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ABSTRACT

In this work, we propose a buffer-aided distributed space-
time coding (DSTC) scheme for cooperative direct-sequence code-
division multiple access systems. We first devise a relay selection
algorithm that can automatically select the optimum set of relays
among both the source-relay phase and the relay-destination phase
for DSTC transmission according to the signal-to-interference-plus-
noise ratio (SINR) criterion. Multiple relays equipped with buffers
are introduced in the network, which allows the relays to store da-
ta received from the sources and wait until the most appropriate
time for transmission. Simulation results show that the proposed
buffer-aided DSTC scheme and algorithm outperform prior art.

Index Terms— DS-CDMA networks, cooperative systems, re-
lay selection, greedy algorithms, space time coding, buffer.

1. INTRODUCTION

The ever-increasing demand for performance and reliability in wire-
less communication has encouraged the development of numerous
innovative techniques. Among them, cooperative diversity is one of
the key techniques that has been considered in recent years [1] as an
effective tool to improving transmission performance and system re-
liability. Several cooperative schemes have been proposed [2, 3, 4],
and among the most effective ones are Amplify-and-Forward (AF),
Decode-and-Forward (DF) [4] and various distributed space-time
coding (DSTC) technique [S, 6, 7, 8, 9]. For an AF protocol, re-
lays cooperate and amplify the received signals with a given trans-
mit power amplifying their own noise. With the DF protocol, relays
decode the received signals and then forward the re-encoded mes-
sage to the destination. DSTC schemes exploit spatial and temporal
transmit diversity by using a set of distributed antennas. With DSTC,
multiple redundant copies of data are sent to the receiver to improve
the quality and reliability of data transmission. Applying DSTC at
the relays provides multiple processed signal copies to compensate
for the fading and noise, helping to achieve the attainable diversi-
ty and coding gains so that the interference can be more effectively
mitigated. As a result, better performance can be achieved when ap-
propriate signal processing and relay selection strategies are applied.

In cooperative relaying systems, strategies that employ multiple
relays have been recently introduced in [10, 11, 12, 13]. The aim of
relay selection is to find the optimum relay so that the signal can be
transmitted and received with increased reliability. Recently, a new
cooperative scheme with buffers equipped at relays has been intro-
duced and analyzed in [14, 15, 16, 17]. The main purpose is to select
the best link according to a given criterion. In [14], a brief introduc-
tion of the buffer-aided relaying protocols for different networks is

This work is funded by the ESII consortium under task 26 for low-cost
wireless ad hoc and sensor networks

3626

carefully described and the some practical challenges are discussed.
Consequently, a further study of the throughput and diversity gain
of the buffer-aided system is introduced in [15]. In [16], a new s-
election technique that is able to achieve the full diversity gain by
selecting the strongest available link in every time slot is detailed.
In [17], a max-max relay selection (MMRS) scheme for half-duplex
relays with buffers is proposed. In particular, relays with the opti-
mum source-relay links and relay-destination links are chosen and
controlled for transmission and reception, respectively.

In this work, we propose a buffer-aided DSTC scheme and algo-
rithm for cooperative direct-sequence code-division multiple access
(DS-CDMA) system. The proposed algorithm automatically selects
the optimum set of relays according to the signal-to-interference-
plus noise ratio (SINR) criterion. The proposed scheme can be di-
vided into two parts. Initially, a link combination associated with
the optimum relay group is selected, which determines if the buffer
is ready for transmission or reception. For the second part, DSTC
is performed from the selected relay combination to the destination
when the buffers are switched to the transmission mode. The direct
transmission is conducted between the source and the relay combina-
tion when the buffers are in the reception mode. The key advantage
of introducing the buffers in the system is their ability to store mul-
tiple blocks of data so that the most appropriate ones can be select-
ed at a suitable time instant. The main difference of this proposed
work as compared to [14, 15, 16, 17] is the selection of the relay
combinations, where the proposed relay selection algorithm chooses
the relay pair rather than a single relay as the DSTC transmission
needs the cooperation of a pair of antennas. In addition, a greedy
[18, 19, 20, 21, 22, 23] relay pair selection technique is also devised
in this work so that the high cost brought by the exhaustive search
can be avoided when a large number of relays are involved in the
transmission.

This paper is organized as follows. In Section 2, the system
model is presented. In Section 3, the buffer-aided cooperative DSTC
scheme is explained. In Section 4, the greedy relay pair selection
strategy is proposed. In Section 5, simulation results are presented
and discussed. Finally, conclusions are drawn in Section 6.

