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Device-to-Device (D2D) communication is an important proximity communication technology. We model the hybrid network
of cellular and D2D communication with stochastic geometry theory. In the network, cellular base stations are deployed with
multiantennas. Two transmission strategies including beamforming and interference cancellation are proposed to boost system
achievable rate in this paper. We derive analytical success probability and rate expression in these strategies. In interference
cancellation strategy, we propose the partical BS transmission degrees of freedom (dofs) that can be used to cancel its D2D users
(DUEs) interferences around the BS or to boost the desired signal power of associated cellular (CUE). In order to maximize the total
area spectral efficiency (ASE), the BS transmission degrees of freedom are allocated according to proper interference cancellation
radius around the BS. Monte Carlo simulations are performed to verify our analytical results, and two transmission strategies are

compared.

1. Introduction

Device-to-Device (D2D) communication is an important
proximity communication technology, which has been in
standard process of LTE-advanced system and it is a key
technology for the future hybrid networks. With the devel-
opment of mobile internet, the cellular network is not able to
meet the requirements for the future localizing applications
and D2D technology comes to an important complement
for it [1-3]. The performance of wireless communication
can be analyzed accurately by stochastic geometry theory.
Traditional model has Wyner model or hexagonal grid [4].
The Wyner model or the hexagonal grid can be evaluated by
system-level simulations. However, both the scalability and
the accuracy of grid model were questionable in the context
of network heterogeneity [4-6]. An alternative is to model
the locations of sites as random and drawn from a spatial
stochastic process, such as the Poisson point process (PPP),
which has been confirmed as accurate as the grid model
[5]. This stochastic model has been used recently in [7] to
analyze success probability and average rate of heterogeneous
network.

Reference [1] has studied spectrum sharing and derived
analytical rate expressions for D2D communication in cel-
lular networks by stochastic geometry theory and compared
with signal to noise plus interference ratios (SINR) distribu-
tion using the hexagonal model by Monte Carlo. In [8], the
spatial distribution of transmit powers and SINR are studied,
and cumulative distribution function (CDF) of the transmit
power and SINR have analytically been derived for a D2D
network employing power control. In [9], mode selection
and power control have been presented for underlay D2D
communication in cellular networks, in which the proposed
mode selection scheme for a user accounted for both the
D2D link distance and cellular link distance (i.e., distance
between the CUE and the BS). In [10], the small-scale fading
experienced in the D2D direct link is modeled as Rician
distribution.

Most of the previous works, for example [7-10], study
results were based on single antenna deployed at BS in
cellular network by stochastic geometry theory. Multiple
antenna techniques are already relatively mature, and many
standardization activities clearly indicate that multiantenna
techniques and hybrid network will coexist and complement
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FIGURE 1: Cellular and D2D communication model. 7, is interference cancellation radius in interference cancellation strategy.

each other in the future wireless networks and should
not be studied in isolation, as has been typically done in
the literature [11]. Multiple antenna techniques have many
significant features [12-14], such as using precoding design
for interference cancellation or using beamforming design
for boosting diversity gain. In random network, average
achievable rate and reliability can be improved by the mul-
tiple antenna techniques [15-17]. In this paper, we model
the hybrid network of cellular and D2D communication
with stochastic geometry theory. In the network, cellular
base stations are deployed with multiantennas. We analyze
two primary performance measures: success probability and
average achievable rate expression. The rate performance
of beamforming and interference cancellation strategies is
compared.

The rest of the paper is organised as follows. In Section 2,
we introduce the system model. In Section 3, the success
probability and average rate performance of beamforming
strategy are investigated. In Section 4, the success probability
and average rate performance of interference cancellation
strategy are investigated. In Section 5, numerical simulation
and analysis are discussed to verify these results. A conclusion
is drawn in Section 6.

Notation. Let a denote a vector. Transpose and conjugate
transpose are denoted by T and H. The expectation of
function f(x) with respect to x is denoted as E[ f(x)]. The
Laplace transform of f(x) is denoted by L #(s). A circularly
symmetric complex Gaussian random variable x with zero

mean and variance o? is denoted as x ~ CN(0,0°). A
Chi-square distributed random variable x with N degree of
freedom is denoted by x ~ y*(IN). An exponential distributed
random variable with mean 1is denoted by x ~ exp(1). Let I;
be a set and let I, be a subset of I}; then I, \ I, denotes the set
of elements of I; that do not belong to I,.

