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ABSTRACT The Multiple-Input Multiple-Output (MIMO) radar combines the signals from multiple
transmit and receive elements separately to form a virtual array. Consequently, system imperfections
in the MIMO radar caused by channel imbalance and mutual coupling are repeatedly present in the
virtual array, affecting the beamforming performance. In this paper, the beam pattern deviations caused
by these imperfections are described mathematically in relation to a single point target. Furthermore,
a nonparametric calibration technique to estimate and compensate for these effects at different angles
is presented by exploiting that the same imperfections are present multiple times in the virtual array.
The proposed calibration method is applied to measurements with an 8 × 8 colocated X-band MIMO
radar, and the peak sidelobe level (PSL) and the integrated sidelobe level (ISL) are used as performance
parameters. The calibration technique is found to improve both the PSL and the ISL by approximately
15 dB within the whole field-of-view (FOV) for antennas that are not minimum scatterers. For angles
above ±30◦ from the antenna boresight, the performance of the proposed calibration method is found to
surpass other calibration methods. This is advantageous for MIMO radars as they typically cover a wide
FOV.

INDEX TERMS Multiple-input multiple-output (MIMO), radar system, calibration, channel imbalance,
mutual coupling, colocated, beamforming.

I. INTRODUCTION

IN RELATION to the number of physical elements,
the multiple-input and multiple-output (MIMO) radar

offers the enhanced angular resolution within a large
field-of-view (FOV) and hence new capabilities for
multichannel radar systems, including identification and
surveillance [1]–[5]. When applying beamforming to the vir-
tual array, system imperfections in a single channel, whether
originating from channel imbalance or influence from nearby
channels, occur repeatedly since each transmit channel is
combined with every receive channel.
Typically, a small element spacing of the virtual array is

desired to reduce the angular ambiguities, and inevitably
some of the physical antenna elements are located in
close proximity. Consequently, these elements are subject
to mutual coupling, which has led to a considerable number
of studies within the topic on antenna arrays [6]–[9]. In

some cases, antenna mutual coupling can be adequately
described by a scattering matrix containing the scattering
parameters (S-parameters) of the array, or equivalently by
embedded element radiation patterns. Early studies describe
mutual coupling of phased-array radars, demonstrating a
scan angle dependency of the S-parameters. If the element
patterns within an array are identical, the total radiated
field can be estimated by multiplying with the array pat-
tern without considerable errors [10]. This is typically the
case for large arrays with identical elements, even with the
presence of mutual coupling where the embedded radia-
tion pattern differs from that of an isolated element. If the
element radiation patterns are not identical due to the geo-
metrical array environment, the array pattern multiplication
cannot be applied without serious degradation of the system
performance. Particularly, the end-elements of linear arrays
are highly affected by their asymmetric surroundings, and
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instead the measured or computed active element pattern of
each element is to be considered, when estimating the total
radiated field [11], [12].
In contrast to phased-array radar, a MIMO radar ideally

emits orthogonal waveforms from the transmit elements to
form the virtual array, such that the total field is not steered
towards a specified scan angle. Similarly, each receive ele-
ment is accessed separately without scanning in a certain
angle, which preserves all information for a price of an
increased amount of data and system complexity. Hereby,
digital beamforming can be applied, and the scattering matrix
becomes constant. Nevertheless, depending on the selec-
tion of waveforms, the scattering matrix can potentially
vary as a function of time as documented for phase-coded
waveforms in [13]–[15]. The effects on the beam pattern
from system imperfections in a MIMO radar system have
been investigated for worst-case boundaries through statisti-
cal analysis [16]. Furthermore, mutual coupling effects are
analyzed by implementing a MIMO communication model
that also considers impedance matching in [17].
Evidently, calibration is required, and several studies have

proposed measurement-based calibration methods. By using
the measured channel deviations from a single calibration tar-
get, decent calibration coefficients are conveniently obtained
such as in [4]. The robustness can be increased by mea-
suring the reflected signal from several known targets to
estimate more suitable calibration coefficients. It is done
either from the relative average amplitude and phase devia-
tion throughout each virtual channel [18] or from the phase
slope and offset through a set of linear equations and apply-
ing matrix inversion [19]. In general, these methods perform
well for calibration of channel imbalance, however, they
assume that the effects of system imperfections are angle
independent. This is not the case for mutual coupling even
if the S-parameters are constant. Without taking this matter
into account, the calibration performance often decreases for
increasing angles, as the embedded element patterns between
the end- and center-elements diverge.
Estimating the direction of targets in presence of mutual

coupling is described in [20]–[22] using super-resolution
techniques such as MUSIC and ESPRIT. These techniques
have high computational complexity and require multiple
samples realized by a series of pulses which affects the
Doppler domain. A calibration method which applies the
coupling matrix from the measured S-parameters is intro-
duced in [14], [23], but the method is not applied to a full
MIMO system. This is done in [24], [25] with a least-
squares approach, but the method does not utilize that
the effect of a physical element impacts several virtual
elements. Additionally, the relation between the coupling
matrix and the embedded element radiation pattern only
applies to minimum scattering antennas (MSA) [26]–[28].
An MSA assumes that the scattering of an antenna under
matched conditions, referred to as residual or structural scat-
tering, has a pattern identical to that of the element, which
is typically not the case. Furthermore, even if the antennas
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FIGURE 1. Block diagram representation of a MIMO radar signal model including
channel imbalance and mutual coupling from generation of ideal waveforms to
collection of the received imperfect signals.

