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Abstract; An efficient LDPC-coded multi-relay cooperation architecture is proposed based on virtual vertical Bell
Labs layered space-time (V-BLAST) processing for uplink communication, where minimum-mean-square-error
(MMSE) and BP-based joint iterative decoding based on the introduced multi-layer Tanner graph are effectively de-
signed to detect and decode the corrupted received sequence at the destination. By introducing V-BLLAST transmis-
sion to the coded multi-relay cooperation, relays send their streams of symbols simultaneously, which increases the
data rate and significantly reduces the transmission delay. The theoretical analysis and numerical results show that
the new LDPC coded cooperation scheme outperforms the coded non-cooperation under the same code rate, and it
also achieves a good trade-off among the performance, signal delay, and the encoding complexity associated with
the number of relays. The performance gain can be credited to the proposed V-BLAST processing architecture and
BP-based joint iterative decoding by the introduced multi-layer Tanner graph at a receiver-side.
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INTRODUCTION

Multiple-input-multiple-output (MIMO) has
long been recognized as an effective technique for
combating fading and improving channel capacity
by offering diversity'!. However, physical im-
plementation of multiple antennas on a small, en-
ergy-limited mobile station (MS) might not be
realistic. Cooperative diversity techniquest** by
implementing MIMO techniques via virtual anten-
nas array may be one of the most effective ways
to solve this crucial problem.

Coded cooperation™*® is a mechanism where
cooperation is combined with channel coding. The
basic idea is that each user, instead of repeating
the received bits either via amplification or deco-
ding, tries to transmit incremental redundancy

for its partner. The current studiest” have ex-

ploited LDPC codes into relay channels and
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achieved excellent performance improvement on
various channels. In Ref.[10], two optimized Bi-
layer-LDPC code structures are designed for co-
ded cooperation. However, to the best known of
the author, spatial multiplexing architecturest"”
which can significantly increase data rate are rare-
ly mentioned in LDPC coded cooperation.

In this paper, a new kind of simple-encoding
irregular systematic LDPC codes is applied to the
uplink LDPC-coded multi-relay cooperation based
on V-BLAST processing, and a new joint itera-
tive decoding is introduced based on joint Tanner
graph that can fully characterize the LDPC codes
designed for the source and relays. This paper
considers a scenario for uplink where source and
relays are mobile stations (MSs), each equipped
with single antenna, and they transmit coopera-
tively to a destination, which is a base station

(BS) equipped with multiple antennas. Relays’
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synchronous transmission forms a virtual
V-BLAST transmission scheme. Hence, a con-
catenated system of V-BLLAST detection and joint
iterative decoding in BS is proposed, which conse-
quently leads to a significant performance im-
provement over non-cooperation systems under

the same conditions.

1 CODED MULTI-RELAY COOP-
ERATION BASED ON VIRTUAL
V-BLAST PROCESSING

The structure of the proposed coded multi-
relay cooperation based on virtual V-BLAST pro-
cessing is shown in Fig. 1, where the source and
relay nodes transmit their messages in two con-
secutive time slots over a half-duplex relay chan-
nel. At the first time slot, the codeword bits en-
coded by the first encoder, denoted by "Enc-0", in
the source (S), are sent over a broadcast channel
(SR;, i=1,--,N,) to N,(N,=2) relays (R,,
’RNl) and destination (D) with N, receiver an-
tennas, respectively. At the second time slot, the
decoder, denote by "Dec-i", in the i-th relay first-
ly decodes the received signal corrupted by noise
in S-R; channel; then the encoder, denoted by
"Enc-i", in i-th relay encodes the estimated mes-
sage bits and re-transmits them to the destination
over the R-D;(i=1,+-+,N,; j=1,++,N,) chan-
nel simultaneously.

