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Abstract— Distributed space-time coding is a cooperative and its conjugate. It was shown that the distributive relays
transmission scheme proposed for wireless relay networks. With generate a linear space-time codeword at the receiver. The

this scheme, antennas of the distributive relays wc_;rk as transmit g5 e as amplify-and-forward, it needs no channel infonati
antennas of the sender and generate a space-time code at the

receiver. When the transmit power is infinitely large, it achieves at relays. But it is more general Fhan amplify-an.d-forwarc_i.
the maximum diversity. Although the scheme needs no channel Compared to decode-and-forward, it does not require dagodi

information at relays, it requires full channel information at  at relays. Therefore, it saves both power and time at relays.
the receiver. In this paper, based on distributed space-time Mostimportantly, it achieves the optimal diversity (in thense
coding, we propose a differential transmission scheme, which of error rate) when the SNR is high. Distributed space-time

requires channel information at neither relays nor the receiver. di lized t twork ith ltiol t
As distributed space-time coding can be seen as the counterpart coding was generalized 10 nemworks with muluple-antenna

of space-time coding in the network setting, this scheme is Nodes in [18]. In [19], practical distributed space-timedes

the counterpart of differential space-time coding. Compared to were proposed using real orthogonal, complex orthogonal,
distributed coherent space-time coding, the differential scheme and quasi-orthogonal designs. Simulations show that they
is 3dB worse. In addition, we show that Alamouti, square real 5y excellent performance and low decoding complexity.
orthogonal, and Sp(2) codes, which are originally proposed for Distributed i de desi based lotomit fi
multiple-antenna systems, can be used differentially in networks ='St1OUte space-time code designs based on cycloton 1
with corresponding numbers of relays. theory can be found in [20] and designs using commuting sets
and doubling construction can be found in [21].

Although distributed space-time coding does not need chan-
nel information at relays, it does require full channel in-
formation, both the channel from the transmitter to relays

|. INTRODUCTION and the channel from relays to the receiver, at the receiver.

It is well-known that due to the fading effect, the transmistherefore, training symbols have to be sent from both the
sion over wireless channels suffers from severe atteratfé@nsmitter and relays. However, in some situations, bau
in signal strength. Performance of wireless communicaition Of the cost on time and power and the complexity of channel
much worse than that of wired communication. For a poingStimation, training is not desired. Sometimes, trainsigot
to-point wireless system, this problem was solved by usir%’]e” practical due to the rapid change of fading condition.
multiple antennas at the transmitter and/or the receiviee T1NES€ issues are even more prominent in networks with a
performance can be greatly improved using diversity teclarge number of relays, in which a long training period is
nigques such as space-time coding [1], [2], [28]. Recentigh w Neéeded. Therefore, it is very useful to develop transmissio
increasing interest in ad hoc wireless networks, reseesch&chemes that require channel knowledge at neither relays no
have been looking for methods to exploit spatial diversit® receiver. _ _
provided by antennas of different users to improve thehilia A decode-and-forward-based differential scheme for relay
ity and capacity of transmission [3]-[13]. This improverherN€works can be found in [16] and an amplify-and-forward-
is called cooperative diversity since it is achieved by hgvi Pased differential scheme using the single-antenna DPSK
different users in the network cooperate in some way. technique can be found in [15]. _ _

Among the most widely used cooperative strategies are!n this paper, based on distributed space-time coding [17],
amplify-and-forward [5]-[8], [14], [15] and decode-andWe Propose a dlfferentlgl transmission ;cheme .for wwgless
forward [3]-[5], [8], [16]. In [9], the authors proposed the'®l@y networks that requires no channel information ategith
use of space-time codes based on Hurwitz-Radon matriced§Hy's Or the receiver. As distributed space-time codinglea
wireless relay networks. In [17], a new cooperative stygteg®®eN as the counterpart of space-time coding in the network
distributed space-time codingyas proposed, which uses &€tting, this scheme, which we call distributed differehti
two-step ‘listen-and-transmit’ protocol. In step one, trans- SPace-time coding, is the counterpart of differential sptime
mitter sends information to relays and in step two, relaysisec0ding [25]-{27]. Itis suitable for networks with continusly
information to the receiver. The signal sent by every relfhanging channels. At the receiver, only the channel sitais

in the second step is a linear function of its received signid Needed, which is assumed to be a Rayleigh distribution.
Also, the system need to be synchronized at the symbol level,

This work was supported in part by an NSF Career Award CCR8023. i.e., relays transmit at the same time.

