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Abstract: Unlike the PMIMO radar, the transmit-receive (Tx-Rx) subarrays MIMO (TRSM) radar uses overlaping
subarrays in Tx and Rx array so that it simultaneously combines the main advantage of the phased array radar (PA)
i.e., high directional coherent gain, and the main advantage of the MIMO radar i.e., high waveform diversity gain. This
paper has derived the radar performance formula such that Tx-Rx gain and SINR. The approach aims to overcome the
beam shape loss, increase the transmit-receive gain, minimize the maximum peak sidelobe levels, narrow the half
power beamwidth, increase directivity, and increase signal-to-noise-plus-interference ratio (SINR). This radar's
performance is compared to the PMIMO radar in various methods such as equal subarrays, unequal subarrays, and
optimum partitioning, the PA radar, and the MIMO radar. The numerical simulation and evaluation results show that
the proposed radar has several advantages such as lowest the peak sidelobe level, narrow the half power beamwidth,
and high directivity, so it is very robust against interference effects. When compared to the OPPM radar, as
representative of the best-performing radars, this radar has an average performance improvement of MPSLL,
directivity, and HPBW which are 21.5 dB, 2 dB, and 0.45 deg, respectively.

Keywords: Array antenna, Coherent gain, MIMO radar, Phased array, Transmit-receive subarray.

1. Introduction

The phased array (PA) radar with its beam
steering capability produces high directional coherent
gain towards the target [1]. This directional coherent
gain is useful for detecting weak targets and
minimizing sidelobe levels in the direction of
interference [2]. Unlike the PA radar, the multi-input
multi-output (MIMO) radar has omnidirectional
transmission by all transmit (Tx) elements, which are
orthogonal to each other so as to produce high
waveform diversity gain [3, 4]. If these waveforms
are perfectly orthogonal [5], they increase the channel
capacity of the communication system [6] and
provide efficient power allocation [7].

The MIMO radar equipped with signal
processing can detect multiple targets [8, 9] with high
resolution [10], high sensitivity [11], expand the
detection range [12], and increase the parameter
estimation [13]. However, the MIMO radar that is
good in waveform diversity gain turns out poorly in
the formation of directional coherent gain. This gain
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is very important for target detection and tracking
[14]. This problem can be overcome by using the
Phased-MIMO (PMIMO) radar approach, which
exploits the main advantage of the PA radar i.e.,
directional coherent gain, and the main advantage of
the MIMO radar i.e.,, waveform diversity gain
simultaneously [15]. In addition, the PMIMO radar is
still being studied to date because it has other
advantages such as increasing the angular resolution,
adding the identifiability parameters, expanding the
aperture array, and increasing the target detection
[16].

In principle, the PMIMO radar is the MIMO radar
whose elements of the Tx array are overlapped
subarrays with frequency variations to produce range
resolution [17], radar ambiguity function settings
[18], and optimization of Tx beampattern [19]. These
subarrays are orthogonal to form directional beams
such as PA with the number of elements of the
subarray in the Tx array being equal [15-19] and
unequal [20, 21]. The purpose of using Tx subarray
is to obtain high directional coherent gain as well as
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Figure. 1 Hllustration of transmit-receive array for the PMIMO radar

to reduce the maximum peak sidelobe level (MPSLL)
to be lower than the PA radar but on the other hand
beam shape loss occurs on the mainbeam of the
transmit-receive beampattern (T-R beampattern).
MPSLL is the value of the sidelobe level in dB for the
first sidelobe of mainlobe or mainbeam. This also
shows that when MPSLL on PMIMO radar is low,
directivity becomes large. In the study reported by
[22], the optimum partitioning method has obtained
the optimum number of subarrays that has the lowest
MPSLL and highest directional gain compared to the
previous method. Although the optimum number of
subarrays has been obtained, the directivity gain
obtained is not an optimum directivity. The optimum
directivity produces half power beamwidth (HPBW),
which focuses on the intended target and at the same
time increases the ability to suppress interference. So
that these conditions require the radar performance
that has a high Tx-Rx gain as well as a high signal-
to-interference-plus-noise ratio (SINR).

