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Beamspace MIMO-NOMA for Millimeter-Wave
Broadcasting via Full-Duplex
D2D Communications

Jianguo Li ", Xiangming Li

Abstract—In order to meet the tremendous requirements on
the convergence between broadband and broadcast, this paper
proposes to incorporate layered division multiplexing (LDM), an
important variant of non-orthogonal multiple access (NOMA)
technologies, into Millimeter wave (mmWave) multiple-input
multiple-output (MIMO) system with device-to-device (D2D)
communications to simultaneously provide broadcast and unicast
services. The performance of the proposed full-duplex D2D-aided
mmWave MIMO-NOMA with randomly deployed users is then
analyzed under practical assumptions. Closed-form expressions
of both the outage probability and the ergodic capacity are
then derived by using the Laplace transform technique. Finally,
detailed numerical results reveal the performance gains of the
proposed scheme compared with the LDM without D2D com-
munications and conventional time division multiplexing based
scheme. The impacts of the antenna array gain and the transmis-
sion power of both the base station and the full-duplex link on
system performance are also presented. Besides, we observe that
it is vital to optimal the transmission power of the full-duplex
link which ensures less self-interference to enhance the system
capacity.

Index Terms—Outage probability, ergodic capacity, LDM,
MIMO, full-duplex D2D communications.

I. INTRODUCTION

ITH the explosive growth of a variety of the commer-
W cial broadband and broadcast services, the demands on
high data rate, high spectral efficiency and low latency wireless
communications system also increase rapidly. To simulta-
neously achieve high data throughput, high environmental
adaptability, and high physical resource utilization in broad-
cast network, the Advanced Television Systems Committee
(ATSC) has standardized the physical layer specification of
ATSC 3.0 system for diversified requirements of the mar-
ket and target devices [1]-[3]. With the adjustable operating
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mode, ATSC 3.0 can achieve a goal to balance cellular cov-
erage and system throughput. In addition, the advantages of
broadcast and unicast are combined by the cellular network to
optimize the system for delivering the broadcast services [4].
The LTE-Advanced Pro has provided the point-to-multipoint
transmission by vehicular to everything, Internet of Things
and machine-type communication. In 2019, the study on the
5G multicast-broadcast services has been agreed by the 3rd
Generation Partnership Project (3GPP) in the future releases
of 5G [5].

The power based layered division multiplexing (LDM) is
a non-orthogonal technology whose transmitted signal con-
sists of two different layers [6], and the power of each layer
is different. In this case, the robust layer can be used to
transmit broadcast signals, and the large capactiy layer can
be adoped to transmit unicast signal. LDM is a promis-
ing technology for the integration of broadband and broad-
cast [7], [8]. Different from the time division multiplexing
(TDM) and frequency division multiplexing (FDM), LDM
multiplexes unicast transmission and broadcast transmission
in a non-orthogonal fashion to simultaneously achieve high
spectrum efficiency and large coverage [9]-[13]. Considering
the diversified Quality of Service (QoS) requirements of the
multiplexed services, LDM supports to choose different trans-
mission power, channel coding and modulation schemes for
different layers [14]. In addition, the authors in [15] have
proposed a novel low complexity LDM structures for the
next generation terrestrial broadcasting systems which can
achieve a significant performance gain compared to conven-
tional TDM. Additionally, the N-layered theoretical capacity
and the new application scenarios have been introduced in the
literature [16]. Furthermore, the performance of LDM with a
wide range of stationary channels and the mobile TU-6 chan-
nel has been introduced based on the software defined radio
platform in the literature [17]. According to the literature [18],
the LDM technology has been proposed to improve the LTE
evolved multimedia broadcast multicast services (eMBMS).
The authors in [19] have shown the performance advantages
and potential usage scenarios of combing LDM with multi-
radio-frequency channel technologies which can deliver the
serves data across two or more radio frequency channels by
time slicing and frequency hopping.