Index Terms—Relay network, space-time coding, differential
transmission, diversity



We show that with this scheme, Alamouti [22] asg(2) 7 symbolss = [s1, - - , s7]t where A® indicates the transpose
codes [23] can be used differentially in networks with twal anof A. We normalizes as
four relays, and square real orthogonal codes [2] can be used Es's — 1 (1)
differentially in networks with two, four, and eight relayBue ’
to their special structures, Alamouti and square real gahal where A* indicates the Hermitian ofi.
codes maintain their linear decoding complexity while used A two-step protocol is used, as depicted in Fig. 1. Each
differentially in networks.Sp(2) code can be decoded decodedtep containsl” symbol transmissions. During the first step,
pairwisely or using a sphere decoder. Simulation shows thhe transmitter sends/P,Ts. Thus, the average power per
compared to distributed coherent space-time coding, the dransmission used at the transmittefis The received signal
ferential scheme is 3dB worse. and noise at théth relay are denoted by andv;. During the
The paper is organized as follows. In the following sectiosecond step, théh relay sends;. Denote the received signal
the wireless relay network model is introduced and coheresnid noise at the receiver byandw respectively. The noises
distributed space-time coding is reviewed briefly. In Setti are assumed to be i.i.d. zero-mean and unit-variance cample
lll, we show a differential scheme for two-relay network&aussian random variables. The transmit signal atttheelay
based on Alamouti space-time code. Then in Section IV, vie designed to be a linear function of its received signal and
propose distributed differential space-time coding fawmeks its conjugate:
with any relays. Section V provides some distributed differ 2
ential space-time code designs. These designs are indpired t;, = 2 (A;r; + B;r;), (2)

the well-known Alamouti, square real orthogonal, asiel2) P+l

space-time codes originally designed for multiple-angenivhere

systems. Simulated performance of some of these diffedenti { R(A; + B;) —S(A; — By) ] 3)
codes is also given in this section. Section VI contains the S(A; + By) R(A; — B;)

conclusion.

is a 2T x 2T orthogonal matrix. With the normalization
2 in (2) and the orthogonality of (3%, can be proved to

II. DISTRIBUTED COHERENT SPACE-TIME CODING Pi+1 ) ta
be the average transmit power per transmission used at every
relays relay. Denote then x n matrix with all zeros a%,,,. We
noet omit the subscript when there is no confusion. For the case
) T g that eitherA; = 0, B; is unitary orB; = 0, A; is unitary, the
transmitter fo.-- r tz ~. ) . .
O gy receiver received signal can be calculated to be
-7 /,/2"" x“x;x\\x\\
so-T : L e x [P P, T
: . : - = SH 4+ W, 4
e ' X P41 " )
G
TR g where R R
e S=1[ A8 - Ags |, (5)
Fig. 1. Wireless relay network. H— [ f1g1 o ngR ]t 7 (6)
. . . R
Consider a wireless network witR + 2 nodes. As shown Wo— P, Z At w %
in Fig. 1, there is one transmit node and one receive node. TV P 414 lg’ L ’
1=

All other R nodes work as relays. Every node has a single

antennd, which can be used for both transmission and recef” . .

tion. Denote the channel from the transmitter to ttierelay A=A, fi=fi, vy =v,8=s if Bj=0
as f;, and the channel from thih relay to the receiver ag. A; = B;, fz =fi,v;=v;,8, =5 if 4,=0
Assume that the channels are Rayleigh flat fading, f;eand s indicates the conjugate of

gi Zre ""d'. zglro—mvt\a/an and E?'t'\l:i“znce CO?'?'EX Gauss!anEquauion (4) has the same formation as the system equation
ran r?m vana tes. gref use a doc k ading m? etf y azfumklgga multiple-antenna system witR transmit antennas, one
a coherence intervdl, i.e., f; andy; keep constant for a block oo /e antenna, and coherence intefVallherefore, without

of T transmissions and jump to other independent values {%coding the relays generate a space-time codewodi-
anotherT” transmissions. '