This paper presents a Tx-Rx subarrays approach
to the MIMO radar (TRSM) where both the Tx and
Rx arrays are divided into overlapping subarrays.
Each subarray in the Tx-Rx array has the same
number of elements. The variation of waveform
produced by the combination of the number of
subarrays in the Tx-Rx array compensates for the
beam shape loss and the directivity compared to when
using only subarrays on the Tx array as in the
PMIMO radar. An optimum variation of the
waveform occurs simultaneously increasing the
directional coherent gain and the waveform diversity
gain, so that it has a significant effect on increasing
the radar performance such as low MPSLL, high
directivity, narrow HPBW, and high SINR.

In this paper expand the discussion about the
effect of the number of subarrays on the MPSLL
value and beam shape loss from the study conducted
by [15] so that the optimum subarray is found. The
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performance of the optimum number of subarrays is
then compared with the radar performance
investigated by [19] and [20]. The study by [19] states
that the optimum number of subarrays from PMIMO
radar is K/2 - 1 where K is the total number of antenna
elements in the Tx array, whereas according to [20]
that the radar performance of Tx-Rx gain and SINR
has increased when using unequal subarray on Tx
array or called Hybrid Phased MIMO radar with
Unequal Subarrays (HPMR-US). Furthermore it was
also proved that with the optimum partitioning
PMIMO radar (OPPM) by [22] which produced a low
MPSLL it did not provide optimum directivity.
Optimum directivity determines the radar's HPBW
and SINR. Overall this paper shows the comparison
of the performance of the MPSLL, the T-R
beampattern, directivity, HPBW, and SINR Output
between the TRSM radar and other radars.

This paper presents the following matters.
Section 2 reviews the subarray methods on the
PMIMO radar and also provides an overview of the
proposed radar i.e. the TRSM radar. Section 3
reviews and analyses Results and Discussion
including drawings. The end of this paper is
concluded in Section 4.

2. Materials and methods

2.1 Review of subarray methods in phased-MIMO
radar

The PMIMO radar was introduced by [15]. The
approach is carried out by dividing the Tx array into
several subarrays which overlap with the number of
elements of the antenna whose equal has been
investigated by [15-19] and the number of elements
of the antenna is unequal by [20, 21]. The PMIMOQO's
illustration with equal subarray is shown in Fig. 1 [25,
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Figure. 2 T-R beampattern of the PMIMO radar with K = L = 10 for: (a) variation of M and (b) variety methods

modification of Fig. 1]. The optimum number of
subarrays (M) according to study by [19] is K/2 — 1
whereas in study [22] that the optimum number of
subarrays of PMIMO radar is (K/2) — [(K — 1)/12]. In
studies reported by [20] that the radar performance in
the term of T-R gain and SINR has increased when
unequal subarray is used in the Tx array. In summary,
from the application of the three approaches, it is
indicated that the selection of the right number of
subarrays in the Tx array affects the MPSLL value
which at the same time impacts the mainbeam
directivity and the HPBW.

Fig. 2 (a) is a simulation of T-R beampattern from
the PA and the PMIMO radar with varying number
of subarrays starting from M = 1 to M =5, the total
number of antennas on Tx and Rx arrays is K=L =
10 and the target at 6, = 0°. If it is desired that the
MPSLL obtained is the lowest and the directivity
obtained from mainbeam is narrow or no beam shape
loss occurs, then there must be a mechanism to
determine the optimum number of subarrays. The
lowest MPSLL value obtained by the PMIMO radar
is M = 2 but it has a smaller directivity than the PA
radar. For the PMIMO radar with M = 5 or the
number of subarrays which is half of K, the MPSLL
value is apparently higher than the MPSLL value for
PMIMO (M = 2). Also seen by varying the number of
subarrays, the lowest MPSLL value is not always
obtained in subarray K/2 — 1 [19] or also in (K/2) —

[(K—1)/12] [22] or even for other number of subarray.