2. DSTC COOPERATIVE DS-CDMA SYSTEM MODEL

‘We consider the uplink of a synchronous DS-CDMA system with K
users, flat fading channels, L relays equipped with finite-size buffers
capable of storing B packets and N chips per symbol. The system
is equipped with a cooperative protocol at each relay and we assume
that the transmit data are organized in packets comprising P symbol-
s. The received signals are filtered by a matched filter and sampled
at chip rate to obtain sufficient statistics. As shown in Fig.1, in the
proposed scenario, the transmission is divided into two phases. In
the first phase, the source transmits the data to each of the relay over
two consecutive time instants, the decoded data over two time slot-
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Fig. 1. Uplink of a cooperative DS-CDMA system.

§ [brya,k(2i — 1), brya,1(20)] is stored at relay I and is prepared to
send data to the destination. A DSTC scheme is then employed in
the following phase, where the corresponding 2 x 2 Alamouti [24]
detected symbol matrix over relay m and relay n for user k among
two consecutive time instants is given by

b"md”“(% —-1) R by 4.1 (21) )

br,,d,k(2) by ar(20—1) |’

The received signal from relay m and n to the destination over two

consecutive time slots yields the NV x 1 received vectors described
by

B, =

K

Yrm,na(2t—1) =
k=1

2

K
Vi na(28) = Z hindb:md,k(2i -1) - hfjmdb:nd,k(2i) +n(2i), )

k=1

where h,]f 4= a’,fldskhrld,k denotes the channel vector for user k
from the [-th relay to the destination with m,n € [1,2, ..., L]. The
quantity afld represents the k-th user’s amplitude from the [-th re-
lay to the destination, sy, = [sx(1), 5x(2), ...sx(N)]T is the N x 1
signature sequence for user k and h;, 4, are the channel fading co-
efficients for user k from the [-th relay to the destination. The N x 1
noise vectors n(2¢—1) and n(21) contam samples of zero mean com-
plex Gaussian noise with variance o? b”d ©(2¢ — 1) and b”d 6 (21)
are the decoded symbols at the output of relay ! after using a co-
operative protocol at time instants (2¢ — 1) and (2i), respectively.
Equivalently, (2) and (3) can be rewritten as

k
Yrmmd = Hrp ndPro nd ke + ey o, “)

T
= [yTTm‘nd(% —1), yTTm nd(2i)] represents the re-

ceived signal from relay m and n over two time instants. H*

Tm,nd T

wherey, =~

k k
{hr'"d . hZ"d *] denotes the Alamouti channel matrix for
(b, a)" — (hy, a)

R R T
user k and by, ar = [brmd,k(% - 1), brnd,k(%)] is the pro-
cessed symbol when the DF protocol is used at relays m and n at
the corresponding time instant, and n,,, .4 = [m(2i — 1), n(2i)]"
is the noise vector.

3. PROPOSED BUFFER-AIDED DSTC SCHEME

In this section, we present a buffer-aided cooperative DSTC scheme,
where each relay is equipped with a buffer so that the processed data
can be stored and the buffer can wait until the channel pair asso-
ciated with the best performance is selected. As shown by Fig. 2,
processed data are stored at the corresponding buffer entries and then
re-encoded when the appropriate time interval comes. This method
effectively improves the quality of the transmission, guarantees that
the most suitable signal is selected from the buffer entries and sent
to the destination with a higher reliability.
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Fig. 2. Proposed buffer-aided cooperative scheme.

The algorithm begins with a SINR calculation for all possible
channel combinations. In the case of the Alamouti code, every two
relays are combined into a group and all possible lists of correspond-
ing channel pairs are considered. The corresponding SINR is then
calculated and recorded as follows:

K
H
3 W e W Ve

SINRsr,, , = P ) (5)
H 2
kg g Wi Wepry T 0
S k l#mHn k H k
kZ::l(Wde) Wrnd T (W ) Wi a
SINRy,, ,d = ; ©®)
k21 12 (wrld) w; rato?

