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Abstract. Developing device-to-device (D2D) communications can
improve spectrum efficiency and traffic offloading capability of cellular
systems. But only considering direct D2D communication mode may
limit these benefits brought in by D2D communications, for direct D2D
mode may not be available due to the long separation distance and poor
link quality. Hence, relay-assisted D2D communication is presented to
expand the coverage of D2D communications. One of the key points in
developing relay-assisted D2D communication is to find out the opti-
mal relay user equipment (UE) to assist data transmission between the
source and destination D2D-capable UEs. In this paper, a cross-layer
relay selection scheme is researched, which considers the end-to-end data
rate, end-to-end transmission delay, and remaining battery time of the
relay-capable UEs. Specially, we propose a method to estimate the end-
to-end transmission delay for the relay-involved D2D path when adaptive
modulation and coding (AMC) is taken into account. Performances of
the proposed scheme are also evaluated.

Keywords: Device-to-device (D2D) communication - Relay selection -
Transmission delay + Adaptive modulation and coding

1 Introduction

With increasing of wireless applications, it is important to develop new tech-
nologies to improve the spectrum efficiency. Amongst these technologies, device-
to-device (D2D) communication is considered as one of the most promising
way. D2D communication enables reducing the burden of cellular network by
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allowing two proximity user equipments (UEs) to communicate directly bypass-
ing the base station (BS) [1]. In addition, D2D communications can improve
the performances on energy efficiency and system-wise throughput [2]. Hence,
corresponding topics of D2D communications have attracted many scholars to
research and investigate. According to whether or not using relay node during
data transmissions, D2D communications can be commonly divided into direct
and relay-assisted D2D communications. At present, most works of D2D com-
munications focus on direct D2D communications, which commonly considers
two types of D2D modes. One is dedicated D2D mode and the other is reuse
D2D mode. Direct D2D pair in dedicated mode requires dedicated cellular radio
resources [3], whereas the one in reuse mode needs to reuse the channel that is
being used by a general cellular UEs (CUE), i.e., a CUE shares the same cellular
spectrum resources with the D2D pair. Involving reuse mode can improve spec-
trum efficiency, while it also causes interference between D2D UEs and CUEs.
Thus, there are many works concentrating on how to choose reuse channels and
how to assign powers for D2D UEs and CUEs to limit the interference in the
reuse mode [4-7]. However, it might not be enough while only considering direct
D2D communications, because direct D2D communication probably can not be
performed due to long separation distance between the source and destination
D2D-capable UEs (DUEs) [8]. Hence, to expand the communication range of
D2D communications and further enhance the system capacity and spectrum
efficiency, including relay-assisted D2D mode may be a promising way [9,10].

A crucial problem on developing relay-assisted D2D communications is to
find out the optimal relay-capable UE (RUE) for the DUEs in relay-assisted
D2D mode under the BS scheduling. Thus, many criterias of choosing relay for
relay-assisted D2D communications have been proposed, e.g., throughput, data
rate, link outage probability, and power consumption, which are all designed on
physical layer (PHY) [11,12]. To get an overall good performance via selecting
the optimal relay, high layer criteria and remaining battery of the candidate
RUEs need also to be considered. In [13], the transmission delay combining
the packet buffer of relay is proposed, whereas, ignoring the packet buffer of
the source UEs. In [14], authors proposes a cross-layer relay selection scheme
combining the queue state information (QSI) of buffer for relay UEs, also ignoring
the buffer of the source.

Base on the above analysis, cross-layer scheme should be considered more
for its better overall performance. However, on the aspect of the delay estimate,
most works only concentrate on the buffer of the relay, and lack comprehen-
sive end-to-end cross-layer design. Also, the battery of the relay should also
be considered as it has influences on the operation time of relay-assisted D2D
communications, thus we proposed a cross-layer relay selection scheme which
combines the end-to-end data rate, end-to-end delay and RUE remaining bat-
tery time in our previous work [15]. But the previous research we did ignores
the time-varying of channels. To overcome this shortage, in this paper, on the
aspect of the end-to-end delay, we investigate a new scheme combining the end-
to-end delay with adaptive modulation and coding (AMC). Accordingly, in this
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paper, we only talk about derivation of the end-to-end delay with AMC, and the
derivation of the end-to-end data rate and RUE remaining battery time can be
found in the aforementioned work [15]. But on the performance evaluation, we
will jointly assess the performance of the three criterias.

