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Distributed Space-Time Coded Non-Orthogonal DF
Protocols with Source Antenna Switching

Xianglan Jin, Jae-Dong Yang, Jong-Seon No, and Dong-Joon Shin

Abstract: 1n this paper, a new distributed space-time coded (DS-
TCed) non-orthogonal decode-and-forward (NDF) protocol with
source antenna switching (SAS) is proposed, where two antennas
associated with each radio frequency chain can be alternatively
used in the first and second phases. Several DSTC schemes for the
NDF with SAS (NDF-SAS) protocol are proposed and their aver-
age pairwise error probability for the error-free source-relay (SR)
channel is also derived. The simulation results show that the NDF-
SAS proetocol achieves larger diversity order than the NDF protocol
under the error-free and erroneous SR channels.

Index Terms: Distributed space-time code (DSTC), diversity order,
non-orthogonal decode-and-forward (NDF), pairwise error proba-
bility (PEP), source antenna switching (SAS).

I. INTRODUCTION

In wireless communication systems, the spatial diversity can
be achieved by multiple independent paths between multiple an-
tennas at the transmitter and the receiver, possibly in conjunc-
tion with space-time block codes (STBCs). If relays are uti-
lized, there also exist additional independent paths between the
transmitter (source) and the receiver (destination) through re-
lays. Such a system is called a cooperative network, where the
cooperative diversity can be achieved. In a two-phase coopera-
tive protocol as shown in Fig. 1, the source broadcasts signal to
the relay and destination in the first phase, and the relay trans-
mits signal to the destination in the second phase. A protocol is
called non-orthogonal or orthogonal depending on whether the
source continues to transmit in the second phase or not.

Recently, cooperative networks have been extensively stud-
ied [1]-[3]. In [1], Laneman and Wornell proposed the repe-
tition and space-time algorithms to achieve cooperative diver-
sity, where the mutual information and outage probability of or-
thogonal decode-and-forward (ODF) protocol are analyzed. In
[2], the design of distributed space-time codes (DSTCs) using
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Fig. 1. A cooperative NDF protocol using one relay. The solid line de-
notes the first phase transmission and the dashed line denotes the
second phase transmission.
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Fig. 2. The transmission at the source for the NDF-SAS protocol. The
solid arrow denotes the first phase transmission and the dotted arrow
denotes the second phase transmission.

generalized quasi-orthogonal STBC (QOSTBC) is proposed, in
which any number of relays can be employed to increase the
diversity order. In addition, suboptimal linear decoder can be
used to decrease the complexity, while the full diversity or-
der is achievable. Rajan and Rajan [3] proposed generalized
non-orthogonal amplify-and-forward (NAF) protocols with sin-
gle antenna at each of source, relay, and destination. They also
proved that three different protocols have the same diversity or-
der R+ 1, where R is the number of relays and the first and sec-
ond protocols are similar to the NAF protocol and the orthogo-
nal amplify-and-forward protocol, respectively. The reason why
they have the same diversity order is that the signals containing
the same information transmitted from the source experience the
same fading in the first and second phases.

In order to increase the diversity order of non-orthegonal co-
operative networks by utilizing independent paths, two antennas
associated with the same radio frequency (RF) chain can be al-
ternatively used in the first and second phases as shown in Fig. 2.
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Let Mg be the number of RF chains at the source and each of
RF chains has two transmit antennas. Then, Mg transmit anten-
nas corresponding to the first antenna at each RF chain are used
in the first phase and the other Mg transmit antennas are used in
the second phase. This scheme is called source antenna switch-
ing (SAS), which can be easily applied to the case of arbitrary
number of antennas at each RF chain. Since RF chain consists
of expensive hardware blocks such as analog-to-digital convert-
ers, mixers, and high power amplifiers, by adding antennas with
negligible additional cost, the SAS scheme can be practically
implemented to increase the diversity order. Clearly, the SAS
scheme can be used for both NAF and non-orthogonal decode-
and-forward (NDF) protocols. However, it is difficult to derive
the exact PEPs for NAF and NDF protocols in the erroneous
SR channel. Therefore, we will analyze the SAS scheme for
NDF protocol under the assumption of error-free source-relay
(SR) channel together with the numerical analysis of it for both
error-free and erroneous SR channels.

