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ABSTRACT

We propose a novel transceiver design technique to facilitate flexible
spectrum sharing between a multiple-input multiple-output (MIMO)
radar and a full-duplex (FD) MIMO cellular system. The optimiza-
tion problem for maximizing the rate of the cellular system is for-
mulated, subject to the constraints of individual power at the uplink
users, total power at the base station, and interference power towards
the MIMO radar from the cellular system so that the detection prob-
ability of the radar is not hindered. We show that the above problem
can be cast as a second-order cone programming problem and the
joint design of transceiver matrices can be obtained through an it-
erative algorithm. Numerical results show that using the spectrum
shared by the radar, the FD cellular system can achieve sum rate of
up to 25-30 bits/sec/Hz for a reasonable self-interference cancella-
tion of around -70 dB. However, to facilitate this, while also main-
taining a detection probability of around 0.9, the radar needs to spend
an extra power of around 2-3 dB.

Index Terms— Full-duplex, radar, MIMO, spectrum sharing,
beamforming, optimization, licensed shared access.

1. INTRODUCTION

One of the key reasons for the recent spectrum paucity is the highly
inefficient spectrum utilization due to fixed static spectrum alloca-
tion [1,2]. In this regard, the S-band (2-4 GHz) and C-band (4-8
GHz) that are occupied by a variety of radar applications are being
anticipated to be used for cellular communications in future. As a
result, spectrum sharing between radar and communication systems
has recently captured the attention of both academia and industry
[3]. One of the key techniques for opportunistic spectrum access
is licensed shared access (LSA)/authorized shared access (ASA).
The motivating factors for LSA/ASA-based spectrum sharing are
the reports presented on efficient spectrum utilization by President’s
Council of Advisers on Science and Technology (PCAST), which
focused to share 1.0 GHz of government-held spectrum [4] and the
low utilization of huge amounts of spectrum held by the federal in-
cumbents, for example: the 3.55 — 3.65 GHz band [5], 5.25 — 5.35
GHz, and 5.47 — 5.725 GHz [6]. Recently, adequate studies have
focused on the subject of the spectrum sharing between radars and
communication systems [7—10].

Apart from LSA/ASA-based spectrum sharing, full-duplex
(FD) transmission is another promising technology that can signifi-
cantly improve the spectrum efficiency [11-13]. In particular, a FD
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transceiver can receive and transmit at the same time and frequency
resource. However, the self-interference (SI) caused by the signal
leakage from the transmitting antennas to its receiving antennas
dominates the performance of FD systems. Nevertheless, recent ad-
vances in interference cancellation techniques and transmit/receive
antenna isolation such as antenna design, and analog and digital do-
main SI cancellation techniques [14], have enabled FD transceivers
to sufficiently combat the SI. However, due to the non-ideal nature
of the transmit and receive chains [11], also known as hardware
impairments, the SI cannot be completely eradicated in practice.

Motivated by the aforementioned discussion, in this paper, we
consider a hardware impaired FD multiple-input multiple-output
(MIMO) cellular system that operates in the spectrum shared by a
MIMO radar. Since the cellular system uses the spectrum shared by
the radar, it is bound to interfere with the radar. Hence, the inter-
ference from the cellular system to the radar must be constrained to
meet the requirements of detection probabilities of the radar, while
also maximizing the throughput of the cellular system. Accordingly,
we formulate a transceiver design problem for the coexistence of the
cellular system and the radar.

2. SYSTEM MODEL

We consider the co-existence of a FD MIMO cellular communica-
tion system with a MIMO radar as shown in Fig. 1, where the MIMO
cellular system operates in the spectrum shared by the MIMO radar!
over a bandwidth of B Hz. The FD MIMO cellular system comprises
of a FD MIMO BS, which consists of M transmit and [Ny receive
antennas, and J DL, and K UL users. All DL and UL users operate
in half-duplex (HD) mode and each DL and UL user is equipped with
Nj receive and M), transmit antennas, respectively. The k-th UL
and the j-th DL channels are represented as HY X € CNo*Mk and
H]-DL € CNi*Mo regpectively. The SI channel at the FD BS and
the co-channel interference (CCI) channel between the k-th UL and
j-th DL users are denoted as Hy € CNo*Mo and HJDkU € CNix Mg
respectively. Let si© € €91 and sPt e €%’ < denote the
communication symbols for the cellular system at the k-th UL and
j-th DL users, respectively. Further, these symbols are assumed to
be independent and identically distributed (i.i.d.) with unit power,

