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During the last decade, spectrum sharing between different wireless technologies has been suggested 
as a promising solution to the spectrum scarcity problem. However, with the increasing growth of 
mobile devices and data rate hungry applications, it becomes a necessity to find more innovative 
spectrum sharing solutions. This paper proposes a novel three-phases non-orthogonal multiple access 
(NOMA)-based spectrum sharing strategy between multi-user MIMO (MU-MIMO) communication (comm) 
systems and collocated MIMO radars. The proposed strategy exploits a win–win relationship between 
the MIMO radar and MIMO comm systems. The MIMO radar wins the improvement of its performance 
in terms of probability of detection through the delegation of its transmission to the base-station (BS) 
that has better channels with the targets. On the other hand, the comm system improves its sum-rate 
throughput and outage performance through sharing the spectrum originally assigned to the radar. The 
proposed cooperative spectrum sharing strategy is examined in terms of sum-rate throughput and outage 
probability for the comm system, and the probability of detection for the MIMO radar. Simulation results 
are presented to illustrate that the proposed spectrum sharing strategy outperforms the state-of-the-art 
approaches to spectrum sharing between the MIMO radar and MIMO comm systems.

© 2018 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, the demand for high bandwidth/high data rate 
wireless connectivity has skyrocketed, leading to unprecedented 
consumption and occupancy of the spectral resources assigned for 
wireless communication (comm) services [1]. Accordingly, it is of 
significant importance for the network operators to expand the 
capacity of their cellular networks to avoid congestion and over-
loading so as to guarantee quality of service. It is very interesting 
for the industry, mobile network operators, and academia to study 
spectrum sharing, especially with the case of some federal comm 
services that under-utilize their spectral bands, i.e., radar and TV 
services [2].

All the regulatory agencies worldwidly consider the spectrum 
as a scarce resource. Accordingly, there are significant efforts to 
better utilize the spectrum and it will continue hard with the ap-
proaching deployment of the fifth generation (5G) mobile comm 
networks [3]. For instance, the federal communications commis-
sion (FCC) focuses on developing solutions that are able to share 
the spectrum with different federal spectrum users, such as de-
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fense and civilian radars, public sector, and mobile operators [3]. 
Specifically, the FCC as well as national telecommunication and 
information administration (NTIA) have proposed the sharing of 
150 MHz of the spectrum in the 3.5 GHz band, previously assigned 
to radar applications, with comm applications [2]. Despite all these 
efforts, a great challenge that cannot be ignored when dealing with 
spectrum sharing solutions is the mutual electromagnetic inter-
ference resulting from the co-existence of wireless system on the 
same spectral band [1–3].

Towards finding a solution to the interference problem and 
accordingly the data rate/capacity scaling requirements, non-
orthogonal multiple access (NOMA) with successive interference 
cancellation (SIC) is strongly elected by many researchers and 
organizations to be the radio access technology for the next gen-
eration mobile networks [4–7]. Generally, NOMA can be used to 
allow multiple users to share their temporal, spectral, and spatial 
resources via power or code domain multiplexing [4]. The work 
in [8] highlights another degree of freedom (DoF) to the NOMA 
schemes by exploiting the co-existence of orthogonal frequency 
division multiple access (OFDMA) and single carrier frequency 
division multiple access (SC-FDMA) signals. This co-existence is 
achieved by revealing the characteristics of both OFDMA and SC-
FDMA signals in the frequency and power domains [8].
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During the last decade, numerous efforts had been done to de-
velop solutions for spectrum sharing between comm systems and 
MIMO radars. Among these works, the authors in [9] concentrate 
on the MIMO radar side, where they designed the radar wave-
form to be in the null space of the interference channel between 
the MIMO radar and the BS of a single-cell comm system. Ad-
ditionally, this work is extended in [10] to work with multi-cell 
cellular comm scenarios. In this case, the designed radar wave-
form is designed to be in the null space of the interference channel 
with the largest null space dimension. Another concept for achiev-
ing efficient spectrum sharing between the comm system and the 
MIMO radar is the use of ZF-like beamforming at both systems’ 
nodes [11]. Numerous other works are based on the concept of 
null space projection (NSP) [9–16]. The principle behind the NSP 
is projecting the information signal of one of the two systems, 
either radar or communication, onto the null space of the inter-
ference channel between the two systems. Unfortunately, all the 
aforementioned approaches do not consider mutual and cooper-
ative design of the spectrum sharing problem between the two 
systems, as well as, the achieve lower spectrum efficiency levels 
due to the employment of traditional orthogonal multiple access 
techniques. Accordingly, next generation networks will be in se-
vere need to more spectrum efficient solutions that take care of 
the figure of merits of both systems, which is the main target of 
the proposed approach in this article.