The rest of the paper is organized as follows. In Sect. 2, a single-cell system
model for D2D communications is described. Section 3 introduces the problem
formulation for relay selection. AMC technology is briefly introduced in Sect. 4.
Section 5 provides the derivation process of end-to-end transmission delay for
the relay-assisted D2D path, while Sect. 6 presents performance analysis of the
relay selection scheme when taking AMC into account. Section 7 concludes the

paper.

2 System Model

The considered system model is a single-cell scenario in a cellular system involv-
ing relay-assisted D2D communications. As illustrated in Fig. 1, we assume that
there are N CUEs, M candidate RUEs, and a pair of DUEs intending to perform
D2D communications in the cell, and all of them are controlled by the BS. The M
RUESs are candidate relay nodes to aid the two DUEs to form relay-assisted D2D
path. Also assume that N CUEs communicate with the BS via N orthogonal
channels and the N orthogonal channels are with the same bandwidth. For ease
of the expression in the follow sections, we use {C1,Cs,---,Cj,---,Cn} and
{R1,Ra, -+ ,Ri,-- ,Rp} to denote the N CUEs and M RUEs, respectively.
Use S and D to denote the source DUE and the destination DUE, respectively.
We also assume that there is no idle cellular channel for DUEs, i.e., DUEs must
reuse an uplink channel of CUESs to access the system and communicate with each
other. If DUEs work on direct D2D mode, the two DUEs reuse only one uplink
channel of the CUEs to perform data transmission. If the two DUEs work on
relay-assisted D2D mode, the source-to-relay and relay-to-destination transmis-
sions can reuse the same uplink channel of a CUE or two different uplink channels
of two CUEs. In the relay-assisted D2D mode, the first-hop and the second-hop
(i.e., source-to relay and relay-to-destination) transmissions were performed on
two different time slots sequentially. In addition, we further assume that the
BS can obtain perfect channel state information (CSI) of all links, including
the D2D source-to-relay link, relay-to-destination link, CUE-to-relay link and
CUE-to-destination link.

3 Problem Formulation for Relay Selection

In this paper, three criterias, i.e., end-to-end data rate, end-to-end transmission
delay, and candidate RUEs’ remaining battery time, will be considered in the
relay selection procedure of the relay-assisted D2D mode. The relay-assisted
D2D mode is used as a supplement the direct D2D mode, which means that
only when the direct D2D mode is not available, can the relay-assisted D2D
mode be used. The relay selection is a part of the joint scheduling performed at



130 X. Bi et al.
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Fig. 1. A single-cell system model for relay-involved D2D communications underlying
cellular network, where the uplink channel of CUE Cj is reused by a D2D commu-
nication pair in relay-assisted mode (where DUE S and DUE D are the source and
destination D2D UEs, respectively, and RUE R; is the selected relay UE).

the BS side. Once the availability of the relay-assisted D2D mode for two DUEs
is being assessed by the BS, it will first try to select an optimal RUE as the relay
UE for the two DUEs according to three criterias mentioned above. Hence, the
most important thing to do first is to derive the mathematical expressions for
the three criterias, based on which the relay selection process can be formulated
into a optimization problem, as we have done in our previous work [15]. We
have derived the mathematical expressions for the end-to-end data rate and
the candidate RUEs’ remaining battery time in the previous work. Thus, in
this paper, we will put our focus on building an end-to-end transmission delay
estimation model while taking the AMC strategy into account. The optimization
problem formation for the relay selection process is definitely similar to that in
our previous works, so we just make a brief demonstration here. The derivation
process of end-to-end transmission delay involving AMC will be presented in
Sect. 5. Next we will first provide some knowledge of AMC.

