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Abstract: The problem of enhancing angular resolution capability using a non-coherent
radar network has been considered. A 2D-Localization approach based on block-
FOCUSS is proposed to overcome the near-field effects. In this method, range-angle
coupling due to the large baseline between radar units is taken into account. The perfor-
mance of the proposed method is compared with two state-of-the-art direction-of-arrival
estimation methods which are based on block-FOCUSS and block-OMP.

1. Introduction

Different sensors including camera, lidar, and radar are employed for autonomous driving.
Among them, radar offers many advantages like robust performance under adverse weather
conditions such as rain, snow, and fog [1]. In addition to all weather operation, radar provides
high-resolution range and velocity measurements. However, its main drawback is low angular
resolution due to limited aperture size constrained by automotive design requirements. As mod-
ern vehicles equipped with multiple radars for advanced driver assistance systems, enhancing
radar resolution via a radar network with a distributed aperture [2] might be a solution.

Radar networks are operated coherently or non-coherently. With special hardware and signal
processing techniques, coherency between radar units might be established [3]. On the other
hand, non-coherent operation reduces the complexity of the system. Different techniques have
been proposed to increase angular resolution of non-coherent radar networks. Trilateration [4]
and integration of MIMO-DBS images from different radar units [5] are two examples of these
methods.

The total aperture of a radar network is composed of the apertures of each radar unit and the
baseline between them. An increased aperture size improves the angular resolution of the radar
network. However, far-field assumption for target location is violated for the total aperture,
although it holds for individual small apertures. Therefore, near-field effects and range-angle
coupling [6] should be considered when direction of arrival is estimated with a radar network.
The first effect is that the same target will be observed from different aspect angles by different
radar units. It causes variations in both angle of arrival and scattering parameters. Secondly,
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plane wave assumption does not hold for the total aperture of the system. Therefore, spherical
wave model should be considered for accurate signal representation.

The problem of different aspect angles are handled with block-sparse reconstruction in [7].
Block Orthogonal Matching Pursuit (BOMP) is employed to fuse the multi-aspect ISAR im-
ages. The same idea is utilized for automotive radar case in [8], where BOMP algorithm is used
to optimize the positions of incoherent antenna arrays. However, a better performance in terms
of angular resolution is reported with block-FOCUSS algorithm [9].

The state-of-the-art block-FOCUSS method operates with the assumption that different radars
observe the targets in the same range bins. This assumption holds for relatively small baseline
distances. However, large baseline distance is required for a higher spatial gain. Therefore,
in this work, the effect of baseline distance on DoA estimation is investigated. With a larger
baseline distance, the difference between measured range values in each radar increases. This
leads to a performance degradation in resolution capability. A novel 2D-Localization approach
based on block-FOCUSS is proposed to solve this issue. Instead of searching in only angular
dimension, range dimension is added into the search grid with the proposed 2D-Localization
approach. The performance of the proposed method and the state-of-the-art is illustrated with
Monte-Carlo simulations.

The signal model for a distributed radar system is described in Section 2.. The non-coherent
processing approach with block sparsity is summarized in section 3.. In this section, a novel 2D-
Localization approach based on Block-FOCUSS is introduced in addition to DoA estimation.
Subsequently, the performance of the 2D-Localization method is evaluated in Section 4.. Finally,
the conclusion is given in Section 5..

2. Signal Model

A radar network composed of two MIMO radar units are considered in this work as shown in
Fig. 1. Each radar unit has an ULA consist of N virtual channels with λ/2 spacing. The radar
units are placed on the x-axis with equal distance from the origin, where this distance creates the
baselineBl. The total aperture of a radar network determined by the baselineBl, and the far-field
distance is calculated as 2B2

l /λ. If radar units are widely separated, then the far-field distance of
a radar network could reach 500 times of the far-field distance of a single radar unit. However,
plane-wave assumption could be still used to define signal model for each radar unit although
a target stays in the near-field of the radar network [9]. The key aspect of this formulation is
that the radar units observe the same target from different aspect angles as shown in Fig. 1. This
leads to change in reflection coefficient observed at each radar unit. Block-sparsity formulation
has been proposed to solve this issue [7].

The signal model for the lth radar unit composed of N virtual channels is given by (1). Here,
yl ∈ CN×1 is the measurement vector which contains samples obtained fromN virtual channels
after range-Doppler processing. The source vector xl ∈ CNs×1 represents reflection coefficients
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Figure 1: Geometry of a radar network composed of two radar units.

ofNs grid points in the scene. DoA information is described in the sensing matrix Al ∈ CN×Ns .
The sensing matrix Al contains different steering vectors for each aspect angle in the defined
grid as shown in (2). The additive white Gaussian noise is represented with nl ∈ CN×1 in the
signal model as:

yl = Alxl + nl for l = 1, 2 (1)

Al =
[
al(θ1), al(θ2), . . . , al(θNs)

]
where al(θk) =

[
1, ej

2π
λ
d sin(θk), . . . , ej

2π
λ
(N−1)d sin(θk)

]T
(2)

The common grid is defined according to the origin of the radar network for range Rk with Ns

points. Different DoA values observed from each radar unit for these grid points are calculated
by using geometric relations. The sensing matrices of each radar unit (Al) are generated by
considering plane-wave assumption, with the calculated DoA values.