were minimum scatterers, they would not necessarily behave
as such, e.g., if the surrounding environment also affects the
elements. Finally, mutual coupling can also occur within the
RF system. For MIMO radar systems using an RF mixing
stage, the use of a shared local oscillator may lead to RF
mutual coupling through the power splitters.
In this paper, a calibration method to compensate for

channel imbalance and mutual coupling is proposed using
several observations of the relative radiation pattern obtained
within a single MIMO measurement. As such a measure-
ment includes all system errors, this method performs well
even if the antenna elements are not MSAs, corrects for
impedance mismatch, and takes the potential environment
effects on the elements into account. In the following sec-
tion, a system level model including channel imbalance and
mutual coupling is presented with appropriate assumptions.
Section III describes some calibration considerations,

emphasizing the importance to calibrate for both the mutual
coupling and channel imbalance. These considerations moti-
vate the proposed method, which is described in Section IV.
Here an X-band MIMO system with colocated elements is
used to document the increased calibration accuracy of the
proposed calibration technique.

II. SIGNAL MODEL
A block diagram of a MIMO radar signal model including
system imperfections is illustrated in Fig. 1, where the dif-
ferent contributions to imperfections are separated. It forms
the basis of the signal model described in the following.
The derivation of the model reflects the signal path, and
it is hence divided into a transmission, propagation, and
reception section.

A. TRANSMISSION
Initially, a source generates the number of ideally orthogonal
waveforms corresponding to the number of transmitters, NT .

512 VOLUME 3, 2022



In the absence of noise, the waveforms can be written as

w0(t) = [
w1(t),w2(t), . . . ,wNT (t)

]T
, (1)

where (T) denotes the transpose and wi(t) is the time-varying
signal of channel i. As the signals traverse through the dif-
ferent components in the RF system, undesired amplitude
and phase variations across the channels occur, which is
also referred to as channel imbalance. These effects can be
described by a diagonal square matrix of order NT :

CT,RF =

⎡

⎢⎢⎢⎢
⎣

c11 0 · · · 0

0 c22
. . . 0

...
. . .

. . .
...

0 0 · · · cNTNT

⎤

⎥⎥⎥⎥
⎦

, (2)

where the cii is the complex channel imbalance coefficient
of element i. For the purpose of this paper, it is assumed that
there is no RF mutual coupling, which otherwise would be
included in the off-diagonal elements in (2). As the generated
signal reaches the antenna elements, the presence of adjacent
elements will additionally lead to scattering, which can be
described by the square coupling matrix of order NT

CT,A = 1√
ZT

⎛

⎜⎜⎜⎜
⎝
INT −

⎡

⎢⎢⎢⎢
⎣

S11 S12 · · · S1NT

S21 S22
. . . S2NT

...
. . .

. . .
...

SNT1 SNT2 · · · SNTNT

⎤

⎥⎥⎥⎥
⎦

⎞

⎟⎟⎟⎟
⎠

, (3)

where ZT is the termination impedance or reference
impedance, Sij describes the S-parameter from the excited
channel j to channel i, and INT is the identity matrix of order
NT . The diagonal elements of the scattering matrix in (3) are
known as the reflection coefficients, whereas the off-diagonal
elements are the antenna mutual coupling coefficients. The
characteristics of the antenna mutual coupling depend on
the antenna type, the array geometry and antenna orienta-
tion. By combining (2) and (3), an imperfection matrix for
the transmit array can be described as

CT = CT,ACT,RF, (4)

which is a square matrix of order NT . For an ideal system the
imperfection matrix equals the identity matrix: CT = INT . In
(4) it is assumed that the system is frequency independent
throughout the entire signal bandwidth, which is typically
the case for narrowband signals.

