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Abstract—In this paper, we present a finite length buffer
relaying based incremental hybrid decode-amplify-forward
(FLBR-IHDAF) cooperative scheme considering the high data
validity instead of instantaneity in cooperative communication.
The FLBR-IHDAF scheme originates from the opportunistic
relaying based incremental hybrid decode-amplify-forward (OR-
IHDAF) scheme and infinite length buffer relaying (ILBR)
scheme, which obtains their advantages and utilizes the state of
the buffer in each relay to select the suitable cooperative scheme.
The proposed scheme can improve the system outage probability
at the cost of a certain instantaneity and hardware complexity,
which plays an important role in the non time-sensitive systems.
Numerical results show the significant performance improvement
of the FLBR-IHDAF scheme compared with OR-IHDAF and
hybrid relay selection (HRS) cooperative schemes.

Keywords—cooperative  communication;  buffer relaying;
opportunistic relaying; IHDAF; outage probability

I. INTRODUCTION

By sharing each antenna among the single antenna
terminals, cooperative communication can enhance the
transmission reliability significantly [1]-[5] and achieve
significant advantages in terms of QoS equilibrium, system
capacity improvement, and cost saving. Currently, cooperative
technology has been widely used in cellular networks, WLAN,
vehicle to vehicle communication, WSN and so on. In the real
cooperative communication scenario, there are always
multiple potential relays. The relay selection is very crucial to
significantly improve the spectrum efficiency and system
performance. The opportunistic relaying (OR) scheme was
proposed by A. Bletsas et al in [6], where only the best relay
will be chosen from N available candidate relays. OR scheme
can achieve full diversity gain in high signal-to-noise ratio
(SNR) and utilize the spectrum efficiently with the simple
implementation. Based on the decode-and-forward (DF)
protocol, the authors in [7] and [8] studied the OR selection
cooperative scheme and OR incremental cooperative scheme
and provided the corresponding outage analysis, respectively.
The incremental hybrid decode-amplify-forward (IHDAF)
scheme [9] and also the OR based incremental hybrid decode-
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amplify-forward (OR-IHDAF) scheme [10] have been
presented, which can select the cooperative scheme and also
the relay node based on different channel conditions.

Compared with OR, buffer relaying (BR) can utilize the
best source-to-relay link and the best relay-to-destination link
simultaneously and further improve the system outage
performance at the acceptable degradation of instantaneity and
hardware complexity. For systems that provide the data
communication service, this compromise is favorable and
practical. A. Ikhlef et al. in [11] proposed a hybrid relay
selection (HRS) scheme based on the DF protocol, which
combines the BR and OR together, and analyzed the outage
and bit-error rate (BER) performance.

It has been observed that the OR-IHDAF scheme cannot
further improve the system performance effectively due to the
limit of OR, though it employs the outperforming IHDAF
protocol. The HRS scheme in [11] took the advantage of BR,
but it cannot achieve the maximum performance with the
simple DF protocol. It is known that the demand for the high-
speed data communications keeps growing. For the data
communication service, instead of the instantaneity, the
accurate transmission is more important and necessary. To our
best knowledge, there exists no much research about BR based
IHDAF scheme. Therefore, in this paper, we combine BR, OR,
and IHDAF protocol effectively and propose a finite length
buffer relaying based incremental hybrid decode-amplify-
forward (FLBR-IHDAF) scheme, where the system can
choose the suitable relay selection scheme based on the state
of the buffer in each relay. The theoretical and simulation
results show that the FLBR-IHDAF scheme outperforms the
other typical excellent cooperative schemes significantly in
terms of outage probability with acceptable instantaneity loss
and hardware complexity increase.

