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Abstract— Based on the compressive sensing (CS) theory, an algorithm for high-resolution
inverse synthetic aperture radar (ISAR) imaging with sparse-spectrum OFDM-LFM (orthogonal
frequency division multiplexing — linear frequency modulation) waveforms is proposed, which
achieves high resolution of radar target and also much lower data rate of radar system. In
the approach, the OFDM technique is utilized to overcome the velocity sensitivity in traditional
broad-bandwidth radar waveforms such as stepped-frequency signals and stepped-frequency chirp
signals, and greatly reduce the acquisition time for high resolution range profile (HRRP) synthesis.
The simulations validate the effectiveness of the proposed algorithm.
1. INTRODUCTION

High range resolution is achieved by transmitting broad-bandwidth waveforms in ISAR imaging
techniques. Usually, bandwidth with several GHz is necessary to obtain a range resolution at
centimeter level, where such a broad bandwidth may bring many difficulties to the A/D converter.
For reducing the instantaneous bandwidth of radar system, the stepped-frequency signal (SFS) and
stepped-frequency chirp signal (SFCS) were proposed and have been in wide applications [1, 2]. By
means of concatenation of the individual pulses either in the time domain [3] or in the frequency
domain [4], large total bandwidth of transmitted signal is achieved. However, due to the frequencystepped processing, both the SFS and SFCS are sensitive to the radial velocity of the target.
Another disadvantage of this kind of signals is the relatively much long acquisition time for high
resolution range profile (HRRP) synthesis, which maybe intolerable in certain applications such as
multi-target imaging.
Recently, a new approach based on the orthogonal frequency division multiplexing (OFDM)
technique is presented in [5] for improving target detection of radar systems. With the application
in radar imaging, OFDM-LFM waveform is a kind of potential broad-bandwidth radar signals,
due to the following reasons: 1) by taking the chirp signals as subpulses, many existing imaging
algorithm can be easily extended to OFDM-LFM radar imaging; 2) insensitive to radial velocity
between radar and target because all subpulses are transmitted at the same time; 3) much shorter
acquisition time for HRRP synthesis compared with SFS and SFCS.
However, different from SFCS, long enough frequency interval between each two subpulses is
necessary to ensure perfect orthogonal performance of them. That’s to say, the OFDM-LFM
waveform is sparse-spectrum indeed, which brings difficulties to synthesize a total broad bandwidth.
Fortunately, the emerging compressive sensing (CS) theory [6] indicates an effective approach to
reconstruct full information from sparse signals. The CS theory suggests that, if a signal has
sparse representations in a certain space, it can be sampled at a rate much lower than Nyquist rate
and reconstructed with overwhelming probability by solving an inverse problem either through a
linear program or a greedy pursuit [7]. It is well known that, in ISAR imaging, dominate scatterers
contribute much to image formation but taking up only a fraction of whole bins of the range-Doppler
(RD) plane, i.e., ISAR image is spatially sparse. Therefore, from the CS theory, it’s possible to
reconstruct ISAR images with sparsity from sparse-spectrum OFDM-LFM echoes.
The paper is organized as follows. For better comprehension, we first assume the OFDMLFM waveform is full-spectrum and deduce the bandwidth synthesis method in Section 2, then
introduce the ISAR imaging algorithm with sparse-spectrum waveforms in Section 3. Conclusions
are presented in Section 4.
2. BANDWIDTH SYNTHESIS WITH FULL-SPECTRUM OFDM-LFM WAVEFORMS

Figure 1 shows the time-frequency relationship in a burst of OFDM-LFM waveforms. The waveform
is consists of a group of chirp subpulses with stepped carrier frequencies, and the subpulses are
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Figure 1: Frequency variance of OFDM-LFM waveform.
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Figure 2: Diagram of the superposition of subpulses.