In this paper, some DSTCs using the orthogonal STBC (OS-
TBC) [5], coordinate interleaved STBC {CISTBC) [6], and
QOSTBC [7] for the NDF with SAS (NDF-SAS) protocol
are proposed. In order to compare the achievable diversities
of NDF-SAS and NDF protocols, their average pairwise error
probabilities (PEPs) for the error-free SR channel are derived.
From the average PEP, the union bounds on the average bit error
probabilities (BEPs) could also be derived. In order to com-
pare the diversity orders, we simulate the average BEPs of some
DSTCs of the NDF-SAS and NDF protocois for both error-free
and erroneous SR channels. The numerical results show that the
NDF-SAS protocol achieves larger diversity than the conven-
tional NDF protocol. The results also show that the erroneous
SR channel case with 0% > 0%, = o%p, shows the perfor-
mance close to that of the error-free SR channel case.

The paper is organized as follows. In Section II, the SAS
scheme and the system model are explained. The several DSTC
schemes for the NDF-SAS protocol are also proposed. In Sec-
tion 111, the average PEPs of the proposed DSTC schemes of the
NDF-SAS and NDF protocols for the error-free SR channel are
derived. We also provide the numerical results of the average
BEPs for the error-free and erroneous SR channels in Section
IV. The conclusion is given in Section V.

The following notations will be used in this paper: Capital
letter denotes matrix; I, denotes the n x n identity matrix;
|| - || denotes the Frobenius norm of a matrix; E[-| denotes the
expectation; the superscripts (-)* and (-)! denote the complex
conjugation and the complex conjugate transpose, respectively;
C"*™ denotes a set of n x m complex matrix; For A € C"*™,
A ~ CN(0,0%1,,,) denotes that the elements of A are inde-
pendent and identically distributed (i.i.d.) circularly symmetric
Gaussian random variables with zero mean and variance 2.

II. NDF-SAS PROTOCOL
A. System Model

A cooperative NDF network with one source, one relay, and
one destination is shown in Fig. 1 on the assumption of half du-
plex transmission. Itis assumed that the channels are frequency-
flat slow fading and the channel coefficients do not change from

the first phase to the second phase. It is also assumed that the
channel state information (CSI) of SR channel is available at the
relay and destination and the CSIs of source-destination (SD)
and relay-destination (RD) channels are available at the destina-
tion.

The source broadcasts signal to the relay and destination dur-
ing the first phase and in the second phase, the source trans-
mits an STBC and the relay also sends a reencoded STBC using
the decoded symbols from the received signal in the first phase.
Although the source transmits signal twice through two phases,
DSTCs cannot increase the diversity order because the SD chan-
nel remains the same for the first and second phases. In order to
increase the diversity order, the SAS scheme, i.e., two transmit
antennas associated with each RF chain at the source is used as
shown in Fig. 2. Then, the channel coefficients of the SD chan-
nel in the first and second phases become independent and the
achievable diversity can be improved. Next, the system model
will be described in detail.

Let L be the number of transmitted data symbols through
the first and second phases. Then, in the first phase, the source
broadcasts Mg x T} codeword X (x) constructed from L data
symbols x = (x3,xs, -, &) to the relay and destination with
average transmit power p; /Mg for each active antenna and in
the second phase, the relay constructs a DSTC using the de-
coded signal xgp = (2%, 2%, -+, z¥) together with the source
and transmits it in the second phase. Let X5(x) € CMs*72 and
X3(xg) € CMr*T2 be the codeword matrices transmitted from
the source and relay with average transmit powers p2/Mg and
p3/Mp for each active antenna, respectively, where Mg, is the
number of antennas at the relay. The received signal matrices at
the relay and destination in the first phase can be written as

Yr =/ 1K X1 (x) + Np, o)
Mg
P

Yp, = 4 /ﬁlsGXl (x) + Np,, 2)

respectively, where K € CMa*Ms and G € CMp*Ms con-
sist of channel coefficients of the SR and SD channels in the
first phase, which are circularly symmetric Gaussian distributed
as CN(0,0% g Innms) and CN(0, 0% pIn, ), respectively,
and Mp is the number of antennas at the destination. Np €
CMaxTs and Np, € CMp*Ts represent the noise matrices with
distribution CA (0, 02 Iare 1, ) @and CN (0, 021, 7, ) at the relay
and destination, respectively. p = 1/ is the parameter linearly
proportional to the average transm# signal to noise ratio (SNR).