2. System Model

We consider a downlink hybrid network of cellular and
D2D communication [1], as shown in Figure 1. The locations
of base stations (BSs) are deployed as a PPP [5] ¢ =
{I's,»n € N} with intensity Az and constant transmission
power pg. Similarly, the cellular users locations are modeled
as a PPP ¢y = {Iy,,n € N} with intensity Ay. The
locations of the D2D users are assumed to follow a PPP ¢, =
{Ippn € N} with intensity A, and constant transmission
power pp. We assume the whole bandwidth W is divided
into V' subchannels. All the subchannels are available for
BSs and D2D. Each D2D transmitter may randomly and
independently access the subchannel. Each BS is configured
with N antennas. Each CUE and DUE is configured with
single antenna. The downlink channel is composed of path
large-scale attenuation and fading for both cellular networks
and D2D communication. Large-scale attenuation is mod-
eled as the standard pathloss propagation represented as
d;ﬁ/ *, where a is path-loss exponent and d g is distance
between transmitter T' and receiver R. T may be BS or DUE
transmitter, and R may be DUE receiver or CUE receiver.
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Each CUE is associated with the nearest BS. Therefore, the
probability density function (PDF) of the distance dg- can
be derived as deC(r) = exp(—ﬂABrz)Zﬂ/\ gt according to
the null probability of a 2D Poisson process [10]. Each DUE
transmitter and its DUE receiver have a fixed distance of
dpp. Meanwhile, Rayleigh fading is assumed for the BS-CUE,
DUE-CUE, BS-DUE, and DUE-DUE links. We consider the
interference limited regime; that is, noise power is negligible
compared to the interference power [10]. In the following,
we will characterize the performance of beamforming and
interference cancellation strategies.

3. Beamforming Strategy

With multiple antennas, the BS chooses to increase its own
cellular user signal power by performing beamforming. yq,
and yp, are the received signal at the typical CUE (R,) and
typical DUE receiver (Rp,), respectively,

Yco = Z \/ITBdgac/,i‘l()n“ann

n:Ip, €dp
+ z \/ d fOnan’
n:Ip,€¢p
- @)
—a,
Ypo = Z VPoAppuhonXpn
n:Tp,€¢p
— /2
+ Z \/pB Bla),ngOnuann’
n:I'g, €dp
where q,, € C"Y is the channel between BS in ¢ and

Ry fon is the channel between R, and DUE transmitter
in ¢p. hy,, is the channel between Ry, and DUE transmitter
in ¢p. g, € CYN is the channel between Rpy, and BS in
¢p. u, € CN! is the beamformer used by the th transmitter.
Xp, and xp,, are the data signals transmitted from BS and
DUE, respectively. xg, and xp,, are ~ CN(0, 1). The signal to
interference ratio (SIR) in Rp,, with beamforming strategy is

P
SIR, = DdLVlOO" (2)

Ipy

where I, denotes the total interference, I, ~denotes the
interference from DUEs, and I,  denotes the interference

from BSs. T, Dy
Ip,,, by normahzmg the desired signal power, respectlvely,

Ip, = ).

"1FDn€¢D\{FDo

IDBF,I

and T, Dy, aT€ 51mple transform of I, and
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The signal to interference ratio (SIR) in R, with beamform-
ing strategy is

Ppd2 |qoou, |’
SIR;, = ——BC=00 0L 9000 , (4)

ICBF
where I~ denotes the total interference at R, and I
CBF Co CBF,I

denotes the interference from BSs. I¢,,, denotes the inter-

ference from DUEs and IC

of I,
BF,

respectively,

and IC are simple transform

,and I, . by normahzlng the desired signal power,

PBd]_SZJ,n |q0nun|2
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n:Ig, €Pp\{Tgo }

ICBF,l
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n:Ip,edp

ICBF,Z ( 5)
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7 _ z dBC,n |q0nun|
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7 dBJC,n |f0n |2
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According to the BF criterion via receiving power maxi-
mization, the precoding vector u,, should align with the same
direction as the channel itselfu,, = q,,/llq,,||*; then the signal
power at the Rgy is |qgoupl* ~ x*(2N) and the interference
power at the R, from other BS is Iq()nunl2 ~ XZ(Z) as [15].
Similarly, |g,,uol* ~ x*(2). Because f,, ~ CN(0, 1), we have
| foul” ~ X2(2).

