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ABSTRACT In this work, we consider a selective Detect-and-Forward (a symbol based decode-and-forward)
(DetF) multi-relay two-way network employing differential MPSK with regularized Weighted Decision
Feedback Differential Coherent (WDFDC) receivers. Regularized WDFDC receivers based on a regularized
linear predictor (RLP) were proposed for one-way relay networks where it was shown to mitigate the
performance loss due to decision feedback error propagation and intermittent transmission between relay
nodes and the destination.This paper introduces regularized WDFDC receivers for two way selective DetF
relay networks, employing various protocols with and without network coding, and using multiple relays.
For each protocol, an optimal destination threshold is derived to decide if a relay transmits or remains
silent. Furthermore, analytical performance bounds, providing insights to the effects that cause degradation,
are also derived. Extensive simulation results demonstrate that the use of network coding achieves higher
bandwidth efficiency, but suffers an error rate performance loss. Diversity gains can be achieved when the
number of relays increases. However, repeated transmissions from the same relay do not yield extra diversity
gains.

INDEX TERMS Cooperative communication, relaying systems, differential detection, noncoherent
detection, differential modulation.

I. INTRODUCTION be classified into three main categories. With a traditional

Interest in cooperative communications and relay networks
has increased dramatically over recent years since such
systems provide diversity advantages with relatively low
complexity [1], [2], [3], [4], [5], [6], [7], [8], [9], [10],
[11]. The Two-Way Relay Network (TWRN), where two
terminals exchange information with the assistance of a
relay, has received much attention in the literature [5],
[6], [7], [9], [11] since it achieves higher transmission
efficiency and network throughput than in One-Way Relay
Network (OWRN) [12]. In particular biderectional relaying
has been found of interest to 6G systems [1] and IoT
applications [2]. Based on the number of phases required
for the bidirectional data exchange, TWRN schemes can
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transmission scheduling scheme, the data exchange requires
four phases, which is essentially OWRN applied in each of
the two directions [13]. With such a scheme the spectrum
is not used efficiently. Exploiting the broadcast nature of a
wireless channel, the three phases protocol improves spectral
efficiency by employing network coding [14]. With such
a scheme a relay needs only one phase to broadcast the
network-coded signal to both destinations. In [15], a three
phases protocol was proposed also for Decode-and Forward
(DF) relaying in multi-hop wireless networks, where the
bitwise XOR operation is performed at the relay. In [16],
optimal and suboptimal non-coherent detectors are proposed
for three phases Amplify and Forward (AF) TWRN over
fast Rayleigh fading channels. The spectral efficiency can be
further improved by reducing the total transmissions to two
phases, where both terminals transmit simultaneously to the
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relay in the first phase and the relay broadcasts in the second
phase. However, since all nodes work in half-duplex mode,
the two terminals cannot listen to each other in the first phase
and therefore the direct link transmission cannot be easily
exploited. It has been shown that the end-to-end performance
of a relay network depends significantly on the detection
reliability at relay nodes [17]. With imperfect detection, the
diversity gain degrades because of error propagation. In [18],
[19], and [20], selective DF is used for OWRN where the
relay forwards only correctly decoded symbols, and remains
silent otherwise. In [21], selective DF relaying is extended to
TWRN using a three phases protocol.

In a TWRN system it is difficult for terminals and
relay nodes to estimate the channel accurately, especially in
fast fading environments. Hence, differential modulation is
preferred since no CSI is needed with differential coherent
detection. The Decision-Feedback Differential Coherent
(DFDC) detector [22] constitutes a low complexity better
performing technique exploiting feedback from previously
decoded symbols that was originally introduced for AWGN
channels and extended to fading channels in [23] and [24].
The DFDC receiver was also considered for differential
quadrature amplitude modulation (DQAM) in [25]. Iterative
techniques based on DFDC detection were applied in [26]
to massive MIMO systems. Furthermore, the DFDC receiver
has been considered also for cooperative communication
systems. In [27], a DFDC detector was considered for
a TWRN system employing a single-relay AF protocol.
Weighted-DFDC (WDFDC) receivers were considered for
selective DF one-way multi-relay networks in [20], and
shown that over fast fading channels they provide significant
performance gains. In [28] low complexity regularized
WDEFDC receivers based on a regularized linear predictor
(RLP) were considered for the relay-destination channel in
OWRN. It was shown that the effect of decision feedback
error propagation and intermittent transmissions are reduced
and the performance of OWRN is significantly improved.

This paper considers a symbol based selective DF
technique termed Detect-and-Forward (DetF) bi-directional
multi-relay TWRN system. This scheme uses the novel
regularized WDFDC receivers of [28] and SNR-dependent
thresholds at the destination. Various transmission protocols
consisting of multiple relays with and without network cod-
ing are considered. For each protocol, an optimum threshold
for a likelihood ratio test that maximizes (Py — Py) is derived
and applied at both destinations. Furthermore, analytical
performance bounds are derived for each protocol. In [29,
App. B], the error probability of multichannel binary signals
is derived assuming independent channels. In this paper,
we extend the analysis to correlated channels, which corre-
sponds to protocols where the destination receives multiple
signals from the same relay in one time slot. Extensive simu-
lation results over fast fading channels are provided to illus-
trate the system performance. The main contributions of this
paper are:
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1) The introduction of a novel approach employing
WDEFDC receivers in two way DetF relay systems with
differential encoding and hence not requiring channel state
information for demodulation.

2) Consideration and comparison of seven relaying proto-
cols for the above system, with and without network coding.

3) Performance analysis through various novel analytical
bounds to probability of error, as well as extensive computer
simulations.

The rest of this paper is organized as follows. Selective
DetF multi-relay TWRN systems with various protocols and
regularized WDFDC receivers are introduced in section II.
Analytical performance bounds are derived in section III.
Performance simulation results for all protocols are presented
in section I'V and the conclusions are drawn in section V. The
appendix provides derivation details for the threshold of the
likelihood ratio test employed in this system.

————————————————————————————————

Relay N

N+1
Channels
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FIGURE 1. System descriptions of the multi-relay TWRN.

Il. DETECT-AND-FORWARD TWO-WAY MULTIPLE
RELAYING WITH WDFDC RECEIVERS

A. GENERALIZED SYSTEM MODEL

Consider a wireless network consisting of N relay nodes
R;,i = 1,2,...,N and two terminal nodes A and B with
direct links between them, as shown in Fig. 1. The two
terminal nodes exchange information with the assistance
of bidirectional relays. Differential QPSK modulation and
WDEFDC receivers are assumed at all nodes. In our system,
a generalized TWRN model is considered using selective
DetF relaying protocols. Each node has only one antenna and
it works in half-duplex mode. Ideal relays are assumed in the
sense that each relay knows if its decoded symbol is correct or
not. The implication of this assumption and practical methods
to approach such condition are considered in [28] with more
details in [30]. At each destination node SNR-dependent
thresholds & are employed to allow only the signal from
the relay that transmits to be combined with the one from
the source. Furthermore, all channels are assumed reciprocal
as in [27], [31], and [32]. Denote the channel coefficient
from node / to node j as fjlk], [,j € {A,B,R;}. Then
fijlk], fj[k] are samples from the same fading process fj; ji[-].
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TABLE 1. Different protocols of the generalized TWRN system.

Protocols ~ Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 [ Relay Type
Number of phases =3
Pl A — B — R — R:
B,R AR A,B Type C
Number of phases = 4
P A — B — Ri1 — Ry — j R1,R3:
B,Rl,Rz A,Rl,RQ A,B A,B Type C
P3 A — B — Rl — Rz — _ Rl,Rzi
B,R1,R> A,R1,R> B A Type B
P4 A — B — R — R — j R:
B,R AR A,B A,B Type C
Ps A — B — R — R — ] R:
B,R AR B A Type A
Number of phases = 5
P6 A — B — Ry — Ry — Rz — Ri1,R2,R3:
B,R1,R2,R3 A,R1,R2,R3 A,B A,B A,B Type C
P7 A — B — R — R — R — R:
B,R AR A,B A,B A,B Type C

We further assume that all channels experience frequency
non-selective time varying Rayleigh fading following the
Jakes model [33]. Equal power allocation is assumed so that
Py = Pgp = Pg, = --- = Pgy, = P/(N + 2), where P is the
total transmitted power in the system.

