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Abstract—Millimeter wave communication is a promising con-
cept for the fifth generation (5G) of cellular wireless networks
due to the large available bandwidth while device to device
(D2D) communication among nearby devices which saves net-
work resources is also gaining attention. As such, D2D net-
works underlaying millimeter wave cellular systems hold massive
potential. However, the performance of such a D2D network
incorporating spatial randomness and power control has not yet
been characterized. To fill this knowledge gap, we develop a
comprehensive analysis of the performance of a D2D receiver.
To this end, we model cellular transmitters and receivers as
homogeneous Poisson point processes and the D2D network as
a Matern cluster process, and incorporate blockages due to
random objects, sectored antenna patterns, log-distance path
loss, and Nakagami-m fading. Furthermore, we consider path
loss and antenna gain inversion based power control, and peak
power constraints for D2D devices along with distinct path loss
exponents and fading severities for line-of-sight and non-line-
of-sight scenarios. With the aid of stochastic geometry tools, we
derive closed-form expressions of the moment generating function
of the aggregate interference experienced by a D2D receiver and
its outage probability. We finally show that the feasibility of
millimeter wave D2D communication relies heavily on the D2D
cluster radii, peak power thresholds, and node densities.

Index Terms—Millimeter wave networks, D2D networks,
Stochastic geometry, aggregate interference

I. INTRODUCTION

Due to the scarcity of unallocated spectrum within the
conventional microwave bands, millimeter wave communi-
cation in the 30 — 300 GHz band has emerged as one of
the most promising technologies for the fifth generation (5G)
of cellular communication [1], [2]. The high bandwidth and
sparse existing usage make millimeter wave communication
highly attractive. Furthermore, the reduced antenna sizes at
these frequencies enable a large number of antenna elements
within a small space, and thus provide exciting prospects
for other candidate technologies such as massive multiple-
input multiple-output (MIMO). This in turn will potentially
reduce out of cell interference, and provide beamforming gains
for the desired links. Moreover, standardization has already
occurred under IEEE 802.15.3c and IEEE 802.11ad for the
60 GHz band [3]. However, high path loss, the sensitivity
to blockages, atmospheric absorption, and high noise powers
provide significant challenges to successfully incorporating
millimeter wave frequencies.

On another note, device-to-device (D2D) networks un-
derlaying the cellular network enable transmissions between
neighbouring devices for certain applications which saves
transmission power and network resources [4]. When certain
services require local access for high rate services, direct

communication between the users instead of using the cel-
lular network is the most efficient solution [5]. Moreover,
a D2D transmission can become a relay link for cell-edge
users to connect with a base station. Thus, enabling D2D
communications has also been a cornerstone for 5G research
[6], and integrating millimeter wave with D2D networking is
an exciting prospect [5]. However, underlaying D2D onto a
cellular network provides challenges with respect to interfer-
ence management, and the peculiarities of the millimeter wave
channel exemplify the challenge regarding coverage.

A. Related Work

Research on millimeter wave cellular networks has received
significant attention in the recent years. Reference [7] consid-
ers the possibility of base station downlink co-operation to
reduce the outage probability, and concludes that co-operation
significantly improves the performance in dense networks
without small scale fading. However, the authors show that the
performance improvement is minimal in less dense networks
with Rayleigh fading. A general framework to evaluate the
coverage and rate in millimeter wave networks is proposed in
[3], [8], and the case of dense networks is investigated further
in [3] where the line of sight region is approximated with
a ball. It is concluded that dense networks achieve similar
coverage and significantly higher data rates with respect to
conventional cellular networks. In contrast, [8] proposes a
mathematical framework which accounts for the interference
from other cells in ultra-dense deployments.

The research on millimeter wave networks has also in-
corporated D2D networks. Reference [9] considers stochastic
geometry to analyze wearable D2D networks within a finite
region, and concludes that millimeter wave frequencies pro-
vide significant throughput gain even with omni-directional
antennas. Furthermore [10] proposes an efficient scheduling
scheme for millimeter wave small cells while exploiting D2D
links for efficiency while [11] studies the spatial heterogeneity
of outdoor users via the coefficient of variation. Moreover,
[12] proposes a resource allocation scheme for underlaid D2D
networks within the E-band, and shows that the proposed
solution increases throughput while reducing interference.