D2D communication has been considered as the preferred
solution for the content sharing, proximity services and cov-
erage expansion with business purposes in the 3GPP LTE
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Release 12 and 13. D2D communication allows a pair of users
with closed geographical distances to communicate directly
without going though the base station. In the mean time, full-
duplex technology is a promising technology to double the
spectral efficiency by simultaneous transmission and reception
at the same time and the frequency. This feature of full-
duplex can be taken advantage at the relay nodes in D2D
communication to decrease the time consumption [20]. Since
the same time-frequency resources are utilized by the cel-
lular users and D2D users, the power control has been one
focus of researchers in recent years. In the literature [21],
the centralized and distributed power control themes of the
incorporating full-duplex D2D cellular network have been
proposed. The self-reference signal of the full-duplex relaying
system has been analyzed in [22]-[24]. And the closed-form
approximations of cellular and D2D coverage probabilities
have been derived. Meanwhile, the cooperative full-duplex
D2D aided cellular network has been introduced in [25] where
the cellular user supports D2D communication as a full-
duplex relay and an optimal power allocation scheme has been
investigated to maximize the system throughout. Moreover,
a closed-form expression for the optimal power allocation
scheme in the wireless cellular network with full duplex D2D
communications has been obtained in the literature [26]. In
the literature [27], the bottle-neck effect elimination power
algorithm has been proposed to boost the energy efficiency of
the full-duplex relay-adided mmWave D2D communications.
Furthermore, the literature [28] has proposed a cooperative
sub-channel allocation approach in the mmWave networks
with D2D communications to improve the resource utiliza-
tion and network capacity. In addition, the authors in [29] has
studied relay-assisted D2D communication in mmWave based
5G networks to balances the trade-off between transmit power
and system throughput.

With the increasing demand for a variety of applications and
increasingly tight spectrum resources, mmWave has become
the optimal choice for high speed, low latency and high
throughput communication systems. Due to the large atten-
uation of the mmWave link, a large scale antenna array is
required to improve the antenna gain to ensure the QoS [30].
Furthermore, thanks to the recent development of the antenna
circuit design, it is possible to realize large scale antenna
arrays including 32 to 256 antennas [31]. The mmWave
transceiver architectures are composed of fully digital archi-
tecture, analog-only architecture and hybrid analog/digital
architecture. In addition, the authors in the literature [32] have
proposed a 64-channel massive MIMO transceiver with a fully
digital beamforming architecture for mmWave communica-
tion which can achieve a downlink data rate of 50.73 Gb/s
with 101.5 b/s/Hz. However, because of the high cost and
power consumption of high resolution analog to digital con-
verters, it is difficult to realize the fully digital processing
at mmWave frequencies with wide bandwidths and large
antenna arrays [33]-[35]. Moreover, analog-only architectures
are easy to implement by using the phase shifters. However
due to the characteristics of phase shifters, it is difficult to
generate multi-beams or support multi-users MIMO communi-
cation. Meanwhile, the energy-efficient analog beamforming in
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mmWave multicast transmission has been proposed in the lit-
erature [36] which can realize the optimal beamformer designs
and provide asymptotic performance analysis for mmWave
multicasting systems. Furthermore, the beamspace MIMO-
NOMA for mmWave communications using lens antenna
arrays has been investigated in the literature [37], which can
achieves a higher spectrum and energy efficiency than the
existing system. And the partially-connected hybrid pre-coding
design method has been proposed in the literature [38] to
maximize the weighted sum of channel gains for mmWave
MIMO broadcast channels.

The beamspace MIMO-NOMA and full-duplex D2D com-
munications can be combined to enhance the coverage of
broadcast and improve the throughout of unicast in the
mmWave broadcasting network. Nonetheless, few researches
have analysed the system performance. In this paper, we
propose a full-duplex D2D-aided mmWave MIMO-NOMA
broadcasting network. Then we analyse the performance of
the proposed system under the practical assumptions such as
directional beamforming, distanc-dependent pathloss and self-
interference of full-duplex communication. The closed-form
formulation of the outage probability and the ergodic capac-
ity are derived with Laplace transform technique. Finally, the
numerical results indicate that the LDM outperforms the TDM.
And the impacts of the antenna array gain and the transmis-
sion powers of both base station and the full-duplex link are
considered.

The rest of this paper is organized as follows. In Section II,
we introduce a system model of the beamspace MIMO-NOMA
for mmWave broadcasting via full-duplex D2D communica-
tions. The closed-form expressions of the performance analysis
including the outage probability and the ergodic capacity is
given in Section III. Finally, the numerical results in Section IV
validate the theoretical analysis and demonstrate that the
system capacity can be improved by the LDM.

