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Abstract In this paper, we present an efficient distributed differential quasi-orthogonal
space-time block code (DD-QOSTBC) system for multiple relay networks. First, we
propose the DD-QOSTBC transmission which considers two robust STBC-like subsystems
in amplify-and-forward multiple relaying over flat fading channel. It is assumed that source
has two antennas, and relays and destination have a single antenna. With robust STBC-like
subsystem structure, we show that our robust subsystems can be used for an efficient joint
suboptimal differential decoding based on a maximum likelihood criterion. Finally, we
accomplish the performance evaluation on the proposed DD-QOSTBC system in terms of
bit-error-rate.
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1 Introduction

Differential modulation has been regarded as an attractive solution to improve the spectral
efficiency with pilot signal elimination at the transmitter. The potential goal of differential
modulation is achieved in fast-varying fading channels. It is difficult to obtain the channel
state information (CSI) between transceivers in those channels but differential modulation
can be adopted without channel estimations. Due to this property, differential modulation
is used for timing and frequency synchronization in order to initiate the frame decoding
[1].

Recently, multiple-input multiple-output (MIMO) wireless systems have been devel-
oped to increase total reliability and spectral efficiency [2]. In particular, the advantages of
MIMO systems, such as capacity and diversity improvements are compared with single-
input single-output (SISO) system adopting the combination of the differential modulation
and an orthogonal space time block code (STBC) [3-5]. Unfortunately, however,
employing a large number of antennas has been considered as an impractical direction for
small mobile terminals due to its limited physical hardware size. Thus, the distributed
diversity (or relay-assisted diversity) topology has aroused great interests for an alternative
solution to overcome such shortcomings [6, 7]. The diversity gain is organizationally
obtained by joint processing using received signals from the distributed relays and trans-
mitter. However, we note that most of prior works for cooperative system have been built
upon perfect CSI transmission (coherent transmission). Furthermore, to the best of our
knowledge, distributed differential modulation with quasi-orthogonal space-time block
coded (D-QOSTBC) system has not achieved full diversity.

In this paper, we present a distributed D-QOSTBC (DD-QOSTBC) system with an
amplify-and-forward (AF) mode for multiple half-duplex relaying (HDR) system. Espe-
cially, we consider a single frequency relaying system shown in Fig. 1a which assumes that
the source (S) has two antennas and each of N relays (R) has one antenna and the desti-
nation (D) has a single antenna. Here, we firstly propose a novel robust STBC-like sub-
systems which preserve orthogonality on both effective channel and symbol matrices to
reduce receiver complexity without performance degradations. With the robust subsys-
tems, we propose the efficient joint suboptimal differential decoding (JSDD) utilizing a
maximum likelihood (ML) criterion. This JSDD rapidly updates both error distances of the
detected DD-QOSTBC symbols and additional information to calculate weighting factor.
The weighting factor is combined with additional signals efficiently. Finally, we evaluate
the performance of the proposed DD-QOSTBC system to compare with that of the dis-
tributed coherent QOSTBC (DC-QOSTBC) system, and verify the system’s validity.
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Fig.1 DD-QOSTBC system consisted of source (S), relays (R), and destination (D); a transceiver topology,
b DD-QOSTBC transmission format
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2 A Signal Model for Efficient DD-QOSTBC System

In this section, we address a fundamental framework of multiple HDR system to realize the
efficient differential encoding and decoding for the DD-QOSTBC system. First, we briefly
describe Protocol I and III to achieve STBC diversity [7]: In Protocol I, the source com-
municates with the relays and destination during Time-slot 1. And the relays and source
communicate with the destination during Time-slot 2. Protocol III has similar process with
Protocol I but § — D link during Time-slot I is not considered. In the followings, Fig. la
shows that the overall block diagram of DD-QOSTBC for multiple relay networks consists
of one S, N distributed HDRs, and single D. The modulated data passes QOSTBC gen-
erator and four symbols of the kth block time s, s, s, and 5% construct an QOSTBC matrix
pattern as shown in (8). Then, 4 x 4 QOSTBC is divided into two blocks and differential
modulation is performed with elements separator for symbol transmission. The constructed
transmission blocks from each antenna are illustrated in Fig. 1b. It is noted that we omit the
process of symbol-based differential modulation in this section because Sect. 4 will discuss
the differential process at the destination side. As in Fig. 1b, differentially modulated
symbols for the kth block time in each antennas consists of eight symbols that 16 time slots
are required to transmit QOSTBC codes successfully. Throughout this paper, we assume

that all links have a Rayleigh distribution of CA/ ~ (0, 07).
2.1 Transmission Procedures with Protocol II1

