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Abstract—In forward-looking imaging (FLI) of airborne radar,
the enhancement of cross-range resolution is always a major re-
search area and many studies on superresolution (SR) approaches,
relied on the real array or virtual array, are proposed to break
through the Rayleigh resolution. However, the reconstruction of
complex scenes is still not accurate enough limited by the degrees
of freedom. In this article, a novel FLI method for airborne mul-
tichannel radar named the space–time reiterative superresolution
(ST-RISR) is proposed to obtain SR images of the forward-looking
area, and hence to gain improved cross-range resolution. We first
establish the space–time sampling model for airborne multichan-
nel radar, where information in both the spatial and temporal
slow-time domains is included, allowing for reconstructing more
accurate SR images. In addition, the effect of array errors, always
present in practice, is under consideration in the model. Then, a
robust estimation algorithm called reiterative SR is employed and
extended to process each of the so-called space–time snapshot in
FLI. After the scattering coefficient vectors are obtained via the ST-
RISR, they are accumulated to generate the final two-dimensional
images. Finally, as is verified by simulated and measured data, the
ST-RISR algorithm significantly improves the cross-range resolu-
tion of the forward-looking area, making it feasible in practical
applications.

Index Terms—Airborne multichannel radar, forward-looking
imaging (FLI), reiterative superresolution (RISR), space–time
signal processing, superresolution (SR) imaging.

I. INTRODUCTION

FORWARD-LOOKING imaging (FLI) of airborne radar
plays a vital role in many practical applications, such as

complex terrain detection and aircraft blind landing, with the
ability of generating 2-D images of the forward-looking areas in
all weather conditions. Generally speaking, it is not hard to ob-
tain high resolution in range by transmitting a special waveform,
namely the chirp waveform, coupled with pulse compression
techniques. However, the improvement of cross-range resolution
is really a hard task for forward-looking airborne radar.
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Existing high-resolution radar imaging technologies, such
as synthetic aperture radar (SAR) and Doppler beam sharpen
(DBS), are incapable of imaging in forward-looking area [1],
[2]. The major reason is that the gradient of the Doppler fre-
quency in this area is almost negligible, resulting in the difficulty
to distinguish the scatterers located in different azimuth posi-
tions from the Doppler history. Moreover, the ambiguity of the
Doppler history for symmetrical topographic points also deteri-
orates the performance of SAR or DBS. Thus, the real aperture
radar (RAR), working in the scanning mode, can obtain rough
forward-looking images via sweeping an antenna beam through
the forward-looking area of the moving platform. Regrettably,
the cross-range resolution is totally restricted by the beamwidth
of the radar antenna, known as the Rayleigh limit, leading to
a vast mismatch (several tens of times) between the range and
cross-range resolutions [3].

To remedy the defect of the poor cross-range resolution, an
amount of notable effort has been made in the past decades.
Bistatic SAR systems, with separated transmitting and receiving
platforms, may obtain satisfactory cross-range resolution in
proper geometry. However, the high complexity of the systems,
such as geometric configuration, time and frequency synchro-
nization, limits its application in practice [4], [5].

Thus, most of the existing methods are based on monostatic
systems, which consist of the following two types, i.e., deconvo-
lution FLI methods for single-channel scanning radar systems,
and superresolution (SR)-based algorithms for multichannel
radar systems [6], [7], [8].

With the antenna beam sweeping in the forward-looking area,
an azimuth signal model is established as the convolution of
the antenna pattern and the scattering coefficients of the ground
scene [9], [10]. Hence, the problem of FLI for single-channel
scanning radar systems can be resolved by deconvolution meth-
ods when given the specific convolution kernel, i.e., antenna
pattern. In the time domain, convolution is equivalent to es-
tablishing a set of linear equations and the target solution can
be obtained by solving the equations [11]. However, from the
viewpoint of signal recovery, deconvolution is known as a typi-
cally ill-conditioned inverse problem, making the reconstruction
of ground truth very sensitive to noise. To alleviate that, a lot
of efforts based on regularization have been made, such as the
total variation sparse (TV-sparse) [12], Bayesian method [13],
truncated singular value decomposition [14], and so on [15],
[16], [17]. In the frequency domain, the convolution operation
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between the target scattering coefficient and the antenna pattern
is equivalent to low-pass filtering of the spectral function of
the target. Therefore, the azimuth spectrum function of the
target can be recovered by inverse filtering [18]. All these
methods can improve the cross-range resolution of FLI to some
extent, and some of them have been validated via measured data
[19], [20].

