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Abstract: In order to efficiently mitigate error propagation and re-
duce computational complexity, this paper proposes a scheme for
traditional cooperative networks, named as dual-threshold symbol
selective demodulate-and-forward. In the scheme, two log likeli-
hood ratio (LLR)-based thresholds are devised to measure the
reliability of received signals for the relay and the destination, re-
spectively. One of the threshold guarantees that the relay only
forwards reliable symbols, thus less error will be propagated to
the destination. The other threshold is used at the destination for
determining the reliability of symbols received from the source.
The destination will directly demodulate reliable symbols received
from the source. Otherwise, when the symbols received from the
source are not reliable, the maximum ratio combiner (MRC) is
used to combine symbols received from the source and the relay.
Closed-form expression of the bit error probability (BEP) of the pro-
posed scheme is derived and analyzed under binary phase shift
keying (BPSK) modulation. Then, the relationship and closed-form
solutions of two LLR-based thresholds are derived. Simulation
results prove that the theoretical BEP of the proposed scheme
closely matches the simulated ones. The proposed scheme can
achieve high performance with low computational complexity com-
pared to existing schemes.
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1. Introduction

Cooperative relaying strategies can be classified into two
categories [1]: (i) amplify-and-forward (AF), where the
signals are amplified by the relay and then forwarded to the
destination, and (ii) decode-and-forward (DF), where the
signals being decoded and remodulated before forwards to
the destination. For AF, the destination needs full know-
ledge of the channel-state-information (CSI) of each link.
The scheme becomes complicated when the CSI is un-
known. For DF, there is no error propagation compared
with AF because DF relaying only forwards symbols upon
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successful decoding. However, there will be few frames
being forwarded to the destination when the signal-to-
noise ratio (SNR) between the source and the relay is too
low. In that case, the relay cannot successfully decode most
received signals [2].

In order to reduce the computation complexity in DF
at the relay, demodulate-and-forward (DmF) was proposed
in [3]. The relay demodulates the received signals and then
forwards remodulated symbols to the destination without
decoding. However, signals that are forwarded by the relay
have equal weights and do not carry any information about
the degree of uncertainty [4,5]. Thus, DmF can be viewed
as a suboptimal scheme and cannot effectively mitigate er-
ror propagation.

To mitigate error propagation in DmF, threshold-based
DmF relaying schemes were introduced, including SNR-
based selective relaying schemes and LLR-based selective
relaying schemes [6—21]. For SNR-based schemes [6—
16], the received signals at the relay will be detected and
forwarded to the destination only when their SNR is above
a predefined threshold. However, SNR-based schemes rely
on that the relay knows the instantaneous SNR of the
source-destination (S-D) link. Once the instantaneous SNR
cannot be obtained accurately, the applying of the average
SNR will degrade the system performance [6]. For log like-
lihood ratio (LLR)-based schemes [17—21], the authors
derive the theoretical BEP and a near-optimal threshold is
calculated by minimizing the system bit error probability
(BEP).

The above studies only focus on the error propaga-
tion mitigation on the relay side. To further improve the
BEP performance, Ikki et al. [22] demonstrated that the
error performance highly depends on the threshold em-
ployed at the destination. Zeng et al. [23,24] proposed joint
threshold-based relaying and maximum-likelihood (ML)
detection at the destination, and the optimal threshold of
the relay is obtained by minimizing the BEP using the ex-
haustive grid search method. However, performance anal-
ysis of ML detection is quite complicated especially for
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general constellations, and the grid search method requires
a large number of function evaluations in practical appli-
cation.

In order to solve this problem, some studies have fo-
cused on designing the receiver at the destination, in-
cluding A-maximum ratio combiner (MRC) [25] and
C-MRC [26,27]. However, for A-MRC, since the com-
biner parameter A has not been specified analytically, full-
diversity claims cannot be proved [26]. For C-MRC, the
instantaneous BEP of the S-R link is required at the desti-
nation.

Motivated by the previous research, we aim at exploit-
ing the LLR-based thresholds at the relay and at the desti-
nation in this paper, respectively. In the proposed scheme,
the relay detects and forwards symbols whose magnitude
of LLR is greater than a predetermined threshold to miti-
gate error propagation. An LLR-based threshold is also
used at the destination to measure the reliability of received
symbols from the S-D link. In order to analyze the perfor-
mance and obtain the thresholds of the proposed scheme,
the close-form BEP expression is derived in this paper. Dif-
ferent from the previous studies, closed-form solutions of
the thresholds are derived in this paper.

