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Abstract

In this paper, we propose a modified dynamic decode-and-forward (MoDDF) relaying proto-

col to meet the critical requirements for user equipment (UE) relays in next-generation cellu-

lar systems (e.g., LTE-Advanced and beyond). The proposed MoDDF realizes the fast

jump-in relaying and the sequential decoding with an application of random codeset to

encoding and re-encoding process at the source and the multiple UE relays, respectively. A

subframe-by-subframe decoding based on the accumulated (or buffered) messages is

employed to achieve energy, information, or mixed combining. Finally, possible early termi-

nation of decoding at the end user can lead to the higher spectral efficiency and more energy

saving by reducing the frequency of redundant subframe transmission and decoding. These

attractive features eliminate the need of directly exchanging control messages between mul-

tiple UE relays and the end user, which is an important prerequisite for the practical UE relay

deployment.

Introduction

Relay transmission can help increase both the cell coverage and the data rate of the cutting

edge cellular systems without creating undue inter-cell interference, and as such, has been con-

sidered in the latest cellular standards (e.g., LTE-Advanced) [1]. Mainly, two types of relaying

strategies, namely type I or infrastructure relay [2–4] and type II or user equipment (UE) relay

[2, 5–9] have been investigated. Recent trend shows that rigorous studies have been done in

various relay models which cover the channel/resource management to meet QoSs [10–17].

In the 3rd generation partnership project (3GPP) [1], the type I relay represents two hop

half-duplex relaying (or non-transparent relay) scheme while the type II relay describes multi-

cast cooperative relaying (or transparent relay) scheme. As shown in Fig 1, the type I relay

essentially creates an independent cell with a small coverage resulting in the coverage exten-

sion, whereas the type II relay increases the user data rate by forwarding overheard messages.

The current LTE-Advanced specification does not define any detailed functionality of the type

II relay. This is because it was decided to focus on the type I relay during the standardization
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of Release 10 and table the type II relay as a study item for the future releases in 3GPP. How-

ever, [1] summarizes baseline requirements about the type II relay such as “the relay-to-desti-

nation (R-D) link must be operated in an open-loop (or transparent) mode because of no

dedicated control channel”. More specifically, the R-D link channel state information (CSI) is

not available at UE relays and each UE relay node appears transparent to the end user. Conse-

quently the end user can not distinguish among signals transmitted from the source and the

relays. Therefore, under the open-loop transmission assumption, how to relay the received

data in UE relays to the destination is a still challenging problem.

It is commonly known in the literature that there are two major conventional relaying pro-

tocols, namely amplify-and-forward (AF) and decode-and-forward (DF) protocols [2]. The

main drawback of the AF protocol is the amplification of the unwanted signal (e.g., noise and

interference) at the relay. Meanwhile, the DF protocol can introduce an error propagation

from R to D. To overcome this drawback, Azarian et al. [5] proposed the dynamic DF (DDF)

protocol where the relay switches to a transmission mode only after it has correctly decoded

the message broadcasted by the source. One of the main advantages of the DDF protocol is

that the fast jump-in relaying and the joint decoding schemes are available at the relays and the

end user, respectively. However, the joint decoding at the end user requires the knowledge of

relay forwarding times while the forwarding time at the relay is random because of the random

Fig 1. Example of Type I and Type II relays.

doi:10.1371/journal.pone.0167457.g001
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nature of the source-to-relay (S-R) link quality. Therefore, the conventional DDF protocol [5]

is not compatible to the next generation cellular systems, especially type II relay based systems.

Following these observations, we propose a modified DDF (MoDDF) protocol for the type

II relay. Our proposed MoDDF is suitable for UE relays where no control message could be

exchanged directly between UE relay and the end user. With MoDDF, the end user adopts

joint and sequential decoding as well as early termination of decoding to significantly save the

resource. To realize the fast jump-in relaying and decoding, a subframe based sequential relay-

ing and decoding is employed. Further, to enable joint decoding at the end user with the open-

loop retransmissions from multiple UE relays, we propose several subchannel/code selection

strategies based on the rateless codes at UE relays [18].

The main results of the paper are summarized as follows:

• With the proposed relaying protocol, each relay and the end user can attempt to perform the

subframe-by-subframe message decoding. In addition, the proposed scheme eliminates the

need of directly exchanging control messages between multiple UE relays and the end user,

which is an important prerequisite for the practical UE relay deployment. The end user can

blindly search for the forwarded messages from UE relays based on the pre-determined sub-

channel/code selection strategies. After receiving each subframe, the destination node per-

forms the joint and sequential subframe-based decoding.

• As an additional benefit, the data rate at the end user can be increased through the energy,

information, and mixed combining (EC, IC, and MC) in each subframe [19, 20]. The infor-

mation combining across subframes results from the subframe based joint and sequential

decoding. As a result, the possibility of successful decoding at the end user before receiving a

whole frame is likely to improve.

• The spectrum efficiency can be improved by adopting the early termination protocol based

on the overhearing mechanism. With our proposed scheme, when the end user succeeds in

decoding, the end user shall send ACK to S and typically, UE relays can overhear ACK. Both

S and UE relays that participate in the retransmission shall terminate their on-going trans-

missions. Such a possible early termination of decoding at the end user will help improve the

spectrum efficiency by reducing the redundant subframe transmission. Additionally, with

the help of the overhearing mechanism, the spectrum efficiency can be further improved by

limiting the forwarding UE relays to a subset of candidate relays based on the quality of the

R-D link.