B. PROPAGATION
After transmission, the signals propagate from the transmit-
ting elements, and reflections from targets and clutter will be
collected by the NR receiving elements. For a point target,
the resulting signal is described by the channel matrix

P(r, θ, φ) = ER(θ, φ)A(r, θ, φ)

� exp
[−jkT(r, θ, φ)

]
ET(θ, φ), (5)

where � is the Hadamard product, i.e., the elementwise
multiplication, exp[ · ] denotes the elementwise exponential,

k is the wave number, while ER and ET are square diagonal
matrices of order NR and NT , respectively. They correspond
to the isolated element patterns of the receive and transmit
array elements for the given direction angle in azimuth, θ ,
and elevation, φ, measured from the normal to the plane of
the MIMO system antenna constellation. A is the NR × NT
attenuation matrix describing the propagation attenuation as
the signal propagates from each transmitter to every receiver,
including the radar cross section of the target at range r.
Similarly, T is the NR × NT matrix describing the phase
change due to the signal propagation as a function of the
receive and transmit element position and the target posi-
tion, assuming a propagation speed equal to the speed of
light. Thus, the channel matrix P represents the ideal system
without imperfections.
Depending on the application for the model, several sim-

plifications can be made, which will also be the case here.
First, it is assumed that the transmit and receive array are
parallel such that the elevation angle, φ, can be omitted.
Next, the target is assumed a single point target in the far-
field of the array with identical radar cross section for all NT
transmitted signals such that A can be ignored. Finally, it is
assumed that the system is colocated such that the direction-
of-arrival (DOA) angle is identical for all elements. Hereby,
T can be split in two phase-terms. First a constant phase-
term by the two-way propagation path from a reference point
on the MIMO array, which can be ignored. Second, a rela-
tive phase change due to the array element positions, which
is of interest for direction estimation [29]. Disregarding the
element patterns, the amplitude-normalized channel matrix
becomes

P(θ) ∼= exp
[−jksin(θ)y

]
exp

[
−jksin(θ)xT

]
, (6)

with x and y being the position vectors describing the relative
distance of each element in the azimuth direction of the
transmit and receive array, respectively

x = [
x1, x2, . . . , xNT

]T
, (7)

y = [
y1, y2, . . . , yNR

]T
, (8)

such that P(θ) becomes an NR × NT matrix.

C. RECEPTION
Similar to the transmit array, mutual coupling in the receive
array also occurs together with channel imbalance, which
again is implemented by a square matrix, CR, of order NR. It
should be noted that on transmit side the channel imbalance
of the RF system occurs prior to the antenna mutual coupling,
and in the opposite order on the receive side. Combining
(1), (4) and (6), the signal collected on the receive side as
seen in Fig. 1, can then be described as

wR(t, θ) = CRP(θ)CTw0(t) + e(t), (9)

such that wR becomes a column vector with NR elements,
and e(t) is the noise vector with independent Gaussian white
noise consisting of NR elements as well.
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The virtual antenna array is formed by cross-correlating
the collected signals at each receiver in wR(t, θ), with a
copy of all transmitted waveforms in w0(t), also referred to
as matched filtering. Assuming that the transmitted signals
are orthogonal, the normalized matched filter output will be
one. It is also assumed that range migration is negligible (or
corrected for), i.e., the line-of-sight dimension of the array is
much less than the range resolution. From (9), the maximum
normalized matched filter output, including imperfections,
becomes

Wout(θ) = CRP(θ)CT + ε, (10)

with Wout(θ) being another NR × NT matrix, and ε being
the normalized additive noise matrix. As the noise in (10)
is added posterior to matched filtering, the SNR is typically
increased equal to the pulse-compression ratio compared to
the additive noise in (9). Depending on the MIMO array con-
figuration, direct coupling between the transmit and receive
elements can occur. It is a rather simple operation to mask
out this coupling after matched filtering, because the signal
will be at near-zero range. Nevertheless, the propagation loss
is near-zero for the direct coupling between the transmit and
receive elements, such that even low coupling coefficients
can saturate the system or increase the sidelobe level from
imperfect waveform orthogonality. This can become critical
for especially coded waveforms, where the sidelobe level is
restricted by the cross-correlation between the waveforms.
If the imperfection matrices have been estimated, the ideal

signal output can easily be computed by multiplication of
the inverse of the transmit and receive imperfection matrices

Wcal(θ) = C−1
R Wout(θ)C−1

T , (11)

which leads to a calibrated system. In principle, CR and CT

can be ill-conditioned, but diagonally dominant matrices are
often well-conditioned such that the inverse can be estimated.
The challenge is of course to obtain the calibration matrix
either by simulations or measurements, such that the effects
of the imperfections are minimized.

III. CALIBRATION CONSIDERATIONS
The presented system model can be applied to all array
configurations. In this paper, a common MIMO system is
however assumed; one array consists of a uniform linear
array (ULA) with λ/2 spacing, dF , where λ is the free
space wavelength, and the subscript “F” refers to the array
being full. This array has also been referred to as a standard
linear array (SLA), because the maximum element distance
is achieved without forming any angular grating lobes when
performing beamforming. The second array in the MIMO
system is a ULA with a spacing of dS = NFdF , where
the subscript “S” refers to array being sparse. In the fol-
lowing, this MIMO system will be addressed as a standard
MIMO array (SMA), since an NF×NS SMA forms a virtual
SLA array with NFNS elements. For such a system it is nec-
essary to vectorize the output matrix prior to beamforming.

FIGURE 2. The experimental X-band MIMO array, designed and constructed at DTU
Space, used for calibration verification, and consisting of a sparse and full array of
open-ended waveguide antennas.

