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Abstract—In this work, we present buffer-aided physical-layer network
coding (PLNC) schemes and develop novel PLNC algorithms for coopera-
tive direct-sequence code-division multiple access systems. In the proposed
buffer-aided PLNC schemes, we employ a relay pair selection algorithm to
select the relay pair and the packets in the buffer entries with the best per-
formance and the associated link combinations used for data transmission.
We then develop PLNC algorithms based on the design of linear network
coding matrices using maximum likelihood and minimum mean-square er-
ror criteria to generate the network coded symbols that are sent to the des-
tination. Simulation results show that the proposed techniques significantly
outperform prior art in sum-rates and bit error rates.

I. INTRODUCTION

Interference suppression techniques for wireless communica-
tions have been widely investigated in the last decades. Un-
like traditional strategies that treat interference as a nuisance to
be avoided or mitigated, physical-layer network coding (PLNC)
techniques take advantage of the superposition of radio signals
and exploit the interference to improve throughput performance
[1]. PLNC techniques have generated a number of fertile theo-
retical and application-oriented studies in the last few years, and
are expected to be successfully implemented in future wireless
applications [2], [3], [4], [5], [6], [7], [8].

PLNC has key advantages in wireless multi-hop networks
such as higher sum rates and enhanced bit error rate (BER) per-
formance as compared to standard cooperative techniques. In
a scenario where multiple relay nodes are employed in the net-
work to transmit data from sources to the destination [9], PLNC
techniques allow a node to exploit signals that are received si-
multaneously, rather than treating them as interference [9]. Ad-
ditionally, instead of decoding each incoming data stream sep-
arately, a node detects and forwards a function of the incom-
ing data streams [10]. In this context, there are several network
coding approaches, namely, XOR mapping schemes and linear
network coding designs [1], [11], [2], [12], [3], [7].

In cooperative relaying systems, strategies that employ relays
have been investigated in [13], [14], [15], [16], [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26]. In order to further in-
crease the quality and reliability of cooperative schemes, buffer
strategies have been introduced and used to equip relay nodes
in cooperative relaying scenarios [27], [28], [29], [30], [31]. In
this setting, relay selection algorithms must be employed to ob-
tain the combination of links in the buffer entries that optimize a
desired criterion and may result in performance improvements.

In this work, we present buffer-aided PLNC schemes and
develop relay selection and PLNC algorithms for cooperative
direct-sequence code-division multiple access (DS-CDMA) sys-
tems. In the proposed buffer-aided PLNC schemes, a relay pair
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selection algorithm is devised to obtain the relay pair and the
packets in the buffer entries with the highest SINR and the as-
sociated link combinations used for data transmission. We then
develop PLNC techniques based on optimal code designs, which
employ linear network coding matrices computed according to
the maximum likelihood (ML) and the minimum mean-square
error (MMSE) criteria. The proposed ML and MMSE linear net-
work code designs are used to generate the network coded sym-
bols (NCS) that are sent to the destination. Simulations show
that the proposed techniques significantly outperform prior art.

This paper is organized as follows: Section I introduces the
cooperative DS-CDMA system model. Section II presents the
proposed ML and MMSE linear network code designs, whereas
Section III describes the proposed buffer-aided PLNC transmis-
sion scheme. Section IV presents the simulations and Section V
gives the conclusions.

II. COOPERATIVE DS-CDMA SYSTEM MODEL

Destination

Direct link

Source-relay
Relay-destination

Fig. 1. Uplink of a cooperative DS-CDMA system.

Let us consider the uplink of a cooperative synchronous DS-
CDMA system with two transmission phases, K users, L relays
equipped with finite-size buffers store up to J packets and use
N chips per symbol to transmit data over flat fading channels,
as shown in Fig. 1. The network is equipped with a coopera-
tive protocol at each relay and the transmit data are organized
in packets of P symbols. The received signals are filtered by a
matched filter, sampled at chip rate to obtain sufficient statistics
and organized in N x 1 vectors y,,, ¥, and y,.;, which represent
the signals received from the sources to the relays, the sources to
the destination and the relay to the destination, respectively. Ev-
ery set of m users and m relays are assigned to a group, forming
pairs of users and relays.