II.  SYSTEM MODEL FOR FLBR-IHDAF SCHEME

In this section, we present a half-duplex cooperative
relaying system with the application of FLBR-IHDAF
scheme, which consists of one source node (S), one destination
node (D) and N possible candidate relay nodes (R;, i=1, 2,...,

978-1-5090-0243-6/15/$31.00 ©2015 |IEEE



IEEE/CIC ICCC 2015 Symposium on Wireless Communications Systems

N) as shown in Figure 1. It is assumed that perfect channel
state information (CSI) can be obtained with training sequence
and each node is equipped with a single antenna. A buffer
with a certain length is placed in each relay. Considering the
available direct transmission (DT) link, a buffer with a certain
length is also needed in the destination. The coefficients of the
channel, from the source to the destination(S-D), from the
source to the ith relay (S-R;), and from the ith relay to the
destination (R-D), are expressed as hy, hy, and h.4,
respectively. Considering the main contributions of this work,
we do not employ the complex channel models [4][5] and all
the channels here are Rayleigh fading channels and
independent with each other. The corresponding channel
instantaneous SNRs are written as 7, , 7, , and 7,, , and

denOted as ysd =| hsd ‘2 F:/NO ’ yxrl =| hxr, ‘2 RS'/NO H and
Ya =g I' P/ N, , respectively, where Pg=0P and Pr=(1-

0)P are the transmission power for the source and the selected
best relay, respectively, and P is the total system power with
0€ (0,1] denoting the fraction of the total system power
assigned for the source node. N is the variance of the complex

additive white Gaussian noise (AWGN) with mean zero. The
average SNRs of the S-D, S-R; and R-D links can be

calculated as J_/Sd =E ( hy, 2)Ps/ N, >

respectively

7, = E( 2)PS /N, and 7,, = E(|h,;d|2)PR /N, , where E(.)

denotes the expectation. The instantaneous SNR y,, j € (sd,

h,

sr;, rid), is exponentially distributed with the probability
density function (PDF) written as

£, (1) =1/y,exp(=7/7,), 7r=0. (1)

Moreover, we set E (|hsd|2)=d;,“ , E (

“|

node j and a is the path loss factor.

h,

2
)=ds;,”’ , and

h ): d_;, where d; denotes the distance from node i to

rd

Fig. 1. System model of the FLBR-IHDAF cooperative scheme.

The communication process of OR-IHDAF scheme has
been presented in [10]. In the following, we will introduce the
communication process of infinite length buffer relaying based
IHDAF (ILBR-IHDAF) scheme. At the first time slot, the

source S will broadcast the information to all the relay nodes
R; (i=1, 2,..., N) and the destination D at the same time. D will
judge whether it can recover the message from S correctly or
not by comparing the instantaneous received SNR (7., ) of the
S-D link with a predefined SNR threshold (SNR,,). If y,, is
larger than SNRy,, the direct transmission will be taken and S
will begin to transmit a new message at the following time
slot. Otherwise, the destination will store the received message
in its buffer and the system will work in cooperative mode.
For BR scheme, there exist a best reception relay and a best
transmission relay, and they can be different relays. The
selection criterion for the best reception relay can be denoted
as

b =arg max }{7’”,} . 2

ie{l,2,..N

For the selection of the best reception relay R, , if the
instantaneous SNR y, -~ of S- R, link is larger than another

predefined SNR threshold SNR,,, R,,f will decode the received

signal, encode it again, and then store the encoded signal in its
buffer. Otherwise, R, will amplify the received signal and

store the processed signal in its buffer. Hence, the best
transmission relay is chosen as the follows

b, =arg ,-e{l“}z‘f‘_??N}{7n 1. 3)
We only choose one relay to receive or transmit the signal in
order to avoid the reduction of the spectrum efficiency. At the
second time slot, the best transmission relay R, will forward

the headmost signal in its buffer to D. D will combine the
signal stored in its buffer and the one forwarded by R, , and

make the final decision. The error-free data representing the
transmission order are assumed that they can help D combine
the two copies of the same signal and sort the decided
information.

Note that ILBR-IHDAF scheme will work normally when
the buffer in R, is not full and the buffer in R, is not empty.

Considering the real situation, the buffer in each relay should
be infinitely long, which is the origin of the ILBR-IHDAF
scheme. The infinite length buffer is unpractical, but the
outage analysis of ILBR-IHDAF scheme is necessary since it
helps to the analysis of the outage probability and the
performance limit of the practical FLBR-IHDAF scheme.

