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Abstract—Heterogeneous cellular networks (HCNs) with mil-
limeter wave (mm-wave) communications are considered as a
promising technology for the fifth generation mobile networks.
Mm-wave has the potential to provide multiple gigabit data
rate due to the broad spectrum. Unfortunately, additional free
space path loss is also caused by the high carrier frequency. On
the other hand, mm-wave signals are sensitive to obstacles and
more vulnerable to blocking effects. To address this issue, highly
directional narrow beams are utilized in mm-wave networks.
Additionally, device-to-device (D2D) users make full use of their
proximity and share uplink spectrum resources in HCNs to
increase the spectrum efficiency and network capacity. Towards
the caused complex interferences, the combination of D2D-
enabled HCNs with small cells densely deployed and mm-wave
communications poses a big challenge to the resource allocation
problems. In this paper, we formulate the optimization problem
of D2D communication spectrum resource allocation among mul-
tiple micro-wave bands and multiple mm-wave bands in HCNs.
Then, considering the totally different propagation conditions on
the two bands, a heuristic algorithm is proposed to maximize
the system transmission rate and approximate the solutions with
sufficient accuracies. Compared with other practical schemes, we
carry out extensive simulations with different system parameters,
and demonstrate the superior performance of the proposed
scheme. In addition, the optimality and complexity are simulated
to further verify effectiveness and efficiency.

I. INTRODUCTION

With the ever-increasing demands on mobile data streams
and the number of connected multi-media devices, some
industry and academic experts predict the data rate is expected
to increase 1000-fold by year 2020 [1]]. Many efforts have been
made to tackle this issue. Heterogeneous cellular networks
(HCNs) with small cells densely deployed underlaying the
macrocells have shown great potential to increase frequency
reuse and system capacities [2]. Besides, due to the scarcity of
practical radio frequency resources, many mobile network op-
erators have dedicated to exploit new spectrum bands. Among
them, millimeter wave (mm-wave) has emerged as a promising
candidate for the fifth-generation (5G) mobile network and
attracted tremendous attention for huge bandwidth [3]], [4]. It
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can achieve throughput in the range of gigabits per second.
Moreover, there are already several standards defined for
indoor wireless personal area networks (WPANS) or wireless
local area networks (WLANSs) in the mm-wave band, such
as ECMA-387 [3], IEEE 802.15.3c [6]], and IEEE 802.11ad.
In view of the large bandwidth, it is necessary to divide
the mm-wave into multiple bands, as well as for cellular
communications. Therefore, in order to meet the fast growth
of mobile Internet traffic demands, one promising way is to
exploit HCNs in multiple micro-wave bands and multiple mm-
wave bands.

To efficiently use the available spectrum resources and
maintain a desired quality of service at local users, HCNs
with small cells densely deployed have been brought into many
studies [7]-[9]. Essentially, implementing HCNs decreases the
distance between terminals, which results in lower path losses,
reduction in battery consumption, increased energy efficiency
and spectrum efficiency. Apart from this, in this paper, the
combination of cellular network and mm-wave network makes
the advantages of the two networks maximized, and the
disadvantages are complementary. It turns out that cellular
network has more stable and reliable propagation conditions,
and is responsible for network control [10]. However, its
transmission rate is limited to fail to meet the continuous
growing data traffic. Mm-wave network offers huge bandwidth
and provides multiple gigabit data rate, while to some extent,
much larger distance associated propagation loss is suffered
[11], [12]. For example, the free space path loss at 60 GHz
band is 28 dB more than that at 2.4 GHz [13]. In addition,
a dense deployment of the small cells can increase line-of-
sight (LOS) probability and compensate for the blockage of
mm-wave networks. Considering the different characteristics
of both networks, the benefits of the HCNs with many small
cells deployed will be obvious. At last, dividing the cellular
and mm-wave communications into multiple bands makes our
research more practical.

Device-to-device (D2D) communication has emerged as a
promising component to further improve spectral efficiency. In
the conventional cellular network, cellular users communicate
with each other via the central coordinator, such as base
stations (BSs). Different from the infrastructure based cellular
network, D2D communications allow two closely located users
to communicate directly without involving central controllers
[14]-[16]. Due to the proximity of D2D users, the benefits
such as reduced end-to-end latency and lower energy con-



sumption are reaped. Then, D2D pairs need to share uplink
spectrum resources with cellular users or use the resources in
mm-wave bands in multi-cell HCNs. Thus, various interfer-
ence due to the spectrum sharing needs to be considered, and
effective interference management is meaningful.

In this paper, we consider a scenario of multi-cell D2D-
enabled heterogeneous cellular network aggregating multiple
micro-wave bands and multiple mm-wave bands. The chal-
lenges of concerned multi-band resource allocation issues have
followed, such as the uniqueness of HCNs, differences in
propagation conditions and power gains of cellular and mm-
wave networks, complicated intra- and inter-cell interferences
caused by co-band cellular links and D2D links, and algorithm
design with priority. Considering these together, the opti-
mization problem of D2D communication spectrum resource
allocation among micro-wave bands and mm-wave bands is
formulated to maximize the metric of system transmission rate
[17], which is defined as the sum rate of all cellular users and

D2D pairs in all involved cells, R = > R.+ > R4 (C and D
ceC deb
denote the set of all cellular users and D2D pairs respectively,

R denotes the transmission rate). To address this problem,
we propose a heuristic algorithm, which takes advantage of
the mm-wave communications preferentially after taking into
account the characteristics of two networks. As a result, the
caused interference is effectively managed and the system per-
formance in terms of the total transmission rate is enhanced.
The main contributions of the paper can be summarized as
follows.

o In HCNs with small cells densely deployed underlying
the conventional macrocells, we outline the system model
consisting of multiple micro-wave bands and mm-wave
bands for multiple cellular users and D2D pairs.

o We propose a heuristic algorithm to make full use of the
advantages of cellular network and mm-wave network,
while, minimizing interference and maximizing the sys-
tem transmission rate. Then, we show that the algorithm
always yields the near-optimal solution with fairly low
computational complexity.

o Through extensive simulations under various system pa-
rameters, we evaluate the system performance of the pro-
posed heuristic algorithm compared with other practical
schemes. Besides, the optimality and complexity are also
analyzed. On average, the proposed algorithm enhances
the system performance in terms of total rate than full
mm-wave transmission strategy by about 36%.