Therefore we need an effort that can compromise the
number of subarrays in order to obtain the
performance of radar that has the lowest MPSLL and
without sacrificing its directivity which should be
better than its directivity of the PA radar. Low
MPSLL, high directivity, and narrow HPBW are
achieved so the consequence of high SINR is also
obtained.
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The subarray optimum effect on the radar
performance for various radar methods such as the
PA, the MIMO, the PMIMO radar [15], the PMIMO
radar with the optimum number of subarrays M, =
K/2 —1[19], the PMIMO radar with unequal subarray
or HPMR-US [20], and the OPPM radar, M, = (K/2)
— [(K=1)/12] [22] has been shown in Fig. 2 (b). With
the OPPM method it is obtained that MPSLL is
indeed the lowest but its directivity is still lower than
PA radar. This is because the PMIMO radar type
utilizes a simultaneous compromise between
directional coherent gain and waveform diversity
gain only on the Tx array while the Rx array does not
have both of these gains. However, if the subarray
method is also applied to Rx array, it has the potential
to compensate for the lack of directivity or beam
shape loss so as to produce high directivity while
having a lower MPSLL. Numerical evaluations by
[23] applying the use of subarray on Tx-Rx array
have shown that the Tx-Rx gain and SINR obtained
significantly increase compared to PMIMO radar
performance. Thus the various subarray optimum
methods on the PMIMO radars with subarray only on
Tx array in principle only produce mainbeam whose
directivity is lower than the PA radar.

In Fig. 3 (a) shows the effect of the number of
subarrays on the MPSLL values of the PMIMO radar
in study [15] with various of K. The number of
subarrays determine the desired MPSLL or MPSLL
can be adjusted through the determination of the
number of appropriate subarrays. The trend of the
MPSLL curve obtained is similar to the MPSLL
curve reported by [22]. For Tx array with K elements,
there are some optimum number of subarrays M
which has the lowest MPSLL value following a
certain formula as in the study by [19] and [22]. For
example, for K = {49, 50, 51} each has the lowest
MPSSL value of -34.41 dB for two subarrays i.e. for
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Figure. 3 The performance of the PMIMO radar against of M at variation of K for: (a) MPSLL, (b) directivity, and (c)
HPBW

K=49atM=12and M =34, forK=50at M = 14
and M = 36, and for K =51 at M = 16 and M = 38.
For the number of subarrays at M = K/2, that is M =
{24, 25, 26} of the various K has a lower MPSLL of
4.5 dB than MPSLL the optimum number of the
subarrays. It also agrees with the results reported by
[22].

For the directivity value of the PMIMO radar with
various K shown in Fig. 3 (b), it appears that when M
= K/2 has the lowest directivity value i.e. 41.6 dB.
Whereas at K = 49 with M = 12 and M = 34, K =50
with M =14 and M = 36, and K = 51 with M = 16 and
M = 38 which have the lowest MPSLL it turns out
that the directivity is 1 dB lower than directivity of
the PA radar (M =1 for K =50) i.e. 42.8 dB.

For HPBW values of the three variations of K,
namely 49, 50, and 51, which are shown in Fig. 3 (c),
it appears that for K = 50 with M = 14 and M = 36 has
a HPBW value i.e. 1.65°, while for M = K/2 = 25 has
a HPBW value i.e. 1.68°. As a comparison for the PA
radar (M = 1 for K = 50) it turns out to have a HPBW
value i.e. 1.47°. In summary, for optimum conditions
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of subarray with the lowest MPSLL has a relatively
narrow HPBW and relatively large directivity. These
conditions improve the radar performance in an effort
to improve the ability of the target detection and
suppress interference. HPBW in degree unit has a
value which is inversely proportional to directivity.
This means that high directivity radar has a narrow
HPBW. It should be noted that a narrow HPBW or
so-called pencil beam is very useful if desired radar
works as the tracking radar. Based on the MPSLL,
directivity, and HPBW values of a radar from an
optimum number of subarrays, it is used as a basis for
determining the optimum number of subarrays in the
Tx-Rx subarrays method of the MIMO radar (TRSM).
In the PMIMO radar study by [15] it was assumed
that the radar system with colocated antennas had K
antenna on the Tx array and L antenna on the Rx array.
Spaces between Tx and Rx antenna elements are dx
and dy, respectively. The transmitted signal is
assumed to be a narrowband signal and its
propagation is non-dispersive. The Tx array has been
partitioned into M subarray overlapping one another
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Figure. 4 Illustration of transmit-receive array for TRSM radar with (M =3, N = 4)

as in Fig. 1. The number of antenna elements in each
subarray is K— M + 1 for the Tx array.