(1) During Time-slot 1 As shown in Fig. 1a, the S transmits the symbols s* and s to the nth
relay. The received signal rﬁ from two antennas of S can be expressed as

I‘ﬁ =V EV]/I‘I:rAln‘SJIc + Vv Esrhfr‘lesg + nf?,m (1)

where E,. denotes the average power available at R and 4X . denotes a channel gain

Sr, lI’L
between the ith transmit antenna of S and the nth R. It is assumed that the additive noise of

nth R, nf, has the Gaussian distribution of CA"~ (0,0;) where E[ngnnifn] = a2 ()]L
denotes hermitian operation. The received signal of (1) is normalized at each relay for the
AF relaying transmission as

(V 5’ sr, lnsl +v Sr 3r2ns2+nf€,n)7 (2)

where the factor § = /2E,,a2 + o2 is a unit power at the nth R, and af is an approximated
symbol variance for differential transmission [8].

(2) During Time-slot 2 S transmits symbols s5 and s to D while each relays forwards the
signal (2) to D. As a result, the received signal from both S and R can be expressed as

kpk
Z Pl + (hsd 185+ Ry 234) + s, 3)
where N is the number of distributed relays, and hfd,n denotes a channel gain between the

nth R and D. n%), is an additive white Gaussian noise (AWGN) with CA/ ~ (0, 62). (3) can
be rewritten as

Y1 _C151+C252+C%S%+C4S4+”17 (4)
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where the effective channels Cf (for i = 1,2,3,4) are specifically defined in (5), and the
effective noise nf is specified as nf = s/E,d/n(ny lngeklﬂ ])h’;d n) + ij’ D (for i = 1).

V Esrtrd Eerr V Esrbrd Eerr o om
‘ Z( sr,ln ];d n) < Z( ST, Znhfd n) ESdhf‘d,l ESdhl;d,Z
—_—

vk vk
C3 G4

h* =

k vk
81 52

(5)

For the destination signal modeling, let us assume that the perfect D-QOSTBC is
transmitted referring to Fig. 1b. In the followings, we can easily obtain the received signals
at D during the kth block time as

y’f = sk + Bsb + Gk + (sl +

Kk Kk kK kK
Cl 5+ G — C354* + Ush" + s

" i (6)
y? = C + C254 C 1T C432 + n;
k koke ok ke o ok ok
=05y + Oy — Gy + Gsy™ + 1.
Furthermore, (6) can be rewritten in matrix form as
yk — hksk 4 nk (7)
where y* = [)¥,y%,y%,)%] and h* is the effective channel vector defined in (5). The
effective noise is n* = [nf, n§, nk, %], and the symbol matrix S* is
s’f - sé* s’§ - vﬁ*
koo g e
S A S
gt |52 4 53 3
R ©
R A S S

where (-)” denotes conjugate operation.

From (6), it is noted that the traditional D-QOSTBC transmission can be readily
extended to a distributed fashion similar to 4 x 1 multi-input single-output point to point
communication in single frequency network.

