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Abstract—This work proposes adaptive buffer-aided distributed
space-time coding schemes and algorithms with feedback for wire-
less networks equipped with buffer-aided relays. The proposed
schemes employ a maximum likelihood receiver at the destina-
tion, and adjustable codes subject to a power constraint with
an amplify-and-forward cooperative strategy at the relays. The
adjustable codes are part of the proposed space-time coding
schemes and the codes are sent back to relays after being updated
at the destination via feedback channels. Each relay is equipped
with a buffer and is capable of storing blocks of received symbols
and forwarding the data to the destination if selected. Different
antenna configurations and wireless channels, such as static block
fading channels, are considered. The effects of using buffer-aided
relays to improve the bit error rate (BER) performance are also
studied. Adjustable relay selection and optimization algorithms
that exploit the extra degrees of freedom of relays equipped with
buffers are developed to improve the BER performance. We also
analyze the pairwise error probability and diversity of the system
when using the proposed schemes and algorithms in a coopera-
tive network. Simulation results show that the proposed schemes
and algorithms obtain performance gains over previously reported
techniques.

Index Terms—Buffer-aided communications,
communications, distributed space-time coding.

cooperative

I. INTRODUCTION

OOPERATIVE relaying systems, which employ relay

nodes with an arbitrary number of antennas between the
source node and the destination node as a distributed antenna
array, can obtain diversity gains by employing space-time cod-
ing (STC) schemes to improve the reliability of wireless links
[1], [7]. In existing cooperative relaying systems, amplify-
and-forward (AF), decode-and-forward (DF) or compress-and-
forward (CF) [1] cooperation strategies are often employed
with the help of multiple relay nodes.

The adoption of distributed space-time coding (DSTC)
schemes at relay nodes in a cooperative network, providing
more copies of the desired symbols at the destination node, can
offer the system diversity and coding gains which enable more
effective interference mitigation and enhanced performance. A
recent focus of DSTC techniques lies in the design of full-
diversity schemes with minimum outage probability [2]-[6]. In
[2], the generalized ABBA (GABBA) STC scheme has been
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extended to a distributed multiple-input and multiple-output
(MIMO) network with full-diversity and full-rate, while an
optimal algorithm for the design of DSTC schemes that achieve
the optimal diversity and multiplexing tradeoff has been derived
in [3]. A quasi-orthogonal distributed space-time block coding
(DSTBC) scheme for cooperative MIMO networks is presented
and shown to achieve full rate and full diversity with any num-
ber of antennas in [6]. In [20], an STC scheme that multiplies
a randomized matrix by the STC code matrix at the relay
node before the transmission is derived and analyzed. The ran-
domized space-time coding (RSTC) schemes can achieve the
performance of a centralized STC scheme in terms of coding
gain and diversity order. The intuition behind RSTC is to let
each relay transmit an independent random linear combination
of the columns of an STC matrix, where each node transmits
signals with random gains and phases. A detailed study of ran-
domized matrices has been reported in [20], where the criterion
based on a uniform spherical randomized matrix that contains
uniformly distributed elements on the surface of a complex
hyper-sphere of radius p has been shown to achieve the best
BER performance.

Relay selection algorithms such as those designed in [7], [8]
provide an efficient way to assist the communication between
the source node and the destination node. Although the best
relay node can be selected according to different optimization
criteria, conventional relay selection algorithms often focus on
the best relay selection (BRS) scheme [9], which selects the
links with maximum instantaneous signal-to-noise ratio (SNR).
The best relay forwards the information to the destination which
results in an improved BER performance. Recently, cooper-
ative schemes with more general configurations involving a
source node, a destination node and multiple relays equipped
with buffers has been introduced and analyzed in [10]-[18].
The main idea is to select the best link during each time slot
according to different criteria, such as maximum instantaneous
SNR and maximum throughput. In [10], an introduction to
buffer-aided relaying networks is given, and further analysis of
the throughput and diversity gain is provided in [11]. In [12]
and [13], an adaptive link selection protocol with buffer-aided
relays is proposed and an analysis of the network throughput
and the outage probability is developed. A max-link relay selec-
tion scheme focusing on achieving full diversity gain, which
selects the strongest link in each time slot is proposed in [14].
A max-max relay selection algorithm is proposed in [16] and
has been extended to mimic a full-duplex relaying scheme in
[15] with the help of buffer-aided relays. Recent work on relay
selection strategies and power allocation algorithms has been
reported in [17] and [18]. In Luo and Teh’s work an optimal
relay selection algorithm is designed based on the status of the
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buffer, whereas Nomikos ef al. [18] have investigated optimal
power allocation and interference cancelation between relays.

Despite the early work with buffer-aided relays and its per-
formance advantages, schemes that employ STC techniques
have not been considered so far. In particular, STC and
DSTC schemes encoded at the relays can provide higher
diversity order and higher reliability for wireless systems. In
this work, we propose adjustable buffer-aided distributed and
non-distributed STC schemes, relay selection and adaptive
buffer-aided relaying optimization (ABARO) algorithms for
cooperative relaying systems with feedback. We examine two
basic configurations of relays with STC and DSTC schemes:
one in which the coding is performed independently at the
relays [20], denoted multiple-antenna system (MAS) configu-
ration, and another in which coding is performed across the
relays [6], called single-antenna system (SAS) configuration.
According to the literature, STC schemes can be implemented
at a single relay node with multiple antennas and DSTC
schemes can be used at multiple relay nodes with a single
antenna. Moreover, an adjustable STC scheme is developed in
[21] which indicates that by using an adjustable coding vector
at single-antenna relay nodes, a complete STC scheme can be
implemented. In this work, we consider a STC scheme imple-
mented at a multiple-antenna relay node and a DSTC scheme
applied at a group of single-antenna relay nodes along with
adjustable STC and DSTC schemes at both types of relays.
Compared to relays without buffers, buffer-aided relays help
mitigate deep fading periods during communication between
devices as the received symbols can be stored at the relays,
which contributes to a significant BER performance improve-
ment. Although the delay is a key issue for buffer-aided relays,
their key advantage is to improve the error tolerance and trans-
mission accuracy of the links in the network. Buffer-aided relay
schemes can be used in networks in which the delay is not an
issue and with delay tolerance.

The proposed schemes, relay selection and ABARO opti-
mization algorithms can be structured into two parts, the first
one is the relay selection part which chooses the best link
with the maximum instantaneous SNR or signal-to-interference-
plus-noise ratio (SINR) and checks if the state of the best
relay node is available to transmit or receive, and the second
part refers to the optimization of the adjustable STC schemes
employed at the relay nodes. The adaptive buffer-aided relaying
optimization (ABARO) algorithm is based on the maximum-
likelihood (ML) criterion subject to constraints on the transmit-
ted power at the relays for different cooperative systems. STC
schemes are employed at each relay node and an ML detec-
tor is employed at the destination node in order to ensure full
receive diversity. Suboptimal detectors can be also used at the
destination node to reduce the detection complexity. Moreover,
stochastic gradient (SG) adaptive algorithms [19] are developed
in order to compute the required parameters at a reduced com-
putational complexity. We study how the adjustable codes can
be employed at buffer-aided relays combined with relay selec-
tion and how to optimize the adjustable codes by employing
an ML criterion. A feedback channel is required in the pro-
posed scheme and algorithms. All the computations are done
at the destination node so that the useful information, such as
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relay selection information and optimized coding matrices are
assumed known. We have studied the impact of feedback errors
in [21], however, in this work we focus on the effects of using
the proposed buffer-aided relay schemes, relay selection and
optimization algorithms. The feedback is assumed to be error-
free and the devices are assumed to have perfect or statistical
channel state information (CSI). The proposed relay selection
and optimization algorithms can be implemented with differ-
ent types of STC and DSTC schemes in cooperative relaying
systems with DF or AF protocols. We first study the design
of adjustable STC schemes and relay selection algorithms for
single-antenna systems and then extend it to multiple-antenna
systems, which enable further diversity gains or multiplexing
gains. The proposed algorithms and schemes are also consid-
ered with DSTC schemes. In single-antenna networks, DSTC
schemes are used with an arbitrary number of relays and a
group of relays is selected to implement the DSTC scheme.
In multiple-antenna networks, a complete DSTC scheme can
be obtained at each relay node and a superposition of multiple
DSTC transmissions is received at the destination.

