed OFDM pulse design method. By comparing
with the range Doppler algorithm (RDA) SAR imaging method
using linear frequency modulated (LFM) signals, we present
some simulations to illustrate the performance of the proposed
arbitrary pulse length OFDM SAR imaging algorithm. We
find that, with a designed arbitrary length OFDM pulse from
our proposed method, this algorithm can still maintain the
advantage of IRCI free range reconstruction with insignificant
SNR degradation and completely avoid the energy redundancy.

The remainder of this paper is organized as follows. In
Section II, we briefly recall the CP-based OFDM SAR algo-
rithm proposed in [21] and describe the problem of interest.
In Section III, we propose CP-based arbitrary pulse length
OFDM SAR. In Section IV, we propose a new arbitrary length
OFDM sequence design algorithm. In Section V, we show
some simulation results. Finally, in Section VI, we conclude
this paper.

II. CP-BASED OFDM SAR AND PROBLEM FORMULATION

In this section, we first briefly recall the CP-based OFDM
SAR model proposed in [21] and then see its required pulse
length problem. Consider the monostatic broadside stripmap
SAR geometry as shown in Fig. 1. The radar platform is
moving parallelly to the y-axis with an instantaneous coordi-
nate (0, y,(n), H,), Hp is the altitude of the radar platform, 7 is
the relative azimuth time referenced to the time of zero Doppler,
T, is the synthetic aperture time defined by the azimuth time
extent the target stays in the antenna beam. For convenience,
let us choose the azimuth time origin 7 = 0 to be the zero
Doppler sample. Consider an OFDM signal with /N subcarriers,
a bandwidth of B Hz, and let § = [So, S1,...,Sn_1]" repre-
sent the complex weights transmitted over the subcarrlers ()T
denotes the transpose, and || S|2 = S~ 1|5;]* = 1. Note that,
although this sequence S; is rather general in [21], a pseudo
random sequence S; with constant module is proposed to be
used for achieving the optimal SNR at the receiver. Then, a
discrete time OFDM signal is the inverse fast Fourier transform
(IFFT) of the vector S and the corresponding time domain
OFDM signal is

N-1

1
Vi > Spexp{j2rkAft}, t€[0.T +Tar], (1)
k=0

s(t) =
where Af = £ = L is the subcarrier spacing. [0, 75;) is the
time duration of the guard interval that corresponds to the CP
in the discrete time domain as we shall see later in more details
and its length Tz will be specified later too, T is the length
of the OFDM signal excluding CP. Due to the periodicity of
the exponential function exp(-) in (1), the tail part of s(¢) for
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Fig. 1. Monostatic stripmap SAR geometry.

tin (T,T + Tgg] is the same as the head part of s(t) for ¢ in
[0, Tc1).

After the demodulation to baseband, the complex envelope
of the received signal from all the range cells in the swath can
be written in terms of fast time ¢ and slow time 7

ut,n) = \/— D 9m cXp{ —jar fe '"_( )}

T

N-1

X Z Sp exp {JQ;P {t — 2RTZ(T’)] } +w(t,n), Q)

k=0

where f. is the carrier frequency, g,, is the radar cross section
(RCS) coefficient caused from the scatterers in the mth range
cell within the radar beam footprint, and ¢ is the speed of light.
w(t,n) represents the noise. 12,,,(n) = /a2, + H2 +v2n? is
the instantaneous slant range between the radar and the mth
range cell with the coordinate (z,y,, ¥, 0), and v, is the effec-
tive velocity of the radar platform.

At the receiver, the received signal is sampled by the A/D
converter with sampling interval length T, = % and the range
resolution is p,. = % = %TS. Assume that the swath width
for the radar is I?,,. Then, a range profile can be divided into
M = IE range cells that is determined by the radar system.
According to the analysis in [21], M range cells correspond
to M paths in communications, which include one main path
(i.e., the nearest range cell) and M — 1 multipaths. In order to
avoid the IRCI (corresponding to the intersymbol interference
(ISI) in communications) between different range cells, the CP
length should be at least equal to the number of multipaths (M —
1). For convenience, we set CP length as M — 1 in [21], and
then the guard interval length in (1) is Ty = (M — 1)T.
Notice that 7' = NT,. Thus, the time duration of an OFDM
pulse is T, = T+ Tgr = (N + M — 1)T,. Meanwhile, to
completely avoid the IRCI between different range cells, the
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number, NV, of the OFDM signal subcarriers should satisfy N >
M as we have analyzed in [21] and also well understood in
communications applications [23]. Therefore, the transmitted
pulse duration 7, is increased with the increase of the swath
width. For example, if we want to increase the swath width to
10 km, the transmitted pulse duration 7, should be increased to
about 133.3 us. The pulse length here is much longer than the
traditional radar pulse, which might be a problem, especially,
for covert/military radar applications. Therefore, it is important
to achieve OFDM SAR imaging with arbitrary pulse length that
is independent of a swath width, and in the meantime it also has
ideally zero IRCI. This is the goal of the remainder of this paper.

