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Abstract: In this paper, we investigate a resource management scheme for cellular underlaid
device-to-device (D2D) communications, which are an integral part of mobile caching networks.
D2D communications are allowed to share radio resources with cellular communications as long
as the generating interference of D2D communications satisfies an interference constraint to secure
cellular communications. Contrary to most of the other studies, we propose a distributed resource
management scheme for cellular underlaid D2D communications focusing on a practical feasibility.
In the proposed scheme, the feedback of channel information is not required because all D2D
transmitters use a fixed transmit power and every D2D transmitter determines when to transmit data
on its own without centralized control. We analyze the average sum-rates to evaluate the proposed
scheme and compare them with optimal values, which can be achieved when a central controller has
the perfect entire channel information and the full control of all D2D communications. Our numerical
results show that the average sum-rates of the proposed scheme approach the optimal values in low
or high signal-to-noise power ratio (SNR) regions. In particular, the proposed scheme achieves almost
optimal average sum-rates in the entire SNR values in practical environments.

Keywords: D2D; cellular-aided D2D; underlay; mobile caching

1. Introduction

Mobile internet traffic has been explosively increasing in recent years [1]. To be specific,
multimedia video traffic accounts for about 60% of total mobile internet traffic and the ratio is expected
to grow to 78% by 2021 [1]. The next generation mobile communication systems requires a much higher
capacity to support the explosively increasing multimedia data. It is the easiest way to increase capacity
to use wider bandwidth, but radio spectrum, unfortunately, is a limited resource. Many promising
technologies such as multiple input and multiple output (MIMO) and small cell systems have been
investigated to enhance the spectral efficiency. However, the spectral efficiency is affected by radio
channels, which are mainly determined by the distance between transmitters and receivers. This is
the reason that higher order modulations can be only applied to devices near base stations (BSs) in
current communication systems such as long-term evolution (LTE) and wireless local area network
(WLAN). Thus, it is the most effective way to increase the spectral efficiency to reduce the distance
between transmitters and receivers rather than other promising technologies.

On the other hand, the quality of service (QoS) for multimedia services is mainly determined by
not only transmission rate but also latency, and the latency is closely related to the physical distance
between clients and content servers. No matter how much we increase the transmission rate, we can
not reduce the latency below a certain level because multimedia data is currently transferred from
a content server to mobile clients through many intermediate network entities. If we can shorten
the physical distance in end-to-end communications, both the spectral efficiency and the latency will
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be greatly enhanced at the same time [2]. The communication distance can be noticeably reduced
by using mobile caching technologies, where multimedia data is cached in mobile devices and thus
can be directly transferred to other mobile devices without going through intermediate nodes [3-6].
Device-to-device (D2D) communication is one of the integral parts for the mobile caching networks.
Motivated by these contexts, D2D communications have been attracting plenty of interest as one of the
promising technologies for the next generation mobile communications systems [7-17]. Furthermore,
we can achieve much higher spectral efficiency by cellular underlaid D2D networks, where D2D
communications share radio resources with conventional cellular communications as long as the
generating interference of D2D communications is regulated to secure cellular communications [9,10].

Despite the extensive previous research on D2D communications, the practical feasibility of
cellular underlaid D2D communication networks is not guaranteed because most of them require
immoderate intervention of cellular infrastructure such as BS or excessive signalling overhead
for channel information feedback. In this paper, we thus investigate a cellular underlaid D2D
communication network by focusing on the practical feasibility and we propose a practically feasible
resource management scheme for cellular underlaid D2D networks. In the proposed scheme, all D2D
transmitters use a fixed transmit power level to remove the signalling for channel information feedback,
and each D2D transmitter can determine whether to transmit data on its own without explicit control
from BS, while satisfying the interference constraint imposed by cellular networks. The performance
of the proposed scheme is evaluated in terms of average sum-rates and the feasibility is also verified in
practical environments.

The rest of this paper is organized as follows. In Section 3, system and channel models are
described. In Section 4, a practical resource management scheme is proposed. Our numerical results
are shown in Section 5. Finally, this paper is concluded in Section 6.