A performance metric of interest in this study is the
success transmission probability of BS P, ~(f3¢) with respect
to a predefined SIR threshold f, similarly, the success
transmission probability of D2D network Py, r(fBp) with
respect to a predefined SIR threshold 5. The D2D and
cellular network success probability are given in Theorem 1.

Theorem 1. For the cellular network underlay with D2D com-
munication, the cellular BSs are configured with N antennas for
beamforming strategy. The cellular and D2D success probability
are given by

PSuc.DBF (ﬁD) = €Xp (_Cdlﬁf)) > (6)

Ay NS o F(] +1)
Puc. = —) 7
Suc.Cpr (ﬁC) AO + k:lel ! (AO)]+1 ( )



where

Ca —nc(a)dglz) (AD+AB<§B> ), (8)

D

Ay = (CZiZSZ/a + ”/\B)'s:ﬁ =Cpy (/36)2/“ +7mAg  (9)

=B ey ey,

! ]' s=p.
k _ ! (7 (20 .
B; —;(—1)’(i)<;)k, j=1,...,k 1)

=@ (x-1)-(x-k+1). (12)

Proof. See Appendix A. O

Theorem 2. For the cellular network underlay with D2D
communication, the cellular BSs are configured with N anten-
nas for beamforming strategy. The cellular and D2D average
achievable rate in a shared subchannel are given by

Rp,, = A (Car)> (13)
o= [ [ BB OB o Qe
B Jo Je=0 l1+z (14)

- 27 gt exp (—rr)LBrz) dzdr,
where

A (x) = wsinx — 2 sin xSi (x) — 2 cos xCi (x),

Si(x) = J L,
0
. cost
Ci(x) = —J —d
Q(s,k)
dLICBF (s)
Tds
exp (—Cdzsz/“) , k=0
= 1\ kB~
(-3) oo () 15 (Cas™y'. ko
p 2/a
Cyy = mic (a) die <AB +Ap (—D> )
Ps
(15)
Proof. See Appendix B. O

It is difficult to derive the closed form expressions by
directly integrating in (14). Based on this expression, a
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practical case of a = 4 and known dy is applied to further
derive the closed form of R¢,_, given by

Re, 14, = Eflog (1 +&) | dpc]
=A (Cdz)
_ ko 1k _J
e /3] (-1) G 2 Ciz
L2 o ol
== -Z0,=
2 2
(16)
where G (al1 ’’’’’’’’’’ 5 Zf:lb Iz) is Meijer-G function [10]. The

proof of Expressmn (16) is given by

E[log (1 +£) | dyc]

:ro log (1+ x) f; (x) dx

J 01+ L (dzdx

1+z

oo SN/ (-2)Q (2, 2
1+z

.
J“’ 1-F(2) (Z)
L

N- k k J C
= A(Cy) + ZZ 31 .3 | 42

17)

4. Interference Cancellation Strategy

When the Interference cancellation strategy is exploited at
the BS, the strategy employs a partial zero forcing (PZF)
beamforming vector [18, 19]. It was found to be amenable
to analysis and to explicitly balance interference cancellation
and boosting of the desired signal power. With PZEF, the BS
uses L degrees of freedom to cancel its L DUE interferences
inside a circle of radius r; centered around the BS and uses the
remaining N — L degrees of freedom to transmit the desired
signal to its associated CUE receiver. In the following, we will
characterize the performance of system based on interference
cancellation (i.e., PZF) strategy. ¥, and yp, are the received
signal at the typical CUE (Ry,) and typical DUE receiver
(Rpyg), respectively. One has

yC() = Z @d;gqunuann

n:Ig, €dp

+ Y PR fonXpm

n:Ip,€¢p
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Yoo = Z \/P_ dB;D/ZnhOnan