III. CP-BASED ARBITRARY PULSE LENGTH OFDM SAR

The main idea of the following study is to generate a pulse
s(t), t € [0,T + T¢r], such that s{(t) = 0 for ¢t € [0, Tgz) and
also fort € (T, T + T¢;] with an arbitrary T for T > T, and
s(t) is an OFDM signal in (1) for ¢ € [Ty, T]. However, if the
non-zero segment s(4) for ¢ € [Ty, T is directly a segment
of an arbitrary OFDM signal in (1), the whole sampled discrete
time sequence of s(¢), 0 <t < T + Ty 85 = sp(nTs), 0 <
n < N + M — 2, that is zero at the head and tail ends from the
above design idea of s(t), may not be from a sampling of any
OFDM pulsein (1) fort € [0, T + T¢ ;). Thus, such a pulse may
not be used in the IRCI free range reconstruction as in [21]. The
key of this paper is to generate such a pulse s(¢) with the above
property of zero-valued head and tail, and in the meantime, its
sampled discrete time sequence s, is also a sampled discrete
time sequence of an OFDM pulse in (1) for ¢ € [0,T + T¢/].
Since the non-zero pulse length is T — T(5; and T is arbitrary,
the non-zero pulse length is also arbitrary and independent of a
swath width. The details is given in the following subsections.

A. Received Signal Model

In order to better understand the IRCI free range reconstruc-
tion, let us first see the receive signal model. Going back to
(2), for the mth range cell, R,,(n) = Ry(n) + mp,, where
Ry(n) is the instantaneous slant range between the radar and
the first range cell in the swath as in [21]. For ¢ — M =

¢ o) _ mTy, let the sampling be aligned with the start of

C
the received signal after M seconds for the first arriving ver-
sion of the transmitted signal, u(%, ) in (2) can be converted to
the discrete time linear convolution of the transmitted sequence

with the weighting RCS coefficients d,,, i.e.,

M—1
fn =Y dmSp—m+in, n=01,...,N+2M -3, (3)

m=0

where

RMW} @)

dm = Gm €Xp {J47rff -
in which 47 fCRT(") in the exponential is the azimuth phase,
and s,, is the sampled discrete time sequence, s, = s(nT%), of
the transmitted pulse s(¢) duringt € [0, T + Tg] forT = NT,
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and Ty = (M — 1)T;. Since the range reconstruction in the
SAR imaging algorithm proposed in [21] in the following is
only based on the discrete time signal model in (3), what mat-
ters in the range reconstruction is the discrete time sequence
s(nTs), where s, = 0 for n < 0. If the sequence
in (3) has the following zero head

Sp =
s = [507 815 75N+A172]T
and tail property:

[0,y sar 2] = [sn-- s 8naar o)" = Oar—yx1, ()
then, in terms of the range reconstruction later, the transmitted
pulse s(¢) is equivalent to that with s(t) = 0 for ¢ € [0, Tr)
andt € (T, T + Tgg]. It is also equivalent to an OFDM pulse
in (1) such that its sampled version

(nTy) 1 NiSe {j27rkn}
Sp = S\Nils) = —F— k €Xp s
\/N k=0 N
N+M—2, (6

n=20,1,...

has the property (5).

In summary, our proposed transmitted pulse of an arbitrary
length s() of non-zero is that () = 0 fort € [0,Tg;) and ¢ €
(T, T + Tgy] and s(¢) has the OFDM form (1) for ¢ € [Ty, T
with an arbitrary T" of T' > Tz 1, where the sampled version s,,
of the analog waveform/pulse in (1) satisfies the zero head and
tail property (5). Note that, since 7 — Tz is arbitrary and s(%) is
only non-zero in the interval [Ty, T], its non-zero pulse length
is arbitrary. Furthermore, since for the sequence s, its both head
and tail parts are the same of all zeroes with length M — 1, the
head part is a CP of the tail part and thus it fits to the sufficient
CP-based SAR imaging proposed in [21].

Based on the above analysis, in what follows, we assume that
an OFDM pulse in (1) satisfies the zero head and tail property (5)
for its sampled discrete time sequence s,, and thus, it is equiv-
alent to a pulse of length T" — T 1 as described above in terms
of the range reconstruction. So, for convenience, we may use
these two kinds of pulses interchangeably. Note that the reason
why these two kinds of analog waveforms are not the same is
because a non-zero OFDM signal in (1) can not be all zero for
¢ in any interval of a non-zero length.

From (6), it is clear that the time domain OFDM sequence s =
[50581;-- -, sN,l}T is just the NV -point IFFT of the vector § =
[So, 57, SN,l]T. In the SAR imaging algorithm proposed
in [21], N > M is required, which is the same as T > T.
However, from the above study, there are only N — M + 1
non-zero values in the sequence s and N can be arbitrary as
long as N > M. In this case, the transmitted sequence is just
8 = [3M’—17 Sy ee s SN_l]T S CIV-M+DxL Then, the first
and the last A —1 samples of the received signal %, in (3) do not
contain any useful signall, d,,,. Thus, we can start the sampling
at s _1 as

M-1

Un =Y dmSnmprr—1+wn, n=01...,N-1 (7)
m=0

IIn [21], the first and the last AY — 1 samples of the received signal ., in

(3) contain received target energy (or useful signal), but they are redundant and
removed at the receiver to obtain ., and IRCI free range reconstruction.
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Now the question is how to design such an arbitrary length
pulse, which is studied next after the range reconstruction al-
gorithm is introduced.

