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Abstract— Phased-multiple-input multiple-output (phased-MIMO) radar using one-dimensio-
nal transmit arrays has been thoroughly investigated in the literature. In this paper, we consider
two-dimensional phased-MIMO radar array which is called planar-phased-MIMO radar. This
new technique aggregates the advantages of the linear-phased-MIMO radar without sacrificing
either the main advantage of the planar-phased-array radar, which is the coherent processing
gain, or the main advantage of the planar MIMO array radar, which is the diversity processing
gain. The essence of the proposed technique is to partition the planar transmit array into a
number of planar subarrays that are allowed to overlap. Then, each subarray is used to coher-
ently transmit a waveform which is orthogonal to the waveforms transmitted by other subarrays.
Coherent processing gain can be achieved by designing a weight matrix for each subarray to form
a beam towards a certain direction in space. Moreover, the subarrays are combined jointly to
form a planar-MIMO radar resulting in higher angular resolution capabilities. Substantial im-
provements is offered by the proposed planar-phased-MIMO radar technique with respect to the
linear-phased-MIMO, planar-MIMO and planar-phased-array radar techniques. The achieved
improvements are demonstrated analytically and by simulations through analyzing the corre-
sponding beampatterns, the resultant peak side lobe level, mean side lobe level, and directivity.
Both analytical and simulation results validate the effectiveness of the proposed planar-phased-
MIMO radar.

1. INTRODUCTION

Phased-array technique have been widely employed in different radars to provide electronic beam
steering of radiated or received electromagnetic signals operating at the same frequency [1-3].
Controlling the phase shifts across elements, the beam can be steered to the desired direction.
Detecting/tracking weak target echoes and suppressing sidelobe interferences from other directions
can be obtained due to its high directional gain. The desire for new more advanced antenna array
technologies has been derived by the requirements of many emerging applications [4-8]. Multiple
input multiple output (MIMO) radar systems are next-generation radar systems with multiple
transmit and receive apertures, equipped with the capability of transmitting arbitrary and differing
signals at each transmit aperture. The emerging MIMO radar literature can be broken into two
broad areas. The first is characterized by spatially distributed assets that are not phase-coherent
on transmitting or receiving, that takes advantage of spatial diversity to gain multiple views of
a target and achieves improving in stability of statistical hypothesis tests for target detection.
These approaches are often characterized as statistical MIMO. Fishler etal. [9] introduces the
statistical MIMO radar concept which provides great improvements over other types of array radars.
Haimovich et al. [10] reviews some recent work on MIMO radar with widely separated antennas and
it is shown that with noncoherent processing, a target’s RCS spatial variations can be exploited
to obtain a diversity gain for target detection. Bliss etal. [11], describes the theory behind the
improved surveillance radar performance and illustrates this with measurements from experimental
MIMO radars. In contrast, there is a MIMO radar literature built around an assumption of
colocated assets like one might find with an antenna array or phased-array radar.

Much interesting work has been done in this arena by other researches [12-14] introduce perfor-
mance advantages of colocated MIMO radars.

A. Hassanien etal. [15] proposes a new technique for MIMO radar with colocated antennas
which called linear phased-MIMO radar. This technique enjoys the advantages of the MIMO
radar without sacrificing the main advantage of the phased-array radar which is the coherent
processing gain at the transmitting side. This paper studies the design of a new technique for
partition the planar transmit array into a number of planar subarrays that are allowed to overlap.
Each subarray is used to coherently transmit a waveform which is orthogonal to the waveforms
transmitted by other subarrays. Then, compares this design with previous techniques through
analyzing the corresponding beampatterns, and directivity. Significant improvements offered by
the planar-phased-MIMO radar technique.



Progress In Electromagnetics Research Symposium Proceedings, Guangzhou, China, Aug. 25-28,2014 1833

2. PLANNER PHASED-MIMO MODEL

In this section, the transmit array is divided into multiple (K x L) subarrays which can be disjoint
or overlapped, as shown in Figure 1. Each transmit sub-array can be composed of any number of
elements ranging from 1 x 1 to M x N. However, we will partition the sub-array with different
values of K x L with different numbers of transmitting elements in each sub-array following the
rule Mg, = Mg x Np where Mg = (M — K +1), N, = (N — L+ 1) and Mgy, is the number of
elements in each sub-array. A beam can be formed by each sub-array towards a certain direction.
The beamforming weight vector can be properly designed to maximize the coherent processing
gain [16]. At the same time, different waveforms are transmitted by different sub-arrays. Suppose
the (k,l)th sub array consists of Mgy < MN transmit elements, the equivalent baseband signal
model of the (k,[l)th sub array can be modeled as,