It can be expressed as

wout(θ) = vec(Wout(θ)), (12)

with vec(·) denoting the vectorization, which converts a
matrix to a column vector through a linear transform by
stacking the columns. Furthermore, it should be noted that if
the array of transmitters represents the full array, a transpose
of Wout(θ) is required prior to vectorization. Otherwise, the
vectorization will stack the virtual elements from each sparse
element consecutively instead of the full array, resulting in
nonconsecutive spatial sampling of the virtual array.
In the following, three calibration considerations are

described. The simulations that exemplify the considerations
will build on an X-band SMA system as illustrated in Fig. 2,
which is also used to demonstrate the proposed calibration
technique experimentally. The system consists of commercial
off-the-shelf components, features transmission of arbitrary
waveforms with adjustable data collection up to 4 GB, and
has its bandwidth limited to 200 MHz due to the RF subsys-
tem. The antenna elements of the MIMO system are standard
WR90 open-ended waveguides with NF = NS = 8 with a
sufficient length to attenuate higher modes in the waveguide.
Open-ended waveguides are suitable for a MIMO radar due
to their broad element pattern, which allows a large FOV.
Additionally, absorbers surrounding the elements are added
to reduce backlobe reflections, which will also affect the
embedded element radiation pattern.
Fig. 3 illustrates a model of the full array of the experimen-

tal MIMO radar for computational electromagnetics (CEM)
using CST Microwave Studio. A transient solver is used to
simulate the scattering matrix depicted in Fig. 4, and the
element radiation patterns to investigate the antenna mutual
coupling effects. Since the mutual coupling is highly related
to the element spacing relative to λ, its influence on the
sparse array will depend on NF for an SMA, such that
antenna mutual coupling can be neglected for large arrays. In
this specific case with open-ended waveguides and NF = 8,
the simulated coupling was found to be below −30 dB for
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FIGURE 3. Full array model of the experimental MIMO system applied in a full-wave
simulator.
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FIGURE 4. Normalized amplitude (a) and phase (b) of the modelled S-parameters
estimated from the model in Fig. 3.

the sparse array even without the surrounding absorbers.
Hence, the sparse array has a relatively small influence on
the mutual coupling in the system.

A. MINIMUM SCATTERING ANTENNA
When calibrating for antenna mutual coupling using S-
parameters, it is assumed that the antenna array consists
of MSAs. For an antenna element, the absorption efficiency
is defined as [28]

η = 1

2

(

1 −
√

1 − Da
Ds

)

, (13)

where Da and Ds are the element directivity and scattering
directivity, respectively. For an MSA, an equal amount of
received energy is absorbed and scattered such that η = 0.5
with a thin dipole being the most common example of an
MSA. The coupling matrix for an MSA with respect to
impedance can be described as [27]

CA = (ZT + ZA)(Z + ZTIN)−1, (14)

with ZT being the reference impedance, and ZA being the
antenna impedance computed from [30]:

ZA,n = ZT,n

(
1 + Snn
1 − Snn

)
, (15)

where Snn is the diagonal element n of the scattering matrix,
such that ZA = ZT in the case of complex conjugated
impedance matching. Finally, Z is the mutual impedance
matrix described by [30]

Z = ZT(IN + S)(IN − S)−1, (16)
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FIGURE 5. Comparison of element radiation patterns of an isolated open-ended
waveguide from a CEM model, an end-element of the array model estimated from the
obtained scattering parameters, and directly from the CEM model. For consistency, all
models are without surrounding absorbers.

where S is the scattering matrix. For most systems, S can be
measured with a Vector Network Analyzer, and the reference
impedance, ZT , is generally 50 �.

For MSAs, the array radiation pattern is a function of the
mutual impedance [27]:

E(θ) = Eiso(θ)as(θ)(Z + ZTIN)−1v, (17)

where Eiso(θ) is the element pattern of an isolated element
and as is the so-called steering vector using an end-element
as reference:

as(θ) =
[
1e−jkd sin(θ) · · · e−jkd(N−1)sin(θ)

]
, (18)

where d is the distance between the elements. In (17), v is
a column vector of the generator voltages or open circuit
voltages, if referring to either a transmitting or receiving
array. Considering only the embedded element pattern of a
single element such that all other elements are terminated,
the unit voltage array becomes