B. Range Compression

In this subsection, we develop the range compression ac-
cording to the above OFDM received signal model. The re-

ceived signal w = [ug, u1....,unx_1]" in (7) is equivalent to
the following representation

u=Hs, +w, (@)
where w = [wg, w1, ..., 11)N_1]T is the noise vector and H is

the N by N — M + 1 matrix:

do 0 0
dq dy :
: ) 0
H= gy, dyo, - : ] )
0
: dar-1 dar-o
0 0 das ]

The OFDM demodulator then performs the
Fourier transform (FFT) on the vector u:

1 iy —327in
Ui:\/an:Oungxp{ N }

N -point fast

i=0,1,...,N -1, (10)

where [S), 51, ..., S 1] " is the N-point FFT of the sequence

[ét ;00 (M_1>] T, a cyclic shift of the time domain OFDM se-
quence s of amount M — 1, i.e.,

§2mi(M — 1) }

Lq{zkgi/
- s {25

(11)

W =[Wy,..., VVN,;[]T is the V-point FFT of the noise vector
w, and
N 1 2Tmse
=3 dn exp{ ! } (12)
m=0
Then, the estimate of D; is
. U; W;
D; = §:Di+§, i=0,1,....N—1. (13)
The vector D = [Dg, D, .. ., DN,l]T is just the /V-point FFT

of the vector V'N [do, d1,. ... dar—1, 01x(n—an)] T So, the es-
timate of d,,, can be achieved by the N -point IFFT of the vector

D= [Do,Dl,... DI\_I}

1 = i 2m
dm:—NZDieXp{JN }, m=0,....M—1.
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Then, we obtain the following estimates of the M weighting
RCS coefficients:

dpy = VNd,, + 0", (15)
where !, is from the noise. In (15), d,, can be recovered

without any IRCI from other range cells.
After the range compression, combining the (2)—(4) and (15),

we obtain

M-1

— 21,

(U/ra(ta/’]) = N Z f}mé (t - M)

m=0 ¢

. g R’ITL 7

X exp {—347rf¢, C( ) } +wea(t,m),  (16)
where é (f — M) is the delta function with non-zero value
att = QR’” 2B (1) ' which indicates that, for every m, the estimate

Gm of the RCS coefficient value g, is not affected by any IRCI
from other range cells after the range compression. The azimuth
phase in the exponential is unaffected by the range compression.
In summary, the above range compression provides an IRCI free
range reconstruction.

Notice that unlike the processing in [21] where the first and
the last M — 1 samples of the received signal are removed and
thus cause significant transmitted energy waste for a wide swath
imaging, in the above range reconstruction algorithm, all the
transmitted energy is used for the range compression without
any waste. Since the transmitted OFDM pulse time duration is
T — T¢r, the minimum radar range is C(F‘F;if) that is also
independent of a swath width. Different from [21] where the
CP part is not zero, the pulse repetition interval Tpr1 becomes

1 2R,
PRF ~ ( c
where R,, is the swath width and PRF is the pulse repetition
frequency (PRF). We want to emphasize here that the minimum
radar range and the maximum PRF of our proposed OFDM SAR
in this paper are the same as those in the existing SAR systems,

such as LFM SAR, when the same transmitted pulse time dura-
tion is used [24], [25].

Tpr1 =

+ (TTGI)> ;

C. Signal-to-Interference and Noise Ratio Analysis After
Range Compression

In the above range compression, the processes of FFT in
(10), estimation in (13) and IFFT in (14) are applied. Thus,
it is necessary to analyze the changes of the noise power
in each step of the range compression. Assume that w, in
(7) is a complex white Gaussian variable with zero-mean
and variance o2, ie., w, ~ CN (0,0%) for all n. Since
the FFT operation is unitary, the additive noise power does
not change after the process of (10). Thus, W; also obeys

W; ~ CN (0,02) for all i. However, let W, = &+ in (13),
then the variance of W, is changed to e S ‘H , where, from (11),
18| = |/, and thus W; ~ CA” (oﬁ;) i=0,...,N—1.

Moreover, after the IFFT operation in (14) we have finished
the range compression and the noise power of @, in (15) is



4752

o

5 Z‘\fl |S;] % and in the meantime @/, , that follows the
distribution CA ( R e A ), is equivalent to the
noise wyq (%, ) in (16). Thus, from (15), we can obtain the SNR

of the mth range cell after the range compression as,

N2|d,,|?
N-1

> |5'|7

SNR,, = (17)

Notlce that we can obtain a larger SNR,,, with a smaller value
of Z |S |72 by designing .S;. With the normalized energy
constralnt IISII? = Zl\;l S;[> = 1, when S; has constant
module for all 4, i.e., |So| = |S1] = -+ = |Sn— \/—, we
obtain the minimal value of Z,N:Ol |S;i| ? = N2.1In this case,
the maximal SNR after the range compression can be obtained
as

d, |2
max {SNR,,} = || )

SNRmaX,m =
S:)18(12=1 o2

(18)

Thus, the optimal signal S; should have constant module for
all ¢, otherwise, the SNR after the range compression will be
degraded. To evaluate the change of SNR, we define the SNR
degradation factor as

SNR.,, N?