A beam is formed in each subarray in the
direction of a certain target. Simultaneously each
subarray on the Tx array emits a unique orthogonal
waveform. The m-th subarray on the Tx array emits
signals ¢m(t) which are orthogonal to each other with
other subarray signals. A beamforming weight vector
is designed so as to maximize the coherent processing
gain and waveform diversity gain on the subarray in
the Tx array expressed by M x 1 coherent vector
transmit c(6) and vector transmit diversity d(6) as
following [15].

c(0) = wi'a,(0) wia,0) - wia, @]
(1)
d(g):[eszmue) @ i247:(0) esznfme)]T
(2)

where (-)" is a Hermitian transpose operation, Wy, is a
unit-norm complex weight vector with K elements for
the m-th subarray on the Tx array which has K- M +
1 beamforming weights according to the active
antenna element on the m-th subarray, so that the
number of non-zero numbers in wy, is equal to K— M
+ 1 and the others are zero, the number M — 1, an(6)
is a transmit steering vector of size K x 1 in the m-
subarray, A is the carrier signal wavelength, m(6) is
the relative delay of the first antenna element of the
m-th subarray to the first element of the first subarray,
m(6) = mdk sin(#)/c where c is the speed of light.

Furthermore, from the coherent transmit vector
c¢(8) and diversity transmit vector d(¢) obtained in the
Rx array, the ML x 1 of Tx-Rx steering vector is
expressed by [15].
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uPMIMO(e) =(c(0)-d(9)) ®b(0) ()

where o represents the Hadamard product, ® is the
Kronecker multiplication operator, and the receive
steering vector bn(6) is similar to an(6). All vectors in
upmimo(€) namely c¢(6), d(6), and b(d) are very
dependent on the number of subarrays M on the Tx
array. For radar in study [15], the number of
subarrays are K/2, whereas in [19] that is (K/2) — 1
In HPMR-US [20], the number of subarrays are
unequal and between subarray does not have a phase
difference so that the diversity vector transmit
component d(6) in (3) is 1, and the OPPM radar [22]
has the number of subarrays expressed by (K/2) — [(K
-1)/12].

2.2 Antenna arrays of MIMO radar with
transmit-receive subarrays

The weakness of various PMIMO radar methods
with the subarray technique only in the Tx array is the
existence of beam shape loss so that the directivity
and HPBW values are lower than on the PA radar.
Whereas the directivity and HPBW greatly influence
the determination of MPSLL and the ability to
minimize interference.

To overcome this weakness, the Tx-Rx subarrays
approach for MIMO radar (TRSM) is proposed
which utilizes a combination of overlapping subarray
simultaneously on Tx and Rx arrays. Each subarray
in the Tx-Rx array is equal. The waveform variation
produced by the combination of the number of
subarrays in the Tx-Rx array compensates for the
beam shape loss and directivity. The optimum
combination of waveform simultaneously increases
directional coherent gain, and waveform diversity
gain, so it has an impact on improvements in the radar
performance such as minimum MPSSL, high
directivity, narrow HPBW, and high SINR.
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Assuming a radar system with colocated antennas
has K antenna on the Tx array and L antenna on the
Rx array as in Fig. 4 [25, modification of Fig. 1].
Spaces between Tx and Rx antenna elements dkx and
dy, respectively. Tx and Rx arrays have been
partitioned into M and N subarrays which overlap one
another. The number of antenna elements in each
subarray is K— M + 1 for the Tx arrayand L - N + 1
for the Rx array. Each subarray works as a PA, so that

each one forms a beam that goes in a certain direction.

A beamforming weight vector is designed so as to
maximize the coherent processing gain and
waveform diversity gain on the subarray on the Tx
array and also the Rx array expressed by M x 1
coherent transmit vector c¢(d) and the transmit
diversity vector d(6) and also N x 1 receive coherent
vector g(d) and diversity transmit vector h(6) to
produce the MN x 1 of T-R steering vector expressed

by

Ursw (0) = (c(0) 2 d(0)) @ (9(0) - h(0)) (4)

with

9(0)=[vi'b,(0) vib,(0) - vib, (@]
)

h(g):[esznfme) a-i2740,(0) eszzzer(a)]T
(6)

where v, is the L x 1 unit-norm complex weight
vector for the n-th subarray in the Rx array with a
definition similar to wm, g(6) is the L x 1 receive
coherent vector, and h(6) is the L x 1 receive vector
diversity.