With reference to the HRS scheme in [11], the
communication process of the proposed FLBR-IHDAF
scheme can be presented. When the buffer in R, is full or the

buffer in R, is empty, FLBR-IHDAF scheme will become

OR-IHDAF scheme. Otherwise, the finite length buffer has
the same effect with the infinite one and FLBR-IHDAF
scheme can work as ILBR-IHDAF scheme. The
communication process of FLBR-IHDAF can be summarized
{OR-IHDAF, if N,, =L,—lorN,, =0
as FLBR-IHDAF = o o 5
ILBR-IHDAF, otherwise
where N, ; denotes the number of the full buffer elements in
relay R;, Lr denotes the buffer element length for each relay,
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and each element in the buffer can store one message. We
assume that the buffer in a relay is full if the number of its full
elements is Lyz-1, which guarantees that this relay is available
in next time interval if it is selected as the best relay for OR-
IHDAF scheme and avoids the degeneration of diversity order.

III. OUTAGE ANALYSIS OF FLBR-IHDAF SCHEME

According to the communication process of FLBR-IHDAF
scheme in section II, its outage probability can be denoted as

PFLBR :P PILBR +P POR (4)

outage ILBR ™ outage OR” outage °
where Py prand Por denote the probabilities of FLBR-IHDAF
scheme becoming ILBR-IHDAF scheme and OR-IHDAF

scheme, respectively, and Pjzz =1-Pop. P™** and P

outage outage

denote the outage probability of ILBR-IHDAF scheme and
OR-IHDAF scheme, respectively. In the following, we present

the derivation of P™** | P® " and Ppg.

outage * ~ outage

A. Outage Probability of OR-IHDAF Scheme

According to the communication process of OR-IHDAF
scheme introduced in [10], the outage probability can be
denoted as

Pinee =Py >SNR )P,

outage lirect out

+P(}/vd < S]\/Rvd )P(}/vr,, > S]\er )B)F(mz
+P(7/sd < SNde )P(ys)b < SNRsr )I)AFaut ’ (5)

where P yiecionss Pprous and P4r,,, denote the outage probability
in the condition of DT, DF and AF mode, respectively, and
will be derived below.

P irect ous €aN be expressed as
P, =P(Ch <R|y, >SNR,), (6)

direct out direct
where C..~logy(1+y,,) denotes the channel capacity in DT
mode. P jioct e Can be further rewritten as
=P(y, <2"-1]y, >SNR,)
e*SNR\d/;’;(l _ e’(zk’l)/;'vd SNde < 2R -1 (7)
0 SNR,, 22" -1

direct out

For the derivation of Ppg,, and Py, the probability
distribution of the instantaneous SNR of the S-R; link s, and
the R,-D link y,, is very crucial. Considering the huge

complexity to calculate the exact outage probability, we
present an approximate method instead. The approximate
cumulative distribution functions (CDFs) and probability
density functions (PDFs) of 7, and 7, , can be derived in the

following.
Fory, =min(y, ,7,,) , we can get the CDF of y, as

(175 +1/ 70 )%

F%(x)z l—e , x>0 o @®)
0, Otherwise

It is obvious that y, > ¥, (i=1,...,N), where b is the index of

the best relay node, and all the channel coefficients are
independent of each other. Then, the CDF of y, for the best

relay can be expressed as

N » > "
1—[|:1_e—(1/y\,2 +1/7l;d)":|’ x>0
F, (x)= . )

-1

R Otherwise

Following (14) in [12], we have

P(y, <x)=1—P(rr1in(7{Y,L,7/,Ld) >x) (10
=1-P(y, >x7, >x)=1-P(y, >x)P(y,,>x)

under the assumption that ¥, and y,, are independent. For
simplicity, we also assume P(y, >x) = P(y,, >x), which

always holds in the real case. Hence, (10) can be further
rewritten as

P <x)=1=[ P(y, >2)] =1-[P(7,>x)]. (D

Considering (9) and (11), the CDF of y, andy,, can be

obtained as

Fm (x)= FW (x)= 1—\/1 —ﬁ[l _e-(l% +1/;/‘,d)x:| (12)

i=1

Based on the above analysis, Ppr,, can be calculated as
PDFouz =P( Dﬁ < 22R _1 | ysd < SNR&d)

