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Abstract—Data traffic in cellular networks has dramatically Cooperative communication (CC) [3] has shown its effec-
surged in recent years due to the booming growth of various tiveness in combating fading to achieve high channel cépaci
mobile applications. It is hence crucial to increase netwdc and reliability in a low-cost way, which is well suited to
capacity to accommodate new applications and services. Irnis L2 L .
paper, we propose a promising concept of cooperative device the context of D2D commu_nlcatlon. I.ts basic idea is to_let
to-device (D2D) communication to improve resource utilizéon & relay node forward the signal received from a transmitter
in cellular networks. Based on a novel fine-grained resource to its receiver such that diversity gain is obtained for the
allocation scheme, we study the problem of maximizing the same signal traveling different paths from direct and relay
minimum rate among multiple wireless links by jointly con- y5h5missions. When D2D communication is reinforced by

sidering relay assignment, transmission scheduling, andhannel S . S
allocation. Simulation results show that our proposed soltions CC, which is referred to as cooperative D2D communication,

can significantly increase resource utilization in cellulanetworks. N€w challenges, such as relay selection, channel allocatio
and transmission scheduling, are raised for efficient nesou

Index Terms—D2D, cooperative communication, multi-hop allocation in cellular networks.

cellular networks, resource allocation. In this article, we study the efficient resource allocation f
cooperative D2D communication in cellular networks. laste
. INTRODUCTION of treating each communication link with its associatecyel

An explosion of data traffic has been observed in ceIIuIrQrOde as an |nd|v_|S|bIe gnlt as In most emstm_g work [4], [5],
e propose a fine-grained resource allocation scheme that

netvyork; In recent years dug to the booming growth of mObL\éYides each CC transmission into a broadcasting phase and a
applications. For example, it has been reported that glol%g

mobile data traffic will increase nearly 11-fold between 201 rwarding phase, which can be scheduled indvidually dgas

and 2018 [1], and NTT DoCoMo’s mobile data traffic grevx?n this idea, we present the flne-gralped resource allm:_atlo
der both single channel and multiple channels settings.

60% each year in Japan. The growth has led to an immediépe . . . .
need of large networkpcapacity for modern cellular netwaoks Xperimental results validate the effectiveness of ouwrtsmis.
accommodate more users and new applications with satisfied
service quality. [I. NETWORK INFRASTRUCTURE ANDCHALLENGES

As a supporting technique for multi-hop cellular neta. Network Infrastructure
works (MCN), device-to-device (D2D) communication [2] is a
promising concept to improve resource utilization in daltu
networks by letting two devices in proximity of each othe

We consider a multi-cell multi-channel wireless network
Fonsisting of base stations (BSs), mobile stations (MSy}, a
establish a direct local link for data transmission. It cigmigi- relay s_tat_lons (RSs) as shown in Fig. 1'. Tradltlt_)nally, all
. . . . transmissions should go through base stations, which farms
cantly improve spectral efficiency because multiple D2Hgin . 2 X
Fentrallzed communication mode. When a user communicates

with reduced interference region may work simultaneously. . .
with other traditional cellular uplinks or downlinks in the\k;Ith the base station, others on the same channel in the same

same channel. The chances of D2D communication are higﬁF” §hoyld §tay silent to a_v0|d |_nterference. Wh(_en D2D com-
: . . nﬂmlcatlon is enabled, a direct link can be established &etw
dependent on the quality of D2D links. Unfortunately, witho

: . o . . a pair of users in proximity of each other. For example,
the support of a base station with powerful capability obimf o i
: . . . - usersM S, and M Ss in Fig. 1 can bypass the base station
mation collection and signal processing, transmissiorn32n

links are apt to be jeopardized by many factors like fadingeiltrzﬂgecdocr:gwjglrcritg ddelrerﬁﬂl):.i ?ggggg%vgg|tl:'|§rt1?dmonal
or environment noise, and the resulting low transmissiaa r ' P

. . . : .abe active simultaneously if they cause negligible intenfiee
would reduce the incentive of adopting D2D communication . - '
to each other, leading to a significantly increased channel
for both users and network operators. S o .
utilization. D2D communications happen between a pair of
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schemes can be found in [3].

