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Abstract — This study focuses on the joint estimation of the di-
rection of departure (DOD) and direction of arrival (DOA) of
multiple targets in bistatic multiple input multiple output (MI-
MO) radar systems employing orthogonal waveforms. A linear
array of half-wavelength dipole antennas (HWD) with known
mutual coupling is utilized. The proposed method applies a two-
dimensional Capon (2D Capon) algorithm to estimate both the
DOD and DOA of multiple targets. To mitigate the adverse ef-
fects of mutual coupling, an efficient compensation mechanism
is integrated into the Capon direction-finding algorithm. This
mechanism relies on realistic electromagnetic modeling in which
mutual coupling is represented using Toeplitz-structured cou-
pling matrices. Through computer simulations, the influence
of various system parameters on the algorithms performance
is evaluated, with particular emphasis on its resolution capa-
bility and estimation accuracy. The results clearly demonstrate
that incorporating mutual coupling compensation significantly
enhances the accuracy of the 2D Capon algorithm.

Keywords — bistatic MIMO radar, Capon method, DOD/DOA
estimation, mutual coupling

1. Introduction

The concept of multiple input, multiple output (MIMO) has
been widely used in the field of wireless communications
in recent years [1]. Implementing this concept in radar sys-
tems allows the design of a virtual network larger than that of
traditional systems [2]—[4]. These systems greatly enhance
detection performance and robustness, improving target lo-
calization depending on the type of MIMO radar. The emer-
gence of bistatic MIMO radars has further increased interest
in estimating both the direction of departure (DOD) and the
direction of arrival (DOA) [5]-[7].

The operating principle of bistatic MIMO radar, consisting
of an array of half-wavelength dipole (HWD) antennas, is
to dynamically create a beam pattern. This beam pattern is
designed to have its main lobe directed toward the desired
signal, enhancing detection and localization.

Consequently, various angle estimation algorithms have been
developed for MIMO radars, including estimation of signal
parameters via rotational invariance techniques (ESPRIT),
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multiple signal classification (MUSIC), and Capon algo-
rithms.

Generally, the MUSIC algorithm is regarded as having higher
estimation accuracy than the Capon algorithm. However, in
MIMO radar applications, it is often observed that the Capon
algorithm outperforms the MUSIC algorithm [8]—[11]. The
two-dimensional Capon (2D Capon) algorithm is a well-
established and effective technique for estimating both DOD
and DOA in bistatic MIMO radar systems [12]-[14].

Although the algorithm itself is not new, its integration with
a mutual coupling compensation strategy in a bistatic MIMO
configuration constitutes a novel and valuable contribution.

In practical radar systems, mutual coupling between the
elements of the array can significantly degrade performance,
especially in the estimation of DOD and DOA, by introducing
signal distortions that complicate the estimation process [15]—
[18].

This work advances the state of the art by applying compensa-
tion techniques within the Capon framework and conducting
a quantitative analysis of mutual coupling effects using real-
istic antenna models, such as HWD arrays.

The proposed approach offers medium to high potential im-
pact in the radar signal processing community, as it improves
the practical deployment of MIMO radar systems and enables
a more robust angle estimation performance.

This paper focuses on the estimation of DOD and DOA in
bistatic MIMO radar systems using the 2D Capon algorithm.
However, it is well established that the 2D Capon algorithm is
highly sensitive to mutual coupling between HWD antennas in
the array. To evaluate the impact of mutual coupling, we used
a simplified model of the HWD array. Leveraging extensive
data on dipoles, we analyze an array of equidistantly spaced
dipoles.

Simulation results demonstrate that the performance of the
Capon algorithm deteriorates due to mutual coupling, with the
degradation becoming more pronounced as the interelement
spacing between antennas decreases. This performance degra-
dation can be significantly mitigated by employing a com-
pensating matrix that optimally adjusts the DOD and DOA
estimates.
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Fig. 1. Bistatic MIMO radar system.

2. The Theoretical Model

Figure 1 illustrates a bistatic MIMO radar system with K
non-coherent targets. The transmitting array consists of M
uniformly spaced half-wavelength antennas arranged along
the y-axis with an inter-element spacing of d. Similarly, the
receiving array consists of N HWD antennas, also arranged
linearly, with the same spacing d between adjacent elements
[19]—-[21]. Each transmitting antenna emits an orthogonal
signal s;(t) which is sampled every T seconds to obtain L
snapshots.