2. Related Work

The different transmission modes were introduced for cellular D2D communications [11]:
(1) non-orthogonal mode where D2D communications share the same resource as cellular
communications, (2) orthogonal mode where D2D communications use dedicated resources,
and (3) cellular mode where D2D traffic is transferred through a BS. Based on the three modes,
an optimal mode selection scheme was proposed to enhance the performance of D2D communications.
While single transmit and receiver antenna are considered in [11], multiple input and multiple
output (MIMO) was taken into account by designing pre-coding matrices at each node [12]. In [13],
a non-orthogonal centralized D2D communication system was investigated. It was assumed that D2D
communications share uplink frequency with cellular communications, as in this paper, and each
device can transmit its data in D2D or cellular mode via a BS. An optimal mode selection scheme was
proposed to maximize the overall sum-rate. However, the proposed scheme is centralized and can
not guarantee the QoS of cellular communications, unlike the proposed scheme in this paper. On the
other hand, there have been many studies to investigate power control schemes to deal with cross
interference between D2D and cellular communications, which is one of the challenging problems
to limit the performance of cellular underlaid D2D communications [14-17]. Optimization problems
have been formulated in both non-orthogonal and orthogonal modes and proposed optimal transmit
power allocation schemes to maximize the effective capacity based on the formulated optimization
problems, while satisfying different delay—-QoS requirements [14]. Several suboptimal power control
schemes were also proposed and the performance was analysed by simulations. Despite their excellent
performance, the power control schemes inevitably yield excessive complexity and signalling overhead.
Thus, a distributed power control algorithm was proposed in [15]. The algorithm simply aims to set
the individual signal-to-noise and interference ratio (SINR) targets such that the required sum power
is minimized with respect to a sum rate target and allocates transmit power levels. MIMO was also
considered. However, the simple distributed algorithm can not guarantee the overall performance
such as sum-rate and QoS of cellular communications. Contrary to most of the studies considering
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the uplink of cellular networks, the impact of D2D communication on the downlink coverage of a
cellular network was investigated in [16]. They developed an analytical model to characterize the
coverage probability of cellular networks where a D2D link exists. Shadowing and power control were
considered, and BSs and devices were distributed by a Poisson point process. Both centralized and
distributed power control schemes were also proposed to maximize the performance of D2D links
in terms of sum-rate [17]. However, the QoS of cellular communications was not strictly guaranteed
despite their priority over D2D communications.

In spite of many previous studies, to the best of our knowledge, there have been no studies that
can strictly guarantee the QoS of cellular communications and provide a moderate level of complexity
and signalling overhead for commercialization, which motivated the study in this paper.

3. System and Channel Models

In this paper, we investigate a cellular underlaid D2D wireless communication network as
depicted in Figure 1. The utilization in cellular uplink is much lower than in downlink because
of the asymmetry of mobile internet traffic, and thus it is more efficient for the underlaid D2D
network to share uplink resources with cellular communications [18,19]. However, the resource
sharing between D2D and cellular communications can cause the quality deterioration in conventional
cellular communications, which have higher priority over D2D communications. Thus, a cellular
infrastructure such as BS imposes an interference constraint on D2D communications to secure the
quality of cellular communications. In our system model, we have N D2D pairs, a cellular BS,
and a cellular user equipment (UE). In this paper, the association process of D2D pairs and cellular
uplink resource scheduling are both beyond the scope of the paper. Thus, we assume that each D2D
pair has been already associated. A D2D receiver that wants to receive content is associated with
one of the D2D transmitters that cache the wanted content and are located in the proximity of the
receiver. In addition, a cellular UE is scheduled to transmit its uplink data to the cellular BS based on
a scheduling policy. In this paper, we use a statistical channel model, where g;; denotes the channel
coefficient between transmitter i and receiver j. i € {1,2,--- ,N}ori =uandj € {1,2,--- ,N} or
j = b. i = u denotes a cellular UE and j = b denotes a cellular BS. We consider a Rayleigh fading
model, and thus |g; j|2 is exponentially distributed with mean value A;; [20]. The effect of path loss
can be incorporated into A;;. Quasi-static block fading is also considered and thus all the channel
coefficients are constant during one frame for data transmission and randomly vary each frame.
We assume that D2D communications adopt a time division duplex (TDD) scheme and thus the D2D
channels are reciprocal without loss of generality. Ny denotes the variance of additive white Gaussian
noise (AWGN) in D2D receivers. We assume that the transmit power levels of all D2D transmitters
and cellular transmitter are fixed at P. The cellular transmitter can immediately transmit its data
regardless of the presence of D2D communications, while D2D transmissions should be controlled
to protect the quality of cellular uplink communications. Thus, a cellular BS imposes an interference
constraint on D2D communications. That is, the total interference power that all D2D transmissions
cause to the cellular BS should be less than Iy, at any moment. Iy, is a parameter that the cellular BS
can determine by considering both the quality of cellular communications and the performance of D2D
communications. Because D2D transmitters use a fixed transmit power, P; = P if D2D transmitter
i is allowed to transmit its data; otherwise, P; = 0. Then, the total interference power received at
the cellular BS from all D2D transmitters can be calculated as Zilil I;P|gib|?, where I; is an indicator
function to denote the activity of D2D transmitter i, defined as
I { 1, if D2D transmitter i transmits data (P; = P), 1)

