394 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 53, NO. 1, JANUARY 2015

OFDM Synthetic Aperture Radar Imaging
With Sufficient Cyclic Prefix

Tianxian Zhang and Xiang-Gen Xia, Fellow, IEEE

Abstract—The existing linear-frequency-modulated (or step fre-
quency) and random noise synthetic aperture radar (SAR) systems
may correspond to the frequency-hopping and direct-sequence
spread spectrum systems in the past second- and third-generation
wireless communications. Similar to the current and future wire-
less communications generations, in this paper, we propose the or-
thogonal frequency-division multiplexing (OFDM) SAR imaging,
where a sufficient cyclic prefix (CP) is added to each OFDM pulse.
The sufficient CP insertion converts an intersymbol interference
(ISI) channel from multipaths into multiple ISI-free subchannels
as the key in a wireless communications system, and analogously,
it provides an inter-range-cell interference (IRCI)-free (high range
resolution) SAR image in a SAR system. The sufficient CP in-
sertion along with our newly proposed SAR imaging algorithm,
particularly for the OFDM signals, also differentiates this paper
from all the existing studies in the literature on OFDM radar
signal processing. Simulation results are presented to illustrate
the high-range-resolution performance of our proposed CP-based
OFDM SAR imaging algorithm.

Index Terms—Cyclic prefix (CP), inter-range-cell interfer-
ence (IRCI), orthogonal frequency-division multiplexing (OFDM),
swath width matched pulse (SWMP), synthetic aperture radar
(SAR) imaging, zero sidelobes.

I. INTRODUCTION

YNTHETIC aperture radar (SAR) can perform imaging

well under almost all weather conditions [1], which, in
the past decades, has received considerable attention. Several
types of SAR systems using different transmitted signals have
been well developed and analyzed, such as the linear frequency
modulated (LFM) chirp radar [2], linear/random step frequency
radar [1], [3], and random noise radar [4]-[6].

Recently, orthogonal frequency-division multiplexing
(OFDM) signals have been used in radar applications, which
may provide opportunities to achieve ultrawideband radar.
OFDM radar signal processing was first presented in [7] and
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was also studied in [8]-[13]. Adaptive OFDM radar was
investigated for moving target detection and low-grazing
angle target tracking in [14]-[16]. Using OFDM signals for
SAR applications was proposed in [17]-[23]. In [17]-[19],
adaptive OFDM signal design was studied for range ambiguity
suppression in SAR imaging. The reconstruction of the
cross-range profiles is studied in [22] and [23]. The signal
processing of a passive OFDM radar using digital audio
broadcast, digital video broadcast, Wireless Fidelity (Wi-Fi)
or worldwide inoperability for microwave access (WiMAX)
signals for target detection and SAR imaging was investigated
in [24]-[30]. However, all the existing OFDM radar (including
SAR) signal processing is on radar waveform designs with
ambiguity function analyses to mitigate the interferences
between range/cross-range cells using multicarrier signals
similar to the conventional waveform designs, and the radar
receivers, such as SAR imaging algorithms, are basically not
changed. The most important feature of OFDM signals in
communications systems, namely, converting an intersymbol
interference (ISI) channel to multiple ISI-free subchannels,
when a sufficient cyclic prefix (CP) is inserted, has not been
utilized so far in the literature. In this paper, we will fully
take this feature of the OFDM signals into account to propose
OFDM SAR imaging, where a sufficient CP is added to each
OFDM pulse, as the next-generation high-range-resolution
SAR imaging. In our proposed SAR imaging algorithm, not
only the transmission side but also the receive side is different
from the existing SAR imaging methods. To further explain
it, let us briefly overview some of the key signalings in SAR
imaging.

To achieve long distance imaging, a pulse with long enough
time duration is used to carry enough transmit energy [31].
The received pulses from different scatterers are overlapped
with each other and cause energy interferences between these
scatterers. To mitigate the impact of the energy interferences
and achieve high resolution, the transmitted pulse is coded
using frequency or phase modulation (i.e., LFM signal and step
frequency signal) or random noise type signals in random noise
radar to achieve a bandwidth B which is large compared to that
of an uncoded pulse with the same time duration [31]. This is
similar to the spread spectrum technique in communications
systems. Then, pulse compression techniques are applied at
the receiver to yield a narrow compressed pulse response.
Thus, the reflected energies from different range cells can be
distinguished [31]. However, the energy interferences between
different range cells, which we regard as inter-range-cell in-
terference (IRCI), still exist because of the sidelobes of the
ambiguity function of the transmitted signal, whose sidelobe

0196-2892 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



ZHANG AND XIA: OFDM SAR IMAGING WITH SUFFICIENT CYCLIC PREFIX

magnitude is roughly v/N if the main lobe of the modulated
signal pulse is N [32]. This IRCI is much significant in SAR
imaging [2]. Despite of the IRCI, the existing well-known/used
SAR are LFM (or step frequency) SAR [2], [3] and random
noise SAR [4]-[6].