2.2 Transmission Procedures with Protocol 1

The received signals during Time-slot 2 of Protocol I are same as (6). On the other hands,
Protocol I provides additional information in every Time-slot 1. We will investigate those
additional signal by exploiting the proposed robust STBC-like subsystems in the next
section. Let us consider the additional received signal yfl which is transmitted from § to D
during Time-slot 1:

y'é,l =V Esdhfd,lslf +v Exdhls{d,zsg + ”151,1 9)

where E,; denotes the average power available at D. Similarly to (1), hydl is the channel
gain between the ith transmit antenna of S and D, and ”0171 is an AWGN with
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CN ~ (0,0?). Assuming that the complete D-QOSTBC codes are transmitted, the addi-

tional signals of (9) can be expressed as

ylz;,l = \/ETdh/;d,lsllc + \/Eghfdﬂsg + ”km,l
ysﬁ,z = _\/Ezhls{d‘,]sg* + \/Ejhls{dlsll{* + ”15172
ylfta \/Ezhfd‘lsé + mhfdﬁzsﬁ + "151,3
y];'A = _\/ES;h.];d,lsﬁ* + \/E;hfd,zsé* + 4

We can see that (10) does not have all elements of QOSTBC block, and it merely have path
coefficients A, | and hf,.

(10)

3 Destination Structure for Efficient DD-QOSTBC System

In the following, we discuss differential decoding based on the conventional subsystem
based on [10]. With simple manipulations of yX, %, y% and y%, we obtain
K +35 =+ B +55)

+ (G + L) (83 + 54) + 415
Vo+yi=— (G + G0+
+ (G + L)Y +55) b+

ot = - - ) "
+ (85— )(sh — sb) + i —nf
Vo =¥ == (0 =5 — )
+ (5 = Gy = 55) + b — .
From (11), we can make two equivalent subsystems as follows
vy =S} 4 nd )

Yo =hoS; +m),

where we define subscripts C1 and C2 as the first and second conventional subsystems,
respectively. Effective vectors are represented as kal Ly" + yg, y2 + y4] yC2 [y" y’é,

5 — ¥, M—W+ﬁ$+m W = [0} - 4,8 - &), ol = [0k +nk 0k +nf], and

k k_ ok k
n§ = [k — nk, nk —nk]. S and S} are defined as
G ST — ()
= k k kox kx
85 + 8y ST+ 53
(13)
Sk _ S]f - slfi - (Sk* - k*)
2 — k k sk Jox :
s5 — 54 57— 55

@ Springer



1406 S. Jo et al.

3.1 Proposed Robust STBC-Like Subsystems
3.1.1 Robust STBC-Like Subsystems for Protocol III

Let us define the proposed robust STBC-like subsystems by mapping y%, to STBC-like
format [9]:

Y = HASY + N (14)

where S¥ is defined in (13). The matrices of Y¥, HY, and N¥ are

yh o YA = o+ Y5+ vk

C1 1= * * * *

|08 05 N

[ k k k k

k k a+4 6L+
hl }—)Hl = (k= Jex kox kox (15)

(G +E) G +G

ot s N — ny +nj nh + 1

S R (e S I

where — stands for mapping function. Similarly, the second robust STBC-like subsystem
can be formulated by reformulating (11) with (y’f - yé‘) and (y’ﬁ — y’j) of y’éz as follows

YS = HASS + NE, (16)

where Sé is defined in (13), the matrices of Y’; H’;, and N’; are

k k k k

yléz’—’Yg: Yi—)3 Y2 = V4

|08 =04 -

[ k k k k

k k a-4G 6H-4

h2’—>H2 = Jex Jex kox kox (17)

__(Cz _C4) é] _43

[ k k k k

o — NE — ny —nj n, —ny
2 2 (kx ke kv kx|

L (ny" —ng") ny" —ny

From (14) and (16), it is noticed that both (H¥, H’;) and (Sk , S’;) matrices preserve the
orthogonal property, which is important for the efficient differential decoding of (29) and
(30). The equivalent property between the DD-QOSTBC system and robust STBC-like
subsystems are readily proven, by extracting sequentially (1,1) and (1,2) elements of B’l‘
and B% which are defined as Bf = (Y} + Y4)/2 and BS = (Y} — Y%)/2.