The other kind of FLI methods is based on multichannel
radar systems which employ array antenna aligned cross-track.
The early works include the sector imaging radar for enhanced
vision introduced by German Aerospace Center [21], and the
monopulse FLI method for airborne radar [22]. The former im-
proves the cross-range resolution via large physical aperture, and
the latter introduces the monopulse angle estimation technique
into the imaging to enhance the resolution of strong targets in the
observed scene. Afterward, researchers attempted to introduce
the SR spectral estimation techniques into array radar FLI, with a
number of mature algorithms provided, such as Capon spectrum
estimation, multiple signal classification (MUSIC), and many
extensions to these methods [23], [24]. These methods also allow
for achieving a resolution several times beyond the real-aperture
beamwidth. In our previous work, we developed an improved
MUSIC algorithm to cope well with correlated sources, and
proved the feasibility of SR processing in airborne radar FLI
through simulation and measured data. But this method needs a
great deal of snapshots to accurately estimate the covariance
matrix. Then, recently, some nonparametric estimation algo-
rithms, such as the iterative adaptive approach (IAA) [25] and the
iterative minimum mean-square error (MMSE), with the ability
to cope with single snapshot, were applied in multichannel radar
FLI to obtain good resolution performance [26], [27]. As it was
verified by simulated data from an airborne phased-array radar
system, these methods can improve the resolution in azimuth and
overperform the monopulse imaging method in case of complex
scenes.

In this article, we focus our research on resolution enhance-
ment for FLI based on multichannel radar system. Considering
the platform motion and antenna scanning, we present here a
signal model of the targets in the forward-looking area received
by the airborne multichannel radar. Based on this model, a
space–time reiterative superresolution (ST-RISR) FLI algorithm
is proposed for airborne multichannel radar, which intends to
further improve resolution via space–time SR processing and
gains better performance of imaging. On the one hand, the
space–time snapshot, acquired by sampling in both the spatial
and temporal (slow-time) domains, is regarded as the object to be
SR processed instead of the spatial snapshot, which is expected
to further improve the accuracy and resolution of SR estimation
with additional temporal degrees of freedom (DoFs). On the
other hand, the reiterative superresolution (RISR) is employed
to achieve SR processing for each of the snapshot. Hence, the
ST-RISR-based framework is proposed to resolve the imaging
problem of forward-looking area. Besides, the effect of array
errors, which is an inevitable factor in practice, is also involved
in the framework. As is verified by simulations and measured
data, the proposed ST-RISR algorithm significantly improves
the cross-range resolution of the forward-looking area, and the

image quality as well. Part of this work was presented in Ren
et al. [27]’s work.

Overall, the main contributions of this article are presented as
follows.

1) We started with the echo signal model of the targets in the
forward-looking area received by the airborne multichan-
nel radar, deeply analyzed the influence of platform mo-
tion and antenna scanning, and then provided expressions
to describe the space–time signal model of the ground
targets. In order to further improve the performance of
the existing FLI methods, we extended the classic 1-D
SR spectral estimation technique to the 2-D space–time
domain, and thus proposed the ST-RISR algorithm to
obtain the SR spectrum by processing the space–time
snapshot in FLI, which is proved to be a feasible way
to improve the performance of imaging.

2) Detailed analysis on the contribution to the improvement
of cross-range resolution brought by the space–time pro-
cessing to the SR-based FLI is present, making it possible
for researchers to quantitatively analyze the performance
of algorithm. We consider the effective length of the syn-
thetic array caused by space–time processing, establishing
the model of space–time equivalent array, and then use
the length of the projection array as the evaluation metric.
In combination with numerical calculation methods, the
performance of space–time SR processing can be directly
displayed, which can provide convenience to the follow-up
research on the FLI technology based on multichannel
radar.

3) Both the simulations results and experimental results are
provided to verify the performance of the proposed ST-
RISR FLI method in this article, showing its capability
to achieve more accurate estimates, lower sidelobe, and
obtain further resolution enhancement as well compared
with the RAR imaging, the DBS and the FLI methods
based on spatial spectral estimation.

The rest of this article is organized as follows. In Section II,
the echo signal model of the targets in the forward-looking
area is established for multichannel airborne array radar. In
Section III, a 2-D ST-RISR algorithm is proposed to address the
problem of poor cross-range resolution and hence improve the
performance of FLI. In Section IV, simulated data and measured
data are employed to validate the proposed ST-RISR-based FLI
algorithm. Finally, Section V concludes this article.