The rest of this paper is organized as follows. Section II describes the proposed protocol,

including the mode of operation, the subchannel/code selection strategies, and the overhearing

mechanism. Section III addresses the performance analysis of the proposed MoDDF relaying

protocol. Specifically, we focus on the achievable rate of the two proposed subchannel/code

selection strategies. Further, to improve the spectral efficiency of the proposed MoDDF proto-

col, the overhearing mechanism based relaying protocol and related performance analyses are

considered in Section IV. Finally, Section V illustrates numerical results via some selected fig-

ures and Section VI provides some concluding remarks.

Proposed MoDDF Relaying Protocol

System Model

We consider a relay-based wireless network consisting of a source (S), a destination (D) and

multiple UE relays (Rs), each of which has a single antenna. We assume that half-duplex UE

relays can overhear the reference signals exchanged between S and D. The transmission
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process is organized in two phases. In the first phase (listening phase), S broadcasts its message,

and D and Rs receive it. If at least one R successfully decodes before D, the second phase (col-

laboration phase) starts, in which both S and R transmit the message to D [20].

Specifically, the information bits are encoded by a rateless code at S to form a frame [20].

The frame is then segmented into a number of concatenated subframes of same length, as

shown in Fig 2 and transmitted sequentially. The UE relays and D will attempt to decode the

information after receiving each subframe. Since the S-R links are statistically independent, we

expect that correct decoding of the received message at UE relays can occur randomly at an

arbitrary subframe index. Fig 2 illustrates the case that a frame is segmented into N subframes,

and correct decoding at the i-th UE relay occurs after receiving (j − 1) subframes for j< N
[21]. Note that the length of L1 and L2 can be varied. It is noteworthy that the subframe index

1, 2, � � �, N in Fig 2 are not necessarily contiguous in time domain and each transmission from

S or R to D can be scheduled in an arbitrary manner, possibly accompanied by a control data

which delivers the detailed scheduling information to D.

We assume that orthogonal resources are available for S-D and R-D channels. In this paper,

code division multiple access (CDMA) signaling scheme is adopted for the orthogonal

resource allocation to S and Rs [20]. Finally, it is assumed that all channels (both S-D and

S-R-D) experience quasi-static independent and identically distributed (i.i.d.) Rayleigh fading.

The fading coefficients remain constant at least during the transmission of a frame and are

independent from one frame to another.

Mode of Operation of MoDDF Relaying Protocol

Suppose that correct decoding may be achieved after receiving (j − 1) subframes where j� N.

For practical implementation with the open-loop retransmission constraint over multiple R-D

links, we design the transmission strategies based on the rateless codes as follows:

1. S employs a pre-determined sequence of subchannels (i.e., spreading codes/sequences for

CDMA) and codes (i.e., generating vectors for the rateless code) to transmit the subframes.

We assume that these subchannel code sequences information are a priori known to UE

relays and D.

2. S transmits the encoded messages to D while each UE relay overhears them. When the cor-

rect message decoding occurs at the i-th UE relay after receiving (j − 1) subframes, this

relay begins to re-encode and then forward the message to D at the j-th subframe duration

using the pre-determined subchannel/codes sequences.

Fig 2. Frame structure.

doi:10.1371/journal.pone.0167457.g002
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3. Since the forwarding times of UE relays are unknown to D, D blindly searches for the for-

warded message based on the pre-determined subchannel sequence. Then, D combines the

received subframes from S and UE relays to decode the transmitted packet.

4. As soon as D succeeds in decoding, D may inform S with an ACK while UE relays can over-

hear it. Then both S and UE relays (involved in the retransmission) terminate their

transmission.

Subchannel and Code Selection Strategies for Relay Terminal

Figs 3 and 4 illustrate examples of each proposed subchannel/code selection strategies consid-

ered in this work, especially considering the CDMA-based system. For the better explanation,

we adopted a simplified model such as three participating relays with four subframes. Here,

SCi represents the i-th subchannel and Ck,l represents the l-th subframe of the generated data

Fig 3. In-phase selection strategy (MoDDFIPS).

doi:10.1371/journal.pone.0167457.g003

Fig 4. Fixed random selection strategy (MoDDFFS).

doi:10.1371/journal.pone.0167457.g004
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(l� N) using the k-th rateless code generating vector. Different generating vectors are applied

across subframes and the active UE relay always starts transmitting the first portion of the

encoded data. The two proposed strategies are defined as follows:

• In-phase Strategy (MoDDFIPS): R, upon successful decoding the (j − 1)-th subframe, starts

retransmitting the first subframe on the same subchannel used by S using the same generat-

ing vectors (e.g., Cj,1, Cj+1,1, � � �) as illustrated in Fig 3.

• Fixed Strategy (MoDDFFS): R, upon successful decoding the (j − 1)-th subframe, starts

retransmitting, on the subchannel used by S at the j-th subframe (e.g., j-th subchannel), the

coded subframe with the j-th generate vector (e.g., Cj,1, Cj,2, � � �) as illustrated in Fig 4.