B. Motivation and Contribution

In this work, we aim to characterize the outage performance
of a D2D network underlaid upon a millimeter wave cellular
network. While millimeter wave frequencies will present lower
interference due to directionality, there would be degradation



to the desired signal due to blockages. Moreover, how log-
distance path loss and peak power constraints affect the per-
formance under millimeter wave frequencies are open issues.
In addition, ubiquitous networks are increasingly irregular. As
such, stochastic models incorporating spatial randomness need
to be taken into account.

In this work, we model the cellular base stations and users
as independent homogeneous Poisson point processes and the
D2D network as a Matern cluster process in R? to incorporate
spatial randomness. A simplified Boolean blockage model
is assumed, and line-of-sight (LOS) and non-line-of-sight
(NLOS) conditions are modelled separately with different log-
distance path loss exponents and Nakagami fading parameters.
Moreover, directional antenna patterns are assumed for all
devices, and antenna alignment takes place before any data
transmission attempt. Each cellular user is assumed to connect
to its nearest base station while a D2D receiver connects with
the transmitter corresponding to the cluster head. We assume
a path loss and antenna gain inversion based power control
model where the D2D network is also peak power constrained.

Our main contributions of this paper are listed below:

o The moment generating function (MGF) of the interfer-
ence to a D2D receiver from other D2D transmitters and
cellular base stations is derived using stochastic geometry
based tools. More precisely, the Mapping and Marking
theorems relating to Poisson point processes are used
to transform the process of interfering base stations into
an equivalent inhomogeneous process which incorporates
blockage, antenna gains, transmit power, fading, and path
loss variations.

« The outage performance of a D2D receiver is derived in
closed-form while taking into account the constraints due
to peak power constraints and random blockages.

Notations: I'(z,a) = [t le~'dt and I'(z) = I'(z,0)

[13]. Pr[A] is the probability of event A, fx(:) is the
probability density function (PDF), Fx(-) is the cumulative
distribution function (CDF), Mx(-) is the MGF, M )((k)()
is the k-th derivative of the MGF, and Ex|[-] denotes the
expectation over random variable X.

II. SYSTEM MODEL AND ASSUMPTIONS

This section introduces the system parameters and models
used throughout the rest of the paper.

A. Spatial Distribution and Blockages

We consider four separate types of nodes: 1) cellular base
stations, 2) cellular users, 3) D2D transmitters, and 4) D2D
receivers. While the D2D transmitters/receivers in principle
can also be cellular users, we differentiate them in this research
for the ease of analysis. The cellular base stations and users
are modelled as two independent, stationary homogeneous
Poisson point processes in R2?. The homogeneous Poisson
point process has been used widely in literature to model
wireless nodes, and has been shown to be an extremely
accurate model [14], [15]. With a homogeneous Poisson point

process, the number of nodes within any given area .4 is given
by [16]
AA)"

Pr[N(A) = n] = == e M, (1)

where ) is the average node density per unit area. Due to
the homogeneity, A is constant and location independent. As
such, the processes of cellular base stations and users are
respectively denoted as ®.; and ®. ,, having densities of A.
and ., respectively.

The D2D network is modelled as a Matern cluster process
[17]. Within a Matern cluster process, multiple clusters exist in
R? where the cluster centers are distributed as a homogeneous
Poisson point process and each cluster center is encircled by
a daughter process existing within a ball of radius R from
it'. The daughter processes are homogeneous within their
respective annular regions and independent of each other. In
our case the cluster centers having a density of A\;; model the
D2D transmitters and the daughter nodes having a density of
Aa,» model the D2D receivers?.

An important factor to consider in millimeter wave networks
is the signal blockage from random objects which significantly
impacts the received signal characteristics. We will model the
blockages stochastically using a rectangular Boolean scheme
[18], and the blockages are assumed to be stationary and
isotropic. With these assumptions, the probability of a link of
length » with no blockage (LOS link) is given by e, where
[ is a constant relating to the size and density of the blockages.
Similarly, the probability of a NLOS link is given by 1—e 77,
It is readily observed that a link is more susceptible to
blockage as its length increases. Moreover, for mathematical
tractability, we assume that the effect of blockage on different
links is independent. Note that the different types of nodes
have a chance of falling within the environs of a blocking
object. However, although we omit such a scenario, it can
be readily incorporated to our analysis through independently
thinning the different processes of nodes [3].