In addition to formulation stated in (1), we formulated the same problem with spherical wave
model in this work. The first difference in this formulation is that the grid is defined in two-
dimensions rather than only angular domain. In this case, the grid points are defined in Cartesian
coordinate system with the position vector ~rn, and the source vector xl is created by vectorizing
the reflection coefficients of Ns grid points. The sensing matrix Al takes the form stated in (3).
For each grid point, the position vector ~rn is defined from the origin of the system to the nth

grid point.
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Al =



a
(l)
1 (f

(l)
1 , ~r1) a

(l)
1 (f

(l)
1 , ~r2) · · · a

(l)
1 (f

(l)
1 , ~rNs)

...
... . . . ...

a
(l)
1 (f

(l)
K , ~r1) a

(l)
1 (f

(l)
K , ~r2) · · · a

(l)
1 (f

(l)
K , ~rNs)

a
(l)
2 (f

(l)
1 , ~r1) a

(l)
2 (f

(l)
1 , ~r2) · · · a

(l)
2 (f

(l)
1 , ~rNs)

...
... . . . ...

a
(l)
N (f

(l)
K , ~r1) a

(l)
N (f

(l)
K , ~r2) · · · a

(l)
N (f

(l)
K , ~rNs)


(3)

The elements of Al is given for mth channel and nth grid point. Each element of the
steering matrix is the product of the point spread function in frequency domain and
the propagation delay for the corresponding grid points as given via a

(l)
m (f

(l)
k , ~rn) =

P (l)(f
(l)
k , ~rn) e

−j 2π
λ
(|~R(m)

tx −~rn|+|~R
(m)
rx −~rn|) The point spread function P (l)(f

(l)
k , ~rn) is defined for K

frequency points where f (l)
k are the discrete frequency bins for the lth radar unit. For an FMCW

radar, point spread function P (l)(f
(l)
k , ~rn) after range-Doppler processing would be equivalent

to the beat spectrum. Besides point spread function, the propagation delay is calculated for the
mth MIMO channel between the transmitter at ~R(m)

tx and the receiver at ~R(m)
rx . This leads to the

second difference in the formulation, where the spherical wave model is considered.

3. Non-Coherent Processing for a Radar Network

3.1. Block-FOCUSS Algorithm

Block-FOCUSS algorithm is an extension of FOCUSS algorithm with block-sparsity assump-
tion. It is assumed that the source vector xl observed from each radar unit has the non-zero
values at the same position. Block-sparsity is formulated with `2,1 norm in the optimization
problem as given in (4) [9]. Here, X matrix is created by stacking every source vector xl from
L radar units. `2,1 norm is calculated in two steps. Firstly, cn values are calculated which is
the `2-norm of each row of X matrix. In the second step, `1-norm of cn values are calculated
to achieve `2,1 norm of X matrix. For L number of radar units, the details of Block-FOCUSS
algorithm are described in Algorithm 1. When this algorithm is utilized for DoA estimation, the
sensing matrices Al stated in (2) are formed as described in [9].

min
x1,...,xL

L∑
l=1

‖yl −Alxl‖22 + µ‖X‖2,1 (4)

3.2. Proposed 2D-Localization Approach based on Block-FOCUSS

In this work, we proposed a 2D-Localization approach based on Block-FOCUSS. Different
from DoA estimation with Block-FOCUSS, the search grid is defined in two dimensions. This
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Algorithm 1 Block FOCUSS algorithm for multiple apertures

1: Inputs: yl, Al for l = [1, 2, . . . , L]

2: Outputs: x̂, δ
3: Initialize k = 0; W(0) = I; δt = 10−8; δ = 1; x̂(0) = y; µ = noise variance
4: while δ > δt do
5: k = k + 1

6: for l = [1, 2, . . . , L] do
7: A

(k)
l = AlW

(k−1)

8: q
(k)
l = (A

(k)
l )H

(
A

(k)
l (A

(k)
l )H + µI

)−1
yl

9: x
(k)
l = W(k−1)q

(k)
l

10: end for
11: X =

[
x1 x2 . . . xL

]
∈ CNsxL

12: ‖X‖2,p =
∑Ns

n=1(cn)
p where cn =

√∑L
l=1 |xn,l|2

13: W(k) = diag
(
(c

(k)
1 )p, (c

(k)
2 )p, . . . , (c

(k)
Ns
)p
)

14: x̂ =
[
(c

(k)
1 )p, (c

(k)
2 )p, . . . , (c

(k)
Ns
)p
]T

15: δ = ‖x̂(k)−x̂(k−1)‖2
‖x̂(k−1)‖2

16: end while

leads to an increase in the computational cost because the search grid becomes bigger. There-
fore, two steps are applied to decrease the dimension of the sensing matrices Al before utilizing
them in Block-FOCUSS algorithm. The first step is to select a region of interest. The coarse
angular estimation from single radar units is utilized to determine the region of interest. Instead
of scanning a large area, the algorithm only looks for a region where at least one target presents.
The second step is that only three frequency points of the beat spectrum is employed for point
spread function P (l)(f

(l)
k , ~rn). The detected beat frequency and the adjacent bins are involved

into the sensing matrix. All steps applied in 2D-Localization approach are listed in Algorithm 2.

