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A Novel Approach to Unambiguous
Doppler Beam Sharpening for
Forward-Looking MIMO Radar

Sen Yuan , Graduate Student Member, IEEE, Pascal Aubry ,
Francesco Fioranelli , Senior Member, IEEE,

and Alexander G. Yarovoy, Fellow, IEEE

Abstract—The ambiguity problem of targets in Doppler
beam sharpening (DBS) with forward-looking radar is con-
sidered. While DBS is proposed earlier to improve the
angular resolution of the radar while keeping the antenna
aperture size limited, such a solution suffers from ambigu-
ities in the case of targets positioned symmetrically with
respect to the platform movement. To address this problem,
an approach named unambiguous Doppler-based forward-
looking multiple-input multiple-output (MIMO) radar beam
sharpening scan (UDFMBSC) is proposed, based on the
combination of MIMO processing and DBS. The performance
of the proposed method is compared to existing approaches
using simulated data with point-like and extended targets. The
method is successfully verified using experimental data.

Index Terms— Beam scan, Doppler beam sharpening (DBS), forward-looking radar, multiple-input multiple-output
(MIMO) radar processing.

I. INTRODUCTION

THE success of autonomous vehicles strongly depends
on their environment-sensing capabilities. Autonomous

vehicles are equipped with multiple sensors, including radars,
cameras, and lidars [1]. Among them, radar can provide accu-
rate and direct measurements of the range, relative velocity,
and angle of multiple targets; offer a long-range coverage of
more than 200 m even in challenging weather or lighting
conditions [2]; and be easily packaged behind the optically
nontransparent fascia of the vehicle. Therefore, radar is typ-
ically used in current ADASs’ tasks, such as adaptive cruise
control (ACC) [3], forward collision avoidance (FCA) [4],
lane-change assistance [5], or evasion assistance [6], and is
considered one of the key technologies for next-generation
autonomous vehicles [7].
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Thanks to highly integrated and inexpensive mm-wave
circuits, radar sensors operating in 77 GHz bands of the elec-
tromagnetic (EM) spectrum, known as mm-wave frequencies,
have become popular [8]. Mm-wave radar can offer a large
operational bandwidth providing sufficient range resolution.
Doppler resolution is a function of chirp duration and the
number of chirps used for the estimation, so it is limited by
the coherent observation time, with better velocity resolution
achieved by operating at high frequencies [9]. However,
a weakness of current radar sensors is their poor angular reso-
lution, meaning that two adjacent targets at the same distance
but different azimuth or elevation angles may not be separated.
For this reason, lidars are widely used in autonomous vehicles,
thanks to their very fine angular resolution despite their cost.

The angular resolution of a radar depends on the antenna
aperture. It, thus, is determined by the number and geometry
of the transmit and receive channels, which are limited by
the radar cost and packaging size. Large-aperture antenna
arrays can be implemented via phased array [10] and multiple-
input multiple-output (MIMO) array techniques [11] to achieve
an improved angle resolution. Phased arrays typically use
numerous antennas to form a large aperture to achieve a
narrow beam width. However, they are usually not a feasible
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option for automotive radar. MIMO radar technology exploits
the spatial diversity of transmit and receive antenna arrays,
thus providing an improved angle resolution with a limited
number of antennas. Many direction of arrival (DOA) methods
have been developed to gain resolution in the angular domain
via signal processing, including minimum variance distortion-
less response (MVDR) [12], subspace-based methods such as
multiple signal classification (MUSIC) [13], [14], and estima-
tion of signal parameters via rational invariance techniques
(ESPRITs) [15], sparse sensing-based approaches [16], the
iterative adaptive approach (IAA) [17], [18], and harmonic
analysis [19], [20]. However, the obtained angular resolution
is still insufficient, limited by the physical azimuth beam width
and the computational complexity of some of these methods.

Doppler beam sharpening (DBS) is an alternative way to
achieve fine angular resolution for targets close to each other
in automotive radar [21]. Synthetic aperture radar (SAR) [22]
was actually first named as DBS when designed [23]. It uti-
lizes the variations in the relative Doppler frequency shift
of scatterers at different look angles with respect to the
trajectory of radar. In this way, it forms a large effective
(i.e., virtual) aperture array by moving a small antenna or
array. This reduces the number of physical antennas required
for imaging, thus providing a cost-effective solution for
high-resolution imaging applications. Several researchers have
investigated the use of DBS for imaging. Daniel et al. [21]
investigated the application of DBS for the angular resolution
refinement of low-Terahertz radar sensing. Mao et al. [24]
combined DBS with the fast IAA to achieve high azimuth
resolution in the forward-squint region. It is challenging to
use this approach in the forward-looking direction, which
is, especially, of interest for autonomous vehicles, because
of two challenging problems. First, this approach has no or
poor angular resolution for look angles equal or close to
zero degrees, that is, [−ε, ε], where ε indicates the angular
extension of the blind zone near the forward-looking direction.
According to the literature, the extension of the blind zone
and the Doppler bandwidth are inversely proportional: as the
Doppler bandwidth increases by exploiting the movement of
the vehicle, the extension of the blind zone is reduced. This
has a typical value of ε = 5◦ [25], [26]. Second, the symmetric
targets on both sides of the trajectory have the same Doppler
history, which leads to ambiguity, that is, in the angular region
[−(π/2),−ε] ∪ [ε, (π/2)].