In Eq. (5), SINRs.,, ., denotes the SINR for the combined paths
from all users to relay m and relay n, ws, r, is the detector used at
the relays. When the RAKE receiver is adopted at the corresponding
relay, ws, , is expressed as

Wspr; = hskrly (7)
where hs, r, = as,r,Skhs,r, is the channel vector from user k to
relay {. Similarly, if the linear MMSE receiver is employed at the
relays, ws, r, is given by

K -1
H 2
Wopr = (Zhsmhsm +o I) ey, ®)
k=1
hs,r, = as;r,Skhs,r, is the effective signature vector from user k

to the relay /. Similarly, in Eq. (6), SINR..,,, 4 represents the SINR
for the combined paths from relay m and relay n to the destination.
wfl 4 18 the detector used at the destination. When the RAKE receiver

is adopted at the destination, w’ﬁld is expressed as

k k

Wrd = hr,d' ©
Similarly, if the linear minimum mean-square error (MMSE) receiv-
er is employed at the relays, wfld is equal to

—1
wrld—<zhrld rd) +U2I> hy . (10)

The above equations correspond to a cooperative system under the
assumption that all users are transmitted to the selected relays m
and n. We then sort all these SINR values in a decreasing order and
select the one with the highest SINR as given by

SINRp,q = arg ]{SINRS”,,J,, SINRy,, na}, (1)

max
m,n€(l,2,...,L

where SINR}, 4 denotes the highest SINR associated with relay p
and relay q. After the highest SINR is selected, two different situa-
tions need to be considered as follows.

Source-relay link:

If the highest SINR belongs to the source-relay link, then the signal



sent to the target relays p and g over two time instants is given by

K
Yor, (20— 1) = ST bk(2i — DWayry +Wer, (20— 1),L € [pra],  (12)
k=1
K
Yor, (20) = D bi(20)Woy vy + Wory (20),1 € [p, q]. (13)
k=1

The received signal is then processed by the detectors as the DF
protocol is adopted. Therefore, the decoded symbols that are stored
and sent to the destination from the [-th relay are obtained as the

bryak(2i — 1) = QWi ,,y,,, (2i — 1)), (14)
and A
bryae(28) = QWi 1, Y.y, (20)). (15)

Q(+) denotes the slicer. After that, the buffers are then switched to
the reception mode, the decoded symbol is consequently stored in
the corresponding buffer entries. Clearly, these operations are per-
formed when the corresponding buffer entries are not full, otherwise,
the second highest SINR is chosen as given by

SINRY'S = SINR,, (16)

SINRy,, € max{SINR SINR.,, ,a} \ SINRD™S, (17)

where SINR,, v denotes the second highest SINR associated with the
updated relay pair Qu,». {SINRs,, ,, SINR:,, ,a} \ SINRDYS de-
notes a complementary set where we drop the SINRE'] from the set
of SINR links {SINRsr,, ,, SINRy,, ,a}. Consequently, the above
process repeats in the following time instants.

Relay-destination link:

If the highest SINR is selected from the relay-destination link, in the
following two consecutive time instants, the buffers are switched to
transmission mode and the decoded symbol for user k is re-encoded
with the Alamouti matrix as in (1) so that DSTC is performed from
the selected relays p and g to the destination as given by

SI'm,n

K
Vopga(2i=1) = Do WE ubryan(2i = 1) + Wy ubrga,r(2i) +n(2i — 1),
k=1
18)
K

. k 7* . k 7% . .
Vi gd(20) = Do We bl (20— 1) — wi BT o . (20) +n(2i). (19)
k=1

The received signal is then processed by the detectors at the destina-
tion. Clearly, the above operation is conducted under the condition
that the corresponding buffer entries are not empty, otherwise, the
second highest SINR is chosen according to (16) and (17) and the
above process is repeated.

Moreover, the size B of the buffers also plays a key role in the
performance of the system, which improves with the increase of the
size as buffers with greater size allows more data packets to be s-
tored. In this case, extra degrees of freedom in the system or choices
for data transmission are available. The key advantage of the pro-
posed scheme is its ability to select the most appropriate symbols
before they are forwarded to the next phase. In practice, the perfor-
mance highly depends on the buffer size B, the number of users K
and the accuracy of the detection at the relays.

