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Abstract— Device-to-device (D2D) networks underlaying a
millimeter-wave cellular network have great potential for capacity
growth. Thus, it is important to characterize the outage of such a
D2D link incorporating millimeter-wave propagation effects, user
association rules, power control, and spatial randomness. To this
end, we model the locations of cellular transmitters and receivers
as homogeneous Poisson point processes and those of the D2D
nodes as a Matérn cluster process, and incorporate blockages due
to random objects, sectored antenna patterns, log-distance path
loss, and Nakagami-m fading. Furthermore, we consider antenna
gain inversion-based power control, and peak power constraints
for D2D devices along with distinct path loss exponents and
distinct fading severities for line-of-sight (LOS) and non-LOS
scenarios. With the aid of stochastic geometry tools, we derive
closed-form expressions of the moment generating function of the
aggregate interference on a D2D receiver node and its outage
probability for two transmitter-receiver association schemes—
nearest association and LOS association. We finally show that the
feasibility of millimeter-wave D2D communication relies heavily
on the D2D cluster radii, peak power thresholds, and node
densities. Furthermore, these parameters affect the performance
of the desired link more than the interference and noise.

Index Terms— Millimeter wave networks, D2D networks,
stochastic geometry, aggregate interference.

I. INTRODUCTION

HE FIFTH GENERATION (5G) of cellular standards

promises high capacity and data rates, low latency (typ-
ically 1ms or less), and native support for large machine
type communications to deal with the ever increasing demand
for wireless services [2]. However, because unallocated
conventional microwave bands are scarce, millimeter wave
(30-300 GHz) communication has emerged as a promising 5G
technology [3]-[7]. The high bandwidth and sparse existing
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usage are highly attractive advantages. Furthermore, at these
frequencies, a large number of antenna elements can be com-
pressed within a small space, which enables massive multiple-
input multiple-output (MIMO). Such antenna configurations
in turn will potentially reduce out of cell interference, and
provide beamforming gains for the desired links. Moreover,
millimeter wave standards include IEEE 802.15.3c and IEEE
802.11ad for the 60 GHz band [8]. However, millimeter
wave signal propagation is fundamentally different from that
in traditional microwave frequencies [9]. Thus, the common
adverse effects are high path loss, the sensitivity to blockages,
atmospheric absorption, and high noise powers, which will
provide significant challenges in utilizing millimeter wave
frequencies. For example, the path loss at 60 GHz is 35.6dB
higher than at traditional 1GHz [10]. Moreover, due to
the blockage effects, even the movement of a small object
between the transmitter and receiver could cause significant
performance losses. Thus, careful design and consideration is
required to ensure millimeter wave networks can truly fulfill
their potential.

On the other hand, device-to-device (D2D) networks under-
laying the cellular networks enable transmissions among close
proximity devices for certain applications which saves transmit
power and network resources [11]. For example, to provide
local access for high rate services, the D2D mode may
be the most efficient solution than cellular [12]. Moreover,
D2D may act as a relaying service for cell-edge users to
connect with a base station in order to improve their signal
quality. Thus, enabling D2D mode has also been a key 5G
research topic [13], [14], and integrating millimeter wave with
D2D is an exciting prospect [12]. However, underlaying D2D
below a cellular network provides interference management
challenges [15], [16], and the peculiarities of the millimeter
wave channel exemplify the challenge of coverage provision.
Thus, characterizing the performance of D2D underlaying
millimeter-wave cellular is highly important for 5G wireless,
and this problem is our main focus within this paper.

A. Related Work

Millimeter-wave cellular research has been extensive
recently, mostly utilizing the tools and models from stochastic
geometry (study of random point patterns focusing on the
theory of spatial point processes). For example, the base
station downlink co-operation reduces outage and signifi-
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cantly improves the performance in dense networks without
small-scale fading [17]. However, for less dense deployment
of base stations and for Rayleigh fading, this work also shows
that the performance improvement of cooperation is minimal.
A general framework for coverage and rate evaluation in
millimeter wave networks is proposed in [8] and [18], and
dense networks are investigated further in [8] where the
line-of-sight region is approximated with a ball. They are
found to achieve similar coverage and significantly higher data
rates than conventional cellular networks. In contrast, [18]
proposes a mathematical framework for the inter-cell inter-
ference in ultra-dense deployments. Reference [19] proposes
Poisson point process (PPP) based approximations to char-
acterize interference in dynamic time division duplexing and
unsynchronized backhaul access. Furthermore, [20] investi-
gates wireless power transfer in a stochastic millimeter wave
network by deriving the moment generating function (MGF)
and cumulants of the aggregate received power at a typical
receiver, while [21] proposes an intensity matching approach
for simplified performance results under stochastic models.
Reference [22] presents a tractable model for power bea-
con assisted ad-hoc millimeter wave networks, and provides
insights on how system design parameters affect the coverage.

The millimeter wave research has also incorporated D2D
networks. For example, [23] analyzes wearable D2D networks
within a finite region, and concludes that millimeter bands pro-
vide significant throughput gains even with omni-directional
antennas. Furthermore [24] proposes an efficient scheduling
scheme for millimeter-wave small cells while exploiting D2D
links for efficiency. And [25] studies the spatial heterogene-
ity of outdoor users via the coefficient of variation. The
performance of D2D millimeter wave networks is analyzed
using the Poisson bipolar model [13]. The meta distribution
and approximate signal-to-interference and noise ratio (SINR)
are derived along with the mean delay and spatial outage.
Moreover, D2D relaying has been proposed to counteract
blockages in [26]. The authors develop a model for the
downlink coverage probability accounting for beamforming
gains, and show that the coverage significantly improves with
the use of 2-hop relays. Moreover, [27] proposes a resource
allocation scheme for underlaid E-band (60 GHz to 90 GHz)
D2D networks and shows that the proposed scheme increases
throughput while reducing interference.