¢ p2 Ry . .
:'[O IO £, (x|7. <SNR, )j%w (y)dxdy,  (13)
=["f,, (x| 74 <SNR,)F, (2" ~1-x)dx

where  ¥pr=7%,+%, - c=minQ2*-1SNR,), and

fy, (x17,4 <SNR, ):eﬁ/}” / [ Vsa (1—67SNR“’/ T )} . Substituting
the above equations and (12) into (13), we can obtain Ppg gy

The expression of P, is given below

K‘r,,y/r,,d
PAFout =P 7/3{1 +
Y, ¥, t1

>P(;§d +n1in(;§,7’,;/rhd)<22’*—l\ Y. <SNR,.7, <SNRS,,)

<22R _l‘ j/sd <S]\/de’7/sr, <S]\Rsr]

=P(7sd+%, <2 1]y, <SNR .7, <SNRW)

, (14)
¢ 2R
=[5 Gl <SNR)S, (07, <SNR, )y
=[\ £, | 7 <SNRF, (2 ~1=x| 3, <SNR, )dx
where
P(y, <x,7, <SNR,
F, (x|y, <SNR,)= =27, )
w1 ‘ P(y, <SNR,)
CF, (0)+ [F, (SNR,)=F, (x)]F,, (x) s
FM (SNRW)
Substituting (15) into (14), we can get Pz, In addition,
we have P(y,, <SNR,)=1-exp(— S]YRS") . Substituting (7),
ysd
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(12), (13), and (14) into (5), the outage probability P7*

) wiage of the
OR-IHDAF scheme can be obtained.

B. Outage Probability of ILBR-IHDAF Scheme

According to the communication process of ILBR-IHDAF
scheme introduced in section II, the outage probability can be
denoted as

P% = P(y,, > SNR ,)P"

outage direct out
+P(%,y <SNR,)P(y,, <SNR,)Pi. . (16)

where the outage probability in the condition of DT mode
PR s same as P iyect o in (7).

direct out

+P(y, <SNR,)P(y,, >SNR, )P,

Based on (2) and (3), the CDF of the instantaneous SNR of
S-R, link y, and R, -D link y, , can respectively denoted as

N

F, () =TI(1=¢"), (17)

i=1
N

F, () =TI (1=¢"") (18)

i=1

Therefore, Py < can be obtained as

=P(ypt <2 =11y, <SNR,)

ILBR
P DF out

¢ p2*Ro1—x
:J'O J'O £, (x| 74 <SNR,)f, . (y)dxdy, (19)

= [, 1, (17 < SNR,)F, , (2% ~1-x)dx

where 757 =7, +7,, and c=min(2**~1, SNR,,).

Similarly, P;”% can be given as
}/w;, }/);,d
PYR ~pl oy, + i <2" 1]y, <SNR,.7, <SNR,
Yoo, TV +1 '

>P(%d +min(7/m,h ,yw)<22R 1|y, <SNRvdJ(W_ <SNRV),
= P(1y + 1y, <2 117, <SNR,.7,, <SNR,)

=["f (x|y, <SNR,F, (2*"-1-x|y, <SNR,)dx
0 Y sd sd /7y, Sty sr

(20)
where
Py, <X, <SNR,)
By 17, < SNR,) =2
baan P S P(y, <SNR,)
i 1)
F, (x)+[FM (SNR,)-F, (x)]FW (x)
B F, (SNR,)

Substitute (7), (19) and (20) into (16) and we can obtain the
outage probability of ILBR-IHDAF scheme P“2*

outage *

Derivation of The Probability P

For the buffer in each relay, the number of the full elements
may change in each time interval. Therefore, referring to [11],
we describe the state change of the buffer in each relay
through Markov chain (MC). We describe the ith state of the
MC as (N1, Ny2, ..., N,n), where N, ; denotes the number of

full buffer elements in relay R; and satisfies the two constraints
as follows

N
DN, =Ny » (22)
Jj=1
0SN, <L,-1, (23)

where N, .y denotes the sum of the full buffer elements in all
the relays.

Pyr can be expressed as

NS
Pow =2 P Py (24)

i=1
where Ngdenotes the number of all the possible states for the
MC, and PS’ denotes the probability that the MC stay at state S;,

and Py, denotes the probability that FLBR-IHDAF scheme
becomes OR-IHDAF scheme at state S;.