II. SYSTEM MODEL

The paper considers a full-duplex D2D-aided mmWave
beamspace MIMO-NOMA system for broadcast and unicast,
as shown in Fig. 1. The system consists of one base station
and Q cellular users which are randomly and uniformly dis-
tributed in the cellular network. The base station is equipped
with multiple antennas to generate multiple beams with the
beamspace methods for cellular users. There are Q cellular
user with signal antenna in the cellular network which is
denoted as CUy, CUy, ..., CUg. The cellular users randomly
in one beam are paired and communicate with the LDM. In
addition, in order to reduce the system complexity, we only
consider one beam in the proposed system. There are two
users in this beam which are denoted as near user and far user
by their distance to the base station. The near user receivers
the broadcast and unicast signal of the base station, while the
far user receiving the broadcast signal from base station and
near user. Due to the great attenuation of the millimeter wave
system, it is assumed that the near user can provide additional
services to the far user through the D2D link with a full-duplex
relay.
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Fig. 1. System model of full-duplex D2D-aided mmWave MIMO-NOMA
for broadcast and unicast.
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Fig. 2. Two-layer LDM transmitter.

A. Layered Division Multiplexing

In order to improve the spectrum efficiency, the two-layer
LDM structure was proposed by the ATSC 3.0 to deliver reli-
able mobile TV services for a large variety of mobile and
indoor users. To incorporate LDM in mmWave system, the
same mmWave resources are used by the cellular users with
the two-layer LDM structure where different layer provides
different services. In addition, the upper layer (UL) signal
is adopted to deliver reliable mobile broadcast services and
the lower layer (LL) signal is designed to deliver the unicast
services. The system diagrams of the transmitter in the two-
layer LDM is shown in the Fig. 2. The signal for each layer
is generated by a separate module, and the signals are super-
imposed and transmitted in the form of the OFDM data link.
According to the high coverage of the broadcast signal and the
high data rate of the unicast signal, high power transmission
is adopted by the UL signal, and the LL signal is transmitted
with lower power.

In n-th beam, the UL,LL in the n-th beam is denoted as
UL(n), LL(n). We assume that UL(n), LL(n) are scheduled on
the same radio resource with LDM. We denote x,, as the com-
posite transmission signal of the base station in the n-th beam,
which is given by

Xn =/ AUL) PuSUL() + /ALY PrSLL() (D

where Ayp ) and App(, are the power coefficients of UL and
LL, respectably, satisfying Ayrm) + Arrmy = 1 and Ayrp) >
ALL(n)- Py 1s the total power in the n-th beam, Syr(n), Srin) 15
the normalized transmission signal of UL and LL in the n-th
beam with E(||Suzim1?) = E(IStm ) = 1.

B. Channel Model

The experimental investigations have shown that the
mmWave channel is sensitive to the blockage effects. Different
channel statistics are proposed by the 3GPP for LOS and

NLOS links in the simulation. Therefore the rectangle Boolean
stochastic blockage model is used to model building block-
ages by differentiating the LOS and NLOS link [39]. The
probability function of a LOS link is denoted as

PL(r) = exp(=pr), @

where r is the distance from transmitter to receiver, 8 is used to
descirbe the size and density of blockages. And the probability
function of a NLOS link is Py = 1 —exp(—pr). Without loss
of generality, we assume that the probability function of LOS
with different link is independent.

Depending on the Friis equation [33], the mmWave can not
propagate well in free space. The large scale fading L(r) in dB
of the mmWave link ,which is introduced in [40], is modeled as

L(r) =32.4 4 201log(f.) + 10« log(r), 3)

where f. is the carrier frequency, o € {or, o} is the path loss
exponents of LOS, NLOS, and r is the distance between the
transmitter and receiver.

As for the small scale fading, we assume that each
link between the transmitter and receiver is Nakagami-m
fading [41]. hy,, hu,, hy, and hp are denoted as the link of
the base station to the near user, the base station to the far
user, the near user to the near user and the near user to the far
user. Without loss of generality, we assume that |4, ||2, 17, ||2
and ||hp]|? follow the normalized Gamma random varible with
N € {Nr, Ny} which is the parameter of LOS link or NLOS
link. Then the £y, is free of fading. And the probability density
function f(x) and the cumulative distribution function F(x) of
172, |?> are respectively given by

NN WN=1,~N.
= — Nl 4
S ) D e “)
and
_ NI N j,—Nx
Fao = 1= 2=o jroe™ x= 0. )
0, otherwise.