4 Adaptive Modulation and Coding

4.1 Principle of AMC

At physical layer, the channel state is time-varying. To support transmissions
of high-speed multimedia services on limited spectrum resources, lots of adap-
tive technologies have been proposed, link adaptation and AMC. By adjusting
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transmission parameters according to the available CSI, AMC can improve spec-
tral efficiency and link reliability to maximize data rate.

The schematic diagram for realization of AMC in a wireless communication
link is depicted in Fig.2, in which the AMC selector makes decisions on the
mode of modulation and coding according to acquired CSI (e.g., signal to inter-
ference and noise ratio, SINR) from the channel estimator, and the decisions are
then returned to the transmitter through a feedback channel. The transmitter
adjusts modulation and coding scheme (MCS) to adapt changes of the channel.
Modulation determines number of data bits that every modulation symbol can
transmit, whereas coding provides the function of error correction at the receiver
side via pre-adding redundant bits to the data bits before transmission. This is
definitely the principle of AMC.

‘ Transmitter [ Receiver ‘

\ | \ \

} Modulati | Fading } Modulati ‘

odulation- odulation-
channel
d;:;p;;ts—'—» Buffer Coding ‘ — Coding Mode — Buffer —‘» d(;tL:r}’;il:s

Controller | Modulation | Selctor ‘

| symbols - |

| [y | : |

Feedback channel

Fig. 2. Schematic diagram of realizing AMC in wireless links

4.2 SINR Boundaries in AMC

As different ranges of SINR corresponds to different MCS levels. In order to
select the optimal MCS for a transmission, the SINR boundaries for each MCS
level must be decided first. This is also the basis for deriving the end-to-end
transmission delay of the relay D2D path in Sect.5. Let L denote the total
number of MCS levels, and we assume that the transmit power is constant.
Then divide the entire SINR range into L non-overlapping consecutive intervals,
with SINR, boundary points denoted as {I7,I5, - ,I'11}. When

7€[n>n+1)7l€{1a2,"'aL+1}v (1)

the MCS level [ is chosen, where v is the receive SINR and [ is the MCS level
index. For the relay-assisted D2D path, v can be expressed as

; Ps| hs, g, 2
’yé,Ri = 2 27 (2)
Pe,| heyr | +o
and )
PR1| hRi7D|
szi,D = ' (3)

- PCk‘ th7D|2 +U2’
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where ’yg, r, represents the SINR of S-R; link (reuse the uplink channel of CUE
C;) and 71]31., p represents the SINR of R;-D link (reuse the uplink channel of CUE
C%). Ps, Pg, and Pc, represent transmit power of the source DUE §, relay UE
R;, and CUE Cj, respectively. |hs r,|?, |he, v | |hr,,p|?, and |he, p|* denote
the channel gains of S — R;, C; — R;, R; — D, and C} — D links, respectively.
o? is the variance of additive white Gaussian noise (AWGN). Based on the
relationship between SINR and packet error rate (PER), the minimum required
SINR for the MCS level I can be obtained for a given target PER [16]. And then
we can set the boundary I for the MCS level | equalling to the minimum SINR.
With the obtained I, the SINR boundaries for different MCS levels can be set.

5 End-to-End Transmission Delay Analysis with AMC

In this section, derivation process of end-to-end transmission delay of the relay
D2D path will be presented. A queuing model considering AMC will be estab-
lished to evaluate the end-to-end transmission delay for each D2D path (source-
to-relay and relay-to-destination links). To better understand the derivation pro-
cess of the end-to-end transmission delay, queuing service states transition prob-
ability matrix for D2D path will be presented first.