In a bistatic radar system, the signals received on the receiving
array after reflection from the K targets can be expressed as
follows [18]:

K

X(1) =Y (Bi-crlpi) - ar(e:)-(ci(0:) - af (60:)-S(H)+Z(2),

i=1
(eY)
where: [3; is the complex amplitude of the i-th target, K is
the total number of targets illuminated by the MIMO radar,
w; and 6; represent the DOD and DOA of the i-th target,
respectively.
Typically, multiple samples are used to estimate (;, 6;), i =
1,..., K, and the corresponding signal model with multiple
snapshots L can be written as:

X(L) =) (Bi-crlei) - ar(pi) - c(6i) - ai (6:))

=1

- S(L)+Z(L),

(@)

where:

e Z(L) represents the sensor noise, assumed to be non-
uniform and modeled as a zero-mean Gaussian process.
This assumption allows for an accurate representation of
the stochastic nature of noise in this analysis.

e A;(px)and A, (0x) denote the steering matrices of the
uniform linear transmit and receive arrays, respectively:

At(soK) = [at(QDI),---,at(QDK):I ) 3)
A (0x) = [ar(61),...,a,(0)] . )
The steering vectors a;(ip;) and a,.(6;) are given by:

&= dsin(p;) ,—i3E2dsin(e;)

ét((pi)=[1,67 ,e I e

—3&E (M —1)dsin(;)
76 b

(6))

227 B 227 s
= —j2Tdsin(0;) _—j2E2dsin(6;
a,(0;) = [176 IS dsin( ’),e I3 2dsin ‘),...

6
.767j277"(N71)dsin(0i)] ] ©

S denotes the transmitted baseband-coded waveform matrix
in the following way:

S =1[s1,...,5m]. )

In practical applications, both the transmitter and receiver
are affected by mutual coupling. It is typically undesirable
because energy that should be radiated outward is instead ab-
sorbed by a nearby antenna element. Similarly, energy that
one antenna could have captured may be absorbed by a neigh-
boring antenna. Consequently, mutual coupling negatively
impacts the efficiency and overall performance of the anten-
na system. The array of HWD antennas is conceptualized
as a multiport network, where the coupling matrix can be
directly linked to the generalized impedance matrix of this
network.

To compute the mutual coupling matrix C; or C,., we account
for the interactions among the elements of the matrix, resulting
in mutual coupling effects. The array, comprising M (or V)
coupled antennas is conventionally depicted as a M (or V)
port network, as illustrated in Fig. 2. The mutual coupling
matrix C; or C, can be expressed as detailed in [18], [22]-
[24]:

Cy = (ZTA + ZTL) (ZTij + ZTLj)_l ) @)

Cr = (ZRA + ZR,L) (ZRij + ZRLf)_l ) 9
where:
e 714 antenna impedance of isolated antennas in the trans-
mitter,
e Zpp terminating load in the transmitter,

e 7 antenna impedance of isolated antennas in the receiv-
er,

o 7 rr terminating load in the receiver,

) ZT”- mutual impedance between the i-th and j-th trans-
mitter elements,

o 7 Rri; mutual impedance between the i-th and j-th receiver
elements.

In Egs. (8)—(9), C; and C,. denote the M x M and N x N
mutual coupling matrices.

C; and C, can be written as:

Ci1 Ci2 C13 ... C1Mm

C21 C22 C23 ... C2M

Q
[

(10)

_CMl Cym2 CM3 - CM]\I_
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Ci1 Ci2 Ci3 ... C1IN
C21 C22 C23 ... C2N

Cr= S S . (11)
CN1 CN2 CN3 ... CNN

In Eq. (1), it is evident that the coupling matrix influences
the signal, leaving the noise unaffected. Once the coupling
is characterized, compensating for the mutual coupling be-
comes a manageable task. Various compensation algorithms
can be employed for this purpose, such as the open-circuit
voltage method, the S parameter method, the full wave elec-
tromagnetic method of moments, the calibration method, and
the mutual impedance methods.