The rest of this paper is organized as follows. In Sec-
tion 2, we introduce the notation and the system model. In
Section 3, the closed-form expression of BEP and the ex-
pressions of thresholds are derived. In Section 4, we pro-
vide simulation results that validate the theoretical anal-
ysis of our proposal. Finally, conclusions are given in
Section 5.

2. System model

In this paper, a traditional two-hop relay system is used, in-
cluding a source node S, a relay node R and a destination
node D, as shown in Fig. 1.
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|

Forward
to the destination

Fig.1 System model

In Fig. 1, transmission is divided into time slot 1 and
time slot 2. In time slot 1, the source transmits symbols to

both the relay and the destination. The signals received at
the relay and at the destination are expressed as

Tsr = hs’rus + Wgp (1)

Tsd = hsdus + Wsq (2)

where ugs € {£1} is the symbol transmitted by the source
under BPSK modulation with equal probability. ws, and
wgq are complex additive white Gaussian noise (AWGN)
signals with variance o2, and o2, respectively. hs, and
hsq represent the Rayleigh channel fading coefficients of
the S-R link and S-D link, respectively. The channel fad-

ing coefficients are defined as
EHhSTH = (ds)™" 3)

Bllhsal’] = (dsa) ™" )
where d;; is the i-j link distance, y is the path-loss expo-
nent.

The received signal after channel compensation for S-R
link can be expressed as

Ysr = Re{h:rrsr} = |hsr‘2us + |hsr‘|wsr‘- (5)

In time slot 2, the hard-decision of received symbol
while its LLR is greater than a preset threshold 7). is for-
warded by the relay. Otherwise, the relay will keep silent.
The signal received from the relay to destination (R-D) link
is expressed as

Trd = hrdu'r' + Wrd (6)

where u, € {£1} is the remodulated symbol at the relay
under BPSK.

At the destination, an LLR threshold Ty is applied to
distinguish reliable symbols from unreliable symbols of
the S-D link signals yq4. If the relay forwards the symbol to
the destination, and the LLR of y44 is less than T, which
we call unreliable symbol, the destination will combine
both the S-D link signal ys¢ and the R-D link signal y,q4
by MRC [28] in the time slot 2. Otherwise, the destination
will perform the detection only based on the received sig-
nal from the S-D link. The LLR of received symbol from
S-D link can be calculated by

P(ysa|lhsa, xs = +1
Lsd —In (y.sd|h.sd7m.s + ) _

P(ysd|hsdams = *1)
2
—Ysa = Li%sa (7
Osd
where )
sd _ 2
L= ®)

The received signal at the destination after MRC can be
expressed as

YMRC = Lea+ Lya, |Lsal < Ta, |Ler| >T. (9)
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3. Performance analysis
3.1 Computation complexity analysis

In the proposed scheme, MRC is used at the destination
when the relay forwards symbols to the destination and the
symbols received from the source are not reliable. Since
an LLR-based threshold is applied at the destination, fewer
symbols from the source and the relay need to be combined
at the destination. This is more efficient than the scheme
[23] that requires an ML detector for all symbols from the
source and the relay.

The ML detector [23] for BPSK when |Ls,| > T, can
be expressed as

/A arg max

i,]WL
d ac{xl}

() o

where

1 * 1 *
.3 =Re { —2hsd7‘5da + Thrdrrdﬁ} +
Osd Ord

In P(z, = Blas = a). (11)

Clearly, comparing (9) with (10), the ML detector is
more complex, especially for higher-order constellations.
Table 1 presents the computational cost of the proposed
method and the scheme [23] at the destination when the
relay forwards received reliable symbols.