transmitted by the radar at the same time. Assume all subpulses have the same time duration Tpn
and bandwidth Bn , to guarantee the perfect orthogonal performance between each two subpulses,
the stepped frequency value ∆f should be equal to q/Tpn , where q ∈ N is a appropriate number to
ensure long enough frequency interval between each two adjacent subpulses (shown in Figure 1 using
solid slanting straight lines). In the following, we assume each two subpulses are ideal orthogonal
for simplicity.
In this section, we consider the OFDM-LFM waveform is full-spectrum, i.e., assume there are
additional subpulses (shown in Figure 1 using dashed slanting straight lines) filled in the interval
between each two adjacent subpulses, where the stepped frequency value ∆f is changed to Bn . To
make all subpulses end to end, it should be satisfied that pBn = q/Tpn , where p ∈ N and N is the
set of all natural numbers.
Assume the number of subpulses is Np , the total synthetic bandwidth is B = Np Bn , and the
center carrier frequency of the synthetic signal is fc , then the initial frequency of kth subpulse is
given by
fc (k) = fc + (k − Np /2)Bn , k = 0, 1, . . . , Np − 1
(1)
The subpulse can be expressed as s(t, k) = rect(t/Tpn ) exp(j2πfc (k)t) exp(jπµt2 ), where µ =
Bn /Tpn is the chirp rate. Assuming a target of a point-scatterer with unit scattering coefficient,
the echo of the kth subpulse from the target is
sr (t, k) = rect((t − 2rt /c)/Tpn ) exp(j2πfc (k)(t − 2rt /c)) exp(jπµ(t − 2rt /c)2 )

(2)

where rt is the distance between the target and the radar, and c is the wave propagation velocity.
Inspired by the bandwidth synthesis algorithm proposed in [4], the processing steps of bandwidth
synthesis algorithm for OFDM-LFM waveforms are as follows.
Mixing the echoes and reference signal: the reference signal is given by sref (t, k) = exp(j2πfc (k)
(t − 2rs /c)), where rs is the distance between radar and the center of target. Mixing the received
signal and the complex conjugate of reference signal, it yields
¡
¢
sm (t, k) = rect ((t − 2rt /c)/Tpn ) exp (j4πfc (k)(rs − rt )/c) exp jπµ(t − 2rt /c)2
(3)
Sampling: generally, the sampling rate fs of the synthetic signal must larger than the Nyquist
rate B (for complex signals). However, because the dechirp processing instead of match filtering
is utilized to form HRRP, the sampling rate fs is just needed to be larger than 2µX0 /c when the
radial length of target is X0 .
Frequency shift and phase correction: after sampling, the subpulses at baseband described by (3)
need to be shifted in frequency before being combined. The frequency shift is carried out by
multiplying (3) with
¡
¢
φ1 (t, k) = exp j2π(fc0 + (k − Np /2)Bn )(t − 2rs /c)
(4)
where fc0 can be set as a certain value making fc0 + fc is several times of B to satisfy the narrowband
assumption. Then the phase correction term φ2 (k) = exp(jπµ(kTpn )2 ) is added to each subpulse
in order for phase continuous at the boundaries of subpulses. Therefore it yields
sm1 (t, k) = sm (t, k) · φ1 (t, k) · φ2 (k) = rect ((t − 2rt /c)/Tpn ) exp (j4πfc (rs − rt )/c)
¡
¡
¢
¢
¡
¢
¡
¢
· exp j2π fc0 +(k − Np /2)Bn (t−2rt /c) exp jπµ(t−2rt /c)2 exp jπµ(kTpn )2 (5)
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Dechirp processing: the reference signal for dechirp processing is a chirp signal with initial
frequency fc0 + (k − Np /2)Bn and time duration Tpn intercepted from a chirp signal with long time
duration Tp = Np Tpn , chirp rate µ and time delay 2rs /c:
µ
¶
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¶
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µ
¶ ¶µ
¶¶
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0
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(6)
exp jπµ t −
c
The “dechirp” is performed by multiplying (5) with the complex conjugate of the reference signal (6). After removing the RVP (residual video phase), let λ0c = c/(fc + fc0 ), and then one can
obtain
¡
¡
¢
¢
sc (t, k) = rect ((t−2rt /c)/Tpn ) exp j4π fc +fc0 +(k−Np /2)Bn /c (rs −rt ) exp (j4πµ(rs −rt )t/c)
¡
¢
≈ rect ((t − 2rt /c)/Tpn ) exp j4π(rs − rt )/λ0c exp (j4πµ(rs − rt )t/c)
(7)
Time shift and superposition of subpulses: the subpulses need to be shift in the time domain
with the time-shift given by ∆t(k) = kTpn . It needs to be noticed that the time-shift should be
an integer number of the discrete sample spaces to avoid errors because the unit of time-shift is
1/fs in digital signal processing, namely, Tpn fs should be an integer. Then concatenating all the
subpulses and it yields
¡
¢
s0c (t) = rect ((t − 2rt /c)/Tp ) exp j4π(rs − rt )/λ0c exp (j4πµ(rs − rt )t/c)
(8)
It is equivalent to the dechirp result of a chirp signal with time duration Tp = Np Tpn and chirp rate
µ, namely, the Np subpulses are synthesized as one broad-bandwidth signal, as shown in Figure 2.
The total time duration of the synthetic waveform is Np Tpn + 2X0 /c, where X0 is the radial size of
target or scene.
HRRP synthesis by FFT: taking FFT to (8) in terms of t and removing the sideling envelope
term, it yields
µ
¶
µ
¶
4π
2µ
Sc (f ) = exp j 0 (rs − rt ) psf f −
(rs − rt )
(9)
λc
c
where psf(f ) = FT[rect(t/Tp )]. Sc (f ) is the complex HRRP, and |Sc (f )| peaks at f = 2µ(rs − rt )/c.
Furthermore, by transmitting a group of OFDM-LFM bursts and taking the Fourier transform to
the HRRPs with respect to the slow-time and migration through resolution cell (MTRC) correction
after motion compensation, the ISAR image of the target is achieved.
3. ISAR IMAGING WITH SPARSE-SPECTRUM OFDM-LFM WAVEFORMS