The coded sequences generated by the en-
coders in the relays and source are correlated
since both parity-check bits from Enc-i and Enc-0
are dependent on their common original informa-
tion bits. The resulted check sequences are com-
pletely correlated if the decoded bits by Dec-i are
error-free over S-R; channel; otherwise, they are
partially correlated if there exists any error in the
decoded bits by Dec-i. The aforementioned two
cases are called ideal and non-ideal coded relay co-
operation, respectively. For the rest of this pa-
per, unless otherwise stated, all the statements
about coded relay cooperation are referring to the
ideal coded relay cooperation for uplink, where

source and relays are MSs each equipped with sin-

gle antenna and transmit cooperatively to a BS
with multiple antennas. Using multiple receive
antennas in the destination, the potential coopera-
tive diversity gain of a relay cooperation is real-
ized by a virtual MIMO, where the N,+1 incom-
ing signals from source and relays are the multi-
ple inputs to the relay channel. Moreover, the
partial cooperative diversity gain contributed by
channel coding arises from the decoder in destina-
tion, which estimates the N,+1 received signals.,
suffered from independent noises, by a joint deco-
ding means than by a separate approach with the
assumption of independence for all the incoming
signals. Note that the performance gain also ari-
ses from the relatively larger SNR of partial re-
ceived signal from relays over a shorten distance

compared with that from the remote source.

Relays (R)
V-BLAST processing
: Destination (D)
.Sour V-BLAST|Estimated
Information
. g detector | output
bits —

. . ¢ | and joint
- . : : decoding

Fig. 1  Structure of the proposed coded multi-relay co-

operation based on virtual V-BLAST processing

2 IRREGULAR SYSTEMATIC LD-
PC CODES FOR CODED MULTI-
RELAY COOPERATION

In this section, simple-encoding systematic
irregular LDPC codes are constructed for a coded
multi-relay cooperation based on virtual V-
BLAST processing.

2.1 Encoding of irregular systematic LDPC codes

Let the sparse parity-check matrix Hy.y of a
binary irregular LDPC code be

Hy,.\n = [ﬁ:\/lxw—:\/n IMXM] (L
where the element of Hyy—w is h;; € {0, 1}
A<M, 1<{j<<KN—M, M<N) and I,y an
identity matrix. Let the numbers of "1” in each
row and column of ITIMX(;V?M) be d. and d,, which

are proportional to and also comparably small in
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contrast to N — M and M, respectively. Thus,
the number of "1” in each row of Hyyy is d. =
d.+ 1, while the numbers of "1” in each of the
first N—M columns and of the last M columns
are d,=d, and d,=1, respectively. Consequent-
ly, the generator matrix for the above mentioned
LDPC codes is
Gnwxy = [Im’—.\/nxm‘—:\/n (fI(N—s\/I)x.w)T] (2)
Hence, it is obviously that a linear block code de-
fined by the sparse parity-check matrix in Eq. (1)
is an irregular systematic LDPC code.
The task of an encoder is to generate the row
vector ¢ from the generator matrix as
¢c=5 X Gn wxn 3
where s is a (N — M)-tuple message bit. Note
that this linear encoding is quite suitable for the
design of multiple LDPC codes applied in coded
relay cooperation based on virtual V-BLAST pro-
cessing. In this paper, the notation C(N, M, d.,
d.) is used to denote the ensemble of these irreg-

ular systematic LDPC codes.

2.2 Multiple irregular systematic LDPC codes for

coded multi-relay cooperation

To illustrate the proposed multi-relay LDPC-
coded cooperation, we take a two-relay coopera-
tion corresponding to N, =2 as a special example
of the general case depicted in Fig. 1, where three
irregular LDPC
CV(N, M, d",d"), C»(N—M+M,, M,,
d?,d?) and C*(N—M+M,, M,, d, d)

are employed for the source , the first and second
ploy

different systematic codes

relays, respectively. The encoder in the source
generates the codewords including the message
and parity-check bits by the first LDPC code and
sends them to two relays and destination over a
broadcast channel. The decoder in each relay first
decodes the codewords from the received signal
and then produces different codewords by a dis-
tinct LDPC code, where only the check bits are
retransmitted to the destination since the infor-
mation bits have been already sent to the destina-
tion by the source.