Skl M wkl NZ’Z k':1,2,...,K; l:1,2,...,L (1)

where K x L is the number of sub-arrays, Wk,l is the M x N unit-norm complex matrix which
consists of My beamforming weights corresponding to the active antennas of the (k,[l)th sub-

array, that is, the number of nonzero in Wy ; equals to Mg and the number of zeros equals to

(M x N)—Mpr. Note that /M N/K L is used to obtain an identical transmission power constraint
for subsequent comparison, which means the transmit energy within one pulse repetition interval
(PRI) is given by

MN
_ i
Eyp = - Sk () Sk (t)dt = KL (2)

This means that the total transmitted energy for the phased-MIMO radar within one radar pulse is
equal to M N [17]. The signal reflected by a hypothetical target located at direction in the far-field
can be then modeled as

Srieo0) = \| 5o o5 (6,0) Zk 121 Wiang (6,0) ra(t)

MN K L ;
- \/;Us (6,0) Zk:1 21:1 Wi ak (0, 0) e I Dy (1) (3)

where o is the reflection coefficient of the hypothetical target, Wy ; and ay (6, 0) are the Mg x Ny,
beamforming matrix and transmit steering matrix, respectively, which contain only the elements
corresponding to the active antennas of the (k,)th sub-array, 75;(6,0) is the time required for the

i
2

Figure 1: Hlustration of the planar phased-MIMO array.
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wave to travel across the spatial displacement between the first element of the transmit array and
the first element of the (k,[)th sub-array, and stands for the Hadamard (element-wise) product.
In (3), we assume that the first element of az;(6, () is taken as a reference element. Let us introduce
the K x L transmit coherent processing matrix.

ka_l Zm_1 Wiiai(0,0) ... ka—1 Zm_1 Wi parr (0,0)
C(6,0) = : ., : (4)
ka 1 an 1 W;(,laKal (0’ @) tee ka 1 an 1 WI*(,LCLKzL (97 @)
where mp = 1,..., Mg and n; = 1,..., Ny, are the orders of elements in each subarray in z-direction

and y-direction respectively.
The K x L waveform diversity matrix is

e_jTl,l(e,(Z)) L. e_jTl,L(9>®)

e_jTK,1(97®) e_jTK.L(97®)

Then, the reflected signal (3) can be rewritten as,

Srteom =\ g (:0) (€ (6,0) © d(6,0)) © va(t) (
Prat) .. rr(t)

where ¢y, (t) = : : is the K x L matrix of waveforms. Assuming that the
Yra(t) ... Yrr(t)

target of interest is observed in the background of D interfering targets with reflection coefficient

{o;}2 | and locations {6;,0;}2,, the M, x N, received complex matrix of array observations can

be written as,

X(t) = Sy (t,05,05) b (05, 05) + > _ Sy (£,6:,05) b (63, 0) + n(t) (7)

where S, (t,05,05) and S, (t,0;,0;) are defined as in (6) and b(6,0) is the receive steering matrix
associated at angles (6,0). By matched-filtering X (¢) to each of the waveforms {@Z’k,l}kKl’il | We can
form the KM, x LN, virtual data matrix,

X11 Xir

1 .. 7 AN b [N )
Y= : : = \/;(Isu (0s,05) + Zi:l \/ L O (0:,0;) +n (8)

XK,I e XK,L
where the K M, x LN, matrix
u(8,0) = (c(6,0) ©d(9,0)) © b(6,0) (9)

is the virtual steering matrix associated with direction (0, 0) and n is the KM, x LN, noise term
(noise received by M, x N, receivers contalnlng K L matched filters at each receiver) whose covari-

ance is given by Rn =0, 2Ty M, LN, Where a is the noise power.

2.1. Planar Phased-MIMO Beamforming

In the case of non-adaptive beamforming, the corresponding conventional beamforming weight
matrix is given for the (k,l)th transmitting subarray as [18]:

ag (0s,0s) ag (0s,0s)
Wiy = ’ = ’ ., k=1,...,K 1=1,...,L 10
5= Nans 0009, VM =kt IVN =T 11 (10)

where [|ag;(0s,05) || is the Frobenius of matrix ay;(6s,0s) and equals to

\/ZM k+1 N_l+1 (ai,j(es,(bs))Q-
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For the receiving array, the conventional beamforming weight matrix is given by:
wgq = [c(0s,05) © d (0, 05)] @ b (0, 0s) (11)
Let G(6,0) be the normalized beampattern

SR e w@o)| [ S 000 0 u,0)]

G(6,0
6.9 ? ||u((93,®8)||;3

o (12)
> S (w50 u(6,0,)

Ni,
Considering the special case of a uniform planar array (UPA), we have ZiVIK >-aiq(0s,05) ©
1

a1,1(0,0) = 30" SN a7 5(05,05) © ara(0,0) = ... = S 1 a5 1(05,05) © aga (6,0) = ... =
YN aje 1 (65, 05) © arc L (6,0).
Using (12), the beampattern of the phased-MIMO radar for UPA with partitioning to KL
transmit sub-arrays can be written as