B. Motivation and Contribution

In this work, we investigate a D2D network underlaid
on a millimeter wave cellular network and characterize the
D2D outage. The outage is perhaps the most fundamental and
common performance measure of wireless networks, which
is simply the probability that SINR falls below the threshold
level necessary for guaranteed quality of service. However,
D2D outage analysis is complicated due to several factors.
First, we need the distribution of the ratio of signal power
to interference power. Although the latter is less due to the
directionality of the millimeter wave signals, the desired sig-
nal power depends on blockages and fading, which are random
factors. Second, the received signal powers also depend on log-

distance path loss and peak transmit power constraints. Finally,
the locations of the users rapidly change due to the mobility of
the users, and the locations base stations are also increasingly
irregular due to the growth of heterogeneous cellular networks.
Consequently, spatial randomness inherent in the overall net-
work is increasing. To accurately identify all these effects,
outage analysis must consider stochastic models incorporating
spatial randomness.

To this end, we model the locations of the cellular base sta-
tions and users as independent homogeneous PPPs [28] and the
D2D nodes as a Matérn cluster process in R?. A Matérn cluster
process is an isotropic, stationary Poisson cluster process
which consists of parent and offspring points. The latter are
located around the parent points and are independently and
identically distributed (i.i.d.). Thus, the offspring points are
uniformly distributed in a circle centered at each parent.
A simplified Boolean blockage model is assumed, and line-
of-sight (LOS) and non-line-of-sight (NLOS) conditions are
modeled with different log-distance path loss exponents and
Nakagami-m parameters. Moreover, we assume directional
antenna patterns and perfect antenna beam alignment. These
assumptions are standard in the literature. We consider two
transmitter-receiver association schemes: (i) each cellular user
connects to its nearest base station while a D2D transmitter
connects with a random receiver within its cluster (equiva-
lently, each D2D receiver associates with its respective cluster
head), (ii) each cellular user connects to the closest LOS base
station while a D2D transmitter connects with a random LOS
receiver within its cluster. We assume a path loss and antenna
gain inversion based power control model where the D2D
network is also peak power constrained.

Our main analysis focuses on a D2D link consisting of a
D2D transmitter node and a D2D receiver node. Our main
contributions of this paper are listed below:

1) we derive the MGF of the interference on the D2D
receiver from other D2D transmitters and cellular base
stations using stochastic geometry based tools for the
nearest association scheme. More precisely, we use the
Mapping and Marking theorems relating to Poisson
point processes 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.

2) we derive the D2D link outage in closed-form for
integer Nakagami-m parameters while considering both
the peak power constraints and random blockages for
nearest association.

3) we derive D2D link outage and the MGFs of the inter-
ference for the LOS association scheme. The distance
distributions from the base stations to the users are
derived as auxiliary results.

Apart from the outage, the area spectral efficiency [21]
and average rate also help to assess system performance and
gain valuable insights. However, for the scope of this paper,
we focus on the outage, and leave those other performance
metrics for future work.

Notations: T'(z,a) = [t le7'dt and D(z) =
I'(x,0) [29]. Pr[A] is probability of event A, fx () is
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Fig. 1. System model comprises of cellular base stations and D2D clusters

in R2. The blue crosses, black circles and red squares represent the cellular
base stations, D2D transmitters. D2D receivers, respectively. Broken arrows
and solid arrow represent interference links and desired link, respectively.

probability density function (PDF), Flx (-) is cumulative
distribution function (CDF), Mx (-) is the MGF, M (-) is the
k-th derivative of the MGF, and Ex [-] denotes the expectation
over X.

II. SYSTEM MODEL AND ASSUMPTIONS

This section introduces the system parameters and models
used throughout 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 for the ease
of analysis. The locations of the cellular base stations and users
are modeled as two independent, stationary homogeneous
PPPs in R? (Fig. 1). The homogeneous PPP has been used
widely in the literature to model wireless nodes, and has been
shown to be an extremely accurate model [30], [31]. With
a homogeneous PPP, the number of nodes within any given
area |A| is given by [32]

Pu{V () = ) = BIELE o m

where \ is the average node density per unit area. Due to the
homogeneity, A is constant and location independent. As such,
the cellular-base-station and user processes are respectively
denoted as ®.; and ®., with spatial densities A.; and A. ,,
respectively.

The D2D network is modelled as a Matérn cluster
process [33]. Within a Matérn 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

'Note 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.
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within their respective annular regions and independent of each
other. In our case the cluster centers having a density of Ay ¢
model the D2D transmitters and the daughter nodes having a
density of A4, model the D2D receivers.?

Importantly, unlike in the case of sub 6-GHz signals,
random objects can block millimeter wave signals reaching
the receiver. We will model the blockages stochastically
using a rectangular Boolean scheme [34], and the block-
ages 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 /3 is a constant
relating to the size and density of the blockages. Similarly,
the probability of a NLOS link is given by 1 —e~”". Note 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 [8].

B. Channel Model and Antenna Pattern

We assume that the cellular system employs universal fre-
quency reuse [35], and D2D nodes borrow from the same set of
cellular frequencies. For mathematical tractability, we assume
that the channel gains are independent of the underlying spatial
point process of nodes. We include both path loss and small-
scale fading for all the links. However, the parameters of these
phenomena depend on the LOS or NLOS state of the link.