Moreover, the coupling values exhibit approximate uniformity
along the diagonals, allowing for modeling with a single
parameter for each subdiagonal, thus resulting in a coupling
matrix of the Toeplitz structure. Leveraging these insights,
a compensated coupling model can be formulated as follows
[23]:

1 ca €3 ... CM
cc 1 ¢ ...cvu—1
Co=1|es ¢ 7o , (12)
c3 RN | Co
| CM CM-1 ... C2 1 i
[ 1 co €3 ... CN i
Co 1 C2 ... CN_1
Cr=1lecs e o " . 13)
c3 | Ca
| CN CN—1 ... C2 1 ]
We can put:
Aci(pi) = Celpi) - AL (i) (14)
Ao (0:) = Cr(6:) - A7 (6:) - (15)

Therefore, the output of X (L) can be written as:
K
X(L) =Y Bi(L) Acr- At -S(t) + Z(L) . (16)
i=1

When S# is used as the matched filter matrix, the radar output
of the matched filter can be formulated as follows:

1
v 1 xogn
VT
K 1 a7
=) VTBi(l)AcAct + —=2Z"8" .
Z; Bl AcrAct + —
Performing the vectorization operation on Eq. (17), we obtain
[19]:
y¥ =vee (Y?). (18)
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The obtained vector y) can be written as:

vy = A(pi,0,) - B+ N, (19)
where:
N = vec (\/ITZU)SH) ) (20)

and (!, 07) denotes the total manifold matrix with respect to
both the array of the transmitter and receiver.

Then:

A(pi, 0;) = Act(p;) @ Acr(0;) . 2n
The covariance matrices of the received data y can be written
in such a way:

C]MN = Ryy - E[yyH] ) (22)
Cuy = AE[BB"]A" + E[NN"], (23)
CMN:ARBBAH—FU%IMN- (24)

3. Estimation by the Capon Algorithm

Capon estimation, also known as the minimum-variance dis-
tortionless response method, is an advanced signal processing
technique used to estimate the parameters of a received signal
in a noisy environment disrupted by interference sources.

This estimation aims to minimize the noise power in a given
direction, allowing for a more accurate estimation of the
parameters of the signal of interest, especially in scenarios
with interference sources. This method is widely used in fields
such as radar, wireless communications, and sonar processing
to improve the resolution and sensitivity of communication
systems.

The principle of the Capon algorithm is to find the weighting
vector w(k) that minimizes the total output power of the
beamformer while maintaining unity gain in the desired
directions. This minimization can be solved using the method
of Lagrange multipliers. The beamformer output is provided
by [12], [14], [25]:

Yi(t)=wy(t). (25)
Once the Y} is obtained, it is useful to study the spatial

covariance matrix of Y s(t), denoted as Ry;y, . Ideally, this
is defined as the statistical expectation:

Ryfyf =E [Yf(t)Y;(t)] =wl. Cun-w, (26)
where, C,; is the covariance matrix of the input signal
vector y(t). However, since the true expectation E[-] cannot

be computed directly in practice, it is approximated using
a time average on the snapshots of the L signal:

L

A 1 N

Ryyv; =7 Z Y;()Yf(t)=w" Cunw, (27)
t=1

where C MmN is the sample covariance matrix of the received
signal vector y (¢) estimated over L snapshots.
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The Capon method aims to minimize the output power while
preserving the signal from the desired direction. The main
objective of the Capon algorithm is to suppress interference
and noise from other directions, ensuring that the desired sig-
nal remains undistorted. This optimization can be formulated
as follows.

min (wHaMNW) R (28)

w
)| = 1.

The solution to this optimization problem yields the Capon
weight vector:

subject to the constraint: |wH A(yp;, 0

Cily Ay, 0;
W — MNAEfa ) . (29)
AR (p;,0;) Cory Alwi, 0:)

Here, C};, represents the inverse covariance matrix of the
recelved data see Eq. (24), which corresponds specifically
to the upper triangular matrix R obtained from the QR
decomposition of the matrix Cjy; .

In this paper, following the approach of [12], the covariance
matrix C 'y is used in its theoretical form for algorithm de-
velopment and performance analysis. However, in practical
implementations, this matrix must be estimated from mea-
surements, typically using the sample covariance computed
from received signal snapshots.

To estimate the direction parameters (¢;,0;), we design
a peak-searching function based on the Capon output power

spectrum, defined as:
1
P(p,0) = —— . (30)
AH (907 6) CMIN A(QO, 0)

4. Numerical Results

In this section, the simulation results are presented to elucidate
the efficacy of the proposed algorithm. We consider a bistatic
MIMO radar system consisting of two uniform linear arrays,
comprising M and N HWD antennas. To examine the effect
of element separation d on the mutual coupling in a linear
array, we simulated the real and imaginary parts of the mutual
coupling impedance between two half-wavelength dipoles
as a function of their separation, as shown in Fig. 2. As the
distance between the elements increases, the magnitude of
the mutual coupling impedance decreases and approaches
zZero.

