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Abstract

We investigate the channel allocation problem in an ultra-dense device-to-device (D2D)
enabled cellular network in underlaying mode where multiple D2D users are forced to share
the same channel. Two kinds of low complexity solutions, which just require partial channel
state information (CSI) exchange, are devised to resolve the combinatorial optimization
problem with the quality of service (QoS) guaranteeing. We begin by sorting the cellular users
equipment (CUEs) links in sequence in a matric of interference tolerance for ensuring the
SINR requirement. Moreover, the interference quota of CUEs is regarded as one kind of
communication resource. Multiple D2D candidates compete for the interference quota to
establish spectrum sharing links. Then base station calculates the occupation of interference
quota by D2D users with partial CSI such as the interference channel gain of D2D users and
the channel gain of D2D themselves, and carries out the channel allocation by setting different
access priorities distribution. In this paper, we proposed two novel fast matching algorithms
utilize partial information rather than global CSI exchanging, which reduce the computation
complexity. Numerical results reveal that, our proposed algorithms achieve outstanding
performance than the contrast algorithms including Hungarian algorithm in terms of
throughput, fairness and access rate. Specifically, the performance of our proposed channel
allocation algorithm is more superior in ultra-dense D2D scenarios.
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1. Introduction

Device-to-device (D2D) communications is regarded as the key technology of the next

generation mobile communication system because of its significant improvement in the
energy efficiency and spectrum efficiency [1-3]. Specifically, D2D communications allow
devices close to each other exchange information directly without the base station (BS) which
make a shortcut in term of transmission distance and take advantage of the so-called proximity
gains. Whereas, D2D communication users in underlaying mode will cause inter-tier
interference to cellular users equipment (CUE) using the same channel. The situation gets
worse in an ultra-dense D2D communications network where multiple D2D pairs are forced to
share the same spectrum with CUE and leads to inter-tier and intra-tier interference coexisted
[4-6]. Thus, the issue of channel allocation for D2D pairs with interference suppression
becomes critical.

Extensive works have been studied on channel allocation for D2D enabled network. In
sparse D2D communication networks, which means the quantity of D2D users are no more
than quantity of CUEs, resource allocation problem of D2D users is usually modeled as a 0-1
integer combinational optimization problem [7-13]. One kind of them concentrates on the
optimal allocation with an attempt to exhaustive searches, for example, Hungarian or graph
theory-based algorithm [7-10]. Specifically, in such methods the BS is required to handle the
global channel state information (CSl), though optimum, are computationally costly. Unlike
exhaustive search, Wang et al. [11] propose a fast bi-partite graph-based matching method
with two stages and the computational cost is reduced by narrowing the candidate D2D pairs
set. Whereas, the above-mentioned algorithm requires the BS to have knowledge of the
instantaneous CSI of all links, and the algorithm is only suitable for one-to-one matching
mode. Lu et al. [13] investigated the D2D communication channel allocation problem under
the Nakagami-m fading channel environment, and proposed an allocation algorithm based on
weighted bipartite graph matching. When the number of D2D users and the number of cellular
users do not match, the number of both is equalized by adding virtual nodes. Different from the
aforementioned channel allocation algorithms that require global CSl, there are relatively few
studies on channel allocation using partial channel state information in one-to-one reusing
mode. In [14], the paper studies the resource allocation algorithm in the imperfect CSI
environment, and proposes a joint channel allocation and power control algorithm based on
location information to ensure the probability of interruption. Similarly, in [15], the author
studied the spectrum efficiency optimization problem of the vehicle-to-vehicle (V2V)
networking system based on D2D communication, and assumed that the BS could not grasp
the fast fading information of the channel not directly connected to it, and proposed a delay
CSl based resource allocation algorithm. Although the channel allocation algorithm that uses
partial CSI has a loss in performance compared to the global CSI algorithm, it has significant
advantages in reducing cellular network signaling consumption and reducing the computing
power occupation of participating nodes such as BS. It should be pointed out that the above
advantages are more obvious in the ultra-dense D2D network considered in this paper.