V(p)
0q =

{
0,

V0 = 1
if p �= q
if p = q,

(19)

when evaluating element q and exciting element p.
Combining (19) and (17), it is thus possible to compute the
embedded radiation pattern from the isolated element pattern
and the scattering matrix assuming minimum scatterers.
Fig. 5 illustrates the radiation patterns of three different

scenarios similar to the modelled array in Fig. 3, but without
the surrounding absorbers. First, the isolated radiation pattern
which has a symmetric amplitude around boresight. Second,
the embedded radiation pattern of an end-element estimated
from the CEM scattering matrix using the MSA approxi-
mation (17) with all other elements terminated. Third, the
embedded radiation pattern estimated with the same CEM
again with sequential excitation. It is obvious, that the
embedded radiation pattern from the minimum scattering
approximation is not identical to the simulated pattern, and
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consequently, the calibration performance of mutual coupling
is degraded when assuming MSAs. Since the antenna array
of open-ended waveguides has a small airgap between each
element, it is not considered an MSA, as the absorption effi-
ciency was estimated to be about 0.25 [28]. Furthermore, in
the specific case with surrounding absorbers as illustrated
in Fig. 2 and Fig. 3, the radiation pattern is addition-
ally altered, such that the behavior of the antennas further
deviates from minimum scatterer condition. This is not nec-
essarily undesired, as the absorbers are found to smooth the
radiation pattern for especially larger angles. Without the
gaps between the elements, the array would become a slot-
type antenna, which is an example of an MSA with respect
to admittance [27].
Fig. 5 only addresses antenna mutual coupling, but as

mentioned mutual coupling can also occur in the RF sub-
system. Assuming only a single element being excited, the
passive elements will additionally radiate an attenuated and
phase shifted copy of the generated signal, depending on the
path length deviation in the RF subsystem. Independently of
the antenna type, the resulting embedded radiation patterns
will deviate from the radiation patterns that are estimated
from the S-parameters.

B. EMBEDDED RADIATION PATTERN
Large arrays are often assumed to be infinite, omitting the
effects of the end-elements, where the embedded element
patterns differ from the center-elements due to the asymmet-
ric array environment. However, for an SMA MIMO system,
the impact of mutual coupling on the end-elements of the
full array will repeat itself periodically NS times through
the virtual array. The resulting sidelobes will have their
power concentrated in NS equidistant peaks in the angu-
lar frequency domain as described in [31]. Naturally, the
effect also decreases with an increasing number of elements,
since the percentage of virtual elements affected decreases
assuming NF = NS.

Fig. 6 illustrates the simulated normalized power of the
beam pattern using a Fast Fourier Transform (FFT) of (12).
A relative amplitude deviation of 4 dB of an end-element in
the full array is assumed, omitting the small phase deviation
due to a change of the element phase center. Hence, mutual
coupling is also disregarded in this example, resulting in the
following diagonal imperfection matrix of the full array

CF,nn =
{

1.6
1

if n = 1
otherwise,

(20)

for element n. The applied amplitude deviation corresponds
to the embedded radiation pattern measured with the MIMO
system seen in Fig. 2, which is illustrated in Section IV. The
virtual array has been Hamming weighted resulting in an
ideal maximum sidelobe level of −42.5 dB. Weighting has
been applied, because an unweighted system has very few
practical uses due to the high sidelobe levels. With a system
of eight elements in the full and sparse array, the sidelobe
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FIGURE 6. Simulated SMA system beam pattern for an 8 × 8 and
16 × 16 SMA system with a target at θ0 = 70◦ . An amplitude deviation of 1.6 of an
end-element in the full array is assumed with θb indicating the beamforming angle.

level has risen to about −23 dB, whereas with sixteen ele-
ments the sidelobe level is about −29 dB, which is still
significantly higher than the Hamming weighted sidelobe
level. Of course, the change of the sidelobe levels depends
on the window function since the ratio of the system error
magnitude and sidelobe level plays a significant role. Hence,
for a Dolph-Chebyshev window with a theoretical sidelobe
level of −30 dB, the maximum sidelobe level of 8 × 8 and
16 × 16 SMAs would be −20 dB and −23 dB, respectively.
Therefore, the impact of the channel imbalance caused by
the embedded radiation patterns of the end-elements, cannot
be ignored even for large systems. Additionally, if the array
is not an MSA as shown previously, the correction of the
element pattern will not yield optimal beamforming results.

C. COMBINED CHANNEL IMBALANCE AND MUTUAL
COUPLING
From (4), it is seen that the imperfection matrix is a combina-
tion of channel imbalances and mutual coupling. In principle,
it is possible to correct for the two imperfection effects inde-
pendently, but depending on the RF system, it is either not
possible or cumbersome to calibrate for channel imbalance
without calibration of mutual coupling. If the antenna array
consists of MSAs, the mutual coupling can be compensated
for directly from obtained S-parameters, followed by a cali-
bration of the channel imbalance. Nonetheless, the minimum
scattering assumption does not apply to many antenna arrays.
Another problem arises when only one of the two imper-
fections are considered, because they can either affect each
other constructively or destructively, such that a calibration
of only one of the imperfections potentially yields a worse
outcome.
Fig. 7 and Fig. 8 illustrate the Hamming-weighted beam

pattern for three different imperfection scenarios for an
8 × 8 SMA. For all scenarios, a point target is located
at boresight, i.e., θ0 = 0, and it is assumed that the sparse
array is ideal. Each curve in both figures has been normalized
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FIGURE 7. Normalized simulated 8 × 8 MIMO radar beam pattern with an
imbalanced channel of −0.15 radians, causing constructive interference.
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FIGURE 8. Normalized simulated 8 × 8 MIMO radar beam pattern with an
imbalanced channel of 0.15 radians, causing destructive interference.