n:Ip, €¢p
—a/2
+ Z VPB BaD,ngOnuann'
n:Tp, €Pp\{I'po}
(18)
_ T T T .
Let G, = (81,85, - 81, L < N — 1. g1, is the channel

between the BS and the Lth DUE inside a circle of radius
r; centered around the BS. Consider L = round(E[l]) =
round(m\Brfi), where E[l] = ﬂABrs denotes the DUEs
number in circle of r; centered around the BS, and round(-)
is round function. u,, lies in the null space of G,, to null
the interference towards the L DUEs and choose such that
it maximizes the signal power |q,,u,|*. From [17], u, =
q.1s8"/|q/ 1 $S"|, where § € CN*N7 is the orthonormal
basis of the null space of G,,. The signal to interference ratio
(SIR) in Ry, based on PZF strategy is

Ppdyt, l‘loo“0|2

SI = 19
Reps e, (19)
I¢,,. denotes the total interference. One has
- 2
Icpzp = Z p Bde:,n |q0nun|
n:Tp, € \{Tpo} (20)

+ Z PDdBaC,n|f0n|2'

n:Ip, €¢p

The signal to interference ratio (SIR) in Rp,, based on PZF
strategy is

Ppipp |hoo |2

SIRDPZF = ID
pZF

, (21)

where I, denotes the total interference and I,
the interference from BSs. I,
from DUEs. Consider

IDPZF = Z

n:Ip, €dp\{Ipo}

) denotes
denotes the interference

-a
deDD,nhOnan

IDPZF,I
. ) (22)
+ Z Pdgp,, |g0nun| .

n:an€¢B\{rBO}

IDPZF,Z

At the typical DUE receiver, the sum function subscript
(n: Tp, € ¢p\ {Tpo}) in I, , with PZF strategy is different
from the subscript (n : Ty, € ¢3p) in I, with BF strategy.
{To} denotes the BS which cancels the interference toward
the typical DUE by PZF strategy. The typical CUE signal
power is |qouyl® ~ x*(2(N — L)) with PZF strategy. It
is different from the typical CUE signal power |qqou,|® ~
x*(2N) with BF strategy. L is the degrees of freedom to null
L DUE interferences. The D2D and cellular network success
probability with PZF strategy are given in the following
theorem.

Theorem 3. For the cellular network underlay with D2D com-
munication, the cellular BSs are configured with N antennas
for PZF strategy. The cellular and D2D success probability are
given by

PSuc,DPZF (ﬁD)

_ 2/a 2
B exp< Ap smc(Z/a) (Bp)

- ——7Ag 2DapB dpnBos
Pp
xFl(l,l z s —Bpdip P D“>>,
(23)
mhy Nl D' kTG
PSuc,CPZF =t 7-[/\B ; (24)
Ao le K (A"
Proof. See Appendix C. O

Theorem 4. For the cellular network underlay with D2D
communication, the cellular BS is configured with N antennas
for PZF strategy. The cellular and D2D average achievable rate
in a shared subchannel are given by

Dpyr

= E[log(1+4p,)]

_ JOO l—Fg(z)dZ

z=0 1+z

_ 0 oy T \2/a 2
- Jo (e"P < Ao Gne@ra @ doo

2 2-a PB
5 mAgrp p—Dd“DDz

a-—
2 2 a pB —u>)
LF (L1-52-25-2d
2F1( a a2 Z DDPD p
-(1+ z)_1>dz,

Re,, =E[log(1+&,,)]

:J‘”J‘” o (/K (-2)*Q(=.k)
0 z=0

1+z

- 2TA g1 exp (—nABrZ) dzdr.
(25)

Proof. The proof is similar to that of Theorem 2. O

Area spectral efficiency (ASE) is defined as the product
of the unconditioned success probability and the maximum
sum rate (in bps/Hz) that can be sent per unit area [13]. In
order to maximize the ASE, we set a proper r; to get L.
L is the number of the canceled DUE interferences, which



is also the degrees of freedom to null DUE interferences.
So the BS transmission degrees of freedom can be allocated
effectively between CUE beamforming and DUE interference
cancellation. Consider

= Aplog, (1 + Bp) P, Suc,Dpp (Bp)
= Aplog, (1 + fBp)