Up to the best of our knowledge, spectrum sharing for the co-
design of radar and communication systems was first introduced in 
[17–20]. Compared to legacy spectrum sharing designs in [9–16], 
the co-design approach is able to achieve an improved spectral 
efficiency through the optimum management of much more num-
ber of design degrees-of-freedom (DoFs). The integrated co-design 
approach always requires the exchange of some physical layer in-
formation between the two systems. For example, the two sys-
tems would have to share their channel state information (CSI) 
through a central node which manages the transmissions and sig-
naling schemes for both systems. For successful operation of the 
co-design approach, certain degree of cooperation between the 
two systems could be maintained. Although an additional over-
head would be incurred by the cooperation, the performances of 
radar and comm systems can be significantly enhanced because 
the interference signals between the two systems are efficiently 
suppressed and the limited spectrum resources are reused. Addi-
tionally, in [19], we have presented a two-tier alternative optimiza-
tion framework to achieve peaceful coexistence between MIMO 
radar and MIMO comm with an optimum performance for both 
systems. The proposed framework in [19] employs the concept 
of interference alignment (IA) to get ride of the harmful interfer-
ence between the two systems, and accordingly, maximize both 
the signal-to-interference-plus-noise ratio (SINR) at MIMO radar 
receiver and the average sum-rate of MIMO comm system. Specif-
ically, the proposed framework is used to jointly optimize the 
transmit and receive beamforming filters for both systems aiming 
to provide an optimum co-design in terms of the SINR and the av-
erage sum rate throughput of the MIMO radar and MIMO comm 
system, respectively.

In this article, we propose a cooperative NOMA-based spectrum 
sharing strategy between MU-MIMO comm systems and MIMO 
radar. The motivation behind this spectrum sharing strategy is to 
achieve a two-way beneficial relationship between the two sys-
tems. The MIMO radar can make use of the wide coverage of the 
comm network to enhance its detection performance, and, at the 
same time, use its highly elevated BSs for early warning. On the 
other hand, the comm system can share the frequency band origi-
nally assigned for MIMO radar services. To this end, it is necessary 
to employ advanced signal processing techniques in the comm 
branch to get rid of the harmful interference between the two sys-
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tems, and on top of these solutions is the newly adopted NOMA 
transmission technology with its well-known spectrum efficiency 
as well as its accompanying SIC technique. The main contributions 
in our article can be summarized as follows:

• A three-phase cooperative NOMA-based spectrum sharing 
strategy will be proposed to efficiently use the under-utilized 
radar frequency band by hosting transmissions from the comm 
system which can help the MIMO radar system to detect far 
targets with which, it has very poor channels.

• Evaluating the performance of the proposed spectrum sharing 
strategy through studying the target probability of detection 
of the MIMO radar and the outage probability as well as the 
sum-rate throughput of the comm system.

• Deriving a closed-form expression for the outage probability 
of the comm system in case of implementing the proposed 
spectrum sharing strategy.

• Comparing the proposed strategy with the state-of-the-art 
spectrum sharing techniques in the literature of MIMO-radar-
MIMO-comm spectrum sharing.

The remaining sections are organized as follows: Section 2 in-
troduces the system model of the proposed spectrum sharing ap-
proach and the common interference issues arising with the co-
existence scenarios of both the MIMO radar and MIMO comm 
systems for which the given model applies. Then, the proposed 
NOMA-based cooperative spectrum sharing transmission strategy 
is addressed in Section 3. This is followed by exploiting the su-
periority of the proposed approach for both systems in terms of 
sum-rate throughput and outage probability for the comm system, 
and the target probability of detection for the MIMO radar in Sec-
tion 4. Simulation results are presented in Section 5 and Section 6
concludes our work.

Notation: Vectors and matrices are written in boldface lower-
case and upper-case letters, respectively. The A† is referred to as 
the complex Hermitian transpose of matrix A. The symbols tr(A)

and ‖A‖2 represent the trace and 2-norm of matrix A, respectively. 
The matrix In stands for the identity matrix of size n × n. The 
x ∼ CN (μ, �) means that x is complex Gaussian distributed with 
mean μ and covariance matrix �. The mathematical expectation 
is denoted as E [·]. The expression σ 2

max(H) refers to the maximum 
eigenvalue of the matrix H.

