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Abstract—Small cells in millimeter-wave (mmWave) band are
able to provide multi-gigabit access data rates, and have emerged
as a cost-efficient solution to offer interference-free device-
to-device (D2D) communications. In order to improve system
performance and enhance user experience, direct transmissions
between devices should be scheduled properly. We first propose a
transmission scheduling scheme for radio access of small cells in
mmWave band, termed directional D2D medium access control
(D3MAC), whereby a path selection criterion is designed to
enable D2D transmissions. Through extensive simulations,we
demonstrate that D3MAC achieves near-optimal performance,
and it outperforms other schemes significantly in terms of delay
and throughput. Based on this near-optimal scheme, we then
evaluate the impact of user behavior, including traffic modeand
traffic load as well as user density, denseness and mobility,on
the performance of D2D communications in mmWave small cells.
Our study reveals that the performance of D2D communications
is improved as the user density and denseness increase, but this
effect is only obvious under heavy traffic loads. Furthermore, user
mobility is shown to be another important factor that influences
the performance of D2D communications in a complicated way.
System performance is first improved as the average user speed
increases from static, but performance is degraded significantly
when the user speed becomes high.

Index Terms—Device-to-device communications, millimeter-
wave, small cells, user behavior, scheduling

I. I NTRODUCTION

Mobile data traffic is increasing rapidly, and a 1000-fold
increase by 2020 is predicted [1]. In order to increase mobile
network capacity so as to meet the ever-increasing demand,
device-to-device (D2D) communication is proposed to enable
devices to communicate directly, which offers an underlaying
to the cellular network for improving spectral efficiency [2],
[3]. Under the control of base stations (BSs), user equipments
(UEs) can transmit data to each other through direct links
using cellular resources instead of through BSs. Consequently,
it enables physical-proximity communication, which saves
power while improving spectral efficiency dramatically. D2D
communication is expected to be a key feature supported by
next generation cellular networks [3].
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On the other hand, there has been an increasing interest
in deploying small cells underlying the conventional homoge-
neous macrocell network in the design of the next-generation
mobile communication [4]. This network deployment is usu-
ally referred to as heterogeneous cellular networks. Small
cell in millimeter-wave (mmWave) is a promising technology
for future cellular networks to provide high data rate com-
munications. Unlike existing communication systems which
use lower carrier frequencies (e.g., from 900 MHz to 5 GHz),
mmWave band small cells suffer from high propagation loss.
The free space propagation loss at 60 GHz band is 28
decibels (dB) more than that occurred at 2.4 GHz [5]. Due
to the directionality and high propagation loss, however, the
interference between mmWave links is minimal. This is highly
advantageous to D2D communications which involve discov-
ering and communicating with nearby devices. Therefore, the
potential of D2D communications in mmWave small cells to
enhance the network performance is great. Proper scheduling
over radio access for D2D transmissions in mmWave small
cells is vital to fully realize this potential.

Moreover, it is necessary to investigate the fundamental
factors that influence the achievable performance. Suffering
from high propagation loss, mmWave D2D communications
can only achieve high transmission rates when two UEs are lo-
cated near to each other without obstacles between them. The
distribution of UEs is therefore a key factor and consequently,
the influence of the density and denseness of UEs to the
achievable system performance must be carefully investigated.
In a cellular network, D2D communications exploit spatial
reuse by offloading mobile traffic. However, the offloading
capability varies under different traffic loads and modes. These
factors also impact the performance of D2D communications.
Moreover, current related works mainly considered network
scenarios with static UE distribution. In other words, the
issue of mobility has not been fully investigated. Although
current researches are meaningful for studying specific cases
or snapshots of D2D communications in real-world cellular
networks, they did not unveil the impact of user mobility
on the achievable system performance. UE mobility not only
causes the dynamic changes of network topologies, but also
results in frequent change of D2D pairs. Given that 3GPP
has recommended several mobility models for performance
evaluation [6], it is meaningful and important to evaluate and
assess the impact of mobility on D2D performance.

Aiming to address the above problems, we propose a trans-
mission scheduling scheme, termed directional D2D medium
access control (D3MAC), for D2D transmissions in mmWave
small cells. In a D3MAC enabled cellular system, whenever
direct link between the sender and receiver of a flow has
high channel quality, the direct transmission will be adopted
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instead of transmission through BSs and backhaul networks.
Therefore, the proposed D3MAC fully exploits direct trans-
missions between devices to improve network performance in
terms of throughput and delay. Based on our proposed scheme,
we evaluate D2D communication performance in both static
and dynamic networks. Specifically, we assess the system
performance under different UE density and denseness, traffic
loads and modes as well as user mobility, to analyze how
theses factors affect D2D communications. The contribution
of this paper is three-fold, as summarized in the following:

• We formulate the scheduling problem over radio access
with direct transmissions between devices into a mixed
integer nonlinear program (MINLP), which minimizes the
number of time slots to accommodate the transmission
demand. Concurrent transmissions, i.e., spatial reuses, are
explicitly considered. To solve this problem, we propose
an efficient near-optimal scheduling scheme, referred to
as D3MAC, which consists of a path selection criterion
and a transmission scheduling algorithm. The priority of
D2D transmission is characterized by the path selection
parameter of the path selection criterion, while concur-
rent transmissions are fully utilized in the transmission
scheduling to maximize the gain of spatial reuse.

• We evaluate the impacts of UE distribution and traffic
demand as well as traffic mode jointly on D2D commu-
tations underlaying mmWave small cells. Specifically, we
observe that generally increasing UE density and dense-
ness benefits D2D communications, but under light traffic
loads this improvement is barely observable. In addition,
highly erratically arriving traffic flow degrades the D2D
performance, especially under heavy traffic loads and
with low UE density and denseness. Explanations are
given on how these factors affect D2D communications
and network performance.

• We carry out the study not only in static networks but
also dynamic networks to evaluate the impact of UE
mobility on D2D communications. It is observed that the
performance is improved under low UE speed, where the
mobility enables more D2D pairs to establish, compared
to the static case. However, D2D communications per-
form poorly in high UE mobility networks as a result of
the frequent changes of D2D pairs.

This paper is organized as follows. After presenting the re-
lated work in mmWave cellular network and D2D communica-
tions in Section II, Section III introduces the system modeland
overview. In Section IV we formulate the scheduling problem
for radio access in mmWave small cells, while Section V is de-
voted to our proposed D3MAC scheme, which includes a path
selection criterion and a transmission scheduling algorithm. In
Section VI, we demonstrate that D3MAC is able to achieve a
near-optimal performance in terms of network throughput and
transmission delay. We also evaluate the impact of UE density
and denseness as well as traffic load and traffic mode on
the performance of D2D communications in static networks.
We then involve UE mobility in the discussion and evaluate
its impact on the D2D communications in Section VII. We
conclude the paper in Section VIII.