TDPZF

2/a
- exXp (‘A m(ﬁp) dDD

2
- ——TAgr
a—2

b o

2 2 o D5 -a
F, (1, 1- = 2- ;;—ﬁDdDDp—zrD>),
TCPZF = A'Blogz (1 + ﬁC) PSLIC,CPZ]; (ﬁc)

= Aglog, (1+c)

UNISED kG
AO kz; JZ; (Ao)]ur1
(26)
The total ASE is
Tozr = Tp,,, +Tc,,. = Aplog, (1+Bp)
X exp (—/\Dm (.BD)Z/a dDD

2 a a
_nﬂ/\BD de pBp

2 —a
.2p1<1,1—a - —ﬁDd §3D>>

D
+ Aglog, (1+Bc)

(27)

In order to maximize the total ASE, it is difficult to get
the close-form expression of optimal r,;. In this paper, we
simulate the relation between ASE and r,; and get the optimal

ry.

5. Simulation Results and Discussion

In this section, we present Monte Carlo simulations to
evaluate the performance of BF and PZF strategies and
discuss the relation between ASE and r; in this large random
D2D underlaid cellular network. The simulated BS and DUE
lie in a two-dimensional plane with independent Poisson
processes. The default parameters are listed in Table 1 [10]
unless otherwise stated. The analysis results developed in
previous sections are validated with Monte Carlo simulations.
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TABLE 1: Parameter assumptions.

Parameter Meaning Default value
N Number of BS antennas ,2,4,6
\4 Number of subchannels 1000
a Pathloss exponent 4
Ap Intensity of BS 6 x 10"°/m?
Ap Intensity of DUE 2.4x107°/m*
Ay Intensity of CUE 6 x 10*/m*
P Transmission power of 43dBm
BSs
P, Transmission power of 23 dBm
DUE transmitter
SIR threshold of the
0dB
Pe cellular network
SIR threshold of the
0dB
Po cellular network
dop Distance bet\./veen aD2D 45m
pair
Xe Maximum transmit 400m
range of CUE
135 = T T
Ry
00T+, TR T ]
\*\ *\f\\i\ *\\*
L * TxX i
0.8 % \\ N
N
z 07t RN \*\\\* ]
2 e *OONAN
< - NS i
'8 . % «\ % \;‘:\\\
= N LY
S 05t PR DUE |
@ \ * N
ué 04} \x \\I\\ \\x/ i
2 VRN IR
= kS *\\ >
= 03} Mi ]
02+ CUE,N=1,2,4,6 *\*\\*\\i\\\\* i
\* \*\ i\\
01}t * 0 F
i 7
0 1 1 1 1 1 1
-20 -15 -10 -5 0 5 10 15 20
SIR threshold (dB)
--- Ana:CUE,N =1 *  Monte Carlo: CUE, N = 4
% Monte Carlo: CUE,N=1 --- Ana:CUE,N=6
-—- Ana:CUE,N =2 *  Monte Carlo: CUE, N = 6
* Monte Carlo: CUE,N=2 --- Ana:DUE
~— - Ana:CUE,N =14 *  Monte Carlo: DUE

FIGURE 2: Cellular and D2D communication success probability in
BF strategy.

Moreover, the analysis is performed to investigate the success
probability as well as average achievable rate and illustrate the
impact of the optimal r,; to system ASE. The simulation is run
for 10000 times and the average was taken.

Figure 2 shows the analytical and simulation success
probability versus the SIR threshold in BF strategy. From the
figures we can see the analytical model fits the simulation
results fairly well and thus can conclude that our analysis is
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»  Monte Carlo: CUE,N =2 .-.- Ana:DUE
--- Ana:CUE,N =4 +  Monte Carlo: DUE

FIGURE 3: Average achievable rate for cellular and D2D communi-
cation in BF strategy.

well validated. The success probability of CUE in deployed
multiantennas network is higher than single antenna case. In
addition, the more antennas BS has the more dofs CUE get,
but the change of BS antennas number makes no difference
to success probability of DUE. This is because all the BS
transmitter dofs are allocated to CUE in BF strategy.