3.1.2 Robust STBC-Like Subsystems for Protocol I

Here, it is assumed that manipulation for robust STBC-like subsystem is also performed
with the additional information of (10). We can also observe the equivalent property from
the signal (10) in every Time-slot 1. With manipulations of y’:,_l, y’:,_z, y"}‘3 and y§_4, the first
additional robust STBC-like subsystem can be expressed as ' ' ’ '

YE | = HESE 4+ NK (18)

al — a,l?
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where S'f is expressed in (13). The matrices of Y];_l, Hﬁ, and Nfl_’1 are defined, respectively,

as
v Yai tVas Yo+ Vha

al — _( fox + k*) kox + kx

| =Wa2 T Yaa) Yai T Ya3
Hf — \% Esdh.lv(dJ \% Esdhfd,z
“ | ~VEah, VEah,

(19)

k k k k
N = Npiy +7Mp13  Mpip T Hpig
al —

i _(nkD*l,2 + 4) "53*1,1 + 15 3

The second robust STBC-like subsystem is similarly given by
k kQk k

Ya,2 = HaSZ + Na,2> (20)

where S’; is expressed in (13). It is noticed that HZ is identically defined as in (19) while
Y’;z and Nﬁ_z are

k k k k
YvE Yag —Ya3 Yar = Yaa
2
‘ —(a = Y)Y — Y .
ko ok ko ok (21)
P p1,1 — Mp13 p12 — Np1a
N, = 3 .

kx ks ke ke
(”Dl,z - ”01,4) p1,1 — Mp13

From (18) to (21), the effective channel matrix H’; only contains the channels of S — D
link, while effective channel matrices (H%, H5) contain the channels of both § — D and
S — R — D links. Therefore, H’; can not provide cooperative diversity. However, the

advantage of our subsystem is that the surplus signals Y* | and Y';,z can be combined with

k

Y¥ and Y4 by multiplying weighting factors, since (Y, Y%) and (Yar, Y ,) have the same

shapes. We define those shapes as matrix-wise sets.

4 Differential Encoding and Decoding for DD-QOSTBC System

In this section, we present the efficient DD-QOSTBC encoding and decoding procedures
for the aforementioned robust STBC-like subsystems.

4.1 DD-QOSTBC Encoding

In Fig. 1a, differential encoding for each symbol is equivalently treated in the first robust
STBC-like subsystems of (14) and (16). Therefore, we can apply the general D-STBC
encoding rule to these two subsystems as

1
S} = ——Si7'X}, (22)
uy

— — 112 _ —112 - . . .
where uf~! = \/|x’[ U X417 + &1 +x471" is a normalization factor. The transmit

symbol matrix of X% is defined as
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M (8 )

Xk
1
x’i + xﬁ x’f* + x';*

: (23)
where the linear combination rule of data symbols xﬁ (for k =1,2,3,4) follows the for-
mulation rule of (11). (x%, x4) are the cardinality of phase-shift-keying (PSK) constellation
set V1, i.e., x1,x2 € V1. In contrast, (x§, x’j) are the rotated (offset) cardinality of the PSK
constellation set V5, i.e., x3, x4 € V,, and these two constellation sets are defined to prevent
the sum of elements of X’f becoming a zero matrix [10]. Similarly with (22), the differ-

ential encoding for the second robust STBC-like subsystem for (18) and (20) can be
expressed as

I
§) =8 X8 (24)
L)
where 4! = \/ k=1 — =117 4 |51 — x5-1* and the transmitted symbol matrix X5 is
given by
X—x = (8-

X = (25)

Boxg oA

4.2 DD-QOSTBC Decoding for Protocol III

We present the proposed ML-based differential decoding scheme with no CSI. It is
assumed that the channels are constant over the transmission of the two consecutive block
time, i.e., H’f’l = Hll‘, Hg’l = Hg and Hfl" = H'; For the comprehensive understanding,
we first consider the differential decoding for Y’l‘ and Y’; (see (14) and (16)), where S’lc and
S’; are encoded according to the rules of (22) and (24). With the equivalent property
between the DD-QOSTBC system and two robust STBC-like subsystems, the proposed
ML-based differential decoding which eliminates the necessity of CSI is defined as
Xk Nk ety D) |
3,12 = argmin Vi — E(Y' Y +Y, Y2) ‘
X1, 0 €V

1 2 (26)
X}, 54 =argmin|| V5 — E(Y(lkfl)TY’f _ Y(zkfl)TY15> ’ ’
X3,X4€V2
where the reference symbol matrices V¥ and V4 are
&=k ko ke
vi= Ii k*z , V3= 12 k*4 . (27)
¢y ko
(k=1)