. . . ibutively at the receivetf] is the equivalent channel and is
When there is no channel information at relays but qu1 y g

h linf tion. bot 4 t the receiver. distributed e equivalent noise. It has been proved thais a circularly
channel information, botl; andg;, a ’ sgmmetric Gaussian random vector. Its mean and covariance

space-time coding was proposed in [17], which uses the iflea P R 5
linear dispersion space-time codes [24] proposed for plakti can be calculated to ber; and (1 T A 2 i1 19il ) Ir,

antenna systems. Information bits are encoded into grofips/§1€ré I is them x m identity matrix. o
If H is known at the receiver, the ML decoding is proved

1Distributed space-time coding has been generalized to meswwith to be

multiple-antenna nodes in [18]. Using the same techniquescareeasily PPT
generalize out differential scheme proposed in this paperetworks with argmin || X — SHI|,
multiple-antenna nodes as well. s P +1




where|| - || indicates the Frobenius norm. If the total poweare the noises at the two relays respectively and
per symbol transmission used in the whole network is fixed as w

P, the optimal power allocation that maximizes the expected = { wl ]
receive SNR is 2

is the noise at the receiver.

P
P=5 and P, = 3R (8)  Thus, an Alamouti space-time codeword
Itis also proved in [17] that when the transmit poweis very g_| %1 2
high (og P > 1), the pairwise error probability of mistaking s2 51

one signal vectos, by another one;, averaged over channel

) is formed at the receiver. It can be proved that the equitalen
realizations, can be upper bounded by

noise
R R
8R _ log P P v - w
Rt det IS _S *S_S ( > ’ 9 2 1,1 2,2 1
(T) (Sk = 5)"(Sk = S) | —p 9) Bt \9 o] 192 a0 [ )T s
where . . is a circularly symmetric complex Gaussian random
Sy = [ A8, -+ ARgSk ] vector whose mean and covariance matrix &g and
and 1+ 525 (loa* + |g2|2)} I,. The ML decoding at the re-
S, = [ Alél ARél ] . ceiver is thus
2
S, and S; are the distributed space-time codewords corre- arg min T1| [PLPT | 51 —53 ﬂgl
sponding to the information symbolg, and s;. Thus, the s1,82 || | T2 Pi+1|s2 31| f292 F'

diversity of distributed space-time coding in networks hwit

R relays is min{T, R} (1 - %). When P — oo,

distributed space-time coding achieves the maximal diyers
min{7T, R}.

Due to the special structure of the distributed space-time
codewordsS, this decoding is equivalent to

S S 2
Py +1 figazy + fagoTa

argmin |s; —
B PLRT | frg1]* + [ f292]?
A. Using Alamouti Design in Two-Relay Networks - 2
As an example, we explain the use of Alamouti’s orthogonal + argmin |ss + htl f292m; + flglx;
design in networks with two relays in this subsection. Wednee 52 PiPT [ figi|* + | f292|

the coherence interval to be two. The matrices used at thehe decoding complexity at the receiver is linear since the

relays are designed as two information symbols are decoupled.
1 0 0 -1
A= { 0 1 } B1=0,4,=0,5, = { 1 0 } - (10) [Il. A DIFFERENTIAL SCHEME FORTWO-RELAY

During the first step, which is composed of two channel NETWORKSUSIN_GALAMOUTI DES_IGN )
uses, the transmitter randomly chooses a information wecto It can be seen that the distributed space-time coding scheme

s=[s1 s ]f and transmits it. The two relays receive N Section Il needs channel informatiofy and g; at the
receiver. Therefore, training has to be done before datstra

r = { T1,1 } and ry = { 72,1 } mission. However, in some situations, training is not askir
71,2 72,2 in networks because it takes extra time and power. For some

respectively. During the second step, which also has t/¥Stems, training is not even practical because of the ipbil

