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Abstract -  Spectrum frequency is the most fundamental
drive to communication networks; however its availability is
limited. The underutilization of the licensed spectrum and the
upcoming evolution of communication networks to support
mega fast broadband services has led to a great scarcity and
henceforth a great need of the spectrum frequency. This
scarcity put an emphasis on the efficient usage of spectrum
frequency. The Spectrum sharing between heterogeneous
networks is recently being considered to be solution to the
problem of scarcity of the spectrum frequency in the future
wireless network (i.e. 5G). In this paper we discussed the
spectrum sharing between multiple-input multiple-output
(MIMO) radar and MIMO cellular network. Spectrum sharing
algorithms are designed with consideration of MIMO radar as
the primary user (PU) and cellular network as the secondary
user (PU). Using the projection method, the radar signals are
projected in the null space of interference channel between
radar and cellular network using the interference-channel-
selection algorithm in order to mitigate interference from the
radar. On the other hand, we addressed the problem of target
detection by radars that project waveform onto the null space
of interference channel in order to mitigate interference to
cellular systems. The simulation results are presented to show
the performance of the radar with regards to the interference
from the cellular system.

Keywords-Spectrum frequency, MIMO, Spectrum sharing,
MIMO Radar. Interference, Cellular communication network,
Radar signal. Null-space projection (NSP), Beampattern(s)

1. INTRODUCTION

Spectrum frequency is the most significant resource for
wireless communication networks but its availability is
limited. The rapid growth of mobile communication
networks to support a wide range of mega fast broadband
services has led to a big capacity demand of the spectrum
frequency[1]. The scarcity of spectrum frequency has headed
to a new stimulus to search for a prominent solutions to
make the most efficient use of scarce licensed frequency
band in a shared mode. Spectrum sharing will enhance
spectrum utilization efficiency and also save cost to the users
of the spectrum[2]

1.1 Spectrum Sharing Between Radar and Cellular
Communication Network

Spectrum sharing between radar and commercial cellular
communication system is an immerging research area
aiming to acquire more spectrum frequency to meet the high
demand of this valuable resource for the upcoming growth of
wireless communications. The great concern in this case is
interference mitigation from the secondary user (SU) to the
primary user (PU)[3]. There are number of ways which can
be used to achieve spectrum sharing between radar and
communication system, but in this paper we will mostly
focus on: shaping the radar waveform to mitigate
interference from the communication system and
beamforming: where by radar signal beam can be projected
to the null space interference channel to mitigate the
interference between the players (ie. Radar and cellular
communication network)

1.2 System Model

The system model includes; MIMO radar, target
model/channel, orthogonal waveforms, interference
channel, and cellular system model. Connectively, modeling
and statistical assumptions and RF environment will be
discussed.

1.2.1 Radar

In this paper we consider using a MIMO radar with M
transmit-receive antennas. The MIMO radar antennas are
spaced on the order of half the wavelength. Other classified
MIMO radar have a widely spaced where antenna elements
are widely spaced which results in improved spatial
diversity[4] . However, the MIMO radar with antennas
spaced in the order of half wavelength gives better spatial
resolution and target parameter identification as compared
to the widely-spaced radar[5].

1.2.2 Target

The target considered here is defined as targets having a
scatterer with infinite spatial extent. This assumed model is
good and is mostly used in radar theory for the case when
radar elements are co-located and there is a large distance
between the radar array and the target as compared to inter-
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element distance [6]. Thus signal reflected from the target
with unit radar cross-section (RCS) is represented
numerically by the function Dirac delta.

1.2.3 Signal Model
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Figure 1: Uniform Linear Array (ULA) diagram [7]

Let the signal transmitted from the M-element MIMO radar
array be x(t) defined as;

:&{t] — [xl{t]e_imtx:{t]e_m“ .xh{{t]e‘i”“] (1)

Where x, (t)e”“is the baseband signal from the k
transmit element, w. is the carrier angular frequency, t € [0,
To], with T, being the observation time. The transmit
steering vector is defined as;

ET{E'] 2 [E—iu:lE'[:TNE' E_iunrzlal....E_qurMIEI]T..(Z)

Then, the transmit-receive steering matrix can be written as
A(B) £ ag (8132 (B) oo, (3)

Since, we are considering M transmit and receive elements,
we define a(8) £ ar(8) £ ag (8). The signal received froma
single target, in far-field with constant radial velocity vratan
angle B can be written as

y(t) = ae ™0t 4(0)x(t — T ) + n(E)ooove..e. (4)

Where Ti(t) = TTylt) + TRi(t) present the sum of
propagation delays between the target and the kt transmit
element and the Ith receive element, respectively; wp is the
Doppler frequency shift, a is the complex path loss including
the propagation loss and the coefficient of reflection, and
n(t) is the zero-mean complex Gaussian noise.

1.2.4 Assumptions for Modeling

The following assumptions about the signal model are
made to keep the analysis tractable:

i)Due to the far-field assumption, the path loss a is assumed
to be identical for all transmit and receive elements, [8].

ii) @ is the azimuth angle of the target.

iii) After the range-Doppler parameters compensation, we
can simplify Equation (4) as

y(t) = aAtx) + n(O).ee. (5)

1.2.5 Statistical Assumptions:

The following assumptions are made for the received signal
model in Equation (5):

i) 8 and a are unknown parameters representing the target’s
direction of arrival and the complex amplitude of the target,
respectively.

ii) n(t) is independent noise vector, zero-mean complex
Gaussian with known covariance matrix
Ry = ogly.i.e.nlt) ~W° {0y on Iy ). where N represent the
complex Gaussian distribution.

iii) From the assumptions above, the received signal model
in Equation (5) has independent complex Gaussian
distribution, i.e.

y(E)~ N (aA@)x(t), oply e, (6)

1.2.6 Orthogonal Waveforms:

We consider orthogonal waveforms transmitted by MIMO
radars, i.e.,

R, = [x(®)x"(dt = Iy, (7)

Transmitting orthogonal signals gives MIMO radar
advantages in terms of digital beamforming at the
transmitter in addition to receiver, enhanced angular
resolution, prolonged array aperture in the form of virtual
arrays, improved number of resolvable targets, lower side
lobes , and lower probability of intercept as compared to
coherent waveforms|[8].