II. RELATED WORK

Recently, a number of studies have investigated mmWave
technology for cellular networks. Weiet al. [7] discussed six
key elements to enable mmWave communications in future
5G networks and addressed some possible approaches. Wuet
al. [8] defined and evaluated important metrics to characterize
multimedia quality of service (QoS) and designed a QoS-aware
scheduling scheme. In terms of small cells in the mmWave
bands, most works focused on using bands in 28GHz, 38GHz
and 73GHz to attain communication ranges in the order of
200 m or even more [9]. Zhuet al. [10] proposed a 60GHz
picocell architecture to augment with existing LTE networks
for achieving a significant increase in capacity.

We focus on the performance of D2D communications in
mmWave cellular networks. By contrast, majority of the exist-
ing researches have been conducted on D2D communications
in lower frequencies. Linet al. [6] provided an overview of
D2D standardization activities in 3GPP and identified several
technical challenges. Qiaoet al. [11] proposed an effective
resource sharing scheme by allowing non-interfering D2D
links to operate concurrently. Although D2D communication
may bring enhancement for spectral efficiency, it also causes
interference as the result of spectrum sharing. For mmWave
D2D communications, current researches have mainly studied
the problems of power control [12], resource allocation [13]
and interference management [14], [15]. Taking advantage of
high propagation loss and the use of directional antennas, D2D
links can be supported in mmWave 5G networks to enhance
network capacity and improve spectrum efficiency. Instead of
just focusing on transmission schemes or power control, we
further investigate the factors that have important impacts on
D2D communication and evaluate how these factors influence
the achievable performance.

Some existing studies have analyzed the performance of
D2D communications underlaying systems. Yuet al. [12]
evaluated the performance of D2D communication by consid-
ering a scenario where only limited interference coordination
between the cellular and D2D communications is possible. The
works [16], [17] evaluated the D2D systems under different
transmission schemes or mode selection mechanisms. These
existing works have focused on the scenario of micro-scale
cellular networks with lower frequencies. By contrast, we
extensively consider the key factors related to user distribution
and traffic demand, and investigate their impacts on the
performance of D2D communications in mmWave small cells.
To the best of our knowledge, there exists no previous study
evaluating the influences of user behavior and traffic demands
on D2D communications in mmWave small cells.

III. SYSTEM MODEL AND PROBLEM OVERVIEW

A. System Model

Fig. 1 illustrates a typical scenario for dense deployment of
mmWave small cells underlying the cellular network. In each
small cell, there are several UEs and an access point (AP)
which synchronizes the clocks of UEs and provides access
services within the small cell. The APs form a mmWave wire-
less backhaul network, and the backhaul links are optimizedin
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Fig. 1. Illustration of dense deployment of mmWave small cells underlying
macrocell network.

order to achieve high channel quality and reduce interference.
Therefore, we assume that the backhaul links are fixed with
optimal scheduling, and we focus on the radio access, where
D2D communications are enabled and traffic demands can be
transmitted through direct links between nearby UEs instead
of through the backhaul network. Some APs are connected
to the Internet via high speed wired connections, which are
called gateways. The remaining APs must communicate with
a gateway in order to send (receive) data to (from) the Internet.
To overcome huge path attenuation, both the UEs and APs
achieve directional transmissions with electronically steerable
directional antennas by the beamforming technique [18].

In the system, there is a centralized controller in the network
[19], which usually resides on a gateway. The system resource
is partitioned into non-overlapping time slots of equal length,
and the controller synchronizes the clocks of APs. Then the
clocks of UEs are synchronized by their corresponding APs.
There is a bootstrapping program in the system, by which the
central controller knows the up-to-date network topology and
the location information of APs and UEs [20], [21].

In this system, transmissions occur on two types of paths,
ordinary and direct paths. A direct path is a direct transmission
path from source (a UE) to destination (another UE), which
does not pass through the backhaul network. An ordinary
path is a transmission path through APs, which may includes
the access link from the source to its associated AP, the
backhaul path from the source’s AP to the destination’s
AP or gateway, and the access link from the destination’s
associated AP to the destination. The achievable transmission
rates for ordinary paths and direct paths can be obtained viaa
channel transmission rate measurement procedure [22]. In this
procedure, the transmitter of each link transmits measurement
packets to the receiver first. Then with the measured signal to
noise ratio (SNR) of received packets, the receiver estimates
the achievable transmission rate, and determines appropriate
modulation and coding scheme by the table related the SNR
value with the appropriate modulation and coding scheme.

With directional transmissions, there exists less interfer-
ence between links. Under low multi-user interference (MUI),
concurrent transmissions can be utilized [23]. In the system,
all nodes are assumed to be half-duplex, and two adjacent
links cannot be scheduled concurrently since each node has
at most one connection with one neighbor [24]. We denote
the link i from sendersi to destinationri by (si, ri), and

its transmission rate bycsi,ri
. For two nonadjacent links, we

adopt the interference model in [23]. Specifically, for links
(si, ri) and (sj , rj), the received power fromsi to rj can be
calculated according to

Prj ,si
= fsi,rj

k0Ptl
−γ
si,rj

, (1)

where Pt is the transmission power that is fixed,k0 =
10PL(d0)/10 is the constant scaling factor corresponding to
the reference path lossPL(d0) with d0 equal to 1 m,lsi,rj

is
the distance between nodesi and noderj , andγ is the path
loss exponent [23]. The directional indicatorfsi,rj

indicates
whethersi and rj direct their beams towards each other. If
this is the case,fsi,rj

= 1; otherwise,fsi,rj
= 0. Thus, the

desired signal to interference plus noise ratio (SINR) atrj ,
denoted by SINRsj ,rj

, can be calculated according to

SINRsj ,rj
=

k0Ptl
−γ
sj ,rj

WN0 + ρ
∑
i6=j

fsi,rj
k0Ptl

−γ
si,rj

, (2)

where ρ is the MUI factor related to the cross-correlation
of the signals from different links,W is the bandwidth, and
N0 is the one-sided power spectra density of white Gaussian
noise [23]. For link(si, ri), the minimum SINR to support its
transmission ratecsi,ri

is denoted asMS
(
csi,ri

)
. Therefore,

concurrent transmissions can be supported if the SINR of each
link (si, ri) is larger than or equal toMS

(
csi,ri

)
.