The received signal at the destination in the second phase is
given as ‘

Yp, = 4 f“A%HXz(X) + \/»%FXS(XR) + Np,

where H € CMpxMs and F € CMpXMr copsist of
channel coefficients of the SD and RD channels in the sec-
ond phase, which are distributed as CN(0,0% ,Inpms) and
CN(0,0% 5 Inp my ), tespectively. Np, € CM2*T2 represents
the noise matrix with distribution CN(0,02Ip,7,) in the sec-
ond phase.
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In this paper, the NDF-SAS protocol with independent G and
"H is compared to the conventional NDF with G = H.

B. Distributed Space-Time Codes for NDF-SAS Protocol

In this subsection, several DSTC schemes of the NDF-SAS
protocol are proposed for Mg = Mrp = Mp = 1 and Mg =
M R = 2and M D= 1.

Alamouti code achieves full rate and full diversity for two
transmit antennas and CISTBC and QOSTBC with constella-
tion rotation (QOSTBC-CR) achieve full rate and full diversity
for four transmit antennas. By using these STBCs, we propose
some DSTCs for the NDF-SAS protocol.

LetA(xl,xQ) = |: 1 _xz :| For Mg = Mg = Mp =1,

X2 3 .
we use
Xl(X) = [.’1)1 .’Bz]

in the first phase and Alamouti scheme in the second phase, i.e.,
X3(x) = [z1 — 23],
Xs(xg) = [z§ =f*].
For Mg = My = 2 and Mp = 1 in the first phase, we use
Xi(x) = [ A(z1,22) A(zs,z4) |
and in the second phase, we use the CISTBC scheme

X2(X) = [ A(§1,§2) O ],
Xsem)=[ 0 AGF5) |,

and the QOSTBC-CR scheme

XQ(X) = [ A(xl,xg) A(83,84) ],
Xs(xr) = [ A(sF,sf) Alaf,2f) |
where s; = z;69%, sB = zRe®, § is the rotation angle, %; =
Zi,RtJZ((i41) mod 4)+1, - fori = 1,2, 3,4, z; r, and 2; 1 denote
the real and imaginary parts of z;, respectively, and z; can be s;

or oR
or s;*.

II1. AVERAGE PAIRWISE ERROR PROBABILITY FOR
NDF-SAS PROTOCOL

A. Derivation of Average Pairwise Error Probability

It is very difficult to derive the exact PEPs of the NDF proto-
col for the erroneous SR channel case. In addition, the erroneous
SR channel case with 6%, > 0%, = 0%, shows the perfor-
mance close to that of the error-free SR channel case. Thus,
in this section, we derive the PEP for the error-free SR channel
case, i.e., xg = x. Then, the equivalent input-output relation
can be summarized as

Yp = HX.(x) + Np 3

where Yp=[Yp, Yp,]is the received signal matrix, H, is the
equivalent channel matrix given by

Hez[G H F]

F#X1(x) 0
Xo(x) = 0 7 X2(x)
0 —I\%%X;g(x)

is the equivalent codeword matrix, and N = [ Np, Np,]is the
complex Gaussian noise matrix with CN(0, 62 Insp, (7, 413))-

Similarly to [8], the average PEP of mistaking x for X in (3)
will be derived. The maximum likelihood (ML) decoding metric
can be defined as m(Yp, X (x)) = ||Yp — HeXe(x)||2. Then,
the PEP can be rewritten as