n our spectrum sharing model, while we employ beamforming design
at the cellular system, null space based projection method [10], in which the
radar projects null space towards cellular system is used. Also we assume the
availability of global CSI at both systems. This is a reasonable assumption
for LSA/ASA scenarios.
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Fig. 1: A FD MIMO cellular system in coexistence with a MIMO radar.

ie,E [SLJL (skUL)H} =Tr and E [SJ-DL (stL)H] =1I4pz. The
communication symbols sY © and sf) L are first precoded by matrices
VUL e cMk <" and VPL e Mo 7" Such that VUL denotes
the precoder for the data streams of the k-th UL, and VjD L indicates
the precoder for the data stream of the j-th DL users. Further, the
hardware impairment model as given in [11] is adopted, where at
each transmit antenna in the cellular system an additive white Gaus-
sian “transmitter distortion” with variance 1) times the energy of the
undistorted transmit signal is applied, and at each receive antenna,
an additive white Gaussian “receiver noise” with variance v times
the energy of the received signal is applied.

If xY and xo are the signal transmitted from the k-th UL user
and the FD cellular BS, defined as x{* = VVEsVL and xo =
Z}'I:1 VJDLSJ-DL, then the signal received at the BS and the j-th DL
user can be written, respectively, as

K
Yo = Zk=1 H" (XgL + Czlc]L) + Ho (x0 + ¢o) + €0

+ WZEEsr + no, (1
K
vy =H7" (ko +eo) + ) HE (x? by ck”) + e/"
+ WJ-DLSR + nJDL7 2)

where WEL € CNo*ET and WJDL € CNi*RT denote the inter-
ference channels from radar transmitter to BS and j-th DL user, re-
spectively, while sp € CT7*! represents the transmitted vector by
the radar with E [|| sg ||°] = PrI, where P indicates the power of
the radar signals. The terms ng € C™° and n]»DL € CYi in (1) and
(2) denote the additive white Gaussian noise (AWGN) vector with
zero mean and covariance matrix Ry = 0(2)1 No and R]-D L= (7]2-1 N;
at the BS and the j-th DL user, respectively. Further, Y~ represents
the distortion at the transmitter at the k-th UL user and co is the
distortion at the BS, which closely approximates the effects of phase
noise, non-linearities in the DAC and additive power-amplifier noise.
The covariance matrix of cZ ” is given by

H
Ut~ eN (0,1/)diag (VLJL (VLJL) )) CCUE XL 3y

ef L'in (1) and eg in (2) are the receiver distortion at the j-th DL
user and the BS, respectively, which closely approximates the com-
bined effects of non-linearities in the ADC, additive gain-control
noise and phase noise. The covariance matrix of e]D L is given by

ePl ~ N (0, v diag (@f’L)) L ePl L uPt, )

where " = Cov{u}’"} and u}’" is the undistorted received vec-
tor at the j-th DL user. Similarly, the above transmitter/receiver dis-
tortion model holds for ¢g and eg, as well.

Now, we apply linear receive filters Uy~ ¢ C™o <" and
UPE e i xdP" (6 yo and y7¥ to obtain the estimated source
symbols 87 and éjDL, respectively. Using these estimates, the rate
of the k-th UL and j-th DL users can be written as

RYE = logy [/ + m{PVEE (VER)T (m22)" (s7) ),
)
RJL_)L = log, I;_DL+HJ_DLV;_DL (V]DL)H (H?L)H (EfL>_l
©

where YL and E]D L are the approximated aggregate interference-
plus-noise terms® given as