We assume that the same transmission attributes as S (e.g., modulation scheme, coding

scheme, reference signal type, scrambling sequence, etc.) is applied to the signal forwarded by

the relay. S may inform these attributes to UE relays in advance. With the above transmission

strategies, energy combining (EC) is possible when both S and UE relays are applying the same

subchannel/code in a given subframe. Because S-D and R-D channels have different propaga-

tion delays, D can apply a Rake receiver for (maximal-ratio) combining signals from S and UE

relays. Information combining (IC) is implemented when relays with distinct forwarding times

use different subchannels/codes. In this case, due to the different spreading codes, D can distin-

guish signals from S and UE relays and then the S-D and R-D links are information combined

as they use the different generating vectors [22]. Otherwise, mixed combining (MC) is per-

formed at D, where signals from S and some of relay(s) with the same subchannel/code are

energy combined while signals transmitted from some of relays with different subchannels/

codes are information combined. For example of MoDDFIPS in Fig 3, R1, upon successful

decoding the first subframe, starts the retransmission in the second subframe with the same sub-

channel/code used by S which leads to EC. Similarly, R2 and R3, upon successful decoding the

second subframe, start the retransmission in the third subframe with the same subchannel/code

used by S. In case of MoDDFFS in Fig 4, R1, upon successful decoding the first subframe, starts

the retransmission in the second subframe with the same subchannel/code used by S which

leads EC. Then, R2 and R3, upon successful decoding the second subframe, start the retransmis-

sion in the third subframe. In this case, S, R2, and R3 use the same subchannel/code but R1 uses

the different subchannel/code in the third subframe. As a result, MC is performed. Note that for

both examples, IC is performed across subframes without combining any repeated information.

Average Achievable Rate

In this section, we focus on the analysis of the achievable rate (AR). For the analytical tractabil-

ity, the possible early termination is not considered for now but its performance improvement

capability will be shown later with the simulation results.

According to the mode of operation of the proposed scheme, the execution of direct trans-

mission (DT), EC, IC and MC, and their combination depends entirely on the number of

active relays at current and all previous subframes. The instantaneous rate over the j-th sub-

frame for each case can be obtained as follows:

• DT occurs when the number of activated relays at all previous subframes and current sub-

frame is 0, providing the instantaneous rate as log(1 + γSD) where γSD is the signal-to-noise

ratio (SNR) of the S-D link.

• EC occurs when the number of activated relays at all previous subframes is 0 but not 0 at cur-

rent subframe, providing the instantaneous rate as log ð1þ
PRj

i
giÞ where γi is the
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instantaneous SNR received at D and Rj is the number of new active relays at the j-th sub-

frame (j = 1, 2, � � �, N) which only depends on the S-R link conditions.

• IC occurs when relays are activated at one or more previous subframes and there is only one

activated relay at each of those subframes, but 0 at current subframe. Hence, the instanta-

neous rate is
PRj

i
log ð1þ giÞ.

• MC occurs otherwise, providing the instantaneous rate as
Pj

l
log ð1þ

PRl

i
giÞ.

As such, if we let ARðgjR1 ¼ n1; � � � ;RN ¼ nNÞ be the conditional average AR per frame at a

given Rj as a function of g which is the common average SNR of the received signal at D, an

average AR, AR, per frame can be derived based on the given number of new active relays at

each subframe, Rj, as

AR ¼
XM

n1¼0

XM� n1

n2¼0

� � �
XM� ðn1þ���þnN � 1Þ

nN¼0

ARðgjR1 ¼ n1; � � � ;RN ¼ nNÞ pR1 ;���;RN
ðn1; � � � ; nNÞ ð1Þ

where M is a total number of active relays, pR1, � � �, RN (n1, � � �, nN) is the joint probability mass

function (PMF) of Rj, and g is a common average SNR of the received signal at D. In order to

simplify the analysis, we assume the Rs-D and S-D links are identical. However, in practice the

Rs-D and S-D links are not identical, which can be reflected into our result in Eq (10). Note

that if the channel conditions (especially the S-Rs link conditions) are the same, then the num-

ber of new active relays of both MoDDFIPS and MoDDFFS at each subframe is the same.

Joint PMF of Rj

Since the distribution of Rj is only affected by the sum of the new active relays in the previous

subframes, the joint PMF of Rj can be obtained as the product of the PMF of R1, the condi-

tional PMF of R2 given R1, the conditional PMF of R3 given R1 and R2, and so on. As a result,

the target joint PMF of Rj in Eq (1) can be written as

pR1 ;���;RN
ðn1; � � � ; nNÞ

¼ pR1
ðn1ÞpR2 jR1¼n1

ðn2ÞpR3jR2¼n2 ;R1¼n1
ðn3Þ � � � pRN jRN� 1¼nN� 1 ;���;R1¼n1

ðnNÞ:
ð2Þ

Note that during the first subframe (j = 1), only S transmits a signal to D which means there

are no activated relays, i.e., only DT works, R1 = 0. Therefore, we can rewrite Eq (2) as

pR1 ;���;RN
ðn1; � � � ; nNÞ

¼ pR2
ðn2ÞpR3 jR2¼n2 ;