This article focuses on solving the ambiguity problem in the
forward-looking direction, but outside the blind zone. Several
algorithms have been proposed in forward-looking SAR to
tackle this problem. Bistatic SAR [27], [28], for example,
uses another transmitter located at a different position from
the receiver; in this way, the designed geometry can provide
additional information to address the ambiguity problem.
Frequency diverse array [29] was designed by performing
transmit beamforming after range compensation, and the echo
from the desired range region can be extracted from ambiguous
echoes, thus providing unambiguous imaging. A multibeam
DBS approach was proposed in [30] based on the DBF
using a scanning imaging system to provide high cross-range
resolution. Multichannel radar in [31] uses the back-projection

(BP) algorithm plus MIMO information to solve the ambiguity
problem, while at the same time, a curved motion trajectory
can be used to improve the poor resolution in the region where
look angles are equal or close to zero degrees. However, this
algorithm is rather time-consuming, limiting its use in real-
time. Different from the above studies, this article proposes
an unambiguous Doppler-based forward-looking MIMO radar
beam sharpening scan (named short UDFMBSC) method. This
combines the DBS with MIMO array processing and jointly
provides high angular resolution without ambiguity.

The movement of the car is exploited in this algorithm
and characterized in this work. This concept of using the
movement of the car to improve angular resolution has been
proposed in the literature on the automotive radar. The motion
information of the platform to form a synthetic virtual aperture
on automotive MIMO radar to obtain high angular resolution
is used in [32] and [33]. Two radars approach is proposed
in [34]: while one radar is used to determine the vehicle
trajectory, another radar utilizes SAR on the known trajectory.
The work in [35] uses the residual motion compensation to
improve the SAR image quality for automotive. The velocity
information was also used for wideband DOA estimation with
compensation of range migration and the presence of Doppler
ambiguity in [36] and for high angular resolution imaging
in [37] and [38].

However, all the aforementioned algorithms [32], [33], [34],
[35], [36], [37], [38] do not consider the ambiguity problem
in case of the forward-looking radar. To our best knowledge,
compared with [21] and [24], this article is the first to solve
the ambiguity in DBS for forward-looking MIMO radar. The
proposed method does not require any prior information on
the environment, the number of targets, and their locations.
The method is computationally very efficient, which means it
can be implemented easily in current radar sensors.

The main contributions of this article are as follows.
1) An UDFMBSC method is proposed by combining DBS

and MIMO array processing to solve the ambiguity prob-
lem of symmetric targets in forward-looking automotive
radar.

2) The proposed method has been verified for simulated
point-like and extended targets, as well as experimental
data from a radar sensor, showing that UDFMBSC
achieves better angular estimation than conventional
DBS and digital beam forming (DBF).

The rest of the article is organized as follows. In Section II,
the signal model and the fundamentals of DBS are ana-
lyzed. The problem formulation and the proposed method
are demonstrated in Section III. The simulation results and
evaluations of ideal point targets and complex extended targets,
as well as the experimental results, are provided in Section IV.
Finally, conclusions are drawn in Section V.

II. SIGNAL MODEL AND FUNDAMENTALS

A. Signal Model
Frequency-modulated continuous wave (FMCW) MIMO

radar with n virtual antennas is considered, here. Without
losing generality, the omnidirectional antenna pattern is con-
sidered for the transmitter and receiver.
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The FMCW chirp is transmitted with chirp duration Tc and
pulse repetition interval (PRI) T . A normalized single chirp
signal with bandwidth B has the form

s0 (t) =
{

e j2π
(

f0t+0.5μt2
)
, t ∈ [0, Tc]

ssettle (t) , t ∈ [Tc, T ]
(1)

where f0 denotes the starting frequency of the chirp, μ =
(B/Tc) denotes the frequency modulation rate, and ssettle(t)
indicates the signal during the settling time.

The periodic transmitted signal is decomposed into fast-time
domain t ′ and chirp number domain l = �(t/T )� as t ′ =
t − lT, t ′ ∈ [0, Tc], where l = 0, 1, 2, . . . , Ld − 1, and Ld is
the total number of the chirps in one snapshot or frame.

Then the periodically transmitted signal is expressed as

s (t) = s
(
t ′ + lT

) = s
(
l, t ′

) = s0
(
t ′
)
. (2)

The round-trip delay of the reflected signal from a scatterer
for the i th virtual antenna is

τo
(
l, t ′

) = 2
(
Do

(
t ′ + lT

) + v
(
t ′ + lT

))
c

≈ γo + 2vr
(
t ′ + lT

)
c

(3)

where c is the speed of light, γo = (2Do(t ′ + lT )/c) 	 Tc,
Do is the distance between antenna and targets o, and vr is
the radial velocity between the radar and the scatterer.