LN Zj;k HJL_ILV§/L (V?L)H (HJ-UL)H
+ 1/12511 H?Ldiag <VJUL (V]UL)H) (H;JL)H
+ Z;;Ho (VfL (VJDL)H—H/Jdiag (VfL (Vj’L)H>) uY
+ Pr (wgg (Wgé)H) +o2ln, ()
+ vy diag (Hovj-” (VfL)HHgf)
-
oS aing (BVEE (V) ()
H H

nPL A Z;j HYEVPE (VPE) T (EDE)
e (v 7)) )"

S pu (Ut foun\H . vr (vuL\? pu\
+Y HA (V,c (Vi) +¢dlag<vk (viF) )) (=)

k=1
+Pr (Wj” (W?L)H) + 0?1, @®)
PSSl (mVE (i) (1))
+0Y"" diag (Hf’LV?L (V?L)H (Hf’L)H) .

2.1. Spectrum Sharing MIMO Radar

In this work, we consider that the MIMO radar operates in the Fed-
eral Communications Commission (FCC) proposed 3.55—3.65 GHz
band [15]. Since the cellular system operates in the spectrum shared
by the radar, it will create interference to the radar. The interference
power from the cellular system with K UL users and a BS towards
the radar equipped with Rr receive antennas is given as

ZNote that approximation of EkUL and EJ.DL undery << landv <<'1
is a practical assumption [11]. However, although the terms ¢ and v are
much smaller than 1, when they are applied on a strong channel alone, i.e.,
SI channel, they may no longer be negligible [11].
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K H
40 =N {GRUk <v,€L (v,?L)
k=1
+ diag (V,?L (V,EL)H)) (GRUk)H}
J H
n Ztr{GRB (V]DL (vi)
j=1
+ diag (Vf’L (va)H)) (GRB)H} , O

where Gy, € CRr*Mk (GRB € (CRRXMO) is the channel be-
tween the radar and k-th UL user (radar and the BS).

By considering the echo wave in a single range-Doppler bin of
the radar, the discrete time signal vector received by radar at an angle
0 can be expressed as

J DL_DL
¥r=aVPRV(0)Sr+Grp Y Vi's]
K
+ Zk:l GRUngLsgL + ng, (10)

where Grp € CRr*Mo ypd Gru, € CRrXMkE gre the interfer-
ence channels matrices from BS to radar receiver and from k-th
UL user to radar receiver, respectively. o« indicates the complex
path loss of the radar-target-radar path including the propagation
loss and the coefficient of reflection and ng (n) ~ CN (0, 0%1Ir).
and V (6) denotes the transmit-receive steering matrix expressed as
V(0) £ vr(0)vE(0), where vr € C'7*! and vp € CFr*!
express transmit and receive steering vectors of radar antenna ar-
ray. Using the same model defined in [4], we express V. (0)
with assumptions Rk = Rr = R, vg(0) = vr (0) = v(6),
and Vi (6) = v; (0) v, (0) = exp(—jwrir (0)) as Vi () =

exp (_]2% [sin () ; cos (0)]" (zi + zr)), where V. (6) denotes

the i-th element at the r-th column of the matrix V and z; = [2;; 27 |

is the location of the i-th element of the antenna array. w and \ ex-
press the frequency and the wavelength of the carrier.

For determining the detection probability, we use the general-
ized likelihood ratio test (GLRT) [16], which has the advantage of
replacing the unknown parameters with their maximum likelihood
(ML) estimates. The asymptotic detection probability of the MIMO
radar under the Neyman-Pearson criterion can be given as [10]

Po =18z (823 (1= Pra)), (in

where Pr4 denotes the probability of false alarm and § X2(p) is
the noncentral chi-squared distribution function with two degrees of
freedom (DoF) and non-centrality parameter p.

Further, as stated before a null space based projection method
is used at the radar to attenuate the radar interference towards the
cellular system. This enables the cellular system to exist in the
spectrum of the MIMO radar by exploiting orthogonal spatial di-
mensions, that are not in use by the radar, resulting in an inter-
ference free environment from the radar towards the cellular sys-
tem. Let us consider that the MIMO radar shares £ interference
channels, denoted as W; € CNBs+UBXRET ith the cellular sys-
tem, where Npsyuvrg = 1+ Jand!l = 1,..., L. Accordingly,
{WEE, WP C Wy, with j = 1,..., J. Considering the avail-
ability of CSI of all W, channels at the radar, singular value decom-
position (SVD) can be utilized to find the null space of W, which
can then be used to create a null space projector matrix.