5.1 Queuing Service States Transition Probability Matrix

For a D2D path, the channel is time-varying and different channel states cor-
respond to the different MCS levels. We have assumed that there are L MCS
modes, and the L MCS levels available for each D2D link. For each hop of
the relay-assisted D2D path, we use ¢; to denote the number of data packets
that can be transmitted at a time slot (we call it queuing service state) and let
C ={c1,co, -+ ,cp} denote the set of queuing service states. Obviously, queuing
service state reflects the channel states and is determined by the MCS adopted.
In such a case, the set of queuing service state can be described by a finite state
Markov chain (FSMC) model. Use p; ,, to denote the queuing service state tran-
sition probability from ¢; to ¢, (I, m) € {1,2,--- ,L}. It is also assumed that
the state transitions only happen between adjacent states, i.e.,

pl,m:0>v|l_m|>la (l,m)6{1,2,-~-,L} (4)

Then the adjacent-state transition probability can be determined by [17]

I1.1)AT
pz,l+1=w,l=17“wL—17 (5)
)
and (1) AT
pl,l—lzx;ilal:27"'7lﬁ (6)

where m; is the steady-state probability of state ¢;, and AT is the duration of
a time slot which is set as 1 ms. x([]) represents the average number of times
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per unit interval that a fading signal crosses a given signal level I7. x(I}) and
m can be acquired referring the method in [17]. Jointly combining (4), (5), and
(6) the state transition probability matrix can be obtained, which will be used
in following derivation.

Queue Q' Queue QY

i) _ (i k)
Ay {'...1 =a A,.J Ur.‘l =q
> —_— -

DUE ‘@ _ ([ DUE
N D

As.t : Number of new arrival packets at source DUE at the 7th time slot;

G

A,+ : Number of new arrival packets at relay UE at the th time slot;

l'_ff,‘" : Maximal number of transmitted packets on S - R; link the rth time slot;

U%¥: Maximal number of transmitted packets on R;- D link the tth time slot;
¢ MCS level dependent number of transmitted packets, ¢;E [cy, ¢2,***,cL];

Q'”: Number of queued packets at source DUE at the rth time slot;

Q- Number of queued packets at relay UE at the /th time slot.

Fig. 3. End-to-end queuing model involving AMC for relay-assisted D2D path, where
each UE (except for destination DUE) along the route maintains a fixed-size buffer to
store arrived packets.

5.2 A Queuing Model

A queuing model for end-to-end delay estimation of a relay-assisted D2D path
combining AMC is illustrated in Fig. 3, where i (i € {1,2,--- , M}) denotes the
index of RUE, j (j € {1,2,---,N}) denotes the index of CUE whose uplink
channel is reused by S-R; link, and k (k € {1,2,---, N}) denotes the index of
CUE whose uplink channel is reused by R;-D link. To better depict the model,
the time axis is evenly divided into time slots, each of which is with a duration
of AT. When there are new data packets arriving to the source DUE in time
slot ¢, use A+ to represent the number of data packets arrived, and assume that
the packet arrival process is stationary and follows Poisson distribution, i.e.,

(AsATH™

]PD(AAks t = n) = ol

)

exp(—AsAT), n€{0,1,2,---}, (7)

where \;AT indicates the average number of packets that arrive at the source
DUE in a time slot with an arrival rate of Ay, i.e., the mean of A, ; is AgAT. The
arrived packets are stored in a buffer of the source DUE. Assume that the buffer
size is K, i.e., the source DUE can store K data packets at most. ng’f) denotes
the number of packet kept in the source DUE at the end of the tth time slot, and
U, s(,lij ) denotes the maximal number of packets that can be transmitted on S-R;



134 X. Bi et al.

link in the ¢th time slot. Obviously, Us(f,;j ) i equal to ¢; (number of transmitted
data packets determined by AMC at the ¢th time slot), thus the queuing state
transition relationship on S-R; link can be expressed as

ng%j) = min{ K, max{0, lef_)l — Us(ft’j)} + A}, (8)

where ng’tjzl denotes the number of packets kept in the source DUE at the end
of the (¢t — 1)th time slot. Then as the data packets arrive at the relay UE,
we assume the number of arrival packets is A, ;. Obviously, the value of A, ;

is correlated with QSQJ) and U(m If Q(Zij)l > U( B> 0, Are = U(M)’ if
U(w) > QU >0, A, = Q(zt )1, otherwise (Us(t D =0), A; = 0.