We are adopting the OFDM technique [33] that is the key
technology in the latest wireless communications standards,
such as long-term evolution (LTE) [34] and Wi-Fi. If we think
about only one user in a wireless communications system, there
are similarity and difference between wireless communications
systems and SAR imaging systems. The similarity is that both
systems are transmitting and receiving signals reflected from
various scatterers and the numbers of multipaths depend on the
transmitted signal bandwidths. The difference is that, in com-
munications systems, the receiver cares about the transmitted
signal, while in SAR imaging systems, the receiver cares about
the scatterers within different range cells (with different time
delays) that reflect and cause multipath signals. The multipaths
cause ISI in communications, while the multipaths cause the
IRCI in SAR imaging systems. The higher the bandwidth is,
the more multipaths there are in communications systems, and
the more range cells there are for a fixed imaging scene (or
swath width), i.e., the higher the range resolution is, in SAR
imaging systems. The existing well-known/used LFM (or step
frequency) and random noise SAR systems, in fact, correspond
to the two spread spectrum systems, i.e., frequency hopping and
direct sequence in CDMA systems [35], which work well in
nonhigh-bandwidth wireless communications systems, such as
the second and third generations of cellular communications,
of less than 10-MHz (roughly) bandwidth. They, however, may
not work well for a system of a much higher signal bandwidth,
such as 20 MHz in LTE, due to the severe ISI caused by too
many multipaths. In contrast, since OFDM with a sufficient CP
can convert an ISI channel to multiple ISI-free subchannels,
as mentioned earlier, it is used in the latest LTE and Wi-Fi
standards. As an analogy, one expects that LFM and random
noise SAR may not work too well for high-bandwidth radar
systems where there are too many range cells in one cross
range, which cause severe IRCI due to the significant sidelobes
of the ambiguity functions of the LFM and random signals.
On the other hand, in order to have a high range resolution,
a high bandwidth is necessary. Therefore, borrowing from
wireless communications, in this paper, we propose to use
OFDM signals with sufficient CP to deal with the IRCI problem
as a next-generation SAR imaging to produce a high-range-
resolution SAR image. We show that, in our proposed OFDM
SAR imaging with a sufficient CP, the sidelobes are ideally
zero, and for any range cell, there will be no IRCI from other
range cells in one cross range.

Another difference for OFDM communications systems and
CP-based OFDM SAR systems is as follows. It is known
in communications that, for an OFDM system, a Doppler
frequency shift is not desired, while the azimuth domain (or
cross-range direction) in a SAR imaging system is, however,
generated from the relative Doppler frequency shifts between
the radar platform and the scatterers. One might ask how the
OFDM signals are used to form a SAR image. This question is
not difficult to answer. The range distance between the radar
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Fig. 1. Monostatic stripmap SAR geometry.

platform and image scene is known, and the radar platform
moving velocity is known too. Thus, the Doppler shifts are
also known, which can be used to generate the cross ranges
similar to other SAR imaging techniques and can be also used to
compensate the Doppler shift inside one cross range and correct
the range migration.

This paper is organized as follows. In Section II, we propose
our CP-based OFDM SAR imaging algorithm. In Section III,
we present some simulations to illustrate the high-range-
resolution property of the proposed CP-based OFDM SAR
imaging and also the necessity of a sufficient CP insertion in
an OFDM signal. In Section IV, we conclude this paper and
point out some future research problems.

II. SYSTEM MODEL AND CP-BASED
OFDM SAR IMAGING

In this section, we first describe the OFDM SAR signal
model and then propose the corresponding SAR imaging
algorithm.

A. OFDM SAR Signal Model

In this paper, we 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 coordinate
(0,yp(n), Hy), Hy 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
that 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
and a bandwidth of B Hz, and let S =[Sy, S1,...,Sn_1]"
represent the complex weights transmitted over the subcarriers
and ij;ol |Sk|* = N. Then, a discrete time OFDM signal is
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the inverse fast Fourier transform (IFFT) of the vector .S, and
the OFDM pulse is

1 N-1

s(t) = i Z Sy exp{j2nkAfty, te[0,T+Tgr] (1)
k=0

where Af = B/N = 1/T is the subcarrier spacing. [0, Tzs) 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. Its length T will be specified later too, and 7" 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
tin (T, T 4 Tgy) is the same as the head part of s(¢) for ¢ in
[0,T¢r). Let f. be the carrier frequency of operation, and the
transmitted signal is given by

N-1
s1(t) = Re {\/% kZ:O Sk exp{jQWfkt}} , te[0,T+Tq]

2
where fi, = f. + kAf is the kth subcarrier frequency.
After the demodulation to baseband, the complex envelope
of the received signal from a static point target in the mth range
cell can be written in terms of fast time ¢ and slow time 7

. R/'YL
Um (t,1) = gmea(n) exp {—j47rfc(n)}
N-1

x \/% ;Skexp{j?k [t— 2R’Z(”)”

2R, (n) 2Rm(n)
c ¢

+w(t,n), t € [ +T+TG1]

