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Abstract- In this paper, the problem of target detection in phased-
MIMO radars is considered and target detection performance of
phased-MIMO radars is compared with MIMO and phased-array
radars. Phased-MIMO radars combine advantages of the MIMO and
phased-array radars. In these radars, the transmit array will be
partitioned into a number of subarrays that are allowed to overlap and
each subarray transmits a waveform which is orthogonal to the
waveform transmitted by other subarrays. In this paper, target
detection performance of phased-MIMO radars is analyzed with two
detectors theoretically in addition to the investigation of simulation
results. First, it is assumed that the transmitted waveforms are ideally
orthogonal and secondly the transmitted waveforms are considered to
be correlated (not fully coherent or ideally orthogonal). The Generalized
likelihood ratio test (GLRT) and the likelihood ratio test (LRT) are used
for target detection. The closed-form expressions of the false alarm and
detection probabilities in presence of Gaussian noise are obtained.
Simulation results validate the theoretical analysis.

Index Terms- Multiple-input multiple-output (MIMO) radar, Phased-MIMO radar,
Neyman-Pearson criterion, likelihood ratio test (LRT), Generalized likelihood ratio
test (GLRT).

. INTRODUCTION

In the last decade, multiple-input multiple-output radars have become the focus of attention of
researchers [1]-[3]. In this radar systems, each transmit antenna is able to create an independent
waveform. The MIMO radars employ multiple antennas for transmitting several orthogonal
waveforms and multiple antennas for receiving signals reflected by the target [4], [5]. Based on
antenna configurations, MIMO radars can be classified into two types: (i) MIMO radars with widely-
separated antennas, and (ii) MIMO radars with co-located antennas [6].

The first type is known as the statistical MIMO radars or the distributed MIMO radars, where its
antennas are separated far from each other such that a target can be viewed from different spatial

directions to achieve spatial diversity gain [7], [8]. The second type is known as the co-located MIMO
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radars, where the transmitter and receiver antennas are closely spaced to transmit a beam towards a
certain direction in the space [9], [10]. In the phased-array radars, if the signal coherency is preserved,
the signal can be processed coherently at the transmit/receive antenna arrays [11].

Recently, adding the coherent processing gain to the MIMO radars with co-located antennas has
been called phased-MIMO radars. The essence of this technique is on partitioning the transmitting
array to a number of overlapped subarrays with smaller sizes such that each subarray operates in the
phased-array mode. Hence, phased-MIMO radars exploit jointly the benefits of the phased-array and
MIMO radars [11]-[14].

The phased-MIMO radar has all the advantages of the MIMO radar, in other words; it is capable of
detecting a higher number of targets, improving parameter identifiability, improving angular
resolution, and extending the array aperture. Furthermore, the phased-MIMO radar provides the
means for designing the overall beam pattern of the virtual array and applies beamforming techniques
at both the transmitting and the receiving sides. This radar provides a trade-off between angular
resolution and robustness against beam-shape loss and offers improved robustness against strong
interference [11].

In [15], [16], modern optimization algorithms are introduced with the orthogonal waveform design
in MIMO radars. Hence, an algebraic method is presented to create poly-phase orthogonal sequences
with small Doppler shift in [17]. In [18], it is assumed that transmitted waveforms are ideally
orthogonal and fully coherent in target detection and localization for MIMO radars. It is shown that
the optimal performance of target detection in MIMO radars is achieved when orthogonal signals are
transmitted [19].

In this paper, at the first target detection is analysed with GLRT and LRT detectors in phased-
MIMO radars, when all subarrays transmit orthogonal waveforms and secondly, target detection is
considered with LRT detector when subarrays transmitted waveforms are correlated (not fully
coherent or orthogonal). Furthermore, a comparison is made among target detection methods in
phased-array, MIMO and phased-MIMO radars and then, the effect of the detector type is analysed on
the target detection probability. The optimal detector based on the Neyman-Pearson criterion is
extended and applied to phase-MIMO radars, when subarrays transmitted waveforms are not fully
coherent or orthogonal. Numerical results are shown to validate the theoretical analysis and to
compare performance of this detector in MIMO and phased-MIMO radars.