! 0, otherwise (P; = 0).
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If we define Z £ {I,---,Iy}, D2D communications should comply with the following
interference constraint imposed by the BS;

N
Y IiP|gi|? < I ()
i=1

to protect the cellular uplink communications securely. If normalized by Ny, Equation (2) can be
rewritten as

N I
Y Tiplgnl® < 5 2 T ®)
i=1 0
where p is a transmit power-to-noise ratio of D2D transmitters, hereafter simply called SNR. Then,
the signal to noise plus interference (SINR) received at a D2D receiver i, denoted by v;, can be
calculated as

I;P|gii|*

Yl ki Ik PIgkil? + Plgwil® + No
lip|giil*

Yl Ieolgiil? + olguil> +17

1i(Z) =

(4)

for a given Z. Then, the sum-rate of a cellular underlaid D2D network can be calculated by
YN log, (1+7;(Z)). Finally, we need to choose an optimal Z for maximizing the sum-rate while
satisfying the interference constraint as follows:

N
I* = argmax)_log, (14 7i(Z))
T =1
s.t.

N
Y Liplgin|? < L. ®)
=
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Figure 1. An underlaid device-to-device (D2D) communication network.

4. Proposed Resource Management for Cellular Underlaid D2D Networks

The optimization in Equation (5) requires tremendous complexity because it is not a convex
problem but a combinatorial problem. In addition, a central node such as a cellular BS should



Future Internet 2017, 9, 62

50f12

have perfect information of entire channels to solve the problem and have full control of D2D
communications, which inevitably causes excessive signalling overhead for the feedback of channel
state information (CSI). In particular, both the complexity and signalling overhead exponentially
increase as the number of D2D pairs N increases. In this paper, we thus propose a fully distributed
resource management scheme for cellular underlaid D2D communication networks. The proposed
scheme does not require any signalling overhead for CSI and can be operated in a fully distributed
manner with a simple signalling broadcast by the BS. Figure 2 shows the flow diagram for our

proposed scheme.

D2D TXs

D2D RXs BS

2 B

<

Start T —

v

Transmit
1

reference symbols.

¥ v

Each RX estimates BS estimates
the channel 2. the channel
gain from its TX. gains from all TXs.

¥

BS calculates an eligible
3. set satisfying the
interference constraint.

BS broadcasts

ncluded in the
eligible set?

estinatio
of the received
sponse packet .4

Estimatethe channel gain
from the response Yes
packet.

atisfy the
threshold
condition?

Transmit data.

the eligible set.

Y
C End D)

Transmits a response
packet toward its TX.

Stop the timer.

Y
Receive data.
Y

End

Figure 2. Flow diagram of the proposed scheme for cellular underlaid D2D communication networks.

Every D2D transmitter transmits reference symbols to enable D2D receivers and BS to estimate
channel gains. We assume that each D2D transmitter is assigned orthogonal radio resource for

the reference symbols.
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2. Each D2D receiver only estimates the channel gain received from its associated transmitter,
while the BS estimates all channel gains received from all N D2D transmitters.

3. The BS sorts N measured channel gains in an ascending order. The D2D transmitter with the i-th
largest channel gain is indexed by i. Then, the sorted set of D2D transmitters can be denoted by
{1, e, N}and g2 < - < g |% -+ < |gxp|? is satisfied. The BS determines an eligible
set £, defined by

g:{irﬁ/"'/{*}/ (6)

where 7* can be obtained by

Z&f<m} @)

Even if all D2D transmitters in the eligible set transmit data simultaneously, the interference
constraint imposed by BS is satisfied. Thus, no matter which combination of D2D transmitters in
the eligible set transmit data, the interference constraint will be satisfied.

The BS broadcasts a bitmap message with N bits to notify which D2D transmitters are included

in the eligible set £.
4. If each D2D transmitter 7 is included in the eligible set, then it waits for a response packet,

which will be transmitted from a D2D receiver in Step 5. Otherwise, it terminates this algorithm.
If each D2D receiver 7 is included in the eligible set, then it starts a timer. Otherwise, it terminates
this algorithm. The value of timer is determined by Ig%lz’ where C is a constant to be determined

by a controller and |g;; 2 was measured in Step 2.