This paper is organized as follows. Section II introduces
a cooperative two-hop relaying systems with multiple buffer-
aided relays applying the AF strategy in SAS and MAS con-
figurations, respectively. In Section III the detailed adjustable
STC scheme is introduced. The proposed relay selection and
code optimization algorithms are derived in Section IV and
the DSTC schemes are considered in Section V. The analysis
of the proposed algorithms is shown in Section VI, whereas
in Section VII we provide the simulation results. Section VIII
gives the conclusions of the work.

Notation: the italic, the bold lower-case and the bold
upper-case letters denote scalars, vectors and matrices, respec-
tively. The operator || X|| 7 = vTr(X" - X) = Tr(X - X7) is
the Frobenius norm. Tr(-) stands for the trace of a matrix, and
the N x N identity matrix is written as Iy .

II. COOPERATIVE SYSTEM MODELS

In this section, we introduce the cooperative system mod-
els adopted to evaluate the proposed schemes and algorithms.
We consider two relay configurations: SAS in which each
node contains only a single antenna and MAS in which each
node contains multiple antennas. The feedback scheme con-
sists of information conveyed from the destination node to
the relay nodes, which includes indices representing the buffer
entries and the relays, and the parameters of the optimized cod-
ing matrices. We focus on the relay selection and adjustable
code matrices optimization algorithms so that we assume
that perfect or statistical CSI is available at the relays and
destination nodes and perfect synchronization of all nodes.
However, we remark that that CSI can be obtained in practice
by using pilot sequences and cooperative channel estimation
algorithms [22], [23].

A. Cooperative System Models for SAS

In this section, we consider a two-hop system, which is
shown in Fig. 1 and consists of a source node, a destination
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Fig. 1. Cooperative system model with n, relays and single-antenna nodes.

node and 7, relays. Each node contains a single antenna. Let
s[j] denote a block of modulated data symbols with length
of M and covariance matrix E [s[ j 1sH[ j ]] = (TSZI M, Where O’XZ
denotes the signal power and j is the index of the blocks. We
assume that the channels are static over the transmission period
of s[j]. The minimum buffer size is equal to the size of one
block of symbols, M, and the maximum buffer size is M J,
where J is the maximum number of symbol blocks. In the first
hop, the source node sends the modulated symbol vector s[j] to

the relay nodes and the received data are given by

=/ Ps fsr, [j1s[j] + nsgr, [ /],
k=1,2,....n,,j=1,2,...J,

rsrJ]

(M

where fsg,[j] denotes the CSI between the source node and
the kth relay, and ngg, [j] stands for the M x 1 additive white
Gaussian noise (AWGN) vector generated at the kth relay with
variance arz. The transmit power assigned at the source node is
denoted as Ps. At the relay nodes, in order to implement an STC
scheme the received symbols are divided intoi = M /N groups,
where N denotes the number of symbols required to encode an
STC scheme and whose value is different according to the STC
adopted, e.g. N = 2 for the 2 x 2 Alamouti STBC scheme and
N = 4 for the linear dispersion code (LDC) scheme in [24].
The transmission in the second hop is expressed as follows:

re.olil = v/ Prgr, plileranalil + ng,plil,

k=1,2,....n,i=12,...,M/N, (2)
where rg, pli] denotes the ith 7 x 1 received symbol vec-
tor. The 7" x 1 adjustable STC scheme is denoted by ¢,4nq[i],
and gg, p[i] denotes the CSI factor between the kth relay and
the destination node. The transmission power assigned at the
relay node is denoted as Pg. The vector ng, p[i] stands for the
AWGN vector generated at the destination node with variance
03. It is worth mentioning that during the transmission period
of each group the channel is static. The details of adjustable
STC encoding and decoding procedures are given in the next
section.
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Fig. 2. Cooperative system model with n, relays and multiple-antenna nodes.

B. Cooperative System Models for MAS

In this section, we extend the single-antenna system model
to a two-hop multiple-antenna system that is shown in Fig. 2
Each node contains N > 2 antennas. Let s[j] denote a modu-
lated data symbol vector with length M, which is a block of
symbols in a packet. The data symbol vector s[j] can be sent
from the source to the relays within one time slot since mul-
tiple antennas are employed. We assume that the channels are
static over the transmission period of s[j] and, for simplicity,
we assume that N = M and the minimum buffer size is equal
to M. In the first hop, the source node sends s[j] to the relay
nodes and the received data are described by

. | Ps . .
TSRy [J] = WFSRks[J] +nSRk [,]]a

k=1,2,....n0j=1,2,...J, (3)

where Fgg,[j] denotes the N x N CSI matrix between the
source node and the kth relay, and ngg, [ j] stands for the N x 1
AWGN vector generated at the kth relay with variance arz. At
each relay node, an adjustable code vector is randomly gener-
ated before the forwarding procedure and the received data are
expressed as:

P
Rp,pljl= WRGR;(D[J']V[J']C[J'] + Nr.olJjl

P
N WRG&DU]CWU] +Ng,pljl,

k=1,2,....n.,j=1,2,...J,

“)

where C[j] denotes the N x T standard STC scheme with T'
being the number of codewords and V[j] = diag{v[j]} stands
for the N x N diagonal adjustable code matrix whose elements
are from the adjustable vector v = [v{, va, ..., vy]. The N x T
adjustable code matrix is denoted by Cy4n4[j]. An equivalent
representation of the received data is given by the received
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vector rg,pljl, which replaces the received symbol matrix
R, pljlin (4) and is written as

. PR Ps 1
reypljl =,/ TVeq[]]H[]]S[]]

P
+/ WRVeq[j]GRko[j]nm 1+ ngolil

Pr Pg . . . .
=/ Tveq[l]H[J]S[J] +nlj],

where Vo, [jl =Irxt ® V[j] denotes the TN x TN block
diagonal equivalent adjustable code matrix and ® is the
Kronecker product, and H[j] stands for the equivalent channel
matrix which is the combination of Fgg,[j] and Gg,plj]. The
TN x 1 vector n[j] contains the equivalent noise vector at the
destination node, which can be modeled as AWGN with zero
mean and covariance matrix (63 + |VeqljlGr,Dlj] ||%0,2)INT.

III. ADJUSTABLE SPACE-TIME CODING SCHEME

In this section, we detail the adjustable STC schemes in
the SAS and MAS configurations. The encoding procedure of
the adjustable coding schemes as compared to standard STC
and DSTC schemes is different in the SAS and the MAS
configuration, and we describe them in the following.