In the first test, we evaluate the effectiveness and performance
of the Capon method in achieving higher resolution for the
joint estimation of the direction of departure (DOD) and
direction of arrival (DOA) of target signals.

Figure 3 shows the root mean square error (RMSE) of the
DOD/DOA estimate versus the signal-to-noise ratio (SNR) for
three different uniform linear antenna array configurations:
an array without coupling, an array with coupling, and an
array with coupling using the compensated algorithm.

We considered four targets with departure an-
gles of [—30°,—10°,20°,60°] and arrival angles of
[—40°, —20°,10°, 50°]. The system parameters are set to
M = 16 transmit antennas and N = 8 receive antennas,

Impedance [Q]

<

Real (Z21)

0.5 1.0 1.5 2.0 2.5 3.0

d
A

Fig. 2. Coupling impedance versus %

10!

RM'S/E with known mutual coupling

RMSE using compensate algorithm

;

RMSE withouth mutual coupling

5 10 15 20 25 30
SNR [dB]

Fig. 3. RMSE versus SNR for DOD = [—30°,—10°,20°,60°],
DOA = [-40°, —20°,10°,50°], M = 16, and N = 8.

with 250 signal snapshots. Performance is evaluated using
the root mean square error (RMSE), computed over 600
Monte Carlo trials, using the following formula [26]:

1 \% K
RMSE = —KZZ[sm—

+ (6 - 0)°]

€2y
where, ¢; ,, and él,U are the estimated DOD and DOA, respec-
tively, of the K -th target in the V'-th Monte Carlo trial. Here,
K = 4 denotes the total number of targets and V' = 600 is
the number of trials used to average performance.

The results clearly demonstrate that mutual coupling effects
cause significant degradation in estimation performance, par-
ticularly when the antennas are closely spaced. Moreover,
the influence of known mutual coupling on the DOD/DOA
estimation is SNR-dependent, with its impact generally de-
creasing as the SNR increases.

To better understand the behavior of the proposed algorithm,
Fig. 4 illustrates the relationship between RMSE and the num-
ber of snapshots at a fixed SNR of 25 dB. The number of
snapshots varies from 50 to 350. The results clearly show that
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10°

RMSE [°]
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Snapshots

150 200 250 300350

Fig. 4. RMSE versus snapshots with parameters: M = 16, N = 8§,
DOD = [-30°,—10°,20°,60°], DOA = [—40°, —20°,10°, 50°],
and SNR = 25 dB.

M=16, N=4

M=16, N=16

5 10 15 20 25 30
SNR [dB]

Fig. 5. RMSE versus SNR for different values of IV, with M = 16,
DOD = [-30°,—-10°,20°,60°], DOA = [—-40°, —20°,10°, 50°],
L =350,and d = \/2.

the accuracy of the estimation, as indicated by the RMSE, im-
proves consistently with an increasing number of snapshots.
This improvement is expected, as a higher number of snap-
shots enhances the estimation of the covariance matrix and
effectively increases the SNR through temporal averaging,
leading to more accurate DOD/DOA estimates.

In Fig. 5, the number of transmitting antennas M is fixed,
while the number of receiving antennas N is varied. The
results indicate that as the number of receiving antennas
increases, the RMSE steadily decreases, demonstrating a con-
sistent improvement in the accuracy of the estimation.

In Fig. 6, the number of receiving antennas V is kept constant,
while the number of transmitting antennas M is varied. The
results indicate that as the number of transmitting antennas
increases, the RMSE steadily decreases, highlighting a sig-
nificant improvement in estimation accuracy. Based on the
results presented in Figs. 5 and 6, we observed that increas-
ing the number of transmitting and receiving antennas results
in a minimum RMSE, indicating more accurate estimations
of the DOA and DOD.
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Fig. 6. RMSE versus SNR for different values of M, with N = 16,
DOD = [-30°,—10°,20°,60°], DOA = [—-40°, —20°, 10°, 50°],
L = 350,d = \/2, and SNR = 25 dB.
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Fig. 7. Mean square error (MSE) versus SNR for DOD.

Figures 7 and 8 present the simulation results for a bistatic
MIMO radar system equipped with M = 5 transmitting and
N = 5 receiving antennas, both configured as uniform linear
arrays (ULAs) with half-wavelength inter-element spacing.
Three target scenarios are evaluated: (30°,45°), (—8°,30°),
and (0°, 5°), using 100 snapshots and 50 Monte Carlo trials.