From the model [36], we write the general path loss for
a millimeter wave link of distance r as PL(r) = c,r®,
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 intercept. The small-scale fading is assumed to be
Nakagami-m. Thus, the channel fading power gain (|h4|?) is
distributed as [37], [38]

;ns me—1

f\hsP(x) = rm

—msx
ms) ’

0 <zx<oo, me[0.5,00),
(2)

where the Nakagami parameter m (s € {L, N}) indicates the
degree of fading severity. For instance, m,; — oo indicates
a lack of fading while ms = 1 indicates Rayleigh fading.
In millimeter wave LOS links, the number of scatterers is
relatively few. Thus, the LOS link fading is less severe, which
is modeled by relatively large my. Conversely, the NLOS
parameter mp is smaller. It should be noted that accurate
cluster-based channel models such as the Saleh-Valenzuela
model [39]-[41] are mathematically intractable. Thus, we omit
such models in this work.

In millimeter bands, highly dense packing of antenna
elements enables directional beamforming. We thus assume
directional beamforming for all our transmit and receive nodes.
Moreover, the antenna gain patterns of cellular users and D2D
transmitters/receivers are identical while cellular base stations

(&

2We assume that each daughter process has the same constant density.
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have a different pattern. For a concise analysis, we consider
a sectored antenna model [35] where the antenna gain pattern
is divided into discrete regions based on the angle off the
boresight direction. Thus, the antenna gain (G, (x € {cb,u})
where cb and u respectively denote cellular base stations and
all other types of nodes) can be expressed as follows:

M., 0] <=
G, = 2 3)

my, 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 beamforming pattern itself could be based on digital
beamforming, analog beamforming, or hybrid beamforming,
and is beyond the scope of our paper.

Both cellular and D2D transmitters and receivers perform
a beam sweeping process initially in order to estimate the
angle of arrival, and we assume that perfect estimation takes
place [35]. As such, the combined antenna gains of intended
cellular and D2D links are M., M, and Mﬁ respectively. The
gains of all other links vary randomly depending on the angle
off boresight. Note that antenna beam misalignment can also
be a significant issue, but it is beyond the scope of this paper.

C. Power Control

We make several standard assumptions about power control.
Thus, all transmit nodes (both cellular and D2D) perfectly
invert both path loss and antenna gains to reach a receiver
at distance r. Thus, the necessary transmit power becomes
Pr = ﬁfl’g\z , where s € {L, N}, x € {cb,u}, and p (receiver
sensitivity) is the minimum level of power needed by a receiver
node for satisfactory performance. For brevity, we assume the
same receiver sensitivity p for both cellular and D2D receivers,
but different sensitivities can be readily incorporated if needed.
Furthermore, we assume that the D2D transmit nodes are peak
power constrained, which is typical for many practical wireless
systems due to regulatory constraints and technical issues. The
peak constraint forces the node to abort transmission if the
necessary power level exceeds the constraint. For instance,
if Pyoq is the peak transmit power allowed, a D2D node will
abort transmission whenever Pr > Pyogq.

III. NEAREST ASSOCIATION

We assume each cellular user connects to its closest base
station. Generally, the closest base station provides the best
transmitter-receiver link in terms of the average received signal
power, and this base station also has the highest probability
of being LOS from the receiver (however, this base station
could still be NLOS, which is a drawback, which motivates
the LOS association model of the next section). Moreover,
this association is the least complicated association strategy
for a user especially if prior location information is known.
This and other association policies have been studied exten-
sively [42] where the serving BS may be selected on the basis

of (a) received signal quality and/or (b) cell traffic load.
However, those schemes may have the cost of added com-
plexity and processing power.

In this paper, we assume at most a single associated cellular
user for each base station within a given time-frequency block.
Then, if the distance between the i-th cellular base station

.y € . p and its associated receiver ¢, , € P, is 7., then
it is Rayleigh distributed [43]:

fro(x) = 271'/\67(,.1?67#/\6"’12, 0<x<oo. (4)

In the D2D network, each receiver associates with the cor-
responding transmitter within its cluster. It should be noted
that because clusters overlap, a receiver may find a transmitter
other than its own cluster head to be the closest. However,
receivers are assumed to connect to the transmitter within its
own cluster, and thus are only allowed to associate within the
cluster [15].

Thus, the distribution of the link distance rgzo4 can be
expressed as [43]

2z

frdzd(m):_27 0<z <R Q)

A. Outage Performance

We consider a typical D2D receiver and its transmitter with
the link distance of r4o4 (desired D2D link in Fig. 1). Without
the loss of generality, we assume that the D2D receiver is
located at the origin. The outage probability (Pp) is defined
as Po = Pr[y < ], where v and ~;, are the SINR and the
SINR reception threshold of the receiver. The SINR can be
written as

Pylhs|*Mes ' 1o,

u s

= , 6
7 I+ 1gpqa+ N ©

where P; is the transmit power, . is the interference from
cellular base stations, /424 is the interference from other D2D
transmitters, and NNV is the noise power. Note that v depends
on the link being in LOS or NLOS states. Moreover, Ps is
a random variable depending on the power control, which in
turn depends on the transmitter-receiver distance, LOS/NLOS
nature of the link, and the peak power level.
We can use the law of total probability to express Pp as

Po = Ela;Po,1 + anPo ]