The corresponding received signal can be written as

r(o,i)
(
l, t ′

) = αe jφo,i s
(
t ′ + lT − τo

(
l, t ′

))
= αe jφo,i e j2π�o(l,t ′)

with t ′ ∈ [
γo, Tc

]
(4)

where α is the constant complex amplitude of the scatterer, and
e jφo,i is the phase delay of the scatterer o at the i th virtual
element. According to (2), �o(l, t ′) has the form

�o
(
l, t ′

) = f0
(
t ′ − τo

(
l, t ′

)) + 0.5μ
(

t ′ − τo
(
l, t ′

)2
)

with t ′ ∈ [
γo, Tc

]
. (5)

From the phase of the received signal, the instantaneous
frequency of the received signal is extracted as

fo
(
l, t ′

) = ∂�o
(
l, t ′

)
∂ t ′

= (
f0 + μ

(
t ′ − τo

(
l, t ′

)))(
1 − ∂τo

(
l, t ′

)
∂ t ′

)

≈ f0 + μt ′. (6)

A property of the virtual uniform linear array is that the
range difference between scatterers and different receiver
antenna pairs will be approximately equal to a constant with
respect to the DOA, and the distance between different receiver
antennas is d , which is equal to d = (λ/2).

Then the phase delay of the different antenna pairs relative
to the first transmit and receive pair is obtained by

φ (o, i) = 2π fo
(
l, t ′

) id

c
sinθ. (7)

The received signal is then correlated with the conjugate copy
of the transmitted signal to get the de-chirped signal of the oth
scatterer received by i th element. Considering that automotive
radars work in narrow-band conditions, this signal can be
written as in the following equation, where for simplicity it is
still indicated the complex amplitude of the de-chirped signal:

z(o,i)
(
l, t ′

) = r(o,i)
(
l, t ′

) × s∗ (
l, t ′

)
= αo exp

[
j2π f0

id

c
sin θ

]

× exp

[
− j2π

(
f0

2v

c
T l + μγot ′

)]

× exp

[
− j2πμ

2v

c
T lt ′

]
. (8)

When there are k scatterer points in the field of view, the
de-chirped signal would be as follows, as the superposition of
the contributions of each scatterer:

z
(
i, l, t ′

) =
k∑
o

z(o,i)
(
l, t ′

)
. (9)

B. DOA Estimation
A number n of range-Doppler matrices (RDMs) is gen-

erated, as many as the number of MIMO channels. For the
detected scatterer points, the corresponding elements in these
matrices are extracted to form a new Doppler angle matrix
(DAM) which is used for DOA estimation. The angle profile
of the targets could be extracted from the phase delay between
different receivers.

After FFT on fast time t ′ in (9), we obtain the matrix
X(i, l, r). The detected target is located at a certain range bin
r0, the DAM can be modeled as

X (i, l) = X (i, l, r0) = sl×1 · a (θ) + N ∈ C
l×i (10)

where s is the point scatterer reflection coefficient, a(θ) is the
spatial steering vector, N is the noise component, and θ is the
incident angle of the point scatterer.

1) MIMO Array: For our n virtual elements MIMO array, the
steering vector is given by

aa (θ) =
[
1, e− j2πd sin θ/λ, . . . , e− j2π(i−1)d sin θ/λ

]T
. (11)

The DBF algorithm can handle the DOA estimation, and the
weight vector wDBF that maximizes the output signal power
of the array antenna is given by [39]

wDBF = aa (θ)√
aa H (θ) aa (θ)

. (12)

The power of the weighted output is

PDBF (θ) = E

[∣∣∣wH
DBFX

∣∣∣2
]

= aa
H (θ) RXXaA (θ)

aa H (θ) aa (θ)
(13)

where RXX = E[XH X] is the autocorrelation matrix of X,
and the [·]H stands for the operation of conjugate transpose.
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2) Doppler Beam Sharpening: Assuming that all the targets
are static in the radar field of view, the maximum Doppler
will be no larger than the one corresponding to the speed of
the car itself v0. So for DBS, we introduce the steering of the
Doppler vector

ad (θ) =
[
1, e− j2π2v0T cos θ/λ, . . . , e− j2π(l−1)2v0T cos θ/λ

]T
. (14)

The DBS algorithm can also provide the DOA estimation,
and the weight vector wDBS has the same form as (12).

The power of the weighted output of DBS is

PDBS (θ) = E

[∣∣∣wH
DBSXH

∣∣∣2
]

= ad
H (θ) RXHXH ad (θ)

ad H (θ) ad (θ)
(15)

where RXHXH = E[XXH ] is the autocorrelation matrix of XH.

C. Derivation of Angular Resolution
1) MIMO Array: To satisfy no ambiguity within the field

of view [−90◦, 90◦], the spatial difference between adjacent
sampling points (i.e., MIMO antennas) should be λ/2.