A. Adjustable Space-Time Coding Scheme for SAS

Here, we develop the procedure of adjustable STC for the
SAS configuration. In [20] and [21], adjustable codes are
employed to allow relays with a single antenna to transmit STC
schemes. In the second hop, the whole packet will be forwarded
to the destination node. Due to the consideration of the per-
formance of an N x T STC scheme, the received packet is
divided into i = M /N groups and each group contains N sym-
bols. These N symbols will be encoded by an STC generation
matrix and then forwarded to the destination. For example, sup-
pose that a packet contains M = 100 symbols and the 2 x 2
Alamouti space-time block coding (STBC) scheme is used at
the relay nodes. We first split rgg, into 50 groups, encode the
symbols in the first group by the Alamouti STBC scheme and
then multiply a 1 x 2 randomized vector v. The original 2 x 2
orthogonal Alamouti STBC scheme C results in the following
code:

rsp 1 —r;‘RkZ :|

Crand = vC = [vi12]
ran TSR, 2 r;Rkl

(6)

k *
= [vlrSRkl + VerszverRkl — VlrSRkZ] ,

where rgg, 1 and rgg,2 are symbols in the first group, and the
1 x 2 vector v denotes the randomized vector whose elements
are generated randomly according to different criteria described
in [20]. As shown in (6), the 2 x 2 STBC matrix changes to a
1 x 2 STBC vector which can be transmitted by a relay node
with a single antenna in 2 time slots. Different STC schemes
such as the LDC scheme in [24] can be easily adapted to the
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randomized vector encoding in (6). Therefore, the transmission
of the randomized STC schemes can be described as:

r=+/Prhc,ong + n =/ PrhvC +n, @)

where h denotes the channel coefficient which is assumed to
be constant within the transmission time slots, and n stands
for the noise vector. The decoding methods of the random-
ized STC schemes are the same as that of the original STC
schemes. At the destination, instead of the estimation of the
channel coefficient £, the resulting composite parameter vector
vh is estimated. As a result, the transmission of a randomized
STC vector is similar to the transmission of a deterministic
STC scheme over an effective channel. Taking the randomized
Alamouti scheme as an example, the linear ML decoding for
the information symbols s; and s is given by

®)

where h,4nq1 and hyquq2 are the randomized channel coeffi-
cients in vh. Different decoding methods can be employed in
this context. In [21], optimization algorithms to compute the
randomized code vector v are proposed in order to obtain a
performance improvement.

Since the adjustable STC scheme is employed at the relay
node, the received vector rg, p[i] in (2) can be rewritten as:

~ * * o~ * * *
S1=h.y,q171 + Rrana2ty s 2 = W g,a0r| + Rrand1rsy,

rreplil =v PrPsVeq[iln[ils[i]
+ vV PrRVeqlilgrplilng, [i]1 +ng, pli]
=V PRrPsVeqlilh[ils[i] + n[i],

where V,4[i] denotes the T x N block diagonal equivalent
adjustable code matrix, and h[i] = fsg,[i1gr, pli] stands for
the equivalent channel. The vector n[i] contains the equiva-
lent noise vector at the destination node, which can be mod-
eled as AWGN with zero mean and covariance matrix (0'5 +

I Veglilgr, plill o) N7

€)

B. Adjustable Space-Time Coding Scheme for MAS

In this section, the details of the adjustable STC encoding
procedure in the MAS configuration are given. As mentioned
in the previous section, we assume M = N so that in the MAS
configuration we do not need to divide the received symbols
into different groups to implement the adjustable STC scheme.
Take the 2 x 2 Alamouti STBC scheme as an example, the
adjustable STC scheme is encoded as:

_ v 0] rsrel —rgg,2

N VlrSRkl —vlr;sz
VerRkZ VQV;Rkl ’

(10)

where rgg, 1 and rsg, 2 are the first symbols in the separate
groups, and the 2 x 2 matrix V denotes the randomized matrix
whose elements at the main diagonal are generated randomly
according to different criteria described in [20]. The transmis-
sion of the randomized STC schemes is described in (4) and the
decoding is given in (8).
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IV. ADAPTIVE BUFFER-AIDED STC AND RELAY
OPTIMIZATION ALGORITHMS

In this section, the proposed ABARO algorithm in SAS is
derived in detail. The optimization in MAS follows a similar
procedure with different channel vectors so that we will skip
the derivation. The main idea of the proposed algorithm is to
choose the best relay node which contains the highest instanta-
neous SNR for transmission and reception in order to achieve
full diversity order and higher coding gain as compared to stan-
dard STC and DSTC designs. The relay nodes are assumed
to contain buffers to store the received data and forward the
data to the destination over the best available channels. In addi-
tion, the best relay node is always chosen in order to enhance
the detection performance at the destination. As a result, with
buffer-aided relays the proposed ABARO algorithm will result
in improved performance.

Before each transmission, the instantaneous SNR (SNR;,s)
of the SR and RD links are calculated at the destination and
conveyed with the help of signaling and feedback channels [15].
The expressions for the instantaneous SNR of the SR and RD
links are respectively given by

A - _ VeqlilgrenlilllZ
SNRsg,[i] = =——5—L, SNRg,pli] = ——5—L,
of: o
(1D
and the best link is chosen according to
SNRop[i] = arg n]}z}JxSNRinskyb[i], k=1,2,...,n,,
b=12,....,B,i=1,2,...,M/N, (12)

where b denotes the occupied number of packets in the buffer.
After the best relay is determined, the transmission described
in (1) and (2) is implemented. The SNR;,; is calculated first
and then the destination chooses a suitable relay which has
enough room in the buffer for the incoming data. For example,
if the kth SR link is chosen but the buffer at the kth relay node
is full, the destination node will skip this node and check the
state of the buffer which has the second best link. In this case
the optimal relay with maximum instantaneous SNR and min-
imum buffer occupation at a certain SNR level will be chosen
for transmission.

After the detection of the first group of the received symbol
vector at the destination node, the adjustable code v will be opti-
mized. The constrained ML optimization problem that involves
the detection of the transmitted symbols and the computation of
the adjustable code matrix at the destination is written as

[f[i], Veq[i]] = argmin [[r[i] — v/Pr PsVeqli1R[i 181311,

8[i],Veqlil

5.t Tr(Veg[i1ViL[i) < Py.i = 1,2,....M/N, (13)
where r[i] is the received symbol vector in the ith group and
§[i] denotes the detected symbol vector in the ith group. For
example, if the number of antennas N = 4 and the number
of symbols stored at the buffer is M = 8, we have M/N =2
groups of symbols to implement the adjustable STC scheme.
According to the properties of the adjustable code vector, the

computation of §[i] is the same as the decoding procedure of
the original STC schemes. In order to obtain the optimal code
vector v[i], the cost function in (13) should be minimized with
respect to the equivalent code matrix V,,[i] subject to a con-
straint on the transmitted power. The Lagrangian expression of
the optimization problem in (13) is given by

L =|r[i] = v/ PrPsVeqlilRLi 811 1]

(14)
+ MTr(Vegli 1V [i1) — Py).
It is worth mentioning that the power constraint expressed in
(13) is ignored during the optimization of the adjustable code
and in order to enforce the power constraint, we introduce a
normalization procedure after the optimization which reduces
the computational complexity. A stochastic gradient algorithm
is used to solve the optimization algorithm in (14) with lower
computational complexity as compared to least-squares algo-
rithms which require the inversion of matrices. By taking the
instantaneous gradient of £, discarding the power constraint
and equating it to zero, we obtain

VL = —/PrPs(rlil — v/ Pr PsVe,li1hs1i s [i1h",  (15)

and the ABARO algorithm for the proposed scheme can be
expressed as follows

Vegli + 11 =Veqli] — o/ PrPs(rli]
— V/PrPsVeglilh81i8" [ 11 [i],

where w is the step size. After the update of the equivalent
coding matrix V., in SAS, we can recover the original cod-
ing vector v[i] from the entries of the main diagonal of V,,. A
normalization of the original code vector v[i] that circumvents
the power constraint in (13) is given by

(16)

P,
H[ vl + 1]

Similarly, the ABARO algorithm in the MAS configuration
can be implemented step-by-step as shown in (11) to (17). A
summary of the ABARO algorithm in the MAS configuration
is shown in Table I.