1.2.7 Communication System

A MIMO cellular system is considered in this paper, with
number of base stations =K, each equipped with NBS transmit
and receive antennas, with ith BS supporting LiUE user
equipment (UE). The UEs are also multi-antenna systems
with NUE transmit and receive antennas. If S]UE{t] is the
signals transmitted by the jth UE in the it cell, then the
received signal at the ith BS receiver can be written as

R = T HN TSR L w(e) 1= LE.(8)
Where by w(t) is the additive white Gaussian noise.
1.2.8 Interference Channel

We describe the interference channel that exists between
MIMO cellular base station and MIMO radar. We are
considering K cellular BSs that is why our model has H;, i =
1,2,...,K interference channels, where the entries of H; are
denoted by

hilul hilj.l!n'['

H & P i [(Ngs % M)...(3.9)
(14,1) h_(N"“ M}
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where |J1Illll represents the channel coefficient from the kth
antenna element at the MIMO radar to the It antenna
element at the ith BS. We are assuming that elements of H;
are independent, identically distributed (i.i.d.) and circularly
symmetric complex Gaussian random variables with zero-
mean and unit-variance, thus, having a i.i.d.

1.2.9 RF Environment for Cooperation between
Radar and Cellular Communication Network

It is commonly supposed that the transmitter (frequently
BS) has channel state information (CSI) either by feedback
from the receiver (frequently UE), in FDD systems, or
transmitters can reciprocate the channel, in TDD systems[9].
In the case of radars sharing their spectrum with
communications systems one-way to get CSI is that radar
approximates H; based on the training symbols sent by
communication receivers (or BSs in this case) [10].
Alternative approach is that radar helps communication
systems in channel approximation, with the aid of a low-
power reference signal, and they feed back the approximated
channel to radar[11]. Since, radar signal is treated as
interference at communication system, we can describe the
channel as interference channel and refer to information
about it as interference channel state information (ICSI). In
the case where military Radar shares spectrum with another
military radar, ICSI can be attained by radars easily as both
systems belong to military, On the other hand, when military
radar shares spectrum with a communication system, ICSI
can be attained by giving enticements to communication
network. The greatest enticement in this scenario is null-
steering and protection from radar interference. Therefore,
regardless of the sharing players and (or) scenario we have
ICSI for the sake of mitigating radar interference at
communication network.

2. RELATED WORK

Spectrum sharing notion has recently received significant
consideration from regulatory bodies and governments
worldwide as it seemed to be a promising solution to the
great demand of spectrum frequency during the deployment
of 5G wireless networks. Observation shows that[12][13],
the traffic increase in cellular wireless communications in
recent years which has been driven by popularity of great
number of smart devices and Internet-based applications[2],
has headed to great capacity demand which as a results
require a solution since the availability of spectrum
frequency is limited[1][14][15][16][17][18][19][20].

For the case of radar sharing spectrum with cellular
communication network a number of research has been
conducted with a number of sharing scenarios has been
proposed. When radar shares spectrum with a cellular
communication network sharing can be achieved by a
number of ways including: cooperative sensing approach
where by radar allocated band can be shared with cellular
communication system[[21][22][23]]; a joint

communication-radar platform where by radar can do
sensing and only use the unused frequencies; shaping the
radar waveforms such that they do not cause interference to
the communication system[24].; database aided sensing at
the cellular communication network[25]; and beamforming
approach adjustments can also be deployed at MIMO radar
for spectrum sharing[26]. The outcome of mutual
interference in the coexistence setup on radar detection and
cellular communication system throughput, highlighting
some non-trivial interplays and deriving useful design
tradeoffs[27]. Some designing of pre-coder of a MIMO-radar
spectrally-coexistent with a MIMO cellular system wich
achieve spectrum-sharing with minimal interference[28].
Weather radar networked system (WRNS) with spectrum
sharing among weather radar has been presented. A
prototype was also implemented to experiment and explore
the feasibility with real weather radar[29].In [30] a Steepest
descent opportunistic MIMO radar was presented in the
sight of spectrum sharing.

3. PROPOSED MODEL

3.1 MIMO Radar - Cellular Communication Network
Spectrum Sharing

Generally, existing radar fall between 3 and 100GHz of
radio frequency (RF) spectrum which is also the range
desirable by cellular communication network. In the
following subsection we will discuss the design architecture
followed by the algorithms for spectrum sharing.

