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Abstract—In this paper, we present signal processing methods for automotive radar imaging. Our focus is to enhance
angular resolution of the radar image. We consider frequency
modulated continuous wave signalling. We propose a forward
scanning synthetic aperture radar methodology, which combines
scene scanning and synthetic aperture processing. To take full
advantage of this methodology, we propose two algorithms: i)
a modified back projection algorithm, which capitalises on the
target information available in range domain as well as in the
azimuth domain, and ii) an algorithm based on state-of-the-art
technique of compressed sensing, which preserves features of the
target objects as well as parsimony of the target scene. Simulation
results verify our proposed methodology.
Index Terms—Automotive SAR, angular resolution, back projection, compressed sensing.

I. I NTRODUCTION
Automotive (Auto-) radar has received a lot of attention
recently, especially in the context of autonomous cars [1],
[2]. Mainly, its role has been restricted to detection and/or
collision avoidance only. Scene imaging has mostly been
performed by lidar and camera, whose imaging capabilities
are reduced in severe weather conditions, e.g., in fog, rain,
etc. The radar can perform even in such harsh conditions and
create an image of the target scene. Recently, automotiveterrain imaging capabilities of a low-THz radar were presented in [3] by using frequency modulated continuous wave
(FMCW) signalling. Low-THz frequencies provide the radar
with enhanced penetration capabilities and the radar can cope
with severe weather conditions.
A main challenge for the Auto-radar is its range and angular
resolution. Range resolution can be increased by increasing
transmit signal bandwidth. However, azimuth resolution (AR)
depends on physical aperture of the radar. One way out is to
use a synthetic aperture radar (SAR). Given the movement of
the vehicle, SAR processing can easily be implemented in the
Auto-radar. Generally, a side looking (SL) SAR achieves maximum gains of the synthetic aperture. However, an Auto-radar
mostly works as a forward looking (FL) radar. This reduces
the effective synthetic aperture. Thus, AR enhancement of an
Auto-radar with SAR mechanism has very limited gains. This
paper tackles the issue of AR enhancement in this scenario.
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AR enhance of FL-SAR has been a subject of research for the
past many years. In [4], a sector imaging radar for enhanced
vision (SIREV) has been presented, where synthetic aperture is
created by sequentially selecting the receive antenna elements.
However, AR is still limited by the length of the antenna
array. Some direction of arrival (DOA) based approaches, e.g.,
[5], [6] can also be used. However, their performance can be
limited by the number of frequency channels. Substantial literature consists of deconvolution approaches to improve the AR,
e.g., [7], [8], [9]. Since the received signal can be considered
as a convolution between the antenna pattern and the target
scene, a deconvolution process can potentially improve the
AR. However, AR improvement through deconvolution is an
under-determined problem, i.e., the number of unknowns are
more than the number of available measurements. This can
be circumvented by using different regularization techniques.
A common regularization technique is to use an `2 -norm
penalty. This can result in a unique solution to the problem.
However, automotive target scenes are sparse in nature and
an `2 -norm penalty cannot preserve sparsity in the underdetermined setting. Nonetheless, using an `1 -norm penalty can
offer a sparse solution. This is a well known fact in the theory
of compressed sensing (CS) [10]. CS has been used in a
number of radar related problems, e.g., [11], [12]. In [13],
CS was used to improve the AR of a scanning phased array
radar. In this paper, we use a similar approach to increase AR
of an Auto-radar for a given range bin. However, our method
includes SAR processing as well, which can further enhance
AR and result in improved imaging.
In terms of SAR processing, a number of algorithms are
available, e.g., Doppler beam sharpening, range migration
algorithm, back projection (BP), etc. Most of these techniques
can be applied only under certain conditions. However, BP
algorithm is quite flexible and it can be applied to a variety
of imaging scenarios. Therefore, we work with BP for the
purpose of automotive scene imaging. A limiting factor for
BP is its computational complexity. However, a number of
fast implementations of BP are available.
In this paper, we provide techniques to enhance AR of the
Auto-radar while forming a 2-D radar image. We use a
monostatic FMCW radar that operates at low-THz frequencies.
The radar scans the target scene at multiple look angles (LAs)
and then moves to the next scanning position over the aperture.
We call this process as forward scanning SAR (FS-SAR).
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The received signal at lth scan step and θth LA can be written
as
U
X

sRx
(t)
=
αu exp j2πf0 [t − τl,θ (u)] + jπβ[t − τl,θ (u)]2
l,θ
(2)
where αu is the reflectivity coefficient and τl,θ (u) is the twoway time delay of the uth scatterer. After deramping, lowpass filtering and deskewing, the resulting signal in (2) can be
written as
U
X
sl,θ (t) =
αu exp(j2πf0 τl,θ (u)) exp(j2πβτl,θ (u)t) (3)

Synthetic Aperture (l)

Fig. 1.
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FS-SAR schematic (2-D).