3)

where &,(n) = p2(0(n)) is the azimuth envelope, p,(f) ~
sine(0.8860/ By ) [2], sinc(x) = sin(x)/x is the sinc function,
0 is the angle measured from the boresight in the slant range
plane, S, = 0.866\/L, is the azimuth beamwidth, L, is the
effective length of the antenna, g, is the radar cross section
(RCS) coefficient caused from the scatterers in the mth range
cell within the radar beam footprint, and c is the speed of
light. w(t, n) represents the noise. R,,(n) is the instantaneous
slant range between the radar and the mth range cell with the
coordinate (,, ym,0), and it can be written as

Ry () = \/R?n + (ym — yp()? = \/RZ, + 02 (4)

where R,, =

x7, + H2 is the slant range when the radar
platform and the target in the mth range cell are the closest
approach and v,, is the effective velocity of the radar platform.

Then, the complex envelope of the received signal from all
the range cells in a swath can be written as

u(t,n) =Y wm(t,n). (5)

m

At the receiver, with the A/D converter, the received signal
is sampled with sampling interval 75 = 1/B, and the range
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Fig. 2. Illustration diagram of one range line.

resolution is p, = ¢/2B. Assume that the swath width for the
radar is R,,. Let M = R,,/p, that is determined by the radar
system. Then, a range profile can be divided into M range
cells as shown in Fig. 2. As we mentioned earlier, the main
reason why OFDM has been successfully adopted in both recent
wireline and wireless communications systems is its ability to
deal with multipaths (they cause ISI in communications) that
become more severe when the signal bandwidth is larger. In
our radar applications here, the response of each range cell,
formed by the summation of the responses of all scatterers
within this range cell, contains its own delay and phase. Thus,
to a transmitted pulse, each range cell can be regarded as one
path of communications. M range cells correspond to M paths.
Excluding one main path (i.e., the nearest range cell), there
will be M — 1 multipaths. To convert the ISI caused from the
multipaths to the ISI-free case in communications, a guard
interval (or CP) needs to be added to each OFDM block, and the
CP length cannot be smaller than the number of multipaths that
is M — 1 in this paper. Although, in the radar application here,
ISIis not the concern, the M range cell paths are superposed (or
interfered) together in the radar return signal, which is the same
as the ISI in communications. Therefore, in order to convert
these interfered M range cells to individual range cells without
any IRCI, similar to OFDM systems in communications, the
CP length should be at least M — 1. For convenience, we use
CP length M — 1 in this paper, i.e., a CP of length M — 1
is added at the beginning of an OFDM pulse, and then, the
guard interval length T in the analog transmission signal is
Tar = (M — 1)T,. Notice that T' = NTy, so the time duration
of an OFDM pulse is T, =T +Tgr = (N + M — 1)Ts. In
this paper, we assume N > M, i.e., the number of subcarriers
of the OFDM signal is at least the number of range cells in a
swath (or a cross range), which is similar to the application in
communications [33], [35]. When N < M, the IRCI occurs,
and the detailed reason will be seen later.

In communications applications, to achieve a high trans-
mission throughput, the OFDM pulses are transmitted con-
secutively as shown in Fig. 3(a). However, in SAR imaging
applications, for the monostatic case, the transmitter and re-
ceiver share the same antenna, which cannot both transmit and
receive signals at the same time, and transmission throughput is
not a concern. Thus, transmitted signals and radar return signals
are usually separated in time. This implies that a reasonable
receive window is needed between two consecutive pulses
as shown in Fig. 3(b). For convenience, similar to what is
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Fig. 3. Transmission comparison of OFDM signals in (a) communications
systems and (b) SAR systems.

commonly done in SAR systems, in this paper, we assume that
the pulse repetition interval (PRI) is long enough so that all
of the range cells in a swath fall within the receive window.
Therefore, the PRI length Tpgr should be

1 2Ry
PRE ( : T T°>
where R,, = Mp, is the swath width. We want to emphasize
here that, in our common SAR imaging applications, the pulse
repetition frequency (PRF) may not be too high [2] and there
is sufficient time duration to add a CP (a guard interval) for an
OFDM pulse.
For Fig. 2, we notice that R,,,(n) = Ro(n) + mp,. Thus, t —
(2R (n)/c) in (3) can be written as
2B, 2(Bo(n) +mpy)
c c
=t —to(n) — mTy

(6)

Tpr1 =

)

where, for each 7, the constant time delay to(n) = 2Ry (n)/c
is independent of m. Let the sampling be aligned with the
start of the received pulse after to(n) seconds for the first
arriving version of the transmitted pulse. Combining with (3),
(7), and (5), u(t,n) can be converted to the discrete time
linear convolution of the transmitted sequence with the weight-
ing RCS coefficients d,,, and the received sequence can be
written as

M-1
wi= Y dmsim+w, i=01,..,N+2M -3 (8)

m=0

where

Rin(n) } ©)

dm = gméa (77) exXp {_j477fc -

in which 47 f.(R,,(n)/c) in the exponential is the azimuth
phase and s; is the complex envelope of the OFDM pulse
in (1) with time duration ¢ € [0,T + T¢] for T = NTs and
Tor = (M — 1)T,. After sampling at ¢t =iT,, (1) can be
recast as

s; = s(iTy) =

N-1 -
1 ]27rkz}
—g Sk ex ,
VN 5 ' P{ N
i=0,1,.... N+M—2, (10)

ands; =0ifi <Qori >N+ M — 2.