SNR'max ,rn N1 -2
S

£= (19)

i=0

Notice that although SNIR,,, and SNR .« . are both related to
the mth range cell in a swath, their ratio £ € (0, 1] is indepen-
dent of the noise power o2 and d,,, and thus the above & can be
used to evaluate the SNR degradation after the range compres-
sion for all range cells. A larger ¢ denotes a less noise power
enhancement (or a less SNR degradation) caused by the estima-
tion processing in (13), and the generated signal S; is closer to
the optimal one.

Since the length of the transmitted OFDM sequence s; is
Ny =N — M +1, from the normalized energy constraint of s,
the mean transmitted power of s; is N, . Thus, the SNR of the
signal received from the mth range cell before range compres-
sion is

2
SNE,, = (%!

Nt0'2 '

(20)

We notice that the maximal SNR of the mth range cell after
the range compression SNR,x . in (18) is equal to V,SNR,,,,
and the range compression SNR gain is the same as that using
LFM pulses with the same transmitted signal parameters [24],
[25]. However, because of the sidelobes of the autocorrelation
function using LFM pulses, the IRCI will occur in the range
compression that degrades the signal-to-interference-plus-noise
ratio (SINR). Considering the M range cells in a swath, the
interference of the mth range cell from other range cells in the
swath is

min{M—-m—1, N;—1}

>

*(M D}

dm,—&-kz(k): (21)

I, =

k=max{—
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where z(k) is the autocorrelation function of the LFM pulse,
ie.,

Ny—1
=Y Unl*(n—k), k<N—1, (22
n=0

and (-)* denotes the complex conjugate, I{n), n = 0,..., Ny —

1, are the values of a transmitted LFM sequence. N; denotes
the length of the LFM sequence that is equal to the length of the
OFDM sequence we use in this paper.

Thus, the SINR of the signal after the range compression
using an LFM pulse is

2
SINR,,, = o]

_. 23
L] + 02 @)

To investigate the mean SINR, for convenience, we consider
the mean power of range cells as F [d,,,d%,] = o3. Then, the

mean interference power, caused by the sidelobes, of each range
cell in the swath is

B (L] = o3

min{M—-m—1, N,—1}

>

k=max{—-m,—(N,-1)}
k#0

2R (24)

In this case, the mean SINR of the signal after the range com-
pression using an LFM pulse is

SINRrrMm =

2

_ % (25)
E [|Im|2} e

For given M and N, SINRppy; versus Z—;‘ can be calculated
using (24)—(25) and will be shown in the next section of simu-
lations. Notice that since a random sequence has the same level
of the sidelobe magnitudes of the autocorrelation values as an
LFM signal does [21], the above SINR analysis also applies to
the range compression in the random noise SAR imaging.

In contrast, for the IRCI free range compression by using an
OFDM pulse, the SINR is equal to the SNR of the signal after the
range compression, since for every range cell, there is no inter-
range-interference from other range cells. If the lower bound of
the module of the OFDM sequence S is Sy, i-€., [Si| > Siin
forallz =0,1,..., N — 1, we can obtain

N-1

Z 1Si| 77 < NS2.,

Then, from (17), the SNR for the mth range cell signal is lower
bounded by

]v? |dm|
o? Z Bl

N |d,,|?
g28°2 7

min

SNR,, =

(26)

Thus, the SINR for all range cells after the range compression
is also lower bounded by

2 2
Néoy

N-1
a? > 1Si]

1=0

SINRorpy = E [SNR,,] =

QS?'

jugehes

A remark to the lower bound for the SINR in (27) is that it does
not depend on the swath width M, which is because our pro-
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posed OFDM SAR imaging algorithm with our proposed ar-
bitrary length OFDM pulses is IRCI free and the pulse length
does not depend on a swath width. Therefore, it is particularly
interesting in wide swath SAR imaging applications. Based on
the above analysis, the task here is to generate an OFDM se-
quence with a larger £ (or a less SNR degradation) by designing
a sequence S; with larger Sy,i,. This motivates the following
OFDM sequence design.

IV. NEw OFDM SEQUENCE DESIGN

First of all, an OFDM pulse of any segment in (1) is deter-
mined by a weight sequence S = [Sg, S1,- ... SN,l]T that is
determined by its N -point IFFT s = [sq. 51, .. ., .sN,l]T. Thus,
an OFDM pulse design is equivalent to the design of its weight
sequence S or the IV -point IFFT, s, of S. From the studies in the
preceding sections, an arbitrary length OFDM pulse s() sup-
ported only in [Ty, T for T > T with its sampled sequence
sn, = s(nTs) should be designed as follows.

1) Sequence s should satisfy the zero head condition in (5).
When this condition is satisfied and the N -point FFT, S,
of s, is used as the weight sequence in the OFDM pulse in
(1) denoted as s1 (%), let its segment (or truncated version)
only supported on [Ty, T| be denoted by s(#) that is 0
fort € [0,Tgr) U (T, T 4+ Tg1) and equals 51 (¢) for ¢ €
[Tar,T). Then, pulse s(t) is still an OFDM pulse on its
support and has length 7' — T; of support (i.e., non-zero
values) and this length can be arbitrary and independent
of a swath width. Furthermore, (%) has the same discrete-
time sequence s’ as the OFDM pulse sy () does, which,
thus, satisfies the zero head and tail condition (5). From the
study in the preceding section, transmitting pulse s(7) leads
to the IRCI free range reconstruction in SAR imaging.