In the first phase, the signals received at the destination and



the [-th relay can be described as

K
Yoa = D akSkheakbi + Naa, 6]
k=1
K
ysrl = Z af:m Skhsm,kbk + ns’!‘[a (2)
k=1

where by, are the transmitted modulated symbols. a¥; and a¥,
are the k-th user’s amplitude from the source to the destina-
tion and from the source to relay [, respectively. The vector
sk = [sk(1),5£(2), ...s1(IN)]7 is the signature sequence for user
k. hsqr and hgp, j contain the complex channel coefficients
from user k to the destination and from user & to the [-th relay,
respectively. ngq and ng,, are the noise vectors with samples of
zero mean complex Gaussian noise with variance 2.

After the detected symbols are obtained, a PLNC scheme is
employed at each relay. When the bit-wise XOR operation (the
modulo-2 sum in the binary field) is considered, we assume that
the mapping from user symbol c; to a modulated symbol by, is
denoted as M. This mapping is then expressed as

bk:MB:].—2Ck. (3)

We then perform the above mapping from i)nd, &, wWhich repre-
sents the decoded symbol for user £ at the output of relay [ using
a relay protocol, to its corresponding user symbol as given by

bryax — cf. 4)

Similarly, when linear network coding is adopted at the [-th re-
lay, the corresponding mapping Lz is described by

K
bj=Lp = ngli)md,k- (5)

k=1

In the following, we briefly review existing PLNC schemes that
employ bit-wise XOR or linear network codes at each relay.
When the signals are sent to the relays, we obtain the detected
symbol as given by

b’l‘Q(l)dT(k) = Q((WST(k)ng(l))HysTl)7 (6)

where Q)(+) is the decision device, T is a 1 x m user set and
is the corresponding 1 x m relay set since we combine every m
users and m relays into a sub transmission group. The symbol
Z’mu)d,T(k) is the detected symbol for user Y (k) at relay (1),
W oy raq, Tefers to the linear receive filter for user Y'(k) at relay
Q(1). Then, the detected symbol is mapped through (3) to obtain
the detected user symbol given by

T(k) 7
Cany = (1 - brn(z)d,T(k))/Q' 7

If the bit-wise XOR operation is used at relay €2(/) then we apply

T(1 2)

) X Y (m)
oy D Caq)

co) = D...0D cQ(l) R ®)

where cq ;) denotes the NCS at relay (/) and @ is the bit-wise
XOR operation. After that and prior to transmitting the encoded
data to the destination the following mapping is required:

boay = 1 — 2cqq)- )

Consequently, in the second phase the encoded symbols are
stored and prepared to be sent to the destination. The NCS is
then transmitted from relay set €2 to the destination as described
by

Yrgd = thmdbﬂ(z) + g, (10)
1=1

where h

— 47
ragyd = am(,)dSThmmd denotes the NV x 1 channel

vector from relay (1) to the destination, a;rm) 4 1s the amplitude

for the combined source symbols (user set T) from the Q(1)-th
relay to the destination, Ay, 4 is the complex channel fading
coefficient from the €2(7)-th relay to the destination, sy is the

N x 1 spreading sequence assigned to the NCS bq ;) and n,.q is

the N x 1 zero mean complex Gaussian noise with variance 2.

At the destination, the detected symbol for user Y (k) from
the direct transmissions is obtained as

T(k Y(k
b = (W) Ty.).
(k)

where w_ ;" is the detector for user Y(k) used at the destina-

tion. After that, according to (3), the corresponding user symbol

tat”

an

is then generated as given by

Y (k Y(k
B =152,

12)
Similarly, the detected symbol for relay €2(1) from the second
phase transmission is given by

BSZ(Z) = Q((wm(l>d)Hymd), (13)
where Wy, 4 is the receive filter for the (l)-th relay-
destination link. Consequently, its corresponding user symbol
is obtained through (3) as given by

Cau) = (1= bau))/2- (14)
Thus, the final detected symbol ¢* (%) when the XOR operation
is adopted at the target relays is given by

A (k) AT(m)

[ ..®c

T g Tk g oY (D) (15)