With the generalized TWRN model, the overall transmis-
sion is completed during at least N 42 phases. In the first two
phases, each source broadcasts its own signal to relay nodes
and the other terminal. As an example consider terminal A.
During the first phase, it broadcasts the differentially encoded
symbol by[k] to relays R;, i = 1,2,..., N and terminal B.
The corresponding received samples are

yaplk] 2 /Pafaplklbalk] + naplk)

yar: (k] 2 /Pafar, [k1balk] + nag,[k] (1)

where bs[k] = aalk]lbalk — 1] and k is the index of symbol
transmission time, which is the total number of phases needed
to complete information exchange of two symbols, one for
each direction. Then relay R; performs WDFDC detection
and decodes the symbol d4g,[k] where

dar,[k] = arg max {Re{aa, [K1gx K1)
AAR

AR, TK] = yar; (K194, [K] (2)

and the estimated reference of the WDFDC relay receiver R;
from terminal A is [28]

L v—1

Var;[k] = ZPVAR[- H aar, Tk — wlyar Tk — v1.

v=1 n=1
At each relay node, only a correctly decoded symbol is
differentially encoded and forwarded to the destinations.
Ideal relays are assumed where each relay knows if its
decoded symbol is correct or not. Let as[k] = elfalk]
and aglk] = e8] where 04lk] and Op[k] are phases
of each information symbol. We consider three types of
relays.

143214

Type A: relay R; serves two destinations in two phases
without network coding.

1. In the first relay phase, the relay decodes the
information symbol from source A. If the decoded
symbol is correct, i.e. dag,[k] = aalk], then aq[k]
is differential encoded and transmitted to terminal B.
Otherwise the relay remains silent. The encoded symbol
and the received sample at destination B is

br;glk] = aalklbg,plk — m;p] 3)
VPrfwslk1bR 51K + ng,slk],
yr;Blk] = if aalk] = aalk] 4)

ng;glk], otherwise

where k — m;p is the last time instant when a symbol
was forwarded to terminal B.

2. In the second relay phase, the relay decodes the
symbol from source B. Similarly to step 1, if the
decoded symbol is correct, then aplk] is differential
encoded and transmitted to terminal A. Otherwise the
relay remains silent. The encoded symbol and the
received sample at destination A are

brialk] = aplklbg.alk — mjal (5)
VPRI ATKIbRATK] + nRalK],
YRalk] = if aplk] = aplk] (6)

ngalk], otherwise

where k — m;4 is the last time when a symbol was
forwarded to terminal A.

Type B: the relay R; serves only one destination in one
phase without network coding.

If R; serves destination B, it decodes the information
symbol from source A and follows (3) and (4). If R;
serves destination A, it decodes the information symbol
from source B and follows (5) and (6).
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Type C: the relay R; serves two destinations in one
phase with network coding.
1. The relay decodes both information symbols from
sources A and B.
2. If both decoded symbols are correct, i.e. asg;[k] =
aalk] and apglk]l] = aglkl, the relay performs
network coding by forming a modulo-27 sum of the
two symbol phases. Since the relay R; transmits only
if both decoded symbols are correct, we denote the
transmission time of previously transmitted symbol as
k — m; with m; > 1, which is also the last time that the
relay correctly decoded both symbols. The differentially
encoded symbol at relay R; is

b;[k] = ag,[k1bg,[k — m;]

ag.lk] = /O [K]

Or;[k] = Oalk] @ Op[k] = (Oalk] + Op[kD2.  (7)

Denote the phase of the encoded symbol bg,[k] as
@R;[k], then

or;[k] = O, (k] ® @r,[k — m;]. ®)

Then the relay broadcasts bg,[k] to nodes A and B and
stores bg,[k] for subsequent encoding.

If either one of the decoded symbols is incorrect, the
relay remains silent during its phase.

3. The sampled received signals from R; at both
terminals are

v PrIgalklbr, k] + ngalk],
if aag;[k] = aalk] and
Yralk] = R
apr;[k] = aplk]
| nr,alk], otherwise
[ \/Prfr:slk1bR,[k] + nglk].
] if aag,[k] = aalk] and
YRBIK| = A
apr;lk] = aplk]
ng,plk], otherwise

These relays have different capabilities. A Type A relay can
serve two users in two phases where in each phase it operates
similarly to an OWRN system. A type B relay can serve only
one user as in OWRN. Type C relays have the capabilities of
Type A relays with the addition of being able to implement
network coding, and hence requiring only one phase to serve
two users. While in general network coding may add delay
and synchronization requirements, in our work we employ a
very simple form of network coding (XOR combining) and
hence these issues are not significant.

At destination nodes, SNR-dependent thresholds & are
employed. If the magnitude of the received signal is above
the threshold, the signal from the relay is combined with
the one received over the direct link. First, we discuss the
transmission without network coding, which corresponds to
Type A and Type B relays. Take terminal A as an example.
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We denote the number of signal samples received at
destination A from relay nodes as N4 and each signal sample
is denoted by yg,alk], where i = 1,2,..., Na. Assuming
equal gain combining we have

Na
RV K] = $palklysalk] + D Le[lyralk1 155,41k Iyra k]
i=1
©)
L if ygalk]] > &

I Alk]]] =
elralkIl] 0, otherwise.

and ypalk], yr,alk] are the estimated references for channels
BA and R;A. With WDFDC receivers we have [28]

v—1

Spalk] = Zpum [ ] astk — wlygatk — vl
n=1
L v—1

Sralkl =" pugs [ | aslk — ulygalk — vl
v=1 n=1

where p,,, and p,,, are the coefficients of the WDPDC
receivers in the direct and relay to destination links as detailed
in the next subsection. Next, we consider transmission with
network coding, as performed by Type C relay. From (8),
we can see that the information content in the phase of
y;*;l_ Alklyr,alk]is (7). Then, in order to decode 6g[k], terminal
A needs to remove its own symbol with phase 64[k].
Therefore, )A’}ke,- alklyralklai[k] is the contribution to the
combined signal and (9) becomes

Ny

Rl k1=K Iypalk]+ > Le[lyralk] 155,41k Iyra LKl [K]
i=1

After signal combing, the information symbol from B is
demodulated for all relay types by using

aplk] = arg gl%{Re{aB[kkg,?F [k1)*}}.

ARRA | A-R
link i ; i
BR,RB | ' B-»R ' R—B
link i | |
ABBA| ASB 1 BoA
link

FIGURE 2. Transmission diagram of P1.

The use of different relay types results in different
transmission protocols. These protocols are categorized by
the number of phases that the system needs to complete a
transmission round, and are summarized in Table 1. With the
generalized TWRN model, the minimum number of required
phases is three. This protocol, denoted as P1, has been studied
n [15], [32], and [34]. As shown in Fig. 2, during the first
two phases, each terminal broadcast its own symbol to the
other nodes, and a Type C relay forwards the network coded
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FIGURE 3. Transmission diagram of P2.
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FIGURE 4. Transmission diagram of P3.
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FIGURE 5. Transmission diagram of P4.
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FIGURE 6. Transmission diagram of P5.
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FIGURE 7. Transmission diagram of P6.
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FIGURE 8. Transmission diagram of P7.

message to both destinations in the third phase. The first
two phases are the same for all protocols and hence our
discussion concerns only the difference between the protocols
in subsequent phases. In Table 1, P1 is extended to a two
Type C relays protocol which is denoted as P2. As we can
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see from Fig. 3, each relay in P2 consumes one phase to
broadcast its network coded message to both destinations in
the third and fourth phases. When the total number of phases
increases to four, there are four possible protocols in Table 1.
Although both P2 and P3 uses two relays, network coding is
not used in P3 and each relay serves only one destination in
one phase, as shown in Fig. 4. Moreover it is also possible to
use one relay when the overall transmission consists of four
phases. In P4, one Type C relay transmits twice using third
and fourth phases when both decoded symbols are correct,
as shown in Fig. 5. In P5, one Type A relay is used to forward
each decoded symbol to its destination in two phases without
network coding. This protocol is similar to P3, but only one
relay is used in P5, as shown in Fig. 6. In fact, P5 is equivalent
to OWRN in two directions and similar protocols have been
studied in [15] and [34]. Furthermore, we also consider P6,
where P2 is further extended to include three Type C relays.
As shown in Fig. 7, each relay consumes one phase to forward
network coded message to both destinations and thus five
phases are needed to complete the overall transmission for
P6. With the same bandwidth efficiency, P4 is also extended
to allow one relay broadcasts three times to both destinations,
which is denoted as P7 in Fig. 8. Comparing these seven
bidirectional DetF protocols when WDFDC receivers are
used is one important issue in this work.