3.2 Sharing Architecture

Our scenario is presented in Figure 2 where MIMO radar is
share K interference channels with the cellular
communication network. In view of this scenario, the
received signal at the ith base station (BS) receiver can be
presented as;

@ = B HE) + SEN NS pw(®) 10)

The aim of the MIMO radar is to map x(t) onto the null-space
of Hj so that to avoid interference to the ith BS, i.e., Hix(t) = 0,
so that r; (t) has Equation (8) instead of Equation (10)

Beam position
variation in
elevation

-

2 5.5
Communication netwol:k (56)

Figure 2: Spectrum sharing between MIMO radar and
MIMO cellular communication Network
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3.3 Sharing Algorithms for Small MIMO radar

In this section we present the performance measures of
spectrum sharing between cellular communications network
and MIMO radars when a MIMO radar has a smaller antenna
array in comparison with a cellular base station (BS), i.e., Mt
=Ngr. We consider cellular system with K BSs. The MIMO
radar and cellular communication network share K
interference channels, i.e,, Hi, i =1, 2... K. We project the
radar signal onto the null space of interference channel
between the MIMO radar and cellular communication system
using the proposed algorithm for interference-channel-
selection, aiming to have zero interference from the MIMO
radar. Then interference channel with the maximum null
space is selected, i.e., argmax, .;.pdim[W(H,)] and project
the radar signal onto the null space of this channel. The
proposed sharing algorithm causes minimum loss in radar
performance by wisely selecting the interference channel
and at the meanwhile safeguards the ith cell BS from the
radar interference.

3.3.1 Performance Measures

Crame'r Rao bound (CRB) and maximum likelihood (ML) are
chosen to approximate the angle of arrival of the target as
our performance measures for the MIMO radar. Our aim is to
study the degradation in the approximation of the angle of
arrival of target due to null-space projection of the radar
waveforms. The CRB for a single target, no-interference
scenario, is as denoted in [8].

CRB = —— (Ml (8)Rar (8) +

_ M, HoaeTa g 2

- . - R ladt {8Ry a8 _
3 (9)Rxar @)1ar @17 - — 5 gr =)™
..... 11)

and the ML for the scenario of no interference and a single
target can be presented as in [8]

Argrmax |EI|_€IE JE (Tt 123 (87 12

(8. TeGohi =g, T, wp ™ mpaliariare - (12)
Where ag(8) = %
dar(8)

. (g) = O

ar(8) = —2

R, :L XEOXH (O dt

S

E(Trwp) = J‘H y(®) XAt — T Jel“rtat

‘o

T is the propagation delay, two-way, between the target and
the reference point, and wp is the Doppler frequency shift.
Beampattern is a measure of beamformer’s response to a

target at direction 6 given by, as in [8], direction 6 given by,
asin [8],

|EIL;IEIR} apiBp) 12 |E.:_.EI Biag B

G wp) =T TR

Epll_"|E|_-.|R} E.-|_|E||_-.|

where I'the normalization constant and Op is represents
the digital steering direction of the main beam.

3.3.2 Interference-Channel-Selection Algorithm

We propose interference-channel-selection algorithm,
denoted as Algorithm 1, which will be used to select
interference channel onto which signals of radar are
projected using Null Space Projection (NSP) approach, (i.e.
Algorithm 2). We assumed that there exist K interference
channels,i.e,H;j,i=1,2,...,K, between the MIMO radar and
the cellular communication system and the best interference
channel we aim to select is defined as

imax = argmax dim [V (H;)]
L=isK

Hp.: £ H;

Imax
And we aim to mitigate the worst channel, demarcated as

imin = argmin dim[ (H; )]
LzisK

H‘J.-‘l:nr at £ K

Imin

Where null space of ch'n Mrig given as
N(H;) 2 {x e cM:Hix = 0}

and then null of le"-R M i given as
null H; 2 dim[N(H,J]

where ‘dim’ is the number of linearly independent columns
in null space of Htr" #Mr Atthe MIMO radar, we approximate
the channel state information (CSI) of the K interference
channels using a blind null-space learning algorithm . The
null space of these K interference channels are calculated via
Algorithm 2. Algorithm 1 on receiving null space of
interference channels, it make a selection of a channel with
the maximum null space as the best choice, (i.e., #) and
sends it to Algorithm 2 for NSP of radar signals.

Algorithm 1: Algorithm for Interference-Channel
Selection

Loop
fori=1: Kdo
H;
Estimate CSI of
H;

Send  to Algorithm (2) for null space computation
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dim[N(H;)]

Receive the from Algorithm(2)
end for
Lpae = argmaxdim[N(H,)]
1=i=K
Find
H=H,
ALY

Set as the candidate interference channel

H
Send to Algorithm 2to get NSP waveform
end loop

After achieving CSI estimation of K interference channels,
from Algorithm 1, we then find null space of each ch“x"!"'

using Algorithm 2. This step is performed using the singular
value decomposition (SVD) theorem according to our
modified-NSP projection algorithm, as shown in Algorithm 2.
For the complex ith interference channel matrix the SVD is
given as

ch',;xh!-r — UtszxH-rth
‘a1l 0 0 0
3 0 &2 0 0 -
=Gl g o - o v
0 0 0 &emin(Ng My)

where Ui is the complex unitary matrix, Xi is the diagonal
matrix of singular values, and V¥ is the complex unitary
matrix In Algorithm 2, we set a threshold ¢ and select
singular values below the threshold value for the sake that.
If the SVD analysis do not yield any zero singular values we
resort to a numerical approach to calculate null space. Thus,
the number of singular values lower than the threshold
serves as the dimension of null space.