In ultra-dense D2D scenarios, D2D users have to adopts many-to-one or even
many-to-many reusing mode to improve its access rate. Therefore, corresponding channel
allocation problems in multi-user reusing mode need further study. Through analysis of
existing literature, we found that more and more studies used game theory to model and
analyze the channel allocation problems in ultra-dense scenarios. In general, in the process of
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D2D communication resource allocation, D2D users and cellular users use non-cooperative or
cooperative ways to optimize their own communication performance, ignoring or consider the
impact of this optimization on other users. Therefore, the resource allocation of the D2D
communication system is essentially a game process, and a reasonable game relationship can
be established between users to achieve the goal of improving the utilization rate of wireless
resources and meeting users' various service quality requirements [16-21]. In [16], a price
based Stackelberg game was proposed with interference constraint, which is proposed to
resolve the discrete power control and channel allocation issue in a distributed manner.
However, the algorithm will finally reach the convergence after 200 iterations. In [17], Penda
et al. propose a new decentralized solution in which the potential game is adopted to reflect
channel allocation question. The authors demonstrated that the Nash equilibrium solution of
the proposed game is the local optimal solution of the problem. In [18], Militano et al. defined
a constrained coalition formation game to model the channel allocation question, where each
subchannel is assumed to be shared by multiple D2D users. Similarly, Wu et al. in [19] studied
the problem of uplink resource sharing by many-to-many reused mode. Then, they formulated
corresponding channel allocation question as a nontransferable coalition formation game.
Different from the D2D resource allocation problem in the one-to-one reusing mode, in the
many-to-one reusing mode, related research based on partial CSI is even more lacking.
However, in an ultra-dense scenario, the computing power of the BS is higher, and the
signaling consumption under the global CSI increases exponentially. Therefore, the research
on channel allocation based on partial CSI has greater application prospects.

In this paper, we focus on the channel allocation question of many-to-one reusing mode for
ultra-dense D2D communications network with assuming power adaption has accomplished
rather than the coupled problem of power control and channel allocation. The main
contributions of this paper are as follows:

o Different from existing channel allocation algorithms, we develop two novel fast
channel allocation algorithms that require partial CSI exchanging for BS and avoid
signaling overhead within an ultra-dense D2D communications network. Specifically,
this paper investigate optimization problems with maximizing system throughput as
the objective function with assuming multiple D2D pairs are permitted to share the
same channel.

e In particular, to ensure the QoS of CUEs, the BS evaluates interference tolerance for
each channel in terms of the SINR threshold and announces to all D2D pairs.
Furthermore, multiple D2D pairs compete for the interference quota in each
frequency-selective channel where the number of available channels is far less when
compare to the quantity of D2D users. Moreover, we will investigate how to optimize
channel allocation between the CUEs side and the D2D pairs side.

Our arrangement for the rest of the article is as follows. Section Il presents the interference
model of cellular network under ultra-dense D2D communications and describes the channel
allocation problem under the model considered. Then the proposed channel allocation
algorithms with partial information are discussed in In Section Ill. In Sections IV, we present
the simulation results and followed by a conclusion given in Section V. The key notations and
variables used in this paper are listed in Table 1.
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Table 1. List of key notations and variables

Symbols Meaning

N Number of CUEs

M Number of D2D pairs

C Set of CUEs
D Set of D2D pairs

9; Channel gain between transmitter i to receiver |
h; Interference channel gain between transmitter | to receiver i
o-,i Background noise power
f (i, j) Channel allocation function

P Transmit power of CUE
P,- Transmit power of D2D

Vi Minimum SINR requirement for CUE
|ith Interference tolerance for CUE

C Maximum number of D2D pairs on each channel

2. Interference Model and Problem Description

In this work, we investigate the channel allocation question of D2D enabled cellular network
with underlaying mode, subject to CUEs minimal QoS guaranteeing, where ultra-dense D2D
pairs with the number of M coexisting with N CUEs which occupy N orthogonal resource
blocks (RBs). Here, we limit our scope into a single cell where the channel allocation for
CUEs has been finished and the D2D pairs are assumed to share uplink frequency resources.
We utilize D={1,...,M} and C={1,...,N} to describe sets of D2D pairs and CUEs

correspondingly and M are larger than N . Suppose that the D2D pairs autonomously
competing for N channels and every D2D pair could choose no more than single CUE
subchannel at any point of time. The considered network is shown in Fig. 1 which illustrates
the intra-tier and inter-tier interference in the ultra-dense D2D scenario.