The state transition matrix of the MC is doubly stochastic.
According to [13], we have Fy = 1/N; and Pog in (24) can be

simplified as
Py =~ Foi - (25)

If N, Ly, and N, are given, according to (22) and (23), we
can obtain Ny and the specific expression (N,,1, N,2, ..., Nyn)
of each possible state through Matlab tools.

At state S, as the best reception relay and the best
transmission relay may be different, the number of the
possible relay selection cases are N*N=N?, where we should
find out Ngg;, the number of the cases that FLBR-IHDAF
scheme becomes OR-IHDAF scheme. If the buffer in a relay
is full and this relay is selected as the best reception relay by
(2), FLBR-IHDAF scheme will become OR-IHDAF scheme
no matter which one is selected as the best transmission relay.
We assume that the number of the relays with full buffer at
state S; is Nj;, and then there are N;*N cases that FLBR-
IHDAF scheme becomes OR-IHDAF scheme. Similarly, if the
buffer in a relay is empty and this relay is selected as the best
transmission relay by (3), FLBR-IHDAF scheme will become
OR-IHDAF scheme no matter how the best reception relay is
selected. We assume that the relay number with empty buffer
at state S; is N,,, and then there are N*N,; cases that FLBR-
IHDAF scheme becomes OR-IHDAF scheme. Removing the
repeated cases N;;*N,;, we can obtain Nog; as
NOR,i :N/,i *N+N*Ne,i_N/,i *Ne,[ (26)

According to the specific expression (N, 1, N,2, ..., N, n) of
each possible state obtained by Matlab simulation platform,
N;; and N,; for each state can be easily obtained. Then,

PJ, can be obtained as

OR,i 27)

Based on (27), Por can be calculated by substituting Ny and
Pj, into (25). Hence, the final outage probability of FLBR-
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IHDAF scheme can be achieved by substituting the above
probabilities, P** | P® and Py, into (4).

outage > ~ outage

IV. NUMERICAL RESULTS

In this section, we investigate the influence of Lz on the
outage probability and the average delay of FLBR-IHDAF
scheme via computer simulation, and provide the comparison
with the other typical schemes. The distance of S-D link is
normalized to be 1. The pass loss factor in the system is set as
0=3 and the power allocator is set as 0=0.5. The two
thresholds at the destination and the relay are set as SNR,~=1.0
and SNR,,=3.0, respectively. The distance of S-R; link and the
distance of R;-D link for each relay are set as 0.6. N, 4 1S set
as the maximum integer no larger than N*Lg/2.

Fig. 2 shows the simulation and theoretical outage
probability of FLBR-IHDAF scheme considering Lz=3, 6, 25
with 3 relay nodes. The simulation results match the
theoretical results well especially in high SNR region, which

verifies the correctness of the theoretical analysis in section III.

Moreover, the outage probability can be improved as Lp
increases.

Outage probability

—o— Lg=3 Theory
+  Lg=6Sim
10" —=— L;=6 Theory
+ Lg=25Sim
—<4—Lg=25Theory |~~~ T T T T T T T T T T

0 2 4 6 8 10 12 14
SNR

10

Fig. 2. Simulation and theoretical outage probability of FLBR-IHDAF
scheme considering Lz=3, 6, 25 with 3 relay nodes.

| o FLBRHDAF L3 |
—<— FLBR-HDAF L =6 |C
4 FLBR-HDAF L =25
10"| —e—HRS L=3

— 5 HRS L =6

|~ MRS L =25

I

I
0 2 4 6 8 10 12 14
SNR

Outage probability

10

Fig. 3. Comparison of the outage performance of FLBR-IHDAF scheme and
the HRS scheme considering Lz=3, 6, 25 with 3 relay nodes.

The outage performance comparison of the FLBR-IHDAF
scheme with the HRS scheme proposed in [11] is shown in Fig.
3 considering L=3, 6, 25 with 3 relay nodes. In each L,
FLBR-IHDAF scheme outperforms HRS scheme significantly
especially in high SNR case, which demonstrates the
outstanding performance advantage of FLBR-IHDAF scheme.
The reason for this is that only the DF protocol is used in the
HRS scheme. The performance improvement of the FLBR-
IHDAF scheme profits from the advantages of the IHDAF
protocol compared with the DF protocol.