The rest of the paper is organized as follows. In Section
we summarize the related work. Section [ outlines the
system model and formulates a resource optimization problem.
We propose an effective and efficient heuristic algorithm in
Section Section [V] gives the performance evaluation of
the proposed scheme in terms of optimality, complexity and
comparison with other three schemes under various system
parameters. Finally, we conclude this paper in Section

II. RELATED WORK

In this section, we partition the related works of resource
allocation and interference management into four categories.

1) cellular networks, 2) heterogeneous cellular networks, 3)
heterogeneous networks in the mm-wave bands, 4) heteroge-
neous networks consisting of mm-wave and micro-wave bands.

1) There have been several related works studying power
control under a restricted cellular network [18]], resource
allocation for D2D communications under a realistic cellular
network [[19]-[21]]. For example, Ramezani-Kebrya et al. [|18]]
proposed an efficient approximate power control algorithm to
maximize the sum rate of a cellular user and a D2D pair
with the consideration of the worst-case inter-cell interference
(ICI) limit in multiple neighboring cells. To improve spectrum
efficiency and enhance system capacity, Li et al. [19] proposed
a coalition formation game to deal with the interference
problem of multiple cellular users and D2D pairs underlaying
cellular networks by reasonable resource allocation. Xu et al.
[20] proposed an innovative reverse iterative combinatorial
auction mechanism to allocate resources to D2D communica-
tions underlaying downlink cellular networks. Dai et al. [21]]
proposed a framework in which users uploaded data to BSs
at most two hops for D2D overlaying multi-channel uplink
cellular networks.

2) Different from traditional cellular network, heterogeneous
network, which is a multi-cell topology, significantly boosts
the overall network capacity. Inspired by it, existing liter-
atures on resource allocation and interference management
for heterogeneous cellular networks include [22] and [23].
Wang et al. [22] proposed a biased cell association scheme
with coordinated sub-channel allocation and channel inversion
power control for mitigating the co-tier and cross-tier interfer-
ences caused by spectrum resource sharing and densification
of the small cells in HCNs. Tan et al. [23] proposed a joint
access selection and resource allocation scheme to maximize
the network capacity in the cache-enabled HCNs with D2D
communications.

3) Considering the advantages of mm-wave, such as huge
bandwidth, the latest emerging works [2], [24]-[26] open the
direction for studying heterogeneous networks in the mm-wave
bands. Su et al. [24]] studied the user association and wireless
backhaul allocation in a two-tier heterogeneous network oper-
ating in the mm-wave band. Niu et al. [2]] developed an energy-
efficient mm-wave backhauling scheme to deal with the joint
optimization problem of concurrent transmission scheduling
and power control of small cells densely deployed in HCNS.
Niu et al. [25] jointly designed the scheduling problem of
radio access and backhaul for small cells in the mm-wave
band. Niu et al. [26]] proposed a coalition formation game
based algorithm for optimal sub-channel allocation of access
and D2D links in densely deployed multiple mm-wave small
cells.

4) Deng et al. [|10]] considered a hierarchical network control
framework to address the problems of resource allocation
and interference coordination in mm-wave/sub-6 GHz multi-
connectivity with relaying scenarios. Chen et al. [27] inves-
tigated the D2D communications resource allocation consid-
ering single-cell multi-micro-band single-mm-wave-band in
HCNs. In this paper, we investigate the scenario of D2D
underlaying multi-cell HCNs consisting of multiple micro-
wave bands and mm-wave bands, in which resources have
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Fig. 1. Illustration of the resource sharing of D2D communications in a HCN underlaying the macrocell.

to be allocated across frequencies with disparate propagation
conditions. The lower micro-wave band is responsible for
network control and relatively reliable communications, while
mm-wave communications provide high-throughput enhance-
ment. Cellular uplink spectrum resources or mm-wave radio
resources are shared by D2D pairs and as a result, intra- and
inter-cell interferences are involved and becoming a challenge
to the follow-up research. Thus, effective resource allocation
and interference handling are the keys to improve the system
performance.

Mm-wave bands from 28 GHz to 300 GHz are considered to
be a promising candidate for new spectrum in the 5G networks
[28]-[32]. Meanwhile, channel measurements have confirmed
some unique characteristics of mm-wave signals, which are
different from traditional cellular signals [33]. On the one
hand, based on large and continuous bandwidth, mm-wave
spectrum can offer much higher throughput. On the other hand,
mm-wave signal suffers much larger propagation loss due to
the high carrier frequency, and it’s more vulnerable to blocking
and sensitive to obstacles. Consequently, network congestion
may happen in mm-wave networks [34]. Another distinguish-
ing characteristic is the directional transmission. The highly
directional narrow beams are utilized and the power gains are
closely related to the angles of departure/arrival (AoD/AoA).
Yu et al. [35] presented a general framework for the analysis

of the coverage probabilities in mm-wave networks, and then
conducted a thorough investigation on the impact of directional
antenna arrays. Ai et al. [11]] performed some measurements
and simulations on indoor mm-wave massive multiple-input
multiple-output (MIMO) channel at 26 GHz. In this paper,
integrating mm-wave into HCNs with densely deployed small
cells can increase the mm-wave coverage, tackle the problems
of path loss and blockage, and further achieve both high
capacity and consistent user experience.

III. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Description

Differing from a simple single-cell scenario, we consider
a multi-cell heterogeneous cellular network with multiple
potential D2D pairs in this paper. The small cells can be
separated or overlapped. In the investigated communication
pattern, both the cumulated interference from neighbor cells
and the intra-cell interference are considered. Since the HCN is
a combination of the cellular network and mm-wave network,
we assume two operating modes for each potential D2D pair,
the cellular mode and the mm-wave mode. If the D2D pair
chooses to operate in the cellular mode, that means it shares
the uplink spectrum resource of one cellular user in the same
located cell. Otherwise, it uses the radio resource in one of the



mm-wave bands. Next, we will discuss system interference in
detail.