There are two kinds of flows transmitted in the network,
the flows between UEs and the flows from or to the Internet
(gateway). We assume there areNf flows in the network. For
flow i, its traffic demand is denoted asdi. The traffic demand
vector for all the flows is denoted byd, a 1×Nf row vector
whoseith element isdi. For each flow, there are two possible
transmission paths in the system, ordinary path and direct path.
A flow transmitted via an ordinary path is inherently multi
hops, while a flow transmitted via a direct path is single hop.
For thelth hop link of the ordinary path for flowi, we denote
its sender asso

l(i) and receiver asro
l(i), and denote this link as(

so
l(i), r

o
l(i)

)
. We denote the direct link of flowi as

(
sd

i , r
d
i

)
,

with sd
i as the source andrd

i as the destination. If no confusion
is caused, the superscriptso and/ord may be dropped.

Let the maximum number of hops of the ordinary paths
be Hmax. Then for each flowi, its 1 × Hmax transmission-
rate vector on the ordinary path is denoted asc

o
i , where each

elementco
l(i) represents the transmission rate of thelth hop.

We also denote theNf×Hmax transmission-rate matrix for the
ordinary paths of all flows byCo, whoseith row is simplyco

i .
The transmission rate of the direct path for flowi is denoted
as cd

i , and the1 × Nf transmission-rate vector for the direct
paths of all flows is denoted ascd, whoseith element iscd

i .

B. Operation Procedure and Problem Overview

The proposed D3MAC is a frame based medium access
control (MAC) protocol similar to the frame-based scheduling
directional MAC (FDMAC) of [24]. Each frame consists of a
scheduling phase and a transmission phase, and the scheduling
overhead in the scheduling phase can be amortized over
multiple concurrent transmissions in the transmission phase
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as in the FDMAC of [24]. In the scheduling phase, AP polls
its associated UEs successively for their traffic demands and
reports to the central controller through the backhaul network.
Based on the transmission rates of links, the central controller
computes a schedule to accommodate the traffic demands of
all flows. Then the central controller pushes the schedule to
the APs through the backhaul network and each AP pushes
the schedule to its UEs. In the transmission phase, UEs and
APs communicate with each other following the schedule
until the traffic demands of all flows are accommodated.
The transmission phase consists of multiple stages, and in
each stage, multiple links are activated simultaneously for
concurrent transmissions. In the schedule computation, the
transmission path should be selected optimally between the
direct path and ordinary path for each flow, and the schedule
should accommodate the traffic demands of flows with a
minimum number of time slots to fully exploit spatial reuse.

AP3

UE  A

!""#$$%&"'&()* +#,-"#./0.+#,-"#

AP1

AP2

UE  B

UE C

UE  D

Fig. 2. An example of D3MAC with three small cells.

Let us illustrate the basic idea of D3MAC with Fig. 2,
where there are three small cells. In cell 1, UEs A and C are
associated with AP1, and in cell 2, UE B is associated with
AP2, while in cell 3, UE D is associated with AP3. Assume
that there are two flows in the network, A→B and C→D. The
traffic demands of A→B and C→D are 6 and 8, respectively,
and thusd = [6 8]. Numerically, they are equal to the number
of packets to be transmitted, assuming that the packet length
is fixed. The transmission rate matrix for the ordinary paths
of flows obtained by the measuring procedure is

C
o =

[
2 3 2
2 4 2

]
, (3)

which indicates the transmission rates of links A→AP1,
AP1→AP2 and AP2→B are 2, 3 and 2, respectively, while
the rates of links C→AP1, AP1→AP3 and AP3→D are 2, 4
and 2, respectively. If direct transmission is not enabled,these
two flows cannot be scheduled for concurrent transmission
due to the half duplex restriction. Thus according toC

o and
d, these two flows need 8 and 10 time slots to clear all the
traffic demands, respectively, and this will take up 18 slotsin
total. On the other hand, the transmission rate vector for the
two direct paths is measured to becd = [3 2]. This indicates

that the direct link of A→B can transmit 3 packet in one time
slot and the direct link of C→D can transmit 2 packet in one
time slot.

Clearly, for each flow, we needs to first select the optimal
transmission path between its direct path and ordinary path.
The optimal schedule should accommodate the traffic demand
of flows with a minimum number of time slots. In other words,
concurrent transmission should be fully exploited in the sched-
ule. For the example of Fig. 2, the direct links of the both flows
should be enabled to enhance performance. According toc

d

andd, these two flows need 2 and 4 slots to clear their traffic
demands, respectively, and moreover the two direct paths can
be scheduled for concurrent transmission since they have no
common nodes. Therefore, only 4 time slots are needed in
total. This simple example clearly shows that the selectionof
transmission paths for flows has a significant impact on the
efficiency of scheduling and concurrent transmission schedul-
ing should be optimized to improve transmission efficiency,
which is the basic idea of the proposed D3MAC.

IV. PROBLEM FORMULATION AND ANALYSIS

A. Radio Access Without Enabling D2D Communications

We begin by formulating the transmission scheduling prob-
lem without introducing D2D communications, where the
traffics of all flows are transmitted only through ordinary
paths. Since there are only ordinary paths, we drop the
superscripto. Given the traffic demand of flows, to maximize
the transmission efficiency, we should accommodate the traffic
demand with a minimum number of time slots [24]. Assume
that the schedule hasK stages, and the number of time slots
of the kth stage isδk, while the duration of a time slot is
denoted asτ . The total number of time slots of a schedule is
then

∑K
k=1 δk. For each flowi, we define the number of hops

for its ordinary path as its hop numberHi, and we further
define a binary variablebk

j(i) to indicate whether thejth hop
of the ordinary path for flowi is scheduled to transmit in the
kth stage. For any two links(si, ri) and(sj , rj), we define a
binary variableI(si, ri; sj, rj) to indicate whether these two
links are adjacent. If they are,I(si, ri; sj , rj) = 1; otherwise,
I(si, ri; sj, rj) = 0. In a schedule, if a link is scheduled
in one stage, it will transmit as many packets as possible
until its traffic demand is cleared. Then, the link will not be
active in the remaining slots of this stage. Since concurrent
transmissions interfere with each other, the SINR of thejth
hop of the ordinary path of flowi can be expressed as

SINRj(i) =
Prj(i) ,sj(i)

· bk
j(i,)

WN0 + ρ
∑
u

∑
v(u) 6=j(i)

Prj(i),sv(u)
· bk

v(u)

, (4)

wheresj(i) andrj(i) denote the transmitter and the receiver of
the jth hop of the ordinary path for flowi. The transmitting
rate of link

(
sj(i), rj(i)

)
is therefore expressed as

cj(i) = ηW log2

(
1 + SINRj(i)

)
, (5)

whereη ∈ (0, 1) is the efficiency of the transceiver design.
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Regarding the system constraints, first, all traffic demands
should be scheduled, which can be expressed as

K∑

k=1

δkτbk
j(i)cj(i) ≥ di, ∀i andj(i) = 1, 2, · · · , Hi. (6)

To avoid frequent beamforming or steering, each link can be
activated at most once in a schedule, which means that

K∑

k=1

bk
j(i) =

{
1, if di > 0,
0, otherwise,

∀i andj(i) = 1, 2, · · · , Hi. (7)

Adjacent links cannot be scheduled concurrently in the same
stage due to half-duplexing, which can be expressed as

∀i, j(i), u, v(u), k andv(u) 6= j(i) :
bk
j(i) + bk

v(u) ≤ 1 if I
(
sj(i), rj(i); sv(u), rv(u)

)
= 1.