ðn3Þ � � � pRN jRN� 1¼nN� 1 ;���;R2¼n2
ðnNÞ

ð3Þ

where R2 follows the discrete probability distribution of the number of relays that succeeded in

decoding, i.e., a binomial distribution, as

Pr ðR2 ¼ n2Þ ¼
M
n2

� �

p2
n2ð1 � p2Þ

M� n2 : ð4Þ

Here, p2 is the probability that the relay is newly activated at the second subframe (i.e., The

relay, upon successful decoding the first subframe, starts retransmitting from the second sub-

frame.). Therefore, if we denote γSR as the SNR of the S-R link whose probability density

Modified Dynamic Decode-and-Forward Relaying Protocol
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function (PDF) is fγSR
(γ) and Rth as the rate threshold for decoding at the receiver, we can

obtain

pj ¼ Pr ½Rth � ðj � 1Þ � log ð1þ gSRÞ�

¼ Pr gSR � exp
Rth

j � 1

� �

� 1

� �

¼

Z 1

exp Rth
j� 1ð Þ� 1

fgSR
ðgÞ dg:

ð5Þ

The conditional PMF of R3 given R2 can be written as

Pr ðR3 ¼ n3jR2 ¼ n2Þ ¼
Pr ðR3 ¼ n3;R2 ¼ n2Þ

Pr ðR2 ¼ n2Þ
ð6Þ

which is given in the following closed-form as

Pr ðR3 ¼ n3jR2 ¼ n2Þ ¼
M � n2

n3

� �
p30

1 � p2

� �n3

1 �
p30

1 � p2

� �M� n2 � n3

ð7Þ

where

pj0 ¼ Pr ½ðj � 2Þ � log ð1þ gSRÞ < Rth � ðj � 1Þ � log ð1þ gSRÞ�

¼ Pr gSR � exp
Rth

j � 1

� �

� 1 and gSR < exp
Rth

j � 2

� �

� 1

� �

¼

Z exp Rth
j� 2ð Þ� 1

exp Rth
j� 1ð Þ� 1

fgSR
ðgÞ dg:

ð8Þ

Note that the conditional PMF of Rj depends only on the given total number of active relays at

the (j − 1)-th subframe. Therefore, generalizing the above special cases, we can obtain the con-

ditional PMF for a general case (j> 2) as

Pr ðRj ¼ njjRj� 1 ¼ nj� 1; � � � ;R2 ¼ n2Þ

¼
Pr ðRj ¼ nj;Rj� 1 ¼ nj� 1; � � � ;R2 ¼ n2Þ

Pr ðRj� 1 ¼ nj� 1; � � � ;R2 ¼ n2Þ

¼
Pr ðRj ¼ nj;Rj� 1 ¼ nj� 1; � � � ;R2 ¼ n2Þ

Pr ðRj� 1 þ � � � þ R2 ¼ nj� 1 þ � � � þ n2Þ

¼
M � n2 � � � � � nj� 1

nj

 !
pj0

1 � pj� 1

 !nj

1 �
pj0

1 � pj� 1

 !M� n2 � ���� nj

:

ð9Þ

Conditional Average Achievable Rate

The conditional average AR in Eq (1), ARðgj�Þ, can be derived for the given number of new

active relays, Rj, at the j-th subframe (j = 1, 2, � � �, N) as

ARðgjR1 ¼ n1; � � � ;RN ¼ nNÞ ¼
XN

k¼1

Z 1

0

lkflk
ðlkÞ dlk ð10Þ

where λk and fλk
(λk) are an instantaneous AR and its PDF conditioned on the number of active
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relays at the k-th subframe. For the analytical convenience, two cases, (k = 1) and (k> 1), are

considered separately. For a given total number of active relays, Eq (10) can be re-written as

XN

k¼1

Z

lkflk
ðlkÞ dlk ¼

Z

l1fl1
ðl1Þ dl1 þ

XN

k¼2

Z

lkflk
ðlkÞ dlk: ð11Þ

In what follows, we derive λk and fλk
(λk) for each strategy.

MoDDFIPS.

1. For k = 1:

In this case, only DT is performed. Thus, the instantaneous AR at the first subframe, λ1, can

be written as

l1 ¼ log ð1þ gSDÞ: ð12Þ

Let λ1 = log(1 + γ), then g ¼ el
1 � 1 for nats ð2l

1 � 1 for bitsÞ and the derivative is

dg
dl

1

¼ el
1 for nats ð2l

1 ln 2 for bitsÞ. As a result, fλ1
(λ1) can be written as

fl1
ðl1Þ ¼ fgðel1 � 1Þ � el1 : ð13Þ

Note that for i.i.d. Rayleigh fading conditions, γ follows an exponential distribution [23].

Therefore, the PDF of the instantaneous AR conditioned on the number of active relays at

the first subframe, fλ1
(λ1), is given by

fl1
ðl1Þ ¼

1

g
exp �

exp ðl1Þ � gl1 � 1

g

� �

: ð14Þ

2. For k> 1:

In this case, EC may occur at D. Thus, λk for k> 1 at D can be written as

lk ¼ log ð1þ g0kÞ ð15Þ

where

g0k ¼
Xk

j¼1

XRj

i¼1

gj;i

 !