Under such circumstances, let us assume that there are two
targets located at θ + �θ and θ . To resolve the two targets,
the angle resolution �θ should satisfy

2πd

λ
(sin (θ + �θ) − sin (θ)) >

2π

Na

⇒ �θa >
λ

Nd cos (θ)
(16)

where Na is the number of spatial sampling points.
2) Doppler Beam Sharpening: For a forward-looking radar

borne on a car moving at speed v0 in the forward direction,
the instantaneous Doppler of a static target located at θ will
be

fd = 2v0 f0

c
cos (θ) . (17)

Then in order to resolve two closed targets using DBS, the
following equation should be satisfied:

2π2v0 f0T

c
(cos (θ + �θ) − cos (θ)) >

2π

Nd

⇒ �θd >
λ

2Nd T v0 sin (θ)
(18)

where Nd is the number of chirps used for Doppler estimation,
which is limited by the coherent processing time. Also, it is
clear that where θ ∈ [−ε, ε], the resolution will tend to infinity,
causing the blind zone problem.

Compared with the two resolutions (16) and (18), one can
easily see that the angular resolution of the MIMO array
decreases when the look angle of the region becomes larger,
while the Doppler has an inverse behavior. With typical values
in current automotive radar, specifically, the chirp duration
of 100 us and 256 chirps for Doppler estimation, even if
influenced by the impact of the angle θ , most of the time,
the Doppler can still provide better resolution capability if the

Fig. 1. Schematic of the Doppler ambiguity arising for two symmetric
targets in forward-looking radar.

ego-vehicle moves faster than 0.5 m/s. The amplification term
from Doppler is defined here

n = �θa

�θd
= 2Nd T v0

Nad
tan (θ) . (19)

III. PROBLEM FORMULATION AND THE PROPOSED

ALGORITHM

A. Problem Formulation
The Doppler ambiguity comes from the inherent geometry

of the forward-looking radar. As shown in Fig. 1, when the
car is moving toward the two static targets, both of them will
appear symmetric with respect to the boresight of the radar,
and they will experience the same Doppler velocity because of
the movement of the car. This makes them indistinguishable
from using DBS.

Equation (14) shows that the weights of the right- and
left-hand positions at the same angle will be the same.
Furthermore, the targets will have the same Doppler history,
making the conventional DBS-based algorithm ambiguous
when used in the forward-looking direction. Hence, it will be
hard to decide whether one or two targets are in that direction.
Moreover, for the targets shown in Fig. 2(a), the generated
response will be the same using the DBS-based method as
that of the targets shown in Fig. 2(b). This will cause ghost
targets to appear when using the conventional DBS approach.

The DBS approach uses the Doppler information to achieve
better angular separation. As the target’s movement will
introduce an additional Doppler component, the DBS approach
suggested cannot focus on the target accurately and the
performance of the method will degrade.

B. Modified Steering Doppler Vector Based on Different
Vehicle Movements

The DOA estimation algorithm is discussed in II-B. The
most important part is the steering vector, from which the
time delay patterns of different antennas can be extracted
to estimate the targets’ angle. For the steering Doppler
vector, as the movement of the vehicle will not always be
in the forward-looking direction as assumed in II-B, the
cross-forward movement also needs to be taken into account.
The cross-forward velocity component of the movement will
also influence the resulting phase. The error due to this effect
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Fig. 2. Schematic of the real scene and the ambiguous view of DBS.
(a) Targets in the real scene, while (b) targets when DBS is applied with
a red dash marking the ghost targets.

is calculated for each Doppler element as

ac (θ) =
[
1, e− j2π2vT sin θ/λ, . . . , e− j2π(l−1)2vT sin θ/λ

]T
(20)

where v is the speed of the vehicle in the cross-forward
direction. With the compensation factor of the original steering
Doppler vector, the new steering vector is given by

adc (θ) = ad (θ) � ac (θ) (21)

where � is Hadamard product.

C. Proposed Method
Generally, one can only detect one target within one

range-Doppler resolution cells without any high-resolution
finding approach. Hence, the FFT will be applied to the angle
vector when extracting the antenna vector from a certain range
and Doppler cell to get its spatial frequency. To discriminate
between the left-right hand positions in the field of view,
the peaks of the auto-convolution of the spatial frequency
spectrum were used, here. If only one target is present in the
radar of view, even under the Doppler ambiguity condition,
the auto-convolution of the spatial frequency spectrum will
peak at f = (2d sin θ/λ). The deduction of this is shown in
Appendix I.

If two targets appear in this range-Doppler cell, they must be
symmetric to each other, otherwise, they cannot be projected
into the same range-Doppler cell. Hence, the auto-convolution
of the two targets’ spatial frequency spectrum’s peak will be
in the middle, with the deduction given in Appendix II.

As discussed before, the position of the peak in (34) will
provide information on whether there is one target or two.
If the peak is in the middle of the function, this means that
two targets are present in this Doppler-range index. If the peak
is not in the middle, only one target is present. If there is only
one target, we can use the DBF results to decide which region
the target is located in, that is, the left-hand or the right-hand
one. If there are two targets, then there should be two targets
symmetric in the radar field of view. One exception to be
mentioned is when the target’s angle is zero, as in this case,
the peak will be in the middle even with only one target.

To summarize, the steps of the proposed approach are
described as follows.

Step 1: Estimation of the targets’ range.
The range estimation of the targets r̂ can be determined by

the position of the point corresponding to the targets after FFT.
Step 2: DOA estimation of targets using MIMO array and

DBS.
Extract the DAM of the targets’ range, then use (13)

and (15) to generate the MIMO angle profile PDBF(θ) and
the DBS angle profile PDBS(θ).