S

At the relay UE, buffer size is also set as K, i.e., at most K packets can be
stored at a relay UE. In the tth time slot, the number of packets queued in the

relay UE’s buffer is denoted as ng;k) and the maximal number of packets that

can be transmitted on the R; — D link is denoted as UT(,ft’k). Accordingly, the
queuing state transition of R; — D link can be expressed as

Q(l k) _ min{ K, max{0, Qq(f;k_)l G k)} + A} (9)

According to (8), Q(f’tj) is closely related to QSQJ 1, Ug(it’j) and A As Ay
follows Poisson distribution and is mdependent of Q 1 and Ué gJ ) according
to (7), it can be isolated from state {Qst LU } Where Q ,1)1 and US(Zt’J)
are closely related. To analyze the system behav1or we use a two-dimension
state {letﬂ) U S(ft’j )} to depict both queuing and servicing states. Generally, the
queuing and servicing states transition can be described by a FSMC model, i.e.,
Q(Z’j ) is only determined by its former state and Uﬁf,gj ) (or ¢;) is determined by
its adjacent-state which has been stated in the previous part.

The queuing and AMC behaviors on S— R; link can be described by a varying-
rate queuing system. To do this, the joint queuing and service state transition
probability matix should be first formed. The transition probability from states

(ngij)l = s U( W = ¢) to state (Q(w) =0, Uft’i)l = d) can be expressed as

P o =P = 0,U%), = diQ), = 0, UG = o), (10)

where ¢;,05 €[0,1,2,--- | K] and ¢,d € [e1, ¢, ,cL].
Due to the fact that Ust’i_)l is only dependent on Us(ft’j ), (10) can be further
simplified as

pE;z?c)7(95,d) = P(Us( A1 = d|U )P(Q W) = =0 |Qslt])1 = Ps; U(M) =c),
(11)
where P(U, S(lti)l = d|U "J) = ¢) is the element in the channel service state trans-
mission probability matrix Which has been obtained in the previous subsection.
Thus the key work is to compute P(ngf) = 0 |Qslt])1 = ©s, U(m) = ¢) to get
the joint state transition probability.
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Based on (8), we can obtain

P(QU =0,JQU7) = o UG =) =
0, if 0 <6 < K,0s <max {0, ps — ¢}
P(As: =05 —max {0, s —c}), if 0 <6, < K,0; > max{0,¢s — c}

K-1
1— > P(As; =6, —max{0,ps —c}), if ;=K
0.=0
(12)
and then the transition probability from state (le’t])l = g, U( wi) — ¢) to state

(Q(w) 0 Us(lfji_)l = d) can be obtained.

As the queuing process can be modeled as a FSMC, the queuing state will be
steady after a sufficiently long time, under which each queuing state le’f ) corre-

sponds to a stationary probability. Let Qgi’j ) denote the stationary probability
vector for the queuing process on S-R; link. It can be obtained by

le}j) — _Q(M)Pgid')7
S (i,9)
Z Z 'Qs (0s,c) — =1,

c=c1 05=0

(13)

where Pgi’j) is the queuing and servicing joint states transition probability
matrix, whose element can be derived by (11). Let QE’(JQ)C) denote the stationary
probability for the queuing state of the source DUE’s buffer, i.e., it corresponds
to the situation that queue length at the source DUE buffer is 6 while the
channel state is c. Q 0 ) then can be expressed as

QL) o = Jim PQUY, =6, =) (14)

Apparently, Qilije) ¢ 1s an element of 009,

Based on the above, we can further get the average packet queue length
——(1.9)
Qs

, and its mathematical expression is

Q.07 Z Z (e x Q%S’C)) (15)

c=c1 0,=0

Similarly, the average packet queue length QT( b¥) of R;-D link can be further

derived. The derivation process is depicted in Appendix A.