According to the retransmission strategy.

the general joint Tanner graph, fully characteri-
zing component irregular systematic LDPC codes
CV(N, M, d",d"), C»(N—M+M,, M,,
d?.,d?) and C¥(N—=M+M,, M,. d¥ . d%)
employed in the proposed virtual V-BLLAST based
coded two-relay cooperation, can be described as
Fig. 2. In this scenario, the 1st, 3rd and 4th layer
of the joint Tanner graph are associated with the
check nodes ¢’ (1<i<<M), ¥ (1<<i<<M;) and
¥ (1<<i<<M,) corresponding to the LDPC codes
C", C? and C*®, respectively. And each check
node of the 1st, 3rd and 4th layers involves with
dV, d and d¥ variable nodes, respectively.
The 2nd layer consists of two distinct groups of
total N-+M, +M, variable nodes, N—M variable
nodes v’ (1<<i<CN—M) for the common mes-
sage bits that each participates in dV +d* +d<
check equations and M+ M, + M, variable nodes
v’ (N—M+1<G<N), v (N—M+1<i<<N—
M+M,), and v/ (N—M—+1<i<N—M+M,)
each attends only one check equation.

From the view of destination, the overall
code rate of three irregular systematic LDPC
codes adopted by a two-relay coded cooperation is

o N=—M
R, N+ M M, 4)

Correspondingly, the parity-check matrix for the

entire resultant LDPC codes is given as

'T1e8
Hyp v m Iyou 0 v« M, 0 i M,
— |HY 0 I 0
H = M, X (N=M) M, <M M, %M, M, XM,
H}) 0 0 I
‘M;} X(N—M) ,\/IZXNI 1\/Iz><1\/I] 1'\/[2><1'\/[2
(5)
Fmmmmm e -
e ch
1st layer ! ,
1
r==========-"- -~ -~ " _______I
: VJ(\IZ»)Mﬂ !
2nd layer, Viprs |
. !
___________ ;
-
1
3rd layer . -,
1
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y . C?) cﬁ) 1

Fig.2 Joint Tanner graph for three irregular systema-
tic LDPC codes adopted by two-relay coded co-

operation
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V-BLAST DETECTOR FOR COD-
ED MULTI-RELAY COOPERA-
TION

coded

scheme, relays send their signals to the destina-

In the proposed relay cooperation
tion simultaneously to reduce transmission delay,
which forms a virtual spatial multiplexing system
as V-BLAST processing. a V-

BLLAST receiver is necessary in the destination.

Consequently,

In the approach, we use MMSE detector™,
which achieves an optimal balance of noise en-
hancement and interference suppression, in BS.
The aforementioned process is depicted in Fig. 3,
where two MMSEs, denoted by "MMSE-1" and
"MMSE-2", handle the incoming signals from
source and relays in two alternative time slots,
respectively. The outputs of the multiplexer are
further processed by a joint iterative decoder

which will be explicitly analyzed in Section 4.

2)

Joint A
. Y C,
Multiplexer iterative -
Estimated
decoder
output

. Time slot 1

i Tk o

I 7\

! " \-{ Multiple . MMSE-1
1 N

! i ! | receiver [}
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I
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|
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Y
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(NeH1)

|
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Fig.3 Schematic diagram of V-BLAST detection and joint decoding

For the sake of simple presentation, we con-
sider a two-relay (N, = 2) cooperation assisted
case in this section, which can be easily extended
to the cases of N,-relay (N,=>3) cooperations.
Suppose all the transmitted signals over the con-
stituent channels, S-D and R-D, in a two-relay
cooperation suffer from flat fading and additive
Gaussian noise, simultaneously. Let the A-th re-
ceived signal obtained by N, (N,>=N,) receiver
antennas during the i-th (;=1,2) time slot in the
destination be
e i T =HPdY a6
where d’ =d” € C*"! and 4} =[d* ,d¥ ]T €

C**! are the transmitted symbols sent by source

(€3]

i)
e TrN,

ri’ =Lr k

and relays, respectively and n” € C¥"' is an
Gaussian noise vector with independent and iden-
tically distributed (i.i. d.) entries with zero mean
and variance of (¢ et
and H® € CY** are the MIMO channel matrices
for S-D channel and R-D link, respectively, while

(1)

ORY
MDA r

Moreover, H

(2)
k

the first and second columns of H;” are corre-
sponding to R,-D and R,-D link, respectively.
Note that although the symbol sent from source is
denoted as d;"” for convenience, it is a scalar ex-
actly.