vli +1]=v[i +1] (17)

V. BEST RELAY SELECTION WITH DSTC SCHEMES

In this section, we assume that the relays contain buffers and
employ DSTC schemes in the second hop for the SAS and MAS
configurations. In particular, we also present the design of a best
group relay selection algorithm for performance enhancement.
The details of the deployment of DSTC schemes in the MAS
configuration is similar to that in the SAS scheme. Therefore,
we will not repeat it to avoid redundancy. The main difference
between the relay selection algorithm for DSTC schemes as
compared to that for STC schemes is due to the fact that for
DSTC schemes a group of relays is selected. Specifically for
DSTC schemes, the source node broadcasts data to all the relays
and a DF protocol is employed at the relays. After the detec-
tion, the proposed group relay selection algorithm is employed.
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TABLE 1
SUMMARY OF THE ADAPTIVE BUFFER-AIDED RELAYING OPTIMIZATION ALGORITHM FOR MAS CONFIGURATION

Initialization:
Empty the buffer at the relays,
for j =1,2,..
if j =1
compute: SNRgg, [j1= ”FSR;%

n

. P . . .
rsre il =/ % Fsr Li1s[j1+ nsg, [j],
else
F 2
compute: SNRgg, [j] = I 5w LNIE SR{’;E’]”F
IV eq[j1G r, D111 %
2

SNRg,pljl = py

ML detection:
Adjustable Matrix Optimization:

Normalization:

Vij+1=V[j+1]

skip this Relay,

skip this Relay,
..repeat...
end
end

end

, k=1,2,...,n,,

compare: SNRyp;[j] = arg ming p, SNR! [jl, k=1,2, ..

ins

, k=1,2,..,n,

, k=1,2,...,n,,

compare: SNRyp;[j] = argmax{SNRgg, [j], SNRg, plj1}, k=1,2,....n/,
if SNRinax[jl= SNRgg,[j] & Relayy is not full

rsrlil = 53 Fsr LilsUi1 + nsg, L,
elseif SNRy;qx[j] = argmax SNRg, p[j] & Relayy is not empty

r R DLl = | RV eq Li1H1j1s[j1 + nlj].

§1j1 = argming; j; Ir g, p L1 — / EE&FS V oq LITHI L1112,

Veglj + 11= Vegljl — iy P& (r g, i1 — | Z&FS Vo LNHLBLDSL1HL),
Py

JIvi+E’

elseif SNRgg, is max & Relayy is full

elseif SNRg, p is max & Relayy is empty

,np, b=1,2, ... , B,

It is important to notice that if the DSTC schemes are used at
the relays, each relay has to contain one copy of the modulated
symbol vector which means in the first hop the source node can-
not choose the best relay but only broadcast the symbol vector
to all relays. The adjustable code vectors can be considered at
each relay as well.

A. DSTBC Schemes

In this subsection, we detail the DSTBC scheme used in this
study. In the SAS configuration, a single antenna is used in each
node and the DF protocol is employed at the relay nodes. In the
first hop, the source node broadcasts information symbol vector
s to the relay node which is given by

rsre il = v/ Ps fsr LilsUjl + nsg il k=1,2,...,n,,

i=1,2...,J, (18

where s[j] is a block of symbols with length of M, fsg,[J]
denotes the CSI and ngg, [ j] stands for the M x 1 AWGN. The
transmission power assigned at the source node is denoted as
Pg. After the detection at the kth node, §; can be obtained. The
relays are then divided into m = Npgrc/n, groups to imple-
ment the DSTC scheme, where Npsrc denotes the number of
antennas to form the DSTC scheme. It should be noted that
synchronization at the symbol level and of the carrier phase is
assumed in this work. If one considers the distributed Alamouti
STBC as an example, the encoding procedure is detailed in

Table II, where s = [sfl) sél)] denotes the estimated symbols
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TABLE II
DISTRIBUTED ALAMOUTI IN SAS

2nd Time Slot
(1)
—s5

Ist Time Slot
(1)
5

Relay 1

Relay 2 Sy -5

atrelay 1, and s = [sfz)séz)] denotes the symbols estimated at

relay 2. Note that it is assumed that the best relays will be cho-
sen in the second hop and synchronization is perfect so after the
relays forward the DSTC schemes to the destination, a compos-
ite signal comprising DSTC transmissions from multiple relays
is received. The signal received in the second hop is described
by

Npsrc/nr

rrp,lJjl = Z
m=1

j=12,...,M/Npsrc,m =1,2,..., Npsrc/nr,

Pr
Npsrc

&rp, LJ1Cnljl+nrp, (],

19)

where rgp, [j] denotes the T x 1 received symbol vector,
and ggp, [j] denotes the mth channel coefficients vector. The
parameter M denotes the number of symbols stored in the
buffers, m denotes the number of relay groups to implement
the DSTC scheme and j denotes the DSTC scheme index.

B. Best Relay Selection With DSTC in SAS

In this subsection, we describe the best relay selection algo-
rithm used in conjunction with the DSTC scheme in the SAS
configuration. In particular, the best relay selection algorithm
is based on the techniques reported in [9] and [27], however,
the approach presented here is modified for DSTC schemes and
buffer-aided relay systems. In the first hop, the M x 1 modu-
lated signal vector s[j] is broadcast to the relays during M time
slots and the M x 1 received symbol vector rsg,[j] is given by

rsrcljl =P fsw 1L+ nljlk=1,2, ... .

j=12,....J, (20)
where fsg, [j] denotes the complex scalar channel gain between
the kth relay and the destination, and the AWGN noise vector
n[j] is generated at the kth relay node with variance equal to
onz. The relays are equipped with buffers to store the received
symbol vectors and the optimal relays are chosen according
to the approach reported in [28] in order to implement the
DSTC scheme among the relays. Specifically, all the relays
will be divided into m = &~ I;SVTC groups and the best relay group
with the highest SINR will be chosen to forward the received
symbols. The opportunistic relay selection algorithm is given
by

1112
SINRy[j] = argmax — g Ll % 7
ero Ul Yt i/ 18R D, LI + 0

where ggp, [j] denotes the 1 x Npgre channel vector between
the chosen relays and the destination to implement the DSTC

21

scheme and K = C,IxDSTC denotes all possible relay group com-
binations. The noise variance is given by 03. After the relay
group selection, the optimal relay group transmits the DSTC
signals to the destination node and the received data at the
destination is described by

P
rro,Li1= | ND:TCgRDm ICuL1 +nrp, [/l (22)

where C,,[j] denotes the DSTC scheme encoded among the
chosen relays. The DSTC decoding process is similar to that
of the original STC scheme. It is worth mentioning that the
adjustable coding schemes can be introduced in DSTC schemes
and the optimization of the adjustable code vector will result
in a performance improvement. The summary of the ABARO
algorithm for DSTC schemes in the SAS configuration is shown
in Table III.

C. Best Relay Selection With DSTC in MAS

The best relay selection algorithm described in the previ-
ous section is now extended to the MAS configuration in this
subsection. The main difference between the best relay selec-
tion for SAS and MAS is the use of multiple antennas at each
node. Moreover, the relays equipped with multiple antennas
will obtain a complete STC scheme and only one best relay
node will be chosen according to the best relay selection algo-
rithm. Assuming M = N, each node equips N > 2 antennas
and in the first hop, the M x 1 modulated signal vector s[j]
is broadcast to the relays within 1 time slot and the M x 1
received symbol matrix rsg, [ j] is given by

| P
rSRk[J]= NFSRk[j]s[j]—i_n[j]ak:172""7nr7

j=1,2,...0, (23)

where Fgp, [ j] denotes the channel coefficient matrix between
the kth relay and the destination, and the AWGN noise vector
n[j] is generated at the kth relay node with variance anz. The
N x 1 received symbol vector is stored at the relays and the
optimal relay will be chosen according to [28]. The opportunis-
tic relay selection algorithm for the DSTC scheme and the MAS
configuration is given by

IGr,DLJ]

2
SNR;[j] = argmax ”F,kz 1,2,....n., (24)

Grpljl 0y

where G, p[j] denotes the N x N channel matrix between the
kth relay and the destination. After the best relay with the max-
imum SNR is chosen, the data is encoded by the DSTC scheme.
The DSTC encoded and transmitted data in the second hop is
received at the destination as described by

P
R[j] = \/;GRkD[j]M[j] + NIj1

where M[j] denotes the N x T DSTC encoded data, R[j]

denotes the N x T received data matrix, and V[ j] is the AWGN

matrix with variance 05.