Step 3: The proposed UDFMBSC method.
For each searching angle, φ ∈ [−(π/2),−ε] ∪ [ε, (π/2)],

after finding its corresponding Doppler index named lφ and
doing the FFT on the X (i, lφ), the spatial frequency spectrum
X ( f ) will be obtained as in (27) in the Appendix. Then the
auto-convolution of X ( f ) is computed to obtain χ(�).

If the peak of the χ(�) is in the middle, then there are two
targets, and the UDFMBSC angle profile will be

P (φ) = PD B F (φ) / max (PD B F (φ)) × PD BS (φ) . (22)

If the peak of the χ(�) is not in the middle, there is one
target.

The sign of the single target’s angle, that is, negative or
positive, can be decided by comparing the two values in the
MIMO angle profile PDBF(θ)

sign (φ) =
{

1, PDBF (φ) > PDBF (−φ)

0, PDBF (φ) < PDBF (−φ) .
(23)

Then the UDFMBSC angle profile will be

P (φ) = sign (φ) PDBF (φ) / max (PDBF (φ)) × PDBS (φ) .

(24)

The algorithm is summarized in the pseudocode shown in
Algorithm 1.

IV. RESULTS AND DISCUSSION

To show the effectiveness of the proposed method, several
results based on simulated ideal point targets and complex
extended targets are presented in this section. It is worth
mentioning that as the proposed algorithm only focused on
the ambiguity problem of forward-looking DBS, that is,
in the angular region [−(π/2),−ε] [ε, (π/2)], the blind zone
problem is not considered, here, meaning that the DBS will
lose its resolution within [−ε, ε] [25], [26]. It is shown that
targets overlapped together in angles when using conventional
MIMO array DOA estimation are separated successfully using
Doppler sharpening. Also, the ambiguity of the Doppler
sharpening is solved effectively by the proposed methods.

A. Ideal Point Targets
A simulated 2 × 4 MIMO radar was used to demonstrate

the proposed UDFMBSC DOA estimation. The underlying
assumption of this simulation is that eight channels can be used
for DOA estimation in azimuth out of the 12 available in total
in commercial 77-GHz automotive radar. The specifications of
the radar parameters are listed in Table I.
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Algorithm 1 Proposed UDFMBSC Method

Get the range estimation r̂
Get the steering vector of MIMO array and compensated
steering for Doppler vector aa(θ) and adc(θ)
Perform the DOA estimation on r̂ DAM to get the angle
profile PD B F(θ) and PD BS(θ) as in equations (13) and (15)
for φ in [−π

2 ,−ε] ∪ [ε, π
2 ]do

lφ = (2v cos φNd T c)/λ

X ( f ) =
M�/2∑

i=−M�/2

X (i, lφ) exp(− j2π f i)

χ(�) =
∑

X ( f )X (� − f )

if χ−1(max(χ(�))) = M�
2

P(φ) = PD B F(φ)/ max(PD B F(φ) × PD BS(φ)
else

P(φ) = sign(φ)PDBF(φ)/ max(PDBF(φ)) ×
PDBS(φ)

where sign(φ) is shown in equation (23)
end

endfor
The unambiguous angle profile can be obtained.

TABLE I
CHOSEN RADAR PARAMETERS FOR THE SIMULATION

The MIMO antenna on the forward-looking radar was
located at the coordinate center, with targets placed at the same
range bin of 10 m to meet the Fraunhofer distance [40] and
ensure that targets are in the far-field. The two targets are
located at an azimuth angle of 40◦ and 50◦ , respectively.
When the radar moves with velocity vy = 10 m/s, the
proposed approach is compared with the traditional DBF and
DBS methods. From Fig. 3, we can see that the proposed
approach can well separate the two targets without ambiguity
and estimate the position of the two targets at 40.6◦ and 49.6◦,
respectively. In contrast, the traditional DBF-based method
cannot separate the two targets, and the traditional DBS-based
method is ambiguous.

To prove the capability of the proposed method of determin-
ing the left and right azimuth quadrants where the targets are
located, another simulation is presented in Fig. 4, where the
two targets are located at −40◦ and 50◦. It is shown that the
proposed approach estimates the position of the two targets as
−40.6◦ and 49.6◦ proving the effectiveness of the algorithm.
Also, to show that the proposed UDFMBSC can determine
well, whether there is one target or two, the two targets are
symmetrically located at 40◦ and −40◦ in another simulation.

Fig. 3. Simulated performance comparison with the conventional DBF,
DBS, and proposed UDFMBSC method. The two point targets are
located at 40◦ and 50◦ as per ground-truth lines.

Fig. 4. Simulated performance comparison with the conventional DBF,
DBS, and proposed UDFMBSC method. The two point targets are
located at −40◦ and 50◦ as per ground-truth lines.

Fig. 5. Simulated performance comparison with the conventional DBF,
DBS, and proposed UDFMBSC method. The two point targets are
located at −40◦ and 40◦ as per ground-truth lines.