2FPo,1. _
= (1—ePR(BR+1))
2
+Po.n (1 ~ B (1—e PR(BR+ 1))), 7
where a; = e P7a2¢ and ay = 1 — e Pra2a denote the

probability of LOS or NLOS link, respectively, while FPp r,
and Pp n are respectively the conditional outages given LOS
and NLOS links. While the pairs of Po 1, az, and Po n, an
are correlated in general, the correlation disappears for the
specific path loss inversion based power control scheme used.
Thus, a decoupling of the two terms can be performed.
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1) Deriving Po 1, When a LOS link exists between the
D2D transmitter and receiver given link distance r424, We can
express Po 1, as (See appendix A for proof)

N mrp—1 1 mLy v v v
_mpyp N LYth
Pou=1-me SR S () 5 ()
v=0 =0
I3 1
x NV™H ( )
>
k=0
« (—I)HM(H) S| _mpn (—1)k" (h—r)
I s=—Lth Laza
X (s|=L) ®)
P
where 77, is written as
1 [ PyagM? a7 PasaM2\ 5L
d2d “L : d2d *L
Vo (—) if (—) <R
=4 T\ DIt )
. d2d iV, \ “L
1, if (PT) > R.

2) Deriving Po n: In a similar way to Po 1, Po,n can be
derived as
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where 7y is given by

2\ o 2\ o
! (LMM“) Y <7Pd2dM“> Y <R
, (11)

R?
™ = PCN ppCNM2 N
YN
1, if (@) > R.
PCN

It should be noted that the expressions for Po ;, and Po n
are valid for integer Nakagami-m parameters. For non-integer
values, numerical techniques must be applied.

B. Interference Statistics

The probability distribution of the aggregate interference is
generally intractable. However, since it is the sum of multiple
interference terms, an MGF based approach may be more
tractable for analysis [37], [43]-[48]. The reason is that the
MGEF of the aggregate interference is the product of MGFS of
individual summands (if independent) [44], [48].

Thus, we next derive the MGFs of the interference powers
from both cellular and other D2D transmitters My, and M7, ,.
We assume that all transmitters/base stations (of cellular and
D2D) are always active. This assumption is justifiable because

1 v
P —1_ G_M mi: 1 fmNyn the spatial density of transmitter nodes is significantly lower
o.N N = V! p than that of the relevant receivers. Moreover, some random
v M base stations/transmitters are non-active, then the concept
X Z (V) NVY—H Z (M ) (-1)~"M I(”) (Sls: mmth) independent thinning of point processes can be used to make
— \H o \F ‘ g the necessary adjustments.
« p—r g (k) 10 The interference from cellular base stations I. can be
( 1 Laza (S|9=%)’ 10) divided into two separate terms composed of LOS and
2;;1‘ (m + 2+k) 24k 24k 24k 24k
U, = “TE -~ <90chZ + (27 — m" ) <9uMuaL + (27 — 0,)my " >
47r2I‘(mL)mL L (MuMcb)?
24k
et k+2 k+2 1 k+5 k+5 3 [
— Aepl | —— ) 1 F F
- (mc,b)¥(“”’(2)“( o) Y\ T2 2 dmy
24k
N 2 +Fk)ax (24+kay 1 52
- —/TAcpl [ 1 1 —; -1
+ =y b)aL+;~§L(z+k> ( TAc,b < + Sar —l— Sas 5 Ty
3 (2+kay 3 (2+kany 3
T+~ ) 1A= 12
+8 (2+ 201, i\t T, 0 47r,\cb a12)
P%\fr (mN + 2+k) 24k 24k 24k
Ue,n = = o <t9d,M N+ (21 —Op)m > <6‘ MY + (27 — 0,)my ™ )
420 (my)my *N (Mo, M) o~
2+k
ey (k+2)ar (k+2)ar, 1 3
Acpl F i =
Ny (v (B5500) o (S50 v
3, 2+kag 3. 2+k)ag B
=T\ S+ ———) 1515 S5
g (2 T oon A T T AT A
z+k
2+k 24k 1 B2
—— Ve | 14+ —— Fill+ —;=; -1
(wAcb)3§" ( e ( " ><1 1< T AT A
kE+5 k+5 3 62
T 13
+ﬁ(2>1ﬂ(2 "2 Aoy 13
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NLOS cellular base stations using the thinning property [49].
If I. 7 and I,y denote these two terms, I. = I, + I. n.
Moreover, My, = M, M;j, , due to the independence of
thinned Poisson point processes [49].

1) Deriving Mj, . The expression for My, , is derived as
(see Appendix B for proof)

e(fooo (e_s(ch)*l 71)5\{:,de7‘>

M[ -
c,L
2ma, 5 (=B 1\ 2R 24k
_ S e () (- E sy

2) Deriving M, : Using similar arguments as with the

derivation of My, ,, My, , ca be written as

2+k

27X,y (=BF N 24k
- (z5) "~ (- %) v

MIC,N _ 6220:1 apn k! . (19
where U, n is given in (13), as shown at the bottom of the
previous page.