(25)
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TABLE III

Initialization:

Empty the buffer at the relays,

skip this Relay,

skip this Relay,
..repeat...
end
end

end

for j =1,2,..
ifj=1
rsr.[j1 = ~/Ps fsg, [jIs[j1+ nljl,
else
compute: SNRsg, [j]= D", M,
SR plj) = Sy, EiE,

compare: SNRop:[j] = arg max(SNRsg, [j1, SNRg, plj1},
if SNRy4xlj] = SNRgg,[j] & All the Relays are not full

rsrelj1 =~ Psfsr lslj]+nsg [j],
elseif SNRyqx[j1 = SNRg,pljl & All the Relays are not empty

SINRy[j] = arg mangDk[

rrolil =\ 5oi—g g, plCk 1+ ng, L],
elseif SNRgg, [j] is max & Relayy is full

elseif SNRg, p is max & Relayy is empty

. £ &,y LI
J K . ’
et mzk v 18D Ll E+07

VI. ANALYSIS

In this section, we assess the computational complexity of
the proposed algorithms, derive the pairwise error probability
(PEP) of cooperative systems that employ adaptive STC and
DSTC schemes and analyze delay aspects caused by buffers.
The expression of the PEP upper bound is adopted due to its
relevance to assess STC and DSTC schemes. We also study the
effects of the use of buffers and adjustable codes at the relays,
and derive analytical expressions for their impact on the PEP.
As mentioned in Section II, the adjustable codes are consid-
ered in the derivation as it affects the performance by reducing
the upper bound of the PEP. Similarly, the buffers store the
data and forward it by selecting the best available associated
channel for transmission so that the performance improvement
is quantified in our analysis. The PEP upper bound of the
traditional STC schemes in [25] is used for comparison pur-
poses. The main difference between the PEP upper bound in
[25] and that derived in this section lies in the increase of the
eigenvalues of the adjustable codes and channels which leads
to higher coding gains. The derived upper bound holds for
systems with different sizes and an arbitrary number of relay
nodes.

A. Computational Complexity Analysis

According to the description of the proposed algorithms in
Section IV and V, the SG algorithms reduces the computational
complexity by avoiding the channel inversion as compared to
the existing algorithms. The computational complexity of the
proposed SG adjustable matrix optimization in the SAS and
MAS configurations is (3 + 7)N and 3+ T)N 2 respectively.
The main difference between the proposed algorithms in the
SAS and MAS configurations is the number of antennas. For
example, the computational complexity of SNR in SR and RD
links in SAS configuration is 2N (1 4+ T') according to (11),
while the computational complexity of SNR in SR and RD
links in the MAS configuration is 2N 2(1 4+ T). In addition,
if a higher-level modulation scheme is employed, larger relay
networks and more antennas are used at the relay node, the
STC and DSTC schemes and the relay selection algorithm as
well as the coding vector optimization algorithm become more
complex. For example, if a 4-antenna relay node is employed,
the number of multiplications will be increased from 10 when
using a 2-antenna relay node to 28, and if 4 single-antenna relay
nodes are employed to implement a DSTC scheme the number
of multiplications will be increased from 20 to 112.
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B. Pairwise Error Probability

Consider an N x N STC scheme at the relay node with
T codewords. The codeword C' is transmitted and decoded
as another codeword C' at the destination node, where i =
1,2,...,T. According to [25], the probability of error for this
code can be upper bounded by the sum of all the probabilities
of incorrect decoding, which is given by

T
P. < ZP(Cl — . (26)

i=2

Assuming that the codeword C? is decoded at the destination
node and that we know the channel information perfectly, we
can derive the conditional PEP of the STC encoded with the
adjustable code matrix V as [26]

P(C' = C*V)=Q (@ IVGR,p(C' — Cz>||F) . @D

where Gg,p stands for the channel coefficients matrix. Let
vt AU be the eigenvalue decomposition of (C - CZ)H c -
C?), where U is a unitary matrix with the eigenvectors and
Ac is a diagonal matrix which contains all the eigenvalues
of the difference between two different codewords C' and
C?. Let Y Ag,Y stand for the eigenvalue decomposition of
(GRi DU)H GripU, where Y is a unitary matrix that contains
the eigenvectors and Ay is a diagonal matrix with the eigen-
values arranged in decreasing order. The eigenvalue decompo-
sition of (YVU)?YVU is denoted by wH Ay, W, where Wis a
unitary matrix that contains the eigenvectors and Ay, is a diag-
onal matrix with the eigenvalues. Therefore, the conditional
PEP can be written as

NT N

D e el |

m=1n=1

P(C' - C*|V)=Q

(28)

where &, , is the (n, m)th element in ¥, and Ay,, )LUGT and
Ac, are the nth eigenvalues in Ay, Ag, and Ac, respectively.
It is important to note that the value of Ay and )»g: " are posi-
tive and real because (Gg, DIDH GripU and (YVU)YVU are

Hermitian symmetric matrices. According to [25], an approprl—

ate upper bound assumption of the Q function is Q(x) < e = s
thus the upper bound of the PEP for an adaptive STC scheme is

given by
1
PEVSE[_exp< )]
m=1n=1
1

- . (29)
o=t (0 + Fav, g he )V

NT N

Y g ae, lEnml

The key elements of the PEP are Ay, and A¢/ which related
to the adjustable code matrices and the channels in the second
hop. In the following subsection we will provide an analysis of
these key elements separately.

C. Effect of Adjustable Code Matrices

Before the analysis of the effect of the adjustable code matri-
ces, we derive the expression of the upper bound of the error
probability expression for a traditional STC. It is worth men-
tioning that in this section, we focus on the effort of using
adjustable code matrices at the relays and the relay selection
and the effort of buffers are not considered.

According to [25], the PEP upper bound of the SAS config-
uration using traditional STC schemes is given by

1 NT N
PesE[zexp( =N e, Enml? )}
m=1n=1
= 1 (30)
TI= (4 Fae )N

where Ac, denotes the nth eigenvalue of the distance matrix by
using a traditional STC scheme. If we rearrange the terms in
(30), we can rewrite the upper bound of the PEP of traditional
STC scheme as

N2t N
4

n=1

xg’fVT. (31)

If we only consider adjustable code matrices at relays with-
out the relay selection and buffers, the upper bound of the PEP
of the proposed ABARO algorithm is derived as

1
(1 + Z)MV,,)LC )NT

S
E”NT) HA—NT —p, 1—[ )\—NT

“(™T
(32)

By comparing (31) and (32), employing an adjustable code
matrix for an STC scheme at the relay node introduces Ay,
in the PEP upper bound. The adjustable code matrices are
chosen according to the criterion introduced in [20] and the
Hermitian matrix V7V, is positive semi-definite. With the aid
of numerical tools, we have found that Ay is diagonal with
one eigenvalue less than 1 and others much greater than 1.
We define the coding gain factor n which denotes the quo-
tient of the traditional STC PEP and the adjustable STC PEP
as described by

n=1

A e

]‘[ Al 1. (33)

As a result, by using the adjustable code matrices at the
relays contributes to a decrease of the BER performance. The
effect of employing and optimizing the adjustable code matrix
corresponds to introducing coding gain into the STC schemes.
The power constraint enforced by (17) introduces no additional
power and energy during the optimization. As a result, employ-
ing the adjustable code matrices in the MAS and the SAS
configurations can provide a decrease in the BER upper bound
since the value in the denominator increases without additional
transmit power.
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D. Effect of Buffer-Aided Relays

In this subsection, the effect of using buffers at the relays
is mathematically analyzed. The expression of the PEP upper
bound is adopted again in this subsection. The traditional STC
scheme is employed in this subsection in order to highlight the
performance improvement by using buffers at the relays.