Notice that the transmitted sequence with CP is s =

[50,81,--->8n+am—2]T, where [sg,...,s0 2T = [sn,--,
sniar—2)T. The vector s = [sg,51,...,sn_1]7 is indeed the
IFFT of the vector S =[Sy, S1,...,Snv 1]T.

B. Range Compression

When the signal in (8) is received, the first and last M — 1
samples1 are removed, and then, we obtain

M-1
Up = Z AdmSn-m +wWn, n=M—1,M,..., N+ M — 2.
m=0
(11)
Then, the received signal w = [ups 1, Uns, ..., un 7o) is
Up -1
Uy
UN++M—2
dy-1 oo dg e e 0 e 0
0 dyo1 -+ do - 0 e 0
0 0 dyo1 -+ dy
sy
wpr—1
wpg
x | M- (12)
SM
WN+M-2
LSN+M-2
Since [sg,...,sam—2)7 = [sn,--.,8n1ar—2]T, it is not hard
to see that the vector & = [sg, S1,...,sn+am 2|7 in (12) can

be replaced by its tail part,>s’ which can be also seen in, for
example, [35, Ch. 12.4], and then, the matrix representation
(12) is equivalent to the following representation:

u=Hs +w (13)

where S,Z[SM_l, SMy---y SN_,_M_Q]T = [SM—I, ...,SN-1,50,
ey S]w_g]T, w = [wM_l,wM, . ,wN+M_2]T, and H is
built by superposing the first M/ — 1 columns of the weighting
RCS coefficient matrix in (12) to its last M — 1 columns.

The reason to remove both the head and tail M — 1 samples is because
the total number of received signal samples in (8) is N + 2(M — 1). Because
of the receive window between the OFDM pulses as shown in Fig. 3(b), the
tail M — 1 samples in (8) are not affected by the follow-up OFDM pulses.
However, they do not have the full M RCS coefficients from all the M range
cells. If there is no receive window between the OFDM pulses, the transmission
is shown in Fig. 3(a) as in communications, and we only remove the head M —
1 samples from the received signal sequence uy,, and use the next N samples of
up, starting fromn = M — 1.

2This part is slightly different from what appears in communications appli-
cations (see [33, Ch. 5.2]) where the vector s’ in (13) is replaced by the head
part, s, of the vector s.
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Moreover, H can be given by the following N by N matrix:

[ do 0 0  dy- dy ]
drr—2 do 0 o 0 dya
H=|du1 duy2a - do 0 - 0
0 . .
: dy-1 dy—2 -+ do 0
L 0 0 dy-1 dy—2 -+ do

(14)

One can see that the matrix H in (14) is a circulant matrix that
can be diagonalized by the discrete Fourier transform (DFT)
matrix of the same size.

The OFDM demodulator then performs a fast Fourier trans-
form (FFT) on the vector u

N
nO

15)

From (13) and (14), the aforementioned U}, can be expressed as

Up=DpS) + Wi, k=0,1,...,N—1 (16

where [S},S,...,S%_,]" is the FFT of the vector s/, a
cyclic shift of the vector s of amount M — 1, i.e
Sk exp{j2rk(M

= —j2mmk
Dy = Z dm exp{ N } .
Then, the estimate of Dy, is

) = % = Uk
k S;v Sy, exp {j27rk§VM71)}

[
=
— 1)/N}, Wy is the FFT of the noise, and

a7

—j2mk(M—

Wi, 1)
=Dp+— k=0,1,...,N—1.
kt Sk exp{ N }7 07 ) ’

(18)

Notice that, if .S}, is small, the noise is enhanced. Thus, for the
constraint condition "5 |Sk|? = N, from (18), the optimal
signal Sj should have a constant module for all £’s.

The vector D = [Dg, Dy,...,Dx_1]T is indeed the N-
point FFT of v/N=, where = is the weighting RCS coefficient

vector
T
dOad17"'7 (19)

v = dp-1,0,...,0
——

N-M

Therefore, the estimflte of fim can be a(ihieved by the N-point
IFFT on the vector D = [Dg, D1,..., Dy _1]T

N-1 .

i 1 2

’I’TL \/T E {j an}7 mZO,...,M—l.
e (20)

27k
Zun+M 1exp{ el n}’ k=0,1,...,N — 1.
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Fig. 4. Transmitted and received timing of OFDM SAR system for M = N.

Then, we obtain the following estimates of the M range cell
weighting RCS coefficients:

dpm = VNdp, + 0,

where w/,, is from the noise and its variance is the same as
that in (18) since the IFFT implemented in (20) is a unitary
transform. In (21), d,,, can be completely recovered without any
IRCI from other range cells. From (9), when d,,, is determined,
the RCS coefficients g,,, are determined and vice versa.