We assume that all channels suffer from large-scale path loss and small-scale Rayleigh fading.
Specifically, the channel gains between CUEs and BS and D2D links are given by

9y = Kk dy®, @)

where x and o denote the pathloss constant and pathloss exponent respectively. d; is the
distance from transmitter i to receiver j. @, is random gain due to Rayleigh fading. Similarly,
the channel gains of interference links from D2D pairs to BS and CUEs towards to D2D
receivers are denoted by h; . Hence, the SINR for CUE at the BS side is given by
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Fig. 1. Interference model of ultra-dense D2D communications with underlaying cellular network

P
ye = i9is , )
ZJlPJhJ,f (i,j)+op

where g5 is the channel gain from CUE i to BS. B and P, are transmit power of CUE and
D2D pair j. h; is the interference gain between D2D pair j and CUE i . ot is the
background noise. f(i, j) denotes as channel allocation function which is set to be 1 when
D2D link j reuse CUE i subchannel, otherwise 0. We assume f(i, j) satisfies

3 f(i,i)<1vj=1...M, )

In D2D-enabled cellular network, CUESs are seen as primary users which should have the
minimum QoS guaranteeing denoted by y >y, . Unlike the sparse D2D communications

network as done in [19], we set a different interference tolerance for each cellular user according
to the channel gain of each user, in order to ensure the minimum QoS of each user. Under this
assumption, the interference tolerance of cellular users is regarded as a virtual resource, and
D2D users compete for interference quota through bidding. This assumption is based on that the
CUEs will have diverse QoS requirement and the undesirable interference caused by
spectrum-sharing of D2D pairs is untransferable. These ideas of diverse interference
temperature constraint will balance the objective QoS of the CUEs. Herein, the above
characteristics make the channel allocation problem considered in this paper different from the
existing literature on the assumption of interference constraints [22].
Hence we define the concept of interference tolerance 1" for CUE i channel as

1" =max{0, 7' (P9, — 0874 )} - @
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Here, we consider maximizing the system transmission rate as the optimization goal and the
maximum transmission power as the constraint condition P <P, and P; <Py, . Therefore,

the problem to be optimized can be formulated as

max 3’| log, (L+77)+ 3 f (i, )log, (L+7} ) (5)
> f(i,i)<1vi=1...,M (5a)
Y. Phf(ii)<1vi=1.. N (5b)

where y}’ denotes the SINR of D2D pair j. The objective for the centralized coordinating BS

aims to obtain the optimal allocation function f (i, j) to maximize the sum revenue. Here, the

objective is defined as the sum rate of CUEs and D2D pairs which has proved to be a
non-convex combinatorial problem.

3. Channel Allocation Algorithm with Partial Information

It should be make clear that it’s difficult to resolve the resource allocation question of
ultra-dense deployment interference scenarios by finding the global optimal solutions, even
assuming that BS has the instantaneous CSI of all channels. Moreover, the exhaustive search
method for sparse deployment interference channels over all feasible spaces became invalid.
In this paper, the transmission of each link is assumed to be based on time slots. Moreover,
each time slot is composed of two phases, signaling and transmission phase. In the signaling
phase, each node completes data exchange, including algorithm iteration, control information
transmission and channel state information transmission. In the transmission phase, according
to the transmission parameters determined in the signaling phase, including channel allocation
and transmission power, complete data transmission [23]. However, due to the centralized
control of channel allocation in ultra-dense scenarios, the base station as the control center will
suffered signaling overhead. Therefore, this prompts us to study the channel allocation
algorithm with low complexity and low signaling overhead suitable for ultra-dense scenarios.

3.1 Admissible Candidate Set

We decouple the power control and channel allocation problem into two independent
problems with assuming that the power adaption for all entities has been finished. The rest of
the letter will focus on the channel allocation problem alone.