3. JOINT BEAMFORMING DESIGN

In this section, using (5), (6), and (9), we formulate the joint beam-
forming problem at the cellular system as

K UL J dL

(P1) LD S R}, +Zj:1 RS (12)
. UL (UL "

subjectto (C.1) tr{V;C (V;C ) }SPk, Vk; (13)

J DL pr\H
(©2) Y widvPH(VPE) <, a4
(C.3) I"*4P <1 (15)
where VU2 = {5} and VPP = {V°'}. Py in (18) is the

transmit power constraint at the ¢-th UL user, P, in (19) is the total
power constraint at the BS, and I" in (20) is the upper limit of the
interference allowed to be imposed on the MIMO radar. We solve the
problem (P1) by converting the objective function into a mimimum
mean squared error (MSE) and the constraints (C.1)-(C.3) into a
vector form. The vector form of 74P = ||¢||2, can be written as®

(VgLT ® 1R> vec (Gru,)
N K(Esz)ULT ® IR) vee (GRUk)J e

L= k
V]-DLT ® Igr ) vec (GRB)

(= o) et

. (16)

Here D,iM)(DJ(vM)) represents the set {1--- M. (M;)} and E; is a
square matrix with zero elements, except for the ¢-th diagonal ele-
ment, equal to 1. Using (16) and a similar method given in [17, 18],

we transform the problem (P1) into an equivalent MSE problem as

K
(P2)  max [E (—tr{BgLEZL}HogmgL\+dSL)
A\

UL,VDL,UUL 1
UDL,BUL,BDL

J
+3 (~u{BPPEP"} +10g BPY +d7) | (D)
j=1
subjectto (C.1) ||vec (kaL)ug < Py, Vk; (18)
J
(C.2) ijleec (VjDL> I3 < P, (19)
(C.3) |le]z < T, (20)

where UYF = {UYY, k=1,...,K}and UPF = {UPF j =
1,..., J} are the receive beamforming matrices, respectively. Here,
BYL and B§]L denote the weight matrix for the k-th UL and j-th DL
users and EY ” is defined as

H
BV (UL (Vh = ((U0") BYPVER —10) @D
H H H
x ( (UQL) HULVUL IdkgL) n (UgL) sULyUL,
Similar to EYL, Ef L can be also defined. Though the optimiza-
tion problem (P2) is not jointly convex in V. = {VUL vPL}
U = {UYF, UPE}, and B = {BY% BP*} due to coupling of op-
timization variables, it is convex for each of the individual variables.
Therefore, we apply an alternating approach to solve the problem us-
ing standard second-order cone programming solvers [19] using in-
terior point methods [20] with polynomial complexity. In particular,

3To simplify the presentation, we assume M = My = M;, i € SUL,
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for fixed V and U, we solve the problem (P2) to find B. Similarly,
when B and V (B and U) are fixed, U(V) can be obtained.

4. SIMULATION RESULTS

In this section, we numerically investigate the coexistence of
a FD MIMO cellular system and a MIMO radar based on the
proposed algorithm. To model the path loss, we consider the
close-in (CI) free space reference distance path loss model [21],
which is a generic model that describes the large-scale propaga-
tion path loss at all relevant frequencies (> 2GHz) and is given
as PL(f,d) = PLr(f,do) + 10aclogy(d/do) + X, d > do.
Here, dp is a reference distance at which or closer to, the path loss
inherits the characteristics of free-space path loss PLr(f,do), f is
the carrier frequency, «. is the path loss exponent, d is the distance
between the transmitter and receiver and X, is the shadow fading
standard deviation. Further, we consider small cell deployments
under the 3GPP LTE specifications [22]. In particular, we consider a
single hexagonal cell of radius 40m consisting of a BS in the center
with My transmit and Ny receive antennas. K = 2 UL and J = 2
DL users (UEs) equipped with [N antennas randomly distributed in
the cell*. For simplicity, we assume My = No = N = N. The
MIMO radar is located at the circumference of the hexagonal cell.
We consider the carrier frequency of 3.6 GHz with a bandwidth of
500 MHz and dy = 1m. The thermal noise density is set at —174
dBm/Hz and the noise figures at BS and UEs are set at 13 dB and 9
dB respectively.