= o) B¢,
Consequently, the final detected symbol for user Y (k) is ob-
tained according to the following mapping
bygy =1 —2¢TM (16)
If a linear network coding technique is adopted at the relays,
every relay group will be allocated a unique m x m linear net-
work coding matrix G whose structure is given by

g11 912 --- gim
921 g22 ... gom
G = a7
gm1 9m2 --- Imm
Thus, the following linear combination can be obtained as
m
boay = ngz brgayd, T (k) (18)

k=1



where lA)m (1yd, X (k) 18 the detected symbol for user Y(k) at relay
Q(1). Therefore, the following transmission is operated accord-
ing to (10) when a suitable time interval comes. Equivalently,
(10) can be rewritten as
Vroa = HigaGbg + 1y (19)
where H,.,4 is an N X m channel matrix, each N x 1 col-
umn hmu)d in this matrix represents the channel vector from
the (1)-th relay to the destination, bg, is a m X 1 vector con-
taining the detected symbols for all users from set Y at any relay
that belongs to 2. The vector n,, 4 is the N x 1 noise vector.
Similarly, at the destination side, the detected symbol for

users from set Y after using the linear network coding opera-
tion at each of the relays is given by

bag) = Q(Gfl(wmd)H ymd>- (20)

Traditionally, the decoding process for PLNC is expressed by

boay = gT(l)Q(l)BT(l) + 9T(2)Q(1)BT(2) +.+ 9r<m)9(1)3r(m)

Bn(m = gT(l)Q(m)ET(l) + gT(Q)Q(m)i)T(Q) + o+ gr(mm(m)l;w(rz({r;)

The m unknown detected results Z;Y( k), k = 1,2,...m for each
user in user set Y can easily be sorted out with the above m
equations. However, in this scenario, since we introduce the
direct transmissions, there is another approach that can also be

applied at the decoding process. Specifically, by () is given by

baw) — (grmembe” + -+ grmmenbu ™)

g (k)Q(1)

gr(k) =

(22)
With direct transmissions, we can reduce the bit error rate. In
particular, there is a possibility that the detection for bg (), € §2
is incorrect, which could directly lead to a problem when solv-
ing the system of equations in (21), causing incorrect decisions.
However, this can be addressed when applying (22) as we can
select another detected symbol l;gz(s), s # [ as the minuend in

(22) instead of the possibly incorrect detected symbol Bg(l).

III. PROPOSED COOPERATIVE LINEAR NETWORK CODING
SCHEMES

In this section, we present novel linear network code designs
for G. The idea is inspired by the work in [32] but applied in
a different context. In the cooperative PLNC transmission sce-
nario, the simplest way to compute G is to generate it randomly
[33], however, this approach often does not result in the opti-
mum performance as it does not satisfy an optimality criterion.
Therefore, in order to obtain performance advantages, we devise
methods based on the ML and MMSE criteria.

A. Maximum Likelihood Design

When a linear network coding scheme is adopted at the relay,
we introduce the m x m linear network code matrix G, which is
used to generate the NCS. An ML design of G that requires the

evaluation of all possible (27”2) binary matrices is given by

H
bo) WromydYraayd
ML : -1 . 2
G = argmin -G : ,
G :
H
$2(m) wm(m)dym(m)d

(23)

where W, 4 is the linear detector used at relay 1, y,, 4 is the sig-
nal transmitted from relay /. In summary, the principle of this
approach is to obtain an m x m code matrix GM" to match G
(or GM). Thus, the minimum distance between the transmit-
ted symbols and detected symbols can be obtained. Note that
this approach corresponds to a combinatorial problem where we
must test all 2™ possible candidates to obtain GMY associated
with the best performance. The computational cost is one of the
disadvantages of this approach but the design of GME can be
carried out online. At the destination side, we employ the same
matrix GM that is applied at the relays in order to obtain better
detection performance.