(8)

Thejth hop of the ordinary path for flowi should be scheduled
ahead of the(j + 1)th hop, which means that

∀i, j(i) = 1, 2, · · · , Hi − 1 andK̃ = 1, 2, · · · , K :
K̃∑

k=1

bk
j(i) ≥

K̃∑
k=1

bk
(j+1)(i) if Hi > 1.

(9)

Therefore, the optimal scheduling problem without enabling
D2D communications (P1) is formulated as follows:

min
K∑

k=1

δk,

s.t. Constraints(6) to (9) hold.
(10)

B. Radio Access with Enabling D2D Communications

We now include D2D communications into the scheduling,
where each flow can choose using either the original path or
the direct path. Define a binary variableak

i to indicate whether
the direct link of flow i is scheduled to transmit in thekth
stage, i.e., if this is the caseak

i = 1; otherwise,ak
i = 0. The

SINRs of thejth hop of the ordinary path for flowi and the
direct path for flowi in the kth stage, denoted by SINRo

j(i)

and SINRd
i , respectively, can be expressed as

SINRo
j(i) =

Pro
j(i)

,so
j(i)

· bk
j(i)

WN0 + ρ
∑
u

∑
v(u) 6=j(i)

Pro
j(i)

,so
v(u)

· bk
v(u) + ρ

∑
p

Pro
j(i)

,sd
p
· ak

p

,

(11)

SINRd
i =

Prd
i
,sd

i
· ak

i

WN0 + ρ
∑
u

∑
v(u)

Prd
i
,so

v(u)
· bk

v(u) + ρ
∑
p6=i

Prd
i
,sd

p
· ak

p

. (12)

The transmitting rate of link
(
so

j(i), r
o
j(i)

)
is therefore given by

co
j(i) = ηW log2

(
1+SINRo

j(i)

)
, while the transmitting rate of

link
(
sd

i , r
d
i

)
is cd

i = ηW log2

(
1 + SINRd

i

)
.

Next let us analyze the system constrains. First, each flow
can choose either an ordinary path or a direct path to transmit
data, which indicates that

∀i, k :

Hi∑

j(i)=1

bk
j(i) =

{
Hi, if ak

i = 0,
0, if ak

i = 1.
(13)

Second, all traffic demands should be scheduled, and hence
K∑

k=1

δkτ
(
co
j(i)b

k
j(i) + cd

i a
k
i

)
≥di, ∀i andj(i)=1, 2, · · · , Hi.

(14)
Each link can be activated at most once in a schedule, which
can be expressed as

K∑

k=1

bk
j(i) + ak

i =

{
1, if di > 0,
0, otherwise,

∀i andj(i) = 1, 2, · · · , Hi.

(15)
Adjacent links cannot be scheduled concurrently in the same
stage, which requires the followings.

∀i, j(i), u, v(u), k andv(u) 6= j(i) :
bk
j(i) + bk

v(u) ≤ 1 if I
(
so

j(i), r
o
j(i); s

o
v(u), r

o
v(u)

)
= 1;

(16)

∀i, u, k andu 6= i : ak
i +ak

u ≤ if I
(
sd

i , r
d
i ; sd

u, rd
u

)
= 1; (17)

∀i, u, v(u), k andu 6= i :
ak

i + bk
v(u) ≤ 1 if I

(
sd

i , r
d
i ; so

v(u), r
o
v(u)

)
= 1.

(18)

To enable concurrent transmissions, the SINR of each link in
the same stage should be able to support its transmission rate,
which means that for both direct path and ordinary path the
followings must hold:

SINRo
j(i) ≥ MS

(
co
j(i)

)
· bk

j(i), ∀i, j(i), k, (19)

SINRd
i ≥ MS

(
cd
i

)
· ak

i , ∀i, k, (20)

whereMS
(
co
j(i)

)
denotes the minimum SINR required for the

jth ordinary-path link to support flowi at the rateco
j(i), while

MS
(
cd
i

)
is the minimum SINR required for the direct-path

link to support flowi at the ratecd
i . Lastly, the constraint (9)

is still required.
Therefore, the problem of optimal scheduling (P2) where

D2D communications are enabled is formulated as follows:

min
K∑

k=1

δk,

s.t. Constraints(9), (13) to (20) hold.
(21)

By solving Problem P2, we can obtain the optimal scheduling
solution for the network, which minimize the slots needed for
transmissions. However, Problem P2 is an MINLP as some of
the constraints in P2 are nonlinear constraints.

V. THE D3MAC SCHEME

It is computationally unacceptable to use an exhaustive
search to solve P2 for practical networks with mmWave
small cells where the duration of a time slot is only a few
microseconds. Therefore, we opt for a heuristic algorithm
with low complexity to obtain a near-optimal solution so that
the scheduling scheme can be implemented in practice. We
solve this MINLP by two steps. At the first step, we select
an appropriate transmission path, either a direct path or an
ordinary path, for each flow. If the direct path has high channel
quality and can achieve higher transmitting capability than the
ordinary path, we choose the direct transmission. At the second
step, we accommodate the traffic demand of flows with as few
time slots as possible by making full use of every slot and
enabling concurrent D2D links as many as possible.
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A. Path Selection Criterion

For flow i, let pd
i denote its direct path andpo

i denote its
ordinary path. For the direct transmission pathpd

i with the
transmission ratecd

pd
i

. we define its transmission capability as

A
(
pd

i

)
= cd

pd
i

. (22)

Further assume that the ordinary pathpo
i hasHmaxi

hops, and
the transmission rate of itsjth hop isco

j(po
i
). We can define

transmission capability of the ordinary pathpo
i as

A
(
po

i

)
=

1
Hmaxi∑
j=1

1
co

j(po
i
)

. (23)

For each flowi, we choose the path with higher transmission
capability between its direct path and ordinary path. Therefore,
the path selection criterion can be expressed as

∀i :





if
A
(
pd

i

)

A
(
po

i

) ≥ β, choosepd
i ,

otherwise, choosepo
i ,

(24)

whereβ ≥ 1 is the path selection parameter. The smallerβ,
the higher the priority of direct transmissions between devices.