This paper is organised as follows: firstly, the signal models for MIMO and phased-MIMO radars
are presented in Section II. Section Il presents the problem of target detection in phased-MIMO
radars with orthogonal and correlated (not fully coherent or ideally orthogonal) transmitted

waveforms. In Section 1V, simulation results are shown. Finally, Section V concludes the paper.



Journal of Communication Engineering, Vol. 7, No. 2, July-December 2018 3

Il. SIGNAL MODEL
In this section, co-located MIMO and phased-MIMO radars are briefly introduced.

A. Signal model for co-located MIMO radar

Consider a co-located MIMO radar with a transmit array consisting of M, co-located antennas and a
receive array consisting of M, co-located antennas. In co-located MIMO radars, both transmit and
receive arrays are assumed to be spatially close to each other; therefore, the target direction is almost
the same for all array antennas. In the transmit array, the mth antenna emits the mth waveform. Vector

@ (t) = [ (t), ..., Py, (t)]" contains the waveforms transmitted from different elements of the array

where t denotes the time index within the radar pulse, and (.)7stands for the matrix transpose

operator. As it is known, the orthogonal condition is given by
fTO @ ()P (t) dt = Iy, xpm, (1)

where Ty, is the radar pulse duration, I, p, is the M, X M, identity matrix and (. )H denotes Hermitian

transpose operator. The M,. X 1 received signal vector can be written as

x(t) = x4(t) +x;(t) + n(t) )

where x4(t), x;(t), and n(t) refer to the source/target signal, interference/jamming, and sensor noise,

respectively. The target signal is given by

X,(t) = Bs (aT (65)@(t))b(6s) (3)

where Bgis the target reflection coefficient, 6 is the target direction, a(8) is the actual transmit

steering vector associated with the direction 8, and b(8) is the actual receive steering vector
associated with the direction 8. The uniform linear arrays (ULA) are used for the transmission and

reception then a(@) and b(8)can be expressed by

a(f) = [1,exp(—j2nd,sin@), ...,exp(—j2n(M, — 1)d, sin8)]" 4)
b(8) = [1,exp(—j2nd, sin ), ...,exp(—j2n (M, — 1)d, sin8)]" (5)

where d; and d,. are the interelement spacing measured in wavelength for the transmit and receive

arrays, respectively. After receiving the signals, they are passed through filters matched to

{®,, (0 },",?:1 , the mth transmitted waveform is recovered as



4 Performance of Target Detection in Phased-MIMO Radars. .

X (t) 2 fTo x(t)P;, (), m=1,.., M, (6)

where (.)* denotes the conjugate operator. The virtual data vector is written as

y =[x, ., Xig,]" = BV(O5) + Yitn ()

where V(6;) £ a(6,)®b(6,) is the steering vector associated with the virtual array, ® stands for the

Kronker product and yjp, represents the interference-plus-noise components [11]-[13].

B. Signal model for phased-MIMO radar

In the phased-MIMO radars, the transmit array is partitioned into K overlapping subarrays (1 <
K < M,) such that no subarray is exactly the same as another subarray. All antennas of the kth
subarray emit the signal @, (t) coherently; therefore, a beam is formed towards the target direction.
Different waveforms are transmitted by different subarrays at the same time, Fig. 1.

The output signal of the kth subarray is modeled as

Sk(t) = \/%(Dk(t)wi , k = 1, ,K (8)

where wy, is the kth subarray beamforming weight vector. It is worth noting that energy of the kth

. My -
subarray is Yt within one radar pulse and it is equal to

By = [ st @©s,(0)dt == ©)

Hence, the total transmitted energy of the phased-MIMO radar equals M, . The signal reflected by
the target is given by

r(t,6) = [*tF©)(c(6)Od(6)) Dy (t) (10)
where
c(6) = [wi'ay(6), .., wlag (6)]" (11)

d(8) = [e/1©®), .., e~ JO]T (12)
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Fig. 1. A phased-MIMO radar with 3 subarrays.