Algorithm 2 2D-Localization Approach based on Block-FOCUSS
1: Obtain range-angle estimation for each radar unit
2: Determine region of interest for search grid
3: Generate sensing matrices Al’s as given in (3)
4: Apply Block-FOCUSS algorithm given in Algorithm 1 with the generated sensing matrices

Various grid definitions could be employed to define a search grid in two dimensions. In this
work, two different grid definitions are investigated based on Cartesian coordinates and polar
coordinates. For both grid definitions, the origin is the same as the origin of the radar network.
Examples for both grid definitions are illustrated in Fig. 2. The performance obtained with two
grid definitions are compared in the results section.
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Figure 2: Example search grid points for 2D-Localization method.

4. Simulation Results

Monte-Carlo (MC) simulations are conducted to evaluate the performance of the described
methods in this work. A radar network composed of two identical MIMO radars is employed in
the simulations. The parameters of a single radar unit is given in Table 1. The baseline distance
is changed from 0.5 m to 3 m by 0.5 m steps. For 0.5 m baseline distance, the far-field distance
is calculated as 125 m. The targets are located at 20 m range. Therefore, the simulated targets
stay in the near-field of the system.

Table 1: Radar parameters used in MC simulations

Parameter Values

Center frequency 78.0 GHz
Bandwidth (B) 250 MHz
Sweep Time (T) 25.6 µs
Number of chirps 16
Sampling frequency 10 MHz
Number of transmitters 3
Number of receivers 4

Angular resolution capability of the discussed methods in near field is evaluated by Monte
Carlo simulations. Two point targets are placed at 20 m range, and the angular separation of the
targets varies between 1◦ to 10◦ with 1◦ steps. The test targets are located between −30◦ to 30◦.
In each MC simulation, target phase is realized with U(0, 2π). SNR value is 20 dB after range-
Doppler processing. The performance is assessed via running 500 signal realizations for each
angular separation case. DoA estimation performance is evaluated by three metrics: probability
of resolution (PR), root-mean-square-error (RMSE), and the false alarm rate (FAR).
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The effect of baseline distance on the performance of DoA estimation is investigated with the
described MC dataset. DoA estimation with block-FOCUSS and B-OMP are compared with
the proposed 2D-Localization approach. When the baseline distance is 1 m, the resolution ca-
pability of different methods are illustrated in Fig. 3(a). Compared to block-FOCUSS based
approaches, BOMP is not capable of resolving targets that are separated by less than the angular
resolution of a single radar. Among block-FOCUSS based methods, 2D-Localization approach
using polar grid performs similarly to DoA estimation with block-FOCUSS. However, employ-
ing a Cartesian grid does not offer any advantage. Instead, it results in lower PR and higher
RMSE. FAR is even higher than that observed with BOMP.

The performance metrics for varying baseline distances ranging from 0.5 m to 3 m are presented
in Fig. 3(b). The reported values represent the mean performance across all angular separation
scenarios for each baseline distance. The different methods exhibit similar behavior to that
observed in Fig. 3(a). However, for block-FOCUSS based methods, a decline in PR metric
and an increase in RMSE is observed as the baseline distance increases. This performance
degradation occurs due to the violation of the assumption made in [9], which requires that both
radars observe the targets within the same range bin. When the baseline distance exceeds 2 m,
this condition no longer holds, and the block-FOCUSS algorithm receives measurements from
only one radar. However, the methods maintain high resolution capability due to the inherent
performance characteristics of FOCUSS algorithm.
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Figure 3: (a) Comparison of performance metrics for different methods when the baseline dis-
tance is 1 m. (b) Effect of baseline distance on the performance metrics.

5. Conclusion

Radar networks are utilized to overcome low angular resolution of simple MIMO radars due
to the limited size of their apertures. For non-coherent processing methods, block-FOCUSS
and BOMP algorithms are two of the state-of-the-art approaches. These methods rely on the
assumption that the radars observe the targets in the same range bin. However, this assumption
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is no longer satisfied as the baseline distance increases. In this work, the effect of baseline
distance on DoA estimation performance is investigated. Besides the state-of-the-art methods,
a novel 2D-Localization approach based on block-FOCUSS is proposed. Two different grid
definitions are chosen as Cartesian grid and polar grid. When the resolution capability of the
state-of-the-art and the proposed methods are compared, a performance degradation is observed
with larger baseline distances. A similar behavior to DoA estimation with block-FOCUSS is
obtained with the proposed 2D-Localization approach. Future work will focus on investigating
potential performance improvements of 2D-Localization approach.
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