2. System model

Consider a cooperative spectrum sharing environment between 
a collocated MIMO radar and a multi-user MIMO (MU-MIMO) 
comm network as shown in Fig. 1. Specifically, assume a collocated 
MIMO radar that uses a transmit uniform linear array (ULA) of Mt

antennas and a receive ULA of Mr antennas, and the inter-element 
distances of the transmit and receive ULAs are half-wavelength. 
Without loss of generality, we assume that the arrays have the 
same number of elements, i.e., M = Mt = Mr , at both the trans-
mitter and receiver of the MIMO radar. The radar is pulsed-based 
with pulse repetition interval (PRI) T P R I and carrier wavelength λc . 
It is assumed that the far-field targets are with distinct angles {θt }, 
target reflection coefficients {βt}, and Doppler shifts {νt}. More-
over, they are localized within the same range bin. The MU-MIMO 
comm system considered here consists of one base-station (BS) 
that serves a number of K users denoted as UEk , k ∈ {1,2, · · · , K }. 
The BS uses a number of N antennas, and each UE is also equipped 
with N antennas operating in a half-duplex mode. All channels 
are assumed to experience independent and identically distributed 
(i.i.d.) Rayleigh fading. The comm channel between the MIMO 
radar transmitter and the BS is denoted as Hbr ∈ C

N×M . Moreover, 
the channel gains from the BS and the MIMO radar transmitter to 
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Fig. 1. Multi-user MIMO communication system sharing the spectrum with MIMO radar.
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user k is denoted as Hkb and Hkr , respectively. The transmit powers 
of the MIMO radar and BS are denoted by Pr and PB S , respectively, 
and the background noise is assumed to be a zero-mean, complex 
Gaussian random variable with variance σ 2

r .
In order to establish the coexistence model between the MIMO 

radar and MIMO communication, the following assumptions are 
used in this article:

1. We assume that the two systems transmit narrow-band wave-
forms with the same symbol period. To make sure that such 
an assumption is feasible, let us consider an S-band search and 
acquisition radar with range resolution equal to 300 m (a typ-
ical range resolution is between 100 and 600 m [21]). Accord-
ingly, the corresponding pulse duration for the radar system 
is 2 μs. On the other hand, symbol duration of 2 μs is quite 
typical in modern cellular communication systems [22]. The 
transmitted signal is considered as narrow-band if the chan-
nel coherence bandwidth is larger than the signal bandwidth 
[22–24]. In a macro-cell, typical values for the channel coher-
ence bandwidth are of the order of 1 MHz [25], which is much 
larger than the signal bandwidth of 0.5 MHz (or symbol inter-
val 2 μs). Thus, the narrow-band assumption is typically valid.

2. We assume that the radar and communication receivers sam-
ple their data in a time synchronous manner. For example, the 
range resolution for an S-band search and acquisition radar 
is typically between 100 m and 600 m [21]. Thus, the range 
resolution is cTb/2 = 300 m, where c = 3 × 108 m/s denotes 
the speed of light, and Tb = 2 μs is the radar pulse duration. 
In order to obtain identical symbol rate for two systems, the 
communication symbol duration should be 2 μs, which cor-
responds to the signal bandwidth of 0.5 MHz. Therefore, the 
symbol interval value lies within the range of typical LTE sys-
tems [25].

3. We assume that the radar system employs orthogonal wave-
forms. The employment of orthogonal signals improves the 
capabilities of the MIMO radars in terms of digital transmit 
and receive beamformings [26]. Additionally, the use of or-
thogonal waveform helps to obtain the improved angular res-
olution, extended array aperture in the form of virtual arrays, 
increased number of resolvable targets, lower sidelobes, and 
lower probability of intercept as compared to coherent wave-
forms [27,28].

4. We consider the target tracking scenario, in which the radar 
searches for the targets with unknown radar cross-section 
(RCS) variance in particular directions of interest, given by the 
set {θt}, and a range bin of interest [29,30]. In such a scenario, 
C
TE

D
 P

R
Othe target parameters have typically been obtained from previ-

ous tracking cycles and are used to optimize the transmission 
for better SINR performance [31].

3. NOMA-based cooperative spectrum sharing between MIMO 
radar and MIMO comm systems

The proposed spectrum sharing strategy is suitable to scenar-
ios where the MIMO radar has a small radar cross section (RCS) 
from its target(s), or scenarios in which comm system lies halfway 
between the MIMO radar and its target(s). In these scenarios, the 
mutual electromagnetic interference between the MIMO radar and 
the comm system can affect the signal(s) returned from the tar-
get(s) and accordingly degrade its performance. As shown in Fig. 1, 
the proposed cooperative NOMA-based spectrum sharing transmis-
sion strategy consists of three phases. During the first transmission 
phase, the signal s0 is transmitted from the MIMO radar transmit-
ter to the BS, the received signal at the BS is given by:

y(1)
B S =√Pr Hbr s0 + nb, (1)

where Pr is the radar transmit power, nb is the noise at the BS 
during the first transmission phase, and s0 is an orthogonal wave-
form that satisfies E 