to its maximum value, instead of the ideal array, since the
relative sidelobes are the ones of interest. First, no mutual
coupling is present, but a channel imbalance of 0.15 radians
is applied to the first channel of the full array similar to (20)
but with CF(1, 1) = 0.9888 ± 0.1494i. Second, mutual cou-
pling is applied assuming no channel imbalance using the
S-parameters from Fig. 4, and finally the combined chan-
nel imbalance and mutual coupling is applied as described
above. The channel imbalance and mutual coupling sepa-
rately increases the sidelobe level, but when the imbalance is
−0.15 as in Fig. 7, the phase of the imperfections will add up
constructively in accordance with the matrix multiplication
in (10), since the S-parameter of the neighboring element has
a negative phase. This element has the highest contribution
to the beam pattern deviations due to the high amplitude.
Hereby the resulting sidelobe level further increases, and a
calibration of either channel imbalance or mutual coupling
improves the beamforming performance. This is opposite
in Fig. 8, where the channel imbalance phase is positive,
such that the imperfections add destructively. Consequently,

the sidelobe levels for some of the angular frequencies are
greatly reduced.
Conclusively, when a system is affected from both chan-

nel imbalance and mutual coupling, but only one of these
imperfections is corrected for, the system performance can
be degraded.

IV. MIMO RADAR SYSTEM CALIBRATION
It is evident, that several aspects of system imperfections in
a MIMO radar system are to be considered to increase the
performance in the angular dimension of the radar system.

A. PROPOSED CALIBRATION TECHNIQUE
With only a single measurement, several estimates of devi-
ations from an ideal system can be obtained for each
channel. This is possible, since NRNT virtual elements are
formed from only NR + NT physical elements, such that
an over-determined solution can be formed. However, as
described in Section III, the effects of mutual coupling
changes with respect to the DOA. Hence, a set of mea-
surements of a calibration target with a MIMO system at
different DOA angles is required to achieve high calibration
performance for large angles. This can be attained either
by rotation of the radar system or by changing the location
of the target. For each angle, a set of transmit and receive
calibration coefficients are estimated and used for calibra-
tion. In this way, they correct for all imperfection effects
at a given angle including mutual coupling and presence
of the surrounding environment with the price of having
angular-dependent calibration coefficients, which increases
the computational complexity. Thereby, the measurements
should ideally cover the whole FOV, where the angular
step-size determines the quantity of estimated calibration
coefficient sets. In principle, this is a question of computa-
tional complexity on one hand and system performance on
the other, as additional sets of calibration coefficients offer
better calibration performance. Furthermore, a relatively high
SNR is needed, as no averaging is performed between mea-
surements. However, calibration scenarios are in general set
up to ensure a strong return signal.
The steps for estimating the calibration coefficients are

illustrated in Fig. 9. Starting with a single measurement, the
matched filtering in range is applied to the collected signals.
Considering only the range bin of the calibration target, the
matrix Wout is obtained from (10), where each row repre-
sents a receive element and each column a transmit element.
Next, the angle-dependent linear phase-term originating from
the channel matrix in (6) is removed assuming a target in
the far-field or applying a corresponding near-field phase
compensation:

Wres(θ) = Wout(θ) � P(θ), (21)

with � denoting the Hadamard division. The remaining
signal, Wres(θ), now corresponds to the NR × NT matrix
containing the residual signals of all virtual elements for a
given angle. Hence, it is not possible to distinguish between
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FIGURE 9. Diagram for estimating the calibration coefficients from the proposed
calibration method.

the different origins of the signal deviations of the virtual
elements. Under the assumption that the imperfections affect-
ing each of the NR +NT physical elements are constant, the
virtual elements can be combined. Starting with the receive
array, each column of Wres(θ) is normalized by its mean
value

WR,norm(θ) = Wres(θ)diag
(
Wres(θ)

)−1
, (22)

with ( ) denoting the column average and diag(x) the diag-
onal matrix with the vector x as diagonal. Hereby, for each
receive channel, NT estimates of the calibration coefficients
are obtained such that WR,norm(θ) is another NR × NT
matrix. Since each column has been normalized, the devi-
ations due to transmit imperfections are removed, resulting
in NT estimates of the receive imperfections. An example
of WR,norm(θ) for an 8 × 8 MIMO system is illustrated in
Fig. 10 using the simulated S-parameters from Fig. 4 for the
receive array assuming no other imperfections. An interesting
observation can be seen for the end-elements, whose ampli-
tude and phase deviate from the mean values. Across the
receive elements, opposite tendencies are observed in par-
ticular for the amplitude, which is expected due to the array
geometry and θ0 = 50◦. In this way, the mutual coupling
effects can be considered directly as a channel amplitude
and phase deviation for a given angle. These values are
finally averaged to estimate the calibration coefficients of
the receive array:

ĉR(θ) = WR,norm(θ), (23)

with ( ) denoting the row average resulting in a col-
umn vector with NR elements. Hence, these calibration
coefficients represent the total imperfection (imbalance and
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FIGURE 10. Simulated deviations in amplitude (top) and phase (bottom) caused by
the receive array mutual coupling for a target at θ0 = 50◦ and SNR of 30 dB.

mutual coupling) of the receive channels at a given angle.
An imperfection matrix of the receive array can then be
formed from

ĈR(θ) = diag(̂cR(θ)), (24)

which is an angle-dependent counterpart of CR found in (9)
with all contributions of system imperfections gathered in the
diagonal. The counterpart of the transmit imperfection matrix
CT from (4) can be estimated in a similar manner from
(22)-(24) by applying averaging in the opposite dimension.
Hence, in (22) and (23) the row and column averaging,
respectively, is applied to achieve ĈT(θ) as illustrated in
Fig. 9. With ĈR(θ) and ĈT(θ) being diagonal matrices, they
are not ill-conditioned, and the inverse can be determined.
Finally, the system is then calibrated as from (11), followed
by beamforming on the resulting virtual array.
In the following, the proposed method will be compared to

the calibration method described in [18], where the calibra-
tion coefficient of each virtual element is estimated from the
average of several measurements at different DOA angles,
again with the linear, DOA-related phase-term removed.
This method will in the following be referred to as the
average-method.

B. EXPERIMENTAL RESULTS
As mentioned in Section III, an SMA radar system is used
to demonstrate the calibration technique. The antenna array
configuration is illustrated in Fig. 2, and naturally the full
array will to a larger extent be influenced by mutual coupling
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FIGURE 11. Measurement setup in the anechoic chamber from the point of view of
the radar system with the calibration target located at boresight.

compared to the sparse array. Nevertheless, the proposed
method is nonparametric, i.e., it can be applied to any array
configuration. The system was put on top of a turntable,
where measurements were performed in the angle interval
of ±70◦ from boresight with 1◦ interval. From simulations
the open-ended waveguides were found to have a half-power
beamwidth of 110◦, such that the resulting FOV of 140◦
covers the scene of interest. If clutter is present during the
calibration of the system, this will naturally affect the cali-
bration coefficients, resulting in a degraded performance if
the scene changes. Hence, the measurements were conducted
in an anechoic chamber to reduce the amount of clutter.
The calibration target was a corner reflector with an

RCS of 2.2 dBsm, located in the far end of the chamber
at a distance of approximately 7 meters from the system
as illustrated in Fig. 11. Since the distance to the target
is within the near-field of the system, a near-field phase
correction was applied to the data before estimating the
calibration coefficients. Additionally, background subtrac-
tion has been applied to further reduce the clutter level.
This was implemented by simply subtracting the raw data
without the calibration target, from those with the calibra-
tion target at an angle-to-angle basis. To accommodate the
assumption of orthogonal waveforms and avoid time-variant
scattering parameters time-division multiplexing, TDM, is
selected, where only a single transmitter is radiating at a
time. Linear Frequency-Modulated (LFM) waveforms are
used to achieve pulse-compression where the full array is
used for transmission and the sparse array for reception.
An example of the amplitude and phase values of

WT,norm(θ) with a calibration target at θ0 = 70◦ is illustrated
in Fig. 12. The results are relative to the average values, and
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FIGURE 12. Measured amplitude (top) and phase (bottom) for a target at
θ0 = 70 degrees for the transmit array constituting the full array of the SMA.

the final result is found by averaging over all sparse elements.
It is seen that the amplitude of the end-elements has a rel-
ative high amplitude deviation, which is expected due the
embedded radiation patterns. Since the propagation phase is
removed, the relative phase differences mainly arise from
channel imbalances and deviations in the phase centers due
to the antenna mutual coupling, in particular for the end-
elements. Smaller, seemingly random, deviations are seen in
both amplitude and phase caused mainly by system noise.
Compared to Fig. 10, it is evident that the mutual coupling
in the presented MIMO system is stronger than the mod-
elled coupling, as the same trend is observed just with higher
variation from the average value.
Fig. 13 illustrates the normalized beam patterns for three

different calibration scenarios at boresight and at θ0 = 70◦.
The first scenario is the single point target response for
the uncalibrated system, the second scenario when apply-
ing the proposed calibration method, and the third scenario
when applying the average-method in [18]. At boresight,
the sidelobe level is clearly reduced for both calibration
methods. This is also expected, since the mutual coupling
effects at larger angles to some degree cancel out, assuming
that the embedded radiation patterns between the two end-
elements in the full array are typically mirrored. Furthermore,
the sidelobes that do appear are seemingly located periodi-
cally, indicating that small channel deviations still occur. It
should be noted, that with a very low sidelobe level even
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FIGURE 13. Normalized beam pattern with the 8 × 8 MIMO radar when uncalibrated,
calibrated with the proposed method, and with the average-method at boresight (top)
and at θ0 = 70◦ (bottom).