For N > M, there are some zeros in the vector + in (19).
Considering (19) and (20), we notice that part of the transmitted
OFDM sequence is used to estimate the unreal weighting RCS
coefficients, i.e., the zeros in ~.

When N = M, there are no zeros included in the vector « in
(19). We name this special case as swath width matched pulse
(SWMP). The OFDM pulse length (excluding CP) T'= NT;
and the swath width M p, follow the relationship of Mp, =
¢T'/2, i.e., the range resolution of a pulse with time duration
T is just the swath width M p, without range compression
processing. Moreover, ¢T'/2 is the maximal swath width that
we can obtain without IRCI. Thus, the optimal time duration
of the OFDM pulse is T, = (2N — 1)T with CP length N —
1, which is the maximal possible CP length for an OFDM
sequence of length N.

Since the first and last M — 1 samples of the received
sequence u; in (8) are removed, the receiver only needs to
sample the received signal from ¢ =T to t =Ty + T, even
when the radar return signal starts to arrive at time ¢t = T' as
shown in Fig. 4. Therefore, the minimum range of the OFDM
radar is ¢T'/2, the same as that of the traditional pulse radar of
transmitted pulse length 7'. Notice that the minimum range is
just the same as the maximal swath width. Thus, if we want to
increase the swath width to, e.g., 10 km, the transmitted pulse
duration T, should be increased to about 133.3 us, and the min-
imum range is increased? to 10 km. Also, the minimum receive
window is just the OFDM pulse length 7' (excluding CP) as
shown in Fig. 4, and the PRI length follows Tpgr; > T, + T
As aremark, different from the applications in communications
where the CP is an overhead and may reduce the transmission

m=0,....M—1 (1)

3The pulse length here is much longer than the traditional radar pulse, and
the number IV of subcarriers in OFDM signals is large too. While long pulses
of LFM signals need high frequency linearity and stability and thus are not easy
to generate, although long LFM pulses are not necessary, long OFDM pulses
(i.e., large ) are not difficult to generate since OFDM signals can be easily
generated by the IFFT operation as in (1). Moreover, the conventional multiple
channel SAR technology [36] for wide imaged swath width can be used to
reduce the OFDM pulse length and the minimum range.
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data rate, in the SWMP case in SAR applications here, the
longer the CP length is, the less the IRCI is, which leads to
a better (high resolution) SAR image.

When N < M, according to (10), the signal vector [sq, ...,
SM—-1ySMy---, SN+M,2]T in (12) is [So, ...,SN-1,50,
SN—1,-- 5 S(N+M—2)y) " Where (n)y is the residue of
n modulo N. Thus, the N by N matrix H in (13) and (14)
becomes

do dy-1 - da
d, dy - do
H = ) . _ : (22)
dv-1 dy-o -+ dg
where d, = 3. 0<iNtn<m—1diNtn,n=0,..., N —1. One

can see that d,, is a summation of weighting RCS coefficients
from several range cells, i.e., each cin has IRCI. Then, following
the OFDM approach (15)—(21), what we can solve is the
superposed weighting RCS coefficients d,,, i.e., IRCI occurs.
This is the reason why we require N > M in this paper.

After the range compression, combining (3), (8), (9), and
(21), the range-compressed signal can be written as

M-1

Ura(t,n) = \/N Z §m5 (t - W) Ea(’f])
m=0

R, (n)
c

X exp {j477fc } + wra,(tv 77)7 (23)

where 6(t — (2R, (n)/c)) is the delta function with a nonzero
value at ¢ = 2R,,,(n)/c, which indicates that the estimates G,
of the RCS coefficient values g,,, are not affected by any IRCI
from other range cells after the range compression. g,, can be
obtained via (9) using the estimate cim in (20). In the delta
function, the target range migration is incorporated via the
azimuth varying parameter 2R,,, (1) /c. Also, the azimuth phase
in the exponential is unaffected by the range compression.
Comparing with (3), we notice that the range compression
gain in (23) is equal to v/N, and the noise powers are the
same in (23) and (3) when S; have constant module. Thus, the
signal-to-noise ratio (SNR) gain after the range compression
is N. For an LFM signal pulse with time duration 77, = T, =
(N + M — 1)Ts and the same transmitted signal energy as in
(1), it is well known that the SNR gain after range compression
is N + M — 1, which is equal to the time-bandwidth product
of the LFM signal pulse [2]. Clearly, N < N + M — 1 < 2N.
This implies that the LFM range compression SNR gain is
larger (but not too much larger) than that of the OFDM pulse.
However, the IRCI exists because of the sidelobes of the ambi-
guity function, resulting in a significant imaging performance
degradation. In fact, the sidelobe magnitude is roughly on the
order of v/N in this case, and all the sidelobes from scatterers in
all other M — 1 range cells will be added to the mth range cell
for an arbitrary m, 0 < m < M — 1. One can see that, when M
is roughly more than /NN, the scatterers in the mth range cell
will be possibly buried by the sidelobes of the scatterers in other
range cells and therefore cannot be well detected and imaged.
This is similarly true for a random noise radar. In contrast, since
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the sidelobes are ideally O in the OFDM signal here, all M
scatterers can be ideally detected and imaged without any IRCI
as long as N > M, which may provide a high-range-resolution
image.