For the cellular D2D system, the BS is equipped with
omnidirectional antennas for cellular communications. Both
cellular users and D2D pairs have only one antenna element
and its pattern is still omnidirectional, i.e., the gain over all
directions is the same. In order to make the complicated inter-
ference problem tractable and achieve the maximum spectral
efficiency, one cellular user’s uplink spectrum resource can
be shared simultaneously with multiple D2D pairs. At the
same time, the D2D pair is allowed to share no more than
one cellular user’s spectrum to keep the computational costs
low. Besides, the interferences between different cellular sub-
channels in the same cell are supposed to be non-existent
for the independence of sub-channels. When cellular users
of different small cells transmit on the same channel, there
exists interference between each other. In general, four kinds
of interferences need to be taken into consideration in cellular
D2D system, such as cellular link to cellular link interference,
cellular link to D2D link interference, D2D link to cellular link
interference, and D2D to D2D interference. For the mm-wave
D2D system, it is fundamentally different. Highly directional
antennas are leveraged for D2D pairs in order to achieve the
directional transmission and reception between D2D users in
the mm-wave band. Furthermore, significant beam-forming
gains are provided. Since there is no forwarding architectures
involved, such as BSs, we only need to consider one kind of
interference, D2D link to D2D link interference.

In such a system, our goal is to maximize the total
transmission rate. To achieve it, a critical challenge should
be addressed for efficient D2D communications in HCNs.
We need to concentrate on assigning appropriate spectrum
resources for all D2D pairs, while satisfying the constraints
and mitigating inter- and intra-cell interferences as much as
possible. As shown in Fig. [l we introduce the resource
sharing relationship of D2D communications in the HCN
underlaying the macrocell, and elaborate on inter- and intra-
cell interferences. To make the figure clearer, we simplify the
multi-cells into two small cells. The cellular users in each cell
are controlled by the corresponding BS, which is connected to
the macrocell BS via a direct and high-rate wired connection,
called gateway. It should be noted in advance that, 1) the letter
¢ represents a cellular user in cell ¢ assigning to sub-channel
. 2) the letter m? represents the mm-wave sub-channel j in
cell 4, 3) the letter d? represents the D2D j in cell i.

For a separate cell, we give detailed intra-cell interference.
In the small cell numbered 1, the utilized micro-wave band
is divided into two sub-channels. There are two cellular users
ct and ¢? occupying them respectively, and 3 D2D pairs with
d} and d? shared the spectrum resource of ci, d3 shared with
c%. Similarly, the available mm-wave band is divided into two
sub- channels d} and df use the mm-wave band in m}, and
d} in m? band. In addition, a similar network is configured
in small cell numbered 2. In each small cell, there are four
kinds of interference, 1) cellular user to D2D interference,
2) D2D to cellular user interference, 3) cellular D2D to
D2D interference, and 4) mm-wave D2D to D2D interference.
Then, the inter-cell interference is also briefly described. There

are four sub-channels consisting micro-wave and mm-wave
bands in this case, and each sub-channel is represented by
a colored rectangle. The links sharing the same sub-channel
in the same cell or different cell are marked with the same
colored rectangle, that is to say, there must be intra- or inter-
cell interferences between any two of them. For example,
the received signals at the BS from c} are interfered by the
transmitters of d}, d?, d3 and c} sharing the same spectrum
resource. The signal at the D2D receiver d3 is interfered by
the transmitters of c3, d3, ¢? and d3. In contrast, in the mm-
wave band, the D2D pairs are mutually interfered as they use
the same radio resource. The receiver of dj is interfered by
the transmitters of d3, d and d3. Regarding to the resource
allocation problem to be studied, when all D2D pairs select
the cellular mode, since the transmission rate of the cellular
link is particularly low, the total system rate will be relatively
small. While, when all of them select the mm-wave mode, the
interference generated may be serious, and it is not beneficial
to the overall performance improvement. Thus, we need to
rationally allocate spectrum resources to increase bandwidth
utilization and maximize system utility.

B. System Model

1) System Model Overview and Assumptions: In the sys-
tem, we assume that there are n small cells, in which multiple
cellular users and D2D pairs are uniformly distributed with the
BS in the center. The BS associated with cell ¢ is denoted by
b;. Taking a cell as an example, since the spectrum resources
of the HCN are consisted by multiple micro-wave bands and
multiple mm-wave bands, for the part of the cellular D2D
network, we assume that /N cellular bands are defined. Due to
the frequency division multiplexing (FDM), we also suppose
there are IV cellular users occupying different sub-channels
without interference between each other. For cell i, we denote
the set of cellular users as C; = {c!,c?,...,cN}. Thus, the
set of all cellular users in the system can be expressed as
C ={C1,C5,Cs,...,C,}. In order to be closer to the actual
scenario, the number of D2D pairs in each cell is randomly
generated. Suppose there are D; D2D pairs, the set of D2D
pairs in cell i can be denoted by D; = {d},d?, ..., d”"}. Thus,
the set of all D2D pairs in the system can be expressed as
D = {Dy, Dy, ..., D, }. For the part of mm-wave D2D network,
we assume that there are N’ mm-wave bands denoted as M; =
{m!,m2,...,mN"} in cell i. Therefore, the set of mm-wave
bands in the system is expressed as M = {M;, Mo, ..., M, }.

Note that there exists two modes for D2D pair d; to choose.
One is to share the uplink resources of cellular users c;, and
the other is to use mm-wave spectrum m,;. To better reflect
the spectrum resource usage relationship, we define a binary
variable a . to represent whether the cellular mode or the mm-
wave mode is selected by D2D pair £ in cell <. If the cellular
mode is selected, ayzr = 1. Another case agzr = 0 means
that the mm-wave spectrum is chosen. For mére convenient
representation of the relationship of sharing frequency band,
we define two other binary variables x ; o and z e The
former represents the jth sub-channel of the cell i is the same
as the jth of the cell z when it equals to 1, otherwise, it