Then MMSE-; (:=1, 2) will filter the out-

put from the receiver antenna in i-th time slot,

thus the decision statistic is

y;z) *W(k”l";n [:1 Z:1 (7)
) - t=2,3 i=2
where yi"”, yt¥ and y¥ are corresponding for a

symbol from the source and each of the two re-

lays, respectively. According to MMSE detection

algorithm in Ref. [127], w{® = (H" )" (H

(H") " + GV D™, w? i

and second rows of (H® )" (H® (H® )" +

(e®)*D™!
Finally,

and w;* are the first

, respectively.

[€2]

v is sent to an iterative decoder an-

alyzed in next section for further processing.

4 JOINT ITERATIVE DECODING

OF IRREGULAR SYSTEMATIC
LDPC-CODED MULTI-RELAY
COOPERATION

In this section, a BP-based joint iterative de-
coding algorithm by the proposed joint Tanner
graph as shown in Fig. 2 is proposed for irregular
LDPC-coded
with virtual V-BLAST processing. This decoding

systematic two-relay cooperation

algorithm can be naturally extended to a N,-relay
(N, >2) LDPC-coded cooperation.
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4.1 General description

As shown in Fig. 3, the k-th output of the
multiplexer after parallel-to-serial conversion is
R, = (i s oees il s s i s s o
y;’i}!\/lzfl) with the first N, middle M, and last M,
symbols from the source and two relays, respec-
tively. For the sake of concise, let M=M, =M, ,
then R, can be simplified as R=C(y, ,*** s ynsVYni1s

L VNEM s YNEMEL s s Wnrexm ). Note that y, (1<C

n<CN) are corresponding to codeword bits gener-
ated by irregular systematic LDPC codes CV (N,
M, d", d?") . while y, (N+1<n<N-+2XM)
are corresponding to check bits generated by ir-
regular systematic LDPC codes C** (N, M, d*,
d?) and C¥ (N, M, d, d'¥), respectively.

Using the binary antipodal modulation, let
r.=Re(y,) (1<n<<N-+2XM) and these se-
quences of soft values are directly applied to the

joint iterative decoding.

4.2 Joint BP-based iterative decoding based on

multi-layer Tanner graph

The steps of the proposed BP-based joint it-
erative decoding by a unified multi-layer Tanner
graph can be realized as follows.

Step 1
signal d, takes +1 or —1 with equal likelihood

( Initialization): The transmitted

for the codeword bit ¢, =0 or 1 generated by ir-
regular systematic LDPC codes C'V (N, M, d*",
d"), C” (N, M, d*, d?”) and C* (N, M,
d®, d?”) used by source and two relays, respec-
tively. Let two conditional probabilities for d, on
the filtered sequence {r,} be
fu=Pr(c, =0 G [MFM)
fo=Prlc,=1] G [P =1—Ff, (8
Initially, the decoder only obtains the filtered
symbols from the component MMSE detectors
and has no prior information from the parity
checks. Thus with the known channel state infor-
mation (CSI), two conditional probabilities in
Eq. (8) can be further formulated according to the
Appendix.
Then, let two aposteriori probabilities con-

cerning the filtered sequences {r,} for the deco-

ding iteration be
gl =Prle, =0 | Gy [MFD),S(CCu) /) =1
(9a)
g, =Pric, =11 Gy |7,
S(C(v)/c,))=1)=1—q,, (9b)
The function S(C(w,)/c,”) is given the value

1 if all the check nodes except ¢!’

in the set
C(wv,), associated with variable node v,, are sat-
isfied simultaneously, where m=1, -+, M for i=
1, 3, 4 is corresponding to check nodes in the
1st, 3rd and 4th layer of the joint Tanner graph,
respectively. Note that v, is the variable node in
the second layer, i. e.
oD l<n<N
v, =< 0% N+1<anN+M ((10)
vy N4+M+1<n< N+2M
Before commencing the iterative decoding, (q.’,,
¢%”,) can be initialized as (f,, f,) according to
the Appendix.

Step 2 (Horizontal process): In this step

the extrinsic information ., , sent from the m-th

check node ¢! in each layer to a variable node v, ,

is evaluated as

(GO

Pr(SUe 1) =11 ¢, =0,(r [XPM)

Pr(SUcel ) =1]c,=1,G, [ M)
L+ AL/ (2 — i)
L—=A /(g0 —q,l)

r

(1la)

where

ALY = (11b)

1T @ —ano
on €V(et)

Then, a check node in any layer sends its ex-
trinsic information to a variable node wv, in the
second layer of the joint Tanner graph.