Note, we assume a mechanically steered beam. However,
electronic scanning can also be implemented. We enhance
the AR by using the CS techniques for each scan. Then,
SAR processing is done over the reconstructed scans of the
complete aperture. We also provide a modified back projection
algorithm which utillizes the returns from all LAs as well as
all aperture positions. The modified back projection does not
require any pre-processing.
Organisation. Section II presents the system model, Section
III describes the proposed algorithms, i.e, modified back projection and compressed sensing based back projection, Section
IV provides simulations and conclusions are given in Section
V.
Notations. Matrices are in upper case bold while column
vectors are in lower case bold, [X]i,j is the ijth entry of
the matrix X, IN is the identity matrix of size N × N , 0N
is a vector of size N × 1, (·)T denotes Transpose, (·)H is
Hermitian, (·)−1 denotes inverse, ⊗ stands for the Kronecker
∆
product, ? describes the convolution, x̂ is the estimate of x, =
defines an entity, F{·} describes a Fourier transform operation,
↑κ,κ0 (X) upsamples the matrix X by an order κ along its rows
and by an order κ0 along its columns and the `p -norm of a
PN −1
vector x is denoted as ||x||p = ( i=0 |[x]i |p )1/p .
II. S YSTEM M ODEL
Figure 1 represents the schematic of the proposed FS-SAR
for 2-D processing, where l ∈ [−L/2, L/2] is the aperture
sample, θ ∈ [−θmax , +θmax ] is the LA, r ∈ (0, Rmax ]
is the Euclidean distance between the target and the radar,
(xi , yj ) is the target location in a Cartesian coordinate system
(CCS) which can also be represented
in a polar coordinate
q
∆
∆
2
system (PCS) with range rij = xi + yj2 and angle θij =
tan−1 (yj /xi ).
Let the generic FMCW transmit pulse be

(1)
sTx (t) = exp j2πf0 t + jπβt2
∆

where f0 is the carrier frequency, β = B/T is the chirp rate,
B is the bandwidth of the transmitted signal, T is the pulse
repetition interval (PRI) and t ∈ (0, T ] is the fast time variable.

where the exponent j2πβτl,θ (u)t carries information regarding
target range and the exponent j2πf0 τl,θ (u) is important for
SAR processing. Now, the range profile can be generated by
taking the Fourier transform of sl,θ (t) and then using a linear
transform to the range domain, i.e.,
xl,θ (r) = F{sl,θ (t)}|r= f c .

(4)

2β

∆

Let ∆r = c/2B be the range resolution and rnr , for
nr = 0, 1, · · · , Nr − 1, reference the range bins, where,
∆
Nr = Rmax /∆r . From (4), we can represent the target
scene reflectivities along azimuth for the rnr th range bin by
xl,rnr (θ), i.e.,
max
xl,rnr (θ) = {xl,θ (rnr )}+θ
θ=−θmax .

(5)

Note, we drop the subscript nr from xl,rnr (θ) in the following.
If h(θ) represents the antenna beam of angular length 2φ then
the signal measured along the azimuth can be written as
yl,r (θ) = h(θ) ? xl,r (θ) + nl,r (θ)

(6)

where yl,r (θ) is the measured signal and nl,r (θ) is additive
white Gaussian noise. We can represent h(θ) as an Nh × 1
vector h with Nh = b2φ/δθ c + 1, yl,r (θ) as an Nθ × 1 vector
yl,r with Nθ = b2θmax /∆θ c + 1 and xl,r (θ) as an Nx × 1
vector, xl,r , with Nx = ξNθ +Nh −1. Note, ∆θ is the angular
sampling interval of the measurements and δθ is the desired
sampling interval required for AR, where ξ = ∆θ /δθ and
ξ  1. Thus, we can write (6) in the following sampled form.
yl,r = GHxl,r + nl,r

(7)

where nl,r is an Nθ × 1 noise vector and H is the (ξNθ −
1) × Nx convolution matrix, defined as


hH
0T(Nx −Nh )

0
hH 0T(Nx −Nh −1) 
∆ 

H=
(8)
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0T(Nx −Nh )
hH
and G is an Nθ × (ξNθ − 1) selection matrix. Now, for all
range bins, we can modify (7) as
Yl = GHXl + Nl

(9)

where Yl , Xl and Nl are Nθ × Nr , Nx × Nr and Nθ × Nr
matrices, respectively.