5. A D2D receiver whose timer expires first, denoted by f, transmits a response packet towards its
associated transmitter f. Note that the timer of the D2D receiver that has the largest channel gain
will expire first and thus a D2D pair with the best channel condition can be selected satisfying the

interference constraint.
6.  All D2D transmitters can receive the response packet transmitted by the receiver f in Step 5.

The D2D transmitter f can transmit its data, but each D2D transmitter i included in & \ {f} checks
the following condition:

85I
|85

2 can be obtained by measuring the response packet transmitted by receiver f, and 7 is

>y, 1€ E\{t}, (8)

where |g7
a threshold value required in the proposed scheme. All other D2D receivers except f stop their
timers right after receiving the response packet from f.

The set of D2D transmitters to transmit data simultaneously can be determined by
‘2

T 2 {f}u {f EH\Z >y, i€ E\{f} }, satisfying the interference constraint. The D2D pairs with higher
it

channel gain and lower generating interference to the receiver f are more likely to be selected to transmit
data along with the D2D pair f. In summary, the proposed scheme is based on a well-known fact
that opportunistic resource management schemes can greatly reduce the complexity [21]. Moreover,
the proposed scheme selects one user with the highest channel gain out of an eligible set and extra
users out of the eligible set satisfying Equation (8) in a decentralized manner to remove most of the
complexity and feedback overhead. For a given threshold 7, the SINR of a D2D pair i in 7 can be
calculated as
prop |2

plgii
; = ) 9
Yier (1) Yke(T\(i}) Pl&kil* + plguil* +1 ©
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and then the sum-rate of the proposed scheme can be obtained as } ;7 log, (1 + ’y?mp(iy)) .

Finally, note that the optimal scheme should carry out 2" iterations to calculate sum-rates with
the entire channel information feedback at each frame and thus we can not afford the complexity as N
increases, while the proposed scheme only requires an N-bit message that is broadcast by BS to inform
an eligible set.

5. Numerical Results

In this section, we evaluate the performance of the proposed scheme in terms of average sum-rate
and compare it with optimal performance. In addition, we derive the optimal threshold values to
maximize the performance of the proposed scheme. Figure 3 shows the average sum-rates of the
proposed scheme where all channels are assumed to be i.i.d. and thus A;; = 1Viandj. N =5
and Ij; = 0 or 5 dB. For the comparison, it also shows the optimal average sum-rates obtained by
solving Equation (5) based on the Brute Force searching algorithm. For a higher I}, denoting that a
cellular network tolerates higher interference from a D2D network, the cardinality for the eligible set
of D2D transmitters increases and thus average sum-rates of the D2D network also increases due to
an increasing gain of user selection diversity. As the SNR of D2D transmitters increases, the average
sum-rates of the D2D network also increase due to transmit power gain. However, the SNR values
higher than a moderate level reduce the average sum-rate on the contrary because the cardinality for
the eligible set of D2D transmitters seriously decreases and thus the user selection diversity decreases
as well. The proposed scheme can achieve almost optimal average sum-rates when SNR is low or high,
while the average sum-rates of the proposed scheme is lower than the optimal value for moderate
SNR values. It should be also noted that the proposed scheme can dramatically reduce the complexity
and feedback overhead, compared to an optimal scheme. Figure 4 also shows average sum-rates of
the proposed scheme and optimal sum-rates under the same conditions as in Figure 3, except for
N =10. As N increases, the gain of user selection diversity increases and thus the overall performance
is enhanced. The average sum-rates of the proposed and optimal schemes are tabulated and the ratios
of average sum-rate obtained by the proposed scheme to optimal value are also summarized in Table 1.

Figures 5 and 6 show the optimal threshold values to maximize the average sum-rates of the
proposed scheme with the same parameter values with Figures 3 and 4, respectively. As the SNR of
D2D transmitters increases to a moderate level, the optimal threshold value increases and thus |7 |
decreases. The optimal threshold value of the proposed scheme decreases if the SNR increases above
the moderate level. The excessively high SNR above the moderate level seriously decrease |£| and
thus a low threshold can enhance the performance of the proposed scheme by increasing |7 |.