C. Discussion on the Design of Weights Sy,

As one has seen from (15)—(21), in order to estimate the
weighting RCS coefficients, the noise needs to be divided by
Sk, which may be significantly enhanced if Si is small. As
mentioned earlier, in this regard, the optimal weights S}, should
have a constant module.

A special case of constant modular weights is that all Sy,
are the same, i.e., a constant. In this special case, the signal
sequence s; to transmit is the delta sequence, i.e., sg = VN,
and s; = 0if 0 < ¢ < N — 1, which is equivalent to the case of
a short rectangular pulse of pulse length [0,7'/N]. When a high
range resolution is required, a large bandwidth B is needed, and
then, there will be a large number M of range cells in a swath.
This will require a large N. In this case, such a short pulse with
length [0,7/N] and power N may not be easily implemented
[31]. This implies that constant weights S;, may not be a good
choice for the proposed OFDM signals.

Another case is when all the weights Sj are completely
random, i.e., they are independently and identically distributed
(i.i.d.). In this case, the mean power of the transmitted signal s;
is constant for every <. This gives us the interesting property for
an OFDM signal, namely, although its bandwidth is as large as
the short pulse of length [0,7/N], its mean energy is evenly
spread over a much longer (/V times longer) pulse duration,
which makes it much easier to generate and implement in a
practical system than the short pulse case.

In terms of the peak-to-average power ratio (PAPR) of trans-
mitted signals, the former case corresponds to the worst case,
i.e., the highest PAPR case that is N, while the later case
corresponds to the best case in the mean sense, i.e., the lowest
PAPR case that is 1. After saying so, the above i.i.d. weight S,
case is only in the statistical sense. In practice, a deterministic
weight sequence Sy, is used, which can be only a pseudorandom
noise (PN) sequence, and therefore, its /N-point inverse DFT
s; (and/or its analog waveform s(t)) may not have a constant
power; in fact, its PAPR may be high (although may not be
the highest) compared with the LFM radar or the random noise
radar. This will be an interesting future research problem on
how to deal with the high PAPR problem of OFDM signals for
radar applications. Note that there have been many studies for
the PAPR reduction in the communications community (see,
for example, [33] and [35]). If we only consider the finite time
domain signal values, i.e., the inverse discrete Fourier transform
(IDFT) s; of the weights S}, in (10), we can use a Zadoff—Chu
sequence as Sy, that is, in fact, a discrete LFM signal, and then
its IDFT s; has a constant module as well [37], [38]. In this
case, both the weights Si and the discrete time domain signal
values s; have a constant module, i.e., the discrete PAPR (the
peak power over the mean power of s;) is 1.

As a remark, if one only considers the discrete transmitted
signal sequence s;, it can be, in fact, from any radar signal,
such as the LFM or random noise radar signal as follows.
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Let s'(t) be any radar transmitted signal, and set s; =
§'(iT/N),0 < i < N — 1. Then, we can always find the corre-
sponding weights Sy, 0 < k < N — 1, that are just the N-point
FFT of s;, 0 < ¢ < N — 1. Then, the analog OFDM waveform
s(t) in (1) can be thought of as an interpolation of this discrete
time sequence s;. Thus, as N goes large, the analog OFDM
waveform s(¢) can approach the given radar waveform s'(t).

D. Insufficient CP Case

Let us consider the CP length to be M and M < M — 1. In
this case, the length of CP is insufficient. When an insufficient
CP is used, if OFDM pulses are transmitted consecutively
without any waiting interval as in communications systems, the
OFDM blocks will interfere each other due to the multipaths,
which is called interblock interference (IBI). However, this will
not occur in our radar application in this paper since the second
OFDM pulse needs to wait for all the radar return signals of
the first transmitted OFDM pulse to be received, as we have
explained in Section II-A earlier. Although there is no IBI, the
insufficient CP will cause the intercarrier interference (ICI) that
leads to the IRCI as shown hereinafter. In this case, (13) can be
recast as

Au=u—u

=Hs —Hs +w (24)
where
(0 -+ dy-1 dy-2 dizg1 0 -+ 07
0 .- 0 dyr 1 dizys 0 -+ 0
_H:
0 0 0 dy-1 0 -+ 0
0 .. 0 0 0 0 - 0
(25)

The nth element of Aw can be expressed as
Aup =Up —Up, n=M—-1,M,.... N+ M -2 (26)

where w,, is the same as (11), i.e., from H s’ and noise w, and

M-1

ey

m=M-M+2+n

dmsn,m. (27)

Notice that %, =0 for n =2M — M —2,...,N +M — 2.
Then, the N-point FFT is performed on the vector Au