In general the performance of the TRSM radar is
expressed in Tx-Rx gain and SINR output [24 with
alignment]. For the Tx-Rx gain of the TRSM radar is
formulated with

Grgem (6) = (K/ M)|utkgy ()Ureen ()] 7

whereas to determine the SINR output expressed by

2
(K/M)o WU gy (0)
SINRTRSM _ | ‘ TRSM ‘

(8)

H
Wr I:zi+nWr

where wy = utrsm(6) and Ri+n is the matrix of
covariance interference plus noise.
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3. Results and discussion

In this simulation, it is assumed that the number
of transmitter and receiver antennas is the same (K =
L) with the number of subarrays in Tx and Rx arrays
1<M<Kand1<N <L, respectively. The distance
between the antenna elements in the transmitter-
receiver is half wavelength. Target angle & = 0°
Noise is Gaussian with zero mean spatially and has
the same variance on each antenna element.

For beampattern on the TRSM radar with K=L =
30 and Mo, = N, = 15, starting from transmit,
waveform diversity, and transmit-receive shown in
Fig. 5 (a). It appears that when null is at a certain
angle of the beampattern transmit and is related to
sidelobe at the beampattern waveform diversity or
when it is null at a certain angle of the beampattern
waveform diversity and is related to the sidelobe at
the beampattern transmit it results in null at the T-R
beampattern. So that by setting the null on the
transmit or waveform diversity beampattern in such a
way as to set the null on the T-R beampattern which
is useful to minimize interference at certain locations.

In Fig. 5 (b), all the PMIMO radar models using
only the subarray in the Tx array have the beamwidth
of mainbeam tending to be wider than beamwidth of
the PA radar. Although all of these radar models have
MPSLL is much lower than the PA radar. Unlike the
case with the TRSM radar which have a beamwith
much narrower than all the PMIMO radar models,
especially the PA radar. Likewise, the TRSM radar
has the lowest MPSLL compared to all types of
radars. So it is clear that the effect of applying
subarray on Rx array to compensate for the weakness
of the beam shape loss from transmit directional
coherent gain and transmit diversity gain. In
summary, the use of subarray methods on Tx and Rx
arrays simultaneously produces the beamwidth of
mainbeam with the lowest MPSLL without
sacrificing its directivity. Also seen in Fig. 5 (¢), if K
= L on the TRSM radar increses, the narrower
beamwidth at the mainbeam determines the
directivity and HPBW. Another impact is the
reduction in MPSLL compared to the PMIMO radar
and their variants.

In Fig. 6 (a) shows the effect of increasing the
target SNR with fixed INR = 30 dB, strong
interference condition, on the SINR output for all
types of radars. It appears that the SINR output
between the PA and the MIMO radar is the equal.
This is in line with the results reported by [15]. This
happens since both types of radar have similar PSLL
levels on the T-R beampattern. Therefore the ability
to minimize interference between the radars is also
the alike. On the other hand, this radar appears to
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have higher SINR output compared to other types of
the PMIMO radar. In comparison with study by [22],
the SINR output of the TRSM radar is higher by
about 9.34 dB than the SINR output of the OPPM
radar.

Fig. 6 (b) shows the output SINR vs. SNR of all
types of radars with a fixed value of INR =-30 dB, a
weak interference condition, i.e. the dominant noise
power. It appears that the SINR output of the PA
radar is ten times greater than the SINR output of the
MIMO radar as stated by [15]. This happens because
the PA radar provides directional coherent gain. The
SINR output of the OPPM radar is much higher than
all types of radars because the MPSLL it produces is
lower than the MPSLL type of PMIMO radars. For
the SINR output of the TRSM radar below the SINR
output of the OPPM radar, this is due to a
compromise of the transmit coherent gain and
transmit diversity gain with receive coherent gain and
receive diversity gain. In comparison to results of the
OPPM radar [22], the SINR output of the radar is
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higher at 14.26 dB than the SINR output of the TRSM
radar. In summary, for weak interference conditions,
the SINR output performance of the OPPM radar is
better than all types of radars.