Algorithm 2: Modified-Null-Space Projection(NSP)

ir H i s received from Algorithm 1 then

. — H
Perform SVD on Hl (ie. Hz’ = 'Uz' Zz’ L'r: )
if & %= 0 (ie j singular value osz-) then
dim[N(H)]=0
Use pre-specified threshold &
forj= 1:min(Ng, M;) do

if a0, = § then

dim[N(H,)]=dim[N(H,)]+1
diem[.?’u'"(H:-]] =0

end if
end for
else

i IR[N [:H: ]:l = Number of zero singular values

end if
send di m[N(H, )] to Algorithm 1

end if
If H received from Algorithm 1 then
Perform SVD on H = UET-"

Ifa = 0 then

Use pre-specified threshold ]

)

aull — {} { An empty set to collect 35 below threshold o}

forj = 1:min(Ng, M) do
if 0, == § then

Add Crl to JE'.ILJ“.

end if
end for

V= 11 Corresponding columns in V
end if

Setup projection matrix L'z

Get NSP radar signal via X= P{;’X

end if

After determining interference channels is determined, we
then target on finding the best channelH, the one with the
maximum null space, which rendering to our Algorithm 1
is given as

imax = argmax dim N (H;)
1zisK

H=H; _
Algorithm 1 sends H to Algorithm 2 for null-space
calculation, where after SVD the right singular vectors
corresponding to vanishing singular are collected in ¥ for
the formation of projection matrix. After this is done, we
project the radar signal onto the null space of Hggg via a
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modified version of our projection algorithm[31]. The
modified-NSP algorithm is given as

Py = VP

The waveform of the radar projected onto null space of H
can be presented as

X =PsX
(3.14)
By inserting the projected signal, as in Equation (14), into
the Cramer-Rao bound (CRB) for the single target no
interference case, Equation (11), we get the CRB for the
NSP projected radar waveform as

CRBysp = o (Maa¥ (8)REdr (8) +

. . Mg a¥erLasie) ?
alf (8)RY ar (8|6 (8) |2 — ——oep—)

.(15)

E.j"| 8 'R]'i. a8

Likewise, Equation (14) can be substituted in equation
(12) to get the ML estimate of angle arrival for the NSP
projected radar waveform as

o ||:-H|E|I|'[: wplar(8) 12
{E'Ir'mﬂ} = argmax ————— T :
8. Tty My ayg |E|R_i|:-]|9|

...... (.16)

For the aim of analyzing the beampattern of the NSP
projected waveform we can substitute Equation (14) in
Equation (13) to produce

|'='5II'E'R_J{_':'J|ED| [ |I:-j'l|9 1agiBp) 12

I:.j'lla;_;.lﬂ.]i ariBpi 12 Mg

Gysz (8.6p) =T

(17)

3.4 Spectrum Sharing Algorithms for Large MIMO
Radar

The problem of target detection by radars that project
waveform onto the null space of interference channel in
order to diminish interference to cellular systems is
addressed in this section. We consider a MIMO radar and a
MIMO cellular communication network with K base stations
(BS). We consider two spectrum sharing cases which are
discussed below. The target detection performance for both
waveforms is studied theoretically and via Monte Carlo
simulations.

Scenario 1 (M <« KN®5 but M = N%%): Consider a
scenario in which a MIMO radar has a very small antenna
array as compared to the combined antenna array of KBSs,
ie, M <« KNES but is larger than individual BS antenna
array,i.e, M = NE5 In this case, the possibility for the MIMO
radar to simultaneously mitigate interference to all the K BSs
present in the network is extremely narrow because of
insufficient degrees of freedom (DoF) available

Scenario 2 (M 3 KN%5): Consider a scenario in which a
MIMO radar has a very large antenna array as compared to
the combined antenna array of K BSs, i.e., M 3 KN&. Insuch
a case, it is obvious the MIMO radar to simultaneously
mitigate interference to all the K BSs present in the network

while reliably detecting targets. This is because sufficient
degrees of freedom are available for both the tasks. Insuch a
scenario, the combined interference channel that the MIMO
radar shares with K BSs in the networks is presented
asH = [H . H..Hy ... Hg]o (18)

3.3.1 Projection Matrix

We present formation of projection matrices for Scenario
1 and Scenario 2. Projection for Scenario 1{ M <« KN%5 but
M= N”]: We state the projection algorithm for ‘Scenario 1’
which projects radar signal onto the null space of
interference channel H;i . Win an assumption of, the MIMO
radar has channel state information of all H; interference
channels, through feedback, we can perform singular value
decomposition (SVD) to calculate the null space and then
construct a projector matrix. We continue by first finding
SVD of Hj, i.e,

Hi= U TV e, (19)

Now, let us define

¥, 2 diag(6y; Gz v Grp) ceeveeeeeen (20)

Where,

p £ min(N%, M), and
F1 = G v E G =00 S0 000 = =

Vo 2 diag(oy 072 s 0 g e (21)
Where

—_— 0. foru = q.

T &

g, = {'J..fm" W g, (22)

Using above definitions we can now state our projection
matrix, i.e.,

J N R (23)

Below, we are showing two properties of a projection matrix
to prove that F; is a projection matrix;

First property: . € C"*" isa projection matrix if and only
if ; = B¥=F7.

PROOF: Let’s start by proving: “F; = Ff =P*” part
Considering equation (3.23) then we have;
PR =WV =P, (24)

Now squaring equation (23) we have;
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PP VE X VSV =P o (25)

Where, V7 1} = I (since they are orthogonal matrices) and

{flr]: =5 (by construction). Equation (24) and (25) proves
that; B, = PE=p¢

Next, we show F; is a projection matrix by showing thatif ve
range (F;) then

Fr = vi.e, for some w, ¥ = F;w, then

Pov =P (Pw)= PPw=Pw = v...ccoeeeeeern., (26)

Further to that,

Fv — v enull (F),ie,

F(Bv—v)Prv—Pv=Pv—PFv=0... (27)
Hence proved.

