11062

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 70, NO. 10, OCTOBER 2021

Mutual Interference Mitigation for Multiple Connected
Automotive Radar Systems
Arindam Bose , Student Member, IEEE, Bo Tang
Mojtaba Soltanalian , Senior Member, IEEE,
and Jian Li , Fellow, IEEE

,

Abstract—The number of commercial and civilian vehicles equipped
with automotive radars is expected to rise rapidly in the forthcoming years
and with that comes the problem of increased mutual interference between
the radar sensors, which can result in severely reduced radar sensitivity and
increased false alarm rates. The difficulty and complexity of the problem
increase with MIMO radar systems and multiply even further with a growing number of vehicles present on the scene. A system of connected vehicles
can efficiently address this problem by sharing information amongst themselves. In this paper, we propose an efficient waveform design algorithm that
seeks to minimize a collective cross-ambiguity function. Vehicles that can
talk to each other, can perform the design online in a collaborative manner,
or offline, in which case the radar codes can be designed and stored in a
codebook for future use. The proposed coding scheme is computationally
efficient for practical use and the incorporation of such schemes requires
only a slight modification of the existing systems. Our numerical examples
indicate that the proposed scheme can significantly reduce the interference
power level in a desired area of the radar cross-ambiguity functions.
Index Terms—Automotive radar systems, connected vehicles, MIMO,
mutual interference mitigation, slow-time coding.

I. INTRODUCTION
In recent years, automotive radars have become an essential part of
the Adaptive Cruise Control (ACC) system in civilian and commercial vehicles towards safe and reliable autonomous vehicle operations
combined with high-quality comfort features [1], [2]. The frequency
modulated continuous wave (FMCW) [3]–[5] technique for signal
propagation is widely used in automotive radars due to its excellent
performance in high-resolution settings [6]–[8]. As a result, there is
a strong appetite for mass production of FMCW-based radars, which
in certain cases tend to be quite similar, or even identical [9]. Such
an increasing number of similar radar systems on the road would lead
to growing mutual interference, which in turn may result in severely
reduced radar sensitivity [10], [11]. In the wake of this problem, it is
inevitable to design FMCW radar systems that are robust to such mutual
interference, or can mitigate it [12]–[15].
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Mutual interference in different radar systems is a longstanding problem and their corresponding mitigation techniques have been addressed
many times in the literature [9], [16]–[23]. In [9], the authors address
the mutual interference problem between two vehicles and proposed
multiple coding schemes that aim to minimize the discrete periodic
cross-ambiguity function (CAF) in a desired area for a single-inputsingle-output (SISO) scenario. The authors in [16] study the impact of
radar waveform design and the associated receiver processing on the
statistics of radar-to-radar interference and further propose an approach
based on pseudo-random cyclic orthogonal sequences (PRCOS), which
enable sensors to rapidly learn the interference environment and avoid
using frequency overlapping waveforms. An iterative filtering algorithm followed by matched filtering for each radar has been suggested
in [17] to suppress the radar-to-radar interferences. The references
in [18]–[21] propose different types of transmissions to suppress the
mutual interference between automotive radar systems.
The problem of mutual interference multiplies many-fold when
several cars with similar or almost identical MIMO radar systems are
in close proximity. A system of connected vehicles can be a blessing
in such a scenario where the vehicles can agree on a certain set of
transmit waveforms through sharing information amongst each other.
In the not-so-far future, it is reasonable to expect that connected vehicles
will go beyond academic pursuit and will be introduced to real-world
smart-road networks. Many existing studies show the effectiveness of
connected vehicles, and that transportation systems can be enhanced
with more connected vehicles on the road [24]. In this paper, we
consider the general scenario in which multiple cars, that are able to
communicate and come to a consensus on the optimal radar waveforms
to be shared among them. We thus extend the work of [9] to design
such waveforms to suppress mutual interference in the case of similar
or identical MIMO radar systems for multiple connected vehicles. An
efficient design is possible when the vehicles are able to share information such as their dynamical properties and other radar parameters
e.g., number of transmit antennas, chirp parameters etc. Note that a
distributed and mutually cooperative design protocol can be adopted
for the online design of such waveforms in a collaborative manner. The
design can also be done offline where shareable radar codes can be
designed and stored in a centralized radar codebook for later usage.