5.3 End-to-End Delay

There are two main factors leading to the transmission delay on S-R; link and
R;-D link. One is the buffer queues on devices along the transmission route and
the other is the packet retransmissions caused by packet losses and packet errors
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on the links. In this paper, we only consider the finite-length of the buffers at
DUE and RUEs as the causes for packet losses. As the length of buffers are
finite, the data packets will be dropped when a buffer is full. Use ng ) to denote

the average transmission delay for the packet queuing on the S-R; link. Then

according to the Littles law, u§i’j ) can be expressed as

(67) PRZ
vt = QS(Z, 5= Qs — (16)
T Bl x (1-p)

where @(i’j) denotes the average packet queue length of the source DUEs which
has been obtained via (15). E [A; ;] is the average number of arrived data packets
at the tth time slot and equals to Ag AT p§” ) is the packet loss rate, which can
be expressed as

T o

Z D(lij)

(i3) — Jim =L

ps - Tlggo T ) (17)

Z As,t
t=1

(

where A ; represents the number of new arrived data packets and Dsf;j ) denotes

the dropped packets at the tth time slot. Dgff ) can be expressed as
Dgf;j) = max [O, As i — K + max (0, ngle — Uif,;j)ﬂ (18)

According to [15], stationary distribution for A, ng;j_)l, and Us(fgj) all exist,

and here we use Aj, fo’j ), and U, g(” ) to denote them respectively. Then we have
D{) = max [0, A, — K + max (0,Q() — U] | (19)

where A, = n, n € [0,1,2,---], Qsi’j) =0 05 €10,1,2,--- | K], and Ul s
determined according to the selected MCS level.
Also referring to our previous work [15], packet loss rate can be obtained as

M=

oy B 5[] _e[p

) = i = = 20

Ps = I iA E[A,] ANAT (20)
= s,t

where E [Dgi’j )] can be obtained as

co K

E[Di)] =3 3 Dl x B4, =n) x P(Q) =6,),  (21)

n=00,=0
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in which P (A; = n) =P (A, = n). As the stationary probability for the queuing
states have been obtained above, combining (19)—(21), the transmission delay on
S-R; link can be obtained. Similarly, the transmission delay Vﬁi’k) on the R;-D
link can be derived, which is depicted in Appendix B.

Accordingly, the end-to-end transmission delay v of the entire relay-assisted
D2D path can be acquired, i.e.,

V= Vgi’j) + Vﬁi’k) (22)

If BS captures CSI of all links, it selects the optimal relay UE that corre-
sponds to longer operation time, higher end-to-end data rate, and lower end-to-
end transmission delay. The format of the objective function combining these
three criterias can be found in [15].

6 Performance Evaluation

In this section, we will assess the end-to-end delay performance of the relay
selection scheme when taking into account AMC. A single-cell scenario is estab-
lished in Matlab environment and the cell radius is set as 500 m. All CUEs are
randomly distributed in the cell and only one D2D pair is included, where the
source DUE randomly locates at least half of the cell radius away from BS, and
the destination DUE locates randomly on a circle centering at the source DUE.
All RUEs are randomly distributed in the circular area with the source DUE
as its center. The number of data bits in a packet is set as 512. The parame-
ters related to ACM is presented in Table 1, and the maximum SINR boundary
is co which is not presented in the table. Other major parameters used in the
simulation can be found in Table I of our previous work [15].

Table 1. Major parameters related to AMC.

Level | | R; (bits/sym) | SINR boundary I
1 0 0

2 2 2.17

3 4 6.82

4 4 16.94

5 6 40.7

Figure4 shows the delay performance with different average packet arrival
rates at source DUE under two relay selection strategies and different channel
bandwidths. The delay performances on the relay selection strategies with and
without AMC are compared. It is seen that with a fixed channel bandwidth
and relay selection strategy, increasing the average packet arrival rate leads to
an increase of the transmission delay. Obviously, when other conditions do not
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Fig. 4. End-to-end transmission delay versus a varying packet arrival rate at source
DUE under different relay selection strategies and channel bandwidths. Channel band-
widths are 720 kHz and 900 kHz, numbers of CUEs and RUEs are 20 and 10, respec-
tively, the distance between source and destination DUEs is 100 m and the buffer size
of each UE is 15.

change, increasing arrival rate at DUE S means increasing packet dropping prob-
ability at source DUE and the selected RUE due to their finite-length buffers, so
the transmission delay on each link will increase. No matter which relay selection
strategy is used (either the rate and RUE remaining battery based relay selec-
tion strategy or the rate, delay, and RUE remaining battery based relay selection
strategy), it is seen that delay will dramatically increase while reducing channel
bandwidth, because a smaller bandwidth corresponds to a lower data rate on
each link which will decrease the service rate of the queuing system established on
each link. The rate and RUE remaining battery based strategy has worse delay
performance, while the rate, delay and RUE remaining battery based strategy
offers a better delay performance (both in analysis with and without AMC),
validating the effectiveness of taking into account the end-to-end delay criteria
in relay selection.