B. Challenges

The main challenges in cooperative D2D communications
are summarized as follows.

Relay assignment When multiple relays are available in the
Cell 3 network, it has been well recognized that relay assignment
T plays a critical role in determining the performance of CC

< under both AF and DF modes. Existing work [4], [5] has
25, shown that selecting one relay is enough to achieve full
diversity for a single source-destination pair. For exampl
Zhao et al. [5] have derived the closed-form expression ef th
outage probabilities when multiple relay and a single relay
is employed, respectively, and shown that both probadsliti
MSi(bs) are with the same order. When multiple CC sessions share a
common set of relay nodes, the relay assignment should be
globally optimized. For example, althougRS; is the best
relay node for both linksMSg — M S19 and M S, — BS;
in Fig. 1, it cannot serve them simultaneously. An altermati
for M Sqg — M S1q is to chooseRSg such that both links can
achieve improved channel capacity on different channels.
Transmission scheduling It is not practical to allocate a
Fig. 1. Network infrastructure with D2D communications. dedicated channel to each communication link because radio
spectrum is a scare resource that should be efficiently uti-
lized. When multiple communication links share a common
The network includes a number of relay stations, whicthannel, they should be scheduled to guarantee a certah lev
may be deployed by network operators as dedicated onek,quality-of-service (QoS). When CC is applied, although
or contributed by third-party device providers, such asasc channel capacity can be improved, wireless interferencg ma
points of local area networks or even mobile nodes that dpecome serious due to the participation of relay nodes, iwhic
willing to provide forwarding service. These relay staiaran can lead to a decreased throughput performance. Thus, the
be employed by D2D and cellular users to improve their chattadeoff between channel capacity improvement and wiseles
nel capacity. As an example shown in Fig. 1, relag, can scheduling efficiency in CC should be studied.
assist the transmissions from natles, to M S5, which forms Channel allocation Channel allocation is also crucial for
a classical three-node model of cooperative communicati@nhancing spectral efficiency. Under the traditional direc
Typically, there are two cooperative communication modegpmmunication, two users can communicate when they tune
namely, amplify-and-forward (AF) and decode-and-forwar® the same channel. Since a CC transmission involves three
(DF). The transmission processes under these two modes Bades, i.e., a source, a destination and a relay node, thaeha
direct transmission are presented as follows. allocation for cooperative D2D communication becomes more
Amplify-and-forward (AF): When a source node transmitshallenging as the two links use the same frequency channel
data to a destination node with the help of a relay node underdifferent time slots.
AF mode, each time frame is divided into two time slots. In the
first time slot, the source transmits a signal to the destinat [1l. FINE-GRAINED RESOURCE ALLOCATION
Due to the broadcast nature of wireless communication, this System model
transmission is also overheard by the relay. Then, the relay, e multi-cell wireless network, there are a number of
amplifies this received signal and forwards it to the desitma. 1 ,qe stations and a number of source-destination (S-D3. pair
in the second time slot. They are referred to as broadcast il that an S-D pair is in a cellular mode if a BS is involved,
relay transmissions. Finally, the destination decodesotie* o i 4 D2D mode otherwise. A set of relay nodes are available
inal signal by combining the two received ones disseminatgd e network. Each node is equipped with a single antenna
via different paths. and works in a half-duplex mode that they cannot transmit and
Decode-and-forward (DF): The transmissions under DFecejve simultaneously. Following the discussions in [B],

mode follow the similar process of AF mode except that thge assign each source-destination at most one relay node in
relay node decodes the signal received from the source in thg model.

first time slot and then transmits it to the destination in the pjfferent from the well-known model introduced in [6],
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S§‘C0nd time S_|0t.- o where the radio resources are assumed to be always sufficient
Direct transmission (DT): Under DT, the transmission fromwe consider a more realistic one with a finite number of
source to destination takes up the whole time frame. available channels. Note that the set of available charatels