The result is shown in Fig. 5 where the proposed method can
solve the ambiguity and identify the two actual targets.
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Fig. 6. Simulated performance comparison of the proposed UDFMBSC
method under different car speed values. The two point targets are
located at 40◦ and 50◦ as per ground-truth lines.

Fig. 7. Simulated performance comparison of the proposed UDFMBSC
method with and without compensation. The two point targets are located
at 40◦ and 50◦ as per ground-truth lines. The car is moving with a
cross-forward speed of 1 m/s.

Also, as shown in Fig. 6, the simulation was tested under
different forward speeds. The angle profile of higher speed
has a narrower main lobe and lower sidelobe ratio compared
with lower speed, showing the resolution and performance of
angle estimation will improve by increasing the speed, which
is consistence with (19).

In Section III-B, the need for compensation in the steering
vector of our proposed method is discussed. The comparison
results using simulated point targets located at 40◦ and 50◦ and
the cross-forward speed of the vehicle equal to 1 m/s with the
same simulation settings (i.e., the forward velocity of 10 m/s)
are given in Fig. 7. It is shown that the compensation of the
velocity in the cross-forward direction, ac, has a significant
impact on the DOA estimation. After compensation, the DOA
is accurately estimated as 39◦ and 49.5◦, respectively.

The dependence of the method proposed on the SNR value
is shown in Fig. 8. From them, it can be seen that the two
targets can be distinguished even under the −5-dB SNR
condition, although with raised sidelobes. This suggests that
the proposed approach can still work properly for weak targets

Fig. 8. Simulated performance comparison of the proposed UDFMBSC
method for different SNR conditions.

Fig. 9. Monte Carlo test of the estimated error of different algorithms
under different SNR.

in challenging SNR conditions. It should be noted that DOA
estimation algorithms are generally applied in relatively high
SNR conditions; for example, commercial radar units such as
those by Bosch or Conti are evaluated on SNR = 20 dB [32].
This is reasonable for automotive radar scenarios because it is
more important to separate in angle closer targets (hence, with
higher SNR values) than targets further away (hence, detected
at lower SNR).

To test the robustness of the algorithm, a Monte Carlo
test was operated with 1000 repetitions under different SNR
conditions. In each test, two point-like targets are placed at
random range and angle cells. The results of different DOA
algorithms were shown in Fig. 9 in terms of estimation error.
To calculate the error, the first two peaks of the angle profile
were chosen as the estimated angular positions of the targets,
and the error values were calculated by the absolute value
of their difference with respect to the ground truth. Because
of the ambiguity problem, the conventional DBF-based algo-
rithm yields the worst error, while the traditional DBS-based
approach obtains a moderate result. As the Doppler beam is
sharper, after solving the ambiguity problem, UDFMBSC gets
the best results. All the results show that the estimated DOA
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Fig. 10. Extended target model of a car with 273 point scatterers.

values are not much influenced by the different SNR values
tested.

Furthermore, the different number of MIMO elements has
also been tested, showing only four channels is enough to
implement UDFMBSC, which can alleviate the requirement
of the MIMO array in azimuth and then could be a potential
benefit for 3-D imaging in radar. For example, if fewer
antennas are needed for DOA estimation in azimuth, the
remaining antennas could be used to improve the estimation
in elevation. The minimum for MIMO array processing to
determine one target or two in that range-Doppler cell is 4,
which means that two transmitters and two receivers will be
enough to give a fine angular resolution in azimuth using
UDFMBSC.

Finally, what follows is a brief analysis of the computational
complexity of the proposed approach, where Na is the number
of virtual antennas for DBF and Nd is the number of chirps
used for DBS. Satisfactory performance can be obtained by
implementing both the DBF-based method and the DBS-based
method in Algorithm 1, hence the computational complexity
is related to only an array consisting of Na + Nd elements
in the digital beamforming stage, plus an auto-convolution
computation. The computational requirements are only
Na +Nd +N2

d multiplications and Na +N2
d additions. It should

be noted that, after the rough estimate of the targets of
interest, only a small angular section should be searched to
find the peaks. Thus, the computational complexity is about
O(Na + Nd + N2

d ).

B. Complex Extended Targets
To demonstrate the imaging capabilities of the proposed

method beyond ideal point targets, simulated models of vehi-
cles perceived as extended targets are used. Each car model is
represented by 273 point scatterers generated randomly from
the edges of the car as shown in Fig. 10. This model for the
extended targets is inspired by the data dome in [41], and the
measurements are presented in [42].

Despite being placed around the positions of strong physical
scatterers on the vehicle’s body, these point scatterers are not
meant to mimic precise EM scattering from a car. According
to [43], the possible multipath propagation of EM waves due
to reflection from the road is not considered in order to
simplify the subsequent analysis but without restricting the
generality of the proposed imaging approach. The multipath
propagation of EM waves due to reflections from the road
will influence the received signal, which may result in the

appearance of additional points in the image when the specular
reflection from the road surface is sufficiently strong (e.g., very
smooth road surface, water layer above the road). Furthermore,
phenomena of mutual occlusion of scatterers (i.e., one scatter
point occluding another located behind it with respect to the
radar line of sight) are not modeled for simplicity.