Based on the results illustrated in Fig. 7 (DOD) and Fig. 8
(DOA), the mean squared error trends clearly indicate that
the accuracy of angle estimation techniques improves as the
signal-to-noise ratio increases. The maximum likelihood esti-
mation (MLE) method demonstrates the best overall perfor-
mance, achieving the lowest MSE.

The ESPRIT algorithm also provides high precision, with
performance closely matching that of MLE, especially from
0 dB onward. Although the MUSIC method performs slightly
below ESPRIT and MLE, it remains highly effective and
exhibits a consistent reduction in MSE as the SNR increases.

In contrast, the Capon method shows comparatively lower
performance, particularly under low-SNR conditions, indi-
cating greater sensitivity to noise. However, beyond 5 dB, its
MSE decreases significantly, suggesting improved robustness
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Fig. 8. Mean square error (MSE) versus SNR for DOA.

under moderate noise levels. In summary, MLE offers the
highest estimation accuracy, followed by ESPRIT and MU-
SIC. Although Capon is less precise, it may be preferred in
scenarios where reduced computational complexity is a pri-
ority [9], [27], [28].

Figure 9 shows the simulation results for signals departing
from angles of [—30°, —15°,10°, 40°], also utilizing 16 an-
tennas, an SNR of approximately 25 dB, and 350 snapshots.
The element spacing in the array remains at A/2. Here, we
again observe four distinct peaks that align with the desired
angles of departure.

Figure 10 presents the simulation results for signals coming
from angles of [—20°, —10°, 30°, 60°] using 16 antennas, an
SNR of approximately 25 dB, and 350 snapshots. The spacing
between the elements of the array is set to A/2. In this case,
we observe four distinct peaks corresponding to the desired
angles of arrival. Furthermore, it is evident that the departure
angles (DODs) and arrival angles (DOAs) can be clearly
distinguished.

Figures 9 and 10 reveal that the spatial spectrum reach-
es its maxima at angles corresponding to DOD values of
—30°, —15.004°, 9.992°, and 40.001°, and DOA values of
—19.995°, —9.999°, 30°, and 60°. The precision of these es-
timates indicates that the angular search was performed on
a finely spaced grid, probably with a step size of 0.01°.

Figure 11 shows the estimation results for four targets, the
SNR is set at 25 dB, with 350 snapshots. The results demon-
strate that the DODs and DOAs are clearly observable and are
automatically paired. In the following simulation, 500 Monte
Carlo iterations are performed for the bistatic MIMO radar. We
assume the presence of four non-coherent targets located at
angles (¢1,01) = (—30°,—20°), (¢2,02) = (—15°,—10°),
(p3,05) = (10°,30°), and (¢4,64) = (40°,60°), respec-
tively. It can be shown that the transmit angles (DODs) and
the receive angles (DOAs) can be clearly observed.

5. Conclusions

In this paper, we examine the estimation of the direction of
departure (DOD) and direction of arrival (DOA) for bistat-

Fig. 9. Spatial spectrum versus DODs with M; = N = 16,
DOD = [—-30°, —15°,10°,40°], DOA = [-20°, —10°, 30°, 60°],
L = 350,d = \/2, and SNR = 25 dB.
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-20 Y:-21957 - 29.999
Y: 8932

-100
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-140
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DOA [°]

Fig. 10. Spatial spectrum versus DOAs with M; = N = 16,
DOD = [-30°, —15°,10°,40°], DOA = [-20°, —10°, 30°, 60°],
L = 350,d = \/2, and SNR = 25 dB.
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Fig. 11. Angle estimation of the proposed algorithm for four targets.

ic MIMO radar systems in the presence of known mutual
coupling. Our study is grounded in fundamental electromag-
netic principles and employs the Capon algorithm to achieve
accurate signal estimation. Through computer simulations,
we analyze the influence of various parameters on the per-
formance of the Capon algorithm, focusing on its ability to
efficiently and accurately resolve incoming signals.

Simulation results demonstrate that the DOD/DOA estimation
performance improves with an increased number of array ele-
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ments, a higher number of signal snapshots, and array spacing
is A\/2. These enhancements result in sharper spectral peaks
and reduced angular detection errors, highlighting the effec-
tiveness of the Capon algorithm in estimating the DOD/DOA
of incoming signals. However, despite these improvements,
the known mutual coupling among HWD antennas introduces
significant distortions to the output signal. This distortion
negatively impacts the joint DOD/DOA estimation perfor-
mance for multiple targets in bistatic MIMO radar systems
using the Capon algorithm. To address these challenges, we
recommend employing a compensation algorithm to mitigate
the adverse effects of mutual coupling.
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