Figure 3 validates the analysis results of average rate for
both the cellular network and D2D communication in BF
strategy. In addition, it illustrates how the average achievable
rate is impacted as the increase of A, with a fixed Aj.
From Figure 3, we observe the rate performances are severely
degraded for all scenarios when the intensity ratio rises up to
10°. When the intensity ratio Ap/Ap is a lower value, such
as 10°, the average rate of DUE is higher than the average
rate of CUE, but as the intensity ratio reaches 10*'°, we find
that the average rate of DUE is lower than the average rate of
CUE from the enlarged part figure. This is because the rate
gain caused by the increase of DUE intensity is lesser than
the rate degradation caused by the increase of many DUE
interferences at the moment.

Figure 4 shows the analytical and simulation success
probability versus the SIR threshold in PZF strategy. From
Figure 4, we find that the more dofs user get the higher
success probability is.

Figure 5 validates the analysis results of average rate
for both the cellular network and D2D communication in
PZF strategy and compares the rate performance of two
transmission strategies. When the BS deployed six antennas,
the BS allocates 2 or 4 dofs to cancel the DUE interference
in PZF strategy; then the BS allocates 4 or 2 dofs to increase
the diversity gain of CUE accordingly. In BF strategy, all BS
transmission dofs are allocated to their association CUE, and
no dof is allocated to DUE.

PZF success probability

09 *Fy
0.8 |
0.7
0.6 |
0.5}
0.4 |
03}
02}

0.1

RS %

0 1 1
-20 -15 -10 -5 0 5 10 15 20
SIR threshold (dB)

Ana DUE dof = 4
Sim DUE dof = 4
Ana DUE dof = 2
Sim DUE dof = 2
Ana DUE dof = 0
Sim DUE dof = 0

Ana CUE dof = 1
Sim CUE dof = 1
Ana CUE dof = 2
Sim CUE dof = 2
Ana CUE dof = 4
Sim CUE dof = 4

FIGURE 4: Cellular and D2D communication success probability for
difference N in PZF strategy. DUE dof = 0 12 4 denotes 0, 1, 2, 4
dofs are allocated to DUE for interference cancellation, respectively.
CUE dof = 012 4 denotes 0, 1, 2, 4 dofs are allocated to CUE for
increasing the diversity gain, respectively.

4%

PZF and BF average rate (nats/s/Hz)
w

0 1 1 =
10° 10! 10 10°
Ap/Ag

--- Ana PZF: CUE dof = 2

-~ Ana PZF: CUE dof = 4

—+— PZF: CUE dof = 4 and DUE dof = 2
—+— PZF: CUE dof = 2 and DUE dof = 4
—+— BF: CUE dof = 6 and DUE dof = 0

%  Monte Carlo Sim
Ana PZF: DUE dof = 4
-—-— Ana PZF: DUE dof = 2
-~ Ana PZF: DUE dof = 0
--— AnaPZF: CUE dof = 1

FIGURE 5: Average rate in PZF and BF strategies. CUE dof = 2, 4
and DUE dof = 4, 2 denote total simulation average rates include the
cellular network and D2D communication in PZF strategy.
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From Figure 5, we observe that when the intensity ratio
is Ap/Ap < 10", the average achievable total rate with PZF
strategy is higher than the total rate with BF strategy. In
order to maximize the total rate, we should allocate more
dofs to DUE, but intensity ratio A /A > 10'°; the average
achievable total rate with PZF strategy is lower than the
total rate with BF strategy. This is because when the BS
transmission dofs and CUE intensity are fixed, the rate gain
due to the increase of DUE intensity is less than the rate
degradation due to the increase of many DUE interferences.

Figure 6 shows the relation between the ASE and r,;. SIR
threshold of the cellular network and D2D communications
set to be —5 dB. From the figure, we see that when r; increases,
the ASE of CUE decreases and the ASE of DUE increases.
This is due to that fact that as r; increases, more dofs are
allocated to DUE for interference cancelation, and less dofs
are allocated to CUE for increasing the diversity gain. In
addition, there exists an optimal r; to maximize the total ASE.