Table 1 Computation complexity analysis of the proposed method
and the scheme [23] at the destination when the relay forwards sym-
bols

Computational cost

Method —— e
Multiplication Addition
Proposed scheme when
2N N
|Lsd‘ < Td’ ‘LST| > Tr
Proposed scheme when
2N 0
|Lsd‘ > Td’ ‘LST| > T
Scheme [23] 2N SN

3.2 BER analysis

The closed-form expression of E2E BEP can be expressed
as
Pe(g) = Pe(esda |Lsd‘ > Td)+
Pe(esda |Lsd| < Tda |Lsr‘ < Tr)+
Pe(eMRCa |Lsd‘ g Td7 ‘Lsr‘ > T’l") (12)

where P.(€s4,|Lsa| > T4q) is the BEP at the destination
when the signal received from the source y,q is viewed
as reliable symbol. P. (g4, |Lsa| < Ta,|Lsr| < Tp) is
the BEP at the destination when the received signal ysq is
not reliable when the relay keep silent. P.(ersre, | Lsd| <
T4, |Lsr| > T) is the BEP at the destination after combi-
nation of the S-D link signals ys4 and the R-D link signals
Yrd-

The PDF of received signals for ¢-j link can be ex-

pressed as (as shown in Appendix A of [19])

fui; (Wig) = g exp(Bijziyij) exp(—xizlyii)  (13)

where
By =1/03;
Xi = \/ (L +75i3) /Fis /o3 (14)
We set ~
DO e —Pp(%i)

Y LY 1— 2Pz (%)

c _ Bij+xi _ 1= Ps(3) (15)

Y L 1—2Pp(%i;)

To calculate (12), we use the expression of BEP with
BPSK modulation [29], that is

Pp(7) = % (1 - Jg) (16)

where 7 is the average SNR.

If the LLR of y44 is greater than the threshold Ty, the
destination will directly demodulate signals received from
the S-D link. To simplify the analysis of the proposed
scheme, we assume that all symbols transmitted from the
source is +1 (us = +1). The error probability can be de-
rived as

—Ty/L3¢
P.(esds | Lsa| > Ta) = J JyoaWsa)dysa =
Pp(sa) exp(—pS,Ty). (17)

Thus, if symbols transmitted from the source is us = +1,
an error occurs when L4 is negative.

If the LLR of ysq and ys, are less than the threshold T
and T respectively, the relay will keep silent and only S-D
link signals ysq4 will be considered when the destination
performs detection. The error probability can be derived as

Pe(esda |Lsd‘ g Td7 ‘Lsr‘ g Tr) =

T. /L7 (0
J J fysd (y5d>fys7‘ (yé’f)dysddyé’r =
~T,/Lgr J-Ta/Lsd

C
(1 = Pa(iar)e T = (1= Pa(7))ee ™).

Pp(3sa)(1 — e~ %52, (18)

If the LLR of gy, is less than the threshold Ty, and the
LLR of ys, is greater than the threshold 7., the relay will
forward the remodulated reliable symbols received from
the source to the destination. Then, the destination will
combine both the S-D link signals ys4 and the R-D link

signals y,.,4 by MRC. Thus, the BEP at the destination after
MRC can be derived as

Pe(gj\lRCa |Lsd| < Tda |Lsr| > Tr) =
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Pe(ep'r'op)Pe(e’ﬁ ‘LST| > T”')+
Pe(gcoop)P(ega |LST| > TT) (19)

where P. (e, |Ls.| > T,) is the BEP at the relay when the
erroneous detected symbol is selected for retransmission.
P(e¢,|Lsy| > T) is the probability at the relay when
the symbol is detected as correct. Pe(gpr0p) is the BEP at
the destination when the relay forwards erroneous detected
symbol and an MRC combiner is used at the destination.
P.(¢coop) is the BEP at the destination when the relay for-
wards correctly detected symbol and an MRC combiner is
used at the destination.

In the proposed relaying scheme, only reliable symbols
are forwarded to the destination in order to reduce the in-
fluence of error propagation. However, if the relay makes
an incorrect detection and the corresponding symbols are
selected for retransmission, the error probability at the des-
tination can be derived as

Pe(eprop)

JTd/de JLidysd/Lgd
7Td/Lgd —00

asq 1 — P(Yra)
LSd Psd T Prd
asqa —Pp(Yrd)
Lgd (psd + (prd

Pp(aa) (1 — e~ #5aT).