where ¢(8), d(8), and a(@) are the transmit coherent processing vector, waveform diversity vector,
and actual transmit steering vector, respectively; B(8) is the target reflection coefficient, T4 (0) is the
time delay for the signal to travel between the first antenna of the kth subarray and the first antenna of
the transmit array, and ® denotes the Hadamard product operator. Hence, the received vector of array

observations is written as
x(t) = r(t,65)b(6,) + n(t) (13)

where n(t) and b(6,)are the noise term and the actual receive steering vector associated with
direction 6, respectively. Assuming that the target is observed in the presence of D interferers with

reflection coefficients {B; }”_, and directions{6; }_,, the array received signal is written as
x(t) = r(t, 0,)b(6;) + X2, r(t, 6,)b(6;) + n(t) (14)

Then, the virtual data vector after matched-filtering is converted into

y =[xI,..,xk]T = %ﬁsu(es) +¥P, %ﬁiu(ei) +n (15)

where n is the noise term with covariance matrix R,, = a,%IKMT and o2 is noise power, and u(8) £
(c(6)©d(6))R®b(6) is the virtual steering vector associated with direction 8 [11]-[13]. Using signals
modeled at (7) and (15) for MIMO and phased-MIMO radars, respectively, V(6) and U(8) are

defined as
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V() £ = Bv(6) (16)

U@) 2 |2 B,u(6;) (17)

If the number of subarrays is equal to the number of transmitter antennas, the virtual data vector

without interference is written as

_ {V(B) +n for MIMO Radar (18)

~lU®) +n for Phasd — MIMO Radar
I1l. TARGET DETECTION

A. Orthogonal waveforms

In this section, two detectors, namely the LRT and GLRT detectors, are presented. The optimal

detector in the Neyman-Pearson criterion is the likelihood ratio test [22].

1) The GLRT detector

In [20], the radar detection problem is formulated as follows:

Ho:y: n
19
Hiy= [Sa+n (19)

where y is a MM, x 1 complex vector whose entries correspond to the output of the each matched
filter at every receiver, n is a MM, X 1 white Gaussian noise vector and a is a M;M,. X 1 complex

vector defined as

_ (Bsa(b5)®b(Bs) for MIMO Radar

“= {BS(C(O)Gd(G))éab(e) for Phased — MIMO Radar (20)

Assume that the distribution of 3, is known and equal to 8, ~ CN(0,1). Although the distribution
of B is known, the angles of direction, 6, and 6, are unknown. As a result, the distribution of a
cannot be known exactly, so in this detection problem, generalized likelihood ratio test (GLRT) can
be employed by replacing the unknown coefficient vector a by its ML estimate then the likelihood

ratio test can be written as

max P H ’O-Z‘a H
o P(y|Hy : ) §H1 21)
P(y|Ho,0n) 0
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The probability distribution of Y under H; can be written as

-]} IW

P(y|H,, 0%, a) = i thMreXp (22)

After differentiating natural logarithm of (22) with respect to a and equating the result to 0, the ML

estimate of o can be found as

A K
Ay = \/;t y (23)

If oy, is replaced with o in (22), the conditional probability becomes

P(Y|H110-nraML) - 1/(7TMtMrO-2MtMT) (24)
The probability distribution of y conditioned on H, is given by
P(y|Hy, 02) = ———exp |- L2 (25)
y 00Y%n’/ — ﬂMtMTO'.rletMr p 0_121 '
Hence, the log likelihood ratio can be written as
P(y|H,,02,07 H
l [ (Y| 1.9n 2I\/IL) — _ y_zy (26)
P(y|Ho,03) o?
and the likelihood ratio test becomes
21 i
Iy I>sSp. T (27)
where T' is the accordingly modified version of T and || || represents the Fobenious norm.
2) The LRT detector
Based on [19], the radar detection problem is formulated as follows
{HO: Target dose not exists (28)
H,: Target exists

Using two hypotheses represented in (28) and (18) is replaced by
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_ {n for MIMO Radar
Yo = n for Phased — MIMO Radar
_(V(B) +n for MIMO Radar
1= { U®) +n for Phased — MIMO Radar

(29)

Now, assume R denotes the data field satisfying the target existing assumption, the detection

probability and the false alarm probability are respectively given by

Pp = [, P,(ylH)dy (30)
Ppy = fR Py(y|H0)dy

where P,(y|H;) and P,(y|H,) denote the probability density function of measured data with

assumption 1 and the probability density function of measured data with assumption 0, respectively.