The interference from other D2D transmitters on the D2D
receiver in question can be decomposed into LOS (I424,1,) and
NLOS (Ide,N) components with Ijoq = Id2d,L + Id2d,N and
MIde, = MId,Zd,LMId,Zd,N'

3) MGF pf lg2q,.- While the derivation of My,,, , is
similar to M;, , and M; a complication arises while
obtaining the sz’ -th moment of the transmit power of a
D2D transmitter (Pyz). If r4 is the distance from a D2D

perrg® iith
pCNT

M2

probability e =7, P8#— with probability (1 — e Pra)ry,
and 0 with probability e=Pra (1—7p)+(1—e=Pr4)(1—7y) after
considering blockages and peak power constraints. Moreover,

while 77, (35) and 7 (11) can take multiple combinations as

c,N?

transmitter to the associated receiver, P;y, takes
aN
d
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evident from their expressions, we consider the case where
Pyaa M, ) ﬁ (szde,
pPCN ’ pcL
After using the Slivnyak’s theorem [49] to remove the
desired transmitter from the field of interferers, My, , 1is
expressed as '

1
max (( ) “* ) < R for this paper.

o 2TAg (=8P y %Lk 24k
Zihdt P (s T(—2tk\Uu
Migs, = eZk:U oLt (CL> ( oL ) o (16)

where Uy 1, and Ug n are given in (18) and (19), respectively,
as shown at the bottom of this page.

4) Deriving My,,, - The expression for Mjp,,, , is
obtained as

24k

) N P (= 55 ) Vax (17)

27'>‘d,f,(*ﬁ)k s
TN A N

MId,Zd,N = GZkzl -

IV. LOS ASSOCIATION

While the previous section considered the closest transmitter
association, this may not be the best if this link is NLOS,
which will result in outages or increased power at the trans-
mitters in order to compensate for the adverse channel. This
motivates us to consider LOS association in this section, where
an association occurs only if the transmitter-receiver link is
LOS. In this case, both cellular and D2D receivers associate
with closest LOS base station and D2D transmitter within a
radius of R, respectively. Due to this, the distribution of the
cellular base station and receiver distance r. and the D2D
transmitter receiver distance rg424 do not follow (4) and (5).

When LOS association takes place, the PDFs of r. and
rqoq can be respectively written as (see Appendix C and

D(mpy)my °*

24k
e/t
ﬁ§+k <F(4+k) -T <4+k,6

(2ar + 2+ k)ay)B ¢

24k 1
a 2\ an *L
CNL PdeMu N
+ 2ar+(2+k)ay ar ﬁ -

200 +(2+k)an

CNP

1
2 2+k 2 2+k PyogM?2\ o~
~(Qap+ 2+ kan) (T arp + (2 +k)ay T arp+(2+ )aN,ﬂ a2a MG\ °N 18)
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Appendix D for proof)

2TNeb (B (g, P
frol@) = 2mAepme 72 O * (Ba+1)-p , 0< < oo,
(20)
and
2,..,—fBx
Jraza () B we 0<z<R. (1)

T 1-e¢PR(BR+1)’

A. Outage Performance

Similar to the previous section, our objective is to find the
outage performance of a typical D2D receiver located at the
origin. Thus, we can write the outage probability Pp as

Pplhy|*Mep v
I+ Igoq + N

where the transmit power Py, is equivalent to (34). If 7, is the

Py — Pr [ < m], 22)

probability that P;, = pCﬁTT;?L“", it can be expressed as
1
PaogM2\ °z
7, = Pr [Tde < <M> ‘|
pcL
1—e B¢ 1
Bt e g
— T R(BR11) (23)
1, if £ > R.

a

Pyoa M2\ oL
. . . pCL . . . .

be simplified in an identical manner to the derivation of Fp r,

in Section III. As such, the final expression for Py is identical
to (36) with 7 being given in (23).

where § = ( . The expression for Py in (22) can

B. Interference Characteristics

We will now characterize the interference from cellular and
other D2D transmitters (/424 and Ic) in terms of the MGF
Similar to the previous section both the interference terms can
be divided into two terms depending on whether the interfering
transmitter is LOS or not to the D2D receiver in question.
Thus, M;, = MIC,LMIC,N and Mj,,, = MIdzd,LMIdzd,N'

In deriving these terms, we employ the same mapping
procedure as Section III, and obtain equivalent distributions for
the relevant interfering nodes. For example, the distribution of
LOS cellular interferers has the intensity (39). However, while

the expressions for E {(|th|2) oL ] and E | P 7" | remain the
24k

same as in Section III, E PCEL changes due to the different

association procedure. Py, is given by
perre”

P, =—"—.
LT MyMy,

(24)

As such, we can write
24k
24k
()
My My
oo . _2mAeb g —Ba _
X/ DAyt the T FE (e BB
xT

=0
(25)
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With this knowledge, M7, , is obtained in a similar manner
to (44) as
27‘%,5(*13)’c s 207,‘ 24k

oLk (;) L F(—W)VC,L’

My, , = e> =0 (26)

where V, 7, is given by (29), as shown at the bottom of the
next page.
Using similar arguments, M, can be obtained as

- )k 24k ,
MIC,N _ 62120:1 —%(#) N r(_%)vcw’ 27

where V. n is given by (30), as shown at the bottom of the
next page.

We now must derive the MGFs from LOS and NLOS active
D2D transmitters. However, due to peak power constraints,
not all D2D transmitters are active. It was shown that each
D2D transmitter has a probability of transmission given by
71, (23). Using independent thinning [49], the intensity of
active D2D transmitters becomes 7pAq:. Therefore, using
similar arguments as the derivation of My, , and under the

1
. Pyza M2\ oL
assumption that (%) “ < R, we can express Mp,,, ,
and My,,, v as
oo 2W7L>\d,f,(*ﬁ>k s 2tk 24k
M; — ezk=o ek (;) L F(——(,L )ded,L
d2d,L

24k
2rrp A g e (—B)F Y 24k

D DI TR (L) N F(_ )Vd?d,N

MIde N e N N N )

(28)

where Vgoq 1 and Vgoq n are respectively given in (31)
and (32), as shown at the bottom of the next page.