When the relay detects symbols correctly, the error
event will occur at the destination after the combination
of the S-D link signals ys4 and the R-D link signals 4.
The error probability at the destination can be derived as

= Pe(emres | Lsa| < Taler, |Lor| > T)) =

JyoaWsd) fyra (Yrd)dYradysa =

e(‘psd+<prd)Td —

1)+
(1 _ e—(Wscd+S@fd)Td>+

(20)

Pe(£coop> = P (5]\4RC7 ‘Lsd‘ Td|5- |Lsr| > TT) =

TafLi = Lityaa /L1
J—Td/Lgd J—oo
Qsd 2P (Frq) — 1
Lgd Psd — Spfd
P (7sq)(1 — e ?5aTa), @1

Substituting the result of (20) and (21) into (19), the
BER after MRC is derived. Then the BER of the proposed
system is derived by inserting (17), (18) and (19) into (12),
the BER expression of the proposed system can be ob-
tained by

fysd (y5d>fyrd (yrd)dyrddysd =

(e(Wsd—tPfd)Td

— 1)+

Pe(5d> = Pp(Vsa)+

tsd 2P (Yra) —

( (psa—9S)Ta
Lt e — ¢S,

~1)(1=Pp(Fsr))e? "+
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sd 1 = Pp(Yrd) ; (poutora)Ta 5 Vo= ¢S T
Qsd 1 = PBOrd) ((pratora)Ta _ 1) pp (7. Yo—¢5Tr 4
Lid Sﬁsd + Sard ( ) (767)

@sd —PB(Yra)

(1 — e~ (Cluteli)Tay pp (7, Ve @5 Tr.

Lt o8 + o5,
(22)

3.3 Calculation of two thresholds

Equation (22) can be expressed as

Qsd = Y
Pe(eq) = Lsd (1 =2Pp(yra))(1 = 2Pp(Ys)) f (17, Ta)+
PB(’?Sd) (23)
where
oS <
F(T,, Ta) = = — - (elea—era) e — 1)eperT—
Psd — Pra
Pl C
_PrdPsr_((psatera)Ta _ 1)e%srTr—
Psd + Prd
Pt (g _ (et ef T ST (04)

OS5+ o5

The thresholds 7. and T}; can be obtained by minimiz-

ing P.(eq), which also means minimizing f (T}, Ty). By

calculating the partial derivative of function f (7., T) with

respect to Ty equal to 0, we can get the relationship be-
tween 7). and Ty as

Td%TrJrln( — P (% ))

Llord}) B ( )
As shown in (25), there exists a one-to-one relationship
between T, and Ty. Therefore, we can calculate the thresh-
old T, when T} is given and vice versa.
By calculating the partial derivative of function
f(T.,Ty) with respect to T equal to 0, we can get the
relationship between 7). and T} as

(25)

of(T,, Td> - @sv‘@g ePsrTr
aTr Psd — L)Ogd
C C
Prdburfor (ofratenaTa _1)e=?5Tr(26)
Psd + Prd

C C C
where e(‘pd era)Ta 0, e~ (woatera)Ta ~ (0 and

7“%%’"“0“‘ =% Tr 2 0 in high SNR.
SD od T SD
The threshold T’ can be obtained by substituting (25)

into (26), and we apply Taylor series to obtain a closed-
form solution for 7;. by

_ Psd T Prd

_ =T _ sd+ord)Tr
= e Tr(1 — Cyelesatera ey (27)
0% (0sa — 0S)
Psd + ©rd
In——22 " — 7 4+ 1n(1—Cy)+
QD%(Wsd - 307621)
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—C,
In{14+ —F(ps rd) L 28
n(‘*‘lcl((ﬁd-ﬂpd) > (28)
1— P _S'r' (@sd‘i’@rd)
where C; = (%(’Y)) .
Pral’B(Ysr)
Consequently, we obtain a closed-form solution for 7.
as

(C—1) 1 2
Tm 2+ (G- 1
]
c _C 3
203 1In <—¢T'd(“‘7sd “"T'd>(1_cl>>] (29)
Psd + Prd
G

where Oy = — T (psa + pra), and the threshold T
-

can be derived by (29) and (25).

Unlike the scheme proposed in [23], where the thresh-
old of the relay is obtained by minimizing the BEP using
the exhaustive grid search [30], closed form solutions for
the thresholds are derived in our scheme. This can reduce
the computational cost.

4. Simulation results

In this section, we verify the proposed scheme by simula-
tions.

Fig. 2 shows the relationship between T, and Ty. As
shown in Fig. 2, the thresholds derived from (29) and (25)
match well with the thresholds obtained from simulations.
Further, with given T;., the analysis threshold T by (25)
accords with the simulation ones too, which proves the li-
nearity of two thresholds in (25).