Next, we derive an analytical method for threshold
setting at destinations. Following [20], the threshold detector
operation can be formulated as a binary hypothesis testing
problem

Hi : Y is zero mean CSCG with variance Pgr + Ny
Hy : Y is zero mean CSCG with variance Ny

where Y is a received signal sample at destination from the
relay, and hypothesis H1 corresponds to the relay being active,

H;
while Hj to the relay being silent. Then the test |y[k]| = &
H

is equivalent to a likelihood ratio test, and the threshol((i &
can be derived such that (P; — Pr) is maximized, where Py
is the corresponding probability of detection and Py is the
probability of false alarm. In the Appendix, we extend this
approach to a general setting where multiple signal samples
are observed at the destination. For P4 and P7, since the same
relay transmits multiple times consecutively in one time slot,
the received signal samples at destination are correlated. The
decision rule is given by (68) showing that the test statistic
for a relay is a quadratic form in the received signal samples
and the threshold is given by (69). For other protocols, since
all the samples received at the destination from different
relays are independent, each WDFDC receiver compares the
magnitude of its received sample to the threshold in (71) and
makes a decision according to (70).

B. REGULARIZED WDFDC RECEIVERS
In [28], regularized WDFDC receivers have been considered
for relay-destination channels in OWRN. It has been shown
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that such receiver significantly reduces the effects of feedback
decision error propagation and intermittent transmissions,
resulting in substantial improvement over the non-regularized
WDFDC receiver. In this paper, we consider a TWRN system
employing regularized WDFDC receivers over R;A and R;B
channels, and non-regularized WDFDC receivers over AB,
BA, AR; and BR; channels.

According to [24], for a non-regularized WDFDC receiver,
the feedback coefficients p,,,1 1 < v < L, are obtained by
minimizing the mean-square error (MSE)

O = E { k1 — alklstk1|*}
L

clk] = D" puclk — v]

v=1

2

=E (10)

where c[k] £ VP Pf[k] + nlk]/blk]. The coefficients p, can
be obtained by solving the Yule-Walker equations

Pep* =@ Y

where p L pip2 - pll, 0 = [R[-1] R[-2] ---
R.[—L])T and the autocorrelation matrix (ACM) of c[-] is
defined as:
R.[0] R [1] R.[L —1]
RY[1] R.[0] R[L —2]
c = . . .
RI[L —1] RIL—2] R [0]

where R.[A] & E{clklc*[k — 1]} = PRy[A] + Nod[A].
Here, Ry[A] is the autocorrelation function (ACF) of the
fading process f[-], and §[-] is the discrete delta function.
For Rayleigh fading following the Jake’s model, we have
Re[A] = JoQQr BrT ).

It has been shown in [28] that a mismatch exists
between the calculated feedback coefficients and the actual
coefficients due to decision feedback errors in the WDFDC
receiver. Therefore, to reduce such mismatch, regularized
receivers were proposed that include a penalty function R =
p’ Xp* to the MSE of (lO) resulting in the new cost criterion
Cr = 02, + R = 02, + p’ Xp* where X = diag(SNR% —

,SNRZ — 1) is a L x L diagonal matrix. For TWRN,
SNRR = (P/(N + 2))/No and o is a parameter which
determines the influence of SNRg on the penalty function.
Then the feedback coefficients of a regularized WDFDC
receiver are obtained by solving

(P +X)p" = @ 12)

When o« = 0, the penalty function is zero and (12) is
equivalent to (11). In [28], based on simulation results, the
parameter « is fitted to a logistic function and calculated by
O = gy Where py = 0.119878295501326,

p3 = 47 802208775435666 and SNRR.4p is the SNR at the

relay. For TWRN, SNRg 45 = 101log;o((P/(N + 2))/No).

Un this section, we omit subscripts for simplicity.
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IIl. ANALYTICAL PERFORMANCE BOUNDS

In this section, we derive an analytical BER Ideal Lower
Bound (ILB) and Ideal Tighter Lower Bound (ITLB) for
different protocols of a generalized TWRN system, shown in
Table 1. From the simulation results presented in section IV,
we observe that for all protocols, the performance of terminal
A and B is almost the same. Also, as shown in Fig. 2 to
Fig. 8, for each protocol all channels experience the same
Doppler frequency and the transmissions in both directions
are symmetrical. Therefore, the analytical results of terminal
A are the same as those for terminal B and hence only the
derivation for terminal A is presented. The number of relays
in the network is denoted by N and the size of the WDFDC
receiver memory is denoted by L. For ILB and ITLB genie
WDFDC receivers that do not include decision feedback
errors are assumed. The ILB further assumes that the relay
does not make detection errors and it transmits the correctly
detected symbols continuously, while the ITLB assumes the
relay could make detection errors. The ITLB also assumes
that adjacent detection errors at the relay are spaced more than
L symbols. With this assumption, the content of the memory
of the WDFDC receiver at the destination will be loaded with
consecutive symbols and the calculated optimum feedback
coefficients p, can be used.

A. ILB AND ITLB FOR P3 AND P5

As shown in Table 1, both P3 and P5 consume four phases
to complete a transmission cycle and no network coding is
employed. The relay forwards the signal to a terminal only
if it successfully detects the symbol from the other terminal.
First, we consider a general case where the transmission
from terminal B to A is assisted by N relays. Since the ILB
assumes a relay transmits continuously, during each time slot
the destination receives N + 1 samples. A sample from the
m-th channel is

Yilk] = /Pofunl k1ol ] + npnlk],

which corresponds to BA, RjA,...,RyA channels, and
the differentially encoded information symbol is given by
bulk]l = aglk]lbu[k — 1]. The combined decision variable
is

me{0,1,...,N}

N
ghl Ikl =D ymlkIp k]

m=0

where y,,[k] is the reference signal calculated by the WDFDC
receiver for the m-th channel. Assuming no decision feedback
errors, i.e. aglk — ] = aglk — 1], then

L v—1
=>"pu, [ [ aslk = wlymlk — v].
v=1 n=1

{e]'(nu/2+n/4)|v e
= /4, Then the

We assume QPSK symbols ag[] € Ay =
{0, 1, 2, 3}} and the source transmits ap[k]

143217



IEEE Access

J. Zhang, H. Leib: Bidirectional Selective DetF Multi-Relay Systems With Regularized WDFDC Receivers

BER is given by [28]

0

Py = Pr{Re{glF[k]} < 0} = Pr{D < 0} = / p(D)dD

__ L [, (13)

27j —joo—e %
Z(ym[k]

D = gRF k] + ghF k] = (k] 4 Y, [k 19mlk])

(14)

where ¢p(z) is the characteristic function of D. In fact, D
can be expressed as a Hermitian quadratic form D £ v# Qv
in Circular-Symmetric Complex Gaussian (CSCG) random
variables where v of size 2(V + 1) and Q of size 2(N + 1) x
2(N + 1) are given by

v =[yolk] Jolk]l yilk] 31[k] yn[K] 9N[k]]T

(15)

Q =diag(M,--- ,M) where M= |:O 1i| . (16)

1 0

Since E{f,;[k]} = 0 we have

E{ynlk]} = E{V/Pufulklbulk] + npulk]}
= VPuE{fulkYE{bulk]} + E{nnlkl} =0 (17)

L v—1

E@ulkl) = E{D_py, [ alk — wlymlk — v1)

v=1 n=1

L v—1
= > pu, [ | alk = WIE@mlk — v} =0 (18)
v=1 n=1

and also E[v] = 0. Then the covariance matrix L is
given by L = E{(v — ¥)(v — W} = E{vw!}. Since
the N 4 1 channels are assumed independent, we have
E{ymlklyalk]*} = E{)A’m[k]yn[k]*} = E{ym[k]&n[k]*} =
0 where m,n € {0, 1, ..., N} and m # n. Hence

L = diag(Cy, - - - , Cy) (19)
c. a [E{ym[k]ym[k]*} E{ym[k]ym[k]*}}
" EQmlklym k1) E{mlk]ymk]*)
|:/L:<nxy /Lm}’)’il ( )

where

L
Hmxx = Pm + No,  Umxy = elﬂ/4Pm Zptme'[V] (21)

v=1

L L L
My =P D > pu Pl Rl = v1+No D Ipy,, > (22)
v=1 pu=1 v=1
with P,, = P/(N + 2) for TWRN and P denotes the total
power allocated in the network.