II. PROBLEM FORMULATION
Let us consider the scenario where V vehicles are present on the
scene, all equipped with similar or almost identical MIMO radar
systems having M1 , . . . , MV antennas, respectively, each of which
transmits waveforms of length N . Moreover, to keep the transmit
power constant over the N pulses, we constrain the waveforms to be
unimodular; meaning that the waveform elements emitted by a generic
N
v
vehicle v, denoted as {xv,m }M
m=1 ∈ C , are constrained to be on the
unit circle, i.e., |xv,m (n)| = 1, ∀n.
In order to develop the signal model for the above scenario, we first
consider a simple case with two vehicles equipped with similar SISO
radar systems. In particular, we closely follow a signal model used in [9]
that especially considers mutual interference mitigation in slow-time.
The two similar radar systems operate within the same frequency band
fc and B/Tc ratio, where B and Tc are the FMCW signal bandwidth
and chirp time, respectively. The complex periodic consecutive pulses
transmitted by the two cars are x1 = [x1 (1), . . . , x1 (N )]T and, x2 =
[x2 (1), . . . , x2 (N )]T , respectively, where |x1 (n)| = |x2 (n)| = 1, ∀n,
where (·)T denotes the transpose operator.
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In order to mitigate the mutual interference between the two radars,
a common approach is to make sure that the periodic cross-ambiguity
function (PCAF) between x1 and x2 has small values in a range-Doppler
region of interest [9], [25]–[27]. Given that the two radar systems
usually have unsynchronized transmissions, the desired area should
include all possible delays. Hence one can consider the following
optimization problem:
N
−1


min

x1 ,x2

P


|rlp |2

l=−(N −1) p=−P

|x1 (n)| = |x2 (n)| = 1, ∀ n,

s.t.

(1)

where
rlp =

N


x1 (n)∗ x2 ((n + l)mod N )e−j2πnp/Nf
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By stacking the corresponding radar codes in matrix form and rewriting
the above objective, we arrive at the criterion:
Q(X1 , . . . , XV ) =

l

(2)
Q=

x1 ,x2

P


2
|xH
1 Diag (fp ) Cl x2 |

l=−(N −1) p=−P

|x1 (n)| = |x2 (n)| = 1, ∀ n,

s.t.



(3)



0 IN −l
is a circular shift matrix, [fp ]n =
where Cl = CT−l =
Il
0
exp(−j2πnp/Nf ), (·)H denotes the conjugate transpose operator, IN
represents the identity matrix of size N × N , the symbol 0 denotes
the all-zero vector/matrix of given size, and Diag(·) denotes the diagonal matrix, whose diagonal elements are determined by the vector
argument.
In a multiple-MIMO radar case, the mutual interference stems not
only from the waveforms of a similar radar system nearby, but also from
the various waveforms transmitted by the same radar system. Following
the formulation in (3), firstly, the PCAF associated with the same radar
system for all vehicles is given as,
Qi =

Mv 
Mv
V 


2
|xH
v,m Al,p xv,m |

l,p

v=v 

+

2
|xH
v,m Al,p xv,m |

m=m

Mv 
Mv 
V 


2
|xH
v,m Al,p xv, m | .