B. MMSE design

The ML approach in (23) does not consider the influence of
noise. This fact motivates us to seek another efficient decoding
method that can consider both interference and noise. In order
to further exploit the minimum distance and improve the trans-
mission performance, we introduce a code matrix G at the des-
tination to match the generated binary matrix G and perform the
linear network coding operation. The proposed MMSE linear
network coding matrix GMMSE j5 obtained as follows:

bo1) Wf{g(l)dym(l)d ,
GMMSE _ gremin E H : -G : H ,
¢ :
bagm) Wramyd¥ra(m)d
(24
where ideally we have bo (1) = bo(2) = ... = bo(m), k € [1,m].
This design problem can be recast as the following:
~ 2
GMMSE _ ;0 man[Ha—GbH } (25)
G
where the quantities in the argument are a = [bo (1) - . . bQ(m)]T

and b = [wi

rowydYrad - ]*. By taking the

H
wm(m)dym(m)ff
gradient of the cost function with respect to G and equating the
terms to zero, we obtain the MMSE linear network code matrix

given by

GMMSE _ PabRgla (26)

where the statistical quantities in the MMSE code matrix are the
cross-correlation matrix P, = E[abH ] and the covariance ma-
trix R, = E[bb], and the expected value is over the symbols
and the noise. The computational cost is O(N?) and the details
can be found at [34]. The elements of P, are given by

m
_ N H .
Pabli,;j = ( E GikJik O )hm(j)dwrm”d, fork,j=1,...,m,
i=1

27
whereas the main diagonal entries of R, are described by
H H 2 :
Rs];; = wm(j)d(hm(j)dhm(j)d—i—a I)wm(j)d, forj=1,...,m.
(28)



IV. PROPOSED BUFFER-AIDED PLNC SCHEME

In this section, we consider groups of m = 2 users and m = 2
relays and develop a buffer-aided PLNC scheme, where each re-
lay is equipped with a buffer. This allows the received data to be
stored and then the relay can wait until the link pair associated
with the best performance is selected. Consequently, encoded
data are stored at the buffer entries and then forwarded to the
destination when the appropriate time interval comes. More-
over, the destination is also equipped with a buffer so that the
detected symbols from the direct transmissions can be stored.
After that, the detected symbols are obtained through PLNC de-
coding and mapping operations at the appropriate time instants.

Transmission between a selected user-relay pair (m = 2)

At the relays, the received signal is processed by linear net-
work coding and forwarded to the destination, which employs
a decoding matrix and a linear receiver. Specifically, the pro-
posed algorithm starts with a selection procedure using all pos-
sible link combinations associated with all relay pairs from both
source-relay and relay-destination phases. Since any linear net-
work coding technique can be adopted, every (m = 2) relays
are combined into a group and paired with (m = 2) users. Note
that arbitrary numbers of users and relays can also be consid-
ered but for the sake of simplicity, we only consider m = 2
relays and users. In this case, the signal transmitted from other
users are seen as the interference component. All possible links
are considered and their SINR are then calculated:

K m

H
E: E:W Psyr Wspr
p=1i=1 "FTem o 20

SINRgpg = ——— — :
H H
kgl ng Wskrjpsk'ersij + l; O'2W3kr“(l)wskrﬂ(l)
JEQ
(29)
H k whk
Z Z( "'Q(l)d) ProaydWraad
SINR¢ = ——— — ,
2 (wh Hywk
2:: 32::1( @) lga Moy @) Mraqyd
JEQ
(30)
where Pspraqy = him (”hswn(z) is the correlation coefficient of

the desired user k between the source and relay (1), pf,’m) =

(h7Q o Nk hffQ «ya 18 the correlation coefficient for user & from
relay (1) to the destination. g, g, = @syroq SkRsirg, 19
the channel vector from user & to relay Q(1). In (29), SINR,,
denotes the SINR for the combined paths from all users to relay
set €, Wy, 1o, 1s the detector used at the relay (/). When the
RAKE receiver is adopted at the corresponding relay, W, r,
is expressed as

(€29}

Similarly, if the linear MMSE receiver [35] is employed at the
relays, Wy, o, is equal to

Wsrraay = hskm(z) :

—1
_ 2
Worram = (Zhswn(z> eran T O 1> b, o, (32)

hsmm) = aSkTQ(l)skhSkTQ(z) is the effective signature vector
from user k to the relay ©(1). In (30), SINR,, 4 represents the
SINR for the combined paths from relay set €2 to the destina-
tion. The receive filter wf,’m) 4 1s employed by the detector used

at the destination. When the RAKE receiver is adopted at the
destination, w’j 4 1s expressed as
Q1)

k _ hk

WTn(z)d — Yrapd-

(33)
In an analog way, if the linear MMSE receiver is employed at
the relays, wfm) 4 18 equal to

2
TQ(l)d (ZhTQ(l)d ’I”Q(L)d) + o I) h'rQ(l)d (34)

Both RAKE and MMSE receivers are considered here due to
their reasonably low complexity and it should be mentioned
that other detectors [36], [37], [38], [39], [40], [41], [42], [43]
including the ML and MAP [44], [45] detectors can also be
used. Moreover, precoding techniques [46], [47], [48], [49],
[50], [51], [52], [53], [54], [55] could also be considered for the
downlink.