V. NUMERICAL RESULTS

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 = ¢N = 10° and path loss exponents a; = 2.1 and
any = 4.1. Moreover, unless stated otherwise, ., = 1074,
0o = 0u = {5, M. = 20dB, m, = m, = —10dB,
p = —80dBm, and 5 = 0.001.

We first investigate the performance of nearest association.
Fig. 2 plots the outage as a function of the SINR thresh-
old ~4p,. It is clear that D2D operation is infeasible when
~¢n > —20 dB. Such high outage levels arise due to four major
factors affecting the D2D receiver: interference from cellular
base stations, interference from other D2D transmitters, ther-
mal 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 outage. 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
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Fig. 2. The outage probability (Pp) vs. ¢, in dB for nearest association
with different D2D cell radii (R) and My,. Ag ¢ = 1074, mp =4, my = 2,
and Pdgd = —10dBm.

due to the required power exceeding the peak power threshold.
However, when M, is increased to 20 dB, 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 ~y,.

The outage probability is plotted against the D2D trans-
mitter density A\g, in Fig. 3. While a higher A\;; causes the
outage to approach 1 due to intra-D2D interference, reducing

Pd2d=0.l,mL= 1, mN=2 /
—— 7Pd2d =0.1, mL= 1, mN=4

. Pd2d=0.1,mL:4, mN=4 *
PdZd:O'Ol’mL: 1, mN=2
777Pd2d20.01,mL:l,mN:4 v/'
P od =0.01, mL=4, mN=4

=)

o]
\
~

o
o
T
-

% Simulation

Outage Probability (P O)
<o
~

0.2+

-60 50 40 230 20 -10 0
Ay, (dB)

Fig. 3. The outage probability (Pp) vs. the D2D transmitter density Aq ¢
in dB for nearest association under varying mry,, my, and Pgogq. v¢n =
1073, R = 20, and M,, = 10dB.

Aa,t 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, it is because 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 is interesting to note
that while a lower Pyoq4 provides a lower outage at very low
Mg, values, the converse is true when \g; increases. As Pyoq
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 lower.

Aeh +k 24k 2+k 2+k
Ver = 2“7; <9ch oE 4 (21 — Op)m gt > <9 M + (21 — 6, )mu)
24k 24k B
X L <mL T ) pmLeL \ °r / 3+ke_2 ;—2(’5 (1—e™P* (Bat1)) =Bz 5 . (29
[(mp) My M.y, 2=0
Aeb 2tk 24k 2tk 24k
Ven = 27; (Gchcb + (27 — HCb)mc‘zN> (QuMu + (27 — Hu)mqj”")
2+k 24k
y r (mN + W) pmnycr \ @ /OO 1+Me,$(1 e—m(ngrl))fﬁmdx (30)
F(mN) My My, =0
2+k 24k PyogM2 ﬁ
\% L = # 0 Mz‘j—Lk + (27T_ 0 )mQij 2r (mL + ) pmrcr \ “L ( dst ) 62 g3tk e—Bz p
d2d, 47T27—L utVly u u I‘(mL) M2 - 1— e*,@R(ﬁR + ]_)
(€29)
1
. 24k 24k PgogM2 \ or aL(2+k) B
Visan = —— (0.MY + (27— 0,)mi™ 2T (i + 2E) e\ 5 ()T g2 b
d2d,N 47727'L uiVlu u u F(mN) Mg o 1_e 5R(ﬁR+ 1)

(32)
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Fig. 4. The outage probability (Pp) vs. the peak D2D power level Pgoq4

for nearest association under different receiver thresholds p. vy, = 1073,
R =100, and M, =20dB, my, =2, my =1, and A\g, = 1074
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Fig. 5. The outage probability vs. the receiver sensitivity p for LOS

association under different antenna gains and D2D cluster radii, and closest
association. It should be noted that the curves for closest association overlap.
B=0.1, v = 1073, and Pyoq = 1073,

We investigate the effect of the peak D2D transmit
power Pgo4 on the outage in Fig. 4. While Pyo4 increases,
the outage first drops, and then approaches 1. As such, there
is an optimum P54 which gives the best performance. Further-
more, it is observed that a change in the receiver sensitivity p
does not significantly change the performance characteris-
tics except shifting the location of the minimum outage;
a higher p provides the best performance at a higher P24 and
vice-versa.

We will next consider the LOS association and compare it
with the closest association. First, the outage probability is
plotted against the receiver sensitivity p in Fig. 5. It is seen
that the outage increases with p. When p increases, two effects
may happen. If the threshold transmit power Pgo4 is high
enough, the increased transmit power from D2D transmitters
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Fig. 6. The probability of D2D transmission (77,) for LOS association vs.

the D2D cut-off threshold Pg24 under different antenna gains and blockage
parameter ((3) values.

will increase interference. On the other hand, for lower Pyag,
increasing p means that the required transmit power is more
likely to exceed the threshold. Thus, the interference is lower.
Howeyver, this cut-off affects the desired link as well, which
increases the outage. It is also seen that when the main
lobe gains of the antennas increase to 20dB from 10dB,
the outage drops considerably. With higher antenna gains,
the required transmit power is lower for the desired link,
and there is a lower probability that it will get cut-off. This
offsets any increased interference from other co-channel D2D
users. As similar effect occurs when the D2D cluster radius
is increased. For high R, the required transmit power on
the desired link is high, and thus the link can get easily
cut-off due to the peak power threshold. Therefore, it can
be concluded that the effects of antenna gains and cluster
radii on the desired link is far more important compared to
their affect on the interfering signals. The curves for closest
association all overlap under the parameters uses, and the
outage probability is closes to 1. As we have used a high
value for 8 (8 = 0.1), all links have a higher tendency
for blockage As such, the LOS association scheme performs
significantly better with respect to the D2D outage compared
with closest association in adverse environments with multiple
obstacles.