∆

III. FS-SAR A LGORITHMS
Traditionally, a SAR operates in two basic mode, i.e.,
stripmap mode and spotlight mode. Our proposed FS-SAR is
partly related to both of these modes but is not the same. We
scan the target scene at different LAs and then move over the
aperture to the next scan step. However, neither the target area
remains fixed as in spotlight mode, nor the LA remains fixed as
in stripmap mode. In this section, we provide two algorithms
regarding the FS-SAR methodology. Our approach is based on
BP. The flexibility of BP for different SAR mode of operations
makes it a feasible candidate for imaging automotive target
scenes.
A. Modified Back Projection
We first introduce a modified version of BP. In principle, all
of the measurements from each scanning step on the aperture
are projected back to the target location. Thus, a coherent
combination of all measurements corresponding to the target location generates a combined response of the synthetic
aperture. To this end, the measurements are first upsampled
via interpolation and subsequently integrated over the aperture
to generate a SAR image. In our case, we gain information
both from the range and the angular domain. Therefore,
the interpolation can be done over both the domains. This
phenomenon leads to the modification of the standard BP.
Let ↑κ,κ (Yl ) represent the upsampled form of Yl in (9),
where κ is the order of interpolation along rows and columns.
Then, the reconstructed image of the target scene in CCS, via
modified BP (MBP), can be written as
XX
MBP
γij
=
[↑κ,κ (Yl )]θ,Irij
(10)
θ

l

where qIrij is the column index corresponding to range
rij = (xi − l)2 + yj2 . Thus, in MBP, the measurements are
upsampled via interpolation over both the azimuth and the
range domains as a first step and then integration is carried
out over both the aperture and angle for each target location.
This accumulation of back scattered energy results in enhanced
AR and better radar image reconstruction.
B. Compressed Sensing Based Back Projection
The FS-SAR method increases target response by generating
target information over both the aperture and the angular
domains. The MBP algorithm has the ability of capturing all
of the target back-scattered energy. However, it cannot create
a big contrast of reflectivity between neighbouring scatterers.
This goal can be achieved by using CS, which produces a radar
image consisting of few bright scatterers only. Our approach
is to use CS for reconstructing individual scans and then using
BP for SAR processing.
Let (9) is written in the following vectorised form.
yl = [INr ⊗ (GH)] xl + nl
{z
}
|
∆

=Φ

(11)

∆

∆

where yl = vec(Yl ), xl = vec(Xl ) and nl = vec(Nl ) are
Nθ Nr × 1, Nx Nr × 1 and Nθ Nr × 1 vectors, respectively.,
and Φ is an Nθ Nr × Nx Nr measurement matrix. Since Nθ 
Nx , (11) is an under-determined system of linear equations.
Under the CS framework, an estimate of xl can be obtained
by solving the following optimisation problem (OP).
2

1

x̂l = arg min kyl − Φxl k2 + λ kxl k1

(12)

xl

where λ > 0. Generally, the CS framework puts certain
conditions on the measurement matrix to guarantee a unique
and sparse solution. One parameter of these conditions is
known as mutual coherence, which basically indicates the
interdependence of the columns of measurement matrix. The
lower the mutual coherence, the better the results. Another
parameter is known as restricted isometry property, which
basically indicates if every submatrix of the measurement
matrix with less than K = kxl k00 columns acts like an
orthonormal matrix. In essence, these parameters give a bound
on the number of measurements required to estimate the
number of unknown nonzero elements, i.e., K, for different
measurement matrices, e.g., Gaussian, Bernoulli and partial
Fourier matrices [14]. In the context of our application, some
works, e.g., [13], provide heuristic assessments of using a
uniform sampling matrix as a measurement matrix to obtain
reasonable performance results. In this paper, we continue with
such an approach and we obtain measurements at uniform
angular intervals.
The OP in (12) is known as least absolute shrinkage and
selection operator (LASSO). It basically generates elementwise sparse estimate of xl , depending on the λ. However, it
does not exploit any specific structure in the elements of xl .
In our application, a target scene consists of objects which
have a continuum of a reflective surface. Therefore, we need
an OP which exploits the correlations between consecutive
elements of xl . In this paper, we propose to use fused LASSO
(F-LASSO) [15] for Auto-radar imaging. It can be written as
2

1

1

x̂l = arg min kyl − Φxl k2 + λ kxl k1 + λf kDxl k1
xl

(13)

where λf > 0 is a fusion penalty parameter and D is the
Nx Nr × Nx Nr fusion matrix, i.e.,
1
kDxl k1

=

NxX
Nr −1

k[xl ]m − [xl ]m−1 k11 .