Recall that the CUEs have an ability of interference tolerance different from each other. It
means that the CUEs with larger interference tolerance ability could allow more D2D pairs to
share their channels, and vice versa. Similarly, each D2D pair will generate diversity
interference when access cellular network and this diversity will result in each D2D pair
inherit different probabilities to share channel resources. Moreover, the frequency selectivity
of the channel will exacerbate this diversity.

Different from using a combination method that has too high algorithm complexity or even
unsolvable, our approaches order the CUE uplinks in sequence according to interference
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tolerance with minimum QoS guarantee. Specifically, ordering the interference tolerance only
requires BS to check the channel gain of each CUE. Firstly, different from the method
illustrated in [24], we narrow admissible candidate D2D pairs set size to the purpose of
reducing computational complexity and balancing interference. The candidate D2D pairs set

size for CUEs is given by
M
C. =|—|. 6
size [ N J ( )

| « | represents integer up function.

Algorithm 1 Minimum Interference Quota Request Order (MIQRO)

1: Initialization: B, for CUE i and P, for D2D pair j is selected. f (i, j)=0forallieC,jeD.
2: The BS calculates 1" and orders in ascending.

3:fori=1:N do

4:  choose the CUEi with minimum 1"

5. forj=1:Mdo

6: choose the D2D pair j with minimumh;,

7: if > Ph; <1"and j <Cg, then

8: f (i, j) =1

9: remove D2D pair j from all CUE candidate set
10: else

11: break;

12: end if

13:  end for

14: remove CUE i from set and update N , M

15: end for

3.2 Novel Fast Suboptimal Channel Allocation Algorithms

For each CUE i , we have calculated the interference tolerance and regulated the maximum
reusing D2D pairs. The D2D pairs should compete for the interference quota for itself without
hurting the CUE QoS requirement. Traditionally, D2D communications will bring in more
increasing in spectrum efficiency than CUEs due to the proximity gains [25]. Therefore, in
order to improve the access rate of D2D users in ultra-dense scenarios and provide a
foundation for subsequent research in combination with power control algorithms, channel
allocation algorithms in ultra-dense scenarios should consider allocating more D2D users for
each cellular user channel. By this idea, we propose a novel fast suboptimal channel allocation
algorithm: Minimum Interference Quota Request Order (MIQRO) algorithm which aims to
make more D2D pairs get access to the cellular network. The procedures of MIQRO are
summarized in Algorithm 1.
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It should be noted that, for the purpose of getting access to more D2D pairs for each CUE,
MIQRO algorithm moves on from the CUE with the lowest interference tolerance and chooses
the D2D pair with lowest inter-tier interference until the interference quota runs out. We then
move down to the second CUE with the lowest interference tolerance and so on. Because the
BS only requires the channel gains between CUEs and BS and the interference channel gains
between D2D pairs and BS, this algorithm bring in a reduction of signaling overhead and
improve allocation fairness to a certain degree.

Although our proposed MIQRO algorithm provides a better opportunity for overall
matching success, the D2D pairs with high channel gain but also consuming more interference
guota may fail to share channel resources. To overcome this weakness and further improve
overall throughput, we propose another channel allocation algorithm by modifying MIQRO as
a Maximal Ratio of Channel Gain to the Interference Order (MRCGIO) algorithm. This
algorithm aims to obtain more throughput revenue by setting a high priority for D2D pairs
with maximum gain to interference ratio, and the procedures are summarized in Algorithm 2.

3.3 Algorithms Complexity Analysis

It should be noted that, the MRCGIO algorithm also doesn’t need the BS requires global CSI
with improving the overall throughput without substantial access performance loss. Moreover,
we examine the computation complexity: our proposed MIQRO and MRCGIO algorithms have

the same complexity of O(N +M ) . On the contrast, the Hungarian algorithm is O(N + M )3
[26].

Algorithm 2 Maximal Ratio of Channel Gain to Interference Order (MRCGIO)
1: Initialization: B, for CUE i and P, for D2D pair j is selected. f (i, j) =0forallieC,jeD.