Fig. 4 presents the outage probability of OR-IHDAF
scheme, ILBR-IHDAF scheme, and FLBR-IHDAF scheme in
Lz=3, 6, 25, 40 with 3 relay nodes. Although the outage
probability decreases with the increase of Ly, the decreasing
extent diminishes. Moreover, when Lz=25 and 40, the outage
performance of the FLBR-IHDAF scheme is very close to that
of the ILBR-IHDAF scheme and achieves about 1.4dB gains
compared with that of the OR-IHDAF scheme .

————— [ A

10°| —=— OR-HDAF
— & FLBR-HDAF L=3

—<— FLBR-IHDAF L=6
—=— FLBR-IHDAF L =25
—<4— FLBR-IHDAF L=40

5| —P— ILBR-IHDAF
0 2 4

Outage probability

O = = HIHIE T

10
SNR

Fig. 4. Outage probability of OR-IHDAF scheme, ILBR-IHDAF scheme,
and FLBR-IHDAF scheme in Lz=3, 6, 25, 40 with 3 relay nodes.
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Fig. 5. Average delay of FLBR-IHDAF scheme with 2, 3, and 4 relay nodes.

Fig. 5 gives the average delay of FLBR-IHDAF scheme
with 2, 3, and 4 relay nodes and the unit of the average delay
is a time interval. With the increase of the number of relay
nodes, the average delay increases. On the other hand, as Lz
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increases, the average delay increases linearly. In the case of 3
relay nodes, when Ly =25 and 40, the average delays are 35
and 58, respectively. Therefore, when the outage performance
of FLBR-IHDAF scheme is close to that of ILBR-IHDAF
scheme, the average delay cost is acceptable.

400 : . . .
I I I I
| | | |
350 - - - - - oo [E— I Lo T
| | | |
| | | |
L e Rt el a
| | | |
250F - - - - - a------ Fo----o - ro---- .
| | |
| | | |
Qoo - - - 4T |
~ 200 ] 3 l i
| | |
Lo S T |
150 | I | |
| | | |
100F — -~ A N 7
| | | |
| | | |
50---/"--4------ P === === === e =
| | | |
| | | |
m 1 1 1 1
0 20 40 60 80 100
L
R

—&— OR-IHDAF
—=— FLBR-IHDAF L =3

4 FLBR-HDAF =6
10%) A FLBR-HDAF L =25
4 FLBR-HDAF L =40

5| —P— ILBR-IHDAF
0 2 4

QOutage probability

10

SNR

Fig. 7. Outage probability of FLBR-IHDAF scheme when the loss rate of
copy 1is 107,

In the following, the message transmitted by S-D link and
stored in D is named as copy 1 and the message forwarded by
the relay to D is denoted as copy 2. Copy 2 will reach D after
a certain delay. If the delay is no less than the buffer element
length in D Lp, copy 1 will be removed from the buffer in D
and cannot be combined with copy 2. D will make final
decision according to copy 2. Fig. 6 shows the influence of Ly
to Ly with 3 relays when the loss rate of copy 1 is 10”. Ly
increases linearly with the increase of Ly and Ly is about four
times of Lz. When Lz =25 and 40, Lp are 115 and 171,
respectively. The order of magnitudes of Ly is practical and
will not bring high complexity and cost. Fig. 7 shows the
outage probability of FLBR-IHDAF scheme when the loss

rate of copy 1 is 10”. Comparing it with Fig. 4, we can hardly
find the slight increase of outage probability except by specific
calculation.

V. CONCLUSION

In this paper, we have combined OR-IHDAF scheme and
ILBR-IHDAF scheme to propose FLBR-IHDAF scheme and
provide the theoretical outage analysis. Simulation results
have verified the correctness of theoretical analysis and shown
that the FLBR-IHDAF scheme outperforms the HRS scheme
and OR-IHDAF scheme in terms of outage performance with
the acceptable instantaneity loss and hardware complexity
increase and it is more suitable for the time-insensitive
systems.
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