The bandwidth synthesis algorithm presented in last section is suitable for full-spectrum OFDMLFM waveforms; however, as we known, the OFDM-LFM waveforms are in fact sparse in frequency
domain. Therefore, the algorithm is further studied based on the CS theory in this section.
As all we known, the ISAR image of a target is usually sparse because it is mainly determined
by the dominated scatterers, therefore, the HRRP Sc (f ) of target can be considered as sparse
naturally. Namely, s0c (t) in (8) is sparse in frequency domain. Let x = s0c (t), θx = Sc (f ), we have
x = Ψθx = D−1
N θx ,

Ψ = D−1
N

(10)

where D−1
N is the N -dimensional inverse DFT matrix.
Assume the indices of subpulses in a burst of full-spectrum OFDM-LFM waveform are 1, 2, . . . ,
Np . pr subpulses indexed with m0 , m1 , . . . , mpr −1 are chosen randomly from the Np subpulses
for forming a sparse-spectrum OFDM-LFM waveform, where m0 = 0, mpr −1 = Np − 1, and the
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Figure 3: Diagram of concatenation of sparse-spectrum subpulses.
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Figure 4: The target model.
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Figure 5: The ISAR image.

frequency interval between each two subpulses must be long enough to ensure perfect orthogonal
performance of them. Therefore the sparsity of transmitted signal can be defined as η = pr /Np .
The echoes of pr subpulses are processed according to (3) ∼ (9), and then concatenated as an
integrated signal y with length M = (Tpn + 2X0 /c)pr fs , as shown in Figure 3. The relationship
between y and x is y = Φx, where Φ = {φa,b } and φa,b given by (assuming the element at top left
corner of Φ is φ0,0 )
½
1, b = mi np + mod(a, np ), i = ba/np c , i ∈ [0, pr − 1]
φa,b =
(11)
0, Others
where np = (Tpn + 2X0 /c)fs , a = 0, 1, . . . , M − 1, b = 0, 1, . . . , N − 1.
It is obvious that the process of recovering x from the measurements y is ill-posed. However, the
CS theory demonstrates that if ΦΨ has the Restricted Isometry Property (RIP), then it is indeed
possible to recover θx with high probability via solving the l1 optimization problem as follows
θx = arg min kθx k1 ,

s.t. y = ΦΨθx

(12)

It can be proved that ΦD−1
N satisfies the RIP, therefore, θx can be reconstructed by using the CS
theory. There are many methods for CS reconstruction such as basis pursuit (BP), orthogonal
matching pursuit (OMP), and so on. The recovered θx is the synthetic HRRP of target; after the
compression in slow-time domain as same to conventional imaging algorithm, the ISAR image can
be obtained.
4. SIMULATION

The target model is shown in Figure 4 and the parameters of transmitted waveforms are as follows:
fc = 12 GHz, Np = 300, B = 6 GHz, Bn = 20 MHz, Tpn = 1 µs and fs = 12 MHz. The range
resolution of subpulses and synthetic broad-bandwidth waveform is 7.5 m and 0.025 m respectively.
256 bursts are transmitted during the imaging time and the azimuth resolution is 0.05 m. Figure 5
shows the imaging result in condition of η = 0.4, where the subpulses’ indexes are randomly chosen
from [1, Np ] and the frequency intervals between each two subpulses are larger than Bn . It can be
found that the quality of the ISAR image is quite high. Therefore, the simulation demonstrates
the effectiveness of the proposed algorithm.
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