The achievable transmission rate in above three transmisseach node may be different under an arbitrary distributibn o



o]
all channels over the space of interest. Furthermore,rdifite g
. . . = A
channels are allowed inside the basic frame for each cooper- §§A
ative communication pair. 3
To characterize the interference in the network, various in 5
. . (MS,, RS, MS;) MS, T RS, —» MS;
terference models, e.g., the protocol and physical intenfee i 2
modgls [7], have bee_n proposed in the literatures. Here, We, xs, s [ s, = 2% | ks, —> s,
consider the protocol interference model that has beenlyide . RS
used in the research of wireless networks. In this model, a 5 fi ’?F . f’f - s Timeslots
transmission is successful if and only if the receiver ishimit 5% (a) Frame-by-frame scheduling
the transmitting range of its intended transmitter, andsidet § A
the interference range of all other transmitters. —
(MS,, RS;, MS;) MS, 3 ks, RS, —p MS;
B. Improved space-division multiplexing pr— :: i: RS —> B,
. . - . . . ol
We first consider the fine-grained link scheduling for a
1 > 13 Time slots

single channel. To characterize the interference regioa of
cooperative communication session, we defing-, d), con-
sisting of an S-D paifs,d) and a relayr, a cooperative link Frig. 2. The improved efficiency of space-division multiprex by our fine-
as a whole. In a frame-by-frame scheduling, each cooperativained resource allocation scheme.
link is a basic scheduling unit and its interference reg®the
union of two circles with radius of interference range cesde
at relay » and destinationd respectively. An interference-
free scheduling should guarantee that no other transshier
within the interference range of any cooperative likr, d) b, — — — —
during its assigned time frames. — —
By carefully examining the transmission process of CC, by | s o | RS — M [ MSs T [ o | RS — M-
we find out that the interference region of a cooperative 7
link (s,r,d) is different in the two time slots of a frame.
The interference region in the first time slot is the union o§
two circles centered at relay and destination/ due to the £
broadcasting from source to bothr andd. In the second o
time slot, only destinatiod receives the forwarded signal from b — RS; —p MSs | RS, —» MS:
the relay node, which results in a reduced interferenceoregi } — 5 s
defined by the circle centered dt The above observation O —
motivates us to investigate a fine-grained resource altmtat B . B Time SIO:
scheme by distinguishing the interference regions in aifie )
slots of a CC frame such that the network performance can be
improved. We use two cooperative ”nKMSh RSl’ BSl) Fig. 3. The improved efficiency of frequency-division mpléxing by our
and (M Sz, RS2, M Ss) in Fig. 1 as an example to showfine-grained resource allocation scheme.
the benefits of slot-by-slot scheduling. As shown in Fig. 2,
in a frame-by-frame scheduling, these two source-destimat
pairs cannot transmit simultaneously since the transomssi
M Sy will interfere with the reception aRRS; as illustrated
by a dotted arrow. However, if we schedule the broadcasti t the accessible channels in cell 1 and cell 2 Hrg

and forwardmg links on a slot—by-s_,lot basi/S, and 125y and{b1, b2}, respectively. Under the traditional coarse-grained
can transmit signals at the same time because they cause no

interference. A similar case is fa .S; andRSs. In summary, channel allocation, each group of nodgl Sy, RS3, MS5)

(b) Slot-by-slot scheduling

Channels
|

l2 1 Ly Time slots

(a) Frame-by-frame channel allocation

>

(b) Slot-by-slot channel allocation

scheduled in different channels. Consider the cooperbiike
M Sy, RSs, M Ss) and(M Sg, RSy, M S7) in Fig. 1. Suppose

our slot-by-slot scheduling achieves higher efficiencypefce-
division multiplexing.