II. ECHO ANALYSIS AND MULTICHANNEL SIGNAL MODEL

The 3-D geometry of data collection for airborne multichannel
radar is shown in Fig. 1. A narrow-band forward-looking radar,
flying with velocity v and altitude H , with array antennas
aligned cross-track is under consideration. The array antenna
beam circularly scans through the forward-looking area with the
scanning velocity ω, and at the same time, the radar transmits
a burst of linear frequency modulated pulses at certain pulse
repetition frequency (PRF). A single ground scatterer, denoted
by P in Fig. 1, is localized in the imaging area and within
the mainlobe of the radar beam. Assume that the number of
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Fig. 1. 3-D geometry for airborne multichannel radar FLI.

range gates and the predetermined azimuth grids in the FLI area
are L and Q, with l and q representing the indexes of them,
respectively. Let Rl, θq, and ϕ denote the range, azimuth angle
and pitch angle of target P with respect to the radar. The number
of receiving channels (subarrays) and the distance between
adjacent receiving channels are M and d. After range pulse
compression and migration correction, the baseband received
signal of the mth channel is given by

s(τ, t,m) = σ(Rl, θq)h

(
t− θq

ω

)
s

(
τ − 2Rl

c

)

× exp

{
−j

2π

λ
[2R(t) +md sin θq cosϕ]

}
(1)

where σ(Rl, θq) represents the scattering coefficient of the tar-
get P , and τ , t, λ stand for the fast-time, the slow-time, the
wavelength, respectively. The function h(·) and s(·) indicate
the two-way antenna pattern modulation and the point spread
function, i.e., the transmitted waveform after pulse compression.

The instantaneous range R(t) from P to the radar reference
point varies with the movement of platform, which can be
formulated as

R(t) =

√
Rl

2 + (vt)2 − 2Rlνt cos θq cosϕ. (2)

After Taylor expansion of the above-mentioned equation, we
have

R(t)=Rl − vt cos θq cosϕ+
1− cos2θqcos

2ϕ

2Rl
v2t2 +O(t2).

(3)
Generally speaking, the quadratic terms and infinitely small

quantities of higher order terms can be ignored due to long
operating range, so the above-mentioned equation can be ap-
proximated as

R(t) = Rl − vt cos θq cosϕ. (4)

Substituting (4) into (1), and omitting the constant term caused
by Rl, we obtain

s(τ, t,m) = σ(Rl, θq)h

(
t− θq

ω

)
s

(
τ − 2Rl

c

)

× exp

{
j
4πvt

λ
cos θq cosϕ

}

× exp

{
−j

2πmd

λ
sin θq cosϕ

}
. (5)

Assume that a total number of N pulses are transmitted
and received during a single imaging processing period, and
the number of the received fast-time samples is L. Hence the
complex baseband samples comprise an L×N ×M datacube.
To simultaneously utilize both the spatial sampling obtained by
multichannel receiving and the temporal sampling obtained by
coherent pulses, the 3-D data block is divided into K subblocks
in slow-time, each of which contains the echo fromN ′successive
pulses in a coherent processing interval (CPI), typically assumed
to be 4–32 considering the beam scanning, and will be processed
coherently. Thus, after periodically sampling in azimuth at the
rate of fR, the discrete received signal in the lth range gate and
the kth CPI is given by

s(n,m) =

Q∑
q=1

σ(θq)h(θq − θ̄k)e
j2πf̄d(θq)ne−j2πf̄s(θq)m (6)

where n is the index of pulses in a CPI, and θ̄k represents the
azimuth boresight direction of the beam at the central pulse
of the kth subblock. Note that, since the number of pulses
in each CPI is relatively small, the change of antenna pattern
weighting between pulses are ignored, i.e., the weight induced
by antenna pattern is regarded as a constant within CPI. Defining
the normalized Doppler frequency and spatial frequency as

f̄d(θq) =
2v

λfR
cos θq cosϕ (7)

f̄s(θq) =
d

λ
sin θq cosϕ. (8)

To avoid spatial aliasing, the boundary of azimuth angle is
given by [28]

θb= sin−1

(
λ

2d cosϕ

)
. (9)

For the scatterer located at the azimuth position θq , the corre-
spondingM × 1 spatial steering vector and theN ′ × 1 temporal
steering vector are denoted by

as (θq) =
[
e−j2πf̄s(θq), . . . , e−j2πMf̄s(θq)

]T
(10)

and

at (θq) =
[
ej2πf̄d(θq), . . . , ej2N

′πf̄d(θq)
]T

(11)

respectively.
Hence, the space–time steering vector with respect to the

azimuth position θq is expressed as

a(θq) = at(θq)⊗ as(θq) (12)
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where ⊗ denotes the Kronecker product, and superscript T
stands for the operation of transposition.