2) To avoid enhancing the noise as the estimation processing
in (13) and achieve the maximal possible SNR after the
range compression, the complex weights .S; should be as
constant module as possible for all . In other words, Sy,
should be as large as possible.

3) The PAPR of the transmitted OFDM pulse s(¢) in (1) for
t € [Tgs,T] should be minimized so that its transmit-
ting and receiving can be implemented easier. Otherwise, a
delta pulse would serve 1) and 2) above, but it has infinite
bandwidth and infinite PAPR and can not be transmitted
[25].

Unfortunately, it looks like that there is no closed-form solu-
tion of an OFDM sequence s that simultaneously satisfies the
above requirements 1)-3). It would be easy to have a sequence
8 = [%0,81..--, sN,l]T to satisfy the zero head condition in
(5),1e.,8, =0forn =0,1,...,M — 2 as mentioned in the
above 1). However, its FFT, .S, may not have constant module
or may not be even close to constant module. A natural idea is to
modify this sequence S to be closer to constant module and then
take its IFFT to go back to the time domain s and also obtain
the continuous waveform s(7). Then, this s may not satisfy the
zero head condition in (5) anymore. Furthermore, the PAPR of
the continuous waveform s(t) for ¢ € [Ty, T| may be high. In
this case, we may modify s and in the meantime add some con-
straint to limit the PAPR of s(¢) fort € [T, T]. Our OFDM
sequence design idea is to do the above process iteratively until
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a pre-set iteration number is reached and/or a desired sequence
s is obtained.

To clearly describe the design algorithm, let us better under-
stand the PAPR calculation for an analog waveform. For a suffi-
ciently accurate PAPR estimation of a transmitted OFDM pulse,
we usually consider its oversampled discrete time sequence,
i.e., a time domain OFDM sequence § = [5g, ..., §LN_1]T by
L times over-sampling of the continuous waveform s(t) with
complex weights S = [Sg, S1.. .., SN,l}T in (1) for a suffi-
ciently large L [22], i.e.,

N-1

. 1 72T
Sn = —— S;expy——,.n=0....,LN-1, (28
m; p{ N } / (28)

which can be implemented by the LN -point IFFT of the se-
quence [So, S1,....Sx-1,0,0,... ,O]T of length LN.

Then, the PAPR of the transmitted OFDM pulse can be de-
fined as

, <2
max Sl

n=0,..., LN—-1
LN -1

PAPR = (29)

Since s and S are FFT pairs, starting with s and starting
with S are equivalent. For the convenience to deal with the
PAPR issue, our proposed iterative algorithm starts with an ini-
tial random constant modular sequence S € C¥*! and ob-
tains 3¢ e CLVx1 using (28) as shown in Fig. 2.

Since the first M —1 samples of our desired sequence s should
be equal to zero, after the L times over-sampling of the analog
waveform, the first L{M — 1) samples in sequence 59 0 <
n < L{(M — 1) — 1, should be equal to zero. Thus, we apply
the following time domain filter to the newly obtained sequence

5.
h(n):{(l), 0<n<LM-1)-1

LM—-1)<n<LN-1’ (30)
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as 5 = 57({1)h(n),

T
quence (¢ = [?;81), ...y 8ra_1| . After this truncation, we

then add a PAPR constraint to the segment of the non-zero ele-
ments of this sequence to obtain the next new sequence a&‘” by
clipping 5,({1) as follows. The time domain clipping can be de-
fined as, [26],

‘%(wq) : 1(‘1)
50 = {Tq|s§f”’ > T , (31a)
50, if 3 < T,
T, = \/PAPR,P?). (31b)
where L(M — 1) < n < LN — 1, and 39 — 0 forn =

0,...,L(M-1) - 1.

. . LN-1 2
Puv = son —ar s D) o
v T T(N = M+ 1>,L_L%:w-n

is the average power of the non-zero elements in sequence (¢’
T, is the clipping level in the gth iteration which is updated in
each iteration according to the average power Pff,), and a con-

stant value PAPR; that is a lower bound for a desired PAPR.
After the LN -point FFT (og)eration to §,({]), we obtain the fre-

quency domain sequence S . To constrain the out-of-band ra-
diation caused by the time domain filtering and clipping, we also
use a filter in the frequency domain:

1

H(i) = {0:

And the output sequence Si(q> can be obtained by qu) =
SH(@), i = 0,...,LN — 1. To deal with the constant

0<i<N-1

N<i<ILN-1" (32)

module issue of the frequency domain sequence S, then, the
following frequency domain clipping is used:

S(Q+l)
&la) L
PO (14 Gp) g 11807 > /P (14 Gp)
= gl
P, (1= Gp) G 11807 < /P (1-Gp)»
S, otherwise
(33)
where 0 < 4 < N — 1, and sequence glath

T
[s§r+0, 80, 8D s obtained. And

N-1

1
eSS

<C) 2

is the average power of the non-zero elements in se-
quence 5. Gy is a factor that we use to control the

upper and lower bounds for sequence S,§q+1). Thus, the
glath sty e

module of sequence is constrained as

V-G,

that a closer-to-constant modular sequence S+ can be
obtained.