C. Improved frequency-division multiplexing

or (M Sg, RS4, M S7) involving in the CC mode should work
at the same channel, leading to the channel allocationtresul
with at least 4 slots as shown in Fig. 3(a). Under the same
channel availability, when we allow the source and its gelic
relay to transmit on different channels, we obtain a new

The efficient resource allocation problem becomes mat@nsmission scheme with only 3 slots as shown in Fig. 3(b),

challenging in multiple channels. In many existing workctea
source-destination pair with its associated relay nodeilsho

where the broadcast transmission (framSg to M S; and
RS,) and the relay transmission (fromSs to M .S5) can work

be assigned a common channel. In other words, the relay loasdifferent channels simultaneously. In summary, such fine
to forward the received signals on the same channel with tgmined channel allocation scheme improves the efficieficy o

source. In this section, we show that the performance can

foequency-division multiplexing as well, and thus incresathe

improved if direct and relay transmissions are allowed to lroughput of each source-destination pair.



IV. ONLINE ALGORITHMS

The optimal fine-grained resource allocation in static net-
works with a single collision domain has been proven to be
NP-hard [8]. In this section, we propose an online algorithm
that can deal with multiple collision domains in a dynamic RS,
network where users may join and leave at any time. It
makes relay assignment, transmission scheduling, andhehan
allocation on a slot-by-slot basis with the objective of rax
mizing the minimum average transmission throughput amongs,
all concurrent communication sessions. In the following, w
first study the case with given relay assignment. Then, we
extend it to handle a more challenging problem where relay
assignment is unknown.

RS

MS;

A. Algorithm with given relay assignment

The basic idea of our online algorithm is to iteratively make
the transmission scheduling at each time-slot with highier p
ority to the sessions with lower average throughput achisee
far. In each iteration, the channel allocation and transiois RS,
scheduling will be made for each selected node such that
its maximum transmission rate is achieved. In such a way,
the minimum throughput of all sessions is expected to be
maximized in a long run. RS!

We construct conflict graph to describe the interference *
under all channel conditions. Recall that the interference
region of a cooperative link is different in the two time slot RS>
within a frame. It motivates us to partition a cooperative 4
link into a broadcasting link for the first time slot and a (b) The second time slot
subsequent forwarding link for the second time slot. In our _ _ ,

. Fig. 4. Conflict graph in each time slot.

constructed conflict graph, we create two nodes represganter
the broadcasting and forwarding links, respectively, freS-

D pair. They should be connected in the conflict graph becaugg, taneously. In other words, they are not connected with
they share the relay node that cannot be active simultalyeoys, .y gther in the conflict graph. At the beginning, since the

in our considered network model. throughput of any pair is equal to zero, the selection can be
For a better understanding, we still use the topology Nade randomly, e.g., noded s} and M S..
Fig. 1 as an example to show the corresponding conflictIn the second time slot, botRS! and RS2 are in pending

graph based on a slot-by-slot scheduling. Without 10ss gfyy,s necause relays; is ready to forward the data received

generality, we only consider communication pairs in cells g yhe first time slot. NoderS! is also in pending status be-

and 3 as our initial topology. As shown in Fig. 4(a), nodes, e of the similar reason. Considering selecting eift&}

1 1 1 H H
M35y, MSg and MSg represent the broadcasting links of ¢ g2 ig enough to complete the cooperative communication,

three S-D pairs, respgctivgly, and other nodes represent \% chooseRS? because it will not conflict with\/ S¢ whose
corresponding forwarding links. Note that we use SUp&sCriy, o ,ghput is still zero. As a result, three links, représen

to denote the working channel. For example, nof#&8 and by RS2, RS! and MS!, are scheduled for transmission in
RS2 represent the same forwarding link under chanhel the second time slot.
and by, respectively. Any two nodes in the conflict graph \, e following time slots, our algorithm proceeds in a

are connected if the corresponding cooperative links cann@qjar way. Note that in addition to the updates of nodeustat
be scheduled simultaneously. An interference-free sdireglu at each step, the conflict graph itself should be also updated

should guarantee that no transmitters are within the iqatterfhc network topology or channel availability changes, edye
ence range of each link during its assigned time slots. Vyg node mobility

define two states, pending and idle, for each node in the

conflict graph. If a broadcasting or forwarding link is read)é ) o _ _
for transmission, its status is set to pending; otherwisés i B+ Algorithm with joint resource allocation and relay assign-
idle. ment