þ gSD: ð16Þ

Similarly, fλk
(λk) can be written as

flk
ðlkÞ ¼ fg0k

ðelk � 1Þ � elk for g0k 6¼ 0: ð17Þ

For i.i.d. Rayleigh fading conditions, γj,i and γSD are identical exponential random variables

(RVs) with parameter 1
g

. Then,
P
Rj

i¼1
gj;i is a gamma RV with parameters Rj;

1
g

� �
. Mean-

while, if X1, X2, � � �, Xn are independent gamma RVs with parameters (ti, λ), then the sum of

these RVs follows a Gamma distribution with parameters ð
Pn

i¼1
ti; lÞ. As results, γ0k follows

a Gamma distribution with parameters N k;
1
g

� �
, where N k ¼

Pk

j¼1
Rj þ 1. Therefore,
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fλk
(λk) can be specialized to

flk
ðlkÞ ¼

1

GðN kÞg
N k
ð exp ðlkÞ � 1Þ

N k � 1 exp �
exp ðlkÞ � 1

g

� �

exp ðlkÞ

¼
XN k � 1

l¼0

N k � 1

l

� �
ð� 1Þ

N k � 1� l

GðN kÞg
N k

exp ððl þ 1ÞlkÞ exp �
exp ðlkÞ � 1

g

� � ð18Þ

where Γ(�) is a Gamma function [24, Eq (8.310.1)].

MoDDFFS.

1. For k = 1:

In this case, λ1 and fλ1
(λ1) have the same results as MoDDFIPS.

2. For k> 1:

In this case, λk depends on the given number of active relays at both all previous (j-th for 1

� j< k) and current (k-th) subframes. In the latter case, an additional S-D link should be

considered. As results, λk can be written as

lk ¼
Xk� 1

j¼1

lk;j þ lk;k ð19Þ

where

lk;j ¼ log ð1þ g0 jÞ ð20Þ

and

g0 j ¼

XRj

i¼1

gj;i for 1 � j < k

XRk

i¼1

gk;i þ gSD for j ¼ k:

ð21Þ

8
>>>>><

>>>>>:

Note that fλk
(λk) can be derived with the help of the Jacobian transformation and the char-

acteristic function (CF) [23]. Here, λk,j are independent to each other. Therefore, if we let

the CFs of λk and fλk,j
(λk,j) be Mλk

(jω) and Mλk,j
(jω), respectively, then the CF of λk (λk =

λk,1 + λk,2 + � � � + λk,k) can be obtained as

Mlk
ðjoÞ ¼ Mlk;1

ðjoÞMlk;2
ðjoÞ � � �Mlk;k

ðjoÞ ð22Þ

where Mlk;j
ðjoÞ ¼

R1
0 flk;j

ðxÞ exp ðjoxÞdx. With Eq (22), we derive the PDF of λk,j which

is given as

flk;j
ðlk;jÞ ¼ fg0 j

ðelk;j � 1Þ � elk;j for g0j 6¼ 0: ð23Þ

Here, similar to the previous cases, especially for 1� j< k, γ0j follows a Gamma distribu-

tion with parameters Rj;
1
g

� �
[23] over i.i.d. Rayleigh fading assumptions. Hence, we can
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express Eq (23) as

flk;j
ðlk;jÞ ¼

XRj � 1

l¼0

Rj � 1

l

� �
ð� 1Þ

Rj � 1� l

GðRjÞg
Rj

� exp ððl þ 1Þlk;jÞ exp �
exp ðlk;jÞ � 1

g

� �

:

ð24Þ

To obtain the CF of λk,j, we first evaluate the following integration of a double exponential

formula.

Z 1

0

exp �
1

g
ð exp ðxÞ � gðsþ l þ 1Þx � 1Þ

� �

dx: ð25Þ

Let exp(x) = t, then x = ln t and dx ¼ 1
t dt. Therefore, Eq (25) can be re-written as

Z 1

1

exp �
t
g

� �

tsþl exp
1

g

� �

dt ¼ exp
1

g

� �Z 1

1

tsþl exp �
t
g

� �

dt: ð26Þ

Then, based on the generalized exponential integral equation [25, 5.1.4], the closed-form

expression of Eq (25) can be obtained as

exp
1

g

� �Z 1

1

tsþl exp �
t
g

� �

dt ¼ exp
1

g

� �

E� s� l
1

g

� �

ð27Þ

where En (x) is the exponential integral function, En (x) = xn−1Γ(1 − n, x). With the help of

Eq (27), the CF expression, Mλk,j
(jω), can be obtained as

Mlk;j
ðsÞ ¼

Z 1

0

flk;j
ðxÞ exp ðsxÞdx;

¼
XRj � 1

l¼0

Rj � 1

l

� �
ð� 1Þ

Rj � 1� l

GðRjÞg
Rj

exp
1

g

� �

E� l� s
1

g

� �

:

ð28Þ

Inserting Eqs (28) to (22), we can obtain the closed-form expression of the multiple product

of CFs as

Mlk
ðsÞ ¼

Yk

j¼1

Mlk;j
ðsÞ

¼
Yk

j¼1

XRj� 1

l¼0

Rj � 1

l

� �
ð� 1Þ

Rj � 1� l

GðRjÞg
Rj

exp
1

g

� �

E� l� s
1

g

� �

:

ð29Þ

By applying inverse Laplace transform (LT) after replacing the exponential integral function

with E� l� s
1
�g0 j

� �

¼ 1
�g0 j

� �� l� s� 1
G 1þ l þ s; 1

�g0 j

� �

, the PDF expression of Eq (29) can be

obtained as

flk
ðlkÞ ¼ L� 1

s fMlk
ð� sÞg

¼
Yk

j¼1

XRj � 1

l¼0

Rj � 1

l

� �
ð� 1Þ

Rj � 1� l

GðRjÞg
Rj

exp
1

g

� �

� L� 1

s
1

g

� �s� l� 1

G 1þ l � s;
1

g

� �( )" #
ð30Þ

where L� 1
s f�g denotes the inverse LT with respect to s. In Eq (30), the inverse LT term can
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be evaluated by applying the inverse LT pair given in [26, 5.11.(42)] and the frequency shift-

ing property given in [26, 4.1.(5)]. Then, Eq (30) can be finally re-written as the closed-

from expression as

flk
ðlkÞ ¼

Yk

j¼1

XRj � 1

l¼0

Rj � 1

l

� �
ð� 1Þ

Rj � 1� l

GðRjÞg
Rj
� exp

1

g

� �

exp ððlþ 1ÞlkÞ exp �
exp ð� lkÞ

g

� �" #

ð31Þ

Note that for j = k case, by replacing Rj with Rk + 1, the final result can be obtained.

Based on the above analysis, we observe that the average AR depends on λk for the given

number of active relays at both all previous (j-th for 1� j< k) and current (k-th) subframe. If

we let xj ¼
PRj

i
gj;i (xj� 0), then λk for MoDDFIPS and MoDDFFS can be re-written as

lk;IPS ¼ log 1þ
Xk

j¼1

xj þ gSD

 !

ð32Þ

and

lk;FS ¼
Xk� 1

j¼1

log ð1þ xjÞ þ log ð1þ xk þ gSDÞ

¼ log ð1þ xkÞ þ gSDf g
Yk� 1

j¼1

ð1þ xjÞ

 !

;

ð33Þ

respectively. In Eq (33), the internal terms of the logarithmic function can be re-written as

fð1þ xkÞ þ gSDg
Yk� 1

j¼1

ð1þ xjÞ ¼ 1þ
Xk

j¼1

xj þ gSD þ
Xk

n¼2

X

fi1 ;���;ing2PnðIkÞ

Yn

m ¼ 1

fi1; � � � ; ing

xim

þgSD

Xk� 1

n¼1

X

fi1 ;���;ing2PnðIk� 1Þ

Yn

m ¼ 1

fi1; � � � ; ing

xim

0

B
B
B
B
@

1

C
C
C
C
A

ð34Þ

where we define index set Ik as Ik = {1, 2, � � �, k} and the subset of Ik with n (n� k) elements is

denoted by PnðIkÞ. From Eqs (32) and (34), we can also observe that MoDDFFS provides the

better performance than MoDDFIPS over the same channel conditions where the equality

holds if and only if xj = 0 for all j (j = 1, 2, � � �, k).

Overhearing Mechanism (ACK/NACK) based MoDDF relaying

Protocol with Improved Spectral Efficiency

Based on the system model of the type II relay shown in Fig 1, each UE relay can overhear the

reference signal including ACK/NACK signal periodically sent from D to S [1]. Such over-

heard signals can be used for estimating each R-D link quality. Then, MoDDF relaying proto-

col can be refined to exploit this limited feedback information such that only those UE relays

with relatively better R-D link quality are allowed to forward their decoded messages after cor-

rect decoding similar to the on-off based scheduling (OOBS) scheme proposed in [27, 28].

Here, it is necessary to determine the relative strength of ACK/NACK overheard messages at
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UE relays by comparing it with some pre-determined system threshold, denoted by γT, so as to

identify whether the R-D link quality is acceptable. Then, only by limiting the forwarding UE

relays to a subset of such candidates, this overhearing mechanism will certainly improve the

spectral efficiency.

Conditional Average Achievable Rate

In this case, the average AR analysis is similar to the previous section. Based on the quality of

the R-D link, only relays with better channel among new active relays will participate. There-

fore, the distribution of the R-D link SNR becomes a truncated version of the original PDF. In

this case, the average AR analysis depends on the number of acceptable relays instead of the

number of new active relays. As results, the conditional average AR in Eq (1), ARðgj�Þ, can be

re-formulated as a function of the number of acceptable relays at the j-th subframe (j = 1, 2,

� � �, N), rj, as

AR0ðgjR1; � � � ;RNÞ

¼
X

r1

� � �
X

rN

ARðgjr1; � � � ; rNÞ pr1 ;���;rN jR1 ;���;RN
ðr1; � � � rNÞ:

ð35Þ

In Eq (35), AR is the same as Eq (10) but it is the function of the number of acceptable relays

given the number of new active relay and the joint PMF has the multiple product form of joint

PMF of rj given Rj, especially for i.i.d case, as

pr1 ;���;rN jR1 ;���;RN
ðr1; � � � rNÞ ¼

YN

j¼1

prjjRj
ðrjÞ ð36Þ

where

pri jRi
ðxÞ ¼

Ri

x

� �

pi
xð1 � piÞ

Ri� x
ð37Þ

and

pi ¼ Pr ½gR > gT �: ð38Þ

Now, we also need to derive fλk
(λk) for each strategy. Here, we can directly apply the similar

approaches used in the previous section except the distribution of the R-D link SNR becomes a

truncated version of the original PDF. As results, the closed-form expression of each cases can

be obtained as follows:

MoDDFIPS.

1. For k = 1:

Since only DT is executed, fλ1
(λ1) has the same result as given in Eq (14).