The discrete received signal in (6) is assembled in the form of
a column vector of size MN ′ × 1 expressed as vec(sl,k), which
is known as the so-called space–time snapshot. Then, (6) can be
rewritten as a vector form given by

vec(sl,k) =

θ̄k+θb∑
θ=θ̄k−θb

σ(θq)h(θq − θ̄k)a(θq) + n (13)

where n stands for the noise component at each of the temporal
and spatial samples, which is independent with other compo-
nents.

By introducing the notation of matrix, (13) can be rewritten
as

vec(sl,k) = Axl,k + n (14)

where xl,k is the vector of scattering coefficient for the discrete
scatterers weighted by the antenna pattern. Letting Q′ denote
the length of scattering coefficient vector xl,k, the MN ′ ×Q′

space–time steering matrix A is expressed as

A = [a(θ̄k − θb), . . . ,a(θ̄k + θb)]
T. (15)

It is worth noting that more precise angular grid quantization
is produced by larger value of Q′, and then enhance the SR
capability.

Considering the inevitable modeling errors in practice, such as
the uncertainty of channel location and mutual coupling effects,
the received space–time snapshot is expressed as

vec(sl,k) = (Axl,k)� z+ n (16)

where � is the Hadamard product, z represents the modeling
errors, the ith random deviation of which is modeled as

Δi = 1 +Δai exp(jΔϕi) (17)

whereΔai andΔϕi is the random amplitude and phase deviation
of the ith element with variance σ2

z .
In this way, the spatial samples and the temporal samples, ob-

tained by the multiple channels and successive coherent pulses,
respectively, form the space–time snapshots, which are used for
FLI of airborne multichannel radar. From (8), the reconstruction
of xl,k from the obtained space–time snapshot is reformulated
as the problem of spatial angular spectral estimation. A coarse
result of xl,k can be obtained by matching filtering, which is
denoted by

xl,k = AHvec(sl,k) (18)

where {}H is conjugate transpose operation.

III. PROPOSED AIRBORNE MULTICHANNEL RADAR FLI
METHOD

A. Iterative MMSE Algorithm

The MMSE-based iterative algorithm was first derived in
radar pulse compression to suppress the range sidelobe induced
by match filtering to the noise level, and then reveal the small
scatterers hidden nearby. The approach determines the specific

receiving filter for each range cell by updating the filter coef-
ficients that matches the real echo adaptively [29]. Motivated
by the performance of adaptive pulse compression, then the
algorithm was extended to direction of arrival (DOA) estimation
named as RISR to complete source localization, with benefits
such as operation with low snapshot, robustness to coherent
sources, and severe noise [30].

Assume that the narrow-band signal impinges on the far-field
uniform linear array (ULA), so the received signal y(t) at time
t can be modeled as

y(t) = Sx(t) + n(t) (19)

where S is the array manifold matrix composed of the spatial
steering vectors expressed as (10).

The RISR algorithm establishes the MMSE cost function and
determines the weighting filter coefficient W by minimizing it,
which is expressed as

minE
{∥∥x(t)−WHy(t)

∥∥2} . (20)

Then, yields the MMSE weighting filter

W =
(
E
{
y(t)yH(t)

})−1
E
{
y(t)xH(t)

}
. (21)

Substituting (19) into (21), and assuming the noise is indepen-
dent of the signal component, with covariance matrix denoted
by Rn = E{n(t)nH(t)}, then we obtain

W = (SPSH +Rn)
−1SP (22)

whereP is the spatial power distribution matrix, which is a diag-
onal matrix with diagonal elements expressed asE{x(t)xH(t)}.
As can be seen from (22), the calculation of MMSE weighting
filter depends on the x(t) to be estimated, which is not available
in advance, hence we need to employ matching filtering to obtain
rough estimate first.

B. Space–Time RISR

To overcome the limitation of physical length of antenna
array, with (22) applied to the spatial snapshots received by
the array aligned cross-track, the distribution of target can be
reconstructed via spatial SR processing, and then the forward-
looking image is obtained via projection. It is worth noting that
the algorithm improves the cross-range resolution of scatterers
to an extent. But the number of DoFs is restricted by the size of
array for airborne radar, the improvement is limited for point-like
targets and the contour of important area, and especially the
performance deteriorates for complex forward-looking scene.

In this section, we extend the spatial SR processing to the
space–time domain and thereby propose the space–time RISR
focusing on the further enhancement of cross-range resolution.
Based on the proposed space–time FLI model in Section II,
the algorithm introduces the additional temporal DoFs in SR
processing and gains higher ability to resolve targets within the
beam.