After the computation of receive filters and SINR values, we
sort all user signals according to decreasing SINR values and
choose the relay pair with the highest SINR as given by

SINR; ; = arg

max
Qell1,2,...,L]

{SINRsrgz ) SINRrszd }7 (35)

where SINR; ; denotes the highest SINR associated with the re-
lay ¢ and relay j. After the relay pair (m = 2) with the highest
SINR is selected, the signal is transmitted through the corre-
sponding channels. In this case, two different situations of the
buffer mode need to be considered as follows.
Transmission mode:
If the link combinations associated with the selected relay set
belongs to the relay-destination phase, the buffers are turned to
the transmission mode. A buffer space check needs to be con-
ducted first to ensure the corresponding buffer entries are not
empty, namely:

pbuffer £ o i e [1,2,..., L), (36)
and

pbufter o4 &5 j € [1,2,..., L), (37

where @Euﬂer and ®Pufer denote the buffers equipped at relay 4
and relay j. If the corresponding buffer entries are not empty,
we transmit the NCS according to (10). On the other hand, if
the buffer condition does not satisfy the transmission require-
ments, namely, the buffer entries are empty, the selected relay
pair cannot help to forward the NCS.

In this case, we drop the current relay pair ¢ and j and choose
another relay pair with the second highest SINR as given by

SINR'® = SINR; (38)

SINRyv € max{SINRy,, SINR,,q} \ SINRFY®,  (39)

where SINR,,  denotes the second highest SINR associated
with the updated relay pair v and v. {SINRg.,, SINR,,q} \
SINRPre represents a complementary set, where we drop the
SINRere from the set of SINR links {SINRg,, SINR;,q}.
Consequently, the above process repeats until the buffer con-
dition achieves the transmission requirement.

Reception mode:



If the link combination associated with the highest relay pair
SINR belongs to the source-relay phase, the buffers are switched
to reception mode. Similarly, the buffer is checked to ensure that
the corresponding buffer entries are not full. We then have

buffer L7 e (1,2,..., L], (40)

and

e £ U, je1,2,..., L], (41)
where U represents a full buffer set. If the buffers are not full,
then the sources send the data to the selected relay pair ¢ and j
according to (2). Otherwise, the algorithm reselects a new relay
pair as in (38) and (39). The re-selection process stops when
the buffer entries are not full. The size J of buffers plays an
important role in the system performance. When we increase
the buffer size, better channels can be selected as a relatively
larger candidate pool is generated. Therefore, extra degrees of
freedom in the system are also available.

V. SUM-RATE ANALYSIS

The sum rate is an important parameter to evaluate the sys-
tem performance and it is usually measured according to the
source, channel relay and destination parameters of a given sys-
tem. Thus, in the following, we analyze the sum rate of the pro-
posed buffer-aided cooperative PNC schemes and algorithms,
and derive expressions for them according to the receive filters.

In particular, when XOR is applied at the selected relays, the
sum rate for the corresponding system is given by

1

< . s Isd,rd
> 7N+N(J+1) min {Ip, DF
1

TN+NUJ+1)

R
min { E[log det(c%Ioy + Hs-QHI)),

K m
E[log (1 + ;; SINRE, + lzzl SINR,(, )]

1
TN+ NUJ+1)

K
E[log(l—l-kgl

min { Eflog det(c?lon + Hs-QHI)],

(Wsd, k) Psd,kWsd,k

M=

(Wod, k)7 psd,pWsd,k + 02 (Wea k) T Weq
1
k

IChS
Wl

H
m W ProaydWra oy d
ra)ydl ) (1)
+> > )] h 42)