(8)

l,p v=v  m=1 m =1

It is interesting to observe that the quartic behavior of (8) particularly arises from self-interference terms {xH
v,m Al,p xv,m }, for all
v ∈ {1, . . . , V } and m ∈ {1, . . . , Mv }. In order to recast the problem
in a quadratic form [29], let
1
1
i
(Al,p + AH
(Al,p − AH
l,p ), and Al,p =
l,p ).
2
2
Therefore, one can recast the first term of (8) as
Arl,p =

Mv
V 


(9)

2
|xH
v,m Al,p xv,m |

l,p v=1 m=1

=

Mv
V 


r
2
H
i
2
|xH
v,m Al,p xv,m | + |xv,m jAl,p xv,m |

l,p v=1 m=1

=

Mv
V 


r
2
|xH
v,m (Al,p + ζIN )xv,m − ζN |

l,p v=1 m=1
i
2
+ |xH
v,m (jAl,p + ζIN )xv,m − ζN |

=

Mv
V 
  

c
2
|xH
v,m Ãl,p xv,m − ζN |

(10)

l,p c∈{r,i} v=1 m=1

2
|xH
v,m Al,p xv, m | .

(5)

m=1 m =1

Combining (4) and (5), the total PCAF to be minimized can be obtained
as,
Q = Qi + Qo =

(7)

2
|xH
v,m Al,p xv,m |

Mv
V


l,p v=1

(4)

where Al,p  Diag(fp )Cl for l ∈ {−N + 1, . . . , N − 1} and p ∈
{−P, . . . , P }. Secondly, the PCAF for the codes emitted by all other
vehicles is given as,
Mv 
Mv 
V 


Mv
V 


+

l,p v=1 m=1 m =1

Qo =

2
XH
v Al,p Xv  F

v,v 

l,p v=1 m=1

is the PCAF between x1 and x2 with N < Nf , 0 < P < Nf , Nf
is the total number of discrete (Doppler) frequencies, the value of
P is governed by the maximum Doppler frequency of interest [9],
and (·)∗ represents the complex conjugate operator. Note that due to
the considered data model, the optimization problem in (1) inherently
suppresses the clutter and other RF interferences [28]. The above
problem can be rewritten in a compact form as,
N
−1


p

where {Xv }Vv=1 are radar code matrices, each containing the radar
v
codes {xv,m }M
m=1 in its columns. Here,  · F denotes the Frobenius
norm of the matrix argument. Note that tackling (7) is difficult not only
as the objective is quartic in radar codes {Xv }Vv=1 , but also due to
the fact that the number of PCAF values to be suppressed grows more
quickly in terms of the problem dimension than the number of design
variables.
In the following, we formulate a quadratic alternative to (6) that can
be tackled more efficiently. One can partition the objective function in
(6) in the following manner:

n=1

min

V


Mv 
Mv 
V 

l,p v,v  m=1 m =1

2
|xH
v,m Al,p xv, m | .

(6)

where
Ãrl,p = Arl,p + ζIN , Ãil,p = jAil,p + ζIN


and ζ ∈ R is carefully selected such that ζ > − min( l,p
{γmin (Arl,p ), γmin (jAil,p )}) to ensure the positive definiteness of
{Ãcl,p } where γmin (·) denotes the minimum eigenvalue of its matrix
argument. Note that the quantity in (10) is still quartic with respect to
(w.r.t.) xv,m . However, it is not difficult to verify that unit-norm vectors
ucv,m,l,p ∈ CN exist for which the above quantity becomes small if and
only if the following alternative quantity becomes small:
Mv 
V 
2
  

 c 1/2

(Ãl,p ) xv,m − ζN ucv,m,l,p  ,
l,p c∈{r,i} v=1 m=1

2

(11)

11064

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 70, NO. 10, OCTOBER 2021

where we have ucv,m,l,p 2 = 1, ∀c, v, m, l, p. Observe that (11) is
quadratic w.r.t. xv,m . This was made possible by a judicious overparametrization. The resulting almost-equivalent minimization problem is presented in (12) at the bottom of this page.
Note that given the knowledge of the number of vehicles on the
scene and the number of their corresponding MIMO antennas, (12)
can be solved in an online manner. However, to enhance situational
preparedness and further decrease the communication overhead, the
codes can also be pre-designed offline and stored in a database for
future use. Upon arriving into such situation, the vehicles just need to
access their copy or download the codes from the said dataset before
transmission. What comes next is an efficient algorithm to optimize
(12).