B. Channel Model and Antenna Pattern

The cellular system is assumed to employ universal fre-
quency reuse, and the same set of cellular frequencies are also
used by D2D users. For mathematical tractability, we assume
that the channel gains are independent of the underlying spatial
process of nodes. We consider path loss and small scale
fading for all the links. However, the parameters of these vary
depending on the LOS or NLOS nature of the link.

From the model [19], we write the general path loss for a
millimeter wave link of distance r as PL(r) = c,r®s, where
s € {L,N}, and L, N correspond to LOS and NLOS links.
The parameter a is the path loss exponent while c; is the

INote that this system model is analogous to a homogeneous Poisson point
process of D2D receivers where the transmitters only select a receiver within
a given radius.

2We assume that each daughter process has the same constant density.



intercept. The small fading is assumed to be Nakagami. Thus,
the channel power gain (|h,|?) is distributed as [20], [21]

mits

S pMeTleT e () < g < 00,0.5 < m < 00,

Jing2(x) = T
(ms) )

where the Nakagami parameter ms(s € {L, N}) is an indi-
cator of fading severity where my — oo indicates no fading
while m, = 1 indicates Rayleigh fading. As LOS links would
have very few scatterers in millimeter wave frequencies, myp,
would tend to be higher while the NLOS parameter m  would
be lower.

Under millimeter wave frequencies, large numbers of an-
tenna elements can be packed within a small area which en-
ables directional beamforming. All different types of nodes are
assumed to be capable of performing directional beamforming.
Moreover, the antenna patterns of cellular users and D2D
transmitters/receivers are assumed to be similar while cellular
base stations have a different pattern. To keep the analysis
concise, we consider a sectored antenna model [22] where the
antenna gain pattern is divided into discrete regions based on
the angle off the boresight direction. Thus, the antenna gain
(G (* € {cb,u}) where cb and u respectively denote cellular
base stations and all other types of nodes) can be expressed

as follows:
_ M0 <5
G = {m* , otherwise ’ @)

where w, is the antenna beamwidth, 6 is the angle off the
boresight direction, M, is the main lobe gain, and m, is the
gain from the side and back lobes. While this gain pattern
can be generalized for different side and back lobe gains, and
angle dependent main lobe gains, we defer it for future work.

The transmitters and receivers in both cellular and D2D
networks perform a beam sweeping process initially in order
to estimate the angle of arrival, and we assume that perfect
estimation takes place. As such, the combined antenna gains
of intended cellular and D2D links are MM, and M, M,
respectively. The gains of all other links vary randomly de-
pending on the angle off boresight.

C. User Association and Power Control

For the cellular network, each user associates with its closest
base station. While other association schemes such as highest
received power association may be more favourable, they
come at the cost of added complexity and processing power.
Moreover, the closest base station is the least likely to suffer
from blockages, and thus the most likely to provide the best
received signal power. Furthermore, we assume that there only
exists at most a single associated user for each base station
within a given time-frequency block. Under these assumptions,
if the distance between the i-th cellular base station d)f:, p € Pep
and its associated receiver (bf:,u € ¢, is 7, it has a Rayleigh
distribution given by [23]

fr.(x) = 27r)\c7bace_“)‘c’bx2,0 <z < oo. 4)

In the D2D network, each receiver associates with the corre-
sponding transmitter within its cluster. If this distance is r424,
its distribution can be expressed as [23]

frdz,d(:c):% 0<z<R. 5)

2

Both cellular and D2D transmitters employ power control
which inverts path loss and antenna gains. If Pr is the
transmit power, the transmit power to a receiver at distance
r can be expressed as Pr = ﬁf[’;[:, where s € {L,N},
x € {cb,u}, and p is the receiver sensitivity. While we
assume that that both cellular and D2D receivers have the same
sensitivity, different sensitivities can be readily incorporated.
Furthermore, we assume that the D2D transmitters are peak
power constrained. As such, a D2D transmitter will abort
whenever Pr > Pgyy where Pyo, is the maximum allowable
transmit power. The cellular base stations are not assumed to
be peak power constrained as they are part of the network
infrastructure.