Algorithm 1 : Path Selection

Input : SetsP b andP d;1

Output : The set of selected paths for all the flowsP ;2

Initialization : P = ∅;3

for each flowi do4

ObtainA
(
po

i

)
andA

(
pd

i

)
;5

if
A
(
pd

i

)

A
(
po

i

) ≥ β then
6

P = P ∪ pd
i ;7

else8

P = P ∪ pb
i ;9

Return P .10

The pseudocode of the path selection process is presented in
Algorithm 1, whereP o andP d denote the sets of all potential
pathspo

i and pd
i , respective, while the setP contains all the

selected paths for all the flows.

B. Heuristic Transmission Scheduling Algorithm

We propose a heuristic transmission scheduling algorithm
to accommodate the traffic demand of flows with as few time
slots as possible by fully exploiting spatial reuse. In order to
manage the interference effectively by choosing proper hops
for concurrent transmissions, we introduce a contention graph
to depict the contention relationship between hops. In the
contention graph, each vertex represents a hop in the network,
and there is an edge between two vertices if there exists severe
interference between these two hops. For hopl and hopj, we
define the maximum interference between them as

ωl,j = max
{
Prj ,sl

, Prl,sj

}
. (25)

To control the interference, we set a thresholdσl,j , and the
contention graph is constructed in the way that if the maximum
interference between two vertices is less than the threshold,
i.e., if ωl,j < σl,j , there will be no edge between these two
vertices. Otherwise, there will be an edge between them. There
is always an edge between any two adjacent hops since they
cannot be scheduled for concurrent transmissions due to the
half-duplex assumption. We denote the contention graph by
G(V, E), whereV denotes the set of vertices in the contention
graph, andE denotes the set of edges in the contention graph.
We refer to two vertices as neighbors if there is one edge
between them in the contention graph. For any vertexv ∈ V ,
we denote the set of its neighboring vertices byN(v). We
further define the weight of vertexv as the number of time
slots that the hopv needs for transmission, denoted byWv.

The pseudo-code of our transmission scheduling algorithm
is presented in Algorithm 2. To manage the interference
between concurrent transmitting hops, hops with an edge
between them in the contention graph should not be scheduled
in the same time. Hence, we first obtain all the hops that can
be scheduled currently at stagek and build the contention
graph (lines 6 and 7), based on the which we schedules the
unscheduled hops of flows iteratively in non-increasing order
of weight with the conditions for concurrent transmissions
satisfied (lines 8 to 19). In line 11, a hop inHk

u can either

Algorithm 2 : Heuristic Transmission Scheduling

Input : The set of selected paths for all the flows in stage1

k, denoted byP k;
Output : {Hk

u}
Uk

u=1, δk;2

Initialization : Obtain the set of all the hops inP k,3

denoted byHk; u = 0; δk = 0;
while |Hk| > 0 do4

u = u + 1; Hk
u = ∅; ζk

u = 0;5

Obtain all the hops that can be scheduled currently6

into the setH̃;
ObtainGk

u(V k
u , Ek

u) based onH̃;7

while |H̃| > 0 do8

Obtainv ∈ V k
u with the largest weightWv;9

Hk
u = Hk

u ∪ v;10

for each hop(si(j), ri(j)) in Hk
u do11

Obtain SINRsi(j),ri(j)
;12

if SINRsi(j) ,ri(j)
< MS

(
ci(j)

)
then13

Hk
u = Hk

u \ v;14

Go to line 18;15

ζk
u = max

{
ζk
u ,

⌊
di

ci(j)τ

⌋}
;16

H̃ = H̃ \ N(v);17

H̃ = H̃ \ v;18

ObtainGk
u(V k

u , Ek
u) based onH̃;19

δk = δk + ζk
u ;20

Hk = Hk \ Hk
u;21

Uk = u;22

Return {Hk
u}

Uk

u=1, δk.23
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be a hop of an ordinary path or a link of a direct path, and
we have draped the corresponding superscripto or d. Also
if it is a direct link, we havei(j) = i. In line 16, ⌊ ⌋ is the
integer floor operator. In this inner loop, scheduling is stopped
when no possible hop can be scheduled concurrently any
more. The algorithm carries out this process iteratively until
all the hops of all the flows considered in stagek are properly
scheduled (lines4 to 21). In the output of the algorithm,Uk is
the maximum number of hops for the longest multi-hop flow
scheduled at stagek, and for1 ≤ u ≤ Uk, Hk

u contains the
hops or links that are scheduled for concurrent transmissions,

while δk is the number of time slots required for
{
Hk

u

}Uk

u=1
.

Note that ifn denotes the number of UEs in the network, the
number of concurrent transmission links should be no more
than⌊n⌋ [24], due to the non-adjacent constraint.

VI. STATIC NETWORK EVALUATION AND ANALYSIS

A. Comparison with Optimal Solution and Other Protocols

Under a static network environment, we first give an
extensive performance evaluation for our proposed D3MAC
scheme, given various traffic patterns. Specifically, we com-
pare its performance with those of the optimal solution,
obtained by solving the problem P2 with YALMIP [25], and
some existing protocols. In the simulation, the transmission
rate R between UEs as well as between UEs and associ-
ated APs is set to 2 Gbps, 4 Gbps and 6 Gbps, respectively,
according to the distances between devices. Due to better
channel qualities, the transmission rate of backhaul linksis
set to 6 Gbps. WithR = 2 Gbps, a packet can be transmit-
ted in one time slot. The packets with transmission delay
larger than the delay threshold̺are declared as unsuccessful
transmissions and discarded. Generally, the central controller
is able to complete traffic polling, schedule computation and
schedule pushing in a few time slots. Two traffic modes, the
Poisson process (PP) and interrupted PP (IPP), are used in the
performance evaluation.

a) PP packets arrive at each flow following the Poisson
process with arrival rateλ. The traffic load, denoted byTload,
in a PP traffic is defined as

Tload =
λ · L · Nf

R
, (26)

whereL is the size of data packets.
b) IPP packets arrive at each flow following the IPP with

the parametersλ1, p1, λ2 andp2. The arrival intervals of the
IPP obey the second-order hyper-exponential distributionwith
a mean of

E(X) =
p1

λ1
+

p2

λ2
. (27)

The traffic loadTload in this case is defined as

Tload =
L · Nf

E(X) · R
. (28)

The achievable system performance is assessed by the
following two metrics.

i) Average Transmission Delay: The average transmission
delay of the received packets from all the flows, and we
evaluate it in units of time slots.

ii) Network Throughput : The total number of the suc-
cessful transmissions of all the flows over the duration of
the simulation. For each received packet, if its delay is less
than or equal to the threshold̺, it is counted as a successful
transmission.