C. Large Antenna Arrays

Due to the large attenuation of the mmWave link, the high
gain and high directional beam is generated by the base station
to ensure high QoS. To simplify the mathematical analysis,
we assume the actual antenna model as the sectorized antenna
model which means the array gain within the half-power beam
width (main lobe gain) is replaced by the maximum power
gain and the other direction of arrivals (side lobe gain) is
replaced by the first minor maximum gain. Then the total array
gain G(n) is denoted as [42],

U, main lobe

Glm) = { Y, side lobe, ©)

_ _ 220 3m .
where ¥ = M, ¥ = 1/sin (_2JA7I) and M is the number of
antennas.
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D. Receive Signal

For the broadcast and unicast transmissions, not only receiv-
ing the signal from the base station, the near user but also
receives the self-interference signal by itself due to the full
duplex. Meanwhile, the far user receives the broadcast data
from the base station and the near user. Without loss of
generality, the near user and far user in one beam are intro-
duced as followed. Then the received signal of near user y,
and the received signal of far user y,» can be respectively
formulated as

hutG(n)x,  hy~/PpSur
= ; 7
Yul L(d)) L11 + ny1 @)
and
_ hGm)x, | hpv/PpSur tn )
YT Ty Ld—dp

where hy1, hyp is the channel gain from the base station to
the near user and the far user respectively, ||/,1]12 > ||holl?.
hy, is the channel gain from the near user to the near user.
hp is the channel gain from the near user to the far user. x,
is the superimposed signal by the broadcast and unicast data
in the n-th beam. dj, d, are the distance from base station to
the near user and far user. In addition, the distance between
the two users is approximated by the difference between their
distance to the base station due to the narrow beam width of
mmWave. L;, is the self-interference signal link attenuation
of near user. Pp is the transmitted power from near user to
far user. Sy is the broadcast signal from the near user to the
far user, ]E(||SUL(,1)||2) = 1. In addition, n,, n,y are the inde-
pendent and identically distributed normalized white Gaussian
noise which are denoted as ny,1, n,o ~ CN(O, 1).

III. PERFORMANCE ANALYSIS

In this section, the performance analysis of full-duplex
D2D-aided mmWave beamspace MIMO-NOMA is proposed.
The outage probability of users and the ergodic capacities
of broadcast and unicast services are introduced as followed.
In the proposed system, firstly, the base station transmits the
LDM signal to the cellular users. Next, the near user receives
the broadcast and unicast signal with the perfect successive
interference cancellation method. Then the full-duplex mode
with D2D communication is adopted to transmit broadcast sig-
nals to far user. Finally, the far user receives the signals from
the base station and the D2D links. Two events are considered
in the system as followed.

Event 1: The received signal of the near user is described
as event one. The near user receives the signal sent by the
base station and the self-interference signal of the near user.
The broadcast signal is first solved by regarding the unicast
signal and the self-interference signal as interference. Then the
near user cancels the broadcast signal and resolves the unicast
signal in the presence of self-interference signals. The near
user first decodes the broadcast data and remove it with yp;
and then the near user obtains the unicast data with yy.

oL G Pu/L@D) 1 |

YB1 = 5 > @
ALLoy G Py /L@ Iha |* + Pp /Ly, ||y, |* + of
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_ Mrm G)Py/L(d) [ |1
- 2
Pp/Ly, |y, ||” + o}

Event 2: The received signal of the far user is described as
event two. The far user receives the broadcast data from the
base station and the near user at the same time. We assume that
these two signals are solvable at far user, so that the maximal
ratio combing method can be adopted. Therefore, the far user
can acquire the broadcast data with yp,.

_ AL GmPa/L(d2) 2 ll? + Pp/L(dy — dy) | by, H
ALy G Py /L(d) | |I* + 02

(10)

(1)

A. Outage Probability

The outage probability of near user and far user is consid-
ered in this part. The target rate of the broadcast of near user,
unicast of near user and broadcast of far user are denoted as
R{, Ry and R3, respectively. And the outage probability of near
user and far user are denoted as P; and P, as follows,

P = P(log(1 4 yB1) < Ry or log(1 + yy1) < R»)

=1 —P(log(1 + yp1) = R)P(log(1 + yy1) = R»),
= P(log(1 + yB2) < R3).