MM

Second property: F; €
matrix onto the null space of

is an orthogonal projection

H:-e n"NH:'.xM
(e
PROOF: Since, F; = F¥ we can write
HEf = PTVE x UT,VE = O (28)

The results above follow by noting that: E_IE_I =0 (by
construction)

For ‘Scenario 1’ we are dealing with K interference channels.
Thus, we need to select the interference channel which
results in least degradation of radar waveform in a minimum
norm sense, i.e.,

imip £ argmin [[BX(E) — X(E)ll2 oo (29)

1=isK

F=P

g "errereeeerneneneen

N 11))

Afeter we have selected our projection matrix we project
radar signal onto the null space of interference channel via

KO = PROED oo (31)

The correlation matrix of our NSP waveform is given as

Rg = Jr X&) X*(Ddt ..o (32)

which is no longer identity, because the projection does not
preserve the orthogonality, and its rank depends upon the
rank of the projection matrix.

Projection for Case 2 (M 3 KN®%): We define the
projection algorithm for ‘Scenario 2’ which projects radar

signal onto the null space of combined interference channel
H. The SVD of H is presented as

H=USVE oo, (34)

Now, let us define

5 £ diag (] 83, .. 8p) coerrrerreeeeee (34)

Where p £ min(N%,M) and
= G == 0 560, =0, ===

a

are the singular values of H. Next, we define

¥, 2 diag(g", 05 ...0 4. (35)
Where

— 0, foru =gq.

o = I'J..fur u = q. (36)

Using above definitions we can now define our projection
matrix, i.e.,

F 0 3 (37)

It is straightforward to see that P is a valid projection
matrix by using Properties 1 and 2.

3.4.2 Spectrum Sharing and Projection
Algorithms

We explain spectrum sharing and projection algorithms
for ‘Scenario 1’ and ‘Scenario 2’.

Algorithms for Scenario 1{ M << KN%5 but M = N%5):
For this case, the process of spectrum sharing by forming
projection matrices and selecting interference channels is
executed with the help of Algorithms 3 and 4. First, at each
pulse repetition interval (PRI), the radar obtains ICSI of all K
interference channels. This information is sent to Algorithm
4 for the calculation of null spaces and formation of
projection matrices. Algorithm 3 process K projection
matrices, received from Algorithm 4, to find the projection
matrix which results in least degradation of radar waveform
in a minimum norm sense. This step is followed by the
projection of radar waveform onto the null space of the
selected BS, i.e, the BS to the corresponding selected
projection matrix, and waveform transmission.

© 2019,IRJET | ImpactFactor value: 7.211

ISO 9001:2008 Certified Journal | Page1112



’,/ International Research Journal of Engineering and Technology (IRJET) e-ISSN: 2395-0056

JET Volume: 06 Issue: 03 | Mar 2019

www.irjet.net

p-ISSN: 2395-0072

Algorithm 3: Spectrum Sharing Algorithm for Scenario 1

Loop
fori=1: K do

Get CSI of Hi through feedback from the ith BS
Send Hi to Algorithm (4) for the formation of projection matrix Pi

Receive the ith projection matrix Pi from Algorithm(4)

end for
Findi_ .. = argmin ||BX(t) — X(t)||,
1=K

min

- Pl . as the desired projector
min

Perform Null Space Projection, i.e., R[t] = P}‘: ('t]

End loop

Projection for Scenario 2 (M 3> KN&%): For this case, the
process of spectrum sharing is executed with the help of
Algorithms 5 and 6. First, at each pulse repetition interval
(PRI), the radar obtains ICSI of all K interference channels.
This information is sent to Algorithm 6 for the calculation of
null space of H and the formation of projection matrix P. The
projection of radar waveform onto the null space of H is
performed by Algorithm 5

Algorithm 4: Projection Algorithm for Scenario 1

If Hj; isreceived from Algorithm 3 then
Perform SVD on H; (i.e. H; = U; T; /#)
Construct ¥, = diag (6.} G a ip)
Construct ¥, = diag (a7, 67 .0 s)
Setup projection matrix P, £ V¥, T
Send P; to Algorithm 3.

end if

Algorithm 5 Spectrum Sharing Algorithm for Scenario 2

Loop
Get CSI of H through feedback from KBSs.

Send H to Algorithm 6 for the formation of projection
matrix P.

Receive the projection matrix P from Algorithm 6.
Perform null space projection, i.e., X(t) = PX(¢).

end loop

Algorithm 6: Projection Algorithm for Scenario 2

If H received from Algorithm 5 then
Perform SVD on H (i.e. H = UTV¥)
Construct ¥, = diag (5}, 5 ... 75)

Construct ¥, = diag(c’y a7s «.0 1)

Setup matrix projection P = V¥'V¥
Send P to Algorithm 5

end if

We develop a statistical decision test for target irradiated
with the orthogonal radar waveforms and the NSP projected
radar waveforms. The goal is to compare performance of the
two waveforms by looking at the test decision on whether
the target is present or not in the range-Doppler cell of
interest.

For target detection and estimation, we proceed by
constructing a hypothesis test where we seek to choose
between two hypothesis: the null hypothesis Hry which
represents the case when the target is absent or the
alternate hypothesis Hr; which represents the case when
the target is present. The hypothesis for a single target
model in Equation (5) can be written as

Ho:eAUBYX(E) + nlt), 0=t =T,
yl(t) = {H:  n( ..(38)
i nlt), 0=t=T,

Since, 0 and @ are unknown, but deterministic, we use the
generalize likelihood ratio test (GLRT). The advantage of
using GLRT is that we can replace the unknown parameters
with their maximum likelihood (ML) estimates. The ML
estimates of a and 0 are found for various signal models,
targets, and interference sources in [4, 17] when using
orthogonal signals. In this chapter, we consider a simpler
model with one target and no interference sources in order
to study the impact of NSP on target detection in a tractable
manner. Therefore, we present a simpler derivation of the
ML estimation and GLRT.