the constant term in Qv,m , the objective function can be reformulated
as,
H
Qv,m = xH
v,m Rv,m xv,m + 2{xv,m sv,m }

= x̄H
v,m Bv,m x̄v,m



Rv,m sv,m
. Hence, the
where x̄v,m  [xv,m 1] , and Bv,m 
sH
0
v,m
minimization of above w.r.t. xv,m is equivalent to the following,
T

min x̄H
v,m Bv,m x̄v,m

x̄v,m

s.t. |xv,m (n)| = 1, n = 1, . . . , N,

III. DESIGN OF OPTIMIZED WAVEFORMS
In order to efficiently tackle the problem in (12), we resort to
an iterative cyclic optimization framework. Particularly, in sth iteration, we separate each variable {xv,m }, {urv,m,l,p }, {uiv,m,l,p }, and
optimize the objective function (12) individually w.r.t. that variable,
while fixing all other variables to their current values. This will lead
to a monotonically decreasing collective PCAF until convergence is
achieved. In the sequel, we drop the superscript (s) for notational
simplicity.

A. Optimization W.r.t.

(14)

where

l,p

H
Al,p xv,m xH
v,m Al,p +

m=m

+
√

Mv 
V 


 

Ãcl,p

H
Al,p xv, m xH
v, m Al,p

(17)

max x̄H
v,m Dv,m x̄v,m
s.t. |xv,m (n)| = 1, n = 1, . . . , N,
x̄v,m = xv,m

T

(18)

1

where Dv,m  γv,m I(N +1) − Bv,m , with γv,m being larger than the
maximum eigenvalue of Bv,m . Note that the above problem belongs to
the family of UQPs [30], and can be efficiently tackled in an iterative
manner using power-method-like iterations. For t-th internal iteration,
(t)
the optimized code xv,m can be expressed as [29],
x(t)
v,m

(15)

⎧
⎨

⎛

IN ×N
= exp j arg ⎝
⎩
01×N

T

⎞⎫
⎬
(t−1) ⎠
Dv,m x̄v,m
⎭

(19)

l,p v  =v m=1 m =1

 
 v
c
H/2 c
and sv,m = − ζN l,p c∈{r,i} M
uv,m,l,p . Here,
m=1 (Ãl,p )
{·} represents the real part of the complex argument. By dropping

min

.

As a result of the unimodular constraint on xv,m , the term x̄v,m also
has a constant 2 -norm, and hence, a diagonal loading of Bv,m will not
change the solution to the above problem [29]. Therefore, (17) can be
rewritten in the following equivalent form:

l,p c∈{r,i}
Mv 

T

1

x̄v,m

H
Qv,m = xH
v,m Rv,m xv,m + 2{xv,m sv,m } + const.

Mv
 

x̄v,m = xv,m

Mv
{xv,m }V,
v=1,m=1

We begin by reformulating the optimization problem in (12), shown
at the bottom of this page w.r.t. each of xv,m for all v, m. The objective
function in (12) then becomes what is described in (13), shown at the
bottom of this page, or simply,

Rv,m =

(16)

where the iterations can be initialized with the latest design of xv,m
(0)
(used as xv,m ).

Mv 
Mv 
V 
V 
Mv 
2

  

 c 1/2

H
2
H
2



|xv,m Al,p xv,m | +
|xv,m Al,p xv, m | +
(Ãl,p ) xv,m − ζN ucv,m,l,p 
2
l,p v=1 m=m
l,p v=v  m=1m =1
l,p c∈{r,i} v=1 m=1

Mv
V



s.t. xv,m are unimodular for all v, m,
ucv,m,l,p 2 = 1 for all c, l, p, v, m.