143218

From [35], the characteristic function of D is
W2

= 23
¢D() lj[1 — (23)
where A, are the eigenvalues of LQ. From (16) and (19),
we have LQ = diag(CoM, ---, CyM) showing that the
eigenvalues of LQ are the eigenvalues of C,,M, m €
{0, 1, ..., N}. Denote the two eigenvalues of C,,M by Ay,

Aom- Solving det(AI — C,,,M) = 0, we have

1
Am = E [(mey + M;knxy)

— \/(mey + ,U«;;lxy)z + AW myy — |mey|2):|
(24)

1
Aom = z I:(mey + M:;ny)

+ \/(mey + Mﬁuy)z + 4(//mex/1vmyy - |mev|2)]
(25)

From Cauchy-Schwarz inequality, we have fpxxfbmyy >
|,umxy|2, hence A1, < O0and Ay, > 0. Based on (24) and (25),
the characteristic function in (23) becomes

N 1

¢p() =[] = (26)
m=0

Z)Mlm)(l - Z)LZm)
and the BER in (13) can be expressed as

1 127 ¢p(2)

Py, =—— dz
27 ) joo—e 2
| i XN apiagl
- —dz (@)
27 J—joo—e 120 2z — A (@ — Agn)

For a TWRN with regularized WDFDC receivers, the
coefficients calculated from (12) are used for R/A, i €
{1,2,...,N} channels and the ones for BA channel are
calculated from (11). Therefore, Cg and C;, i > 0 in (19) are
different, resulting in LQ having 4 eigenvalues, 115 < 0 and
Mg > Owithorder 1 and A1z < 0 and Apg > O with order N.
Hence, (26) becomes

1

(1 = zh15)(1 — z2228)(1 — 2RV (1 — ZAop)N
(28)

¢p(2) =

and the BER in (27) becomes
—1,—14—N,—N
AisAos Mg Mg

P, =—
b 27j

joo—e 1
X/ 1 1 Ty Ty %
—joo—e 2T — Ajg Nz — Ay Nz — AR )V (2 — Ayg)

(29)
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As in [28], using contour integration, the ILB of TWRN with
P3 and P5 becomes
1

Py, =
(1 +vasi)(1 + vigis)V (1 + varis)Y
N 1
(1 +visir)(1 +vasiR)(1 + vagir)V
N +ky— 1 1 ky
<E X3 () )
k2 >0 k3>0 kg >0
ky+k3+ks<N—1
1 k3 1 k2
x( ) ( ) (30)
1+ 1/vasir 1+ 1/visir
with
Vasis = s VisIR = _s VIRlS = _ IR
Ais’ MR Ais’
VasIR = s VaRlS = 2ok VIRIR = 2ok
MR his’ AR

For ITLB, since each relay only forwards the correctly
decoded symbol, not all relays are active at each time instant.
Hence, we denote by n, the number of active relays. Then the
BER at the destination can be expressed as

N
Py =" Ppjn,Pa(na) (31)
nqa=0
where P,(n,) is the probability that the number of active

relays is ng,

N .
Pa(ng) = (n )(1 — Pp.sp)" Pl p° (32)

and Py sg = 1/(1 + vas1s) is the BER of a single link non-
regularized WDFDC receiver at the relay. Then (32) becomes

N vasis ) 1
ran = () (12355
e ng) \1+vasis) (14 vasigN—"a

o N . -
= (U +vasis \ng) 518°

The term Ppj,, in (31) is the conditional BER at the
destination when the number of active relays is n,, which
is essentially (30) replacing N by n,. Overall, from (30)
and (33), (31) becomes

1
Pp=
(I +vas1s)V
1
2|
= L+ v2s515)(1 + vigis)"a(1 + varis)™

1
_l’_
(I +vis1rR)(d +vos1rR)(1 + vaRiR)"

IS () )

1/v
ky>0 k3 >0 ks >0 ka /VariR
ko+k3+ks<ng—1
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8 ( 1 )ks( 1 )k2:|(N) e
v
I+ 1/vasir I+ 1/visir ng) 1S
(34)

For P3, the system consists of two relays and thus P, =
P/4 isused in (21) and (22). Compared to P3, only one relay
is considered in P5 and thus we have P,, = P/3. For both
P3 and P5, the ILB and ITLB are (30) and (34) with N = 1,
since with P3, while having two relays, only one is used to
service a terminal, and P5 employs only one relay.

B. ILB AND ITLB FOR P1, P2 AND P6

Unlike P3 and P35, all relay nodes in P1, P2 and P6 employ
network coding. The network coded symbol is forwarded
to both terminals only if both symbols from A and B are
detected correctly. For ILB, we follow the derivation in sub-
section ITI-A and assume ag[k] = ¢™/4. Then the differential
encoded symbol received at terminal A can be expressed as

m=0
m=1,2,...,N

N} corresponds to BA, R1A, ..., RyA

b ] = [ aglklbmlk — 11, a5)

aclklbmlk — 1],

where m € {0, 1, ...,
channels and

aclk] £ aalklaglk] (36)

is the network coded symbol. At destination A, the signal is
combined as

N
i Ikl = yolKIS5IK] + D ymlk1S5[Klai k] (37)

m=1
where y,,[k] and j}m[k] are
vam H aplk — ulymlk — vl
N m=0
k=1 , (39)
> pu, [ ] actk = wlymlk — v,
v=1 n=1
| m=1,2,...,N
and P, = P/(N + 2). Then D of (14) becomes

D 2 gRF k] + gBF*[k]
= yo[k]yo[kl + yi[k150lk]

+ Z(ym[k Vnlklai (k] + vy, [k mlk]aalk]).

We see that D can be expressed as the quadratic form D =
v Qv,with v defined as

v=[yolkl Folkl yilkl 3ilklaalk]
ikl Swiklaalk]]"

143219



IEEE Access

J. Zhang, H. Leib: Bidirectional Selective DetF Multi-Relay Systems With Regularized WDFDC Receivers

and Q the same as in (16). From (17) and (18), we have
E{ym[k]} = E{Jo[k]} = 0. Form # 0,

E{Smlklaalkl}
L v—1
=E_py, [ | actk — ulymlk — vialk1}
v=1 n=1
L v—1
= > pu,E] ] aclk — plalkBE{ynlk — v]} =0 (40)
v=1 n=1

and E[v] = 0. Since the N + 1 channels are independent, the
structure of the covariance matrix L in (19) is maintained and
Cy is the same as in (20). However, form =1,2,..., N,

C = |: E{ymlk] ym [k1} E{ym[k]j’:z[k]aj[k]}}
" | E{Ymlk]aalklyy,[k1} E{Ymlk]13;, [k}

2 [“’73* : ””@’] (41)

M mxy Homyy

where iy, and pyyy are the same as in (20). From (35), (36),
(38) and (39), we have

L
= aglkIPw Y py, RelV]

v=1

My = E{ymlK19}, [k1a4 [k1}

L
=74p, z Pl Relvl. (42)

v=1
which is same as pu,y in (21). Therefore, for all m €
{0,1,...,N}, Cn' is identical to Cp, of (20) and hence a
TWRN employing network coding has the same covariance
L as without network coding. Then eigenvalues of LQ are
essentially (24) and (25). Thus, the ILB of TWRN with P1, P2
and P6 are (30) with N = 1, N = 2 and N = 3 respectively.
Next, we consider the ITLB of (31). For P1, P2 and P6,
since network coding is employed, a relay transmitts only if
it decodes both symbols correctly. Therefore, P,(n,) of (32)

becomes

N
Pu(ng) = (n )((1 — Ppsp)?)" (1 — (1 — Py gp)*)N "a

43)
where Py sg = 1/(1 4 vas15), and then we have
P(n,) = (N)( V2s1S )Zna( 1+ 2vos1s )N_n”
e na) \1+vasis (1 + vasis)?
1+ 2va515)Y (N) Vggals (44)
(14 vas15)?N (1 4+ 2vps515)

Since the ILB of a TWRN with P1, P2 and P6 is (30), the Py,
in (31) is (30), with N replaced by n,. Then from (30), (31)
and (44), the BER at the destination is

_a +2vzs1s)N z ( ) "%{is
T (I +vasis)?N (I + 2vag15)"a
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1
X
|:(1 + vas15)(1 + vigis)"a(1 + vagis)'e
1

+
(I +vis1r)( + vasir)(1 4 vogiR)ta

I3 () )

202030 ks 1/vaRir
ko+kz+ka<ng—1
1 k} 1 kz
«( ) ( ) @)
1+ 1/vas1R 1+ 1/visir

and the ITLB of a TWRN with P1, P2 and P6 is (45) with
N =1,N =2 and N = 3 respectively.