Step 3

variable node v, (1<<n<CN — M) regarding the

(Vertical process): Let R, for the

n-th message bit be
R,= ] »ux II »ax 11 =
P ec) Pect) AP ec)
12
Hence, in this step the extrinsic information
(¢, ,q2), sent from a variable node v, (1< n<C
N—M) to a check node ¢!” in the first layer of

joint Tanner graph, is calculated as
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o _ Pric,=0|{

9S(C(1)("U,,)/C,(,,D ) =1,S(C* (v,)) =1,S(C? (v, =1 _ [,

(@9]
R, 4.,

<H

?\
ro |

T Prie, =1 |

Then, the extrinsic information (g%, ,q¢',) is up-

dated as
G = s/ A +s000q,0 = 1—q, = 1/A+5.)
a4
Similarly, the extrinsic information (¢, ,
¥, sent from a variable node v, (1<<n<{N —

M) to a check node ¢/” in the 3rd layer of the

joint Tanner graph, is obtained as

(2) 7& Rn a2,
S = X T, (15
Therefore the extrinsic information (¢'%,,¢2,) is
updated as
G =5/ A+ 500 s, =1— g0, =1/(1+ 57D
(16)
Moreover, the extrinsic information (¢.,, ¢\, ,

sent from a variable node v, (1<n<N—M) to a
check node ¢! in the fourth layer of the joint

Tanner graph, is obtained as

3
(3 :LX Rn e an

Smon D)

o T Qoon
(3)

Consequently, the extrinsic information (g, ,

)

q,),) is updated as
G =55/ L+ 500 0q,00 =1 — g, =1/ + 50D
(18)
Step 4 (Final decision): Repeat Step 2 and
Step 3 until up to the maximum number of itera-
tive decoding, then the aposteriori likelihood is e-
valuated as
R,,ZLXR, n=1,--

Finally, the estimated message bit is acquired by
the following rule
jO R, =1

SJIN—M (20)
h R<1

n=1,e

S SIMULATION RESULTS

In this section, we investigate the perform-
ance of proposed uplink LDPC-coded multi-relay

cooperation based on virtual V-BLLAST processing

F.S(CT (0, /) =1,5(C7 (0,) =1,5(CV (o, =1 7, " ril aill

(13)
with known CSI over both Rayleigh fading chan-
nels and Suzuki fading channels. In the simula-
tion, we assume that SNR of the received signal
from each relay is 1. 0 dB'"*), higher than that of
the received signal from the source in accordance
with the situation of shorter distance between any
relay and destination as compared with that be-

tween the source and destination.

5.1 Virtual V-BLAST based LDPC-coded multi-
relay cooperation with various decoding iter-

ations

Fig. 4 gives BER results of the proposed LDPC-
coded two-relay cooperation with two receiver anten-
nas and 1, 2, 3 decoding iterations by the proposed
cascade process of V-BLLAST detector and joint BP-
based decoder, where three different irregular sys-
tematic LDPC codes CV (7 200, 2 400, 8, 4),
C* (8 000,3 200,6,4) and C* (8 000,3 200,6,4)
are employed for source and two relays, respectively.
Note that the overall code rate from the destination is
6/17 based on the coded cooperation strategy intro-
duced in Section 2. Simulation results show that BER
over Rayleigh fading channel can be significantly re-
duced by using the joint BP-based iterative decoder
with increasing decoding iterations. For example, at
a BER of 1077, approximate 2. 3 dB gain can be a-
chieved for the 2nd iteration over the 1st iteration,
while the gain is about 1. 2 dB for the 3rd iteration as

compared with the 2nd iteration at the same BER.