small imperfections will have a relatively high impact on the
sidelobes.
At θ0 = 70◦, large sidelobes occur for the uncalibrated

system mainly because of the embedded radiation patterns.
The average-method does not correct for this effect effi-
ciently, even though the sidelobe level between the peaks
is significantly decreased. On the other hand, the proposed
method corrects for these effects, resulting in a more constant
sidelobe level throughout the whole beam pattern.
To assess the performance of the calibration technique

in combination with FFT beamforming, two performance
parameters are used, namely the peak sidelobe level (PSL)
and the integrated sidelobe level (ISL). The PSL converted
to dB is simply computed as

PSL = 20log10

(
max(|SLL|)
max(|MLL|)

)
, (25)

with SLL being the sidelobe level, and MLL the mainlobe
level. ISL is calculated as the ratio between the energy within
the mainlobe and the sidelobes

ISL = 10log10

( ∑(|SLL|2)
∑(|MLL|2)

)

, (26)
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FIGURE 14. PSL for the uncalibrated system, when applying the proposed and
average-method, and for a Hamming weighted ideal point target response.
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FIGURE 15. ISL for the uncalibrated system, when applying the proposed and
average-method, and for a Hamming weighted ideal point target response.

where the border between main lobe and sidelobe is at the
first null from the main lobe, i.e., where the first local mini-
mum is found. The deviation of the DOA estimation before
and after system calibration is below 0.1◦ for all angles,
which is also below the angular resolution of the radar system
and will not be assessed further in this paper. However, it is
important to notice that the DOA error is to be considered
for MIMO radar systems with few elements. In [17] it was
found that a 2x4 MIMO radar system had an angle deviation
up to 1◦ for large angles.
Fig. 14 and Fig. 15 illustrate the performance parame-

ters of the uncalibrated system together with the calibrated
system with the proposed technique and with the average-
method for all the angles in the measurement series.
Fig. 14 depicts the PSL, which is almost constant throughout
the whole FOV for the uncalibrated scenario. A significant
reduction of the PSL is observed for both calibration meth-
ods, where the average-method tends to perform slightly
better around boresight, but the proposed method greatly
outperforms the average-method for angles above ±30◦ from
boresight, i.e., |sin(θ0)| > 0.5. Even if the PSL is reduced
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with about 15 dB, the PSL is still approximately 10 dB
above the theoretical PSL of the Hamming weighted ideal
beam pattern.
Fig. 15 depicts the ISL, where the ISL of the uncali-

brated data lies around −9 dB for most angles but increases
to about −6 dB towards the larger angles. Similar to the
PSL, both calibration methods perform well for all angles,
reducing the ISL with about 11 dB for the average-method
and 16 dB for the proposed method. Again, for large angles
relative to boresight the proposed method performs signif-
icantly better with ISL values up to 10 dB lower than for
the average-method. Like the PSL, the ISL is still not close
to the theoretical Hamming weighted ISL after calibration.
Again, this is a consequence of the low sidelobe levels of the
window function, such that even very small inaccuracies of
the calibration coefficients such as noise and discretization
cause the relative sidelobe level to increase significantly.

C. CALIBRATION VARIATIONS
The proposed calibration technique increases the computa-
tional complexity because different calibration coefficients
are applied to different DOA angles. In practice, this
means that beamforming must be applied on an angle-by-
angle basis, for instance with a backprojection algorithm.
However, it is possible to reduce the computational com-
plexity by applying the same coefficients for a broader
angular frequency interval, either by averaging over a selec-
tion of angles or simply measure fewer sets of calibration
coefficients. This will of cause decrease the beamforming
performance, so in the end it becomes a matter of prioritiza-
tion. For instance, the average calibration coefficients above
30◦, below −30◦ and in the interval ±30◦ could be used,
since the benefit of the proposed method is observed for
large angles.

V. CONCLUSION
This paper presents a detailed model of the system imper-
fections in a MIMO radar system including both channel
imbalances and mutual coupling. It is found that calibra-
tion of both types of system imperfections is necessary to
achieve high performance of the MIMO radar within its
whole FOV. Thus, a calibration technique has been presented,
utilizing that a single MIMO measurement offers several
observations of the relative radiation pattern of each chan-
nel to efficiently calibrate for the system imperfections.
Calibration coefficients are estimated experimentally with
an 8 × 8 X-band MIMO radar using open-ended waveguide
antennas. An improvement of the peak sidelobe level and
integrated sidelobe level of approximately 15 dB is found
across the whole FOV. This corresponds to the achieved
performance of another calibration method used for com-
parison at boresight. However, at large angles relative to the
antenna boresight, the proposed calibration method performs
particularly well even if the antennas are not minimum scat-
terers. This is an advantage for MIMO radar systems as they
typically cover a wide FOV.
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