U,=DySy, —Up+Ws, k=0,1,....N—1 (28)

where

1 = —jorkn
U, = — Uyt M —1 €X —_— . 29
2 TN Z +M-1 P{ N } (29)

n=0

_After the N-point IFFT is performed on the vector
[Uo/S},U1/Sy, ..., Un-1/S%_1]*, we can obtain
Czm = \/Ndm - gm +'U~}m7

m=0,1,....,.M—1 (30)
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Fig. 5. Block diagram of SAR imaging processing. (a) CP-based OFDM
SAR. (b) LFM SAR. (¢) Random noise SAR and conventional OFDM SAR.

where
N-1 M—M-2 M-1
1 1
Em = N 50 ) g dpmSntM—1-m
k=0 n=0 m=M-M+2+n

—j2mk(n —m)
X exp { v } . 6D

We remark that &, is the IRCI that resulted from the insuf-
ficient CP, and &, is related to the reflectivities of the neigh-
boring range cells and the transmitted signal. From the second
and third summation signs in &, in (31) and (27), a smaller M
leads to more range cells involved in the interference, resulting
in a stronger IRCI. The performance degradation with different
insufficient CP lengths of M will be shown in the simulations
in Section III later.

III. SIMULATIONS AND PERFORMANCE DISCUSSIONS

This section is to present some simulations and discussions
for our proposed CP-based OFDM SAR imaging. The simu-
lation stripmap SAR geometry is shown in Fig. 1. The azimuth
processing is similar to the conventional stripmap SAR imaging
[2] as shown in Fig. 5(a). For computational efficiency, a fixed
value of R, located at the center of the range swath is set as the
reference range cell as in [2]. Then, the range cell migration cor-
rection (RCMC) and the azimuth compression are implemented
in the whole range swath using R.. For convenience, we do not
consider the noise in this section as what is commonly done in
SAR image simulations. For comparison, we also consider the
range Doppler algorithm using LFM and random noise signals
as shown in the block diagram of Fig. 5. Since the performance
of a step frequency signal SAR is similar to that of an LFM
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signal SAR, here, we only consider the LFM signal SAR in
our comparisons. In Fig. 5(b), the secondary range compression
is implemented in the range and azimuth frequency domain,
the same as Option 2 in [2, Ch. 6.2]. In Fig. 5(c), the range
compression of the random noise signal and the conventional
OFDM signal are achieved by the correlation between the
transmitted signals and the range time domain data. Notice that
the difference of these three imaging methods in Fig. 5 is the
range compression, while the RCMC and azimuth compression
are identical.

The simulation experiments are performed with the follow-
ing parameters as a typical SAR system: PRF = 800 Hz, the
bandwidth is B = 150 MHz, the antenna length is L, = 1 m,
the carrier frequency f. = 9 GHz, the synthetic aperture time is
T, = 1, the effective radar platform velocity is v, = 150 m/s,
the platform height of the antenna is H,, = 5 km, the slant
range swath center is R. = 5v/2 km, the sampling frequency
fs = 150 MHz, and the number of range cells is M = 96 with
the center at R... For the convenience of FFT/IFFT computation,
we set T = (512/150) ps ~ 3.41 ps; then, the number of
subcarriers for the OFDM signal is N = 512. The CP length
is 95 that is sufficient, and the CP time duration is Ty =
(95/150) ps ~ 0.63 ps. Thus, the time duration of an OFDM
pulse is T, = (607/150) ps ~ 4.05 pus. The complex weight
vectors over the subcarriers of the CP-based OFDM signal and
the conventional OFDM signal are set to be vectors of the
binary PN sequence of values —1 and 1. Meanwhile, for the
transmission energies of the three SAR imaging methods to be
the same, the time durations of an LFM pulse, a conventional
OFDM pulse, and a random noise pulse are also 4.05 pus.

A point target is assumed to be located at the range swath
center. Without considering the additive noise, the normalized
range profiles of the point spread function are shown in Fig. 6,

7050
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Fig. 7. Azimuth profiles of the point spread function.

and the details around the main lobe area are shown in its zoom-
in image. It can be seen that the sidelobes are much lower for the
CP-based OFDM signal than those of the other three signals,
while the 3-dB main lobe widths of the four signals are all the
same.

The normalized azimuth profiles of the point spread function
of the three methods are shown in Fig. 7. The results show that
the azimuth profiles of the point spread function are similar
for all the four signals of LFM, CP-based OFDM, conventional
OFDM, and random noise.

We then consider an extended object with the shape of
a tank constructed by a few single point scatterers, and the
original reflectivity profile is shown as Fig. 8(a). The results
indicate that the imaging performance using the CP-based
OFDM SAR is better than that of the other three signals.
Specifically, the boundaries of the extended object are observed
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to be less blurred by using the CP-based OFDM SAR imaging.
In Fig. 8(f), we also consider the imaging of the tank with our
proposed method when the CP length is zero and the trans-
mitted OFDM pulse is the same as the conventional OFDM
pulse. As a remark, comparing Fig. 8(e) and (f), one may see
that the SAR imaging performance degradation is significant
when the CP length is zero. This is because our proposed
range reconstruction method in the receiver, as mentioned in
(15)—(21), is for CP-based OFDM SAR imaging and different
with the traditional matched filter SAR imaging method. Thus,
sufficient CP should be included in the transmitted OFDM pulse
to achieve IRCI-free range reconstruction.