2: The BS calculates 1" and orders in ascending.
3:fori=1:Ndo
4:  choose the CUEi with minimum I,"

5. forj=1:Mdo

6: choose the D2D pair j with the Iargest&
ji
7: if > Ph; <1"and j <Cg, then
8: f(i,j)=1
9: remove D2D pair j from all CUE candidate set
10: else
11: break;
12: end if
13:  end for

14: remove CUE i from set and update N, M
15: end for
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4. Numerical Results and Analysis

This part, we conduct experimental simulations of the proposed algorithm on the MATLAB
platform, and compare the performance of the contrast algorithm to verify the advantages of
the proposed algorithm in performance. Specifically, we consider the CUEs and D2D
transmitters are randomly distributed within a cell. The corresponding D2D receivers are
randomly distributed in a circle with the D2D transmitter as the center and the maximum
transmission distance as the radius. Meanwhile, we assume the frequency selective channel
environment with pathloss and fading. The specific parameters in the simulation experiment
are shown in Table 2.

Table 2. Simulation parameters

Parameter Value
Cell radius 500m, 1000m
Number of CUES N 20
Number of D2D pairs M 10
D2D maximum transmission distance 100m
CUE maximum power P, 23dBm
D2D maximum power P2 21dBm
Noise power o -114dBm
Pathloss exponent 3,4
Shadowing Lognormal distribution
Multipath fading Exponential distribution

Through 1000 times Monte Carlo simulation, we demonstrate the performance superiority of
our proposed two algorithms by assuming that each users’ power control has finished. In this
work, we focus on the channel allocation problem of the communication system and do not
involve power control. Therefore, the use of fixed transmission power has no effect on the
comparison of algorithm performance. Without loss of generality, the transmit power for all

CUEs i and D2D pairs j are setto P =P° and P; =0.5P° respectively. We compare the

max

proposed algorithm with random channel allocation algorithm with many-to-one reusing as well
as the Hungarian allocation algorithm with one-to-one reusing which is executed along with
optimal power control strategy like [9] and each D2D pair is required to reuse no more than one
channel.

Fig. 2 illustrates the effects of the SINR threshold for CUEs upon overall throughput for
D2D. Fig. 2 demonstrates that the overall throughput for D2D deteriorates along the
upgrading of the minimum QoS requirement of CUEs in terms of SINR threshold. This
because of the higher SINR threshold, the lower interference tolerance for CUEs which means
less D2D pairs are eligible for sharing channel resources. Despite this, our proposed two
algorithms exhibit the advantage against random algorithm and Hungarian algorithm with
power control. Specifically, both of them achieve significantly sum rate improvement, and the
proposed MRCGIO algorithm refine results obtained from MIQRO algorithm with allowing
D2D users with higher channel gains to preferentially reuse the channel resources of CUE. At
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the same time, it can be seen from Fig. 2 that when the cell radius becomes smaller, the
throughput for D2D in the many-to-one reusing mode is reduced. Moreover, the throughput
performance becomes less sensitive along the increasing of the SINR threshold of CUEs. This
is due to the reduction of the cell radius, which makes CUEs and D2D users in the cell more
crowded, and the interference environment becomes worse. However, this also makes the
transmission distance between CUEs and the BS closer, and the anti-interference ability of the
CUEs are enhanced. However, the Hungarian algorithm in the one-to-one reusing mode is
different from the allocation algorithm in the many-to-one reusing mode.
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Fig. 2. Throughput for D2D with different SINR threshold of CUEs with N =20, M =100
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Fig. 3. Access rate for D2D with different SINR threshold of CUEswith N =20, M =100

Fig. 3 illustrates the effects of the SINR threshold for CUEs upon access rate for D2D. It
can be seen from Fig. 3 that the two channel allocation algorithms based on partial channel
state information in the many-to-one reusing mode proposed in this paper significantly
improve the D2D users’ access rates compared to the comparison algorithm. Moreover, Fig. 3
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verifies that the proposed channel allocation algorithms are more suitable for D2D
communication networks in ultra-dense scenarios. At the same time, when the radius of the
cell decreases, the access rate of D2D users is improved in different channel allocation
algorithms. This is because the uplink channel gains of CUEs are improved, and the
transmission rate of cellular users is well satisfied, which enhances its tolerance to D2D user
interference. Different from Fig. 2, in which MRCGIO algorithm can bring more D2D user
throughput than MIQRO algorithm, Fig. 3 shows that MIQRO algorithm can bring a further
increase in user access rate compared to MRCGIO algorithm.
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Fig. 4. Allocation fairness between D2D users with different SINR threshold for CUEs with N =20,
M =100