In the space–time RISR, the initial estimation of xl,k is
obtained from the matched filter processing expressed as

x̂l,k = AHvec(sl,k). (23)
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Algorithm 1: Space-Time RISR Algorithm.
Require:

The space-time snapshot: (sl,k)
The MN ′ ×Q′ space-time steering matrix A

Ensure:
Initialization: xl,k = AHvec(sl,k);
Calculate the initial spatial power distribution matrix;
Determine the power of noise and calculate the noise
covariance matrix;

if the termination condition is not met then
Calculate the MMSE weighting filter

W = (AP̂l,kA
H + σ2

nIMN ′×MN ′)
−1
AP̂l,k

Calculate the estimation result of xl,k

x̂l,k = WHvec(sl,k)

Update the spatial power distribution matrix xl,k

else
Obtain the final estimation for the vector of scattering

coefficient x̂l,k =
√

P̂l,k;
end if
return The estimation result x̂l,k;

Then, define the spatial power distribution matrix as

P̂l,k = [x̂l,kx̂
H
l,k]� IQ′×Q′ (24)

where IQ′×Q′ is an identity matrix of size Q′ ×Q′.
The relatively accurate estimation of xl,k can be obtained by

the minimization of the MMSE cost function, which is computed
as

x̂l,k =

[(
AP̂l,kA

H + σ2
nIMN ′×MN ′

)−1

AP̂l,k

]H
vec(sl,k)

(25)
where σ2

n is the power of noise, which is assumed to be additive
Gaussian white noise. Then, the result of (25) is applied in (24)
to update the spatial power distribution matrix. The recursive
structure of (25) determines that it can be solved iteratively,
i.e., the previous estimation of spatial power distribution matrix
is applied in (25) to compute the new estimation of scattering
coefficient until convergence. The termination condition can be
set as

‖x̂l,k(i)− x̂l,k(i− 1)‖2 < ε (26)

where i is the number of iteration, ε is the preset value (accept-
able error).

We now consider to recover the scattering coefficients in the
presence of modeling errors, which is inevitable in practice,
and demonstrate the robustness of ST-RISR algorithm with the
effects of modeling errors. The MMSE weighting filter becomes

Ŵ =
(
AP̂l,kA

H +Rz + σ2
nIMN ′×MN ′

)−1

AP̂l,k (27)

where Rz is the uncertainty covariance matrix caused by mod-
eling errors, which can be denoted by Ren et al. [27]

Rz = σ2
zIMN ′×MN ′ � (AP̂l,kA

H). (28)

Note that the modeling error term and the additive noise term
are both diagonal matrices, so the impact of them in (27) can
be regarded as regularization, which is an effective way to re-
solve the problem of eigenvalue dispersion for signal covariance
matrix and eliminate the ill-conditional problem in proposed
ST-RISR algorithm. In practice, noise power and modeling error
variance are not known prior. To resolve this issue, an adaptive
diagonal matrix Σ is employed to replace the total covariance
matrix Rz +R. Hence, (27) is slightly modified as

Ŵ =
(
AP̂l,kA

H +Σ
)−1

AP̂l,k. (29)

The noise power estimate can be calculated by [31]

σ̂2
n =

1

MN ′

MN ′∑
i=1

∣∣∣∣∣
iHi (AP̂l,kA

H)
−1
vec(sl,k)

iHi (AP̂l,kAH)
−1
ii

∣∣∣∣∣
2

(30)

where ii is the ith column of the identity matrix IMN ′×MN ′ . The
model error variance σ2

z , determined by an acceptable model
error tolerance, is empirically set to –30 dB of the peak signal
power.

As derived previously, the conventional array processing
based on spatial-only dimension is extended to 2-D space–time
processing. After several iterations, typically 5–10, we obtain the
SR reconstructed scattering coefficient vector for the lth range
gate and kth subblock.

C. ST-RISR-Based FLI Framework

After obtaining the estimation of one scattering coefficient
vector, the next step is to accumulate it to the final image matrix
according to its current beam center position, which is expressed
as

I
(
l, θ̄k

)
= I

(
l, θ̄k

)
+ |xl,k| , θ̄k − θb < θ < θ̄k + θb. (31)

Thus, the proposed FLI method for airborne multichannel
radar generates the final 2-D image by two steps. First, applying
the ST-RISR algorithm to the space–time snapshots one by one
in the sampling data block to obtain the scattering coefficient
vector of each snapshot. And then accumulate them according
to their ranges and beam centers to generate the final 2-D images.
Fig. 2 demonstrates the entire imaging processing flowchart.