C. ILB AND ITLB FOR P4 AND P7

As shown in Table 1, Type C relays are used with protocols
P4 and P7 where network coding is employed. Compared to
protocols P2 and P6 where the system consists of multiple
relays and each relay transmits once over independent chan-
nels, in P4 and P7, the same relay transmits multiple times
resulting in correlated samples received at the destination.
We denote by N, the number of phases that the same relay
transmits consecutively. Hence we have N, = 2 for P4 and
N, = 3 for P7. The total number of phases in one time slot is
N, +2 and the time slot is indexed by k. We index the received
signal at phase i over the RD channel by m = 1 as yi[k, ],
ie{l,2,...,N,},and the corresponding estimated reference
signal of WDFDC receiver is denoted as y;[k, i]. Therefore

we have
k,i] = ffl

[k.i] = va H aclk — plyilk — v, ]
v=1 n=1

where P = P/3, bi[k] is given in (35) and ac[k] in (36).
Also, the same coefficients p,,, | < v < L are used for all N,
transmissions. Then the combined signal at A is

l]bl k] + nilk, i]

N,

2 Ik] = yolkI95Tk] + D yilk, 1551k, ila}[k]
i=1

where yo[k] is the received signal over channel BA of (38) and
Yolk] is the corresponding estimated reference signal of (39)
with m = 0. Then D of (14) becomes

D £ gBF k] + gBF* k] = yolkI9§[k] + y§[k150lk]

Ny
+ D 01lKIFTIk, ilai[k] + yiTkI9 [k, ilaalk]).

and the corresponding v in the quadratic form D £ v/ Qv
becomes

v=[yolk] Folkl yilk,11 $ilk, llaalk]
-yilk, NeT - $ilk, Nolaalk]]”

where Q is the same as in (16). From (17), (18) and (40),
we have E[v] = 0. Furthermore, since N, transmissions
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over the RA channel are correlated, the covariance matrix
L =E{w!}is

[Co 0
L=1o CR] ’

[Diy Dz -+ Dy, |

Dy, Dy -+ Doy,
Cr = . ) )

| Dy,1 Dn,2 Dy, n,

Dy DZ . Dg | 7]
Dy Dy -+ Dy,

= . ) . ) (46)
| Dy,1 Dn,2 Dy, N, |

where the covariance Cy is defined in (20) with m = 0. The
covariance matrix Cg corresponds to the N, samples from the
relay and Dj; is

- [ Epnlk, ik} Efnlk, im‘[k,ﬂ%’i[k]}}
5= EBulk, ilaalklytik, j1} E{31lk, 371k, j1}
2 |:M1xixj ,lexiyy':|. 47

Hiyixj  Mlyiyj
where

sy = E{vilk, ilyilk, jI} = E{(/Pifilk, i1b1[k]
+ milk, i)/ P T, jIBTTK] + nTk, 1)}
= PLEULK, If [k, I} + E Lk, ik, )

=PiR;[ < N 2] + Nod(i — j) (48)

with Re[A] = Jo(2rBrTA). Since T is the period of one
time slot and each time slot consists of N, 4+ 2 phases,
the normalized Doppler frequency between two adjacent
phases is By T /(N,+2) and the corresponding autocorrelation
functionis Jo(2w By T /(N,+2)) = Ry[1/(N,+2)]. In general,
the number of phases between two fading samples f[k — s, i]
and f[k —¢,j]is (¢t — s) - (N + 2) + (i —j) and therefore we
have E{f[k —s, ilf *[k —t, j1} = JoQRauB;T((t —s)(N, +2)+
i—0)/(Ny+2)) = Re[t —s+(—j)/(Nr+2)]. Thus, we have

iy = /P, Zp:Rf[v + (49)

w7l

mw—ef”/Plzpva[—H L1 0

v=1 + 2
L i—j
WL (R
v=1 p=1 r
L
+8G—)HNo D Ipul? (51)
v=1

We can see that when i = j, (48), (49) and (51) are equivalent
to (21) and (22) respectively and p1yiy; = ,u’fyl-xj. Therefore
D;; is same as Cy, in (20) with m = 1 and in (46), we have
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Di; = Dyp = -+ = Dy,n, = Cj. In fact, the correlation
between the multiple received samples is taken into account
in Cg of (46). If the received N, samples are uncorrelated, Cg
will be diagonal and L of (46) will be equivalent to (19).

Since the destination A receives N, + 1 signals, the
characteristic function ¢p(z) is (23) where N is replaced by
N, and the ILB in (13) becomes

1 [7%7¢ ¢p(2)
Py =——
27 ) joo—e 2
] jOO—e 1 2N, +2
=—— - 11 —dz (52)

27 ) ino— 1-—
J J—joo—e T ) IAn

dz

where A, are the eigenvalues of LQ. From (16) and (46),
we have

CoM 0
LQ:[ 0 LQ}

where L of size 2N, x 2N, is given by

M DM D! M
DM CM ... DI.M
Lo = . "
Dy M DyoM M

Therefore, the eigenvalues of LQ are the eigenvalues of CoM
and Lg. We denote the two eigenvalues of CoM as A; and
A2, which are (24) and (25) respectively with m = 0. We
denote the eigenvalues of Lg as A3, A4, ..., Aoy, 42 that are
calculated numerically. For P4 and P7, we observe that each
eigenvalue has order 1 and for all SNR, half of eigenvalues
are on the left plane and the other half on the right plane.
Therefore, for both protocols, we denote Ax,y; < 0 and
Ax42 > O where x = 0, 1,..., N,. Then the BER in (52)

becomes
Py, = _HZN’+2 Ay ! /joo—e 1 dz
2mj joo—e Z1—[2/\/, +2 )»;])
2N, 42 4 —1
A
o =l / h(2)dz (53)
27'[] C

where the anticlockwise oriented contour C; is closed to
include the left-half plane, and exclude the pole at the origin.
According to the Residue Theorem [36, p. 89],

N,

/ h@)dz = 2mj Y res(hi(2). 2= A3,,)  (54)
C

x=0

where the residue at )»2;1 41 1s given by [36, p. 90]. Since the
pole )Lgxl 1 has order 1, we have

res(hi(2), 2 = A3, 1)

=(z— )Lix]+1)h1(Z)|Z=X5XI+1
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1

—1 —1 —1
2x+1()‘2x+1 )‘1 ) ()"Z)H-l B )‘2x )

1

(55)

Ay

—1
O‘zxﬂ Myeya) ()”2x+1 2N, +2)

From (54) and (55), ILB in (53) becomes
Py

> 1
- Al Adx42

XO( )»2x+|).”( A2x+l)(1_)\2x+l)”'( _)LZx-H)
(56)

For a TWRN with regularized receivers, A; and A, are
calculated from (24) and (25) using the coefficients derived
from (11). However, the eigenvalues of Lg, A,, n =
3,4,...,2N, + 2, are calculated using regularized feedback
coefficients derived from (12).

For ITLB, since the number of relay employed in the
TWRN with P4 and P7 is N = 1, the ITLB in (31) becomes

Py = Pb\na:OPa(na =0)+ Pb|na:lPa(na =1 (57

where the conditional probability Pp),,,—1 is essentially (56)
and Ppj,,—0 is derived by substituting N, = 0 into (56),
resulting in Ppj,,—0 = 1/(1 — A2/A1). The probability of a
relay is active P,(n,) is the same as the one for P1, which
is (43) with N = 1. Therefore we have

Pu(ng=0)=1—(1 — Pysr)* = 2Py sr — Pz
Pu(ng = 1) = (1 — Py sp)*.
Therefore, the ITLB for P4 and P7 in (57) becomes

1-22 (@ X 1

Py = My
T a- By (1—ﬂ>2§(1— by (1 )

Adx+1 A2yl

x (58)
A2x A2 42
(1= 25 (1= )

IV. SIMULATION RESULTS AND COMPARISONS

In this section, we present simulation results of a TWRN with
various protocols. In all simulations, we assume WDFDC
receivers with Pilot Initialization (PI), where L pilot symbols
are transmitted at the beginning of the frame and the receiver
starts to decode with fully loaded memory. The Hold-
and-combine (HC) technique from [20] is employed for
WDEFDC receivers over RD channels where the transmission
between the relay and the destination is assumed continuous.
Destinations A and B, employ calculated thresholds as in the
Appendix. In all simulations, Rayleigh fading with BfT =
0.05 is assumed using Jake’s model IV of [33], where T is
the period of one time slot, i.e. the total number of phases
needed to complete one transmission. We assume a frame
size of N; = 50 information symbols and generate at least
107 channel realizations. For each SNR, at least 500 bit errors
are accumulated at each terminal A and B, and the results are
presented as a function of SNR = P/Ny.
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FIGURE 9. Simulated and calculated BER for a TWRN with P1, employing
regularized WDFDC with fitted «f, N; = 50, L = 4 and B¢ T = 0.05.