P;ZZ) (1+ Gf):| . A smaller Gy denotes
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The above procedure is done forg = 0,1,..., when g < @,
where (7 is a pre-set maximum iteration number. When ¢ = @,
the iteration stops and then NN -point IFFT is applied to S @ ¢
CN*1 g obtain § € CV*1. After that, a time domain filter, i.e.,

o=

is applied to § to obtain sequence 8 = [3p,...,3n_1] , Where
3, = §nl~L(n), n = 0,...,N — 1. In order to normalize the
energy of the sequence s to 1, we use the normalization to the
time domain sequence § as

0<n<M-2
M-1<n<N-1"

}T

and obtain the OFDM sequence s in (6) that satisfies the zero
head condition in (5). Finally, S can be obtained by taking the
N-point FFT of s. The PAPR of the non-zero part of s,, for
M —1 < n < N —1 can be calculated using (28) and (29)
and the SNR degradation factor £ in (19) can also be calculated
from S.

Notice that, after the last iteration, the filtering operation
in time domain is applied to s to obtain s, which will cause
some out-of-band radiation to S. However, comparing to the
OFDM sequence energy, the out-of-band radiation energy is
much smaller and can be ignored as we shall see later in the
simulations in the next section.

Therefore, for a given swath width and radar range resolution,
we can obtain M. Then, for any N with V > M, by using the
above OFDM pulse design method, we can obtain an OFDM
sequence s with M — 1 zeros at the head part of s and N —
M + 1 non-zero values in the remaining part of s, and also its
N-point FFT S. With this .S as the weights in (1), the OFDM
pulse s(¢) in (1) for t € [Tz, T)] can be obtained. Since N or
correspondingly 7' can be chosen arbitrarily, the pulse length,
T — T, of s(t) can be arbitrary and independent of M (or the
swath width).

Let us go back to the mean SINR in (27) using OFDM pulses.
Note that the constant module sequence S; is achieved when
|S;| = \/% forallz, ¢ = 0.1,..., N — 1. According to our
numerous simulations, we find that it is not difficult to generate
an OFDM sequence S; with |S;| > 0.8%\” i=0,....N -1,
using our proposed OFDM pulse design aigorithm above, which
can be seen in the next section. Simulations about the above
SINR comparison are also provided in the next section.

V. SIMULATION RESULTS

In this section, by using simulations we first see the perfor-
mance of our proposed OFDM sequence/pulse design of ar-
bitrary length. We then see the performance of the IRCI free
range reconstruction in SAR imaging with our proposed arbi-
trary length OFDM pulse.

A. Performance of the OFDM Pulse Design

In this subsection, we first discuss the performance of the
OFDM pulse design algorithm. For simplicity, we set M = 96
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and N = 128. To achieve a sufficiently accurate PAPR esti-
mate, we set the over-sampling ratio . = 4 [22]. Then, we can
generate an OFDM sequence s with M — 1 = 95 zeros at the
head part of s. We evaluate the PAPR and the SNR degrada-
tion factor £ by using the standard Monte Carlo technique with
5 x 10° independent trials. In each trial, the ith element of ini-
tial sequence S is set as Si(o) =l?mei j=0,...,N—1,
where ¢; is uniformly distributed over the interval [0, 2x]. In
Figs. 3-5, we plot the cumulative distribution functions (CDF)
of the PAPR and the SNR degradation factor £. The curves
in Fig. 3 denote that, with the increase of the maximum it-
eration number ¢}, the PAPR decreases and the £ increases.
In Fig. 3(a), more than 10%, 40% and 60% of the PAPRs of
the OFDM sequences are less than 3.5 dB when () is equal
to 10, 20 and 40, respectively. In Fig. 3(b), the probability of
&> —-04dB = 091,ie,Pr(¢£>091)=1-Pr(¢£ <0.91),
is about 60%, 75% and 78% for () is equal to 10, 20 and 40,
respectively. £ > —0.4 dB =~ 0.91 denotes that the SNR of
the received signal after the range reconstruction (using the de-
signed OFDM pulse) is more than 91% of the maximum SNR
using constant modular weights S;. Thus, the SNR degradation
of the CP-based SAR imaging algorithm can be insignificant by
using our designed arbitrary length OFDM pulses. We also plot
the CDFs for different PAPR,; with @ = 20 and Gy = 10% in
Fig. 4. The curves in Fig. 4 show that the PAPR change is more
sensitive than the £ change for different PAPR,. Specifically,
the curves in Fig. 4(a) indicate that the PAPR of a designed s
is significantly increased for the increase of PAPR,;. And the
curves in Fig. 4(b) denote that the SNR degradation becomes

0.8
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b4 25

15 5 -1 08  -06 04  -02 0

3 35
PAPR (dB) SNR degradation factor § (dB)
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Fig. 5. The CDFs for different Gy with ( = 20 and PAPR,; = 1 dB: (a)
PAPR; (b) SNR degradation factor.

TABLE 1
NUMBERS OF MONTE CARLO TRIALS FOR £ AND PAPR WITH PAPR,; = 1dB
AND Gy = 3%

€> 01dB | €= —02dB | €= —0.4dB
PAPR < 2 dB 4 5 7
PAPR < 2.5 dB 145 1511 2134
PAPR < 3 dB 615 35036 69735
Total number of trials: 5 x 10°

TABLE II
NUMBERS OF MONTE CARLO TRIALS FOR Sp,in WITH PAPR, = 1dB
AND Gy = 3%

Smin > 0.88—= [Smin > 0.85— [Smin > 0.8
7 371 14415
Total number of trials: 5 x 10°

. -
Smin 2 0.5
353782

less when PAPRR; is higher. Similarly, the curves in Fig. 5 in-
dicate that the PAPR of s is decreased and the SNR degradation
is increased, when G is increased.