TABLE I
NOTATION SUMMARY

Notation Description

n number of small cells

b; BS of cell 4

N number of cellular bands

C; the set of cellular users of cell ¢
C the set of all cellular users

D; number of D2D pairs of cell ¢
D; the set of D2D pairs of cell ¢

D the set of all D2D pairs

N’ number of mm-wave bands

M; the set of mm-wave bands of cell 7
M the set of all mm-wave bands
dr D2D pair k of cell i

c cellular user j of cell 4

m; mm-wave spectrum y of cell ¢

a gk mode selection of df
T whether ¢] and ¢ share the same band

P12 .
T g gk whether cf and df share the same band

107

y y
Tin¥ mY whether m; and m; are the same
T, v gk whether dF shares the band of m?
17

|hol? power or second-order statistic of the channel
o path-loss exponent
lij distance between s; and 7
PE(j,1) rece%ved power at r; from s; .in cellular system
re received SINR at r; from s; in cellular system
Gt transmit antenna gain in cellular system
Gr receive antenna gain in cellular system

it i interference power received by r; in cellular system

,

P™(j,4) received power at r; from s; in mm-wave system
I received SINR at r; from s; in mm-wave system
G¢(i,7) transmit antenna gain of s; — r; in mm-wave system
Gr(i,7) receive antenna gain of s; — r; in mm-wave system

it i interference power received by 7; in mm-wave system

is not the same. Similarly, the latter represents D2D pair k
in cell ¢ shares the spectrum with cellular user j; when it
equals to 1. For mm-wave D2D network, we also define two
binary variables. One is x,,v ,,,y, representing mm-wave band
y of cell ¢ and mm-wave band y of cell z are the same if
Ty my = 1, otherwise, x,,v ,,v = 0. Another is z,, v k- The
variable Ty g = 1 1ndlcafes D2D pair k in cell i occupies
the resource of mm-wave band y. For all binary variables

deﬁned above, we place some reasonable constraints. One
Nl
is indk + Zm vgr = 1,Vi k. In other words, each

j=
D2D pa1r in each cell must share the spectrum of the cellular

users or use the radio resource of mm-wavj% It cannot transmit

directly through the BS. Another one is Z T gi = Qgk-
=

2) System Channel Model and SINR Representation: To
maximize the network performance in terms of the system
transmission rate, we should pay more emphasis on the key
part of signal to interference plus noise ratio (SINR). Consid-
ering the cellular D2D network first, we adopt the Rayleigh
channel model for small-scale fading due to shadowing and
attenuation, while the distance-based path loss is also con-
sidered. For communication link i, we denote its sender and
receiver by s; and r;, respectively. The corresponding channel
coefficient of the link ¢ is denoted by h;;, which can be written
as hi; = |ho|?-1;;* under the free space propagation path-loss

model, where |ho|? is the power or second-order statistic of the
channel, [;; is the distance between sender s; and receiver 7r;,
and « is the path-loss exponent [36], [37]. h;; represents the
uplink channel state. On the contrary, |hg|? is considered as a
constant within the BS’s coverage area, and hg is a complex
Gaussian random variable with zero mean and unit variance.
Based on the above channel model and path-loss model, for
communication link ¢, we derive the expression of the received
power at r; from s; as P¢(i,i) = |ho|” - Gy - Gy - ;% P,
where P, is the cellular transmission power, G, is the transmit
antenna gain and G, is the receive antenna gain. All of them
are fixed value for the sake of tractability. The received SINR
at r; from s;, denoted by I'§, can be expressed as

hol*GiGrl;* Pe
rs= ol "G (1)
Pznt i + NOCwC
where P, is the interference signal power received by

user r;. The channel is assumed to experience additive white
Gaussian noise. Ny, is the noise power spectral density of the
cellular networks, and W, is the cellular subcarrier bandwidth.

Considering the mm-wave D2D network, the received power
at r; from s; can be written as

P:n(lvl) = kOGt(lvl)Gr(ZaZ)l;aPma ()

where ko is a constant coefficient and proportional to (ﬁ)2
(A denotes the wavelength) [38]. We specify the gain which
is different from the setting in cellular D2D networks. The
antenna gain of s; pointing at direction of s; — 7; is denoted
by G¢(4,%). The antenna gain of r; pointing at direction of
s; — 1; is denoted by G,.(i,4). Both of them are related with
the angles of AoDs/AoAs. P, is the mm-wave transmission
power. There inevitably exists interference between two mutu-
ally independent mm-wave communication links ¢ and j. Thus,
the received interference at r; from s; can be calculated as

P;n(ja Z) = pkOGt(]vl)GT(jaz)l;za

where p denotes the multi-user interference (MUI) factor

related to the cross correlation of signals from different links.
Combining useful received power, interference, and noise

power, we can obtain the received SINR at r; as follows.

rm _ P (i, 1)
P4 Non W

int,:

P, 3)

“)
where Pj7, ; is the interference signal power received by user
r;, the noise onesided power spectral density in the mm-
wave D2D network is symbolized by Ngy,,, and W,, is the
bandwidth of mm-wave communication.

3) System Transmission Rate: In the case of cellular D2D
communication, we denote the transmit and receive antenna
gain of user equipments and BS as Gy and G}, respectively.
For simplicity, we take them to fixed and reasonable value.
Then, we analyze the interference experienced by cellular
users and D2D pairs in each cell, and further obtain the uplink
transmission rate of each individual contributed to the system.
The cumulative interference of the cellular link receiver, which
is the BS, partly comes from D2D pairs occupying the same
spectrum resource with the cellular user in the same cell,



and the remaining comes from cellular users and D2D pairs
sharing the same frequency band in other cells. In summary,
the interference power at BS b; for cellular user ¢/ in the small
cell 7 can be expressed as

_ ) 2 —«
Pt = E : o gr [hol GoGol ey, Pe
dkeD;
2
deC,,z#i
2 «@
+ E $C£7d§|h0| GOGbldk b P)
dkeD,

xcg’cfz'(‘hOFGOGbl;i?biPc (5)

According to the Shannon theory, the achievable transmission
rate in bit/s of the cellular user cg, denoted by R _;, can be
expressed as '

|h0|2G0Gbl;avaC
1 T
T NoW, ©

int,c;

RCJ: = Wclog2

Taking D2D pair k in cell ¢ as an example, which is denoted
as d¥. The received cumulative interference signal of the
receiver is from the cellular user ¢ and the other D2D pairs
sharing the same spectrum resource of ¢/ in cell i, and cellular
users and D2D pairs occupying the same sub-channel in other
cells. Therefore, the calculation formula of the interference

power for the receiver of D2D d¥, denoted by P t k> |

22
> 2 g (|ho*G 0L Pe
CZGC

+ Z

i

1nt dk -

2 g |hol Gy P

dk’ d¥

221—« (7)
+ Z Led gk Z L (,j(|h()| G lJ dkP
cec; el z#i
2
£ Y s PG P
dkeD,

With the interference power we can get the SINR for the
receiver of D2D pair d¥, denoted by T qss A follows.