The received signal model in Eq. (3.5) can be written as

y(t) = @it 8la + n(t)

Where

QUt.8) = ABX(E) e (40)

We use Karhunen-Loeve expansion for derivation of the log-
likelihood function for estimating 6 and o. Let ) denote the
space of the elements of {y(t)}, {Q(t, 8)}, and {n(t)}.
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More.over, let ‘I‘?, z = 1, 2,..., be an orthonormal basis egy & J:_r“ Q¥(t. ) y(E)dt .o, (54)
function of Q satisfying
A H
= wx{t]-wxr{ﬂ == -r‘r“ q'rx':ﬂ -I‘I'r-xr{t] = g (41) EQQ - 'IFTn Q (e, EJQ'&' ILLL—— (55)

where ;' is the Kronecker delta function. Then, the
following series can be used to expand the processes, {y(t)},

{Q(t, 8)}, and {n(t)}, as

v = B v () (42)
Qt.8) =Er Qo (BYW(E) v (43)
n(t) = o) neWalt) e (44)

where ¥:,Qz, and nz are coefficients in the Karhunen-Loéve
expansion of the considered processes obtained by taking
the corresponding inner product with basis function¥;(£].
Thus, an equivalent discrete model of Eq. (39) can be
obtained as

j{z:] = Qx{ﬁ‘]n + J‘lx.Z=1,2 ......

For white circular complex Gaussian processes, i.e.,
Em(tm(t — T(£))] = o7IyS(T (£)). the sequence {n;} is
iid.andmn; ~ NC()a. o7 Iy). Thus, we can express the log-
likelihood function as

= 2 L .
L,(8.a) =X ,(—~Mlog(m o) — E"yx (- T —

(46)
Maximizing Equations (46) with respect to a gives

1 -
L,(f.a) =T - = Eyy — ety Eqg oy ) n(47)

Where

['2 Miog(mog) ceeeseeererrnrnnnns (48)

L s | NSO )
oy £ Zitt QF Yoo (50)
B 2 X Q8 Quiieiiiiee (51)

Note that, in Equation (47), apart from the constant I, the
remaining summation goes to infinity. However, due to the
non-contribution of higher order terms in the estimation of 6
and a summation can be finite. Using the identity

fr, VOV ()de = B, Vi VE (52)

For V; (£} = X3, V|, ¥.(t),i=1,2 Equations (49) - (51) can be
written as

Eyp 2 fT“ I CEME G e (53)

Using the definition of Q(t, 8) in Equation (40), we can write
the f* element of ey, as

legy]; = @ (B VET Q) woerrrnrrrsrnrn (56)
Where
E=[, y@®X(Odt e (57)

Similarly, we can write the f gth element of Eqq as
[Egolsg = a” (6; Ja(8, Ja” (6 IRIa(8, )......(58)

Since, e, and Eqq are independent of the received signal,
the sufficient statistic to calculate 8 and a is given by E. Using
Equations (56)-(58) we can write the ML estimate in matrix-
vector form as

e (B Ee (Bap 12
MEHIﬂl.Ml'_ |R._J.,'|:|E.'.M,-_|

Ly () = argmax

Then, the GLRT for our hypothesis testing model in Equation
(38) is given as

H,
Ly = wax{log £y, 8 c: 2} — logf (i Fig) 2 5 60)

Hyy

Where f,(y.8 a:m,) and f(¥:Hy) are the probability
density functions of the received signal under hypothesis
u;and Hry, respectively. Hence, the GLRT can be expressed
as

e (B 1Ea (Bpgp) 12 HIL
Mal| g,n.,,-_ |R._J.,'|: [ ET,-.,,-_l

L}.{ﬁﬁ‘ML] = argmax 24 ..(61)

] HID
The asymptotic statistic of L, () for both the hypothesis
is given by [32]

Hr,: xZ(p),
Hop:x3,

Ly Gro)~ |

where

=>x:(p) is the non-central chi-squared distributions with
two degrees of freedom,

=>x7 is the central chi-squared distributions with two
degrees of freedom,

=>and p is the non-centrality parameter, which is given by

& oH (GYRTG(B) 12 oo (63)

p=

i
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For the general signal model, we set § according to a
desired probability of false alarm Py, i.e.,

Where T;_;l is the inverse central chi-squared distribution
function with two degrees of freedom. The probability of
detection is given by

Py = PCL(Y) = 6 1H,) oo (66)

Fp = 1= Fapp(Fa (1= Pea)) o (67)

Where IF'I% () is the noncentral chi-squared distribution

function with two degrees of freedom and non-centrality
parameter g

Pp for Orthogonal Waveforms=>

For orthogonal waveformsRy = [y, therefore, the GLRT
can be expressed as
Hr,

= _ la® (B Ea (B 12
Lﬂrthpglie,‘»ﬂ_,] - Ml:r-'lla..”.'_ll:lﬂ..”.'_l

é 'Eﬂrrf': og ---(68)
Hry

and the statistic of {L{E-,;L] for this case is

Hs, :IE{PDTI?I-':DQ }

Lo nm (Bars 1™ ;
Drrr:og'i.‘»z‘b] {H:D:.rg.