12)
(13)

First of all, we consider the term P(log(1 + yB1) < R1). By
denoting € = 2Rt _ 1, this term can be formulated as

P(log(1 + yB1) < Ry)

ALy PG () /L(d1) ||y |1

P <er]. (14)
Ly PG (n) 2 2
L= b lI? + Po/Ly, |hr, |* + o}

2
€1L(d1)N,, Ppllhr |l
Then we denote 1 = —=r " Csprys T I,

|hall> ~ Gamma(Ny), N, € {Nr,Ny}. When the n <
0, the (14) is equal to 1. Otherwise, the (14) can be
simplified to

P(nhuln2 <y (n +o%)>
=K, {P<||hu1||2 < +af))|d1}
2

me{L,N}

=K, Pm(dl)P<||hu1||2 < (4 of)ian m)

5)

Since the probability of LOS link is related to the distance
d1, the conditional probability with a fixed d; and m will be
firstly solved as,

n
(nhmn N—m(11+o%)|d1,m>
(@) N J 2
a —
=1 - Z;(n(ll +cr]2) )e n(hi+ot)
J=0
N—-1 ; .
9y (_:7 (e_n(11+012))(])’ (16)
=
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where step-(a) is due to the cumulative distribution function
of ||hu1|>. And the j in the upper right corner of the step-(b)
represents the j-th derivative of the formula.

Because the users are randomly and uniformly distributed
in the cellular of radius R and satlsfy di < dp, the pdf of
dy and d; can be given by fy, (r) = Rzr — 44 3 and Ja, () =
1?4 3, respectively, using order statistics. We set the L(n) =
e~11+97) By substituting (16) into (15), the item P(log(1 +
yB1) < R1) can be denoted as

P(og(1 + yB1) < Ry)
Z ( J”)} (L(n >>0>)}

=E4y D Pm(d1><1
me{LN} J=0
) 0 4
= > Z P =2 L) ﬁr—ﬁr dr

me{L,N}

a7

The Gaussian-Chebyshev approximation can be adopted to
calculate the integral in (17). And we set 6; = COS(M),
ri = 2(0 + 1), where M is the parameter of the Gaussian-
Chebyshev approximation. Finally we can get the final expres-
sion,

P(log(1+yp) <R = Y
me{L,N} j=0 i=1

x (1 Py S '7)]

(L(U))(])fd. (ri) )
(18)

Similarly, the item P(log(1+yy1) < R}) can also be derived

. . . L(d1)Nm
using (18) by simply setting n = W, e =281,
Finally, Py can be derived by (12).

Next, we consider the outage probability of far user P».
We set €3 = 2R3 — 1, then the outage probability P> can be

formulated as
Py = < ALy G )P/ L(d) a2
ALy G() Py /L(d) [ ha|* + o5
P L — d) |, |
AL GNP/ L) | |* + 02 )

2 B
= P(”hln |I” < — —s>), (19)
N
where
G(n)P,L(dr—d
B = (e3hrrm) — AUL(n))%
. L(dy)e30?
§= (AUL(n)Efa)»LL(w)G(n)Pn (20)
L = |[h2ll”.

The outage probability of far user can be calculated as

Py =Eaqany Y, Pm<dz)P(|\h1,,|| <y (L=9)ld1. d. )
me{L,N}

N—1 '
Z ZEdl,dz,Izi m(dQ)( '8)]( B> 5))0)}.

me{L,N} j=0
(21)

With the different values of system parameters, 8 can
be divided into two cases to discuss. When g > 0, the
eirr, — Ayr > 0, the Py = 1. It means that the near user can
not receive the broadcast signals all the time. In our actual
deployment, we need to satisfy the formula eA;; — Apr < O
between the power allocation ratio and the broadcast target
rate to communicate properly.

When 8 <0, if I > &, P, =0. And if I; < &, the P can
be formulated as,

Nin
Nin w—1 —

3
Enfe ) = ./0 v
= _sz o~ N+PE Ni“] (_l)k!(Nk_l) ENflfk
T (Nm) = (N+p)!

B\ N
+ (1+N_m)

Next, the pdf of d; and dy can be used to calculated the
expectation of d and d», which is denoted as fy, 4,(r1.12) =
8;‘—[2. We set the L(B, £) = P E, {e P2}, We can get

medx

(22)

Py = ZNX_“]E 1—Pd(_'6)jL 0
) = di.dy m(d2) i (L(B,§))

me{L,N} j=0

> Zf / < Pu(r) = ﬂy(L(ﬂ &)Y

mef{L,N} j=0

X fay.dr (115 rz))drldrz (23)

Finally, we use Gaussian-Chebyshev approximation to cal-
culate the integral (23). We define the parameters related to
this approximation as follows:

01, = cos(%)
rii = %01+ 1)
= cos(%)

r = 50u + 1),

(24)

where M is the parameter of the Gaussian-Chebyshev approx-
imation. The colosed-form expression of P, can be finally
given by,

-y Yy

me{L,N} j i=1 k=1

L
Y
(1 Py (rak) ‘8 )
].