. |h0\2G21dkadkP -
WP, et NoWe

Thus, the transmission rate of the D2D pair df, denoted by

R;A, is expressed as

dk dk

Pe, g + NocWe

ho|2G2152 , P,
)

dk = W.log, (1 +

In the case of mm-wave D2D communication, interference
is more complicated. Different from the single-cell scenario,
each D2D pair in the multi-cell scenario suffers interference
from all D2D pairs sharing with the same spectrum, not only
in the located cell, but also other cells. Thus, we can get the

interference power for the receiver of D2D d¥, denoted by

Pi”::t gk @8 follows.
znt dk = E : T § : xm?,df/pko.
mYeM; dk’en \{d¥}

Gy (dF, dG (¥ dF) =S

[ z7zdk’dk

D D FTIED SRR pE
mYeM; mYEM;,j#i dj?eD..,ﬂ

G(d¥, d) G (dY, ) P

t(gv z) (g7 Z)d"d’“

(10
Similarly, the expression of the SINR of the D2D receiver d¥,
denoted by FZ}“ is shown as follows.

koG (dF, d5)G (b, d9N~ . P,

1 7297 dkdk

m
dy Py g Nom W

int,

(1)

Thus, the achievable data rate for the D2D pair d¥ in mm-wave

band, denoted by R, is given by
T = Winlogy (1 4+ T'7%). (12)
Combining R, in the cellular D2D network and R in the

mm-wave D2D rfetwork, we can obtain the transmission rate
of D2D pair d¥ in the heterogeneous cellular network system,
denoted by Rx, as

Ry = agr Ry + (1= ags)(1 = Poypar ar) R, (13)

where P,,;.4x 4« denotes the probability of blockage in the
line of sight (LOS) path between the sender and the receiver
of D2D pair d¥ in mm-wave band [39]. The probability of
blockage is mainly added to better reflect the characteristics of
the mm-wave link, such as mm-wave links are easily blocked
by various obstacles. It can be expressed as P,y = 1 —
e Plii| where I;; is the distance between user equipments 4
and 7, and (8 is the parameter used to reflect the density and
size of obstacles, which result in an interruption caused by
blockage.

By the rate formula of a single cellular user in (9) and the
rate formula of a single D2D pair in (I3), the total system rate
can be calculated as

n N n D;
= 3) DUIED 3) DL MUY
i=1j=1 i=1 k=1

C. Problem Formulation

From the rate formula given in (I4), the system transmission
rate is only relevant to the binary variables we defined, such as

Ton¥ m¥> Ton¥ gk and a,x. In view of the relation
N

of equality between Z Tei gk and gk, We only take the first

Ted el Ted gk

four variables into consrderatron in the analysis of the system
transmission rate. For simplicity, we design a matrix X to
represent the spectrum resource sharing relationship. Thus,
can be simplified as a function, denoted by R(X). In
general, based on the above analysis, the optimization problem



of D2D communication resource allocation in multi-cell multi-
band heterogeneous cellular networks can be expressed as
follows. The goal of the optimization problem is to maximize
the system transmission rate and significantly improve system
performance.

max R(X)

2 g €{0,1}, Vel € Cidf €D 1< i <m,
1<j<N1<k<Dg

T g € {0,1}, Vm! € M;,d¥ € D;,1 <i<n,
o 1<y<N,1<k<Dy

T € {0,1}, Vc{ €l eC,1<i,2<n,

. 1 RN

1<y< N,
N/
mjdk—kzx var =1, Vi, k;

e

M=

X j 6 — Agk.
cg,dé‘ d;

<.
Il
—_

15)

Obviously, the formulated optimization problem is con-
sidered to be a non-linear integer programming problem.
The characteristic of non-linear can be easily seen from the
function. In addition, all involved variables are taken values
0 or 1, and both of them are integer. This problem is NP-
complete and it is more difficult to solve compared with the
0-1 Knapsack problem [40]. From the defined function in ,
we determine the optimization problem and the goal we intend
to achieve. Table [[] summarizes the notations adopted in this
section.

IV.
A. Motivation and Main Idea

HEURISTIC ALGORITHM

To maximize the overall transmission rate, it is important
to come up with an effective and efficient resource allocation
scheme so that the spectrum resources are fully utilized. At the
same time, the system performance is significantly enhanced.

Without loss of generality, the mm-wave channel transmis-
sion rate is about four to five orders of magnitude higher
than that of cellular channels. Based on this situation, we first
allocate only mm-wave bands to all D2D pairs and leave the
cellular sub-channels free. The purpose of this operation is to
make the channel with a higher transmission rate can be used
preferentially and achieve the optimization goal. Assigning
more D2D pairs to share the cellular spectrum resources is of
little significance. In order to make the complicated problem
tractable, we put all the D2D pairs in the system sharing the
same spectrum resource into one set. For example, N’ carrier
frequencies of mm-wave are selected in this paper, and thus all
included D2D pairs at the beginning form N’ sets. The main
idea is to perform an appropriate number of switch operations
between the N’ mm-wave sets to preliminarily maximize the
system transmission rate. For each set 2, we define the rate as
R(Y), which is equivalent to the sum of all D2D rate in the
set. It is noted that if the set is sharing the uplink spectrum of

Ty my € 10,1}, Ym{ € My, mY¥ € M,,1 <4,z <mn,

Algorithm 1 The Heuristic Algorithm for D2D Pairs Resource

Allocation

Initialization: Given the number of D2D pairs of cell
1,D;,1 <i<mn;