M
Pﬂ'rrhpg -

BN )

i

We set G4, according to a desired probability of false
alarm Por _prtigg

Sorthog = Fpz (L = Por_orthog) woumreroe (71)

and then the probability of detection for orthogonal
waveforms is given by

Po_ortnog = L= Fuz (o ino) Fiz (1 = Poz_orenog )

Py for NSP Waveforms=>

For spectrum sharing waveforms Ry = R} therefore, the
GLRT can be expressed as
Hs

L
Z Gygp wn(73)
HJI}'

12y IgMI-_ |.E|:'|§MI-_ 12
MI:HIH.MI'. |Ri. EIgMI'. 1

Lyse {é“.\;r:,] =

and the statistic L{QHL} of for this case is

- Hr, : x2 ca
Lysp (Bae )™ IH:DL:_:;-. vsed (74)
pyse =25 16# (@IRTA(E) 2 worrsennn(75)

T

We set &5z according to a desired probability of false
alarmFPrz_psz, i€,

Syse =F 2 (1= Pop_ysp) eerveemmenenn (76)

X2 LPNSE)

and then the probability of detection for orthogonal
waveforms is given by

Po_ysp=1— Tl—guﬂﬁ._.‘.;.n{}';-f{l - Pp;‘—m.x'p]] ----- (77)

4. RESULTS AND DISCUSSION

In this section we analyze the performance of spectrum
sharing by analyzing the the detection ability of the MIMO
radar which shares spectrum with the cellular
communication network, Monte Carlo simulation is carried
out using the radar parameters in Table 1.

Table 1. MIMO radar system parameters

PARAMETER NOTATION VALUE
Radar/Communication - 3550 - 3650
System RF band MHz
Radar antennas M 8,4
Communication System B 2
Antennas
Carrier frequency fe 3.55 GHz
Wavelength A 8.5 cm
Inter-element antenna 3M/4 6.42 cm
spacing
Radial velocity Vr 2000 m/s
Speed of light C 3x108m/s
Target distance from the r0 500 Km
radar
Target angle ] g
Doppler angular frequency g 2eg v
Two way propagation Tr 2r0/c
delay
Path loss o i

4.1 Scenario-1 Analysis

In this scenario, Monte Carlo simulation we generate K
Rayleigh interference channels each with dimensions NBS x
M, calculate their null spaces and construct corresponding
projection matrices using Algorithm 4, the best channel is
determined to perform projection of radar signal onto null
space (Algorithm 3), NSP signal is transmitted, parameters 6
and « estimated from the received signal, and calculate the
probability of detection for orthogonal and NSP waveforms.
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In Figure 3, we show the use (Algorithms 3 and 4) in
enhancing target MIMO radar target detection performance
when multiple BSs are subjected in detection area of radar
and the radar has to consistently detect target while not
interfering with cellular communication network. In this
demonstration we consider a scenario with five BSs and the
radar has to select a projection channel which minimizes
degradation in its waveform, therefore increase its
probability of target detection.

In figure 3(a), a scenario when dimN(Hi ) = 2 is
considered. We demonstrate the results where radar
waveform is projected onto five different BSs. Keeping in
mind thatin order to achieve a detection probability of 90%,
6 to 13 dB more gain is needed in SNR as compared to the
orthogonal waveform. A results of less degradation of radar
waveform and enhanced target detection performance with
the minimum additional gain in SNR was attained. For
instance, Algorithms 3 and 4 would select BS# number 5
because in this case NSP waveform requires least gain in
SNR to attain a detection probability of 90% as equated to
other BSs.

Probability of detection (PD) for For probability of false alarm FFA= 101

- 0 =
. fr NSP Waveforms 1 85~
et P, ot NSP Wiaelorms 0 852

e P fo NSP Wavelorms 1o 85=4
Py fr NP ES]

—F, fr Ortagand Wavekams

Probability of detection (Py,)

e P o NSP Wareforms o 25=3 |

Signal to noice ratio(SNR)

Figure3(a):Probability of detection when im[N(H_i)=2.

- n " =105
of [Pn] for For of false alarm PFM =10
T

Probability of detection (P,)

e

P 1 1 1 1 L 1 1

8 % 4 2 0 2 4 5
Signal o noice ratio(SNR)

Figure3(b)Probability of detection when
dim[N(H_i)=6.

/ e —
PR |

b g ="

— i

;

In Figure 3(b), we consider the case when dimN(Hi ) = 6.
Similar to figure 3(a) ( detection results for five different
NSP signals are shown) but in this case MIMO radar has a
larger array of antennas as compared to scenario 1(a). In this
scenario, in order to attain a detection probability of 90%,
we need 3 to 5dB more gain in SNR as compared to the
orthogonal waveform. Using Algorithms 3 and 4 results of
less degradation of radar waveform and enhanced target
detection performance with the minimum additional gain in
SNR was attained. For instance, Algorithms 3 and 4 would
select BS number 2 because in this case NSP waveform
requires least gain in SNR to attain a detection probability of
90% as equated to the other BSs. The above two examples
shows vividly the usefulness of Algorithms 3 and 4 in
selecting best channel and henceforth enhance spectrum
sharing.

4.1.1 Scenario 1(a)

We consider dimN(Hi ) = 2: Figure 4, shows variations of
probability of detection Pp as a function of signal-to-noise
ratio (SNR) for various values of probability of false alarm
Pra. We assess Pp versus Pra values of 101, 10-3, 10-5 and
10-7 when the interference channel Hi has dimensions 2 x 4,
(radar has M = 4 antennas and the cellular communication
network has ' B¥ = 2 antennas), therefore we have a null-
space dimension of ‘dimN(Hi ) = 2’. More SNR for NSP is
needed when we compare the detection performance of two
waveforms to get a desired Pp for a fixed Pra than orthogonal
waveforms. For instance, in order to achieve Pp = 0.9, then
rendering to Figure 4 we need 6 dB more gain in SNR for
NSP waveform to get the same result produced by the
orthogonal waveform.