H
=1 wrsz(z)dWTil(l)d

where the last summation term ) SINR,,,,d denotes the over-
=1

all SINR for all NCS received from the selected relay pair €2 by
the destination. When linear network coding is applied at the
destination, the NCS is the linear combination of the detected
symbols at the output of relay Q(1). Consequently, the SINR for
the corresponding NCS from the €2(1)-th relay to the destination
is given by

K
H 2
k;zl WTQ([)deQ(l)dng(l)WTQ(l)d
SINR 0 = =

- (43)

Tsz(z)dwrﬂ(l)d

The sum rate for the system when linear network coding is em-

ployed at the relays is expressed by
71 min {I5 7, ISd’rd}
N+ N(J+1) =

. 1

T N+NWUJ+1)

R<

min { E[log det(a212N + HSTQHg)]7

K m
E [log (1+ k; SINRY, + ; SINRvnmd)]

1 .
= m min { E[log det(c?lyn + Hs-QHE)],

K
E[log 1+ Z e
k=1 Zl(wsd,k)Hpsd,pwsd,k +02(Woa, i) T Wea ke

P

o

(Wsa, k) E psa, kWod i

K
H 2

m kz_:lwrQ(l)deQ(L)dng(l)w'rQ(l)d
+> - )

=1 c waz(z)dwTﬂ(l)d

44

where the last summation term is the overall SINR for all NCS
transmitted by the selected relay pair 2 to the destination.

VI. SIMULATIONS

In this section, a simulation study of the proposed buffer-
aided PLNC scheme and linear network coding techniques is
carried out. The DS-CDMA network uses randomly generated
spreading codes of length N = 16. The corresponding channel
coefficients are modeled as complex Gaussian random variables.
We assume perfectly known channels at the relays and receivers
and remark that results with channel estimation have the same
performance hierarchy. We consider K = 6 users, L = 6 relays,
equal power allocation and packets with 1000 BPSK symbols in
the transmissions. For PLNC techniques, we first compare the
XOR against linear network coding schemes using different de-
signs of the matrix G with and without buffers (J = 4) in Fig. 2.
The results show that the use of buffers can provide a significant
gain in performance and that linear network coding techniques
outperform XOR-based approaches.

BER

10+

—B— standard DF
—&— PLNC with XOR
—O— Buffer-aided PLNC with XOR
—A—PLNCWithG_
_B_ Buffer-aided PLNC with G’a"dum
-3 T T L
0 5 10 15 20 25
SNR (dB)

10

Fig. 2. Performance of linear network coding techniques with and without
buffers using BPSK modulation.

The BER performance of buffer-aided (J = 4) PLNC
schemes with the proposed and existing linear network coding
techniques is shown in Fig. 3. The results show that the intro-
duction of GMMSE provides the best performance, followed by
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Fig. 3. Performance of linear network coding techniques with and without
buffers using BPSK modulation.

the introduction of GMY and G™"4°™  In particular, the adop-

tion of GMSE results in a gain of up to 1.5dB in SNR over
GM™ and up to 3 dB in SNR as compared to G™2°™ for the
same BER performance. The results also demonstrate that with
the use of buffers the overall system performance significantly
improves, achieving a gain of up to 5 dB in terms of SNR for
the same BER performance as compared to the system without
buffers even though the diversity order is the same.

Finally, we compare the sum-rate performance versus SNR of
the proposed techniques as shown by Fig. 4. The simulation re-
sults demonstrate that the PLNC design with GMMSE provides
the highest sum rate under the same level of input SNR, fol-
lowed by the PLNC with GM", the PLNC with G®*"d°™ and
the cooperative network coding design with XOR mapping ap-
plied.

10 T T T

>

i
5]
o
T

Sum rate (b/s/Hz)

.
Ow

—O— Buffer-aided PLNC with XOR
—p>— Buffer-aided PLNC with G
random
—sk— Buffer-aided PLNC with Gy
—&— Buffer-aided PLNC with G
n

;
0 5 10 15 20 25
SNR (dB)

MMSE

Fig. 4. Sum rate versus SNR for different network coding techniques.

VII. CONCLUSIONS

We have presented a buffer-aided PLNC scheme and devised
novel ML and MMSE linear network coding algorithms for co-
operative DS-CDMA systems with different relay pair selection
techniques. Simulation results show that the BER and sum-rate
performances of the proposed scheme and algorithms are signif-
icant better than those of previously reported techniques.
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