Given the initial resource allocation F} =
i1 0,2 N il 02 i,N'
{ mni’ “inid 7cznz 7_mznz7mini7“'7mini } Of the D2D
D d z. W“wN .
pa1rs set Z, an szv inis o Cing =
cli = ={c mz, W,. e}, for cellular band 1<j<N;
J J
ml = {m;? m27, . omI}, for mm-wave band 1 <
J< N’
_ .1 N 1 2 N'7.
Fini = {Cinis Cini> -+ Cini> Mini> Minis - Mini
Fini = Feyr,numl = 0, num?2 = 0.
1: repeat
2:  Choose one D2D Pair k, and denote its mm-wave set
as ml,,. C Feur;

Uniformly randomly search for another possible mm-
wave set mg;n’ C FPUT? (';n“ 7£ m(;ur;
4: if R(m%ur\k) + R( CU’I" U k) > R( C’U.T‘) + R( C’U/I")

then
5: D2D pair k leaves its set m7,,,., and joins the new set
m{u,, numl = 0;
6: Update the Foyur as
(Feur\ (M s milly, ) Ui, \ (kY mi, Uk} —
Fcur;
7. else
8: numl = numl + 1;
9:  end if
10: until the procedure converges.
11: repeat
12: Choose one D2D Pair k, and denote its mm-wave set
as ml,,. C Feurs
13: Umformly randomly search for another possible cellular
set cm”, C Feurs ,
4 if R(mi, \k) + R(cl,, Uk) > R(mi,) + R(cl,,)
then
15: D2D pair k leaves its set m?,,,., and joins the new set
c{m, num?2 = 0;
16: Update the Foyur as
(FCUT’\{mgur’ C%;Lr}) U{méur\{k}’ C%;Lr U{k}} —
FC’U/I‘;
17:  else
18: num?2 = num?2 + 1;
19:  end if

20: until the procedure converges.
Output: I — Fin.

cellular users, adding the rate of all cellular users is necessary.
After a reasonable allocation of the mm-wave bands, we turn
our target to the cellular bands. If the D2D pair in the mm-
wave set is exchanged to the cellular set that can make the
system rate increased, such switch operation is feasible. By
manipulating all the D2D pairs in the mm-wave set, we can
move a part of the D2D into the cellular set, eventually making
the interferences caused in the mm-wave set and the system
transmission rate reach a tradeoff.



B. Heuristic Algorithm

In this subsection, we describe the proposed algorithm in
details. Its pseudo code is shown in Algorithm [I] Initially, we
randomly generate a certain number of D2D pairs for each
cell. To make it reasonable, we set an upper bound for the
number of D2D in each cell. Next, we give the initial resource

. i i1 4,2 i, N 4,1 3,2 N’
allocation Fy,; = {Cin§’7cini7f i s Minis Mings -+ Ming |
for cell 4, where ¢\, ¢22 ... " = (. Then, we integrate all
D2D pairs and classify them sharing the same frequency band
into a set. From step 1 to step 10, we complete the optimization
between N/ mm-wave bands. Indeed, it is feasible to select
users randomly in step 2. However, in order to allow each
D2D pair to participate in this iterative process, we label
them and iterate in the order of labels. Knowing the D2D’s
current located set mJ,,., we uniformly randomly search for

. cur? -
another one m’,,.. From steps 4 to 9, if we make the system

transmission rate increased by exchanging the D2D from m/

cur
to mg;r, the switch operation is performed. What needs to
be emphasized is that our decision condition in step 4 only
involves two sets, because the rest of the sets have not changed.
Thus, the increase in the rate of these two sets means that the
system rate increases. If the relation is satisfied, D2D pair
k leaves its set mZ,,., and joins the new set m{,;” At the
same time, we update the set Fi,,.. In addition, we set the
corresponding iteration termination condition by defining the
parameter num1, which is the number of consecutive record-
ings without switch operations. Thus, when we perform the
switch operation, we zero the parameter; when not executed,
numl = numl + 1. From steps 11 to 20, considering the
cellular spectrum resources, we make the second improvement
in system performance. Similarly, in step 13, we randomly
search for another possible cellular set c{;r If switching users
to the cellular band is beneficial to system performance, we
also perform this operation. Steps 11 to 20 are similar to
steps 1 to 10. Parameter num2 is another record parameter
established to distinguish two iterations. Finally, we return a
union of each set of frequency bands.

In Algorithm [T} we set the number of iterations for the
two loops from steps 1 to 10 and from steps 11 to 20 to
be N; and N,, respectively. In each iteration, based on the
judgment criterion that whether the system utility will increase,
the D2D pair decides to perform a switch operation or not.
Thus, there will be at most 1 switch operation in each iteration,
and then, the computational complexity lies in the number of
total iterations and can be expressed as O(N; + Na).

e C

V. PERFORMANCE EVALUATION

In this section, we evaluate the performance of the proposed
heuristic algorithm under various system parameters. At the
same time, the optimality and complexity of the algorithm is
also simulated. In addition, we compare our scheme with three
other schemes in terms of the system transmission rate. Finally,
a detailed analysis of the simulation results is presented.

A. Simulation Setup

In the simulation, we consider a heterogeneous cellular
network system consisting of multiple small cells. The system

TABLE II
SIMULATION PARAMETERS
Parameter Symbol Value
mm-wave bandwidth W 1080 MHz
Cellular carrier bandwidth We 15 KHz
mm-wave noise spectral density Nom -134 dBm/MHz
Cellular noise spectral density Noc -174 dBm/Hz
mm-wave transmission power Pp, 20 dBm
Cellular transmission power P, 23 dBm
Path loss exponent « 2
MUI factor p 1
Half-power beamwidth 0_34B 30°
Blockage parameter B8 0.01
Antenna gains of device Go 0.5 dBi
Antenna gains of BS Gy 14 dBi

is designed as a square area of 100m x 100m and each cell
is a circular area with radius R = 20m. In each cell, both
cellular users and D2D pairs are uniformly deployed in the
inner circle area, and the BS is located in the center. Obviously,
it is likely that there is overlap between different small cells.
Without loss of generality, we set the path-loss exponent in
free space propagation model considered in this paper as 2.
On the one hand, D2D communication is a linear connection
channel formed when the physical distance between two users
is relatively short. It is more reasonable to set an upper bound
on D2D distance. However, since the radius of the small cell is
small, there is no additional upper bound setting in this paper.
On the other hand, the widely used realistic directional antenna
model is adopted in the mm-wave D2D network, which is a
main lobe of Gaussian form in linear scale and constant level
of side lobes [41]]. It is the reference antenna model with side-
lobe for IEEE 802.15.3c. Based on this model, the gain of a
directional antenna in units of decibel (dB), denoted by G(6),
can be expressed as