In practice, we want to generate an OFDM sequence s with
the minimal PAPR as well as the minimal SNR degradation.
However, according to the above analysis the PAPR and £ are
interacting each other. Therefore, it is necessary to consider the
constraints of both PAPR and £ at the same time. In Table I,
we count the numbers of trials under different conditions of the
PAPR and ¢ within the 5 x 10° Monte Carlo independent trials
for @ = 40, PAPR,; = 1 dB and Gy = 5%. Although only 4
trials meet the constraints of PAPR < 2dB and £ > —0.1 dB,
it can also indicate that an OFDM sequence with both low PAPR
and low SNR degradation can be achieved by using our pro-
posed OFDM pulse design algorithm. We also count the num-
bers of trials under different conditions of Sp,;, in Table II.
The number of trials for S, > 0.8—= are 14415, especially,

N
there are 7 trials with Sp;;, > 0.88 \/\g These results indicate
that it is not difficult to generate an OFDM sequence S with
Smin > 0.8 1’ -. Specifically, a more excellent OFDM sequence
with lower PAPR, larger £, and larger Sy, can be obtained by
doing more Monte Carlo trials or with a larger iteration number
(. Since in practice, the same OFDM pulse is used for SAR
imaging and can be generated off-line, the computation time is
not an issue here. As long as we find a desired design for a set
of pre-designed radar parameters, it can be used forever for the
radar system. In all of the above simulations, the out-of-band
radiation energy of S is less than 103" and thus it can be com-

pletely ignored.
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We also investigate the SINRs of the signals after the
range reconstructions by using an LFM pulse and a designed
OFDM pulse with N = 128 in Fig. 6. The parameters of
the LFM pulse are the same as the OFDM pulse, such as
the transmitted pulse time duration, bandwidth and trans-
mitted signal energy. We randomly choose a designed OFDM
sequence with PAPR = 1.84 dB, ¢ = -0.11 dB and
O.Sﬁ. The randomly generated weighting RCS
coefficients, d,,,, m = 0, ... ,;M — 1, are included in M = 96
range cells in a swath with Z—% = 8 dB. Then, the transmitted
sequence length is N; = 33 that is independent of M. The
SINRs of all the M range cells are shown in Fig. 6(a). This
figure indicates that the SINRs by using a designed OFDM
pulse are larger than the SINRs by using an LFM pulse. The
details from the 50th range cell to the 80th range cell are shown
in its zoom-in image in Fig. 6(b).

In Fig. 7, we plot the SINRs after range reconstructions when
using an LFM pulse as (25) as well as the SINRs and the lower
bounds using the above gesigned OFDM pulse with Sy =
0.8\/% as (27) versus Z—;’ The curves denote that the SINR
lower bounds using the OFDM pulse are inzsigniﬁcantly smaller
than the SINRs using the LFM pulse for % < 6 dB. However,
the SINR lower bounds using the OFDM pulse are larger than

Smin =
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Fig. 7. Mean SINR comparison using an LFM pulse and a designed OFDM
pulse.

the SINRs using the LFM pulse for Z—é > 6 dB. Moreover, the
advantage of the SINR lower bounds by using the OFDM pulse

2
is more obvious when Z—‘j is larger. Furthermore, the true SINRs

using the OFDM pulse are about 1.4 dB larger than their lower
bounds, never smaller than the SINRs using the LFM pulse for

small Z—.Z‘f, and obviously larger than the SINRs using the LFM
2

pulse for % > 0 dB. These results indicate that the range re-

construction SNR degradation using a designed OFDM pulse

is insignificant, and the advantage by using a designed OFDM

pulse is more significant when noise power o2 becomes smaller.

B. Performance of the SAR Imaging

In this subsection, we present some simulations and discus-
sions for the proposed CP-based arbitrary OFDM pulse length
range reconstruction for SAR imaging. The azimuth processing
is similar to the conventional stripmap SAR imaging [24], and
a fixed value of R. located at the center of the range swath is
set as the reference range cell for azimuth processing as what is
commonly done in SAR image simulations. For comparison, we
also consider the range Doppler algorithm (RDA) using LFM
signals? as shown in the block diagram of Fig. 8. In Fig. 8(b),
the secondary range compression (SRC) is implemented in the
range and azimuth frequency domain, the same as the Option 2
in [24, Ch. 6.2].

The simulation parameters are set as in a typical SAR system:
PRF = 800 Hz, the bandwidth is B = 150 MHz, the antenna
length is L, = 1 n, the carrier frequency f. = 9 Gz, the syn-
thetic aperture time is 7, = 1 sec, the effective radar platform
velocity is v, = 150 m/sec, the platform height of the antenna
is H, = 5 km, the slant range swath center is . = 5v2 km,
the sampling frequency f, = 150 MHz.