Since the temporal dimension is introduced into the SR pro-
cessing in the ST-RISR algorithm, the number of data points
per snapshot is increased from M to MN ′ as compared to the
spatial-only SR method. Thus, for an identical scenario to be
imaged, the ST-RISR-based FLI method gains higher ability to
resolve targets within the beam, yielding better performance for
FLI.

D. Equivalent Array

The spatial SR spectral estimation can break through the
Rayleigh limit, but its performance is still depended on the size
of real or virtual antenna. There is no doubt that the resolution for
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Fig. 2. Demonstration of the FLI method.

Fig. 3. Demonstrations of the effective length of SR processing.

both the real aperture imaging and the SR imaging is improved
with the size of antenna increasing.

As we know, for fixed value of the wavelength, the beamwidth
is mainly determined by the length of the effective equivalent
array, i.e., the length of projection array perpendicular to the
boresight direction θ, which can be expressed as

L̄S = LS cos θ (32)

where LS and L̄S denote the real and effective lengths of the
array, respectively.

Therefore, the length of the projection array can be used as
an evaluation metric for SR spectral estimation. Compared with
forward-looking method based on spatial SR spectral estimation,
the proposed model introduces additional temporal DOFs to
generate azimuth SR spectrum, which contributes to a certain
increase of the length of equivalent array. Fig. 3 shows the ge-
ometry of the effective length in case of space–time processing,
where the ULA is mounted on a moving platform, and the echo

Fig. 4. Increment of effective length by space–time SR processing.

is collected in a CPI consistent of N ′ pulses. As we can see, by
coherently processing of the pulses, a synthetic rectangular array
is generated during the flight of the platform and the length of the
array is corresponding to the temporal DoFs, which is denoted
by

LT = N ′TRv (33)

where TR stands for the pulse repetition interval.
It can be seen that the spatial sampling capability of airborne

radar along with platform motion is characterized by the spa-
tial array mapping of the space–time model, and the physical
mechanism of airborne radar SR imaging is described more
intuitively. The SR imaging of scanning beam of airborne radar
is transformed into the DOA estimation problem of the virtual
array mapped perpendicular to the boresight direction. Now,
we consider the effective length of the synthetic array with
respect to θ caused by the space–time processing, which can be



15294 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

Fig. 5. Results for the simulation scenario. (a) Real beam image. (b) Imaging result of SPICE algorithm. (c) Imaging result of music algorithm. (d) Imaging
result of IAA algorithm. (e) Imaging result of OMP algorithm. (f) Imaging result of ST-RISR algorithm.

Fig. 6. Results for the point targets simulation.

expressed as

L̄ST =
√

L2
T + L2

S sin (θ + β) (34)

where β is calculated by

β = tg−1

(
LS

LT

)
. (35)

Substituting (35) into (34), we obtain

L̄ST =
√

L2
T + L2

S sin

[
|θ|+ tg−1

(
LS

LT

)]
. (36)

From (32) and (36), it is obvious that when employing space–
time SR processing, the effective length of the array is the
synthetic rectangular array oriented perpendicular to the beam
center. Therefore, we now evaluate the increment of the effective
length of ULA brought by space–time SR processing againstLT

and θ for fixed value of the real array length. In Fig. 4, the 2-D
contour image shows the normalized increment of the effective
length, which is defined as

ΔL̄ST =
L̄ST

L̄S
. (37)

As we can see from Fig. 4, the effective length of the array in-
creases with the CPI increasing, indicating an improved azimuth
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TABLE I
PARAMETERS OF SIMULATION

resolution of the FLI. Besides, the increment of effective length
for the scatters deviating from the forward-looking direction is
larger.

IV. SIMULATION AND EXPERIMENTAL RESULTS

In this section, both the simulations results and experimental
results are provided to verify the performance of the proposed
ST-RISR FLI method. We first compare the proposed FLI
method based on the space–time signal model with the FLI
algorithms based on spatial SR spectral estimation. Then, the
advantage of the proposed space–time SR FLI algorithm is tested
via simulated scenario, and the measured data as well. In the
simulation, we defined the signal-to-noise ratio (SNR) as

SNR = 10log10
Ps

Pn
(38)

where Ps is the peak power of the data after pulse compression,
Pn is the power of the additive Gaussian white noise denoted by
Pn = σ2

n . In the simulation and measured data processing, the
number of iterations is preset as 10.