10°
-8 P3,A,RLP,{=cal (sim)
Ty -z P3,B,RLP,¢=cal (sim)
10~ —-P3,A,RLP,LB (sim) 1
-% P3,B,RLP,LB (sim)
L -9-P3,A,RLP,LB,gen (sim)
1077k -¢ P3,B,RLP,LB,gen (sim)|3
-4 P3,RLP,ITLB (cal)
->-P3,RLP,ILB (cal)
1073 E
s
g 10 E
1075 E
10°5¢
107"
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8 16 24 32 40 48 56 64 T2 80
P/N, (dB)

FIGURE 10. Simulated and calculated BER for a TWRN with P3, employing
regularized WDFDC with fitted of, N; = 50, L = 4 and B¢ T = 0.05.

Firstly, we present a comparison of protocols P1, P3 and
PS5, whose simulation results are shown in Fig. 9, Fig. 10
and Fig. 11. In all figures, analytical ITLB and ILB are also
plotted. For these three protocols, each terminal node receives
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10—
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FIGURE 11. Simulated and calculated BER for a TWRN with P5, employing
regularized WDFDC with fitted of, N; = 50, L = 4 and B¢ T = 0.05.

two independent signals, one from the other terminal and one
from the relay. We see from these figures that the performance
of these protocols is very close. Also, we observe that the
performance at the two terminals is close, and hence we focus
on the performance of terminal A. For P3 and P5, the relay
forwards the signal to one terminal only if it correctly decodes
the symbol from the other terminal, which is equivalent
to OWRN in two directions. Thus, we first compare the
performance of P5 and that of OWRN with N = 1, which
is considered in [28]. Comparing Fig. 11 with [28, Fig. 12],
we can see that for simulated LB and LB with genie, P5 has a
performance that is parallel to OWRN when P/Ny < 56 dB.
This is because in P5, two terminals transmit and the power
allocation follows P4 = Pp = Pr = P/3, while for OWRN
we have Ps = Pr = P/2. Therefore, in theory, P5 loses
10log;((3/2) = 1.76 dB. In Table 2, the required P/Ny to
achieve a specific BER is shown for OWRN with N = 1 and
TWRN with different protocols. Note that the calculated £ is
not considered for OWRN in [28], and hence we do not have
corresponding simulation results. We observe that at a BER of
5-1079, the performance loss of P5 over OWRN is 1.83 dB for
LB, 1.78 dB for LB with genie, 1.73 dB for ITLB and 1.76 dB
for ILB, which match the theoretical value. Similarly, since
two relays are used in P3 and the power allocated to each
node is P/4, the performance difference between P3 and P5
is 10log;((4/3) = 1.25 dB. Thus, from Table 2, at the BER
of 5-10~>, P3 performs 1.27 dB worse than P5 for the system
with calculated £, 1.19 dB for LB, 1.27 dB for LB with genie,
1.26 dB for ITLB and 1.24 dB for ILB.

Next, we compare P5 and P1, where both protocols employ
one relay. Since in P1, symbols from A and B are network
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TABLE 2. P/N; (dB) required to achieve BER of 5-10~5 and 5. 10~7 for
OWRN with N = 1 and TWRN with P1, P3 and P5 at destination A.

BER E=cal LB LB,gen ITLB ILB
OWRN — 36.63 32.71 31.60 30.70

- —5 P5 40.01 38.46 34.49 33.33 32.46
5-10 P3 41.28 39.65 35.76 34.59 33.70
P1 40.66 39.34 35.55 34.01 32.46

OWRN — 63.34 47.79 44.59 43.88

5.10-7 P5 66.04 65.77 49.61 46.38 45.72
P3 67.70 66.75 50.85 47.58 46.94

Pl 66.88 65.96 50.15 46.89 45.72

coded followed by broadcasting to both terminals at the same
time, only one phase is needed for the relay to complete the
transmission in both directions. Compared to P1, the relay in
P5 serves one destination at a time, and hence two phases are
needed. Therefore, P1 achieves higher bandwidth efficiency
than P5. However, since the relay in P1 broadcasts only if
both symbols are correctly decoded, the relay in P5 transmits
more frequently than the one in P1 and therefore P5 provides
performance advantages. As shown in Table 2, at a BER of
5-1073, the performance degradation of P1 over P5 is 0.65 dB
for the system with calculated threshold, 0.88 dB for LB,
1.06 dB for LB with genie and 0.68 dB for ITLB. Note that the
ILB curves for P1 and P5 are the same since in the derivation
of ILB the relay is assumed to transmit continuously.

When P/Ny > 56 dB, similarly to the simulation results of
OWRN from [28, Fig. 12], no BER increase phenomenon is
observed in Figs. 9, 10 and 11 when regularized receivers are
used. It is also seen that the fitted parameters of regularized
receivers derived for OWRN are applicable to TWRN as
well. Furthermore, since the same regularized parameters
are used, by comparing the results of LB and LB with
genie in Table 2, we can see that the effects of decision
feedback error propagation are almost the same for OWRN
and TWRN with P1, P3 and P5 protocols. At a BER of
5.1073, the performance difference between genie simulated
results (where all feedback symbols are forced to be correct),
and results obtained in real operational conditions (where
decision feedback symbols could suffer from errors) is
3.92 dB for OWRN, 3.97 dB for P5, 3.89 dB for P3 and
3.79 dB for P1. When P/Ny increases and the BER is 5- 1077,
the difference increases to 15.55 dB for OWRN, 16.16 dB for
P5, 15.9 dB for P3 and 15.81 dB for P1. This confirms our
observation in [28] that the effect of decision feedback error
becomes more significant at high P/Ny also for TWRN.

We compare now protocols P1, P2 and P6, where network
coding is employed in TWRN and the number of relays is
N = 1, N = 2 and N = 3 respectively. At each relay,
the network coded symbol is formed and transmitted to both
terminals only if both symbols from A and B are correctly
detected. For N > 1, transmissions of the N relays are
independent. In Figs. 12 and 13 we present the performance
of protocols P2 and P6. Compared to the performance for
N = 1 in Fig. 9, we can see that as N increases, higher
diversity gain is achieved. From these three figures, we see
that the performance of the system with calculated & reaches
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FIGURE 12. Simulated and calculated BER for a TWRN with P2, employing
regularized WDFDC with fitted «f, N; = 50, L = 4 and B¢ T = 0.05.
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FIGURE 13. Simulated and calculated BER for a TWRN with P6, employing
regularized WDFDC with fitted of, N; = 50, L = 4 and B¢ T = 0.05.

the steepest negative slope for 2 - 107> < BER < 2 -
10~!, which is termed as “waterfall region” in [20]. The
achievable diversity order is calculated from the steepest
slope estimated in this region and presented in Table 3.
We see that as N increases, the achievable diversity order
increases because of the increasing number of independent
copies of the signal received at the destination. Compared to
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the achievable diversity in OWRN presented in [20, Table 2 ],
we see that our results for TWRN match the ones for OWRN
and we can conclude that TWRN achieves almost the same
diversity gain as OWRN. However, since network coding is
employed, relays in TWRN transmit less frequently than in
OWRN. As a result, a performance loss is observed for all
three protocols. Table 4 presents the SNR needed to achieve
a BER of 107> when comparing the simulation results of
the TWRN with calculated & in Figs. 9, 12 and 13 and
the OWRN with SNR-dependent thresholds of Figs. 10, 14
and 15 of [20]. We see that the performance loss of TWRN
decreases as NV increases. In fact, the loss is due to two effects,
power allocation and network coding. In TWRN, the power
allocated to each node is P/(N + 2), while it is P/(N + 1)
in OWRN. Therefore, the loss caused by power difference is
10logyo((N 4 2)/(N + 1)) and the remaining performance
difference results from network coding, as shown in Table 4.