10

6

. /
4

1.2 1.4 1.6 1.8 2.0 2.2
T,

-% : Optimal thresholds (simulation);
-©- : Analytical result by (25) and (29);
-2~ : Analytical result, T, is given.

Fig. 2 Theoretical and simulation results of two thresholds 7; and
Ty with different SNR when dsq = 1, dsr = dp.q = 1/2,
Ysd = Vsr = Vrd

Based on the relationship between 7. and Ty in (25),
we can plot BEP as a function of 7). in Fig. 3. It shows
that the simulation result matches well with the theoretical
ones. The BEP firstly decreases and then increases when
T, increases. This can be explained by the fact that in the

low-threshold range, more symbols with incorrect detec-
tion will be forwarded to the destination and degrade the
performance of the system. In the high-threshold range,
fewer symbols will be forwarded to the destination, and the
performance is influenced with the increase of the thresh-
old. Next, we compare the BEP performance of the pro-
posed scheme with other schemes: i) LLR-based threshold
selective relaying scheme [19]; ii) LLR-based threshold se-
lective relaying with ML detector [23]; iii) ideal relay se-
lective scheme. In the simulations, the path loss factor is
set as v = 3. Fig. 4 gives the simulation results of the four
schemes.

x1074

7.0

6.5

BEP

6.0

5.5

0 1 2 3 4

T
—=— : Simulation; ' —— : Theoretical.
Fig. 3 Comparison of the theoretical BEP and the simulation BEP
with respect to T when dsr = 1, dsr = dpg = 1/2, Y54 =
Ysr = Yrd = 15dB

1072

1073

BEP

1074

1073

1 1

1 1
0 2 4 6 8§ 10 12 14 16

1076 ! L ! L

1

18 20
E}/Ny/(dB)

: Dual-thresholds symbol selective (simulation);

: Joint threshold and ML [23];

: LLR-based threshold and MRC [19];

: No thresholding and MRC;

: Ideal relaying and MRC;

: Dual-thresholds symbol selective (theortical).

Fig. 4 E2E BEP performance comparisons when d;q = 1, ds, =

drd = 1/25 '_st = :/ST = '_YTd

oO¢v i+t

In Fig. 4, the “no thresholding and MRC” represents the
relay directly forwards symbols to the destination node.
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The “ideal relaying and MRC” indicates that the relay only
forwards symbols that are correctly detected to the desti-
nation while discards symbols that are incorrect. Simula-
tion results prove that the theoretical BEP of the proposed
scheme closely matches the simulated ones. We observe
that the performance of the proposed schemes is close to
that of scheme [23], and both of them achieve a better per-
formance than LLR-based threshold and MRC [19].

Further, we compare the computational complexity of
the proposed method with the method in [23]. Table 2
shows the number of real multiplications and additions of
the two methods with a frame length of 107 bits. It can
be observed from Table 2 that the numerical computation
cost required by the proposed scheme is much less than the
scheme [23], especially in high SNR. This accords with the
analytical results in Table 1.

Table 2 Computation cost at the destination of the proposed scheme
and scheme [23] when L = 107, dsq = 1, dsr = dpg = 1/2,
‘_\I’sd = :781‘ = ‘_\/rd

Computational cost

SNR/dB Scheme

Multiplication Addition

0 Proposed scheme 19 405 410 6 440 826
Scheme [23] 19418974 75351792

10 Proposed scheme 19912 128 1 897 254
Scheme [23] 19 912 059 79 296 472

20 Proposed scheme 19990 088 279 889
Scheme [23] 19990 067 79 920 536

5. Conclusions

In this paper, we propose an LLR-based dual-threshold
symbol selective DmF scheme for three-node cooperative
networks. The thresholds are used at the relay and the des-
tination to measure the reliability of received signals, re-
spectively. The relay only forwards reliable symbols to the
destination to mitigate error propagation. At the destina-
tion, the computing burden is reduced by only combining
unreliable symbols from the source with the symbols from
the relay. To achieve the LLR-based thresholds, we derive
E2E BEP under BPSK. Other than the scheme in [23],
closed-form solutions of the thresholds are derived. Sim-
ulation results show that the analytical thresholds are close
to the simulation ones. And it also proves that the compu-
tation costs of the proposed method is less than the method
in [23] with almost the same BEP performance.
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