Fig. 4 illustrates the effects of the SINR threshold for CUEs upon allocation fairness for
D2D. It can be seen from Fig. 4 that the proposed MIQRO algorithm and MRCGIO algorithm
have significant improvement in term of allocation fairness compared with the comparison
algorithm. This is because the MIQRO algorithm and MRCGIO algorithm can enable as many
users as possible to access the cellular network and reduce the difference in transmission rate
between D2D users. At the same time, it can be seen from Fig. 4 that as the cell radius
increases, the allocation fairness performance among D2D users becomes more sensitive with
the increasing of SINR threshold for CUEs. This is due to the deterioration of the transmission
performance between CUEs and BS makes CUEs only allow fewer D2D users to reuse their
channel resources, thereby increasing the difference in throughput performance between D2D
users.

Fig. 5 illustrates the effects of the ratio of quantity of CUEs to quantity of D2D pairs on
overall throughput for D2D. Note that, both of our proposed algorithms are designed for
ultra-dense D2D communications scenario. As shown in Fig. 5, by fixing N =20, the
throughput performance for proposed MIQRO algorithm and MRCGIO algorithm bring in
essential growth whereas the contrast random and Hungarian algorithm remain nearly
unchanged with the increasing of D2D users density. This because CUEs channels will retain
more diverse choices of potential candidate D2D pairs to reuse. Moreover, although so-called
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Hungarian algorithm can find the optimal spectrum-sharing D2D user for each channel, it is
only suitable for the one-to-one reusing mode in sparse D2D communications scenarios and
cannot be extended to D2D communication networks in ultra-dense scenarios.

600

£ R=1kmMIQRO
[|— g— reosmmioro

O— RELMMRCGIO

| — @~ Reosmurceio

©— RetlmRandom

450 _ @~ ReosmRandom

550

500

R=1km,Hungarian

400 R=0.5km,Hungarian

350

300

Total throughput for D2D (bit/s/Hz)

150

100 1 1 1 1 1

90

80

70

60

© B

2 —-———_
P— 5 RELmMIQRO O-—__ -

R=0.5kmMIQRO =
—_g- Q
0 [ O R=1kmMRCGIO

_ @~ Re0SmMRCGI0

©— RetkmRandom

20 L — ©— Re0SkmRandom

Access rate for D2D
[

R=1km Hungarian

R=0.5km,Hungarian
10 1 1 1

2 25 3 35 4 45 5

Fig. 6. Access rate for D2D users with different ratio of D2D number to CUEs with N =20

Fig. 6 illustrates the effects of the ratio of quantity of CUEs to quantity of D2D pairs on the
access rate for D2D users. It demonstrates that our proposed MIQRO algorithm and MRCGIO
algorithm improve the D2D access rate in an ultra-dense D2D communications scenario when
contrast to the traditional Hungarian algorithm applied to the sparse scenario. At the same time,
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as D2D users become more and more dense, the algorithms we propose still have high user
access rate when the available channel resources are consistent. This because our proposed
algorithms allow D2D users with lower interference quota requirements to share channels
preferentially. It also should be noted that our proposed two algorithms only require partial CSI
information for BS, rather than global CSI exchange corresponding to the Hungarian algorithm.
Therefore, the complexity is reduced.

5. Conclusions

In this work, we have conducted research on D2D communication channel allocation in
ultra-dense scenarios. In order to ensure the minimum QoS requirement of cellular users, we
set a maximum interference constraint for each user on the cellular user side to ensure that the
total interference from D2D users to cellular users is less than the threshold. We present two
novel fast channel allocation algorithms to capture the interference-constrained optimization
problem with partial CSI exchange for the BS. Monte Carlo simulation shows that the two
novel fast channel allocation algorithms proposed in the paper obtain significant performance
improvement against contrasted Hungarian algorithm with optimal power control and the
random algorithm in the metrics of throughput, allocation fairness and access rate.
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