P(x = %) = P(m(Yp, Xc(%)) < m(Yp, X.(x)))
= P(||He(Xe(x) — Xe®)II* + | Np|?
+ 2Re{tr(He(Xe(x) — Xe(%))ND)} < | Np|?)
where Re(-) and tr(-) denote the real part of a complex value and

the trace of a matrix, respectively. Since 2Re{tr(H(X.(x) —

Xe ()“())N]TJ)} is areal Gaussian random variable with zero mean
and variance 202 || Ho (X (x) — Xc(%))||%, the PEP is given as

Qo (X ) — X GONIP)

o0 2
where Q(z) = # / e~ *Tdy. Using the Craig’s result
x

3 2

1 f= T .
Q(x) = ;/0 exp ( - m)da in [9] and p = 1/02, the

average PEP can be derived as

E[P(x = %)]

ik

_1 /{E[exp {_p”He(st(i)nZHXE(i))”vz Hj" )
9L [ (fexp { - AU - KDY

T 4sin® 9

- %/05 (e - 4sii29))MDd0

where [H,]; is the ith row of He, I'=||[He]; (Xe(x) — Xe(X))||%
and Mp(s) = E[exp(sI')]. The equality (a) holds because the
rows of H, have the same statistical properties. By manipulating
the moment generating function Mt ( — p/(4sin®§)) using the
result (14) in [10], the following average PEP can be obtained
as

T 45sin? 0 £ “He]j [l

oL [F p
E[P(x —%)] = /0 ’I-i-
—Mp
(Xe(3) = Xe()) (Xe (- X)) | 0. @)

For high SNR, if the difference matrix X.(x) — X, (%) has full
rank, the rank of E [[HC]I[He]l] will determine the diversity of
the average PEP. It is observed that the proposed NDF-SAS pro-
tocol can increase the diversity by Mg Mp compared to the NDF
protocol.

In the following subsection, the PEPs of some DSTCs for the
NDF-SAS protocol proposed in subsection II-B will be derived.
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B. Error Probability for NDF-SAS Protocol with DSTCs
B.1 Alamouti Scheme

For Alamouti scheme, we assume p; + p2 + p3 = 2 and
therefore p represents the average transmit SNR. Since

(Xe(®) = Xe()) (Xe(x) — X ()T
= (loy — 1]* + |22 — &2|?) diag(p, p2, p3)

where diag(-) denotes the diagonal matrix, this code can be sin-

gle symbol decoded. Let X (z) be the codeword X, by putting

x; = 0 for all © # k. Then, the average PEP can be derived sep-
arately. From (4), we obtain the following PEP

E[P(z — )] = é/: ‘H 451';’1285{1{21{6]
(Xelaw) = Xo(on) (Xelon) — Xo(@)) | a0 (5)
where

2 I 0

for the NDF-SAS protocol and
oip otp O

2 3
9sp 95D 20
0 0 o@p

E{HgHe] =

for the NDF protocol. Therefore, the average PEPs for the NDF-
SAS protocol and the NDF protocol can be derived as

p1pAl ok, ) -1
4sin® 8

p3pA2 o%p\ 1
=z RDY g0 (6
4sin? g ) ©

E[P(zk — &)] = -71;/0% (1 +

(1 L P2PAL %D )“1(1 +
4sin? 0
and

E[P(zx — &)
- [
%

respectively, where A, |zx — Zx|, & = 1,2 and the
closed-form expressions of the right-hand sides of the above
two equations can be achieved by referring the results in [10,
Appendix 5A]. From (6) and (7), we observe that the NDFE-SAS
protocol achieves diversity order three which is larger than the
diversity order two of the NDF protocol.

From the average PEPs in (6) and (7), the union bound on the
average BEPs can be derived as

-—LZ ZP<$’€

(p1 + p2)p2 0% ) - (1

p3pA2, ohp\ ~)
+ k2 1 ),
4sin? 0 )

4sin% 0

Z E[P(zk— Zk)]du (zk, Zx)
ZpFTk

(®)

where L = 2 is the number of the transmitted symbols, n;, is the
number of bits in each symbol xy, and dg (2, &5 ) is Hamming
distance between z, and Iy, in their binary expressions.
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B.2 CISTBC Scheme

For the CISTBC scheme, we assume 2p; + p2 + p3 = 4 and
therefore p represents the average transmit SNR. Since