(|s0|2
) = 1. The signal received at the comm 

user UEk can be expressed as:

y(1)

k =√Pr Hkr s0 + nk, (2)

where nk is the noise at UEk during the second transmission phase.
During the second transmission phase, namely NOMA-based 

transmission phase, the BS is acting as an amplify-and-forward 
(AF) relay, and it is responsible for transmitting the communication 
signals to the users and at the same time transmit the signal re-
ceived from the MIMO radar in the steering direction(s) previously 
assigned or transmitted by the MIMO radar through a backhaul 
connection between the two systems. Specifically, the BS superim-
poses the MIMO radar signal together with the comm signals using 
NOMA in order to achieve both spectral efficiency and interference 
mitigation. The signal received at user k can be expressed as:

y(2)

k = Hkb

K∑
i=0

√
αiPB S xi + nk, (3)

where PB S denotes the BS transmit power. The αi refers to the 
power allocation coefficient of xi, ∀i = 0, 1, · · · , K . The vector nk
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refers to the noise at UEk during the second phase. The signals 
xi, ∀ i = 1, · · · , K are the comm signals that should be transmitted 
to the comm users. Additionally, the signal x0 forwarded by the 
BS from the MIMO-radar during the second transmission phase is 
given as:

x0 = y(1)
B S√

E

[∣∣∣y(1)
B S

∣∣∣2]
= y(1)

B S√
Pr ‖Hbr‖2

2 + σ 2
b

, (4)

where σ 2
b is the variance of the Gaussian noise at the BS.

According to the fundamentals of NOMA, an SIC will be carried 
out at each user UEk to de-multiplex the signals within the power 
domain. The signals which allocated more power will be detected 
first, then SIC can be used to sequentially de-multiplex other sig-
nals in descending order of its power level. Specifically, UEk will 
first detect UEi ’s signal, i < k, and then remove the signal from its 
received superimposed version in a successive manner, while UEi ’s 
signal, i > k, will be treated as noise at UEk .

Since we consider that the MIMO radar tracks T targets and the 
parameters {βt} with distribution CN

(
0, σ 2

β

)
, denote the complex 

path-loss for the target t that includes the coefficient of reflection, 
the propagation-loss, and the RCS of the target. Let the vectors 
atx (θt) and arx (θt) be the transmit and receive steering vectors 
for target t . The transmit steering vector, with equal inter-element 
spacing of half wavelength can be defined as:

atx (θt) �

⎡
⎢⎢⎢⎢⎢⎣

1
e− jπ sin(θt )

e− j2π sin(θt )

...

e− j(M−1)π sin(θt )

⎤
⎥⎥⎥⎥⎥⎦ . (5)

Since the BS array will be used to transmit the MIMO radar signal 
and receive the signal returns from the targets, then we can as-
sume that a (θt) = atx (θt) = arx (θt), and accordingly the transmit-
receive steering matrix can be written as:

A (θ) � a (θ) a† (θ) . (6)

In the second transmission phase, the BS transmits the su-
perimposed signals 

∑K
k=0

√
αkPB S xk to its served users as well 

as emits it in the prescribed target direction(s), where xk con-
tains the signals to be transmitted to the served users UEk for 
k ∈ {1,2, · · · , K } or the MIMO radar signal for k = 0; i.e. x0 = s0. 
Without loss of generality, we can assume that the users’ chan-
nel gains with their BS are ordered descendingly with respect to 
their maximum eigenvalue, namely, σ 2

max(H1b) ≤ · · · ≤ σ 2
max(HKb). 

Additionally, due to the high priority of the MIMO radar signal, we 
assume that α0 ≥ α1 ≥ · · · ≥ αK with 

∑K
k=0 αk = 1 [4,6].

During the third transmission phase, the BS is responsible for 
collecting the returned echo signals from radar targets together 
with faded version from the superimposed communication signals, 
then forwarding them all to the MIMO radar for further signal pro-
cessing procedures. The echo signals from the target received at 
the BS can be expressed as:

y(3)
B S = βt A

K∑
k=0

√
αkPB S xk + nB S , (7)

where nB S is the noise at the BS during the third phase of the 
shared spectrum transmission strategy. The signal finally received 
by the MIMO-radar receiver can be expressed as:
EC
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yr = H†
cry(3)

B S + nr, (8)

where nr is the noise at the MIMO radar receiver during the third 
transmission phase, and y(3)

B S is the normalized version of the sig-
nal received by the BS in the second transmission phase, which 
expressed as:

y(3)
B S = y(3)

B S√
E

[∣∣∣y(3)
B S

∣∣∣2]
= y(3)

B S√
|βt |2 ‖A‖2

2 PB S + σ 2
r

. (9)

Through a backhaul-link between the BS and MIMO-radar, the 
steering parameters and channel state information (CSI) of all 
comm users’ channels can be forwarded together with the re-
turned echo signals to the MIMO-radar. Through an SIC scheme at 
the MIMO-radar, it is able to easily detect the target echo signals.