2. For k> 1:

In this case, similarly EC may occur at D. The only difference is that only relays with better

channel conditions among new active relays will participate. Therefore, the distribution of

the R-D link SNR becomes a truncated version of the original PDF, i.e., it follows a condi-

tional PDF of a truncated (above preselected threshold, γT) RV. In addition, this distribu-

tion depends on the number of acceptable relays, rj, instead of the number of new active

relays, Rj. Therefore, with the help of [28, Eq (5)], fλk
(λk) can be written as

flk
ðlkÞ ¼ fgOOBS

ðelk � 1Þ � elk ð39Þ
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where fγOOBS
(γ) follows a truncated version of the original PDF, fγ0k(x) as

fgOOBS
ðgÞ ¼

fg0k
ðgÞ

1� Fg0k
ðgT Þ

for g � gT

0 otherwise
: ð40Þ

8
><

>:

Since fγ0k(γ) and Fγ0k(γT) depend on not the number of new active relay but the number of

acceptable relays, they follow a Gamma distribution with parameters N 0k;
1
g

� �
where

N 0k ¼
Pk

j¼1
rj þ 1 as

fg0k
ðgÞ ¼

1

GðN 0

kÞg
N 0k

gN 0k � 1 exp �
g

g

� �

ð41Þ

and

Fg0k
ðgTÞ ¼

Z gT

0

fg0k
ðgÞdg ¼ 1 �

G N 0

k;
gT

g

� �

GðN 0

kÞ
:

ð42Þ

As results, for γ� γT, fγOOBS
(γ) and fλk

(λk) can be obtained as the closed-form expressions as

fgOOBS
ðgÞ ¼

1

G N 0

k;
gT

g

� �

gN 0k

gN 0k � 1 exp �
g

g

� �

ð43Þ

and

flk
ðlkÞ ¼

1

G N 0

k;
gT

g

� �

gN 0k

ð exp ðlkÞ � 1Þ
N 0k � 1

� exp �
exp ðlkÞ � 1

g

� �

exp ðlkÞ;

ð44Þ

respectively.

MoDDFFS.

1. For k = 1:

In this case, λ1 and fλ1
(λ1) have the same results as MoDDFIPS.

2. For k> 1:

Similarly, fγOOBS
(γ) and fλk,j

(λk,j) can be obtained as

fgOOBS
ðgÞ ¼

1

G Rj;
gT

g

� �

g
rj

grj � 1 exp � g

g

� �
for g � gT

0 otherwise

ð45Þ

8
>>><

>>>:
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and

flk;j
ðlk;jÞ ¼

1

G rj;
gT

g

� �

g
rj

ð exp ðlk;jÞ � 1Þ
rj � 1

� exp � exp ðlk;jÞ� 1

g

� �
exp ðlk;jÞ for g � gT

0 otherwise

: ð46Þ

8
>>>>>>><

>>>>>>>:

Then, after applying the binomial expansion, the MGF expression of Eq (46) for γ> γT can

be obtained as

Mlk;j
ðsÞ ¼

Z 1

0

flk;j
ðxÞ exp ðsxÞdx

¼
Xrj� 1

l¼0

rj � 1

l

� �
ð� 1Þ

rj� 1� l

G rj;
gT

g

� �

grj

exp
1

g

� �

E� l� s
1

g

� � ð47Þ

which leads to the final desired form of fλk
(λk) as

flk
ðlkÞ ¼

Yk

j¼1

XN
0
k � 1

l¼0

rj � 1

l

� �
ð� 1Þ

rj � 1� l

G rj;
gT

g

� �

grj

� exp
1

g

� �

exp ððlþ 1ÞlkÞ exp �
exp ð� lkÞ

g

� �

2

6
6
4

3

7
7
5 : ð48Þ

Results

In this section, we show the performance of two proposed strategies based on MoDDF in

terms of AR and the average number of channel usage over i.i.d. Rayleigh fading conditions

along with the results obtained by Monte-Carlo simulation.

From Fig 5, similar to the channel capacity comparison result in [20], we can observe that

MoDDFFS provides the better rate than MoDDFIPS and this performance gap increases as the

quality of both S-R and R-D links increase. For example, as the quality of S-R link increases,

the possibility of more relays participating in the retransmission is increasing. Note that based

on the proposed strategies, for MoDDFFS, DT plus all types of combining (EC, IC, and MC)

are randomly performed at D while for MoDDFIPS, DT plus only one type of combining (EC).

Here, as this possibility increases, for MoDDFFS, the possibility of IC or MC being performed

increases while for MoDDFIPS, only EC is performed. As a result, from Theorem 3.1 in [20],

we can claim that MoDDFFS provides the better data rate performance than MoDDFIPS at the

cost of using more channel resources. In MoDDF, the performance ranges between MoDDFFS

and MoDDFIPS depending on channel conditions. More specifically, the performance depends

on how the signals are combined, i.e., EC, IC, and MC. For an incremental rate, as the quality

of the S-R link increases, the performance of MoDDFFS increases faster than that of MoD-

DFIPS. In terms of the channel usage in Fig 6, MoDDFIPS always uses only single channel while

MoDDFFS uses multiple channels. However, in MoDDFIPS under interference-limited condi-

tion, a serious interference problem occurs because the retransmission from all active Rs is

performed through the single channel. In practice, sharing a single channel among multiple

relays may cause the performance degradation.