channel uses, the first relay sends of the users or surrounding objects. Compared to multiple-
antenna systems, these issues are even more prominent in sen
t; = Ayry + By = [ 1 ] sor networks, whose size is generally large and total transm
1,2 power is often limited. Therefore, a differential transsiis
and the second relay sends scheme with channel information at neither relays nor the
_ receiver is very useful.
to = Aorg + BoTg = { ﬁ2 ] In this section, we propose a differential transmission
T2,1 scheme for wireless networks with two relays and no channel
After simple calculation, the receiver gets information at either the relays or the receiver. The scheme
- PPT [s1 -5 [ f is baged on distri'buted coherent Alamouti spgce-time cpdin
[ 1} =4/ 1-2 [ ! 2} [191] described in Section II-A. In the protocol described in &ett
*2 P+l [s2 5] [ fag2 II-A, we call the transmission of two symbols a block.
N Py <91 {vm] t g [—vzzD n [wq (11) Therefore, a block actually contains four channel uses: two
P +1 V1,2 V2,1 wy |’ channel uses for each step. The same as differential unitary
where space-time coding for multiple-antenna systems [25]-[@ud}

V1.1 Vg1 differential scheme uses two blocks that overlap by onekbloc
vy = ’ and vy, = ’

V1,2 Va2 One block acts as a reference for the next.



For generality, we consider the- — 1)th block and therth
block. During the(r — 1)th block,

(r—1) (7' 1)
s = <T 1

is sent by the transmitter. From (4) or (11), the rece|veda§|g

can be written as
(71

PP,T

P+1

The equivalent channeH ("—1, and noise matrixj¥ ("—1,
can be obtained from (6) and (7).

[Als(T*U BQTT?D} g L=,

We encode the message to be transmitted to the receiver

into unitary matrices with Alamouti structure, that is, tthata
set is

] |u1 S .7‘—1,’LL2 S .7:2}
(12)

U— 1[“1—
lur|? + fug|?* L U2t

SinceW™ andW™~! are independent Gaussian vectors with
mean zero and covanan({e + P1+1 (lo1)? + |g2|2>} I, and

U™ is unitary, W7 is also a Gaussian vector with mean zero
but covariance {1 + P1+1 (|g1|2 + |92‘2)} I5. Therefore, we
can decode the messafé”) using the following ML decod-

arg max x(7)
ul,u2

which is equivalent to

_ pOxr-D H2
F

(r-1) (T) (r-1) .(7)
arg HTliIl Uy — a| + T x22
1 ’IST—l)‘ + ’Ig-—l)‘
2
(r=1),.(7) (r=1),.(7)
+ argmin |ug + T2 | 5 ks x22
u2 ’x(T—l)’ + ’I(T_l)‘
1 2

This decoding does not need any channel information. The

where F; and F, are some finite sets, for example, the PS&ame as the decoding of distributed coherent space-time cod

or QAM modulations.

During block 7, to transmit the messagé(™) < U, the

ing, because of the special structureldf’, the information
symbolsu; and uy, are decoupled at the receiver. Thus the

signal vector sent by the transmitter is encoded diffeadigti decoding complexity is linear in the transmission rate and

as

stV = /P TUM sV,

(13)

system dimension.

IV. DISTRIBUTED DIFFERENTIAL SPACE-TIME CODING

SinceU (") is unitary,s(™) satisfies the normalization (1). The In this section, we generalize the differential scheme for

received signal at theth block can be written as

)
P PT —
(r) (7) () (1)
Pl [Als Bss }H + W
P PT _
(r)g(r—1) (r)g(T—1) (7) (7)
P1+1[A1U s BUMsT | O +w

networks with two relays in the previous section to a general
network with R relays. Again, as in distributed coherent space-
time coding, we assume th@t= R and call the transmission

of T' symbols a block, which containT" channel uses7’
channel uses for each step. Our differential scheme uses two
blocks that overlap by one block. One block acts as a referenc
for the next.

Proposition 1: For anyU € U, that is defined in (12), and For generality, we consider ther — 1)th block and the

Ay, Bs, that are defined in (10), we have
AU=UA; and BQU: UBs.