107
10*
10°
~
=
10"
10° —eo— Coop-VBLAST, Iteration=1
—— Coop-VBLAST, Iteration=2 %
—o— Coop-VBLAST, Iteration=3
1 0‘5 1 1 1 1 1

-5 -4 -3 2 -1 0 1 2 3
SNR /dB

Fig.4 BER-SNR curve with various decoding iterations

in destination



380 Transactions of Nanjing University of Aeronautics & Astronautics

Vol. 30

5.2 Virtual V-BLAST based LDPC-coded multi-
relay cooperation with different numbers of

receiver antennas in destination

BER results of proposed LDPC-coded two-re-
lay cooperation over Rayleigh fading channels
based on virtual V-BLAST processing are shown
in Fig. 5, with the same LDPC codes used in
Fig. 4, where the decoding iteration is 3 and the
number of receiver antennas in the destination is 2
and 3, respectively. Significant diversity gains
can be observed by increasing the number of re-
ceiver antennas. For instance, at a SNR of —2.5
dB, BER reaches 10 ° for the proposed LDPC-co-
ded multi-relay cooperation with three receiver
antennas, while it is 10 ° in case of two receiver
antennas. This merit can be credited to diversity
order achieved by MMSE detectors and efficient
joint BP-based iterative decoding based on the

proposed multi-layer Tanner graph.

—o—Coop-VBLAST, N, =2
——Coop-VBLAST, N.= 3

BER

10 504520353025 20 15-1.0 05 00 0.5

SNR /dB

Fig. 5 BER-SNR curve in the 3rd decoding iteration

with 2 and 3 receiver antennas in the destination

5.3 LDPC-coded two-relay cooperation based on
virtual V-BALST processing and LDPC-

coded non-cooperation

Fig. 6 compares BER of LDPC-coded two-re-
lay cooperation based on virtual V-BLAST pro-
cessing with the same irregular systematic LDPC
codes employed in Fig. 4 and coded non-coopera-
tion under the identical conditions of two receiver
antennas and decoding iterations as 2 and 3, re-
spectively, The rate-6/17 irregular systematic
LDPC code C(3 400,2 200,6,11) is adopted in

the non-cooperation as a reference. The results

show that the performance of the coded coopera-

tion based on virtual V-BLAST processing clearly
outperforms the coded non-cooperation with the
same number of receiver antennas in the destina-
tion, in all range of SNR under the same decoding

iteration over Rayleigh fading channels.

10"
10° )
107 1
5
ST i
—e— Non-coop, iteration=2
s | —— Two-relay-coop-VBLAST, iteration=2
10 . L -
—— Non-coop, iteration=3
—— Two-relay-coop-VBLAST, iteration=3
10° . . . . >
-5 -4 -3 -2 -1 0 1

SNR /dB

Fig. 6 BER of LDPC-coded two-relay cooperation based
on virtual V-BLAST processing and LDPC-co-

ded non-cooperation

5.4 Virtual V-BLAST based LDPC-coded multi-

relay cooperation

BER results of proposed LDPC-coded two-re-
lay cooperation based on virtual V-BLAST pro-
cessing over Suzuki fading channels are shown in
Fig. 7 with the same LDPC codes used in Fig. 4,
where the decoding iterations are 2 and 3 while
the number of receiver antennas in the destination
is 2 and 3, respectively. Furthermore, the pa-
rameters of the Suzuki fading are (s, m, ai[ ) s
where s=0. 161, m= —5"=0.025 9, o, =0, =
1/2 and o, =1"".

served by increasing either the iterations or the

Significant gains can be ob-

number of receiver antennas, which is consistent
with the results in Rayleigh fading channels. Fig.
7 also demonstrates the performance of proposed
approach over Rayleigh fading channel is better
than that over a Suzuki fading channel under the
same condition, which is reasonable for the previ-
ous one with a better channel condition compared

with the later one.

6 CONCLUSION

This paper introduces an efficient uplink LD-
PC-coded multi-relay cooperation based on virtual

V-BLAST processing over a flat fading channel,
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Appendix

ative decoding for proposed V-BLAST based LDPC coded cooperation.

In this appendix, we derive the aposterior probabilities ( f,, /) used in the initialization step of the joint BP-based iter-

1. A posteriori probabilities for filtered output of symbols sent from source (f,, f,) when 1<n<{N

Base on the V-BLLAST detection algorithm addressed in Section 3, we rewrite the vector of combining coefficients for

the symbols sent from source as w,= H, " /C|| H, || *+ (V" )?). Hence, the filtered output y, is

v, =w,(H,d, +n,) =

I H,|*
IH, [+ G")°

d,+n, (AD
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where d, take values —1 or +1 with equal likelihood for the codeword bit ¢, =1 or 0 generated by irregular systematic LD-
PC codes CV (N, M, d, dV), used by source.
With the known channel state information (CSD , n, =w,n, is Gaussian RV with variance ¢,? as