We next consider the importance of adding a sufficient CP
in our proposed CP-based OFDM SAR imaging. We consider
a single range line (a cross range) with M = 96 range cells;
targets are included in 18 range cells, the amplitudes are

randomly generated and shown as the red circles in Fig. 9,
and the RCS coefficients of the other range cells are set to be
zero. The normalized imaging results are shown as the blue
asterisks. The results indicate that the imaging is precise when
the length of CP is 95, i.e., sufficient CP length, in Fig. 9(a),
and the amplitudes of the range cells without targets are lower
than —300 dB, which is due to the computer numerical errors.
With the decrease of the CP length, the imaging performance
is degraded, and the IRCI is increased. Specifically, the zero
amplitude range cells become nonzero anymore, and some
targets are even submerged by the IRCI as shown in Fig. 9(b)
and (c). We also show the imaging results with the conventional
OFDM SAR image as in Fig. 9(d). The curves in Fig. 9(d)
indicate that some targets are submerged by the IRCI from other
range cells. In Fig. 9, we notice that, when the CP lengths are
95 and 80 (as in Fig. 9(a) and (b), respectively), the imaging
performances of our proposed method outperform that of the
conventional OFDM SAR image in Fig. 9(d). However, the
imaging performance with zero length CP is worse than that
of the conventional OFDM SAR image, although they have the
same transmitted OFDM waveform, which is again because
our proposed range reconstruction method at the receiver is
different from the conventional method. It also further indicates
that a sufficient CP is important for our proposed CP-based
OFDM SAR imaging.

We also consider a single range line (a cross range) with M
range cells, in which the RCS coefficients are set as g,, = 1,
m=0,...,M — 1. After the CP-based OFDM SAR imaging
with different lengths of CP, we calculate the mean square
errors (MSEs) between the energy normalized imaging results
and the original RCS coefficients g,,. The results are achieved
from the average of 1000 independent Monte Carlo simulations
and are shown in Fig. 10. The curves suggest that the perfor-
mance degradation occurs when the length of CP is less than
M — 1, 1i.e., insufficient. The MSE is supposed to be zero when
the CP length is M — 1 that is sufficient. However, one can still
observe some errors in Fig. 10, which is because errors may
occur by using a fixed reference range cell R, in the imaging
processing (i.e., RCMC and azimuth compression), and the
wider swath (or a larger M) causes the larger imaging error.
Thus, the MSE is slightly larger when M is larger.

IV. CONCLUSION

In this paper, by using the most important feature of OFDM
signals in communications systems, namely, converting an ISI
channel to multiple ISI-free subchannels, we have proposed
a novel method for SAR imaging using OFDM signals with
sufficient CP. The sufficient CP insertion provides an IRCI-free
(high range resolution) SAR image. We first established the
CP-based OFDM SAR imaging system model and then derived
the CP-based OFDM SAR imaging algorithm with sufficient
CP. We then showed that this algorithm has zero IRCI (or
IRCI free) for each cross range. We also analyzed the influence
when the CP length is insufficient. By comparing with the LFM
SAR and the random noise SAR imaging methods, we then
finally provided some simulations to illustrate the high-range-
resolution property of the proposed CP-based OFDM SAR
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imaging and also the necessity of a sufficient CP insertion in an
OFDM signal. The main features of the proposed SAR imaging
are highlighted as follows.

1) The sufficient CP length M — 1 is determined by the
number of range cells M within a swath, which is directly
related to the range resolution of the SAR system.

2) The optimal time duration of the OFDM pulse is T}, =
(2N — 1)T, with CP length N — 1. The minimum range
of the proposed CP-based OFDM SAR is the same as the
maximal swath width.

3) The range sidelobes are ideally zero for the proposed
CP-based OFDM SAR imaging, which can provide high-
range-resolution potential for SAR systems. From our
simulations, we see that the imaging performance of the
CP-based OFDM SAR is better than those of the LFM
SAR and the random noise SAR, which may be more sig-

nificant in multiple-input multiple-output (MIMO) radar
applications.

4) The imaging performance of the CP-based OFDM SAR
is degraded, and the IRCI is increased when the CP length
is insufficient.

Some future research works may be needed for our proposed
CP-based OFDM SAR imaging systems. One of them is the
high PAPR problem of the OFDM signals as what has been
pointed out in Section II-C. Another problem is that OFDM
signals are sensitive to an unknown Doppler shift, such as that
induced from an known moving target, which may damage the
orthogonality of OFDM subcarriers and result in the potential
ICI. Also, how does our proposed OFDM SAR imaging method
work for a distributed target model [39]? Some of these prob-
lems are under our current investigations.
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