4. GREEDY RELAY PAIR SELECTION TECHNIQUE

In this section, a greedy relay pair selection algorithm is introduced.
For this relay selection problem, the exhaustive search of all possible
relay pairs is the optimum way to obtain the best performance. How-
ever, the major problem that prevents us from applying this method
when a large number of relays involved in the transmission is its
considerable computational complexity. When L relays (L /2 relay
pairs if L is an even number) participate in the transmission, a cost
of L(L — 1) link combinations is required as both source-relay links
and relay-destination links need to be considered.
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We propose a greedy relay pair selection algorithm that can ap-
proach the global optimum with a reduced computational complexi-
ty. The algorithm starts with a single link selection where we exam-
ine the SINR for each of the links as given by

=

H
k—lwg’“r”ws’“rp
SINRsr, = e ; (20)
kgl 121 wgﬂzw%rl +o?
#p
Kk NH K
kzl(wrpd) Wrpd
SINR,,q4 = P - s 21
kz—:l lgl(wﬁld)Hwild +o
I#p

where SINR, and SINR,. 4 denote the SINR from the source to
an arbitrary relay p and from relay p to the destination, respectively.
We then select the link with the highest SINR and its associated relay
q is recorded as the base relay as given by

SINRY™ =arg max {SINR
pe(L,2,..., L]

Consequently, all possible relay pairs involved with base relay ¢ are
listed as Q,, 4, where p € [1, L], p # ¢. The SINR for these (L — 1)
relay pairs are then calculated as in (5) and (6). After that, the opti-
mum relay pair is chosen according to (11) and the algorithm begins
if the corresponding buffers are available for either transmission or
reception.

Transmission mode

When the buffers are switched to the transmission mode, a buffer
space check is conducted firstly to ensure the corresponding buffers
are not empty. We then have,

Q:;uffer +@, pell,2, .., L], (23)

SINRypa}- 22)

SIp s

and
QSuffcr £, q€(1,2,.., L], (24)

where Q};“ﬁ“ and Q;’“ﬁc" represents the buffer p and the buffer g as-
sociated with the relay pair €2, 4. In this situation, the DSTC scheme
is performed afterwards as in (18) and (19) through the selected re-
lay pair. Conversely, empty buffer entries indicate that the selected
relay pair cannot forward the data to the destination. In this case, we
drop this relay pair, select another relay pair among the remaining
(L — 2) candidate pairs with the highest SINR as given by

SINRuy,q = arg LI;]aX {SINR1,q}, (25)

P,q
le(1,2,...,L]
The algorithm then repeats the new selected relay pair €2,,,4. Oth-
erwise, if all possible relay pairs Q; 4 (I # p,q,l € [1, L]) are not
available, we then reset the base relay associated with the second
highest SINR as described by

SINRE™ = SINR_™, (26)

SINRD*® = max{SINRq,,, SINR; a} \ SINRE™, @7

-
where {SINRs,,SINRyq} \ SINRE™ denotes a complemen-
tary set where we drop the SINRL™ from the link SINR set
{SINRs,r,, SINR;q}. After this selection process, a new relay
pair is chosen and the transmission procedure repeats as above.
Reception mode
When the buffers are switched to reception mode, similarly, a buffer
space check is performed initially to ensure there is enough space
for storing the processed data, namely,

Qe £ U, pe(1,2,..., L], (28)
and

QT £ U, g e 1,2,..., L], (29)

where U represents a full buffer set. In this case, if the buffers are
not full, then, the sources send the data to the selected relay pair



Qp,q over two time instants according to (12) and (13). Otherwise,
the algorithm reselects a new relay pair as in (25), (26) and (27).

The proposed greedy relay pair selection method considers the
combination effect of the channel condition so that DSTC can be
conducted with a collection of relays. When compared with the
exhaustive search, less than 2(L — 1) types of link combinations
are examined as the proposed method explores the link combination
when both single relay and relay pair are involved. Specifically, the
exhaustive relay pair search requires (7K NL? — 7K N L?) multi-
plications and (2K NL® — 2KNL? + KL? — KL? — 2L* + 2L)
additions, while the proposed greedy relay pair selection algorithm
only requires less than (21K NL? — 7K N L) multiplications and
(6KNL? + 3KL? — 3KL — L + 1) additions, which is an order
of magnitude less costly. Therefore, when a large number of relays
participate in the transmission, with a careful control of the buffer
size B, a good balance of complexity and performance is achieved.

Moreover, the improvement of the performance brought by the
buffer-aided relays are at the expense of the transmission delay.
Hence, it is of great importance to investigate the performance delay
trade-off of the proposed buffer-aided DSTC schemes [25] in our
following work. Furthermore, a delay is also introduced by the way
we encode the data via the DSTC scheme and the processing of
relay pairs selection.