A. Point-Target Simulation Results

First, the effectiveness of the proposed method is verified by
the simulation of point targets. The scene is composed of nine
point targets, each three of which are located at the same range
gate. The simulation parameters are displayed in Table I. Fig. 5
shows the imaging results of the real aperture imaging method,
four spatial SR-based FLI methods including the OMP, MUISC,
IAA, and SPICE-based FLI method, and also the proposed ST-
RISR FLI method. Each of the plots is obtained via averaging
over 100 Monte-Carlo trials.

The real aperture imaging result is shown in Fig. 5(a). The
3 dB width of the real beam is about 2.2◦. Because of the
limitation of the beamwidth of antenna, two close targets on
degree apart in the same range cell cannot be distinguished
after real aperture imaging. The imaging results from the SR
methods based on SPICE, MUISC, IAA, and OMP are presented
in Fig. 5(b)–(e). All the SR imaging methods are illustrated with
the ability of higher cross-range resolution, which can resolve
the two adjacent targets within the main beamwidth to a certain
extent. The results show that the FLI imaging method based on
SPICE algorithm and IAA algorithm improve the cross-range
resolution and suppress the noise. However, the sidelobe of the

TABLE II
PARAMETERS OF SIMULATION

reconstructed point-targets is relatively high. The FLI imaging
method based on MUSIC algorithm has better performance of
distinguishing the two targets localized at –3 and –2◦, but the
estimation of the target amplitude is distorted. The OMP-based
FLI method is very suitable for the resolution enhancement
of isolated, strong, point-like target. However, the capability
of angle estimation becomes invalid when there are multiple
targets in the beam, or even widely distributed targets, which
leads to poor resolution and even false targets in imaging pro-
cessing. Generally, the above-mentioned problems are caused
by insufficient DOFs in spatial processing. Owing to the more
advanced space–time signal model, the space–time SR-based
algorithms gain more DoFs than the existing spatial SR imaging
algorithm. After space–time RISR imaging processing, three
targets in the same range cell are clearly located, which prove
that the algorithm can effectively distinguish multiple targets in
the main lobe, and provide feasibility for airborne radar forward
imaging.

In Fig. 6, the azimuth profiles of the three point targets in
256th range gate are presented. As we can see, the real aperture
imaging and OMP-based FLI method fail to distinguish the
two targets localized at –3 and –2◦, whose interval is less
than the beamwidth of the radar antenna. MUISC, IAA, and
SPICE-based FLI methods can slightly resolve the two adjacent
targets. By contrast, the proposed FLI method based on ST-RISR
has the capability to achieve further resolution enhancement with
lower sidelobe, and obtain more accurate estimates as well.

B. Surface-Target Simulation Results

Then, the advantage of the proposed ST-RISR-based FLI
algorithm is verified via simulated scenarios. Two existing
high-resolution SAR images are selected as the simulation back-
grounds, as shown in the Figs. 7(a) and 10(a), respectively. To
generate the echoes from an airborne forward-looking multi-
channel radar, each of the pixels in the 2-D SAR image is seen
as a ground scatterer, with the corresponding complex value
being the reflectivity. Then, the echo signals from all the ground
scatterers are summed up and the white Gaussian noise with
SNR of 20 dB is added to the echo. The simulation parame-
ters are displayed in the Table II to simulate forward-looking
multichannel echo signals to validate the proposed FLI method.

The first scenario includes some lanes and buildings in a
town. The azimuth covers for –20 to 20◦ and the range covers
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Fig. 7. Results for the simulation scenario. (a) SAR image (background). (b) Real beam image. (c) Imaging result of DBS. (d) Imaging result of OMP-based
method. (e) Imaging result of IAA-based method. (f) Imaging result of space-RISR-based method. (g) Imaging result of ST-RISR method.

from 4000 to 5200 m. Six FLI methods, i.e., the real aperture
imaging, DBS imaging, the IAA-based imaging, the OMP-based
imaging, space RISR-based imaging and space–time RISR-
based imaging methods, are employed to process the simulated
datasets.