Consider additive white Gaussian noise n ~ N(0, ¢;2), then the virtual data vector is Gaussian and can

be rewritten as

N(V(8),02) for MIMO Radar

- {N(U(G), o) for Phased — MIMO Radar (31)
The likelihood function is represented by
1
p(y; 6) = MK T
(2m) 2 det2[(C]
x exp[—3 (y — U())"C™1(y — U(6))] (32)

where C is covariance matrix C = a,%IMrN, I,y denotes an M, N X M,.N identity matrix, H and N

stands for the Hermitian operation and the number of samples in a radar pulse, respectively.

Applying the logarithm operation on both sides,

M, K 1
logp(y; 0) = — TIOg(Zﬂ) - EIOg(det[C])
—— (y"y — 2U"()y + U (6)U(9)) (33)

To estimate 8 using the virtual data vector, according to the Neyman-Fisher factorization [21] for

the phased-MIMO radars, the log-likelihood function is calculated by
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logp(y; 6) = h(y) + g1(y,6) + g2(0) (34)

The optimal detector in the Neyman-Pearson criterion is the likelihood ratio test [22] and its log-

form is defined as

T = log(py (y|H1) /Py (y1Ho)) 23} (35)

Where ¢ refers to the threshold and is equivalent to the desired probability of the false alarm.

According to (34), T is calculated by
T = logp,(yIH1) —logp, (y|Ho)
= h(y|H1) + g,(y,8|H1) — h(y|Ho) — g, (¥, 6]Ho) (36)

y; =U@) +n ;

According to the signal model, we have y £ {y —n
0 — )

gl. From (29) and (35), the log-
0

likelihood ratio is given by

T = h(y|H1) — h(y|Ho) + 81(y,01H1) — 8:(¥, 01Ho)

1
—T‘%Yf}ﬁ + T‘%Yg}’o

+(UH(0)y1)/0i — (U™ (0)yo) /o7 (37)

Note that — %y{{ y; and %y{f Y, are constant. Hence, the new detector is defined as
n n

vi@u® +uvi@en ;H
Ut :{ 1 38
R T ; Ho 59
and the optimal detector is given by
! 1] 1 1
nss {f =(5—EY51Y0 +EY{1Y1)-07%} (39)

where &' is the new threshold. Since, the equation of radar system Gaussian noise was modeled by

n ~ N(0,02), so, the following equation is obtained as

U¥(6)U(6) + U¥ (8)n ~ N (UM (0)U(6), 03U (9)U(H))

40
U¥(@)n ~ N (0,02U% (9)U(®)) (40)
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According to the distribution of the test statistic,

n/\GZUR(O)U() 2 o' ~ {m ‘1’;' BU©O)/on 1) (41)

and the threshold is replaced by
§" =¢' Vo ut(6)u(6) (42)

From (41), the probability of the false alarm is given by

1
Pry = P(Hy; Hy) = Pr{n’ > &"; Hy} = f exp (—Etz) dt

=Q(") (43)
and

£ = Q' (Pra) (44)

where Q(.) and Q~1(.), denote the cumulative distribution function of the normal distribution and
the inverse cumulative distribution function of the standard normal distribution, respectively. The

detection probability is defined as

Py, = P(Hy; Hy) = Pr{n’ > &"'; Hy}

2
f exp[ < —\/U”(G)U(G)/aﬁ) ]dt

= ¢ |¢" /U (B)U®)/5 | (45)

B. Correlated waveforms

The coherence correlation matrix is defined by

N
1
_ Nz (DD (D)
=1
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1 B12 B1im,
_|B2a1 P2 Bom,
,BMH ﬂMtZ 1
=1y, + Bu, (46)

1
where B;; = 5

Ny ;(DP; (1) represents the complex correlation coefficient between the ith and jth
waveform, I, and, B, denote the identity matrix and cross-correlation matrix, respectively. So, if
the transmitted signals are ideally orthogonal, then g;; =0 and Rg =1y,. If the transmitted
waveforms are fully coherent, then f;; =1 and Ry = Iy, + By,. Because, there is a correlation

between transmitter waveforms, the term U*(0)U(0) is written as

uf(e)u() =
M, M,
= 7:85‘1 (95) Yﬂsu(gs)
M? M . .
= —EMNBZ + LM NB2 3 Y0t L ai(Dac (B (47)

Substituting (47) in (45), probability of detection can be obtained.