(Xe <x> — Xe(®)) (Xe(x) — X (%)
= Z Xe(&r)) (Xe (k)

the average PEP can be derived separately. Let A, , =
{Sk,R — 5}6,31 and Ask,l = 18}63[ - §k,1§‘ Then (Xe(xk) —
Xe(#r)) (Xe(z)

- Xe(ik))fa

- Xe(;i:k))T can be written as

(Xo(zk) — Xo(@r)) (Xe(@r) — Xo(@x))
3 diag(p VA2, 1AL, pa AT, 02 AS 3L, L p3AL, ),
_ fork=1,2
)3 diag(pi A2, ;A2 p2A2,  paA, L psAl P3O, ),
fork = 3,4.
&)
For the NDF-SAS protocol, we have
2
E[H5H6] - 0 U%QDIZ } (10)
and for the NDF protocol, we have
oiply oipl; 0
E[HIH,) = | oip; oi,lz 0 (an
0 0 o4 pls

Plugging (9) and (10) into (5) and (9) and (11) into (5), the aver-
age PEPs for the NDF-SAS and NDF protocols can be derived
as

E[P(zx — oék)]

1 plpAa: O'SD -2 pQPAsk RJSD
= 1 k 14 ——228 20
71'/; <+ 851n9 ) ( 8sin” 4 )
O'
(1+p3p8 S“GRD> 8, fork=1,2
— sin
l/ (1+p1pAmkosp) 2(1 pszﬁk,,ff%D)-2
T Jo 8‘3111 6 ) 8sin’ 6
A2 o 2
(1+p3p L. RD) b, fork =3,4
8sin? 6

and

1[5 (pD2, +pad2, )pospy2y . pspAl, ohp\-2
Loy e o,
/o 8sin“ 6 8sin“ 6
fork =1,2,
= 1/"”(1. (mAZ, +P2A‘;W)PUSD) 2(1 PKPASMURD)(?
TJy ] 8 sin’ 6 8sin? 0 ’
fork = 3,4,
respectively. Since A2 # 0, ASk s 7 0,and Ask , 7 0, the

diversity orders of NDF SAS and NDF protocols are six and
four, respectively.

Similarly to the Alamouti scheme, the union bounds on the
average BEPs could also be derived by using (8), where L = 4,



496

B.3 QOSTBC-CR Scheme

For the QOSTBC-CR scheme, we assume p; + ps + p3 = 2
and therefore p represents the average transmit SNR. Since

. -t
(Xe(x) - XE(X)) (XE(X) - Xe(x))
= (Xe(w1,73) — Xe(®1,23)) (Xe(21,23) — Xe(il,ia))T
+ (Xe(@2,80) = Xe(E2,54)) (Xe(®2, 24) — X2, 7))

where X(zx, z;) means the codeword X, by putting z; = 0
for all i # k, 1, the average PEP can be derived pairwisely for
(#1,23) and (z2,z4). We will consider X,(z;,x3) to derive
the average PEP and use the notation x = (z1,z3), X(x) =
Xe(xl,xg), and X(f() = Xe(il, 9:‘3).

From (4), the average PEPs of NDF-SAS and NDF protocols
can be derived as

E[P(x — %)] =% /0 e LBl
(X0~ X(@) (X () - X®)'| o

(12)
where
(X(x) - X®) (X (x) - X®)'

1 Cip1 Iz 0 0
=3 0 eop2 . dypeps |,
0 dy/pap3la  capslp

cy = |.’E1 - 5:1?2 + |.CL‘3 — 533'2, Cy = *.’L‘l - §)1§2 + |53 - 53}2, and
d = 2Re{(x1 — #1)(ss — 33)*}. Since s, = xre’®, we have
¢1 = cp. Then the average PEP for the NDF-SAS and NDF
protocols can be derived as

- 1 (% P1P020'§D -2
EP(x—> %) =— (1 + ——————————)
[P( ) T ,/0 8sin? 0
' (1 P2PC20%p | P3PC20Rp | PaP3p 02poEp
8sin® 6 8sin? 6 64sin* @

(& —d2))_§0
and
E[P(x — %)]

=,£/%(1+Oh+pﬂMM%D
7 Jo 8sin® ¢
P1P3PQC§C’§DU§D Pzpspzagpogw (& — d2)) _2d0
64sin 0 64sin*g ’

respectively, where ¢y = |21 — %12 +|s3—§3/%, d = 2Re{(2; —
5’)1)(83 — §3)*}, and C% - d2 > 0.