TABLE 3. Diversity order based on simulation results of the system with
calculated thresholds in a TWRN with regularized WDFDC receivers.

N Achievable diversity
1 (PD) 1.21
2(P2) 1.72
3 (P6) 2.17

TABLE 4. P/N, (dB) required to achieve BER of 10~3 for TWRN with
& = cal in Figs. 9, 12 and 13 and OWRN with SNR-dependent ¢ in
Figs. 10, 14 and 15 of [20].

N | TWRN OWRN | Perf. loss Power loss NetCode loss
1 29.91 26.96 2.95 101og,,(3/2) = 1.76 1.19
2 25.89 23.6 2.29 101og,,(4/3) = 1.25 1.04
3 24.11 22.16 1.95 101og,,(5/4) = 0.97 0.98

Next, we consider the performance in the higher
P /Ny range. Table 5 presents the required P/Ny to achieve
BER of 5-10~7 for TWRN with P1, P2 and P6 in Figs. 9, 12
and 13. The results for OWRN in Figs. 12, 17 and 18 of
[28] are also presented. From Table 5 we can see that with
calculated &, due to the high diversity order, P6 performs
the best among the three protocols. Protocol P6 achieves
7.94 dB performance gain over P2 and 23.12 dB over P1 at
a BER of 5 - 1077, which is larger than the corresponding
gain of 1.78 dB and 5.80 dB at a BER of 1073 from Table 4.
Comparing the results of LB with LB- genie in Table 5,
we see that the performance loss due to decision feedback
errors is 15.81 dB for P1, 11.24 dB for P2 and 7.17 dB
for P6 in TWRN. For OWRN, similar results are observed,
which are 15.55 dB for N = 1, 11.61 dB for N = 2 and
7.19 dB and N = 3. This shows that the degradation due
to decision feedback errors is similar for OWRN and TWRN.
Furthermore, we see that as N increases, the effect of decision
feedback errors is reduced. This is because with a larger
number of relays a lower BER is achieved at the destination,
and therefore the decoding errors that are fed back to the
memory of WDFDC receiver are less. As explained in [28] for
OWRN, also in TWRN systems the performance difference
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between calculated ITLB and simulated LB with genie is
due to the mismatch of WDFDC coefficients caused by
intermittent transmissions between relays and the destination.
In Table 5, we see that the difference is 3.26 dB for Pl1,
4.03 dB for P2 and 5.69 dB for P6, and these are similar to
the results of OWRN, which are 3.2 dB, 4.3 dB and 6.13 dB
respectively. We observe that for both OWRN and TWRN, the
effect of intermittent transmissions increases as N increases.
This is because as N increases, more samples from relays are
combined at the destination. Since each sample suffers from
intermittent transmissions and they are combined with equal
gain, it leads to a larger influence as N increases.

TABLE 5. P/N; (dB) required to achieve BER of 5 - 10~7 for OWRN with
N =1,2,3 and TWRN with P1, P2 and P6 at destination A.

E=cal LB LB,gen ITLB
N | TWRN OWRN | TWRN OWRN | TWRN OWRN | TWRN OWRN
1 66.88 — 65.96  63.34 50.15  47.79 46.89  44.59
2 51.70 — 51.58  50.09 | 40.34  38.48 36.31 34.18
3 43.76 - 4345 4199 36.28  34.80 30.59  28.67

We consider now protocols P1, P4 and P7, where all three
protocols use one relay with network coding. From Table 1
we see that both protocols P2 and P4 achieve same bandwidth
efficiency and use a Type C relay. As shown in Fig. 3, in the
third and fourth phase of P2, each destination receives two
samples from independent links. However, for P4 in Fig. 5,
we see that the two received samples at each terminal are
from the same link and they experience the same fading
channel. Therefore, the received samples at the destination
are correlated. This is the same when comparing P6 in Fig. 7
and P7 in Fig. 8. We denote N, as the number of phases
that the same relay transmits consecutively. Then we have
N, = 1 for PI, N, = 2 for P4 and N, = 3 for P7.
With a selective DF protocol, the relay either keeps silent or
transmits N, times. When the relay transmits, N, correlated
samples are received from the relay at the destination, and
the decision rule that compares the absolute value of one
received sample to a threshold is not suitable for P4 and P7.
In this case, N, samples can be used to make a better decision
regarding whether the relay transmits or not. In the Appendix,
the decision rule and the corresponding threshold for P4 and
P7 are derived and shown in (68) and (69).

Simulation results for protocols P4 and P7 are presented in
Figs. 14 and Fig. 15. When compared to the performance of
P1, we see that at low SNR, the system with calculated & in
both figures performs worse than the one in Fig. 9. According
to the decision rule of (68), the receiver at the destination
either includes N, samples from the relay in the combined
detection process or does not include any. Thus, even if the
threshold test passes, it is possible that some samples are only
noise and are still included in the detection process. Also,
it is possible that the relay transmits, but the threshold test
fails and all N, samples are discarded despite the possibility
that the relay actually transmitted. Therefore, for P4 and
P7, the overall performance becomes worse, especially at
low SNR. We observe that at high SNR, the difference
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FIGURE 14. Simulated and calculated BER for a TWRN with P4, employing
regularized WDFDC with fitted of, N; = 50, L = 4 and B¢ T = 0.05.
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FIGURE 15. Simulated and calculated BER for a TWRN with P7, employing
regularized WDFDC with fitted of, N; = 50, L = 4 and B¢ T = 0.05.

between LB with genie and ITLB increases as N, increases
in Figs. 9, 14 and 15. As shown in [28] for OWRN, this
difference is due to the intermittent transmissions between
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the relay and the destination, which is s source of loss also
in TWRN. Since each RD sample suffers from the mismatch
of WDFDC coefficients caused by intermittent transmissions,
when the samples are combined at the destination with equal
gain, the intermittent transmission effect is emphasized as N,
increases.

10°  IFIE FXVR eEER e e (P YFPE PIFTL NPV FEFES frg e FRFEY FFFFR IFYE FFFFR
-8 P1,A,RLP,¢=cal
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1073
~
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M
1075
105}
1077}
X
1078------------‘%---‘??
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P/Ny (dB)

FIGURE 16. Comparison of a TWRN with P1, P4 and P7, employing
regularized WDFDC with fitted «¢ and calculated ¢, N; =50, L = 4 and
BT = 0.05.

To further investigate the effect of intermittent transmis-
sions, Fig. 16 presents simulation results of the system
including the case when a relay always transmits (RalwTX).
This case is compared with the results of normal operation
for P1, P4 and P7. We observe that at high SNR, the
performance illustrated by solid lines (normal operation)
degrades as N, increases. The dashed curves assume the relay
always transmits the correct symbols, i.e. no intermittent
transmissions between the relay and the destination. Under
this condition, we see that at high SNR, the performance of
the system improves as N, increases. Therefore, increasing
the number of correlated transmissions achieves a better per-
formance when the relay transmits all the time. Furthermore,
when we compare the paired solid and dashed curves for
each protocol, we can see that the difference between them
becomes larger when N, increases. Hence we see that the
effect of intermittent transmissions becomes more significant
as NV, increases.

We observe that the diversity orders of P4 and P7 are
similar to P1 in Fig. 16. This shows that correlated samples
transmitted using protocols P4 and P7 do not provides
extra diversity. Hence increasing the number of correlated
transmissions from relays do not increase diversity. From
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Table 1, we see that both P4 and P2 involve two transmissions
from the relay to the destination, and P7 and P6 both involve
three. However, since the RD transmissions in P2 and P6 are
independent, higher diversity is achieved when the number of
transmission increases, as shown in Table 3.