The estimated channel gain between the BS to kth UL UE is
given by HY L' = /oULHYL, where HY * denotes the small scale
fading following a complex Gaussian distribution with zero mean
and unit variance, and Y~ = 10(-4/19 A ¢ {LOS,NLOS}
represents the large scale fading consisting of path loss and shad-
owing, where LOS and NLOS are calculated based on a street
canyon scenario [23]. In particular . for LOS and NLOS are
2.0 and 3.1, respectively and the shadow fading standard devia-
tion o for LOS and NLOS are 2.9 dB and 8.1 dB, respectively.
The channels between BS and DL UEs, between UL UEs and
DL UEs, between BS and radar, and between UL UEs and radar
are defined similarly. To model the SI channel, we adopt the
Rician model in [14], in which the SI channel is distributed as

Ho ~ CN (/55 o, s Tvg ® Tary ) where K is the

Rician factor, and Hy is a deterministic matrix>. Unless stated oth-
erwise, we consider, N = 2, 1 = v = —70 dB, CCI cancellation
factor = 0.5, R =8, Ppa = 10", and I = 0 dB.

We begin by showing the detection probability of the MIMO
radar with respect to radar transmit power in Fig. 2. Here, N =2,
Pra =107 and T’ = 0 dB. We consider two cases here: 1) R = 4
(straight lines) and R = 8 (dashed lines). It can be seen that for fixed
Pr 4, in order to achieve a particular Pp the radar needs more power
(to create the NSP waveforms to enable spectrum coexistence) than
the case without spectrum sharing scenario. Also it can be seen that
the radar needs more power when R = 4 than R = 8 to achieve
similar performance. This is because, while the number of antennas
at the cellular system (BS and UEs) are fixed, increasing the radar
antennas, increases the dimension of the null space of the radar inter-
ference channel, which ensures the operability of the cellular system

4A1though the BS has No + My antennas in total, we assume that only
Moy (Np) antennas can be used for transmission (reception) in HD mode.

3Similar to [24], without loss of generality, we set Kz = 1 and Hy to be
the matrix of all ones for all experiments.
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Fig. 2: Detection probability (Pp) vs radar transmit power (Pr).
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Fig. 3: Sum rate of FD cellular system vs hardware impairments.

while also yielding better detection performance of radar even with
spectrum sharing. Now, we quantify the performance of the cellu-
lar system, which uses the spectrum shared by the radar in terms of
sum rate (in bits/sec/Hz). In particular, Fig. 3 shows the sum rate of
the cellular system as a function of transmitter/receiver (¢ /v) dis-
tortion values for different number of antennas. It is seen from the
figure that as the SI cancellation capability of the system increases,
the throughput achieved by the FD system also increases. However,
the performance of the HD system is invariant to ¢ and v values. In
particular FD achieves around 40 — 50% improvement in through-
put over HD at reasonable SI cancellation of —70 dB. However, at
low self-interference cancellation levels (i.e., < —50 dB), the dis-
tortion is magnified with the increasing number of antennas and the
HD system starts outperforming the FD system.

5. CONCLUSION

The optimization problem for joint beamforming design at a FD cel-
lular system suffering from transmit/receive distortions was formu-
lated to facilitate the coexistence of a cellular system and a MIMO
radar under the same spectrum. Numerical results show the feasibil-
ity of spectrum sharing, albeit with certain tradeoffs in radar transmit
power, detection probability and sum rate of the cellular system. In
a nutshell, the designed framework provides a cornerstone and im-
portantly, the essential understanding for successful development of
future cellular systems in-conjunction with MIMO radar that can op-
erate under same spectrum resources.
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