5. SIMULATIONS

In this section, a simulation study of the proposed buffer-aided D-
STC technique for cooperative systems is carried out. The DS-
CDMA network uses randomly generated spreading codes of length
N = 16. The corresponding channel coefficients are taken as uni-
formly random variables and are normalized to ensure the total pow-
er is unity for all analyzed techniques. We assume perfectly known
channels at the receivers. Equal power allocation with normaliza-
tion is assumed to guarantee no extra power is introduced during the
transmission. We consider packets with 1000 BPSK symbols and
average the curves over 300 trials.

k— Buffer-aided greedy RPS ke— Buffer-aided greedy RPS
3~ Buffer-aided exhaustive RPS S— Buffer-aided exhaustive RPS
5| = Buffer-aided exhaustive RPS(K=1) 4| ——Buffer-aided exhaustive RPS (K=1)
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—&— Random RPS e —&— Random RPS
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Fig. 3. a) Performance comparison for buffer-aided scheme and non buffer-aided
scheme in cooperative DS-CDMA system with perfect decoding at the relay, MF at the
destination b) Performance comparison for buffer-aided scheme and non buffer-aided
scheme in cooperative DS-CDMA system with MMSE at the relay, MF at the destination

The first example shown in Fig. 3(a) illustrates the performance
comparison between the proposed buffer-aided DSTC transmission
with different relay pair selection strategies (RPS) and DSTC trans-
mission with relay pair selections and no buffers when better decod-
ing techniques are adopted. The system has 3 users, 6 relays, perfect
decoding is assumed at each relay and the matched filter is adopted
at the destination. Specifically, for the no relay selection (RS) DSTC
technique, all relays participate in the DSTC transmission (every t-
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wo consecutive relays are working in pairs). Similarly, for the non
buffer-aided schemes, the relay pair selection process only occurs
during the second phase (relay-destination), where the random selec-
tion algorithm chooses an arbitrary relay pair, the proposed greedy
algorithm chooses two relays associated with two optimum relay-
destination links and the exhaustive relay pair schemes examines all
possible relay pairs and selects the one with the highest SINR. In
contrast, the proposed buffer-aided scheme automatically selects the
relay pair over both source-relay links and relay-destination links.
Moreover, with the help of the buffers, the most appropriate data are
sent and better overall system performance can be achieved. The
performance bounds for a single-user buffer-aided exhaustive RPS
DSTC is presented here for comparison purposes. Consequently, the
results reveal that our proposed buffer-aided strategies (B = 6) per-
form better than the one without buffers. In particular, Fig. 3(a) also
illustrates that our proposed buffer-aided schemes can approach the
single user bound very closely.

The second example depicted in Fig. 3(b) compares the pro-
posed buffer-aided DSTC transmission with different relay pair s-
trategies and DSTC transmission with relay pair selections and no
buffers. In this scenario, where we apply the linear MMSE receiver
at each of the relays and the RAKE at the destination in an uplink
cooperative scenario with 3 users, 6 relays and buffer size B = 6.
Similarly, the performance for a single-user buffer-aided exhaustive
RPS DSTC are presented for comparison purposes. The results in-
dicate that our proposed buffer-aided strategies (B = 6) perform
better than the one without buffers. Furthermore, the BER perfor-
mance curves of our greedy RPS algorithm approach the exhaustive
RPS, while keeping the complexity reasonably low for practical use.

[—%=—Buffer-aided exhaustive RPS(K=1)

2 4 6 8
Buffer Length

Fig. 4. BER versus size of the buffers for uplink cooperative system

The algorithms are then assessed in terms of the BER versus
buffer size B in Fig. 5 with a fixed SNR=15dB. Similarly, we assume
perfect decoding at the relays and RAKE at the destination. The
results indicate that the overall BER degrades as the size of the buffer
increases. It also shows that with larger buffer sizes, the system
experiences diminishing returns in performance. In this case, a good
balance between the transmission delay and the buffer size can be
obtained when the buffer size is carefully considered.

6. CONCLUSIONS

In this work, we have presented a buffer-aided DSTC scheme for
cooperative DS-CDMA systems with different relay pair selection
techniques. With the help of buffers, this approach effectively im-
proves the transmission performance as decoded symbols are stored
in the corresponding buffer entries and wait until the most appro-
priate time for transmission. Simulation results show that the per-
formance of the proposed scheme and algorithm offer considerable
gains as compared to existing non buffer-aided schemes.
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