=

—1

o 12k P
2k M \/1 - 911

(Lix(B, 5)) )fdl > (i 7210).
(25)

I}
=}

B. Ergodic Capacity

In the following, we analyse the ergodic capacity of two
users which represents the ability of the entire system to
deliver information. The ergodic capacity of the system,
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denoted as Cgrg, can be obtained by Shannon’s Law,

Crg = Eflogy(1+yu,)] +Eflogy (14 v5,)]
= E|:10g2 (1 + ALL<">G(")1’n/L(2dl)Hhuu [§ ]
Po/L [ |+ o

ALy G Pu /LA | |2 + P/ L(d2 — d) ||y ||
+ E|tog, 1+ ULy G(M) Py [ L(d2) |2 ||” + Pp / ; ) 21)” |
)\LL(n)G(n)Pn/L(dZ) Hhu2” + gy

(26)

According to the literature [43], the capacity formula can
be approximated by.

E[x*] — (Elx])*
20+ Ex)?
which reveals that the ergodic capacity can be approximated
by a composite function of E[x] and E[x2]. Therefore, the
following part focus on the derivation of E[x] and E[x?].

Then we solve numerator part of the second item in
Equation (26).

E[ln(I +x)] ~ In(1 + E[x]) — 27)

Ehg,hyy d1,d2[x]
= Eng gyt a2| GOPa/ (L(d2)0F ) iz

+pp/(Lidr - d1>a§) I ]

Pp
= Ea1, Py, (d2)| G(n)
o uzgm o ( " L(dZ)Uz L(dz—d1)022)
Z / / Py, (r2)L(r1, r2)fa, 4, (r1, r2)dridry,  (28)
u2€ LN

where a = G(n)P,/0} and b = Pp/o3. The term L(ry, rp) =

_a_ b . . .
"‘uz T The Gaussian-Chebyshev approximation

can be also adopted to calculate the integral in (28). By
setting (24), where M is the parameter of the Gaussian-
Chebyshev approximation, we can derive E[x] as followed,

wr (LN} m=1 i=1
X Pug (rm)L(ri, rm)fdl,dz (r1is 2m)-

E[x] =

(29)

Next, E[x?] is calculated by firstly solving the expectation
of ||he|* and ||h1D||2, and then solving the expectation with
respect to dy, dp as follows,

2
Eh .y, dt,d2 [X ]

= Ehuz,th‘dlydz[(G(H)Pn/(L(dZ)Uzz) ||hu2||2
+ Pp/ (L2 — d)oF) [, ||2)2]

_ / [ Pt it mdnar, Go

up€{L,N}
where ¢ = GmP,/o}, d = Pploj0. L(r, r2) =
() Naz + D/ Nua + (s Y Ny + D/ Ny +2-
d

By setting (24), where M is the parameter of the

—d
(r—r)" D"
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Gaussian-Chebyshev approximation, we can derive E[x] as
followed,

o= ¥ S (L) i irfi-an
ure{L,N} m=1 i=1

X Puz (rm)L(ri, rm)fdl,dz(rli» m)- (31

By substituting (29) and (31) into (27), the numerator part
of the second item in equation (26) can be calculated. The first
item in equation (26) is

ML G P /L)) |t |1
E[10g2<1 L ML GOPy/ (2 DI ;ln )} a2
Pp/Ly, |y |~ + o

AL G(n)Py
—PD/L11 ir, Pt Similar to the (29) and (31), the

E[x] and E[x?] should be calculated first. Then we can get

M
Y Y (3 )Ry 1 = 6P 0L 0. 33)

ue{L,N} i=1

We set a =

E[x] =

where L(r;) = 1/(r)%.

le]= 3 %(%)R\/ﬁml(n)L(r,»)fdl(rf), (34)

up €{L,N} i=1
where L(r;) = (Nt + 1)/ (N1 ().