Fig 7 shows the maximum channel usage per single subframe as a function of the average

SNR g of the S-R link, gSR. As gSR increases, the maximum number of channels being occupied
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Fig 5. Average achievable rate over a frame when N = 15, gSD ¼ 2 dB, and Rth = 20.

doi:10.1371/journal.pone.0167457.g005

Fig 6. Average channel usage over a frame when M = 7, N = 15, gSD ¼ 2 dB, and Rth = 20.

doi:10.1371/journal.pone.0167457.g006
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by active relays in MoDDFFS increases up to a certain point which depends on channel condi-

tions. However, as the number of active relays is continuously increasing beyond that point,

the possibility of having as many relays being activated simultaneously at a subframe is also

increased, and based on the proposed strategies of MoDDFFS, these relays tend to share the

same channel at a subframe, which in turn reduces the possibility of the maximum number of

channels being used simultaneously.

Fig 8 shows the performance comparison between MoDDF and conventional DDF

(C-DDF) in terms of the average AR over a frame. We only consider MoDDFFS which provides

the better performance while MoDDFIPS is the simplest method but provides the lower rate. In

order for fair performance comparison between MoDDFFS and C-DDF, two cases for C-DDF

are considered as follows: i) C-DDF with same frame structure and single channel/code (SC),

C-DDFSC and ii) C-DDF with same frame structure but multiple orthogonal channels/codes

(MOC), C-DDFMOC. In term of a successful decoding at D, for MoDDFFS, D succeeds in

decoding after receiving 5-th subframe while for C-DDFSC, D succeeds in decoding after

receiving 7-th subframe. As a result, the proposed MoDDF can reduce 2 redundant subframes

over a frame, which saves the energy by about 8% compared to C-DDFSC. For both

C-DDFMOC and MoDDF, the early termination of decoding can be activated similarly. How-

ever, MoDDF uses relatively fewer channels while C-DDFMOC always requires a full channel

usage [20]. Moreover, C-DDFMOC may not be suitable for our target system (e.g., type II

relays) due to the need of exchanging control messages between relays and the end user which

violates the transparency requirements.

Fig 7. Maximum channel usage per single subframe when M = 7, N = 15, and Rth = 20.

doi:10.1371/journal.pone.0167457.g007
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In Figs 5, 6 and 8, we can observe that the early termination at the end user can be made

available at D, so that a certain number of subframes over a frame can be saved and eventually,

a considerable number of subframes can be saved in full-rate data transmission.

Further, in Figs 9 and 10 we observe that the required data rate can be achieved with the

same number of subframes but less channel resources with the help of the overhearing mecha-

nism although only the acceptable relays among the new active relays participate in the

retransmission. As a result, limiting the forwarding UE relays based on the overhearing mech-

anism can certainly lead the improvement of the spectral efficiency while still providing satis-

factory performance.

Conclusions

In this paper, we have proposed MoDDF which can be applied to the type II relay for the next-

generation cellular systems (e.g., LTE-Advanced and beyond). In particular, the end user can

perform the joint and sequential decoding without exchanging the control message with UE

relays, because it does not need to know whether a UE relay is participating in the transmission

(i.e., appears transparent to the end user) or not. In addition, the performance of the data rate

at the end user in an indoor wireless environment or near cell boundary can be improved as

an additional benefit through the random combination of EC, IC, and MC across subframes

that are offered by the joint and sequential decoding implemented in this paper. Further,

enabling the early termination of decoding at the end user can provide a considerable resource

saving, resulting in the higher spectral and energy efficiency. Besides, MoDDFFS can be applied

to interference-limited environment, assuring reliable performance via the early termination.

Fig 8. Average achievable rate over a frame with M = 7, N = 10, and g ¼ 7:4 dB.

doi:10.1371/journal.pone.0167457.g008
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Fig 9. Average achievable rate over a frame when M = 7, N = 15, gSD ¼ 2 dB, Rth = 20, and γT = 20 dB.

doi:10.1371/journal.pone.0167457.g009

Fig 10. Average channel usage over a frame when M = 7, N = 15, gSD ¼ 2 dB, Rth = 20, and γT = 20 dB.

doi:10.1371/journal.pone.0167457.g010
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In this work, for the analytical tractability, we have assumed that all channels (both S-D and

S-R-D) experience quasi-static i.i.d. Rayleigh fadings. However, in practice, every path may

not be i.i.d.. As one of common possible scenarios, we can consider a non-identical case. More

specifically, the possibility of successfully decoding at R is increasing as the SNR of the S-R link

increases while the possibility of successful decoding at D is increasing as the SNR of the R-D

link increases which may directly affect the result of the data rate improvement at D. Note

that, even if our results are based on the identical assumption, our results can still be used as

an upper bound on the performance.

The proposed scheme in this paper can be applied to one of potential solutions for UE relay

based public safety where the end user is out of coverage [17] by enabling UE-to-UE direct

communication with proximity. More specifically, by iteratively scheduling a relatively better

UE relay closer to the end user in a probabilistic sense, one in each subframe, a temporary

communication network can be established with a route consisting of a sequence of these can-

didate relays. As a result, it may be possible to provide the reliable communication over open-

loop access link which may be possible from the disaster region or any nearby regions.
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