Fig. 6 (c) shows the SINR output versus the INR
for all types of radars with varying INR values (INR
= SNR). When the SNR is low, SINR output of the
PA radar is higher than SINR output of the MIMO
radar. Furthermore, when the SNR value increases,
the difference in SINR output from the PA and the
MIMO radars tends to decrease which eventually
leads to the same value [15]. For the OPPM radar it
has a higher SINR output when SNR is low i.e. SNR
= INR = 10 dB compared to SINR output of the
TRSM radar. However, after SNR = INR = 30 dB,
the SINR output of the TRSM radar is greater than
10.58 dB compared to SINR output of the OPPM
radar. This shows that the SINR output performance
of the TRSM radar becomes maximum suppressing
interference when the interference power condition is
greater than 30 dB and vice versa if the interference
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power condition is lower than 10 dB then the ability
to minimize the interference is low. Also seen from
Fig. 6 (c) that for the optimum number of subarrays
M = K/2 — 1 [19] it turns out that the SINR output
values are almost the same between the PMIMO
radar reported by [15] after SNR greater than 40 dB.

To complete the discussion on the performance of
PMIMO radar models, especially in dealing with
interference, a T-R beampattern of all types of radar
is presented using the MVDR (minimum variance
distortionless response) beamformer as reported by
[15], [20], and [21]. In Fig. 6 (d) shows the T-R
beampattern of all types of radars with a target
location of 0° and some interference locations i.e. 10°,
20° and 45°. The target power is 0 dB and
interference power is 30 dB. Appear at the locations
of interference are all types of radars provide a
nulling effect to suppress the smallest possible effect.
The performance of the TRSM radar shows the
superiority of all types of radars with the lowest
MPSLL. This means that the performance of the
TRSM radar is very robust against the presence of
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interference and at the same time also utilizes the
advantages of Tx-Rx waveform diversity gain.

In Figs. 7 (a)-(c) show a comparison between all
types of radar in terms of MPSLL, directivity, and
HPBW for various K. It appears that the overall
performance of the TRSM radar compared to the
PMIMO radar in [15], the PMIMO radar (M = K/2 —
1) in [19], the HPMR-US radar in [20], the OPPM
radar in [22] has MPSLL, directivity, and HPBW
much better than other types of radars. The average
MPSLL value on the TRSM radar is twice the
MPSLL value on the PMIMO radar because the
TRSM radar utilizes directional coherent and
waveform diversity gain simultaneously in Tx array
(such as the PMIMO radar) and also in Rx array. In
general, the number of elements, K = L, appears to
increase, so the MPSLL value tends to decrease for
all types of radars. This tendency gives meaning to
the demands of high MPSLL levels, so the number of
antenna elements in the Tx-Rx array should not be
large. Another result from Figs. 7 (a)-(c) which are
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also important is that the TRSM radar has a low
MPSLL without sacrificing directivity from the
mainbeam. Thus with K increasing, the value of
MPSLL tends to decrease, the value of directivity
tends to increase, and the value of HPBW tends to
decrease.
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4. Conclusion

In this paper a formula for Tx-Rx subarrays at the
MIMO radar (TRSM) has been formulated, including
performance parameters, especially Tx-Rx gain,
SINR, MPSLL, directivity, and HPBW.
Determination of the optimum Tx subarray (M)
which affects the MPSLL, directivity, and HPBW for
various K has also been presented and evaluated. The
use of subarray methods on Tx and Rx arrays i.e. M
and N simultaneously on the radar generates
beamwidth from mainbeam with the lowest MPSLL
without compromising its directivity so that a high
SINR output is produced compared to other types of
radars. In general there was an increase in the average
performance of MPSLL, directivity, and HPBW vs.
the number of subarrays for the radar relative to the
OPPM radar is 21.5 dB, 2 dB, and 0.45 deg. In the
future, the use of Tx-Rx subarrays builds the TRSM
radar more flexible and programmable to support the
detection of multiple targets on array systems with
multiple antennas. When implemented on a
programmable platform such as software defined
radio (SDR), etc. the flexibility of a radar system is
easily realized.
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