III. OUTAGE PERFORMANCE

We consider a typical D2D receiver located at a distance of
rq24 from its respective transmitter. Without the loss of gen-
erality, we consider that this receiver is located at the origin.
The outage probability (Pp) is defined as Po = Pr[y < 4],
where -y is the signal to interference and noise ratio (SINR) at
the D2D receiver while 4, is the SINR reception threshold
of the receiver. The SINR can be written as
_ ]DS'hS‘zMZC;lTJQ?iS (6)

7= I.+1Ipg+N
where Ps is the transmit power, I. is the interference from
cellular base stations, 49,4 is the interference from other D2D
transmitters, and N is the noise power. It is clearly seen that ~y
varies with the LOS and NLOS nature of the link. Therefore,
we can separate the LOS and NLOS cases and express Po as

Po =E[a;Po,1, + anPo,N]

- 2;;%; (1-ePR(BR+1))

+ Po.n (1 — ﬁ (1—e PR(BR+ 1))) NG))

where a; = e~P742¢ is the probability of the link being LOS,
ay = 1 — e~ Pre2d is the probability of the link being NLOS,
while Pp 1, and Pp y are respectively the outages given LOS
and NLOS links.

1) Deriving Po 1: When a LOS link exists between the
D2D transmitter and receiver given a certain 7494, We can
express Po 1, as

Pplhy P MZep r i
I+ Igq + N

Po, =Pr { < Vth| - (3

The transmit power Py, is given by

ar, ar,
pPCLT pPCLT
Py, { it s Tt < Paza

0 , otherwise

©))



ar,
Let 77, be the probability that P, = 27424 Thus, we can
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Now, getting back to the objective of deriving Po,1,, we can
express (8) for integer m; as
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IV. INTERFERENCE CHARACTERISTICS

In this section, we derive the MGFs of the interference
from both cellular and other D2D transmitters M;, and M7, .
For both cellular and D2D networks, we assume that all
transmitters/base stations are actively engaged in transmission.
This assumption is valid since they have a significantly lower
spatial density compared to the relevant receivers. Moreover,
independent thinning can be easily used to remove non-active
base stations/transmitters.

A. Interference from Cellular Transmitters

The interference from transmitting cellular base stations 1.
can be divided into two separate terms composed of LOS and
NLOS cellular base stations using the thinning property [24].
If I. 7 and I,y denote these two terms, I. = I, + I, n.
Moreover, My, = M, M, , due to the independence of
thinned Poisson point processes [24].

1) Deriving My, : In order to derive My , we first
transform the process of interfering LOS base stations to an
equivalent inhomogeneous Poisson point process which incor-
porates the path loss exponent, antenna gains, transmit power,
and fading. Let r be the distance from the ¢-th cellular base
station d)i’b to the considered D2D receiver. While the field
of cellular base stations @ exists in R? as a homogeneous
Poisson point process, it can be mapped to an equivalent 1-D
inhomogeneous Poisson point process [24] with density /N\C’b
where

Aeb = 2T\ p7, 0 < 7 < 00. (16)

The cellular base station d)f:) p s LOS from the D2D receiver
with a probability of e~#". While this probability depends on
r, it is independent from the positions of other cellular base
stations. As such, the Colouring Theorem [24] can be used to
perform independent thinning of ®.; to obtain the process of
LOS cellular base stations as an inhomogeneous Poisson point
process with density A.pr = e 7" Aoy = 21\ pePTr.