In Fig.4, it is seen that under the same conditions the scheme with AMC
corresponds to higher transmission delay than that without AMC. This is rea-
sonable, because the latter always evaluates the performance based on the data
rate calculated by Shannon formula, that is, the calculated data rate is always
maximal under the current channel condition. The situation with AMC (the
data rate is determined by the selected MCS level) shows a more realistic result.
In addition, it is seen that with same packet arrival rate and channel bandwidth,
the end-to-end delay performance of the rate, delay, and RUE remaining battery
based relay selection strategy is better than that of the rate and RUE remaining
battery based relay selection strategy.

Figure 5 shows the delay performance with varying distances between DUEs
S and D. Increasing separation distance between source and destination DUEs
will enlarge the path loss, and result in a decreasing service rate, so the delay
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Fig. 5. End-to-end transmission delay versus distance between source and destination
DUEs under different relay selection strategies. Channel bandwidth is 720 kHz, the
numbers of CUEs and RUEs are 20 and 10, respectively, the average number of packets
arrived in each time slot is 10, and the buffer size is 15.

will increase no matter which relay selection strategy is used. It is seen that the
strategies with AMC show higher transmission delay than those without AMC
due to difference of data rate calculations. In addition, for the strategies without
AMC, with same system parameters, the rate based relay selection strategy
offers a much better delay performance, compared to other two relay selection
strategies. Although the rate based relay selection strategy gives the best delay
performance, the fact that RUE remaining battery time is not considered in relay
selection may cause that a RUE with short remaining operation time is selected
as the relay UE. The rate and RUE remaining battery based strategy has the
worst delay performance. While the rate, delay, and RUE remaining battery
based strategy offers a delay performance between the other two strategies.

As shown in Fig. 5, for the delay performance with AMC, the rate and RUE
remaining battery based strategy still has the worst delay performance. We can
notice that the rate based strategy has the best delay performance under cer-
tain distance condition, but the rate, delay and RUE remaining battery based
strategy will be with the best delay performance when distance is larger than a
threshold. The SINR of link is larger while the distance between source and des-
tination nodes is shorter. SINR impacts on the MCS level selection, and higher
SINR and corresponding MCS level corresponds to smaller delay, hence the data
rate based selection has the best performance while the distance between source
and destination DUEs is short. For the relay-assisted D2D mode, although SINR
of each link on the relay path may decrease as the distance becomes larger, the
entire relay-assisted D2D path may still corresponds to the same MCS level due
to the selection cross layer selection criteria.

The delay performance with varying distances between source and destina-
tion DUEs under different channel bandwidths is shown in Fig. 6, which only
illustrates delay performance with AMC. Only two relay selection strategies are
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Fig. 6. End-to-end transmission delay versus distance between source and destination
DUEs under different relay selection strategies. The numbers of CUEs and RUEs are
20 and 10, respectively, the average number of packets arrived in each time slot is set
to 10, and the buffer size of each UEs is 15.

simulated, and the bandwidth’ s influence on the delay performance is straight-
forward.

7 Conclusions

In this paper, we considered the influence of the channels’ time-varying property
on the relay selection scheme for relay-assisted D2D communication in cellular sys-
tem. We took into account the delay criteria based on a queuing model involving
AMC mechanism. The derivation process for the end-to-end transmission delay
of the relay-assisted D2D path was provided. The delay performances were finally
evaluated via simulations to validate the effectiveness of the derivation.