Then we can submit (33) and (34) into (27) to calculate
the first item in equation (26). As for the Denominator of the
second item in equation (26), we only change the value of
a of (33) and (34). Finally, we combine all the item in the
equation (26), and the ergodic capacity can be obtained in a
closed-form.

IV. NUMERICAL RESULTS

In this section, the outage probability and the ergodic
capacity of the beamspace MIMO-NOMA millimeter wave
broadcasting network via full-duplex D2D communications are
investigated. The impact of the transmission power of base
station, the antenna number of base station, the transmission
power of near user and the power allocation on the outage
probability and ergodic capacity are introduced as followed.
The traditional TDM scheme without D2D communications
and the LDM without D2D communications are used for com-
parison to analyze the performance of the proposed system.
In particular, the time slot is equally divided by the two
users. Hence the capacity of this scheme is R7pys, which is
denoted as

1
Rrpm = 5(10g(1 + y1) +log(1 + »2)). (35)
The numerical results of the proposed system performance
are considered with Monte Carlo simulations. The simulation

parameters and setting of the proposed system are shown at
Table 1.

Authorized licensed use limited to: CONCORDIA UNIVERSITY LIBRARIES. Downloaded on June 23,2020 at 19:07:19 UTC from IEEE Xplore. Restrictions apply.



LI et al.: BEAMSPACE MIMO-NOMA FOR mmWAVE BROADCASTING VIA FULL-DUPLEX D2D COMMUNICATIONS 551

TABLE I
THE SIMULATION PARAMETERS AND SETTING OF THE PROPOSED
SYSTEM
Parameter Value
Carrier frequency 28GHz
Bandwidth 200MHz
Coverage radius 30
The number of base station antenna 64
The transmissiozs}e);)wer of the near 5dbm
The isolation of the transmitted
and received in the near user 12548
The power coefficient of the LDM 0.15
The small scale fading Ny, 2
The small scale fading N 3
The pass loss exponents oy, 2
The pass loss exponents oy 3
The blockage parameter 0.001
The target rate Ry 3.8bit/s/Hz
The target rate Ro 10bit/s/Hz
The target rate R3 3.8bit/s/Hz

LDM, Numberical, Near
O LDM, Analysis, Near
LDM, Numberical, Far
O LDM, Analysis, Far
TDM, Numberical, Near
TDM, Numberical, Far
== === | DM without D2D, Numberical, Near
====== | DM without D2D, Numberical, Far
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10
10 15 20 25 30 35

Transmission Power of the Base Station (dBm)

Outage Probability

Fig. 3. Impact of the base station transimission power on outage probability.

A. Outage Probability

The outage probability of the near user and the far user are
analysed in this section.

In Fig. 3, the impacts of the base station transmission power
on the outage probability are analysed. It can be seen from the
figure that the Monte Carlo simulation is consistent with the
proposed closed-formed expression. With the increasing of the
transmission power of base station, the outage probability of
near user and far user are decreasing, where the LDM out-
performs the traditional TDM mode. In addition, compared
with LDM without D2D, the outage probability of the near
user increases slightly, but the outage probability of the far
user decrease by 30 dB. Hence, increasing the transmission
power of base station can be considered to reduce the outage
probability further to enlarge the coverage and enhance the
throughput of the whole system.

10° w w
LDM Numberical Result, Near User
LDM Analysis Result, Near User
LDM Numberical Result, Far User
O LDM Analysis Result, Far User
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Fig. 4. Impact of the near user transimission power on outage probability.
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Fig. 5. Impact of the antenna number on outage probability.

In Fig. 4, due to the self-interference of the near user, the
outage probability of the near user slightly increase with the
transmission power of the near user increasing. In addition,
the outage probability of far user keeps a downward ten-
dency which benefits from the improvement of the SNR at
the receiving end of the D2D communication. The SNR went
from —10 dB to 15 dB and the outage probability of far user
dropped by about half. In the practical application, the trans-
mission power of the near user can be increased with a small
impact on the near user to reduce the outage probability of
the far user and further to enhance the cellular coverage.