4. Performance analysis of the proposed cooperative spectrum 
sharing strategy

The most important phase in the proposed cooperative spec-
trum sharing strategy is the NOMA-based cooperative transmission 
phase. During this phase, SIC is employed at the kth user, and ac-
cording to (3), the receiving SINR for the UEk user to detect the 
UEi user (1 ≤ i ≤ m ≤ K ) is given by

γi→k = PB S ‖Hkb‖2
2 αi

PB S ‖Hkb‖2
2

K∑
j=i+1

α j + σ 2
k

. (10)

After all K −1 users can be decoded successfully, the received SINR 
for the K th is given by

γK = ‖Hkb‖2
2 αK PB S

σ 2
K

. (11)

During the third phase, the BS will act as AF relay which for-
wards the received echo signals to the MIMO-radar receiver. To-
gether with these echo signals, the BS will send, through a back-
haul link to MIMO-radar, the steering parameters and the CSI of all 
comm users. Accordingly, by employing the SIC stage at the MIMO-
radar receiver, the output SINR of the MIMO-radar return signals at 
the BS can be evaluated as

γr→b = β2
t ‖A‖2

2 α0PB S

β2
t ‖A‖2

2

(
K∑

k=1
αk

)
PB S + σ 2

B S

. (12)

Finally, based on (8), (9), and (12), the SINR of the received 
signal at the MIMO-radar receiver at the end of the third phase 
can be expressed as

γradar = PB S ‖Hcr‖2
2 ‖A‖2

2 |βt |2
σ 2

B S ‖Hcr‖2
2 + σ 2

r
(
PB S ‖A‖2

2 |βt |2 + σ 2
r
) . (13)

We are now at a position to evaluate the performance of 
the proposed NOMA-based cooperative spectrum sharing between 
MIMO-radar and MU-MIMO comm systems in terms of the out-
age probability and sum-rate throughput of the MU-MIMO NOMA 
comm system, and the detection probability for the MIMO radar 
when the two systems are operating in close proximity to each 
other.
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4.1. Detection probability for MIMO-radar in coexistence with 
NOMA-based MU-MIMO comm system

One of the most important aspects of the MIMO-radar is the 
target detection probability and the effect of external interference 
signals on it. In this sub-section, we study the detection probability 
of the MIMO-radar when it is involved in the proposed coopera-
tive spectrum sharing strategy with the NOMA-based MU-MIMO 
comm system. Obviously, the interference from the comm network 
to the MIMO-radar receiver will affect the probability of detection 
at MIMO-radar receiver. Based on Neyman–Pearson criterion, the 
asymptotic target detection probability of the MIMO-radar, denoted 
as PD , can be evaluated using the generalized likelihood ratio test 
(GLRT) [32,33] as:

PD = 1 − ϕX 2
2 (ρ)

(
ϕ−1
X 2

2
(1 − PF A)

)
, (14)

where PF A is the probability of false alarm. The function ϕX 2
2 (ρ)

denotes the non-central chi-square cumulative distribution func-
tion (CDF) with 2 degree-of-freedoms (DoFs). Finally, the function 
ϕ−1
X 2

2
represents the inverse function of the chi-square CDF with 2 

DoFs, and ρ is the non-centrality parameter for X 2
2 (ρ), and it is 

expressed as

ρ = |βt |2
σ 2

r
M Prtr

(
HcrH†

crAA†

HcrH†
cr/σ

2
r + PB S |βt |2 AA† + σ 2

r I

)
. (15)

It is of great importance here to highlight that the probabil-
ity of detection for the MIMO radar in [32] is suitable only for 
white Gaussian noise. However, our proposed model includes both 
noise and interference, thereby enabling us to develop more effi-
cient spectrum sharing approaches to handle the coexistence is-
sue between radar and comm systems. It should be noted that 
the resulting interference-plus-noise is still Gaussian distributed 
with zero mean but non-identity covariance matrix [33]. Accord-
ingly, a whitening-filter is applied in our design to normalize the 
interference-plus-noise signal, such that the derivation in [32] is 
still applicable to our design.

4.2. Outage probability for NOMA-based MU-MIMO comm system in 
coexistence with MIMO-radar

This subsection provides a comprehensive performance analysis, 
for the comm side, achieved by the proposed cooperative NOMA-
based spectrum sharing strategy. As we assume that the BS of the 
comm system works as an AF relay, the outage probability is di-
rectly determined by the event that the instantaneous rates at the 
destination users are less than the targeted user data rates. At 
the side of the comm system, the performance is evaluated from 
an outage event perspective. The outage event occurs when any 
user fails to decode the signal of other users with lower index, i.e. 
worse channel users. For instance, the achievable data rate for user 
k to detect the signal assigned to user i, where 1 ≤ i < k, is given 
by (10). The outage event occurs when Ri→k < Ri ∀ i = 1, · · · , K , 
where Ri is the targeted data rate of xi . Subsequently, xi can be 
decoded and removed by user k. This process will be terminated 
when xk can be successfully decoded at UEk . The achievable rate 
at UEk , k = 1, · · · , K − 1, is given by