Let UPAcU be the eigenvalue decomposition of (C' —
CHH(C! — €?) and Y Ag R »Y be the eigenvalue decomposi-
tion of (GrepU) 2 G g pU, the PEP upper bound of a traditional
STC scheme in buffer-aided relays is given by

PEG{)’" <E [— exp <
= (34)

1
[T (1 + 5ag ag, )NT
_n2r N
()b T

where Ac, denotes the eigenvalues of the traditional STC
scheme and )\G;l)pt denotes the eigenvalue of the channel com-
ponents. The PEP performance of a traditional STC scheme
without buffer-aided relays is given by

1

ZXG,M\C,Z)NT

NT N

SN e, el

mlnl

e =

[T+
< () T Tl

where Ac, denotes the eigenvalues of the traditional STC
scheme and Ag, denotes the eigenvalue of the channels in the
second hop. By comparing (34) and (35), the only difference
is the product of the channel eigenvalues. To show the advan-
tage of employing buffer-aided relays, we need to prove that
P“’Gﬁ‘” < P,.

We can simply divide (34) by (35) and obtain

35)

g P _ (%)—Nzrn TSR b Mé,fvT
Pegr ()™ = 26 T TSy 2 g
B r[n A o
- n,,zmzf

As derived in Section IV, the instantaneous SNR of the chan-
nels is computed and the channel with highest SNR is chosen
which contains the largest eigenvalues among all the channels.
As a result, we have

)Lopt

&> he,m=12....N, (37)

which gives

Pe 1_[ )" N(Z;t
,3 = = ~

> 1.
NT
PEGZ’” Hn:l )\,G”

(38)

IEEE TRANSACTIONS ON COMMUNICATIONS

Through (38), we have shown that P, < P, which indi-

cates the BER performance of a system that employs buffer-
aided relays is improved as compared to that of a system using
relays without buffers. Despite the result in (38), we have not
obtained formulas relating P, o as a function of the buffer size

op[

M J. This is an interesting subject for future work.

E. Delay Aspects

The use of buffer-aided relays improves the performance of
wireless links at the expense of a higher delay in the system. In
this subsection, we analyze the average delay of the proposed
scheme, which is based on the work reported in [29].

We assume that the source always has data to transmit, the
delay is mostly caused by the buffer at the relays and relay
selection has been performed with the algorithms described
in the previous sections. Let Tsas[i] and Qsas[i] denote the
delay of the packet of M symbols transmitted by the source
and the queue length at time i for SAS schemes, respectively,
and Tiias[j] and Omaslj] denote the delay of the packet of M
symbols transmitted by the source and the queue length at time

j for DSTC schemes, respectively.

According to Little’s law [30], the average delays Tsas =
E[Tsasli]] and Tmvas = E[Tmas[j]] due to the time the pack-
ets are stored in the relay buffer are given by

Tsas = S time slots, (39)
Thias = 5 (ime slots, (40)

where Osas = E[QOsasli]l and Omas = E[Owmasl/j]] are the
average queue lengths at the buffer for the SAS and MAS con-
figurations, respectively, and R is the average arrival rate into
the queue, which is assumed fixed.

For simplicity and without loss of generality, we assume
the source node transmits one packet of M symbols at each
time slot, i.e., R =1 packets/slot =M symbols/slot. We
also assume for simplicity that the error probability for the
source/relay link Psg and the relay/destination link Pgp is the
same, i.e., P = Psg = Pgp.

For a buffer of size J packets, the average queue length can

be expressed as
J
QOsas = Y _iPG, = J PG, (41)
i=0
J
Omas = ) jPs; = J PG, (42)
j=0

where the probability of the buffer states, Pg, and PGj, are
given in [29] and Pg, = Pry (probability of full buffer) and
Pg, = Pempty (probability of empty buffer).

The average arrival rate in the buffer-aided relay is given by

R=(1-Pg,)P + Pg,P. (43)
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BER
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Fig. 3. Buffer v.s. No Buffer in the SAS configuration.
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107 —@— Buffer-MMRS-RALA-MA,
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+:+ Asymmetric Channel Fading (MMRS,RALA M4, 1x1x1)
o]+ Asymmetric Channel Fading (ABARO,M4, 1x1x1)
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8
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Fig. 4. BER Performance vs. SNR for the SAS configuration with 1 relay.

Using the above equation, we obtain

T OsAs Pg,
SAS = = J
R (1= Pg;)P + PG, P
= J packets/slot = J M symbols/slot, 44)
Tuins = Omas _ Pg, IN
R (1= Pg;)P + PG, P
= JN packets/slot = JMN symbols/slot, (45)

where Pg, = Pg, which means Pempty = Pran. This analysis
shows that the MAS configuration leads to an average delay
which is N times greater than that of the SAS configuration.

VII. SIMULATION

The simulation results are provided in this section to assess
the proposed scheme and algorithms in the SAS and the MAS
configurations. In this work, we consider the AF protocol
with the standard Alamouti STBC scheme and randomized
Alamouti (R-Alamouti) scheme in [20]. The BPSK modulation
is employed and each link between the nodes is characterized
by static block fading with AWGN. The period during which
the channel is static is equal to one symbol transmission period
in Figs. 4, 5 and 6, whereas in Figs. 3 and 7 such period is
equal to one packet size. The packet size is M = 100 symbols
and the number of packets is J = 200. The effects of differ-
ent buffer sizes are also evaluated. Different STC schemes can
be employed with a simple modification as well as the proposed
relay selection and the ABARO algorithms can be incorporated.
We employ n, = 1,2 relay nodes and N = 1,2 antennas at
each node, and we set the symbol power 05,2 to 1.

The upper bounds of the D-Alamouti, the proposed ABARO
algorithm and the buffer-aided relays in the SAS configurations

—6—BRS,
—©— standard ALA|
—g— Buffer-MMRS-M2, |

—g— Buffer-MMRS-M4, |

—B— Buffer-MMRS-M8, .

BER

3| i I I I I I i
0 2 4 6 8 10 12 14 16
SNR(dB)

Fig. 5. BER Performance vs. SNR for the SAS configuration with 1 relay.

10°

8
SNR(dB)

Fig. 6. BER Performance vs. SNR for buffer-aided relay systems with 2 relays.

Fig. 7. BER Performance vs. SNR for buffer-aided relay systems with 2 relays.

are shown in Fig. 3 The theoretical PEP result of a standard
SAS configuration, which does not employ STC schemes or
buffer-aided relays, is shown as the curve contains the largest
decoding errors. By comparing the first two BER curves in
Fig. 3 we can conclude that by employing buffers at relays,
the decoding error upper bound is decreased. In this case, the
effect of using buffers at the relays contributes to reducing the
PEP performance dramatically. If the STC scheme is employed
at the relays, an increase of diversity order is observed in
Fig. 3 By comparing the lower BER curves in Fig. 3, we can
see that by employing the ABARO algorithm which optimizes
the adjustable matrices after each transmission contributes to a
lower error probability upper bound. As shown in the previous
section, by employing adjustable code matrices and the pro-
posed ABARO algorithm, an improvement of the coding gain
is obtained which improves performance.