As the example shown in Fig. 4(a), nodes in pending statusOur basic idea of solving this problem with unknown relay
are black-marked, i.e., node®/ S}, MS; and MS{ have assignment is to construct a conflict graph by taking all
data to transmit in the first time slot. Among these nodeggssible relay assignment schemes into consideratiortifSpe
the selected ones, marked by double circles, will transmdally, the direct transmission scheme will be considersd a

RS,
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Fig. 5. Conflict graph taking relay assignment into congitlen.

Fig. 6. The performance versus the number of relay nodes

a special case, i.e., no relay is involved. For each scheme
any communication pair, we create a corresponding node
the conflict graph to represent different relay selectioor F
example, the resulting conflict graph of Fig. 4(a) is shown i
Fig. 5, where an additional nod¥ S}, represents the direct
transmission for paif/ S, — M S5 under channel;. Similarly,
any pair of conflicting nodes in the graph should be connecte
When multiple schemes are available for the same session i
pending status, the one leading to the highest throughpglut v
be chosen.

Finally some implementation issues of our algorithm ai
discussed as follows. We consider a central controller tt
executes the online algorithm. When any communication pi
joins the network, it will sense a set of accessible channe
and report the results to the control node. Similarly, befo 6 8 10 12 14 16
any communication pair leaves the network, it also repows t Number of channels
departure event to the control node. With the global informa
tion, the control node determines the channel allocatich afi9- 7 The performance versus the number of channels
relay assignment.

Minimum transmission rate (kb/s)

The minimum throughput as a function of the number of
V. PERFORMANCE EVALUATION different number of relay nodes is shown in Fig. 6. The result

In this section, we study the performance of our propos&ﬁ direct transmission show as a horizontal line because its
fine-grained resource allocation (FGA) in comparison witRérformance does not depend on the number of relays. For
the direct transmission (DT) and the traditional coarsgirgrd FGA and CGA, their performance increases as the number of

resource allocation (CGA) with a frame-by-frame schecgJIinrelay nodes grows. This is because more available relags lea
We consider random network instances withinis00 x  t© better relay assignment for each source-destinatianimpai

1500 square region. All nodes in the network use the sanifs® network. , ,
transmission power with transmission distance of 500. The NN, we investigate the effect of the available channels to
channel bandwidth is set t82MHz. The SNR (Signal-to- the minimum throughput. As shown in Fig. 7, all results show

] ) . : .
Noise-Ratio) is calculated E";;' _where the channel gainas an increasing function of the channel number. We at&ribut

|10 |2 between two nodes with a distanige—v|| is calculated the gain to the new transmission opportunities introduced
by more channels. Moreover, the performance gap between

wl? = |lu—wv||~%, and the variance of background noi .
as| | [lu =~ vl|”*, and the variance of background OStla:GA and CGA is larger when a less number of channels are

o? is set 1010~ 1°W. The network instances initially contain 10 vailable. When we further inor the available number of
S-D pairs, and then 30-participation and 30-departuretsve allable. en we further increase e avaj'able humber o
hannels, the improved performance is very limited.

happen subsequently according to a Poisson process. Eine int
arriving and residence time of these dynamic nodes obey a
negative exponential distribution with parameteys = 0.5

and A, = 0.05, respectively. We study the average perfor- In this paper, we study the fine-grained resource allocation
mance of 20 randomly generated network instances. for cooperative D2D communications in cellular networkg. B

VI. CONCLUSION



dividing each CC transmission into a broadcasting and g rels
phases, which can be scheduled individually, we exploit th
benefits of a slot-by-slot scheduling scheme by both spact
division and frequency-division multiplexing. As the aptl

resource allocation scheme is proved to be NP-hard, w
propose an online algorithm to schedule packet transnmssio

Simulation results show that our proposed solution can im
prove the performance significantly.
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