Let x' = (z2,4). Then the average PEPs for NDF-SAS and
NDF protocols could be derived by using the similar steps.

Finally, it is observed that the diversity orders of NDF-SAS
and NDF protocols are six and four, respectively. In this case,
double-symbol decoding is possible and the union bounds on
the average BEPs could be derived as

BEP< %2&%2 P(x)grs[ﬂx—»x)]dg(x, %)
+ %2—?1%%: P(x) Z E[P(x'—x)dg (¥, %)

®#£x!

papeackn
8sin?

+

(13)
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Average BEP
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Fig. 3. Performance comparison of Alamouti scheme of the NDF-SAS
and NDF protocols with Mg = Mg = Mp = 1foro, = 0%, =1
in the error-free SR channel.

1
10" NDF-SAS CISTBC (Union bound):
- NDF-SAS CISTBC (Simulation) |
< NDF CISTBC (Union bound)
. - NDF CISTBC (Simutation)
10° -
& 10°
[21]
® X
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S
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10°
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0 5 10 25

p(dB)

Fig. 4. Performance comparison of the NDF-SAS and NDF protocols
for CISTBC scheme with Ms = Mg =2and Mp = 1and 0%, =

0% p = 1in the error-free SR channel.

where dy (x,%) and dy (x/, %) are Hamming distances between
x and %, and ¥’ and X’ in their binary expressions, respectively.

IV. NUMERICAL RESULTS

For the simulation, it is assumed that the fotal transmit powers
in the first and second phases are the same, where the power is
equally allocated to each transmit antenna. Therefore, for Mg =
Mp = Mp =1, itis assumed that p; = 1, po = 0.5, and p3 =
0.5 for both NDF-SAS and NDF protocols. For Mg = Mg = 2
and Mp = 1,itis also assumed thatp; = 1,ps = 1,and p3 = 1
for the CISTBC scheme and p; = 1, pg = 0.5, and p3 = 0.5
for the QOSTBC-CR scheme to make the total transmit powers
equal. For QPSK modulation, we use the optimal rotation angle
g = —31.7175° [6] for the CISTBC scheme and § = 45° [7] for
the QOSTBC-CR scheme.

For the error-free SR channel case, we compare the average
BEPs of the NDF-SAS and NDF protocols for Alamouti scheme
with Mg = Mp = Mp = 1 and CISTBC and QOSTBC-CR
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X = arg max

Yp, — +/ EZ=GX, (x)| —|[Yp,— /2 HX,(x) -
I¥o ﬁf o9 e ¥,/ X2l

497

B2 FX3(%r)||  0%ln Por(Rr[x)

o2 )} 14

xEAL
RrEAL
: :
: NDF-SAS QOSTBC (Union bound)
107 b —0— NDF-SAS QOSTBC (Simulation) H
g ‘ NDF QOSTBC (Union bound)
NG ¥ NDF QOSTBC (Simutation)

o)

10*

Average BEP

0 5 10 15 20
p(dB)

Fig. 8. Performance comparison of the NDF-SAS and NDF protocols for
QOSTBC scheme with Mg = Mpr = 2and Mp = 1l and 0%, =

o%p = 1 inthe error-free SR channel.