⎛
⎝
Qv,m = xH
v,m

Mv
 
l,p

(12)

⎞

⎛

H ⎠
⎝
xv,m + xH
Al,p xv,m xH
v,m Al,p
v,m

m=m

Mv 
Mv 
V 

l,p

v  =v

m=1

⎞
H ⎠
xv,m
Al,p xv, m xH
v, m Al,p

m =1

⎧
⎫
⎛
⎞
Mv
⎨
⎬
 
  

⎝
Ãcl,p ⎠ xv,m − 2 ζN  xH
+ xH
(Ãcl,p )H/2 ucv,m,l,p + const.
v,m
v,m
⎩
⎭
l,p c∈{r,i}

l,p c∈{r,i} m=1

(13)
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from Fig. 1 that the interference power level is significantly reduced
(> −20 dB) and the target can be easily detected without suffering
from false alarm issues.
In the next experiment, we perform a Monte Carlo simulation of
designing codes for V = {2, 4, 6, 8, 10} vehicles in order to show the
average performance of the algorithm. In particular, we simulate n = 50
experiments for each of V having M = 4 MIMO antennas and report
the average normalized peak sidelobe level (PSL) of the PCAF for
different target SNR = {10, 0, −10} dB, as depicted in Fig. 1(c). It is
evident that as the number of vehicles grows large, it becomes more
difficult to find codes with good interference mitigation capabilities,
while the performance is satisfactory for a small number of vehicles.
Furthermore, it is evident that the interference mitigation performance
of the optimized codes improves as the SNR of the target increases. Note
that, there may exist a fundamental limit on achievable interference
mitigation when V grows large. However, from algorithmic point of
view, there is no such limitation given unbounded resources to compute
the optimized codes. Further note that, the proposed framework can
be considered for designing sequences for ultra-wide band. In such a
scenario, however, the radar code may be longer as one requires higher
resolution, and thus each pulse length is required to be smaller.
Fig. 1. The range-Doppler image (a) with random coding (b) with the optimized coding scheme. The blue circle is the target and black squares are the
interfering vehicles. (c) Results of Monte Carlo simulation (n = 50) showing
average normalized peak sidelobe levels vs. number of vehicles (V ) for different
target SNR scenarios.

B. Optimization W.r.t. {ucv,m,l,p }
Solving (12) w.r.t. {ucv,m,l,p } for c ∈ {r, i} is immediate and resolves into the closed-form solution:
ucv,m,l,p =

(Ãcl,p )1/2 xv,m
(Ãcl,p )1/2 xv,m 2

(20)

for all v, m, l, p. Notice that (20) can be done in parallel making the
design process more agile. In the next section, we numerically examine
the efficiency and applicability of the proposed algorithm.

IV. NUMERICAL EXAMPLES AND DISCUSSIONS
In this section, we examine the effectiveness of the proposed method
using several numerical experiments. In all experiments, we consider
identical FMCW radar systems with the same carrier frequency of
fc = 24 GHz and the bandwidth of the chirp signal is B = 150 MHz.
Furthermore, the sweep time is Tc = 50μs and the number of periods
within a CPI is N = 256. The considered data and clutter model in this
paper follows from [9].
In the first experiment, we consider V = 5 cars equipped with
MIMO radar system, each capable of transmitting Mv = 4 unimodular
codes. We apply the optimized coding schemes to mitigate the mutual
interference for these five identical radar systems operating in a typical
scenario. The range of target as well as interfering cars are considered
to be 50 m and {70, 10, −20, −15} m, respectively. The velocities
associated with them are 10 m/s and {20, −10, 0, 10} m/s, respectively.
Furthermore, the corresponding signal-to-noise ratios (SNR) are 10 dB
and {10, 30, 0, 60} dB, respectively. One can observe that, the powers
of the interference are much stronger than that of the target, which
will lead to false alarm. The sampling frequency is fs = 4 MHz and
M = 100 samples are collected for each period. Fig. 1(a) shows the
range-Doppler image of the scenario when a random code is used while
that of the optimized code is shown in Fig. 1(b). It can be easily seen
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