Using the Mapping Theorem further [24], this thinned 1-D
Poisson process can be mapped to an equivalent 1-D Poisson
process in terms of interference statistics where the path loss
exponent is 1 [25]. The density of the resultant process j\c,b I
is given by

1

o5 2 _
S 271’)\6_’1,67*37“% reLn
Aepl =

,0 < r < oo. a7

ar
Next, we go one step further and incorporate the transmit
power of ¢/ ,, the antenna gains of ¢, , and the D2D receiver,
and the fading between ¢f3’b and the D2D receiver to the
process of LOS cellular base stations [25]. Thus, the resultant
process has a density ).z, which can be expressed as

Aewl =Ep, GoGulher|? |:PCL|th|25\c,bL(PcLGchu|th|2T)]

2 1 o L \k
_ 27TAC7bTuL (—ﬂ’l"aL) ;
T A, > k!
k=0
2+k 2+k 2+k 24k
<[ e[ oo el ).

where P.p, is the transmit power of the base station ¢é7b, Gep
is the gain of gbc p»» G is the gain of the D2D receiver, and
|her|? is the small scale fading channel gain between ¢! , and
the D2D receiver. l

In order to evaluate (18), the distribution of P.j, is required,
which in turn depends on whether the associated cellular
user to gbé’b is within LOS or not. The associated receiver

. w15 LOS to ¢!, with probability e~#", and NLOS with
probability 1 — e~#7<, where r, is the distance between qu:,u
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and ¢, ,. These probabilities are independent from whether 1) Deriving My,,, ,: While the derivation of My,,,  is

(bf:’b and the D2D receiver are LOS or not. Thus, P,.;, can be
expressed as follows:

- , ,
p R > P and &, are LOS (19)
cL — Ry 7 7 .
8 de, and ¢, are NLOS
. : :

M
After substituting E;, , |2 [(|th| )L ] and Ep_, {PCZL ]

to (18), we obtain the final expression for XQbL as

5\c,bL = Z

k=0

2+k

27T>\Cyb(fﬂ)k7"ﬁ_
OéLk!

U.r,0 <7 <oo, (20)

where U, 1, is given in (14).

We now return to our origin objective of deriving M;, , =
E[e~*!=L]. Due to the mapping, the interference power from
a single cellular base station ¢27b within the resultant process
reduces to (cpr)~!. Note that the path loss exponent has
reduced to 1 while the gains, fading, and transmit powers are
absent. Thus, using the Campbell’s Theorem [24], My, , is
expressed as

oo _s(ec -1
= e(f() (e wenn

27 Ag , (—B)F
ap Rl

MIC,L 71)Xc,deT>

24k

s\ ar 72+k>
() "o o (=5 Ve,

 Using similar arguments as with the

e>F=o @1

2) Deriving My,

derivation of My, ,, My, , ca be written as
C2map, (BF % 24k
My, oo~ (o) TV T (- Ve (22)

where U, y is given in (15).

B. Interference from other D2D transmitters

The interference from other D2D transmitters on the D2D
receiver in question can be decomposed into LOS (I424,7,) and
NLOS (I424,~) components with Igoq = I24,1, + L4245 and
MIdzd = MIdZd,LMIdZd,N'

similar to My, , and My, ,, a complication arises while
obtaining the 2t%-th moment of the transmit power of a
D2D transmitter (Pyz). If r4 is the distance from 2 D2D

°LT0 ~ with

transmitter to the associated receiver, Py, takes 2 M2

probability e =A7arp, CJJVW with probability (1 —e=574)7y,

and 0 with probability e =774 (1—77)+(1—e~#74)(1—7y) after

considering blockages and peak power constraints. Moreover,

while 77, (10) and 75 (13) can take multiple combinations as

evident from theilr1 expressions, we consider the case where

Pyaq M2 ) an (Pdngﬁ ) oL
’ pcr

PCN
After using the Slivnyak’s theorem [24] to remove the
desired transmitter from the field of interferers, My,,, , is
expressed as

max (( > < R for this paper.

ZwAd‘t(*ﬁ)k s 20<+Lk1_‘
o k! cr

where Uy 1, is given in (25).
2) Deriving Mj,,, : The expression for My,,, . is ob-
tained as

2o

My, =e E)0ar (23
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V. NUMERICAL RESULTS

oo 24k
M0y = 62&:1 N )Ud’N- (24)

We next present performance trends of millimeter wave
D2D networks for several system parameter configurations.
The details of the simulation setup are as follows. A 100MHz
bandwidth is considered (with a resultant noise power of
—94dBm) in the 28 GHz band along with intercepts cL =
c¢N = 105, and path loss exponents oy, = 2.1 and a = 4.1.
Moreover, Acp, = 1074, 0, = 6, = {5, M. = 20dB,
me =m, = —10dB, p = —80dBm, and 5 = 0.001.