6. Conclusion

This paper analyzes the performance of the hybrid network of
cellular and D2D communication with stochastic geometry
theory. The analytical expressions of success probability
and average rate are derived in BF and PZF transmission
strategies, and the relation between ASE and interference
cancellation radius is gotten. Simulation results show that the
expressions can provide sufficient precision to evaluate the
systems performance. In future study, we can consider the
analysis of a hybrid network that the BS and CUEs/DUEs
are both configured with multiple antennas by different
precoding designs. These studies lay a theoretical foundation
for network planning and base station deployment in hybrid
network of cellular and D2D communication.
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Appendices
A. Proof of Theorem 1

(1) Derivation of DUE success probability in BF strategy is as
follows:

A% ol
Pociy (Bo) = P {M ) ﬁD}

IDB}-‘
=P {|h00|2 > ﬂD (TDBF,I + TDBF,Z)}

Ly, (Bo)ly, (Bp)-

(A1)

Ly  (Bp) is the Laplace transform of the interference
ZF,1
from other D2D transmitters and Ly~ (fp) is the Laplace
PZF,2

transform of the interference from other BS transmitters. One
has

Ly

- (9=E [e_s Z":Fz)negop\{rm}(dB%,nWOn'z/dBB)]
BF,1

- g9 [e—sZmrD”%(dB%,nlhonlz/d5%>]
(A.2)
_ efzn/\Dng Jo> =E(exp(=sr~*|hg, |*)rdr))

= exp (-mApc (@) dz s 9,

L+

U Dgg 2

p 2/a
(s) = exp (—m\Bc (a) déD <P—B> 52/“) ., (A3)

D

where (A.2) follows the Campbells theorem as [5, 10, 20]. One
has c¢(a) = (2m/a)/ sin(27/a). Substituting (A.2) and (A.3)
into (A.1) yields the desired result in (6).

(2) Derivation of CUE success probability in BF strategy
is as follows.

We rewrite SIR in R, based on BF strategy:

Ppd;? u, |
SIR;, = BYBC |‘l00 o| ,

Ie,,
Ie, = )
n:Tg, €\ {Tpo}

ICBF,I

+ Z deBZC,n |f0n

n:I'p, €¢p

PBdl_;lC,n |q0nun|2
(A.4)

lZ

>

ICBF,Z

where I and I, are simple transform of I, and I,
BF,1 BF,2 BF,1 BF,2
by normalizing the desired signal power, respectively:

dl_sé,n |q0nun |2
gt

>

ICBF,I
n:Tp, €¢p\{Tpo} A

5

|2 (A5)

'f _ z d;)aC,n |f On
C, —_ YV, -
o nTp€dp dpt-Ppl Pa
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When dp is known,

Ly

CBE,1

2/a
() =exp (—n/\Dc (a) dr (PD> s “)
BE,2 pB

Ly,
p 2/a
Cdz—nc(a)dBc()t +Ap <pD> ),

B

(s) = exp( —nAgc (a) dBCsz/“),

(A.6)

LT (S) = LTCBF,1 (5) LTCB

Cgr

. (s) = exp (Cdzsz/“) .

Let the signal power S = |qgou|* and the complementary
cumulative distribution function (CCDF) of S is given by

N-1 _k

_ t
Fg()=e') —.
k

2 (A7)

The probability density function (PDF) of the distance dp is
given by

Jay. (r) = 2mAgr exp (—ﬂABrz) . (A.8)
CUE success probability in BF strategy can be derived as

Pyyec,, (Bc) = Ea,, [P (SIRCBF > e | dBC)”S:;;C

= LOOP(SIRCBF > Be | dpc) fa, () dr

_ JOO p {Psra |‘loo“o|2
0 I,

B Jo Jo Fs, (<) chBF (t) fa,. (r)dtdr

> ﬁc} deC (r)dr

s=Pc
(A9)

In the following, we will calculate the double integral
L L F (s1) fr, () fa,, () dtdr

=J j fstz(St) fIc (t)dtdec () dr
- Jo £ P {tkffcsp (t>} (5) fa,. (r)dr

T
(_S)k G ©

dsk

o N-1 | d*Li_ (s)
_ J 1 fu () dr,

where step (a) is achieved by utilizing the property of Laplace
transform

" f (t) — (-1)" 1(s). (A1D)
Let C:iz = -nc(a)(Ag + /\D(pD/pB)Z/“) and Q(s,k) =
d*L . (9 ds*. Employing the nth derivation of the compos-

ite function and after some algebra, we can obtain Q(s, k) as
(10]