TABLE I
PARAMETERS OFSIMULATED NETWORK

Parameter Symbol Value
Duration of one time slot τ 5µs

Data packet size L 1000 bytes
Delay threshold ̺ 1000 time slots

Contention graph threshold σ 0.1 mW
PHY data rate R 2 Gbps, 4 Gbps, 6 Gbps

Propagation delay dlp 50 ns
PHY overhead TPHY 250 ns

Short MAC frame Tx time TShFr TPHY + 14 ∗ 8/R + dlp
Packet transmission time Tpacket 1000 ∗ 8/R

SIFS interval TSIFS 100 ns
ACK Tx time TACK TShFr

Path selection parameter β 2
SIFS: Short InterFrame Space

1) Comparing with optimal solution:We first compare
the D3MAC with the optimal solution. Since obtaining the
optimal solution takes extremely long time, we only simulate
a scenario of three cells with four users. There areNf = 4
flows in the network, and the simulation length is set to 0.025s.
The relavent parameters of the simulated network are listed
in Table I. Under heavy load, execution time of obtaining the
optimal solution becomes prohibitively long. Consequently, we
can only obtain and present the results under light load.
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(b) Transmission delay

Fig. 3. Comparison with the optimal solution under Poisson traffic.

Fig. 3 compares the achieved throughput and delay perfor-
mance by the proposed D3MAC with those of the optimal
solution under Poisson traffic, where it can be observed that
the performance gap between the D3MAC and the optimal
solution is negligible. Even under the traffic load of 2.8, the
D3MAC only increases the average transmission delay by less
than 10% and reduces the network throughput by less than
3%, compared to the optimal solution. We point out that by
optimizing the path selection parameterβ, the performance
gap between the D3MAC and the optimal solution can be
further reduced. The results of Fig. 3 therefore demonstrate
that the D3MAC achieves a near-optimal performance.

2) Comparing with other protocols:Next we compare the
D3MAC with the following three benchmark schemes .

i) ODMAC . In the ordinary directional MAC (ODMAC)
[24], [26], [27], D2D transmissions are not enabled, and all
the flows are transmitted through their ordinary paths. The
scheduling algorithm of the ODMAC is the same as that used
in the proposed D3MAC. This benchmark scheme represents
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the current state-of-the-art in terms of scheduling the access
or backhaul without considering D2D transmissions.

ii) RPDMAC . The random path directional MAC
(RPDMAC) [18] selects the transmission path for each flow
randomly from its direct path and ordinary path. Its scheduling
algorithm is the same as that of the D3MAC. Thus, the
RPDMAC is a good benchmark scheme to show the advan-
tages of the path selection criteria in the D3MAC.

iii) FDMAC-E . This is an extension of the FDMAC [24],
and to the best of our knowledge, the FDMAC achieves the
highest efficiency in terms of spatial reuse. In the FDMAC-
E, the transmission path is selected in the same way as the
D3MAC with the path selection parameterβ = 2. However,
in order to show the role of backhaul optimization, the access
links and backhaul links are separately scheduled in the
FDMAC-E. The access links from UEs to APs are scheduled
by the greedy coloring (GC) algorithm of the FDMAC [24].
The backhaul links on the transmission path are scheduled by
the time-division multiple-access (TDMA). The access links
from APs to UEs are also scheduled by the GC algorithm.
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Fig. 4. Network throughputs as functions of traffic load achieved by the four
schemes under Poisson traffic.

The network topology is the same as used in obtaining the
results of Fig. 3. The simulation duration is set to 0.5 s, and
the delay threshold̺ is set to104 time slots, while the rest
of the simulation parameters are as listed in Table I. Fig. 4
compares the network throughputs as functions of traffic load
for the four protocols under the PP traffic. It can be seen
from Fig. 4 that under the light load from 0.5 to 1.5, all the
four schemes achieve similar performance. The performance
of the ODMAC protocol degrades considerably when the
traffic load increases beyond 1.5, and it attains the worst
performance. The RPDMAC protocol only begins to degrade
when the network load increases beyond 2, and it outperforms
the ODMAC scheme which confirms that enabling D2D trans-
missions improves the network throughput. For the FDMAC-
E protocol, the rate of increase in the throughput begins to
reduce as the load becomes larger than 2, and its through-
put becomes saturated around 400,000 for high traffic load,
which is significantly larger than those of the RPDMAC and
ODMAC schemes. The proposed D3MAC protocol attains the
best performance. Specifically, the throughput of the D3MAC
increases linearly with the traffic load. At the high load of
5, the achievable network throughput of the D2MAC is 56%
higher than that of the FDMAC-E.

B. Performance Evaluation in Static Networks

We now evaluate the impact of UE behaviors. A typical
dense deployment of mmWave small cells is simulated, where

9 APs, i.e., 9 small cells, are uniformly distributed in a square
area of 50 m×50 m and the gateway is located at the center
of the area. We concentrate on investigating the influences of
the UE density and the UE denseness, under different traffic
loads and different traffic modes, on the achievable system
performance.

1) Influence of UE density:To evaluate how the density
of UEs influences D2D communications, we deploy 20, 30,
40, 50 and 60 UEs uniformly in the area, which makes the
average density 0.008, 0.012, 0.016, 0.020 and 0.024 UE/m2,
respectively. Each UE is associated with the nearest AP. 30
flows are set in the simulation, 20 of which are between UEs,
while 10 of which are between UEs and the gateway, including
uploading and downloading. Other simulation parameters are
identical to those used in obtaining the results of Fig. 4.
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(b) IPP traffic

Fig. 5. Network throughput as the function of UE density attained by the
D3MAC, given different traffic loads.

(a) PP traffic (b) IPP traffic

Fig. 6. Network throughput as the function of traffic load attained by the
D3MAC, given different UE densities.

Fig. 5 depicts the network throughputs as the function of
the UE density obtain by the D3MAC with three different
traffic loads, while Fig. 6 shows the network throughputs as
the function of the traffic load with 5 different UE densities,
under both the PP and IPP traffics. We observe that basically,
the network throughput increases with the density of UEs as
well as with the traffic load but the impact of the UE density
is heavily influenced by the traffic load and vice versa.

More specifically, it can be seen from Fig. 5 (a) that when
the UE density is very low, the achievable throughputs are
similar under all the three PP traffic loads, and additionally
increasing the UE density has the same positive impact for all
the three cases of traffic loads. However, for the relativelylight
traffic load of 3, when the UE density exceeds 0.012UE/m2,
the network throughput becomes saturated. Also the through-
put increase in the case of traffic load 3.5 becomes slower
when the UE density exceeds 0.016 UE/m2. By contrast, the
rate of the throughput increase with the traffic load of 5
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actually increases when the UE density exceeds 0.016UE/m2.
Similarly, as can be seen from Fig. 6 (a), under light traffic
loads, the network throughput increases with the traffic load,
and this trend is independent of the UE density. When the
traffic load exceeds certain critical value, which is different for
different UE densities, the throughput starts to grow slowly
and eventually becomes saturated under heavy loads. The
exception is the very high UE density case of 0.024 UE/m2,
where the network throughput keeps increasing with the traffic
load. The throughputs of the IPP-traffic network given in Fig. 5
(b) and Fig. 6 (b) show the same trends of the PP-traffic
network but the system under IPP traffic attains slightly lower
throughput than the PP-traffic network, which is caused by
less stable arrival of IPP packets.