10°

10°

schemes with Mg = Mg = 2 and Mp = 1. Specially, since
the Alamouti scheme is one-dimensional symbol (the real part or
imaginary part of symbol) decodable, the exact average BEP can
be derived from the average PEP between one-dimensional sym-
bols for QPSK. Fig. 3 shows the BEPs of Alamouti scheme for
NDF-SAS and NDF protocols in the case of 0%, = 0%, = 1,
where the ‘Analysis’ means the exact average BEP derived from
the average PEP. Figs. 4 and 5 show the BEPs of CISTBC an-
d QOSTBC-CR schemes, respectively, for the NDF-SAS and
NDF protocols in the case of 6%, = 0%, = 1. From Figs. 3-5,
we observe that the diversity order of the NDF-SAS protocol
is larger than that of the NDF protocol and the union bounds
of the average BEPs in (8) and (13) derived from the average
PEPs are close to the simulation results in the error-free SR
channel. It is also observed that the NDF-SAS protocol im-
proves the performance about 5 dB and 2.5 dB than the con-
ventional NDF protocol in the average BEP 10~ for the cases
Ofﬁfs = MR = MD = landMg = AIR = Z,MD = 1,
respectively.

For the erroneous SR channel case, the ML decoding scheme
as shown in {12] is used as (14), at the top of this page,
where A is the signal set for the M -ary signal constellation and
Pgr(%glx) is the probability that the relay decodes the received
signal to Xr when the source transmits x in the first phase. We
compare the average BEPs of the NDF-SAS and NDF protocols
with ML decoder for Mg = Mg = 1 and Mg = Mg = 2. Fig.
6 compares the average BEPs of Alamouti scheme of the NDF-
SAS and NDF protocols for Mg = Mg = Mp = 1 and Fig. 7
compares the average BEP of the CISTBC scheme of the NDF-
SAS and NDF protocols with Mg = Mg = 2 and Mp = 1 for
the cases of error-free SR channel, 62, = 10, 025 = 1, and
ar?;R = 0.1. From Figs. 6 and 7, we observe that for Mp = 1,

~~#- NDF-SAS with error-free SR
—a~ NDF-8AS with ¢%,=10
—o— NDF-8AS with o5.=1
—&— NDF-8AS with 65,=0.1
0 NDF with emor-free SR
4 NDF with o, 210
-0~ NDF with oZ,=1
<&

Average BEP

SR
NDF with o5,=0.1

107 *
0 10

~{dB)

Fig. 8. Performance comparison of Alamouti scheme of the NDF-SAS
and NDF protocols with Mg = Mg = Mp = 1foro%, = 0%, =1
in the erroneous SR channel.

10" frie:

—»— NDF-SAS with error-free SR
—a— NDF-SAS with o7,,=10
—e— NDF-SAS with o},=1

*— NDF-SAS with of,=0.1
10 o NDF with error-free SR
NDF with %,=10

FAY
o NDF with o2, =
&~ NDF with o, =0.1

10°% i
1} 5

Average BEP
2

p{dB)

Fig. 7. Performance comparison of the CISTBC scheme of the NDF-
S8AS and NDF protocols with Mg = Mp = 2 and Mp = 1 for
0%y = 0%, = linthe erroneous SR channel.

the average BEP of the erroneous SR channel case is similar
to that of the error-free SR channel case for 6% > 1. We can
also observe that although the average BEP for 02 r = 0.1 has
a gap with the average BEP for the error-free SR channel, they
have the same diversity order for both NDF-SAS and NDF pro-
tocols, i.e., the NDF-SAS protocol has diversity improvement
compared to the NDF protocol in the erroneous SR channel.

V. CONCLUSION

In this paper, the NDF-SAS protocol is proposed, which in-
creases the diversity order compared to the conventional NDF
protocol. Several DSTC schemes using the OSTBC, CISTBC,
and QOSTBC for the NDF-SAS protocol are proposed and
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their average PEPs for the error-free SR channel are also de-
rived. From the numerical results for both error-free and er-
roneous SR channels, it is observed that the NDF-SAS proto-
col increases the diversity order compared to the NDF proto-
col. They also show the NDF-SAS protocol improves the per-
formance about 5dB and 2.5dB than the conventional NDF pro-
tocol at the BEP 10 for the cases of Mg = Mg = Mp =1
and Mg = Mg = 2, Mp = 1, respectively.

In practice, even though there is enough space between an-
tennas, the correlation between channel coefficients of antennas
also exists. The study on the NDF-SAS protocol with correlated
G and H will be very interesting as a further work.
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