In Fig. 5, the effect of the antenna number of base station
on the outage probability is considered. The simulation results
verify that the large scale antenna arrays have a obvious affec-
tion on the outage probability at the mmWave MIMO-NOMA
broadcasting network. The outage probability of the proposed
LDM is 10 dB lower than the TDM. In actual system deploy-
ment, a large scale antenna arrays is adopted to compensate
for the problem of large attenuation of millimeter wave in sig-
nal transmission, which can improve the transmission rate of
the system, reduce delay and ameliorate the QoS.
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Fig. 6. Impact of power ratio coefficient on outage probability.

In Fig. 6, it has shown that power allocation has a greater
impact on near user, because the lower layer is used to transmit
unicast signals of the near user. When the power ratio is small,
the outage probability increases. Moreover, far user not only
receives signals from the base station, but also receives signals
from the D2D link, so the impact is small. In order to reduce
the outage probability of near user, the power ratio coefficient
can be appropriately increased.

Simulation results show that the performance of LDM is
better than the TDM. It can be seen that the non-orthogonal
multiple access method can achieve high spectrum efficiency
and high throughput wireless transmission services by slightly
increasing the complexity of the receiver while the hardware
transmission structure is unchanged. In addition, it can be seen
that the transmission power and the number of antennas of the
base station can be increased to reduce the outage probability.

B. Ergodic Capacity

In this section, the ergodic capacity of the proposed system
which is the sum rate of the near user and the far user is
considered. Four factors such as the transmission power of
the base station, the transmission power of the near user, the
number of antenna and the power allocation are analysed as
followed.

In Fig. 7, the impact of base station transmission power
on the ergodic capacity is investigated. It can be seen that
the simulation results match to the closed form expression of
the proposed LDM which is better than the TDM and the
LDM without D2D communications. In addititon, the ergodic
capacity is approximately linearly related to the transmission
power of the base station. The ergodic capacity of the proposed
LDM is about 1.2 bit/s/Hz higher than the TDM. In the actual
deployment, increasing the transmission power of the base sta-
tion as much as possible to enlarge the coverage and improve
the throughput of the entire system under the actual constrains
such as human safety, power consumption and heat dissipation,
etc.

In Fig. 8, it is shown that as the transmission power of
the near user increasing, the ergodic capacity increases first,
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and decrease next. When the transmission power of the near
user is small, the self-interference of the near user has little
effect on the system ergodic capacity. At this time, the deci-
sive factor for the total system ergodic capacity is the capacity
of the far user. The capacity of the far user increases with
the transmission power of the near user increasing. However,
when the transmission power of the near user is large, the self-
interference becomes an important factor affecting the system
capacity. Therefore, in actual deployment, multiple aspects
of the entire system must be fully considered to determine
the transmission power of the near user to ensure the max-
imum system ergodic capacity. First, the parameters of the
cellular network can be fixed. Then we can use the power
of full-duplex transmission link as a variable to derive the
system capacity of the cellular network, and make the deriva-
tive equal to zero. Finally, the optimal transmission power can
be adopted.

In Fig. 9, the system ergodic capacity increases in logarith-
mic form as the number of antennas increases. Meanwhile,
the simulation results indicates that the ergodic capacity of
LDM is improved better than the TDM. The proposed LDM
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is 0.2 bit/s/Hz higher than the LDM without D2D communica-
tions when the antenna number larger than 64. The millimeter
wave is easy to integrate large scale antenna arrays thanks to
its short wavelength. In addition, we need to make a trade-off
between the increments of the system capacity and the power
consumption of the large scale antennas and radio frequency
chains.

In Fig. 10, when the power factor changes, the ergodic
capacity remains almost unchanged. Meanwhile, the simula-
tion results indicates that the ergodic capacity of the proposed
LDM is improved better than the TDM and the LDM without
D2D communications.

The impact factors of the system ergodic capacity are con-
sidered. The system ergodic capacity will increase with the
transmission power of base station and the antenna number of
base station increasing. Furthermore, the transmission power
of the near user should be optimized to enlarge the system
ergodic capacity.

V. CONCLUSION

In this paper, the outage probability and the ergodic capac-
ity of the mmWave MIMO-NOMA broadcasting network with

full-duplex D2D communications are presented. The accuracy
of the analysis is then verified by detailed numerical results.
Compared with the conventional TDM-based and LDM with-
out D2D scheme, our proposed scheme achieves significant
performance gains with respect to both outage probability
and the ergodic capacity. We also observe that the system
performance can be improved with higher transmission power
and the larger antenna array at the base station. Besides, the
transmission power of the full-duplex communication should
be optimized to ensure low self-interference and large capacity.
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