Here, it is noticed that the correlation between H and H¥ can be perfectly decoupled

from the orthogonal properties as

i
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I = m g
2
= (E+8)+@B+D) )L =)'
e " (28)
5> = H, Hk
2 2
= (- — )" )L = ()1
The channel gains in (28) become real value, thus (26) can be rewritten as
ck— /lkkarﬂk %
X’IZ3 |, = argmin ’ (A ) (29)

x1,0EV) ’c - (A x2+n2)| *

L T
X}, 34 = argmin 5= ( . ) +n3)|2 ; (30)
nueVs | |k — (A + k)7 *

kN2 k—1 kN2 k—1
where 2F = % ‘%’ means ‘this element does not need to be involved in
1 2
decoding’, that this notation is caused by the manipulation of left column'. The noise terms
g ek - . . k—11\2 k—1)% / pk\2 .
ik, ik ik, and ik are nf_;(sq« LBl (B s 2), k= A
k—1 k4 -k k=1(gk=1\2 Kk | (k=1)x (pk\2
(Bi) ka1 (B1) sk + ,nw(s;<)+ ()% +a2). and
ik
ny

i = (ﬁ‘(’yl)

(ﬁz) Sy + o”), respectively.

~ 1 B -
Xli’l,lz = argmin || V¥ ——((1 — wk)(Y(lk UTY'{ +Y;k 1)TY,§>
xX1,0EV] 2
2
ror (v v ) |
[ 2 2 0\ 2 2 2
(1 7wk)((ﬁlf) +(B5) )u’;l *Wk(([ié) +(8Y) )ullc—l )
“ X+ ik *
2uk— k!
:3,%}21? k N2 (k)2 k-1 k((pk)2 AN 2
2 (1—w )<(ﬁ1) +(55) )”2 + W ((/;2) +(B5) )“1
& o .
? 201k~ 2 T

a—>b"
bk | | ba
column a and b. We do not need to consider second column when detection is performed.

' For example, the STBC matrix

}, since second column can be constructed from first
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X%, 5, =argmin|| V4 — —((1 - ob) (ngil)TY’f - Yékil)TY1§>

x3,X4€Va

+wk(Yik;1)TY§,l 112 TYk ))H
[ L= wh) (B4 (8 B (B ! ’
%_C wh) (8 (»JP%1 GE (9)1%+%) .
:fingli? (l—wk)<([£k)2+(ﬁk)2)uk’l+Wk((ﬂk)2+(ﬁ]‘)2)uk’l 2
_ (32)

4.3 DD-QOSTBC Decoding for Protocol I (Joint Suboptimal Differential
Decoding)

From (29) and (30), we present the proposed JSDD which combines the matrix-wise
outputs (Y, Y’;) and (Y* |, YX 2) based on robust STBC-like subsystems. The overall JSDD

procedures associated with the detection of xl,x§7xk and x" symbols, are represented as
following steps.

a,l’

1. The original symbols are detected from the outputs Y’f and Y’é by using (29) and (30).
2. Through a similar approach with step 1), the same symbols are also detected from the
outputs Yk , and Y’; , by using (29) and (30). Here, we obtain channel gains

2
1A = Exa () + () ) = (B R
3. Calculate the sum of error distances in terms of x’f,x’i,xk and xﬁ from (Y’l‘,Yg) and
(Y’; Y ) We can define relative weighting factor in (33).

4. As a result, the original symbols experiencing different links can be combined to
improve the system performance. As a suboptimal approach, we consider the ML-
based JSDD scheme as (31) and (32).