A Appendix

We have obtained the queuing states transition relationship of the R;-D link in

(9). We can formulate the transition probability from state (letk 1=¢r Ui (k) —

e) to state (Q(z =0, Uﬁltﬂ =f)as

i,k i,k i,k) i,k) i,k
P oy = BQU = 0, U5, = FIQUR, =, USP —¢),  (23)
which can also be further expressed as

i,k i,k i,k i,k i,k i,k
PEW,)E) 6r,f) — P(Ur t+)1 = f|U( )= )P(Qgt )= 9T|Q$ﬂt )1 = @r, Ur<,t )= e), (24)
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where ¢, 0, € [0,1,2,--- K] and e, f € [c1,¢2,--,cr]. Similar to (12), we
also need acquire the ]P(Q k) _ g, |Qs,ztk)1 =, U(l k) =e¢) by

(05 = 0,105, = n U =

0, if0<0, < K,0, <max{0,p, —e},
P(A,; =0, — max {0, p, —e}), if 0 <6, < K,0, > max{0, ¢, — e},
K—1
1— > P(A4,, =0, —max{0,¢, —e}), if 6, =K
0, =0
(25)

Assume that the number of the arrival packets is . To acquire transition
probability, we need to first get the probability of the A, ., i.e., P(A,; =&).

P(A, ;) is related to Us(zt’j and Q(lf )1, which have been discussed in the Sub-

sect.5.2. We can use P (ngf)l = HS,Us(ffjj) = c) to replace P(A, ;). Theoreti-
cally, we can use stationary probability to replace the transient probability for

a specific queue length, i.e., we can use lim;_, (let])l =40, Ugft’j) = ¢) replace

P (Q?’t”l =0,,U, s(ft’j ) = c). Accordingly, P(A,; = &) can be expressed as

P(A,.; =€) = Z Qifi§17c), for (c=¢&,60s>¢) or (c>&,0,=¢) (26)

0.€[0,1,2,.... K]

Based on the above calculation, the transition probability for queuing state
of R;-D link can be obtained. Similar to S-R; link, there also exists a stationary
probability vector Qgi’k) for the queuing states of R;-D link. The calculation of
the Q£i7k) is as

Q(’L k) _ Q(z k)ng7k),
E E er(f;Z,e) 1

e=c1 0,=0

(27)

where Qﬁl ];) ) is the element of Qg’k), which represents the stationary proba-

bility of the state that 6, packets are queued in the buffer of R; corresponding
to the service state e, i.e.,

o) o = Jim P(QUY, = 0,,U5P =e). (28)

Then the average packet queue length at R; can be obtained as

Z Z (0 x Q“ o) )). (29)

e=c1 0,=0
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B Appendix

Similar to the transmission delay of the S-R; link, the transmission delay k)

on the R;-D link caused by queuing at the buffer of R; can be expressed as

——(i,k) ~(i,k)
i = O = - (30)
v, = - = - ,
T B A x (1500

where pgj’k) denotes the packet loss rate on R;-D link due to the buffer overflow,

TR — | [Ay ] X (1 G k)) denotes the average throughput of the link, and

E[A, ] is the average number of data packets that arrive to R; in a time slot.
E[A, ] can be calculated by

min{K, U}

E[An]= Y  {xP(4,=9), (31)
£=0

where P (4, = &) is given by (26).

The packet loss rate p7(~ k) can be calculated as

M=

DM E[Dﬁi,k)}
E[Ar] 7

&

S
—

pgf’k) = lim

T—o0

(32)
S A(l k)
t=1

where ij’k) represents the number of dropped packets on the R -D link in the

tth time slot. According to [15], the stationary distribution D i) of D(l M e
be acquired by

min{ K, U(i j)} K

E [DEH)] = Z > Db =OxP(@Q =6,  (33)

0,=0
and then E [Df«i’k)} can be further acquired as

mif K, U} i

E [fo’k)}: Z Z maX{O,f—K —|—max(0, HT—UT(i’k))}P(AT:QP(QQ’]")ZGT) ,
£€=0  6,=0
(34)
where Qg’k) =0, 0, € [0,1,2,...,K] is the stationary distribution for the
queuing states, and Ur(i’k) is determined by the selected MCS level.
By inserting the obtained values of E [Dg’k)} and E[4,] into (32), we can
get the transmission delay of R;-D link.
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