The proposed ABARO algorithm with the Alamouti scheme
and an ML receiver in the SAS configuration is evaluated with
a single-relay system in Figs. 4 and 5. Different buffer sizes are
considered at the relay node. A static channel is employed dur-
ing the simulation and the corresponding period in which the
channel is static corresponds to one symbol.The BER results of
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Fig. 8. Average delay vs. buffer size for buffer-aided relay systems with 2
relays and Alamouti codes.

the cooperative system with the best relay selection algorithm
in [9] and the max-max relay selection (MMRS) protocols in
[16] are shown in both figures. The BER performance of using
standard Alamouti scheme at the relays is given as well. In
Fig. 4, we show the results for the best relay selection algo-
rithm without STC, the standard Alamouti, the buffer-aided
MMRS and ABARO algorithms using STC. The results show
that the proposed buffer-aided scheme with the ABARO algo-
rithm outperforms the buffer-aided system with MMRS by up to
1 dB in SNR for the same BER performance, which is followed
by the standard Alamouti scheme and the best relay selection
algorithm without STC. In Fig. 4, a simulation of the MMRS
and the proposed algorithm in a scenario with asymmetric fad-
ing channels has been considered. We assumed the fading in
the first hop is significantly higher than than in the second
phase. Specifically, we generate random variables with a vari-
ance equal to 1 for the channels of the first hop (weak hop), and
random variables with a variance equal to 0.45 to model the
channels of the second hop (strong hop). The results show that
the BER performance of the MMRS and the proposed ABARO
algorithm are worse than that in the symmetric fading channel
due to the worse channels in the first hop. However, a 1 dB
gain between the proposed ABARO algorithm and the MMRS
algorithm can be obtained.

In Fig. 5, we show the results for the schemes without STC so
that the curves achieve a first order diversity. The MMRS algo-
rithms obtain a gain of 2 dB to 3 dB in SNR for the same BER
performance over the best relay selection algorithm. According
to the simulation results, with the increase of the buffer size
at the relay nodes, the additional gain in BER performance
reduces. With the buffer size greater than M = 6 the advantages
of using buffer-aided relays are not significant.

An improvement of diversity order can be observed when
using STBC schemes at the relays which is shown in Fig. 6.
With the buffer size greater than 4, the advantage of using
STBC schemes at the relays disappears as a function of the
diminishing returns in performance. As shown in the simulation
results, when the RSTC scheme is considered at the relay node,
the BER curve with buffer size of 6 approaches that with buffer
size of 8 as well. In Fig. 6, the proposed ABARO algorithm
is employed in the single-antenna systems with n, = 2 relay
nodes. According to the simulation results in Fig. 6, a 1 dB to
2 dB gain can be achieved by using the proposed ABARO algo-
rithm at the relays as compared to the network using the RSTC
scheme at the relay node. The diversity order of the curves
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associated with the proposed ABARO algorithm is the same as
that of using the RSTC scheme at the relay node. Compared to
the MMRS algorithm derived in [16] with the same buffer size,
the ABARO algorithm achieves a 1 dB to 2 dB improvement.

The proposed ABARO algorithm with the Alamouti scheme
and an ML receiver is evaluated in a MAS configuration with
two relays in Fig. 7. It is shown in the figure that the buffer-
aided relay selection systems achieve 3 dB to 5 dB gains
compared to the previously reported relay systems. When the
BSR algorithm is considered at the relay node, an improve-
ment of diversity order is shown in Fig. 7 which leads to
significantly improved BER performance. According to the
simulation results in Fig. 7, a 1 dB gain can be achieved by
using the RSTC scheme at the relays as compared to the net-
work using the standard STC scheme at the relay node. When
the proposed ABARO algorithm is employed at the relays, a 2
dB saving for the same BER performance as compared to the
standard STC encoded system can be observed. The diversity
order of using the proposed ABARO algorithm is the same as
that of using the RSTC scheme at the relay node.

The impact of imperfect CSI at the destination node is con-
sidered for different schemes as shown in Fig. 7. In particular,
we verify that a 2 dB loss in SNR for the same BER per-
formance is obtained for BRS with Alamouti and R-Alamouti
schemes due to the imperfect CSI employed at the destination
node. Moreover, as we introduce errors in the channel param-
eters in (13)—(16), the accuracy of the code vectors obtained
with the ABARO algorithm is affected. However, according to
the simulation result, a 1 dB loss in SNR for the same BER
is observed in Fig. 7 due to the channel errors. The proposed
ABARO algorithm is able to maintain the BER performance
gain in the presence of imperfect CSI at the destination node.

In Fig. 8, we show the average delay for buffers of finite size
for different values of J, where we compare simulation and
analytical results. We assume the links are i.i.d. In particular,
we observe that as the buffer size increases, the average delay
with finite buffer size linearly increases and that the average
delay of SAS is twice lower than that of MAS for a system with
Alamouti codes. This is expected because the MAS configura-
tion requires N times longer to encode the data at the relays.
We also verify that the simulation and analytical results are in
good agreement.

VIII. CONCLUSION

We have proposed a buffer-aided space-time coding scheme,
relay selection and the adaptive buffer-aided relaying opti-
mization (ABARO) algorithms for cooperative systems with
limited feedback using an ML receiver at the destination node
to achieve a better BER performance. Simulation results have
illustrated the advantage of using the adjustable STC and DSTC
schemes in the buffer-aided cooperative systems compared to
the best relay selection algorithms. In addition, the proposed
ABARO algorithm can achieve a better performance in terms of
lower BER at the destination node as compared to prior art. The
ABARO algorithm can be used with different STC schemes and
can also be extended to cooperative systems with any number
of antennas.

794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835

836

837
838
839
840
841
842
843
844
845
846
847
848
849



850

851
852

916

PENG AND DE LAMARE: ADAPTIVE BUFFER-AIDED DISTRIBUTED SPACE-TIME CODING 13

(1]

(2]

(31

(4]
(31

(6]

(7]

(8]

(91

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

REFERENCES

J. N. Laneman and G. W. Wornell, “Cooperative diversity in wireless
networks: Efficient protocols and outage behaviour,” IEEE Trans. Inf.
Theory, vol. 50, no. 12, pp. 3062-3080, Dec. 2004.

B. Maham, A. Hj$rungnes, and G. Abreu, “Distributed GABBA space-
time codes in amplify-and-forward relay networks,” IEEE Trans. Wireless
Commun., vol. 8, no. 4, pp. 2036-2045, Apr. 2009.

S. Yang and J.-C. Belfiore, “Optimal space-time codes for the MIMO
amplify-and-forward cooperative channel,” IEEE Trans. Inf. Theory,
vol. 53, no. 2, pp. 647-663, Feb. 2007.

S. Yiu, R. Schober, and L. Lampe, “Distributed space-time block coding,”
IEEE Trans. Wireless Commun., vol. 54, no. 7, pp. 1195-1206, Jul. 2006.
J. Abouei, H. Bagheri, and A. Khandani, “An efficient adaptive dis-
tributed space-time coding scheme for cooperative relaying,” IEEE Trans.
Wireless Commun., vol. 8, no. 10, pp. 4957-4962, Oct. 2009.

B. Maham, A. Hjdrungnes, and B. S. Rajan, “Quasi-orthogonal design
and performance analysis of amplify-and-forward relay networks with
multiple-antennas,” in Proc. IEEE Wireless Commun. Netw. Conf.
(WCNC), Apr. 18-21, 2010, pp. 1-6.