IV. SIMULATION RESULT

In this section, simulation results are represented to compare the performances of target detection in
phased-MIMO radars, phased-array radars and co-located MIMO radars. First, it is assumed that
transmitted waveforms are ideally orthogonal and secondly, transmitted waveforms are correlated (not
fully coherent or ideally orthogonal). Numerical results shown in this section are obtained by 10,000
Monte Carlo simulation runs. It is assumed both transmit and receive arrays are uniform linear. Both
arrays are half-wavelength inter-element spaced, the transmit and receive beams are both directed to
60° angle. Moreover, the variance of white Gaussian noise used in these simulations is equal to
82 =1, and all received amplitudes are real and & = 0.1 (£ refers to the threshold and is equivalent to
the desired probability of the false alarm). The number of radar pulses is 20 and the number of

samples within one radar pulse is equal to 40.
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Fig. 2. Comparison of receiver-operating-characteristic (ROC) curves in GLRT detectors with
(a)M.=10, M,=8 , and (b) M,=20, M,.=15

A. Target detection with ideally orthogonal waveforms

1) GLRT Detector
In this case, the probability of the false alarm is on the interval 10~* to 1. Fig. 2 shows that
probability of detection in phased-MIMO radars is less than co-located MIMO radars and higher than
phased-array radars with different number of subarrays. Increasing the number of subarrays results in
improving target detection performance in the phased-MIMO radars.
2) LRT Detector in Neyman- Pearson Criterion
In this case, the probability of the false alarm is on the interval 10~* to 1. Fig. 3 shows that
performance of target detection in phased-MIMO radars is between co-located MIMO radars and
phased-array radars with different number of subarrays. Increasing the number of subarrays results in
improving target detection performance in the phased-MIMO radars.
Comparing two detectors mentioned above, it can be seen that with the same probability of the false
alarm, the probability of detection in LRT detectors is better than GLRT detectors in all three radars

considered in this paper.
B. Target detection with correlated waveforms

In this case, the probability of the false alarm is assumed to be 10™*, 107>, 1076, 10~7 and 1078,
Figs. 4 present target detection performance for phased-MIMO radars transmitting correlated

waveforms with cross-correlation coefficients being uniformly, given the fixed false alarm
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probabilities. Detection performance in the phased-MIMO radars grows with increasing the false
alarm probability. It is assumed that the number of transmit and receive antennas equal 16 and 10
respectively.

Detection performance in the phased-MIMO radars grows with increasing the false alarm
probability, increasing correlation coefficients leads to increasing target detection performance in the
phased-MIMO radars, and also increasing number of subarrays leads to increasing target detection
performance in the phased-MIMO radars, Fig. 4.

For example, if the number of subarrays equals the number of transmitter antennas, target

detection performance of the phased-MIMO radars is similar to MIMO radars.

V. CONCLUSION

Phased-MIMO radars are recently introduced in the literature in order to improve parameter
estimation capability of co-located MIMO radars. However, target detection performance of these
radars has not been investigated yet. In this paper, the GLRT and LRT target detector are considered
and target detection performance is analyzed in phased-MIMO radars transmitting fully orthogonal or
correlated waveforms. Simulation results show that detection performance in the phased-MIMO
radars is higher than the phased-array radars and lower than the MIMO radars with co-located
antennas. Moreover, increasing the false alarm probability, correlation coefficients, and number of
subarrays leads to growing target detection performance in the phased-MIMO radars. It can be seen
that with the same probability of the false alarm, the probability of detection in LRT detectors is
higher than GLRT detectors.



14

=1
o
T

probability of detection

=
ha

=

=1
&

probability of detection

=}
=y
T

=}
)
T

=
n

(=}
.