Firstly, the normalized range profiles and azimuth profiles of
a point spread function are shown in Fig. 9. It can be seen that
the range sidelobes are much lower for the OFDM signal than

2Since the performance of random noise SAR is similar to LFM SAR, we do
not present any simulation results of random noise SAR here. For more com-
parisons between OFDM SAR imaging, LFM SAR imaging, and random noise
SAR imaging, we refer to [21].
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those of the LFM signal. And the azimuth profiles of the point
spread function are similar for these two signals.

We also consider a single range line (a cross range) with
M = 10000 range cells in a 10 km wide swath, and targets
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Fig. 10. A range line imaging results. Red circles denote the real target ampli-
tudes, blue asterisks denote the imaging results. (a) LFM SAR without noise; (b)
OFDM SAR without noise; (c) LFM SAR with noise of variance o2 = 0.05;
(d) OFDM SAR with noise of variance 2 = 0.03; (¢) LFM SAR with noise
of variance a2 = 0.1; (f) OFDM SAR with noise of variance o2 = 0.1.

(non-zero RCS coefficients) are included in 7 range cells
located from 7050 m to 7100 m, the amplitudes are randomly
generated and shown as the red circles in Fig. 10, and the
RCS coefficients of the other range cells are set to be zero
(for a better display, only a segment of the swath is indicated
in Fig. 10). In this simulation, we use a designed OFDM
pulse with PAPR = 1.93 dB, £ = —0.14 dB and time dura-
tion¥T" — Tz = 5 us, which is independent of the swath width.
For Tgr = Mf—l, N = Tf, = 10749. The transmitted LEM
pulse duration is also 5 (8. The normalized imaging results
are shown as the blue asterisks in Fig. 10. The imaging results
without noise are shown in Fig. 10(a) and (b). Since there is
no IRCI between different range cells, the results indicate that
the OFDM SAR imaging is precise as shown in Fig. 10(b).
However, because of the influence of range sidelobes of the
LFM signal, some weak targets, for example, those located
at 7063 m and 7073 m, are submerged by the interference
from the nearby targets and thus can not be imaged correctly
as shown in Fig. 10(a). We also give the imaging results of
LFM SAR and OFDM SAR in Fig. 10(c) and (d), respectively,
when the noise power of the raw radar data is o2 = 0.05,

3For the algorithm in [21], by setting N' = A, the OFDM pulse time duration
with sufficient length CP is at least T + T = 20502 + 2229 1ug 23 133.3 s
as mentioned in Section II.
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and in Fig. 10(e) and (f), respectively, when o2 = 0.1. We
highlight that the SNRs of the 7 targets of the raw radar data
are [—32.9,-15,-30.1,-10.2,-27.9,-17.1,-30] dB for
62 = 0.05. These results can also indicate the better per-
formance of the proposed OFDM SAR. The performance
advantage of the OFDM SAR is more obvious for a smaller
noise power, for example, when o2 = 0.05, which is consistent
with the results in Fig. 7. Note that, for a better display and
recognizability, we consider that only 7 range cells in the swath
contain targets. In a practical SAR imaging, much more targets
(non-zero RCS coefficients) are included and then the IRCI
of LFM (or random noise) SAR will be more serious. Thus,
the performance advantage of the OFDM SAR over LFM or
random noise SAR will be more obvious because of its IRCI
free range reconstruction.

VI. CONCLUSION

In this paper, we proposed a novel sufficient CP-based OFDM
SAR imaging algorithm with arbitrary pulse length that is in-
dependent of a swath width by using our newly proposed and
designed OFDM pulses. This OFDM SAR imaging algorithm
can provide the advantage of IRCI free range reconstruction
and avoid the energy redundancy. We first established the arbi-
trary pulse length OFDM SAR imaging system model and then
derived the range reconstruction algorithm with free IRCI. We
also analyzed the SINR after the range reconstruction and com-
pared it with that using LFM signals. By considering the PAPR
of a transmitted OFDM pulse and the SNR degradation of the
range reconstruction, we proposed a novel OFDM pulse design
method. We finally gave some simulations to demonstrate the
performance of the proposed OFDM pulse design method. By
comparing with the RDA SAR imaging using LFM signals, we
provided some simulations to illustrate the advantage, such as
higher SINR after the range reconstruction, of the proposed ar-
bitrary pulse length OFDM SAR imaging algorithm. The main
contributions of this paper can be summarized as:

* When a sufficient CP length is at least M — 1, where M
is the number of range cells within a swath, an OFDM
sequence of length N, s € CN*!, with at least M — 1
consecutive zero elements in the head part is generated by
an OFDM pulse design method and thus, the transmitted
OFDM sequence is s; € CV -M+1x1 of length N — M +
1.

»  With our proposed OFDM sequence/pulse design, a trans-
mitted OFDM pulse length can be arbitrary and indepen-
dent of a swath width, which is critical in wide swath IRCI
free SAR imaging applications.

* With a designed OFDM pulse, no CP in the transmitted
sequence needs to be removed in the receiver. Thus, the
transmitted energy redundancy can be avoided.

* The proposed SAR imaging algorithm may cause some
SNR degradation. However, the degradation is insignifi-
cant according to our simulations. Comparing with LFM
SAR, the performance advantage of the OFDM SAR is
more obvious for a smaller noise power. Moreover, with
our proposed OFDM pulse design method, a better OFDM
sequence with a lower PAPR can be generated by setting a

larger maximum iteration number (2, and the SNR degra-
dation by using this OFDM sequence becomes less.
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