P. Clarke and R. C. de Lamare, “Joint transmit diversity optimization and
relay selection for multi-relay cooperative MIMO systems using discrete
stochastic algorithms,” IEEE Commun. Lett., vol. 15, no. 10, pp. 1035—
1037, Oct. 2011.

P. Clarke and R. C. de Lamare, “Transmit diversity and relay selection
algorithms for multi-relay cooperative MIMO systems,” IEEE Trans. Veh.
Technol., vol. 61, no. 3, pp. 1084-1098, Mar. 2012.

A. Bletsas, A. Khisti, D. Reed, and A. Lippman, “A simple cooperative
diversity method based on network path selection,” IEEE J. Sel. Areas
Commun., vol. 24, no. 3, pp. 659-672, Mar. 2006.

N. Zlatanov, A. Ikhlef, T. Islam, and R. Schober, “Buffer-aided coop-
erative communications: Opportunities and challenges,” IEEE Commun.
Mag., vol. 52, no. 4, pp. 146—153, May 2014.

N. Zlatanov, R. Schober, and P. Popovski, “Throughput and diversity
gain of buffer-aided relaying,” in Proc. IEEE GLOBECOM, Dec. 2011,
pp. 1-6.

N. Zlatanov, R. Schober, and P. Popovski, “Buffer-aided relaying with
adaptive link selection,” IEEE J. Sel. Areas Commun., vol. 31, no. 8,
pp. 1530-1542, Aug. 2013.

N. Zlatanov and R. Schober, “Buffer-aided relaying with adaptive link
selection—Fixed and mixed rate transmission,” IEEE Trans. Inf. Theory,
vol. 59, no. 5, pp. 2816-2840, May 2013.

I. Krikidis, T. Charalambous, and J. Thompson, “Buffer-aided relay selec-
tion for cooperative diversity systems without delay constraints,” IEEE
Trans. Wireless Commun., vol. 11, no. 5, pp. 1957-1967, May 2012.

A. Ikhlef, J. Kim, and R. Schober, “Mimicking full-duplex relaying using
half-duplex relays with bufters,” IEEE Trans. Veh. Technol., vol. 61, no. 7,
pp. 3025-3037, May 2012.

A. Ikhlef, D. S. Michalopoulos, and R. Schober, “Max-max relay selec-
tion for relays with buffers,” IEEE Trans. Wireless Commun., vol. 11,
no. 3, pp. 1124-1135, Jan. 2012.

S. Luo and K. C. Teh, “Buffer state based relay selection for buffer-aided
cooperative relaying systems,” /[EEE Trans. Wireless Commun., vol. 14,
no. 10, pp. 5430-5439, Oct. 2015.

N. Nomikos, T. Charalambous, I. Krikidis, D. N. Skoutas, D. Vouyioukas,
and M. Johansson, “A buffer-aided successive opportunistic relay selec-
tion scheme with power adaptation and inter-relay interference cancella-
tion for cooperative diversity systems,” IEEE Trans. Commun., vol. 63,
no. 5, pp. 1623-1634, May 2015.

S. Haykin, Adaptive Filter Theory, 4th ed. Englewood Cliffs, NJ, USA:
Prentice-Hall, 2002.

B. Sirkeci-Mergen and A. Scaglione, “Randomized space-time coding for
distributed cooperative communication,” IEEE Trans. Signal Process.,
vol. 55, no. 10, pp. 5003-5017, Oct. 2007.

T. Peng, R. C. de Lamare, and A. Schmeink, “Adaptive distributed space-
time coding based on adjustable code matrices for cooperative MIMO
relaying systems,” IEEE Trans. Commun., vol. 61, no. 7, pp. 2692-2703,
Jul. 2013.

[22] T. Wang, R. C. de Lamare, and P. D. Mitchell, “Low-complexity
set-membership channel estimation for cooperative wireless sensor net-
works,” IEEE Trans. Veh. Technol., vol. 60, no. 6, pp. 2594-2607, Jul.
2011.

S. Zhang, F. Gao, C. Pei, and X. He, “Segment training based individ-
ual channel estimation in one-way relay network with power allocation,”
IEEE Trans. Wireless Commun., vol. 12, no. 3, pp. 1300-1309, Mar. 2013.
B. Hassibi and B. Hochwald, “High-rate codes that are linear in space and
time,” IEEE Trans. Inf. Theory, vol. 48, no. 7, pp. 1804-1824, Jul. 2002.
H. Jafarkhani, Space-Time Coding Theory and Practice. Cambridge,
U.K.: Cambridge Univ. Press, 2005.

J. Yuan, Z. Chen, B. S. Vucetic, and W. Firmanto, ‘“Performance and
design of space-time coding in fading channels,” IEEE Trans. Commun.,
vol. 51, no. 12, pp. 1991-1996, Dec. 2003.

N. Nomikos, T. Charalambous, I. Krikidis, D. Skoutas, D. Vouyioukas,
and M. Johansson, “A buffer-aided successive opportunistic relay selec-
tion scheme with power adaptation and inter-relay interference cancella-
tion for cooperative diversity systems,” in Proc. IEEE Int. Symp. Pers.
Indoor Mobile Radio Commun., Sep. 2013, pp. 1623-1634.

B. Maham and A. Hjgrungnes, “Opportunistic relaying for MIMO
amplify-and-forward cooperative networks,” Wireless Pers. Commun.,
vol. 68, pp. 1067-1091, Jan. 2012, doi: 10.1007/s11277-011-0499-9.

T. Islam, A. Iklef, R. Schober, and V. Bhargava, “Diversity and delay
analysis of buffer-aided BICM-OFDM relaying,” IEEE Trans. Wireless
Commun., vol. 12, no. 11, pp. 5506-5519, Nov. 2013.

D. P. Bertsekas and R. G. Gallager, Data Networks, 2nd ed. Englewood
Cliffs, NJ, USA: Prentice-Hall, 1991.

(23]

[24]
[25]

[26]

[27]

(28]

[29]

[30]

Tong Peng received the B.Eng. degree in electronics
engineering from Liaocheng University, Shandong,
China, and the M.Sc. and Ph.D. degrees in com-
munications engineering from The University of
York, York, U.K., in 2010 and 2014, respec-
tively. He worked as a Research Associate with
the Communications Research Group, CETUC/PUC-
RIO, Brazil, sponsored by the National Council for
Scientific and Technological Development (CNPq),
Brazil, for 18 months after his Ph.D. Then
he got a Research Associate position with the
Communications Research Group, Department of Electronics, University of
York. His research interests include practical binary physical-layer network
coding designs, distributed space-time codes, cooperative communications, and
adaptive optimizations.

Rodrigo C. de Lamare (S’99-M’05-SM’10) was
born in Rio de Janeiro, Brazil, in 1975. He received
the diploma degree in electronic engineering from
the Federal University of Rio de Janeiro, Rio de
Janeiro, Brazil, in 1998, and the M.Sc. and Ph.D.
degrees in electrical engineering from the Pontifical
Catholic University of Rio de Janeiro (PUC-Rio), Rio
de Janeiro, Brazil, in 2001 and 2004, respectively.
Since January 2006, he has been with the Department
of Electronics, University of York, York, U.K., where
he is a Professor. Since April 2013, he has also been
a Professor with PUC-Rio. He has authored more than 350 papers published in
international journals and conferences. His research interests include communi-
cations and signal processing. He has participated in numerous projects funded
by government agencies and industrial companies. He is an elected member
of the IEEE Signal Processing Theory and Methods Technical Committee. He
currently serves as an Associate Editor of the EURASIP Journal on Wireless
Communications and Networking and as a Senior Editor of the IEEE SIGNAL
PROCESSING LETTERS. He was the recipient of number of awards for his
research work.

L

917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943

959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978