Probability of detection (P,) for For probability of false alarm P, = 10 2

Probasilly of cetecion (P,

Figure 4:'Scenario 1(a): ‘Scenario 1(a): dim[N(H_i )=
2: Byas a function of SNR for various values of
probability of false alarm PFA, i.e,,

By = 107%,107%,107% and 1077, The interference
channel H; has M = 4 antennas and the communication
system has 7" BS = 2antennas, therefore, we have a

null-space dimension of ‘dim[N(H_i )= 2’
4.1.2 Scenario 1(b)

In this scenario dimN(Hi ) = 6: In Figure 5 we do an
analysis of Pp versus same values of Prs but with interference
channel Hi having M = 8 antennas and the communication
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system has %5 = 2 antennas, therefore ,we have a null-
space dimension of ‘dimN(Hi ) = 6’. Again, more SNR for NSP
is needed when we compare the detection performance of
two waveforms to get a desired Pp for a fixed Pra than
orthogonal waveforms.. For instance, let say we need Pp=
0.9, then according to Figure 5 we requisite 3.5 to 4.5dB
extra gain in SNR for the NSP waveform to get the similar
outcome produced by the orthogonal waveform.

4.1.3 Comparison of Case 1(a) and Case 1(b)

When SNR rises detection performance rises for both
waveforms. But, comparing the two waveforms keeping SNR
fixed, the orthogonal waveforms perform much better than
the NSP waveform in detecting target. The season behind is:
our transmitted waveforms are no longer orthogonal and we
lose the advantages given by orthogonal waveforms when
used in MIMO radars as discussed in subsection 1.B.6,
however, zero-interference to the BS of interest was
ensured, thus, sharing radar spectrum at an bigger cost of
target detection in terms of SNR. In Scenario 1(a), in order to
attain a preferred Pp for a fixed Pra we requisite more SNR
for NSP as equated to Scenario 1(b). This is because more
radar antennas were used, while the antennas at the BS
remain fixed in Scenario 1(b) which rises the dimension of
the null space of the interference channel. This produces
improved detection performance even for NSP waveform.
Thus, in order to alleviate the effect of NSP on radar
performance one way is to use a larger array at the radar
transmitter.

Probability of detsetion (P ) for For

Probability of detection (P,
i " 7 t

Figure 5: Scenario 1(a): ‘Scenario 1(b): dim[N(H_i )=
6: Ppas a function of SNR for various values of
probability of false alarm PFA, i.e.,

Prys =1071,107% 107° and 10~7. The interference
channel H; has M = 4 antennas and the communication

system has N5 = Zantennas, thus, we have a null-
space dimension of ‘dim[N(H_i )= 6’.

4.2 Scenario-2 Analysis

Summarily, in this scenario at each run of Monte Carlo
simulation K Rayleigh interference channels were generated,
chain them into one interference channel with
dimensionsKN 2% x M, compute its null space and build

corresponding projection matrix using Algorithm 6, execute
projection of radar signal using Algorithm 5, transmit NSP
signal, approximate parameters 6 and o from the received
signal, and compute the probability of detection for
orthogonal and NSP waveforms.

In figure 6, we consider the case when the radar has a
very large antenna array as equated to the combined
antenna array of K BSs. In such a scenario, we have enough
degrees of freedom at the radar for reliable target detection
and concurrently nulling out interference to all the BSs
present in the network. For instance, in Figure 6, we
consider M = 100, K = 5, and /B* ={2,4,6,8)} .We do an
exploration of Pp versus PFA = 10-°> for the joined
interference channel H having dimensionsE# BS » M,When
we equate the detection performance of original waveform
and NSP waveform onto the combined channel we footnote
that for the aim of getting a desired PD for a fixed PFA more
SNR for NSP is needed when we compare the detection
performance of two waveforms to get a desired Pp for a fixed
Pra than orthogonal waveforms. For instance, let’s say we
need Pp = 0.95, then rendering to figure 6 we need 1, 2, 3.5,
and 4.5 dB more gain in SNR for the NSP waveform when
NBS is 2, 4, 6, and 8,respectively, to get the same outcome
created by the orthogonal waveforms.

Probability of dmdion(PD) for For probability of false alarm PFA =10°
T T

Probability of detection (Py)

Signal o noice ratioSNR)

Figure 6: Scenario 2: Fy as a function of SNR forFyy = 1078,
The MIMO radar mitigates interference to all the BSs in the

network. As an example, we consider M = 100 ,K= 5, and
NEE={2,4,6,8)}

5. CONCLUSION

Spectrum sharing is much anticipated to be the solution to
the problem of increasing bandwidth demand in the future
wireless communication (5G). The sharing of spectrum will
help in many ways to make efficient use of the licensed
spectrum and will henceforth save cost(s) and back-up the
capacity increase in wireless communications. However, the
spectrum  sharing between radar and cellular
communication is now getting an attention as one of the
areas for spectrum frequency sharing in the future wireless
communication (5G). In this paper, we examined spectrum
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sharing scenario between MIMO radars and cellular
communication network. The main focus was interference
mitigation where by the radar signals were formed such that
they do not cause interference to the cellular communication
network. Using projection approach, the radar signals were
projected onto the null space interference channel to a
cellular communication system with many base stations and
we evaluated the radar detection performance. We further
impose different scenarios to formulate detection problem
and deployed the MIMO radar system to decide about the
presence of target when using orthogonal waveform and
null-space projection waveforms. Spectrum sharing
algorithms for various scenarios were proposed in which
MIMO radar is sharing spectrum with cellular wireless
communication network. The simulation results showed that
the interferences were manageably mitigated.
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