It can be seen that the influence of the UE density and
traffic load on the achievable network throughput is highly
complicated. The UE density has significant impact on D2D
communication in heavily loaded systems, and high UE den-
sity increases the system throughput greatly. Increasing the
UE density may also increase the throughput performance of
D2D communication under light loads, but the improvement is
less obvious and smaller. High UE density increasing system
throughput can be explained as follows. The average distance
between UEs decreases as the number of UEs increases in the
network, which improves the channel qualities between UEs
and increases the transmission rates of D2D links. This allows
more flows to transmit packets through D2D links instead of
ordinary paths, leading to a higher throughput. However, this
impact on throughput is heavily depended on the traffic load.
The increase of throughput brought by high UE density is
more profound under heavy traffic loads. This is because in a
heavily loaded system, the network may originally be unableto
transmit all packets within the delay threshold. By increasing
the UE density, these originally unsuccessful transmissions can
be transmitted successfully through more and better D2D links.
Under light loads, on the other hand, the network is originally
able to transmit almost all packets within the delay threshold,
and there is less need to relying on the improvement brought
by high UE density for increasing successful transmissions.
Thus the UE density has less impact on light-load networks.

Fig. 7 shows the average transmission delays as the function
of the UE density obtained by the D3MA with three different
traffic loads, while Fig. 8 depicts the average transmission
delays as the function of the traffic load with five different
UE densities. We can clearly see that the transmission delay
is reduced as the UE density increases, while the transmission
delay increases with the network traffic load. We also observe
that the average transmission delay performance of the IPP-
traffic network is worse than that of the PP-traffic network,
since the IPP traffic has lower arriving stability than the PP
traffic and this erratically arriving traffic demand causes longer
waiting time at the transmitting devices’ queues and hence
longer transmission delay.

The reason that the transmission delay decreases as the
UE density increases is simple. With the increase of the
UE density, the transmission opportunities increases and this
reduces the waiting time of the packets to be transmitted. Inad-
dition, a higher UE density also improves the channel quality,
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(b) IPP traffic

Fig. 7. Average transmission delay as the function of UE density attained
by the D3MAC, given different traffic loads.

(a) Poisson traffic (b) IPP traffic

Fig. 8. Average transmission delay as the function of trafficload attained
by the D3MAC, given different UE densities.

which improves the successful transmission rate and reduces
re-transmissions. This also helps improving the transmission
delay performance. The reason that increasing the traffic load
worsens the transmission delay performance is also obvious.
Increasing the network traffic load simply means more packets
to be transmitted, which increases the packets’ waiting time
in the transmission queues of the transmitting devices, leading
to a higher transmission delay.

2) Influence of UE denseness:The denseness of UEs is
another important factor that affects the performance of D2D
communication. With a fixed UE density, high UE denseness
indicates that UEs are distributed unevenly, and low denseness
means that UEs are near-uniformly distributed. In order to find
out how the UE denseness impacts on D2D communication,
we deploy the same simulated network with the UE density
fixed to 0.016 UE/m2. However, in each small cell, the loca-
tions of UEs follow the two-dimensional normal distribution
with the mean at the cell center and the standard deviation
ς per dimension. The denseness of UEs can be adjusted by
changing the value ofς, where a smallς indicates a large UE
denseness and vice versa. We set the levels of UE denseness
from 1 to 5, which correspond to the values ofς equal to 20,
18, 16, 14, 12, and 10.

Figs. 9 and 10 show that the network throughput and average
transmission delay achieved by the D3MAC as the functions of
UE denseness, respectively, given three different traffic loads.
The results of Fig. 9 indicate that the throughput increaseswith
UE denseness. Given the UE density, distances between UEs
in high denseness systems become shorter and, therefore, the
channel qualities are improved. However, for light-load sys-
tems, the throughput stops increasing after the UE denseness
reaches certain level. By contrast, for heavy-load networks, the
throughput keeps increasing with a similar rate. Under heavy
loads, the traffic demand is beyond the transmitting capability



10

1 2 3 4 5
1.1

1.2

1.3

1.4

1.5

1.6

1.7
x 10

4

UE Denseness

T
o
ta

l 
S

u
c
c
e
s
s
fu

l 
T

ra
n
s
m

is
s
io

n
s

 

 

Traffic Load=3
Traffic Load=3.5
Traffic Load=5

(a) PP traffic
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(b) IPP traffic

Fig. 9. Network throughput as the function of UE denseness attained by the
D3MAC, given different traffic loads.
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(a) PP traffic
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(b) IPP traffic

Fig. 10. Average transmission delay as the function of UE denseness attained
by the D3MAC, given different traffic loads.

of the original system. Thus higher UE denseness improves
the performance by increasing transmission rates. One the
other hand, in a lightly loaded system, the traffic demand may
almost be met by the transmitting capability of the original
system, and there is less need to rely on the increase of
UE denseness for improving transmission rates. Similarly,the
average transmission delay is reduced as the UE denseness
increases, due to the increase in the transmission rates. Fur-
thermore, the transmission delay decreases more rapidly as
the UE denseness increases, under heavy loads. This rapid
reduction in transmission delay as the UE denseness increases
under heavy loads is mainly due to the large reduction of the
packets’ waiting time. By contrast, such an effect is small and
not so obvious under light loads. The results of Figs. 9 and
10 also show that the performance of the PP-traffic network
is better than that of the IPP-traffic network.

The complicated coupling influences of the traffic load and
UE denseness on the performance of D2D communication
are further illustrated in Figs. 11 and 12, which depict the
network throughput and average transmission delay as the
functions of the traffic load, respectively, with differentlevels
of UE denseness. Again, we observe that under light loads, the
average transmission delay is very small. When the traffic load
exceeds certain value, which is different for different levels
of UE denseness, the transmission delay begins to increase
rapidly. Also under light loads, the network throughput in-
creases with the traffic load. When the traffic load exceeds
certain value, which again is different for different levels of
UE denseness, the throughput grows slower and eventually
becomes saturated.

3) Influence of traffic mode:As have shown about, the
performance of the PP-traffic network is better than that of the
IPP-traffic network, because the IPP packets has lower arriving
stability than the PP packets. We now have a closer look into

(a) PP traffic (b) IPP traffic

Fig. 11. Network throughput as the function of traffic load attained by the
D3MAC, given different levels of UE denseness.