2

G,y —3.01 - (92" ) ,
—3dB

Gsla

0° < 0 < O /2,
G’rnl/Q <0< 180°,
(16)
where 6 denotes an arbitrary angle within the range [0°, 180°],
0_sqp denotes the angle of the half-power beamwidth, and
0,1 denotes the main lobe width in units of degrees. The
relationship between 6,,; and 0_s4p is 0, = 2.6 - 0_345.
G, is the maximum antenna gain, and can be expressed as

G(0) =

1.6162 >2
sin(9,3d3/2) '

(G5 denotes the side lobe gain, which can be obtained by

G, = 101log ( (17)

Gy = —0.4111 - In(6_345) — 10.579. (18)

The other simulation parameters are shown in Table [T}

In this paper, we focus on the system performance in
terms of system transmission rate. To show the superior
performance of the proposed heuristic algorithm, we compare
it, labeled as HCN-heuristic (HCN-heu) with the following
three algorithms:

a) Mm-wave Communication (MMW), where each D2D
pair in the system can only choose the spectrum resources
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Fig. 2. System transmission rate comparison of HCN-heu and OS with (a) different numbers of mm-wave bands and (b) different numbers of small cells.

from one of the mm-wave bands to share. In addition, all
cellular users occupy the sub-channels individually, with no
interference between each other, and no interference from D2D
pairs.

b) HCN (HCN), where the system spectrum resources
include multiple cellular carrier frequencies and multiple mm-
wave carrier frequencies. In other words, the system can
randomly assign D2D pairs to share one cellular user’s uplink
resources or occupy one of the mm-wave sub-channels. The
difference between this algorithm and the proposed HCN-heu
algorithm is that there is no effective heuristic algorithm for
resource allocation to further improve the system performance,
but simply allocates randomly selected resources to the D2D
pairs.

¢) Mm-wave One Band (MMW-1), which allocates the
unique mm-wave sub-channel to all D2D pairs. Because of
the severe spectrum interference, the advantage of mm-wave
communication is greatly weakened. Thus, the link’s utility
contributed to the system is small. The difference between
this algorithm and the MMW is just the number of mm-wave
bands.

B. Comparison With Optimal Solution

In this subsection, we perform some simulations and further
give insights into the gap between the proposed algorithm
and the optimal solution (OS). Since the optimal solution is
obtained by the exhaustive search method, the complexity is
extremely high. Thus, we set both the number of small cells
and the number of cellular bands to be 2, the number of D2D
pairs in each cell to be 4, and vary the number of mm-wave
bands from 1 to 5 to obtain the simulation results shown in
Fig. [2[a). Besides, both the number of cellular bands and
mm-wave bands are set to be 1, while varying the number
of cells from 1 to 5 to obtain the simulation results shown
in Fig. 2b). From these two figures, we can see the system
transmission rate achieved by HCN-heu, shown by the dot and
dash curve, has an excellent approximation to that achieved by
OS, shown by the solid line curve. In order to quantitatively
analyze the approximation of the two curves, we select the

average deviation between the results obtained by HCN-heu
and OS as an indicator, which is expressed as follows.

o 1< Ros(n) — RHON—heu(n)

Average Deviation 5 Z Ros(n) ,

19)
where Ros(n) and Ryon—_hew(n) denote the system trans-
mission rate obtained by OS and HCN-heu, respectively, with
the number of mm-wave bands or small cells n. As a result, the
average deviation between the HCN-heu and OS is about 1.4%
in Fig. 2{), while the average deviation is about 7.3% in Fig.
[2(b). Thus, we complete the demonstration that the proposed
heuristic algorithm can obtain a sufficiently accurate solution,
which is close to the optimal solution of the optimization
problem.

n=1

C. Comparison With Other Schemes

1) Number of Small Cells : In Fig.[3] we set the number
of mm-wave bands and the number of cellular bands as 3.
Then, we plot the system transmission rate comparison of the
four schemes varying the number of small cells from 1 to 8.
From the figure, we can see that for all algorithms, the total
transmission rate increases with the increase in the number
of small cells. This is because the number of cellular users
and D2D pairs has increased, and their contributions to the
system can completely offset the complex interferences caused
to the system. In addition, the proposed algorithm is superior
to other practical schemes. At the number of small cells of §,
the system rate achieved by our scheme is higher than MMW
and HCN about 30% and 94%, respectively. Averagely, the
HCN-heu outperforms MMW and HCN about 36% and 103%,
respectively.

2) Number of Cellular Bands : In Fig. El, we set
the number of small cells and mm-wave bands to be 5
and 3, respectively. Then, we plot the system transmission
rate comparison of the four schemes, varying the number
of cellular bands from 1 to 8, where the system rate is in
the unit of bit per second. From the simulation results, we
can observe that the proposed algorithm achieves the highest
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system transmission rate and significantly exceeds other ones.
As the number of cellular bands changes, the curves of HCN-
heu, MMW and MMW-1 do not change substantially, which
is because the transmission rate of mm-wave is significantly
better than the cellular transmission rate. Thus, most D2D
pairs in HCN-heu and all D2D pairs in MMW and MMW-
1 choose to use the spectrum resource of mm-wave, and there
is no point in increasing the number of cellular bands. The
scheme HCN declines due to the fact that some D2D pairs
are randomly assigned to the cellular sub-channels with the
number of cellular bands increased. At the number of cellular
bands of 8, the system rate achieved by the proposed scheme is
higher than MMW and HCN about 43% and 92%, respectively.