As our final figure, we plot the probability of D2D trans-
mission 77, as a function of D2D peak cut-off threshold P;o4
in Fig. 6. We can think of 77 as a rough measure of D2D
link capacity. While 77, increases universally with Pyo4 for
all antenna gains and (3, they have different characteristics.
Intuitively, a higher cut-off threshold allows more D2D trans-
missions to continue unhindered, and 7, — 1 if Pyog is
increased sufficiently. Moreover, a higher antenna gain results
in increased D2D link capacity because D2D transmitter is
less likely to be cut-off due to lower required transmit powers.
In addition, a higher blockage parameter (3 results in less D2D
link capacity (e.g., lower 77,).
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VI. CONCLUSION

The outage performance of a random D2D network under-
laying a millimeter wave cellular network was character-
ized. Homogeneous Poisson processes were considered for
the locations of the cellular base stations and users while
a Matérn cluster process was considered for the locations
of the D2D network nodes. Sectored 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. Two association schemes were
considered. First, the cellular users were assumed to connect
with their closest base station while D2D transmitters connect
with a random receiver within its cluster. Second, the cellular
users were assumed to connect with their closest LOS base
station wile D2D transmitters connected with a random LOS
receivers within their respective clusters. Moreover, path loss
and antenna gain inversion based power control which vary
upon the LOS or NLOS nature is employed by both networks
while D2D transmitters are also peak power constrained.

The MGFs of interference on a D2D receiver device from
the cellular base stations and other D2D transmitters are
derived in closed-form, and are used to obtain the outage
probability of a D2D receiver. While the derived expressions
generally complicated, they can be readily evaluated to provide
valuable system specific insights. It is observed that the outage
has a complex relationship with the D2D cluster radius and
antenna gains. Furthermore, a minima of the outage is occurs
for a specific D2D peak power threshold, while a higher
LOS fading severity (lower my) also reduces the outage.
It is also concluded that the cut-off probability of the desired
link is the main contributor to the outage compared with the
co-channel interference and noise. Changes to parameters such
as the receiver sensitivity, peak power threshold, and the D2D
cluster radius can adversely affect the outage of a typical
D2D receiver even though the same changes actually limit
interference. Depending on the receiver sensitivity, the peak
power threshold P;o4 can be judiciously selected to ensure a
minimum outage and maximum performance. It should also
be noted that in adverse environments with a high chance
of blockage, the LOS association scheme may yield better
results. Extensions of the work include alternate transmitter-
receiver association schemes, power control schemes, and
antenna misalignment effects. Moreover, developing strategies
to characterize the optimum Pjo; and R which minimize
outage are exciting future challenges.

APPENDIX
PROOF OF EXPRESSIONS

A. Proof of Po.p,

We can write

PL|hL|2 CL 7“
Po,, =Pr a2 < : 33
0.L T+ Tpg N Ytk (33)
The transmit power Py, is given by
crrSk crrok
P d2d P 224 < Piza
P, = M2 M2 (34)
0, otherwise.

ar,
Let 71, be the probability that P = % Thus, we can

) H
PyogM?2\ oL
express 7, = Pr [rdgd < (L) L] as

pPcL
1 [ PpgM2\ % PyogM2\ 71
ay, ar,
ﬁ( d2d u) , lf( d2d u> < R
peL peL /| (35)

P M2 o
1, if (M) "SR
pcL

Now, getting back to the objective of deriving Pp,r,, we can
express (33) for integer m; as

Po,r,

I.+1 N
:1—TL+TLPY|:|hL|2<7th( +pd2d+ )}

T (mL, mr %h,(Iqu;de,JrN))

:1—TLE

I'(myg)
1 [ee]
= 1—TLE] —_— mL_le_yd
I‘(mL) mpvihTetTgag+N) y 4
P
_mrythUetlgoqg+N)
=1-7.E; |f3 °

mrp—1
mryh(Le + Lioa + N)
) Z V'( p

mr,
_mpyp N 1 mMrYth
=1—-7r€ 2 E —
V!

0

v=0 P =0
s H K 7M u—r —mLYthld2d
x Zo "B |1ze | By [Tgre 222
mp—1 y
L 1 (mpym
p— 1 J— - MLYth
TLE P Z o ( ;
v=0
v o
X Z (:) NY—H Z (Z)(_l)nMI(f) (ﬂtﬂ)
- s

><( DGV n)( L:%) (36)

La2a

B. Proof of My,

In order to derive My , we first transform the process
of interfering LOS base stations to an equivalent inhomo-
geneous Poisson point process which incorporates the path
loss exponent, antenna gains, transmit power, and fading. Let
r be the distance from the i-th cellular base station ¢, to
the considered D2D receiver. While the field of cellular base
stations P ; exists in R? as a homogeneous Poisson point
process, it can be mapped to an equivalent 1-D inhomogeneous
Poisson point process [49] with density S\CJ, where

Aep =2, 0 <7 < 00, (37)