γk = 1

2
log2

⎛
⎜⎜⎜⎝1 + PB S ‖Hkb‖2

2 αk

PB S ‖Hkb‖2
2

K∑
j=k+1

α j + σ 2
k

⎞
⎟⎟⎟⎠ . (16)
C
TE

D
 P

R
O

O
F

Furthermore, the achievable data rate at user K , can be obtained 
as

γK = 1

2
log2

(
1 + PB S ‖HKb‖2

2 αK

σ 2
K

)
. (17)

Since the radar target detection and localization information are 
delay-sensitive, and accordingly, a fixed rate will be transmitted 
from the BS to the radar, the throughput of the network mainly 
depends on the outage probability. So, the outage probability is a 
fundamental metric of comm networks. The outage probability of 
the comm user UEk with the proposed NOMA-based cooperative 
spectrum sharing strategy can be expressed as:

P(k)
out = Pr {Ri→k < Ri}

= Pr

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

1

2
log2

⎛
⎜⎜⎜⎝1 + PB S ‖Hkb‖2

2 αi

PB S ‖Hkb‖2
2

K∑
j=i+1

α j + σ 2
k

⎞
⎟⎟⎟⎠< Ri

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

= Pr

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

PB S ‖Hkb‖2
2 αi

PB S ‖Hkb‖2
2

K∑
j=i+1

α j + σ 2
k

< 22Ri − 1

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

= Pr

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

zαi

z
K∑

j=i+1
α j + 1

ρ

< c

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

, (18)

where ρ = (PB S/σ
2
k ), c = 22Ri − 1, and Pr{A} denotes the probabil-

ity of occurrence of the event A. The variable z is equivalent to the 
square of the channel, i.e., ‖Hkb‖2

2. Since we are considering mutu-
ally independent Rayleigh fading channels, Hkb ∀k ∈ {1, 2, · · · , K }, 
their squares can be modeled as exponential random variables 
with mean z. As a result, the CDF can be evaluated as

P(k)
out =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

1, if z ≥ αk∑K
j=k+1 α j

1 − exp

⎛
⎜⎜⎝− z

ρ

(
αk−

(
K∑

j=i+1
α j

)
z

)
⎞
⎟⎟⎠ , otherwise

(19)

At high SNR, c/(ρ(αk − ∑K
j=i+1 α j z)) approaches 0, and the 

probability of the event, ((zαi)/(z
∑K

j=i+1 α j + 1/ρ)) < c, can be 
approximated by using the power series of exponential functions 
[34] as

P(k)
out = 1 − exp

⎛
⎜⎜⎜⎜⎝− c

ρ

(
αk −

(
K∑

j=i+1
α j

)
c

)
⎞
⎟⎟⎟⎟⎠ . (20)

Based on the condition that c < (αk/(
∑K

j=k+1 α j)), the previous 
expression in (20) can asymptotically be approximated as

P(k)
out = c

ραk
. (21)

The overall system outage event is defined as the event that 
any user in the system cannot achieve it targeted data rate, which 
means that the overall asymptotic outage probability, Pasymptotic , is
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Fig. 2. Average detection probability of the MIMO radar Vs. radar SNR for different spectrum sharing approaches, PB S = {40 dB, 60 dB}, P F A = 10−5, Ri = 2.5 bps/Hz, M = 4, 
K = 5.
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Pasymptotic � 1 −

K∏
k=1

(
1 − P(k)

out

)
. (22)

5. Numerical and simulation results

In this section, numerical results are presented to validate the 
merits of the cooperative NOMA-based spectrum sharing strategy 
between the MIMO radar and MU-MIMO comm systems. Through-
out this section, the proposed cooperative strategy is compared 
with three other techniques, namely, NSP-based spectrum sharing 
[9–36] (denoted as NSP-based SS for short), the ZF beamforming 
based spectrum sharing strategy [37] (denoted as ZF-SS), and the 
spectrum sharing without interference mitigation (denoted as SS 
without IM) which corresponds to the situation where the two sys-
tems are obliviously operating in close-proximity to one-another, 
without interference mitigation. It is worth mentioning that the 
backhaul channel between MIMO-radar and communication sys-
tems is used for the exchange of parameters of the systems. These 
parameters, i.e. channel state information (CSI), are used for the 
coordination between the two systems to get rid of the harmful 
interference. In both the NSP-SS and ZF-SS techniques, this step is 
replaced by pilot signal transmission [9]. These pilot signals can be 
used to estimate and feedback the channel information between 
the radar and communication systems. Similar methods can also 
be used to feedback other configuration parameters [17].