3) Number of Mm — wave Bands : In Fig. [5 we set
the number of small cells and cellular bands to be 5 and 3,
respectively. Then, we plot the achieved system rate of four
schemes under different numbers of mm-wave bands. Compar-
ing with other schemes, the proposed heuristic algorithm once
again shows a good advantage. Indeed, the mm-wave band has
a huge contribution to the entire system. At the same time,
with the number of mm-wave bands increasing, D2D pairs
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Fig. 5. System transmission rate comparison of four resource allocation
algorithms with different numbers of mm-wave bands.
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have more choices to access one of the mm-wave frequencies
in algorithms HCN-heu, MMW and HCN involving mm-
wave. Consequently, both the interference power in the cellular
frequency set and the mm-wave frequency set are reduced. In
summary, these three curves show an upward trend. When
the number of mm-wave bands is equal to 8, the system
transmission rate of HCN-heu is larger than that of MMW and
HCN about 34% and 72%, respectively. Besides, the scheme
MMW-1 is unchanged because there is only one mm-wave
sub-channel.

4) M'm — wave transmission power P, : In Fig. |§|, the
number of cellular bands and mm-wave bands are all set to be
3. Then, we plot the system transmission rate of four schemes
with the mm-wave transmission power P, varied from O to
30 dBm. As we can observe, our scheme achieves the highest
system rate among the four schemes. With P,, increased, the
useful power of the numerator part and the interference power
of the denominator part are also increasing, so the four curves
rise slowly. Especially we continue to increase P, when it is
already large, the effect is no longer obvious. For the proposed
heuristic algorithm, the gap at P,, of 30 dBm is only about
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30% of the MMW and about 105% of the HCN, respectively.
5) Blockage Probability : In Fig. [T, we plot the system
transmission rate comparison of four algorithms varying /3
from 0.02 to 0.16. Not surprisingly, the proposed scheme
still keeps at a high level in the total transmission rate. The
parameter of blockage probability is used to represent the
density and size of obstacles. Therefore, when [ increases,
the impact of obstacles on the mm-wave links will be greater,
resulting in a decrease in the total system rate of the four
algorithms involving mm-wave D2D networks. At 3 of 0.16,
the gap between HCN-heu and MMW is about 51% of MMW,
and between HCN-heu and HCN is about 137% of HCN.

6) 0_34p : In Fig. we plot the system transmission
rate comparison of four algorithms by varying 6_3;p from
10 to 80. Compared with other three algorithms, our scheme
still achieves comparable performance. In the widely used
realistic mm-wave directional antenna model in our paper,
the parameter 6_s;p denotes the angle of the half-power
beamwidth, and there is a linear relationship between it and
the main lobe width. The larger the value of 0_3,p, the greater
the range that may cause interferences. Thus, with 0_s34p
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increasing, the algorithms HCN-heu, MMW, HCN and MMW-
1 will show a downward trend. When the 6_34p5 is equal to
80, the total transmission rate of HCN-heu is larger than that
of MMW and HCN about 68% and 110%, respectively. All in
all, the choice of the #_3;p has an important impact on the
system rate.

7) Small Cell Radius : In Fig. EL we plot the system
transmission rate comparison of four algorithms by varying
r from 5 to 40. When the small cell radius r increases,
the distance between the cellular user and its serving BS
will also be larger in most cases. In addition, the distance
between users of the same cell and different cells may also
increase, which makes the path-loss associated with distance
increased for heterogeneous networks and mm-wave networks.
On the other hand, the greater small cell radius r will increase
the blockage probability of the mm-wave links. All of these
reasons make the four algorithms decreased with r increasing.
When r is equal to 40, the total transmission rate of HCN-heu
is larger than that of MMW and HCN about 43% and 108%,
respectively.

8) Beam misalignment error : All above simulations
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Fig. 11. Convergence rate in terms of number of iterations with (a) different numbers of small cells and (b) different numbers of mm-wave bands.

evaluate the system performance in the case of mm-wave beam
alignment. Considering the important issue that the orienta-
tions of directional antennas may have a significant impact on
the interferences, in Fig. we simulate the impact of the
angle of mm-wave beamforming misalignment error, which is
denoted as 6. The orientation of 6’ needs to be considered,
and we assume that the clockwise orientation is positive and
the counterclockwise orientation is negative. From the four
algorithms, we can observe that when 6’ keeps approaching
0° from the negative direction, the system transmission rate
increases, while the system performance decreases when 6’ is
continuously away from 0° in the positive direction. Whether
it is clockwise or counterclockwise, the closer the 6’ is to 0°,
the larger the useful power gain and the interference power
gain received by the link. In other words, the numerator and
denominator of SINR are correspondingly increased, but the
dominant factor is the change of numerator. Thus, the link rate
will increase and the system performance will improve. Why
individual points do not satisfy the above rules, which may be
related to the random selection of user positions.

D. Convergence Rate

In this subsection, we analyze the convergence rate by
simulating the number of iterations. Both the number of
cellular bands and the number of mm-wave bands are set
to be 3, the maximum number of D2D pairs of each cell
to be 15, and we vary the number of cells from 1 to 6 to
obtain the simulation results in Fig. [[T[a). From the figure,
we observe that the number of iterations increases with the
number of cells. When the horizontal axis takes 4, comparing
with the iterations of the exhaustive search method from 64!
to 64*15, the iterations of the proposed scheme is 487 and the
complexity is greatly reduced. The same conclusion applies to
other values. In addition, we set the number of cellular bands
and small cells to be 2 and 3, respectively. The simulation
results are shown in Fig. [TT[b). When the number of mm-wave
bands is sufficiently large, the number of D2D pairs in each
band set is small when initial resource allocation is performed,
so less iterations is required to reach a near-optimal solution.

VI. CONCLUSION

In this paper, we have investigated the uplink resource
allocation problem for D2D communications underlaying the
scenario of multi-band heterogeneous cellular networks with
small cells densely deployed. Considering complex intra- and
inter-cell interferences, we formulate the optimization problem
of resource allocation among multiple micro-wave bands and
mm-wave bands for multiple D2D pairs. The optimization
metric is maximizing the system performance in terms of
system transmission rate. To cope with this issue, we propose
a heuristic algorithm to yield the near-optimal solution with
fairly low computational complexity. Finally, through exten-
sive simulations under various system parameters, and analysis
of the optimality and complexity of our proposed algorithm,
we complete the demonstration of the superior performance
of the proposed scheme. Averagely, the proposed algorithm
improves the system performance by about 36% compared
with full mm-wave transmission scheme. In the future work,
we will take the user mobility into account to make our study
more practical.
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