In Figures 7 and 8, we analyze the average sum-rates of the proposed scheme when channels are
non-i.i.d. to verify the feasibility of the proposed scheme in practical environments. Table 2 summarizes
the average sum-rates of the proposed and optimal schemes and the ratios of average sum-rate obtained
by the proposed scheme to optimal value. (2 x N) D2D nodes are uniformly distributed in a circle
with a radius of 200 m and a cellular BS is located at the center of the circle. The average channel
gain between transmitter i and receiver j is determined by )\i]- = min (—30 dB, L#) , where —30 dB
and L;;(0 < L;; < 200) denote a minimum coupling loss and the distance between transmitter i and
receiver j, respectively, and i € {1,2,--- ,N,u},j € {1,2,--- ,N,b}. It is assumed that the channel
bandwidth is 10 MHz and thermal noise power density is —174 dBm/Hz. The transmit power of all
transmitters varies from 0-30 dBm and Iy, = —50 or —80 dBm. The performance gap between the
proposed and optimal schemes is noticeably reduced in the entire SNR region, compared to the i.i.d.
channel environments. It is shown that the average sum-rates of the proposed scheme approach the
optimal values for entire SNR values and they are almost optimal in a practical region of SNR such as
0-20 dBm.
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Figure 3. Average sum-rates when all channels are i.i.d., N = 5, and It’h =0or5dB.
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Table 1. Average sum-rates when all channels are i.i.d.

9of12

N=5 N=10
SNR (dB) I, =0dB I, =5dB I, =0dB I, =5dB

Prop Opt Ratio Prop Opt Ratio Prop Opt Ratio Prop Opt Ratio

—10 047 048 995% 048 048 998% 075 079 947% 077 078 98.3%
—6 075 082 913% 086 086 99.1% 1.03 124 828% 124 130 953%
-2 093 1.09 855% 125 134 938% 124 158 782% 1.61 190 84.8%
2 096 112 86.0% 144 166 86.6% 131 166 791% 180 229 785%
6 078 086 91.6% 138 1.63 849% 116 137 848% 177 227 77.9%
10 048 051 948% 1.07 120 89.0% 081 089 90.7% 152 187 81.1%
14 021 022 981% 067 072 93.6% 045 047 954% 1.03 118 86.9%
18 010 010 97.8% 032 033 98.6% 022 022 998% 057 0.60 955%

Optimal threshold [dB]

-10

SNRIdB]

Figure 5. Optimal threshold in the proposed scheme when all channels are i.i.d., N = 5, and Iy, = 0 or

5dB.
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Figure 6. Optimal threshold in the proposed scheme when all channels are i.i.d., N = 10, and It'h =0

or 5 dB.
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Figure 7. Average sum-rates when all channels are non-i.i.d. and N = 5.
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Figure 8. Average sum-rates when all channels are non-i.i.d. and N = 10.

Table 2. Average sum-rates when all channels are non-i.i.d.

10 of 12

N = 5 N = 10
P (dBm) It = —80 dBm Iy, = —50 dBm Ity = —80 dBm Iy, = —50 dBm

Prop Opt Ratio Prop Opt Ratio Prop Opt Ratio Prop Opt Ratio
0 174 175 997% 175 175 99.7% 325 329 987% 320 324 98.8%
4 239 241 994% 241 242 994% 432 441 98.0% 429 438 98.1%
8 314 317 991% 317 320 99.0% 546 562 973% 546 562 97.2%
12 392 398 985% 396 4.03 984% 654 680 962% 659 685 96.2%
16 459 470 978% 471 483 97.6% 742 782 949% 755 794 952%
20 507 526 964% 534 552 96.6% 805 857 939% 829 882 94.0%
24 530 559 948% 580 6.07 955% 815 897 90.8% 879 946 92.9%
28 510 562 90.7% 610 646 944% 773 895 864% 9.09 989 92.0%
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6. Conclusions

In this paper, we investigated a cellular underlaid D2D network, which is an enabling technology
for mobile caching services. D2D communications are allowed to share radio resources with cellular
uplink communications under the assumption that they comply with an interference constraint
imposed by a cellular controller such as BS to secure the quality of cellular communications.
The performance of D2D communications can be maximized by selecting an optimal combination of
D2D pairs to transmit data. However, it causes tremendous complexity of computations and signalling
overhead for channel feedbacks to determine an optimal combination complying with the interference
constraint. Thus, we proposed a practical resource management scheme for D2D communications.
Each D2D pair determines whether to transmit data on its own based on a threshold value and simple
bitmap information broadcast by the BS. Thus, the proposed scheme does not require any feedback
from the D2D network and does not cause any computational complexity to a BS either. We evaluated
the performance of the proposed scheme in terms of average sum-rate and compared it with the
optimal scheme. We also derived the optimal threshold values that maximize the average sum-rate
of the proposed scheme. Our numerical results showed that the average sum-rates of the proposed
scheme approach the optimal sum-rates in low or high SNR regions, despite the tremendous reduction
in complexity and signalling overhead. It was also shown that the gap in performance between the
proposed and optimal schemes noticeably decreases in the entire SNR region in practical environments
where channels are non-i.i.d.
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