Without loss of generality, this work considers a MIMO radar 
system with collocated ULA of half wavelength inter-element spac-
ing that transmit Gaussian orthogonal waveforms. We assume that 
the coefficients of the channels, Hkb , are i.i.d. zero-mean and 
unit-variance circularly symmetric complex Gaussian distributed, 
i.e., CN (0,1). Additionally, the interference channels Hcr and Hkr
are Rayleigh fading channels with i.i.d. coefficients drawn from 
CN

(
0, σ 2

r

)
, with σ 2

r = 0.01. We assume that the comm system 
consists of a BS that serves K = 5 users, and the users, BS and 
radar receiver are equipped with the same number of antennas M . 
It is assumed that the noise power at each comm user is normal-
ized to unity. Since, the identical maximum transmit power is sent 
from the BS to serve each user, we evaluate the comm signal-to-
noise ratio (SNR) in the considered scenario. During the evaluation 
EC
TE

D
 Pof our results, we assumed that the time duration of this orthogo-

nal waveform is equal to L = 16 symbols or 16 sub-pulse, which is 
also the number of pulses within the PRI. Also, we assumed that 
the sub-pulse duration of the radar and the symbol duration of the 
communication systems are equal to 2 μs. Accordingly, the wave-
form duration is equal to 32 μs.

The proposed NOMA-based strategy provides a win–win rela-
tionship between the two systems. This beneficial relation is tested 
for the MIMO radar through its target detection probability, that 
is analyzed in Sub-section 4.1. On the other hand, the strategy is 
tested for the comm side in terms of both the outage probability, 
analyzed in Sub-section 4.2, and the sum-rate throughput of the 
system in bits/sec/Hz (bps/Hz). As we stated earlier, the target de-
tection probability has a direct relationship with the non-centrality 
parameters, ρ . From (15), the parameter is directly proportional 
to the number of antennas at the MIMO radar and the square of 
β2

t , which is related to the path-loss and RCS of the targets. Addi-
tionally, it is directly proportional to the radar transmit power Pr , 
which in our scenario is related to the BS power budget Pc through 
the power allocation factor α0, where Pr = α0Pc . Totally, we can 
say that, PD is monotonically increasing function with respect to 
the non-centrality parameter ρ [33].

In Fig. 2, the average detection probability, PD , of the MIMO 
radar is tested in corresponding to the SNR of the MIMO radar 
at different levels of BS budget, PB S . In this scenario, we assume 
that M = 4, K = 5, and PF A = 10−5. Generally, it is obvious that 
PD monotonically increases for all the spectrum sharing strategies. 
However, it is clear that the proposed strategy achieves better PD

than the other strategies at the same SNR. In other words, the 
proposed strategy achieves the maximum detection probability, for 
example, when SNR is 45 dB, the detection probabilities PD ≈ 0.04, 
PD ≈ 0.7, PD ≈ 0.95, and PD ≈ 1 for the SS without IM, ZF-SS, and 
the proposed SS strategies, respectively. It is observed in Fig. 3 that 
PD improves as the radar SNR increases for all approaches. Fig. 3
studies PD versus the power fraction allocated to the comm users 
from the BS power budget, namely, (1 − α0). It is seen from Fig. 3
that PD is inversely proportional to (1 −α0) for different BS power 
budgets, namely, PB S = 40 dB and PB S = 60 dB.

The performance of the comm system implementing the pro-
posed strategy is examined in terms of the outage probability and 
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Fig. 3. Average detection probability of the MIMO radar Vs. the power portion allocated to the signals of the communication users for different spectrum sharing approaches, 
PB S = {40 dB, 60 dB}, P F A = 10−5, Ri = 2.5 bps/Hz, M = 4, K = 5.

Fig. 4. Outage probability of the communication network Vs. the communication SNR for different spectrum sharing approaches. Additionally a perfect match between the 
numerical results gained from the closed-form expression and the simulation results can be noticed, PB S = 45 dB, Ri = 2.5 bps/Hz, M = 4, K = 5.
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sum-rate throughput. In Sub-section 4.2, a closed-form expression 
for the outage probability of the comm system that implements 
the proposed spectrum sharing strategy. In this part, the outage 
performance is numerically evaluated using both the derived ana-
lytic expression and Monte-Carlo simulations. Fig. 4 declares a per-
fect matching between the simulated results and derived closed-
form expression. Additionally, the proposed strategy outperforms 
all the state-of-the-art techniques by achieving the lowest out-
age probability at all SNR levels. For instance, as SNR = 25 dB, 
the outage probability achieved by the proposed strategy equals 
8 × 10−4 whereas the NSP-based approach can only provide an 
outage probability of 10−2, and the ZF-SS only yields the outage 
probability of 1.5 × 10−2. The outage probability increases semi-
exponentially with the amount of power allocated for the MIMO 
radar signal from the BS power budget. This is logically accept-
able, as the increase in the portion of power allocated to the MIMO 
radar signal implicitly means the decrease of the portion allocated 
for the comm signals, thereby leading to lower outage probability.