=}
w

=
m
T

=2
o
T

=1
m
T

probability of detection

| =& Ph-MIMO subarray=3
—E&— Ph-MIMO subarray=3
—&— Ph-MIMO subarray=3
—#— Ph-MIMO subarray=3

, Pfa=10e-4

, Pla=10e-5
, Pla=10e6
, Pfa=10e-7

—+— Ph-MIMO subarray=3 , Pfa=10e-8

B

correlation index

(@)

| =—8— Ph-MIMO subarray=3 , Pfa=10e-4 |4
—8— Ph-MIMO subarray=3
| —a— proviva subarray=8
|| —#— Ph-MIMO subarray=8

| —— Ph-MIMO subarray=8
H H : . : :

10" 10
correlation index

, Pfa=10e-5
, Pia=10e6 ||
, Pfa=108-7 | |

, Pfa=108-8

(©)

—&— FPh-MIMO subarray=14 , Pfa=10e-4

—H&— FPh-MIMO subarray=14 , Pfa=10e-5

: L o —&— Ph-MIMO subarray=14 | Pfa=10e-6

BBp e —#— Ph-MIMO subaray=14 , Pla=1087 ||

—+— Ph-MIMO subarray=14 , Pfa=10e-8

10! 10
correlation index

(€)

Performance of Target Detection in Phased-MIMO Radars.

. Pfa=10e-4
 Pla=10e5 | |
. Pla=10e-6
, Pfa=10e-7
, Pfa=10e-8

—&— Ph-MIMO subarray=5
—H&— Ph-MIMO subarray=5
—&— Ph-MIMO subarray=5
—#— Ph-MIMO subarray=5
—+—Ph-MIMO subarray=5

=}
W

=1
@

(=}
~

o o o
= M

probability of detection

o
5

o
T

correlation index

—&— Ph-MIMO subarray=12 , Pfa=10e-4
1 —8— Ph-MIMO subarray=12 , Pfa=108-5
*| =& Ph-MIMO subarray=12 , Pfa=10e-6
| =% Ph-MIMO subarray=12 , Pfa=10e-7
—+— Ph-MIMO subarray=12 , Pfa=10e-8

probability of detection

10" 10°

correlation index

(d)

[ o P PP S P

| —8— MIMO Mt=18 M=10 | Pla=10e-4 |
—H&— MIMO Mt=16 M=10 , Pfa=10e-5

probability of detection

. —&— MIMO M=16 M=10 , Pia=10e-6
—¥— MIMO Mt=16 M=10 , Pfa=10e-7

—+— MIMO Mt=16 M=10 , Pfa=10e-8

D 75 L 1 ; n 1l n i
10° 10* 10’ 10

correlation index

()

Fig. 4. Probability of detection versus the correlation index in LRT detector for different number of subarrays
in phased-MIMO radars: (a) with 3 subarrays (b) with 5 subarrays (c) with 8 subarrays
(d) with 12 subarrays (e) with 14 subarrays f) with 16 subarrays.



Journal of Communication Engineering, Vol. 7, No. 2, July-December 2018 15

REFERENCES

[1] E. Fishler, A. Haimovich, R. Blum, D. Chizhik, L. Cimini, and R. Valenzuela, “MIMO radar: An idea whose time has
come”, in Proc. IEEE Radar Conf., Honolulu, Hawaii, USA, pp. 71-78, Apr. 2004.

[2] J. Li, P. Stoica, and X. Zheng, “Signal synthesis and receiver design for MIMO radar imaging”, IEEE Trans. Signal
Processing, vol. 56, no. 8, pp. 3959-3968, Aug. 2008.

[3] C. Y. Chen and P. Vaidyanathan, “MIMO radar space-time adaptive processing using prolate spheroidal wave
functions”, IEEE Trans. Signal Processing, vol. 56, no. 2, pp. 623-635, Feb. 2008.

[4] E. Fishler, A. Haimovich, R. Blum, L. Cimini, D. Chizhik, and R. Valenzuela, “Spatial diversity in radars: Models and
detection performance”, IEEE Trans. Signal Processing, vol. 54, no. 3, pp. 823-838, Mar. 2006.

[5] J.Li, and P. Stoica, “MIMO Radar Signal Processing”, John Wiley & Sons, New Jersey, 2009.