(14)

m=1

We can see (14) concerns the difference of consecutive elements in xl . Thus, both the individual elements as well as
the difference of elements of xl are penalised by F-LASSO.
Therefore, we obtain enhanced AR as well as an improved
radar image. We suggest solving (13) by using alternating
direction method of multipliers (ADMM) [16] based methods.
Now, the estimate x̂l can be reshaped into an Nx × Nr matrix
X̂l . By using X̂l , the radar image can be reconstructed via CS
based BP (CBP) as
X
CBP
γij
=
[↑1,κ (X̂l )]Iθij ,Irij
(15)
l
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However, our methods are applicable for larger sizes as well.
Radar motion is confined to the x-axis at y = 0. Note, this
movement pattern does not limit the proposed methods and
is presented as an example only. Figure 3 shows the radar
path. We consider radar angular scan range from −15◦ to
+15◦ , with angular steps, ∆θ = 0.5◦ . Maximum range for
each scan Rmax = 2 m. We consider Nl = 8 aperture steps
with aperture sampling interval ∆l = 25 cm. In the proposed
FS-SAR methodology, the target area with higher visits from
the radar acquires higher back scattered energy. This can be
seen in Figure 3 by areas illuminated with higher intensity.
Our target scene, in Figure 4, shows the requirements of a
typical road scene. There are eight target objects. Each target
is spread over 5 × 3 group of cells. The distance between the
objects along x-axis is of two cells, i.e, 5 cm and the distance
between the objects along y-axis consists of one cell, i.e., 2.5
cm. Note, this amounts to requiring a better AR of almost
half an order of magnitude at a range of 4 m. We generate the
measurements according to (6). We assume an SNR of 10 dB
defined in terms of (11) as
∆

SNR =

0

kΦxl k22
.
Nθ Nr σ 2

(16)
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Auto-radar measurement path.

where Iθij is the row index and Irij is the column index in
↑1,κ (X̂l ), corresponding to angle θij = tan−1 ((xi − l)/yj )
and range rij , respectively. Thus, in CBP, measurements are
upsampled in the range domain only, whereas upsampling in
the azimuth domain is unnecessary due to CS based preprocessing. Further, integration is done over the aperture
domain as a second step. A combination of CS based reconstruction over the angle domain with SAR processing provides
improved AR and Auto-radar imaging.

The measurements are generated for every LA at every aperture step. A superimposed representation of all the measurements is given in Figure 5. We can see that the objects
are distinct in the range domain because of the fine range
resolution. However, the objects cannot be resolved in the
azimuth.
Figure 6 shows the result of image reconstruction via MBP. In
comparison to the raw measurements, the image constructed
via MBP is much better. The contrast between target objects
in the azimuth is not stark. However, a dark border between
the objects is clearly visible. Figure 7 shows the result of
image reconstruction via CBP. We see improved results in
comparison to MBP. Each object has been reconstructed
completely. Target objects are clearly distinguishable both in
the range and the azimuth. The specular artefacts of the target
scene have also been supressed. Thus, F-LASSO not only
creates parsimony in the solution but also preserves the target
features. Note the tuning parameters λ and λf in (13) can be
selected via cross validation.

IV. S IMULATIONS
We consider an FMCW monostatic radar with carrier frequency f0 = 150 GHz and 3 dB beamwidth θ3dB = 2◦ . As the
knowledge of beam pattern is essential for AR improvement,
we consider the beam pattern described by [17]. Figure 2
shows such a beam pattern, used in our simulations.
Since the radar signal bandwidth B = 6 GHz, in our case, the
range resolution ∆r = 2.5 cm. We create the target scene as
a grid consisting of cells, in the CCS, where the size of these
cells equals the range resolution in both axes. A target object
may spread over a number of cells.
For the simulation, our target scene occupies an area of 2 × 4
m2 . Note, this size is for the sake of demonstration only.

V. C ONCLUSIONS
In this paper, we have presented signal processing techniques to improve azimuth resolution for Auto-radar imaging.
We have used FMCW signalling for a THz radar. We have
proposed an FS-SAR methodology which generates maximum
back-scattered energy of the radar illuminated targets. We have
proposed two algorithms, namely, modified back projection
and compressed sensing based back projection, in order to
benefit from the FS-SAR methodology. Our algorithms are
applicable in a variety of road scenes. Simulation results prove
the validity of our proposed methods.
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