Q(s,k)
dLTC (s)
R
exp (—Cdzs /“) , k=0
= 1\K k Bk .
(1) ot $ oy, o0
" (A12)

Substituting (A.12) into (A.10) and settinga = 4 and s =
yield the desired CUE success probability:

Psiec,Pc = Eay [P (SIRCBF > B | dBC)]

= J;O P (SIRCBF > ﬁc | dBC) dec (7") dr

oo N-1 1 i
- L Y 5 (9°QsK) fu,, () dr

k=0 """

= JOO 2mA pr exp (— (Cfizsz/“ + m\B) r2) dr
0

o (_1\k
+L (k) ZHABrexp( (C;zsz/“+ﬂ)\3)r2)

& ﬁf 1 2/a\] 2j
3 27 (Clps™e) rPdr
k=1 j=1J°

JOO 27\ gr exp (—Aorz) dr
0

( —Ayr ) 1 ar

where A, and AI;. are denoted in (9) and (10).
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B. Proof of Theorem 2

(1) Derivation of average rate of CUE is as follows:

E[log(1+&)]

= L Eflog(1+&) | dgc] fa,. (r)dr
(B.1)

_ ro ro St (VK (2 Q =k,
0 z=0

TIA g7
1+z B

- exp (—nABrZ) dzdr.
(2) Derivation of average rate of DUE is as follows:

Rp, = E[log(1+p,,)]

J'OO 1-F; (z)d

=0 1+2z

Zz

(B.2)
~ JOO exp (_CdIZZ/a)dZ
- 2=0 1+z

= A(Cdl)'

C. Proof of Theorem 3

(1) Derivation of DUE success probability Py, p,, (Bp) is as
follows.

The signal to interference ratio SIR,
in 1. Ip,,
denotes the interference from DUEs; Ip, -
simple transform of I, and I,
signal power, respectively:

. in Rpy is denoted
denotes the interference from BSs. Ip

and T, Dy, AT€
. DY d1v1d1ng the desired

a 2
= dDD,n |h0n |
Deyg, d-a
1T, €4p\{Tpo} DD

>

(C1)
= BDn |g0n“ I

D,
o n:Ig, €dp\{Tgo } DDPD/pB

The success transmission probability of DUE is

PSuc,DPZF (ﬁD)

= P(SIRDPZF > Bp)

h 2
()
= E[exp (-Bp (To,ye, + Ipyes))]

(ﬁD) LTDPZRZ (IBD) :

(C2)

- LIDPZF
Equation (C.2) follows from |hy,|* ~ exp(1) as [1,10]. T, Doy =

T, Doy + I, Doger? LTDpzm (Bp) is the Laplace transform of the
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interference from other D2D transmitters, and Ly

Dpyzg2 (ﬂD) is

the Laplace transform of the interference from BS transmit-
ters. Consider

L~

IDPZF 1

(s)

s=Pp
( Apc (a) dDDsz/“)

s=Pp

_ _ 2/a
= exp( Ap —smc(Z/a) (.BD) dDD)

_ PB —-a ) :|
= exp| —s r W
[ P ( dppPp

©0 1
— exp -27) j -
eXp{ ), ( 1+ sppds, pr)

2- aPBda

=)

2
= exp{———mAyr
exp{ a_ 27'[ B'D

2.2 Ppoa -
'2F1(1’1__;2__' —dpp, Da>}

a a pD
(C.3)

where W = |g,,u,|*, ,F,(-) is Gause hypergeometry function
[1]. Substituting (C.3) into (C.2) yields the desired result in
(23).

(2) Derivation of CUE success probability Py, ¢, (Bc) is
as follows.

The typical CUE signal power is |qoouol* ~ x*(2(N —
L)) with PZF strategy, and the typical CUE signal power
Iqootel* ~ x*(2N) with BF strategy. There is only difference
in degree of freedom in two strategies. So we change the N in
(7) into N — L; then we get (24).
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