Fig. 1 plots the outage probability with respect to the SINR
threshold ~;,. It is clearly seen that D2D operation is infeasible
when v, > 20dB. For millimeter wave D2D networks, four
major factors affect the overall outage of a D2D receiver:
interference from cellular base stations, interference from other
D2D transmitters, thermal noise due to the high bandwidth,
and the outage due to the associated transmitter being cut-
off due to the peak power constraint. When M, = 10dB,
increasing the cluster radius R generally increases the outage

52
"2 amx,

) (15)
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probability. This is due to two reasons. First, a higher radius
causes other D2D transmitters to transmit at a higher power
level, increasing interference. This effect is amplified due to
the fact that the probability of a NLOS link increases with the
cell radius. Second, as the cell radius increases, the desired
link itself has an increased tendency to be NLOS, resulting in
more severe fading and being cut-off due to the required power
exceeding the peak power threshold. However, when M, is
increased to 20dB, the trend is unclear. As R is increased,
the outage roughly drops and then increases again. This is
due to two competing effects occurring for a M,, value; the
desired link would have a lower probability to get cut-off
due to the lower transmit power needed, and the intra-D2D
interference increases because a lesser number of interfering
D2D transmitters get cut-off. At a certain radius, the effect
of the latter outweighs the former, and the outage increases.
Moreover, it is important to note that the R and M, pair
providing the best performance also depends on the specific
SINR threshold ;.

The outage probability is plotted against the D2D trans-
mitter density A\; in Fig. 2. While a higher \;; causes the
outage to approach 1 due to intra-D2D interference, reducing
Ad,¢ causes the outage to first drop abruptly, and then flatten
out towards a value determined by noise and inter-network
interference. Interestingly, note that the outage probability
increases when my, is increased from 2 to 4. While this may
seem counter-intuitive, this phenomenon occurs due to the
intra-D2D interference being less severely faded. However, the
change in the outage when my changes is negligible, and the
curves for my = 1 and my = 2 almost overlap. Moreover,
it’s interesting to note that while a lower Pgo4 provides a
lower outage at very low A4, values, the converse is true
when )y, increases. As Pjaq is lower, more D2D transmitters
requiring additional power to transmit due to the increased
radius get cut-off; thus reducing interference. However, under
this scenario, the desired link also has an increased cut-off
probability, which becomes more prominent when Ay, is
high. This is because for high Ag., its contribution to the
interference outweighs the interference reduction caused by a
lower Pgog.

We investigate the effect of the peak D2D transmit power
Pjsq on the outage in Fig. 3. While P;o; increases, the
outage first drops, and then approaches 1. As such, there is an

optimum P54 which gives the best performance. Furthermore,
it is observed that a change in the receiver sensitivity p
does not significantly change the performance characteristics
except shifting the location of the minimum outage; a higher p
provides the best performance at a higher P;54 and vice-versa.
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Fig. 1: The outage probability (Pp) vs. 7y, in dB for different
D2D cell radii (R) and M,,. gy = 1074 mp =4, my = 2,
and Pyyy = —10dBm.

VI. CONCLUSION

The performance of a random D2D network underlaying
a millimeter wave cellular network was characterized within
this paper. Homogeneous Poisson processes were considered
for the cellular base stations and users while a Matern cluster
process was considered for the D2D network nodes. Sec-
tored antenna patterns and random blockages were considered
alongside different path loss exponents and Nakagami fading
indexes depending on the LOS or NLOS nature of a link. The
cellular users were assumed to connect with their closest base
station while D2D receivers within a cluster connect with the
transmitter represented by the cluster head. Moreover, path
loss and antenna gain inversion based power control, varying
upon the LOS or NLOS nature is employed by both networks
while D2D transmitters are also peak power constrained. The
MGFs of interference to a D2D receiver device from the
cellular base stations and other D2D transmitters are derived in
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