[6] A.Haimovich, R. Blum, R. Cimini, D. Chizhik, and R. Valenzuela, “Performance of MIMO radar systems: Advantages
of angular diversity”, in Pro. 38th Asilomar Conf. Signals, Systems and Computers, Pacific Grove, CA, USA, pp. 305—
309, Nov. 2004.

[71 A. Haimovich, R. Blum, and L. Cimini, “MIMO radar with widely separated antennas”, IEEE Signal Processing
Magazine, vol. 25, no. 1, pp. 116- 29, Jan. 2008.

[8] V. Chernyak, “On the Concept of MIMO Radar”, IEEE Radar Conference, Washington, DC, USA, pp. 327-332, May
2010.

[9] J. Liand P. Stoica, “MIMO radar with colocated antennas”, IEEE Signal Processing Magazine, vol. 24, no. 5, pp. 106—
114, Sep. 2007.

[10] A. Hassanien and S. A. Vorobyov, “Transmit/receive beamforming for MIMO radar with colocated antennas”, in Proc.
IEEE Int. Conf. Acoustic, Speech, Signal Processing (ICASSP), Taipei, Taiwan, pp. 2089-2092, Apr. 2009.

[11] A. Hassanien and S. A. Vorobyov, “Phased-MIMO radar: A tradeoff between phased-array and MIMO radars”, IEEE
Trans. Signal Processing, vol. 58, no. 6, pp. 3137-3151, Jun. 2010.

[12] A. Hassanien and S. A. Vorobyov, “Why the phased- MIMO radar outperforms the phased-array and MIMO radars”,
Proc. 18th European Signal Processing Conf., Aalborg, Denmark, pp. 1234-1238, Aug. 2010.

[13] T. D. Backes, “Parameter Identifiability in a Phased-subarray MIMO”, IEEE Aerospace Conference, Big Sky, MT, pp.
1-6, Mar. 2014.

[14] W. Q. Wang “Phased-MIMO Radar with Frequency Diversity for Range-Dependent Beamforming”, IEEE Sensors
Journal, vol. 13, no. 4, pp. 1320-1328, Apr. 2013.

[15] H. Deng, “Polyphase code design for orthogonal netted radar systems”, IEEE Trans. Signal Processing, vol. 52, no. 11,
pp. 3126-3135, Nov. 2004.

[16] H. Deng, “Discrete frequency-coding waveform design for netted radar systems”, IEEE Signal Processing Letters, vol.
11, no. 2, pp. 179-182, Feb. 2004.

[17] H.A. Khan, D.J. Edwards, “Doppler problems in orthogonal MIMO radars”, IEEE Radar Conf., pp. 24-27, Apr. 2006.

[18] I. Bekkerman, J. Tabrikian, “Target detection and localization using MIMO radar and sonars”, IEEE Trans. Signal
Processing, vol. 54, no. 10, pp. 3873-3883, Oct. 2006.

[19] Z. Qiu, J. Yang, H. chen, X. Li and Z. Zhuang, “Effects of transmitting correlated waveforms for co-located MIMO
radar with target detection and localization”, IET Signal Processing, vol. 7, no. 9, pp. 897-910, Dec. 2013.

[20] S.M. Kay, Fundamentals of Statistical Signal Processing Detection Theory, Prentice Hall, 1998.

[21] S.M. Kay, Fundamentals of Statistical Signal Processing Estimation Theory, Prentice Hall, Englewood Cliffs, NJ,
USA, 1993.

[22] H.L.V. Trees, Detection, estimation, and modulation theory, Wiley, New York, 1968, vol. I.


https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=79
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=79
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6825322
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=7361
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=7361

	I. introduction
	II. signal model
	A. Signal model for co-located MIMO radar
	B. Signal model for phased-MIMO radar

	III. Target detection
	A. Orthogonal waveforms
	1) The GLRT detector
	2) The LRT detector

	B. Correlated waveforms

	IV. Simulation result
	A. Target detection with ideally orthogonal waveforms
	1) GLRT Detector
	2) LRT Detector in Neyman- Pearson Criterion

	B. Target detection with correlated waveforms

	V. conclusion
	references