The cellular base station ¢, , is LOS from the D2D receiver
with a probability of =77, While this probability depends
on 7, it is independent from the positions of other cellular base
stations. Moreover, it should be noted that the mapping process
does not affect the LOS/NLOS nature of a transmitter receiver
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link as the distance properties remain unchanged. Keeping
these facts in mind, the Colouring Theorem [49] 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 )\C bL = € P, b = 2T e pe =Py

Using the Mapping Theorem further [49], this thmned
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 [42]. The density of the resultant
process XC,bL is given by

Ac,bL: : o , 0<r<oo.
L

(38)

Next, we go one step further and incorporate the transmit
power of d)g »» the antenna gains of d)i_ , and the D2D receiver,
and the fading between qbi’b and the D2D receiver to the
process of LOS cellular base stations [42]. Thus, the resultant
process has a density .z, which can be expressed as

S\C,bL
=Ep.,c.Culher)? [PcLlth|25\c oL (Per,GepyGulher |? 7“)}

27, br”L i 57"% )E
k=0

ay,

XE[ } [ ] { ] [(heaP)5E], 0)

where P.r is the transmit power of the base station gf)é’b,
Gp is the gain of d)gb, G, is the gain of the D2D receiver,
and |h.r|? is the small scale fading channel gain between qbz b
and the D2D receTer.Hk -

From (3), Eq,, GC};_L} and Eq, {Gua—L] are obtained as

24k 1 24k 24k

EGcb [GC(;L :| - % <90bMCZL + (27T — ch)mc‘;f >
24k 1 24k
Ec. [G;L ] _ L <¢9uMu°L
2T

while Ep, ;|2 [(|hCL| )L } is obtained from (2) as

24k
+ (27— 0,)my* ), (40)

24k
o 2+k
mLLI‘<mL+ +)

F(mL)

2+k
By [(her ) | = (41)

Moreover, in order to evaluate (39), the distribution of P,.,
is required, which in turn depends on whether the associated
cellular user to ¢, is within LOS or not. The associated
receiver d)i,u is LOS to d)i’b with probability e, and
NLOS with probability 1 — e =77, where r, is the distance
between ¢, and ¢ ,. These probabilities are independent
from whether oL b and the D2D receiver are LOS or not. Thus,
P, can be expressed as follows:

perre”
?
My My

penre™ i i
m, cu and ¢c,b are NLOS.

.. and ¢., are LOS

P = (42)
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After substituting K, |2 [(|th|2) arL }, Ep,, [PCLL },

24k 24k
Eq,, [GC(;L ], and Eq, [G;L ] to (39), we obtain the final
expression for A. 7, as
o] 24k _q
- 27 Ae,p(—)Fr =
/\c,bL = Z T C7b( ﬁ) e UC,L; 0<r<oo, (43)

OéL]f!

where U, 7, is given in (12), as shown at the bottom of the
fifth page.

We now return to our origin objective of deriving My, , =
E[e~#eL]. Due to the mapping, the interference power from
a single cellular base station qbi’b within the resultant process
reduces to (cp7)~!. 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 [49], M, , is
expressed as '

(e

71)5\61de7“>

My, ,

24k

ezgo%ﬁ‘”k(%)ﬁf(—%)“% (44)

C. Proof of fr.(x)

Each cellular user associates with its nearest LOS base
station. For a typical cellular user, it sees the PPP of cel-
lular base stations ®.; as a 2-D homogeneous PPP with
uniform intensity A.;. Using the mapping theorem of PPPs
[49] this can be equivalently written as a 1-D PPP with
intensity [49]

/\iﬁ =21, 0 <1 <00, (45)
where 7 is the distance from any cellular user. However,
we only require the base stations which are LOS. The fact
whether a base station is LOS or NLOS depends only on
the distance r, and not on the locations of other base sta-
tions. As such, independent thinning [49] can be employed
on ®.; by marking each base station on whther it is
blocked or not to obtain the process of LOS base stations.
It @g?s is the process of the LOS base stations, its intensity is
given by

AP =2mAcpre P, 0 <1 < 0. (46)
Using (46) and (1), we can obtain the CDF of the distance
from a typical cellular user to its closest LOS base station by
calculating the void probability. This procedure makes use of
the fact that if the closest base station is within a distance
of x, there will not be a case of 0 base stations within that
distance. Thus, the CDF is written as

27r)\r b e
F(x)=1-e (e et g < p < 0. (A7)
Differentiating this gives the PDF which is
~Ieb (1o B% (Bat 1))~
f?"c (J)) = 27'(')\07})])6 52 ’ , 0<r<oo.
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D. Proof of fmzd(x)

Each D2D transmitter associates with a random LOS
receiver within its cluster, which has a radius of R. The
receivers (whether LOS or NLOS) form a 2-D homogeneous
PPP surrounding a D2D transmitter, and this can be equiva-
lently transformed to a 1-D PPP with intensity

MNP =21\g,m, 0<7r <R, (48)

Similar to the derivation of f,_(x), the LOS receivers form a
thinned PPP with intensity

)\LOS

LOS =2y ,re P, 0<r <R. (49)

With (49), the CDF of the distance from a D2D transmitter to
the associated receiver rg24 can be written as
ff:o 27\ e Prdr

[ 2mAapre=Prdr

1—e BBz +1)

Fszd (J)) =

= , 0<r<R. 50
1— e PR(GR+ 1) " ©0)
Differentiating this result gives the PDF as
62336751
fraza(@) 0<r<R. oy

T 1-e¢PR(BR+1)
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