In (32), weighting factor is defined as

2
4 i
& Zl 1. zyz(iz ) y];i,i
k-1 k=1)
Z?:l(’c TR Ty ] )
and effective noise terms are it = (1 — wh)if +% (s’l‘ ' ]gfl)znm | —|—nDll ([33) ST+

02, it = (1= i+ (47 () o s (B4 + 02), ik = (1= whyih+
G >%mw%3mg3+%)mdm=u—ww+%ulwlﬂ@4

L;cl i> (ﬁ3) 2), respectively.
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5 Performance Evaluations

In this section, we accomplish the performance evaluations for the proposed DD-QOSTBC

systems. For verifying the gain of the proposed system, we have considered various
QOSTBC systems:

— DD-QOSTBC (P3): Protocol III equipped with the ML-based differential decoding of
(26)

— DD-QOSTBC-JSDD (P1): Protocol I equipped with the proposed JSDD of (31) and
(32)

— DD-QOSTBC-MRC (P1): Protocol I equipped with a (differential) maximum ratio
combining (MRC) scheme

— DD-QOSTBC (Direct): Protocol I only considering the received differential signals
during Time-slot 1

— DC-QOSTBC (P3)

— DC-QOSTBC-MRC (P1)

— DC-QOSTBC (Direct)

It is assumed that an identity matrix I is transmitted to initiate the DD-QOSTBC decoding
in the beginning of transmission. It is also assumed that all of associated links are modeled
as a Rayleigh channel. The frames consist of QPSK symbols, and a offset for V, is 7/4.
The number of R, N is 2, and ML detection is performed. The symbol matrices S¥ and S5
satisfy the power constraint E[|s% + | + |s& + | = E[|s¥ — 5% + |s& — s5*] =2 and
each symbol has unit variance.

Figure 2 depicts the bit-error-rate (BER) performances of various QOSTBC systems as
a function of signal-to-noise (SNR), when E;, /o, g = 20 dB. It is firstly observed that the
DC-QOSTBC systems outperform the DD-QOSTBC systems, of which result can be
expected from a traditional communication system [3]. It is found that the DD-QOSTBC
(P1) systems outperform the DD-QOSTBC (P3) systems as SNR increases because Pro-
tocol I provides additional information during Time-slot 1. In addition, it is also found that
the proposed DD-QOSTBC-JSDD (P1) outperforms than the DD-QOSTBC-MRC (P1),

Fig. 2 BER performances of 10°
various DD-QOSTBC systems as

a function of SNR when

Ey/onr =20 dB 3N~#,‘

10°F

Differential
........ Coherent

-3 -
10 || —— DD-QOSTBC (P3)
—e— DD-QOSTBC-JSDD (P1)]-.
—8— DD-QOSTBC-MRC (P1) | ™.
10 DD-QOSTBC (Direct) N .

+++4++ DC-QOSTBC (P3) :
-3+ DC-QOSTBC-MRC (P1)
DC-QOSTBC (Direct)

0 5 10 15 20 25
Source to destination SNR [dB]

.'[3‘

BER

\-a =
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Fig. 3 BER performances of 10°
various DD-QOSTBC systems as
a function of SNR when
EA'r/Giz,R =5dB

10

10°

BER

Differential
”””” Coherent

10" F[ —+— DD-QOSTBC (P3)
—6— DD-QOSTBC-JSDD (P1)
—&8— DD-QOSTBC-MRC (P1)
107} DD-QOSTBC (Direct)
-4+ DC-QOSTBC (P3)
-+{3+ DC-QOSTBC-MRC (P1)
DC-QOSTBC (Direct)

0 5 10 15 20 25
Source to destination SNR [dB]

and this result reveals the robustness of the proposed JSDD scheme as well as its higher
efficiency.

Figure 3 depicts the BER performances of QOSTBC systems as a function of signal-to-
noise (SNR), when E;, /o, g = 5 dB. The error floor effect is observed due to the limited SNR
at R. As S — D does not affect from SNR of R, the performance of DC-QOSTBC (Direct) is
same in both Figs. 2 and 3. This tendency is also observed in the DD-QOSTBC (Direct) case.

6 Conclusions

In this paper, we have presented the efficient robust DD-QOSTBC for multiple relay
networks, especially the JSDD scheme for Protocol I. In addition, it is shown that the DD-
QOSTBC system can be readily applied to Protocol III. In the performance evaluations, we
have verified the benefits of the proposed DD-QOSTBC systems by comparing with the
DC-QOSTBC systems.
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