Another perspective for examining the proposed spectrum-
sharing strategy is based on the outage performance versus the 
power allocation factor corresponding to the MIMO radar power, 
namely α0. It is clear from Fig. 5 that α0 has a great impact on the 
outage probability of the comm system.

Fig. 6 displays the impact of the throughput threshold for the 
comm users on the outage performance of the whole comm net-
work. This threshold determines the number of users who will 
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Fig. 5. Outage probability of the communication network Vs. the power allocation factor corresponding to MIMO radar power, for different spectrum sharing approaches, 
PB S = 45 dB, Ri = 2.5 bps/Hz, M = 4, K = 5.

Fig. 6. Outage probability of the communication network Vs. the throughput threshold per user Ri , for different spectrum sharing approaches, P B S = 45 dB, M = 4, K = 5.
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Ccontribute in the outage performance through their interference 
signals, and eventually affects the outage probability. It can be seen 
from Fig. 6, the total system outage probability increases as the 
throughput threshold level becomes larger. Also, it is clear that, at 
the same threshold value, the proposed strategy achieves the min-
imum outage probability.

One of the most important performance metrics for any comm 
system is the sum rate throughput in bps/Hz, which is always mea-
sured as the aggregate throughput achieved by all the active users, 
mathematically expressed as 

∑K
i=1 log2(1 + SINRi), with SINRi be-

ing the signal-to-interference-plus-noise ratio of user i. Fig. 7 plots 
the variation of the sum-rate throughput versus the SNR. It is obvi-
ous from the results that the sum-rate throughput achieved using 
the proposed strategy outperforms its counterparts achieved by the 
state-of-the-art approaches. Additionally, the sum-rate throughput 
increases with the increasing of the SNR. Specifically, it is very 
clear that the proposed strategy achieves approximately double the 
sum-rate throughput of that achieved when the two systems obliv-
iously work together in close proximity to one-another.

Fig. 8 plots sum-rate throughput versus the power allocation 
factor corresponding to the MIMO radar power, namely α0. As we 
mentioned previously, the BS budget is divided between the radar 
and comm. As a consequence, as the portion of power allocated 
to radar increases, the portion assigned to the comm decreases. 
The sum-rate throughput is related to both the portion assigned to 
the comm and interference introduced by the radar to the comm 
users. As the proposed strategy causes no interference from the 
MIMO radar to the comm users at the third phase, the sum-rate 
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Fig. 7. Sum-rate throughput of the NOMA-based communication network Vs. SNR for different spectrum sharing strategies with different values of M, PB S = 45 dB, Ri =
2 bps/Hz, K = 5.

Fig. 8. Sum-rate throughput of the NOMA-based communication network Vs. the power allocation factor corresponding to MIMO radar power, for different spectrum sharing 
strategies with different values of M, PB S = 45 dB, Ri = 2 bps/Hz, K = 5.
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Cthroughput depends mainly on the amount of power assigned for 
the communication signals from the BS power budget. It is clear 
that the sum-rate throughput decreases with the increasing of α0. 
This is achieved for both cases of M = 4 and M = 8.

Finally, the relationship between the sum-rate throughput and 
the throughput threshold value for users is studied in Fig. 9. Sim-
ilar to the statements above, larger throughput threshold can lead 
to smaller number of users serviced correctly by the BS and ac-
cordingly lower aggregate sum-rate throughput achieved by the 
system as a whole. In terms of the sum-rate throughput, the pro-
posed scheme provides the best performance, followed by the 
NSP-based approach. The ZF-SS approach is superior to the NSP-
SS approach but slightly inferior to the SS without IM scheme.
6. Conclusion

In this paper, a novel cooperative NOMA-based spectrum shar-
ing strategy between the MIMO comm and MIMO radar has been 
addressed. Using the large coverage of the comm system, the task 
of early-warning from the perspective of radar target detection can 
be accomplished through building a win–win relationship between 
the two systems. The devised strategy uses the principles of the 
NOMA transmission and radio access technology to cooperatively 
transmit both the radar and the comm signals using one of the 
comm BSs. The performance of the proposed strategy has been 
studied in terms of the sum-rate throughput and outage proba-
bility of the comm side. On the other hand, the probability of 
detection at the radar side is examined. The theoretical results 
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Fig. 9. Sum-rate throughput of the NOMA-based communication network Vs. the throughput threshold per user Ri , for different spectrum sharing strategies with different 
values of M, PB S = 45 dB, K = 5.
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agree well with the numerical results, thereby confirming that the 
proposed strategy is able to provide superior performance for both 
the MIMO radar and MIMO comm systems.
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