V. CONCLUSION

This paper considers TWRN systems with regularized
WDEFDC receivers employing several protocols shown in
Table 1. These protocols make use of three type of relays
operating in DetF mode. For each protocol, we derive
the optimum threshold at user terminals to detect if a
relay transmits. Performance over fast fading reciprocal
channels is analyzed through analytical bounds to BER,
and extensive computer simulations. When protocols P3
and P5 are compared, where both are equivalent to using
OWRN in two directions, we find that similar performance
to OWRN is obtained. When comparing protocols P5 and
P1, since P1 employs network coding reducing the number
of phases required to complete a transmission cycle, we have
that P1 achieves higher bandwidth efficiency than P5.
However, because the relay in P1 transmits less frequently,
a performance degradation over P5 is observed. Next, P2,
P4, P6 and P7 are compared where all protocols use network
coding, and some employ multiple transmissions from same
relay. When independent signals are received at destinations
from different relays, resulting in P2 and P6, then higher
diversity gains are achieved as the number of relays increases.
With protocols P4 and P7 multiple correlated signals are
received at the destination because of multiple transmissions
from same relay, resulting in no extra diversity gains. Also,
a performance degradation is observed compared to Pl
because of amplification of the intermittent transmission
effect. In general these protocols when used with WDFDC
receivers provide low error rates (without error control
coding), not suffering from any error floors above a BER of
5x 1078

APPENDIX

THRESHOLD SETTING AT DESTINATIONS

In this section, we derive the optimum threshold A for a
likelihood ratio test that maximize (P; — Pr), where Py
is the probability of detection and Py is the probability
of false alarm. The observation vector is denoted by
Y 2 [Y[1] Y[2] Y[m]]" and the binary hypothesis
testing problem is formed as:

Hy: Y ~ pyg,(yIH1) (59)
Hoy : Y ~ pyu,(y|Ho). (60)
Then the likelihood ratio is

_ Py, (Y1HD)

= (61)
Y|, (Y1Ho) 1,

and the corresponding Py and Py are
Py = Pr{A > A|H} Pr = Pr{A > A|Ho}
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The problem is to find the optimum threshold A such that
(Py — Py) is maximized.

[S)
o
o

\j

|
|
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|
|
|
1
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o

FIGURE 17. The ROC curve for the likelihood ratio test.

According to properties I and II in [37, p. 44], all
continuous likelihood ratio tests have a Receiver Operating
Characteristic (ROC) curve that is concave downward, above
the P; = Py line and contains the points (P = 0, Py =
0) and (P = 1, Py = 1), as shown in Fig. 17. Denote the
slope of the ROC curve at (0, 0) as koo and the one at (1, 1)
as ki1. Then we have ko9 > 1 and k3 < 1 and the slope
decreases as the curve moves from (0, 0) to (1, 1). Consider
a straight line Py = Py + d with slope k = 1, then the
problem of maximizing (P4 — Py ) is equivalent to maximizing
the value of d, which is the interception between the line and
P, axis. In Fig. 17, three lines a, b and ¢ are presented with
interceptions d, > dp > d.. Compared to line b, line a is not
achievable since there is no interception with the ROC and
line c is not optimum since d. < dj. Therefore, the maximum
d is achieved when the line is tangential to the ROC curve,
as line b indicates. Property III of [37, p. 44] indicates that
the slope of an ROC curve at a particular point is equal to the
value of the threshold A required to achieve the P; and Py of
that point. Therefore, the optimum threshold that maximizes
(Pq — Pr) is the slope of line b, and we have A = 1.

Next, we derive optimum thresholds for two special
cases. In the first case, the observation vector Y =
Y1 ¥ Y17 consists of Circular-Symmetric Com-
plex Gaussian (CSCG) random variables. In TWRN, Y
corresponds to the received samples at the destination from
the same relay in m consecutive phases. The received signal

Yiatphasei, 1 <i <m,is

Y | V Prigrlk, ilbgr[k] + nglk, i], if the relay transmits
l' =

nglk, i, otherwise

(62)

where frlk, i], ng[k, i] are defined as the fading and noise
sample of i-th phase in k-th time slot. The fading process fg[-]
is modelled as a correlated zero-mean CSCG random process
with normalized power 1 and the noise process ng[-] is an
uncorrelated zero-mean CSCG random process with variance
No. Furthermore, f[-] and n[-] are mutually uncorrelated.
With the assumption of Rayleigh fading following Jake’s
model, the autocorrelation function is R¢[A] = Jo(2r BrT1).
Hence, for transmissions at phase i and j, 1 < i,j < m, in the
kth time slot we have

E{frlk, ilfg Tk, j1} = JoQrBrT (i — j)/Np)
= Ry[(i — j)/Np]
where N, is the number of phases in one time slot and N, =
m + 2 for TWRN with P4 and P7.
In TWRN, the hypothesis H; corresponds to the case when
the relay transmits and the hypothesis Hy corresponds to

the case when the relay remains silent. Then (59) and (60)
become

Hy Y ~ pyj, VIHY) = 7 "der[ €117 e Y'Y (63)
Ho = Y ~ pyji(ylHo) = = "der[Col ™ e Y% 'Y (64)

with correlation matrix C¢ specified by (65), shown at the
bottom of the page, where I, is the m x m identity matrix
and

C1 = E(YY?|H,)

E{Y1Y[|H} E{Y\Y;|H\}
E{Y>Y['|H}  E{Y:Y;|H\}

E{X1Y;|H}}
E{Y>Y|Hy}

E{YnY[IH\}  E{YnY;|H} E{Y, Y, |H}

where for 1 <i,j <m,
E{YY["|H}
= E{(v/Prfxlk, ibrlk] + nglk, il)
x (v/PrfF 1k, jIbslk] + nlk, j1)}
= PRE{frlk, ilf7 Tk, j1} + /PrORIKIE{frlk, il}E {n5[k, j1}

E{nglk, 1]ng[k, 11}

Co = E{YY" |Hy} =

E{nglk, mlng[k, 11} E{nglk, mlng[k, 21}

= Nolp,
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E{nglk, 1ng[k, 21}
E{nglk, 2]nglk, 11} E{nglk, 2]ng[k, 2]}

E{nglk, 1nglk, m]}
E{nglk, 2]nplk, m]}
E{nglk, mlng[k, m]}
(65)
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+ VPROFIKIE{f Tk, JIE (nglk, i1} + E{nglk, ilnjlk, 1}
= PRR¢[(i — j)/N,y] + Nod(i — j).

Therefore, the covariance C| becomes

Pr+No  PrRel7}] PrRy[]
PRRf[NLp] Pr + No PRRf[zﬁl:"]
] =
PRRf[mN__pl] PRRf[mN__pz] Pr + No
= Noly + Ca = Cop + Ca (66)
where
L R Ril'5"
R[] 1 R[5
Calpp| ¥ R )
R[] Rf[ ) IR 1

The likelihood test in (61) can be expressed as
py i, (YIH1) Hl
PY|Hy(YIHo) HO

H
7 "det[C] e Y C1 YI'Q

— <
7 mdet[Col~le ™Y 0 Y Hy
vi -y ey U H det[Cl]
e 0 <
o der[co]
H, t[C
Yy - cr )Y>lnA+ln erlC1l L& (68)

det[Co]
Since A = 1 when (P; — Pf) is maximized, the optimum
threshold & becomes
det[C1] det[Cp + Cal
E = In = In
det[Co] det[Co]
= Indet[Co + Caldet[Cy ']
= Indet[(Co + CA)Cy '] = Indet[l, + CACy ']

1
— Indet [zm + —cA] 69)
No

In the second case, we consider m = 1, i.e. only one CSCG
random variable Y is observed. The sampled received signal
is the same as (62). From (65) and (66), we have the variances
E{YY*|H} = Pg + Ny and E{YY*|Hy} = Ny. Then the two
hypothesis in (63) and (64) become

2
Hy Y ~ pyym, GlH) = 77 (Pg + No) e P&+
_Ir?
Ho: Y ~ pyiu,(lHo) = 7 'Ny 'e” Mo
The likelihood test in (61) becomes

Py (YI1HY) & 2

Py |Hy(Y|Ho) Ho
P
7N (Pg + No)~le” Pr+No @ N
[FTER
0

—In-1,7 N
7TN0€0
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S pR+N0>\Y\2H1 Pr + No
H() NO
P H, P N
—R|Y|2%1n)\+1nm
No(Pgr + No) Hy No
Hy Ny(P N P N
YR o(Pg + 0)(lnk+1n R+ 0,
Ho Pr No
H N2 PR A
VE (N0+—°)(1n,\+1n K1 ) Lg
2 P )

(70)

Since A = 1 when (P; — Py) is maximized, then the optimum
threshold in (70) becomes

£ = (No+]:—§)ln(;—§+l) (71)
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