(a) PP traffic (b) IPP traffic

Fig. 12. Average Transmission delay as the function of traffic load attained
by the D3MAC, given different levels of UE denseness.

the impact of the traffic mode as well as its coupling influence
with other network key parameters. Specifically, Fig. 13 shows
the network performance as the function of traffic load under
PP and IPP traffics and with different UE densities, while
Fig. 14 illustrates the network performance as the function
of traffic load under PP and IPP traffics and with different
levels of UE denseness. We can clearly observe that the PP-
traffic system outperforms the IPP-traffic system, in terms
of achieving higher throughput and lower transmission delay.
Moreover, the impact caused by traffic mode varies with traffic
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Fig. 13. Network performance as the function of traffic load under PP and
IPP traffics and with different UE densities.

2 2.5 3 3.5 4 4.5 5
0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7
x 10

4

Traffic Load

T
o

ta
l 
S

u
c
c
e

s
s
fu

l 
T

ra
n

s
m

is
s
io

n
s

 

 

UE Denseness=1,Poisson
UE Denseness=1,IPP
UE Denseness=3,Poisson
UE Denseness=3,IPP
UE Denseness=5,Poisson
UE Denseness=5,IPP

(a) Network throughtput

2 2.5 3 3.5 4 4.5 5
0

1000

2000

3000

4000

5000

6000

7000

Traffic Load

A
v
e

ra
g

e
 T

ra
n

s
m

is
s
io

n
 D

e
la

y

 

 

UE Denseness=1,Poisson
UE Denseness=1,IPP
UE Denseness=3,Poisson
UE Denseness=3,IPP
UE Denseness=5,Poisson
UE Denseness=5,IPP

(b) Average transmission delay

Fig. 14. Network performance as the function of traffic load under PP and
IPP traffics and with different levels of UE denseness.
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load, UE density and UE denseness. The performance gap
between the two systems is larger under heavy traffic load,
low UE density and low UE denseness.

VII. D YNAMIC NETWORK EVALUATION AND ANALYSIS

The distribution of UEs is usually dynamic in real world
networks and the dynamic changes of the network topology
have profound impact on the achievable performance. In order
to evaluate the impact of user mobility on the performance of
D2D communication, we adopt the realistic human mobility
model SLAW proposed by Brockmannet al. [28] in our
simulation, where the distribution of user traveling distance
decays at a power law with the parameterλdecay, and the
probability of user remaining in a small, spatially confined
region for a time periodTstay is dominated by algebraically
long tails that attenuate with the super diffusive spread. UEs
are initially distributed uniformly with the UE density equal
to 0.016 UE/m2 and their mobility traces are generated by
the random walk model. Other simulated network parameters
remain the same as before. Based on the scale of the simulated
network, we setλdecay = 0.2, which makes the average
moving distance of UE 5 m, and the mean value ofTstay is set
to 1 s. In order to schedule the system with the D3MAC, we
consider the network topology and UE locations static within
a rather short duration of time, which is 0.1 s in the simulation,
and the transmission rates of all links are updated every 0.1s.
Since the speed of UE is one of the key factors that determines
the network topology, we evaluate the throughput and delay
performance of the system under different UE velocities to
unveil the impact of UE mobility.

(a) PP traffic (b) IPP traffic

Fig. 15. Network throughput as the function of average UE velocity attained
by the D3MAC, given different traffic loads.

Fig. 15 depicts the network throughput as the function of
average UE speed, given three different traffic loads. Observe
that the impact of UE mobility on the achievable network
throughput is heavily influenced by the network traffic load.
Specifically, with a very light traffic load of 0.8, the traffic
demand can easily be met, and the UE mobility appears to
have no impact on the achievable network throughput. With
the traffic load of 1.4, increasing the average UE speed from
0 to 2 m/s has little impact on the network throughput, but the
network throughput begins to drop when the average UE speed
further increases. By contrast, for the case of the traffic load
equal to 2, the achievable system throughput actually increases
considerably as the average UE speed increases from 0 to
2 m/s. The system with low average UE speed outperforms
the network with static UE distribution, because the mobility

of UEs allows UEs to move around and thus to increase the
probability of encountering other UEs. This enables more new
D2D links and therefore improves the system performance.
However, the network throughput begins to drop rapidly as
the UE speed further increases. The frequent changes of
the network topology brought by high UE speed apparently
changes D2D pairs too frequently. As a consequence, many
D2D links are frequently disabled before the transmissionson
them are completed, which has detrimental effects on the D2D
communication performance.

(a) PP traffic (b) IPP traffic

Fig. 16. Average transmission delay as the function of average UE velocity
attained by the D3MAC, given different traffic loads.

Fig. 16 plots the average transmission delay as the function
of UE mobility, given three different traffic loads. We observe
that the transmission delay first decreases when the average
UE speed increases from 0 to 2 m/s. The improvement in
delay performance at low UE mobility over the static network
is caused by newly established D2D links brought by UE
mobility. However, as the average UE speed increases further,
the transmission delay begins to grow rapidly, especially under
heavy traffic loads. This is because high UE mobility causes
frequent changes of UE locations, which frequently disables
D2D links before the transmissions on them are completed.
These unsuccessful transmissions then need to be rescheduled,
leading to the increase of transmission delay. This detrimental
effect is further amplified by heavy traffic load.

From the the above results and analysis, we can draw the
general conclusion that low UE speed improves the perfor-
mance of D2D communication, in terms of throughput and
transmission delay, due to the establishment of new D2D links.
When the average UE speed exceeds certain value, the system
performance suffers considerably owing to the frequent change
of network topology, which results in highly unstable D2D
pairs. This detrimental impact of high UE speed is further
amplified under heavy traffic loads.

VIII. C ONCLUSIONS

In this paper, we have investigated the optimal scheduling
problem of radio access of small cells in the mmWave band
that enables D2D communications and fully utilizes the spatial
reuse. Because the optimal solution for this scheduling prob-
lem is computationally prohibitive for large-scale networks, we
have proposed a centralized MAC scheduling scheme, referred
to as the D3MAC, to solve this scheduling problem efficiently.
Through extensive simulations, we have demonstrated that the
D3MAC achieves a near-optimal performance, in terms of
network throughput and transmission delay, and it outperforms
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other existing protocols. Our other main contribution has
included a comprehensive evaluation of how the user behavior
impacting the achievable D2D communication performance in
the network consisting of mmWave small cells, based on our
proposed D3MAC protocol. Specifically, we have carefully
investigated the five key factors related to user behavior,
namely, UE density, UE denseness, UE mobility, traffic load
and traffic mode. Our study has unveiled intriguing patterns
and complex interactions of these factors in influencing the
achievable performance of D2D communications in mmWave
small cells. Our results and observations thus offer valuable
lessons and useful guidelines in designing future networksof
mmWave based small cells.
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