In this work, the amplitude of all scatterers is drawn from
the uniform distribution, αo = U(0.5, 1). According to the
Swerling model III, the amplitude can be seen as a constant
during one coherent processing interval. These scatterers are
also assumed to be isotropic and provide constant amplitude
and phase of the scattered field during the processing period,
as in [42]. Using (9), we can simulate the de-chirped signal
manually for the cars’ scatterers, which are essentially treated
as two extended targets. The two cars have the same size with
a width of 1.8 m and a length of 4.8 m.

The first simulated scene is with the two static cars located
symmetrically with respect to the broadside direction. Both
cars are located at a 10-m distance from the radar. The
result is shown in Fig. 11. The DBF-based method can only
distinguish the two targets without any detailed information,
while the DBS-based method provides more details but cannot
determine whether the two targets are real or come from
ambiguity. The UDFMBSC method can distinguish the two
cars and provide more detailed information because of the
resulting improvement in angular resolution, making it easier
for subsequent processing stages based on these images, such
as classification.

The second simulated scene includes again two static cars,
this time with spatial separation between them of 3 m as
shown in Fig. 12. Also, the cars are located at a 10-m distance
from the radar, and the angle is approximately −30◦. The
DBF-based method cannot distinguish two targets because of
poor angular resolution, while the DBS-based method can, but
it will suffer from the ghost targets in its symmetric region.
The proposed UDFMBSC method can not only separate
two cars with more detailed information, but also solve the
ambiguity problem.

To go beyond the simple visual inspection of images of
extended targets, the image contrast metric is introduced in
this work to evaluate the separation ability of the proposed
method and the other DOA approaches. Image contrast shows
the differences in the intensity of each pixel of the image or
signal, which are used to evaluate the sidelobe suppression on
SAR images [44], [45]. Let us suppose that the two extended
targets are better separated because of the improved angular
resolution. In that case, the intensity values in the interval
between targets will be lower (i.e., there is a gap between
them), leading to an increased image contrast value.

The image contrast is defined as

C =

√
E

{[
I 2 (i, j) − E

(
I 2 (i, j)

)]2
}

E
(
I 2 (i, j)

) (25)

where C stands for the image contrast, I 2(i, j) stands for the
pixel intensity of (i, j), and E[·] stands for the mean operation.

Also, because of the improved angular resolution,
more scatter points within the extended targets can be
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Fig. 11. Resulting images for the two cars symmetrically located with
respect to the broadside, when different DOA methods are applied.
(a) DBS-based method. (b) DBF-based method. (c) Proposed
UDFMBSC method.

detected. Hence, the number of scatterers detected is
also used to evaluate the results generated by different
algorithms.

A Monte Carlo test is performed where two static cars
are placed together in the scene with a spatial separation
between them of 3 m. The center position of the two cars is
randomly selected in the different repetitions, with the range
in the interval [7.5 m, 20 m] and azimuth angle in the interval
[±10◦,±45◦]. The resulting image contrasts from the range
angle maps generated by different DOA algorithms are shown
in Fig. 13. The number of detected scatter points in the scene
are also given in Fig. 14. It is shown that UDFMBSC obtains
the highest value of the image contrast metric and can detect
more scatter points, providing better separation capability as
well as better resolution for the considered extended targets.
It should be noted that UDFMBSC yields almost the same
results as DBS because the evaluations in this test are only
calculated with respect to the ground-truth value, so the
detrimental problem of ambiguity is not considered here. With
UDFMBSC, the image contrast is higher than with DBF,
meaning that the proposed methods can get better imaging
results.

Fig. 12. Resulting images for the two cars located close to each
other, when different DOA methods are applied. (a) DBS-based method.
(b) DBF-based method. (c) Proposed UDFMBSC method.

Fig. 13. Image contrast metric as a function of different Monte Carlo
tests for different DOA algorithms.

C. Experimental Results
The proposed approach is verified by experimental data.

The radar used is the TI IWR6843ISK radar, shown in
Fig. 15. The parameters of this radar system are shown in
Table. II. Two transmit and four receive antennas are used
for azimuth angle estimation during the measurement, and
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Fig. 14. Number of scatter points detected within the extended targets’
region as a function of different Monte Carlo tests for different DOA
algorithms.

Fig. 15. Radar with the DSP and data capturing boards for experiments.

TABLE II
CHOSEN RADAR PARAMETERS FOR

THE EXPERIMENTAL VERIFICATION

Fig. 16. Experimental scene in the MS3 group’s anechoic chamber, with
three corner reflectors; two are symmetric with respect to the radar.

the spacing between adjacent receive antennas is half of the
wavelength. The radar is installed on a moving platform, and
the experimental measurement campaign was performed in the
anechoic chamber at the Delft University of Technology (TU
Delft). The experimental scene is shown in Fig. 16.

Fig. 17. Experimental results for three corner reflectors. (a) DBS-based
method. (b) DBF-based method. (c) Proposed UDFMBSC method.

Fig. 18. DOA curve of the two symmetric targets in the experimental
test under different methods.