The result of real aperture imaging is shown in Fig. 7(b),
where the point targets are obviously blurred, and the contour
features of the surface target are fuzzy. In Fig. 7(c), the DBS
technique can obtain imaging of squint-looking area, regretfully,
fails to FLI, where the poor imaging performance caused by the
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Fig. 8. Enlarged image of zone 1. (a) SAR image (background). (b) Real beam
image. (c) OMP. (d) IAA. (e) Space-RISR. (f) ST-RISR method.

small gradient of Doppler frequency is clearly seen. Fig. 7(d)–(e)
illustrates the results of OMP and IAA-based FLI methods. As
seen, the cross-resolution can be improved by all the meth-
ods. However, The OMP-based method misestimates with the
inaccurate presetting sparsity and hard to recover the surface
targets. The IAA-based method suffers from higher sidelobes. In
Fig. 7(f)–(g), we apply the RLSR algorithm to FLI and present
the imaging results via the RISR method and the space–time
RISR based on the proposed FLI model. Compared with other
SR algorithms, the RISR algorithm achieves more accurate
estimation and low sidelobe. Moreover, space–time RISR shows
a stronger ability to suppress background noise and sidelobe, and
obtain higher cross-range resolution for both point targets and
the surface targets as well. To clearly shown the details of the
images, we enlarged a same part of the images from difference
methods in Figs. 8 and 9.

The second scenario includes some runways in an airport.
We still process the simulated data via the above-mentioned
algorithms, and show the results in Fig. 10. It can be seen
that real aperture imaging cannot distinguish point targets, such
as aircrafts, nor restore the outline of buildings and all the
three methods can provide images with improved the azimuth
resolution as compared to the real aperture imaging method.
By comparing these images, we find that the improvement of
the DBS imaging is really limited. The comparison of spatial
SR and space–time SR imaging results proves that the image
scene can be reconstructed more accurately and the contour
features of buildings can be effectively improved by effectively
utilizing the Doppler frequency information generated by the

Fig. 9. Enlarged image of zone 2. (a) SAR image (background). (b) Real beam
image. (c) OMP. (d) IAA. (e) Space-RISR. (f) ST-RISR method.

TABLE III
MAIN RADAR SYSTEM PARAMETERS

relative motion between moving platform and target. For a more
intuitive comparison, Figs. 11 and 12 are enlarged images of two
sets of details.

C. Measured Data Processing

In this section, the improved performance of the proposed
method is further validated by a group of measured data collected
by an X-band airborne multichannel radar. The radar systems
have four independent receiving channels, and work in forward-
looking scanning mode. The major parameters are listed in
Table III.

The scenario of interest is from a mountain region. Fig. 13(a)
shows the real aperture imaging result, wherein the scatterers
clearly blurred due to the poor cross-range resolution. The tradi-
tional monopulse method can obtain finer cross-range resolution
to some extent, as shown in Fig. 13(b), for those isolated, strong,
point-like targets particularly. However, the contour of the land
is missed.
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Fig. 10. Results for the simulation scenario. (a) SAR image (background). (b) Real beam image. (c) DBS. (d) Space-RISR. (e) ST-RISR method.

Fig. 11. Enlarged image of zone 1. (a) Space-RISR. (b) ST-RISR method.

In Fig. 13(b), the imaging result are obtained by the OMP-
based FLI method. It can be seen that, the azimuth resolution is
improved, particularly for those isolated and strong point targets.

Fig. 13(c) shows the imaging result of the RISR algorithm,
which can achieve higher resolution than the real aperture
imaging method and the OMP-based FLI method. In contrast,
the imaging result of the proposed space–time RISR-based FLI
method is provided in Fig. 13(d), with the core of applying the
RISR algorithm on the received space–time snapshot. It is clear
that the scenario is better reconstructed with higher cross-range
resolution and clearer terrain profile.

Fig. 12. Enlarged image of zone 2. (a) Space-RISR. (b) ST-RISR method.

TABLE IV
ENTROPY AND CONTRAST OF MEASURED DATA

Besides, from the perspective of image entropy and contrast,
as shown in the Table IV, the proposed FLI method is indicated
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Fig. 13. FLI results for the measured mountain region. (a) Real beam image. (b) Imaging result of OMP. (c) Imaging result of space RISR. (d) Imaging result of
the proposed ST-RISR method.

to obtain clearer SR image than other methods with the lowest
image entropy and the highest contrast.

V. CONCLUSION

In this article, a novel space–time RISR-based FLI method
was proposed to improve the cross-range resolution for airborne
multichannel radar. In this method, the SR processing is applied
on the 2-D data sampled in both spatial and temporal domains,
wherein the spatial sampling is achieved by multichannel re-
ceiving technique, while the temporal sampling is achieved by
receiving a ground of coherent pulses. By adopting adaptive
array signal processing, multichannel radar system gains the
ability to improve the azimuth resolution, and by introducing
the slow-time domain to imaging, we obtained a more accurate
SR image via increasing the DOFs. The proposed method was
evaluated by the scenario simulation and the measured data
processing results, which proved its superiority compared with
current multichannel radar FLI algorithms, and applicability in
practical processing.
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