VSV (g (0,00) © e (0,0)) ) (S SEY [(d6,00) ©(6,,0))" © (d(6,0) @ b.(6,0))]) ||

a‘;;,l (937 ®S)

Gr,(0,0)= ’(

4 4
F Hd(937®5) ® b(987®8)“}7

13)
After some algebra and using the facts that ||ag (65, 05)||% = (M —K+1)(N—L+1), ||d(6s, @S)H% =
KL, and [|b(0s, 0s)||% = M, N,, the beampattern (13) can be rewritten as

Gr,(0,0) = Cy,1.(6,0) Dy, 1.(6,0) - R(0,0) (14)
where Cy 1(6,0) = 2 K(Mi;(?il)(ze(;\’/@i)é?ﬁ;(mm is the transmit beampattern, Dy, 1(6,0) =
KL |20 50 7 (0s,0)
20 2 dk’l}fgﬂs)@dk’l(e’@)l is the waveform diversity beampattern, and R(6, () 2 ©b(e, ®)1|\42N%

is the receive beampattern. Therefore, the overall beampattern (14) of the planar phased:MIMO
radar with transmitting UPA can be seen as the product of three individual beampatterns.

3. SIMULATION RESULTS

The simulation assumes that the transmitting and receiving antennas are spaced half a wavelength
apart from each other at the receiving end. The additive noise is modeled as a complex Gaussian
zero-mean spatially and temporally white random sequence that has identical variances in each
array sensor. The target of interest is assumed to reflect a plane-wave that impinges on the array
from a direction of elevation angle 8; = 30° and azimuth angle ¢s = 120°. This simulation examines
the received beam pattern of the transmit/receive beamformer for the different cases when the
transmit /receive antennas are planar phased-array, planar MIMO, linear phased-MIMO, and also
planar phased-MIMO. Figures 2, 3, 4, and 5 show the three-dimensional received beampatterns
for the four different techniques, respectively. At Figures 2 and 3, both planar phased-array and
planar MIMO have the same beam patterns. This occurs due to the equality of the coherent gain
of the planar phased-array and the diversity gain of the planar MIMO.

Figure 4 shows the linear phased-MIMO beam pattern while Figure 5 shows the planar phased-
MIMO beam pattern. Using calculation capabilities of Matlab program, average side lobe level can
be obtained for planar phased-array and planar MIMO as (—24.5dB) while it reaches (—29.4 dB)
for linear phased-MIMO beam pattern. Moreover, for planar phased-MIMO array it reaches its
minimum value at (—37.7dB).

Figure 6 shows the beam pattern for the four techniques, planar phased-array, planar MIMO,
linear phased-MIMO, and planar phased-MIMO in elevation plane (theta-plane). It is worth noth-
ing that peak side lobe level in elevation plane for planar phased-array and planar MIMO radar
is (—24dB) while it reaches (—26.5dB) for linear phased-MIMO and as lower as (—51.5dB) for
planar phased-MIMO.

Figure 7 shows the beam pattern of the same four techniques in azimuth plane (Phi-plane).
Both planar phased-array and planar MIMO beam patterns have the same peak side lobe level
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Figure 2: Received beam pattern for planar phased  Figure 3: Received beam pattern for planar MIMO
array radar. radar.
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Figure 4: Received beam pattern for linear phased-  Figure 5: Received beampattern for planar phased-
MIMO radar. MIMO radar.
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Figure 6: Received beampattern for the four tech-  Figure 7: Received beampattern for the four tech-
niques in elevation plane (theta-plane). niques azimuth plane (Phi-plane).

at (—14.5dB). Planner phased-MIMO beam pattern has a lower side lobe level at (—26 dB) while
linear phased-MIMO beam pattern has a symmetrical uniform spatial power distribution at all
azimuth angles. Figure 8 shows a spherical representation of linear phased-MIMO array while
Figure 9 shows a spherical representation of planar phased-MIMO array. It’s clear that while
linear phased-MIMO array can steer the beam only along the elevation plane while maintaining
symmetrical transmit/receive beam pattern in azimuth plane, planar phased-MIMO array can
direct its beam at direction of the target of interest in both elevation and azimuth planes achieving
higher directivity.
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Figure 8: Linear phased-MIMO array directivity. Figure 9: Planner phased-MIMO array directivity.

4. SUMMARY

The paper studies a new technique for partitioning the transmit array into a number of subarrays
that are allowed to overlap in planar way. Then, each subarray is used to coherently transmit
a waveform which is orthogonal to the waveforms transmitted by other subarrays. Significant
improvements in average side lobe level, peak side lobe level and directivity are offered by the
planar phased-MIMO radar technique over other techniques.
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