Because of the limitations of the experimental moving
platform, the radar speed is set at vy = 0.4 m/s. The PRI
was set as large as possible within the radar limitations to
have its best Doppler resolution at the cost of poor range
resolution. Because the movement of the radar is limited,
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the improvement in the performance of the DBS over DBF
is not shown here, but this has been demonstrated in [21],
[24], [27], [28], and [29]. The experiment results for the three
corner reflectors with different processing methods are shown
in Fig. 17. One can see that the two symmetric targets are
well imaged, and the third target is unambiguously imaged
with the UDFMBSC method, whereas the DBF has a wide
mainlobe because of its poor angle resolution, and the DBS is
ambiguous in the left/right direction. The angle profile of the
two symmetric targets’ range bin is also given in Fig. 18.

V. CONCLUSION

In this article, an UDFMBSC algorithm is proposed,
using MIMO array processing in combination with the DBS.
Azimuthal resolution improvement, thanks to the DBS, has
been demonstrated. Furthermore, for the first time, the Doppler
ambiguity has been solved, making it possible to use the
DBS to enhance the resolution for forward-looking radar
without a high computational cost. Considering the potential
cross-forward movement present together with the forward
velocity, the modified steering Doppler vector is also defined
to compensate for the resulting error.

The proposed method has been verified for simulated
point-like and extended targets, as well as experimental data
from a radar sensor, showing that UDFMBSC achieves better
angular estimation than conventional DBS and DBF. It is worth
noting that the proposed approach does not need any prior
information on the environment, the number, and the approx-
imate position of targets. The proposed approach is easier to
apply in automotive applications in varying scenarios. Fur-
thermore, the method relaxes the requirement of the number
of the antenna in the azimuth dimension, making it possible
to use a larger array for elevation angle estimation. However,
a limitation of the approach is that the target’s movement
will affect the DBS algorithm and degrade its performance,
thus influencing also the performance of the USFMBSC.
Also, beyond the ambiguity addressed in this manuscript, the
forward-looking DBF method has the limitation of the blind
zone problem, which needs to be addressed in future work.

APPENDIX I
PROOF: AUTO-CONVOLUTION OF 1 TARGET

If there is only one target in a certain range-Doppler cell,
the angle vector will be

s (l) =
{

e j2π ld sin θ
λ l ∈ [0, Na ]

0 others.
(26)

The spatial frequency spectrum after FFT on this angle
vector will be

X ( f ) = π Nasinc

(
Na

(
f + d sin θ

λ

)
2

)
e

jπ Na

(
f + d sin θ

λ

)
(27)

where sinc(x) = (sinπx/πx).
According to the convolution theorem, the Fourier transform

of the convolution is given by the product of the Fourier
transforms of the signal itself.

The Fourier transforms of (27) is as follows:

s
(

f ′) =
{

2πe(d sin θ f ′),
∣∣∣ f ′ − π Na

2

∣∣∣ < π Na
2

0, others.
(28)

The convolution of (27) will be the

χ (�) =
∫ ∞

−∞
X ( f ) X (� − f ) d f = π2 Na

sinc

(
Na

(−� + 2d sin θ
λ

)
4

)
exp

[
j
π Na

2

(
−� + 2d sin θ

λ

)]
.

(29)

So, the peak value will be depended on the target’s position
term 2d sin θ/λ.

APPENDIX II
PROOF: AUTO-CONVOLUTION OF 2 TARGETS

If there is more than one target in the range-Doppler cell,
because of the Doppler symmetric geometry, the targets must
be symmetric, so the angle vector will be

s (l) =
{

e j2π ld sin θ
λ + e j2π ld sin(−θ)

λ l ∈ [0, Na ]

0 others.
(30)

The Fourier transform of (30) will be

X ( f ) = π Na

(
sinc

(
Na

(
f + d sin θ

λ

)
2

)

× exp

[
jπ Na

(
f + d sin θ

λ

)]

+sinc

⎛
⎝ Na

(
f + d sin(−θ)

λ

)
2

⎞
⎠

× exp

[
jπ Na

(
f + d sin (−θ)

λ

)])
. (31)

Similar to the Appendix before, in order to get the auto-
convolution functions, the Fourier transform of (31) is calcu-
lated as

s
(

f ′)=
{

2π
(

e(d sin θ f ′) + e(−d sin θ f ′)
)

,
∣∣∣ f ′ − π Na

2

∣∣∣< π Na
2

0, others.
.

(32)

Then the product of two (32) will be

s
(

f ′)
=

{
4π2

(
e2d sin θ f ′ + e−2d sin θ f ′ + 2

)
,

∣∣∣ f ′ − π Na
2

∣∣∣ < π Na
2

0, others.

(33)
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The auto-convolution function is as follows:
χ (�)

= π2 Na

(
sinc

(
Na

(
� + 2d sin θ

λ

)
4

)

× exp

[
j
π Na

2

(
� + 2d sin θ

λ

)]

+sinc

(
Na

(
� − 2d sin θ

λ

)
4

)

× exp

[
j
π Na

2

(
� − 2d sin θ

λ

)])

+2π2 Nasinc

(
Na (�)

4

)
exp

[
j
π Na

2
(�)

]
. (34)

So, the peak will be in the middle of the signal.
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