H H,, H 2(6(1))2

2 _ * _
On E((Wu”n) w,n,) ( H H, | 2 + (g(l))Z)Z (A
~ ~ | H, ||*G")* : =
Let r,=Re(y,)=a,d, t+Re(n,), where a, :W Therefore, f, and f, can be further formulated as
" c
fu="Prlc, =0 | {r, [N} = 1/ + exp(—da,r,/6.> ) (A3a)
fo=Prlc, =11 {r, ) =1—f, = 1/U+ exp(da,r,/c,*)) (A3b)

2. A posteriori probabilities for filtered output of symbols sent from the first relay: (f,. f,) when N+1<n<N+M
According to the V-BLLAST detection algorithm addressed in Section 3, the vector of combining coefficients for the sym-

', Hence, the

bols sent from the first relay is rewritten as w, corresponding to the first row of H,* (H,H,) " + (s )*D
filtered output vy, is

v, =w,(Hd, +n,) =wH,d,+n, (A1)
(2)

where d, = (d:m ) while d(* and d{ take values —1 or +1 with equal likelihood for the codeword bit ¢’ =1 or 0 (i=2,3)

generated by irregular systematic LDPC codes C® (N, M, d®, d”) and C® (N, M, d®, d’), used by two relays, re-
spectively.
With the known CSI, n, =w,n, is Gaussian RV with variance ¢,% as
6t = P EGn,w) ) = [w, |2 (A5)
Let r,=Re(y,)=a?d® +a’d” +Re(n,) . where a’ =Re(w,H,) 1, a'’ =Re(w,H,) 1, (Z.,; denotes the element of Z

in /-th row and j-th column). Therefore, f, and f, can be further formulated as

1
exp(— (r, +a®® —a®)?/5,?) + exp(— (r, +a® +a*)?/5,%)
exp(— (r, —a¥ —aP)*/6,") +exp(— (r, —a® +a)?/c,%)

1
(exp(* (r, —al” —a)%/6,") + exp(— (r, —al’ +a¥ )2/51,2)>
exp(— (r, +a” —a’)"/6,") + exp(— (r, +a?’ +a? )" /6,”)

(Aba)

fu=Prlc, =01 {r, MM} =

1+ (

fo=Prlc, =1]{r, (A6b)

Y =

3. A posteriori probabilities for filtered output of symbols sent from the second relay: (f,, f,) when N+ M+ 1<n<N-+2M

According to the V-BLLAST detection algorithm addressed in Section 3, the vector of combining coefficients for the sym-

bols sent from the second relay is rewritten as w, (N+ M+ 1<n<CN -+ 2M) corresponding to the second row of H, "
((H,-yH, )"+ (%)*D ', Hence, the filtered output y, is

Yo = w,(H, yd, v+ 1, ) = wH, yd, v +n, (AT)

n—M . . . . . .
) while d{¥y; and d'¥y; take values —1 or 1 with equal likelihood for the codeword bit ¢’y =1 or 0 (¢
n—M

=2,3) generated by irregular systematic LDPC codes C® (N, M, d® , d”) and C® (N, M, d¥, d), used by two re-

where d, = (

lays, respectively.
With the known CSI, n, =w,n, y is Gaussian RV with variance ¢, as
6. = PV E(w,w,”) = ||w, [ *G?)* (A8)
Let r,=Re(y,)=aPdPy+aPdPy+Re(n,), where a'? =Re (w,H, y)a+ a'’ =Re(w,H, u) 2 (Z,; denotes the ele-

ment of Z in i-th row j-th column). Therefore, f, and f, can be further formulated as

_ » 1
. =Pr(c, =0 {r, [N} = . > = - — (A9
f e | 12D . <exp(—(ru —a? £ aD) J5:7) F exp(— (g + a? +aP) /5,0) ¥
exp(— (r, —a¥ —aP)*/6,") +exp(— (r, +a® —al)?/5,%)

1
(cxp(* r, +a? —a)?/6,2) +exp(— (r, —al¥ —a'*)?/s,%)
exp(— (r, +al” +aP)?/6,2) + exp(— (r, —a® +a¥ )% /5,%)

fo="Prlc, =11 {r,

Y =

(A9b)