Proof: Since A, is the identity matrix,A;U = U A; for
any 2 x 2 matrix. The second part of the propositidB,U =
U B, can be proved by direct matrix multiplication. [ ]

Therefore, we have

e

P1P2T (r) |: —_—
T (r=1) B,g(r—D) } @ LW
Pl +1 U A1S BQS H + W

_ BT ) g1 ) )
P+l

If the channelsf; and g; keep invariant for two blocks of

transmissions, i.eH(™ = HT-1 we have
7™ (Xufl) _ W(rA)) LW

— uOxD

<M —

(14)

where

W =W —uOw-D,

7th block. From (4), when eithed; = 0, B; is unitary or
B; = 0, A; is unitary, the system equation at tie — 1)th
block is

<=0 = JBRT o1y 1) | - o)
P+1

where
g(r=1) _ { Alégf—l) ARég_l)
is the distributed space-time codeword of the- 1)th block.
The message is encodedBs 7' unitary matrices. The set
of possible messages or codewords is denotetf.aBuring
block 7, to transmit messagé (™) € U, the signal sent by the
transmitter is encoded differentially as

st = /PTUM (1), (15)

For the first block, we can transmit any vector with unit-norm
Here, the same as differential space-time coding, hawifig
unitary preserves the transmit power.

The system equation of theth block is

< = PP gy gy 4 o)
P +1



where V. SOME DISTRIBUTED DIFFERENTIAL SPACE-TIME

CODES

D — | A,0Ms™ D .. ALpmglr—D
s [ AU ARU SR } The distributed differential space-time code design pobl

is the distributed space-time codeword of ttta block and S thus the design of both the matricés and B; and the set
of data matriceg/ such that (16) is satisfied. In this section,
7 _ { @ if B;=0 we show the differential use of Alamouti [22], square real
Sl UM ifA4,=0" orthogonal [2], andSp(2) [23] codes in relay networks. Their
simulated performance is also exhibited.
If UMA; = A,U™), or equivalently,

UMD A = A,UD A. Alamouti Code
{ UNB, = B,U® (16) For networks with two relays, we can use Alamouti code
[22], which has full diversity and linear decoding comptgxi
we have The details have been presented in Section Ill. We give & brie
S — ) glr-1), (17) summary here.

If we design the matrices used at the two relays as (10)
Assume thatf; and g; keep constant for two blocks, i.e..and design the set of codewords as in (12), Condition (16)
H™ = H(=1). The same as in the two-relay case discussegl satisfied according to Proposition 1. Thus, the distetut
in Section I1I, from (15), (16), and (17), differential space-time coding scheme can be used.
An interesting fact is that the distributed space-time eode

(M) — gMx=1) L
X =UMx +WH (18) words formed at the receiver have the same Alamouti streictur
where as the data matrices.
w' —w gy -, , ‘ ‘
: - §§EZI§2§ Iﬁl%ﬂ?::! Eﬁﬁg S‘Sisﬁ
With fixed g; during every two consecutive blocks/ ("—1) ot . S erontl Aot code GPoK |
andW (") are independent complex Gaussian random vectors *
with mean0 and covariance{l + Pfjl f;l |gi|2> Ir. Thus, w*

V(™) is a Gaussian random vector with meaand covariance
2 gl + 52y “E \gi|2) Ir. The ML decoding of distributed

Bit Error Rate

differential space-time coding is 10*

arg max HX(T) — UX(Tfl)H . 10°

No channel information is required. 10

Note that although the noise covariance depends on the ;
channel coefficientsy;, since the covariance matrix is a 10 15 2 2 3 3 40 s

Power (dB)

multiple of I, entries of W ()" are i.i.d. Gaussian random
variables. Therefore, the ML decoding does not depend g@. 2. Performance of two-relay networks.
the variance of the noises.

The equivalent system equation of the differential schame i |, Fig. 2, we show the performance of a wireless relay
(18) has exactly the same formation as the one of the coherggfwork with two relays using distributed differential Atauti
scheme in (4). But in (18), the covariance of the noises dgace-time codes. Information symbols are chosen from BPSK
twice that of the noises in (4). If; and g; are independent 3ng QPSK. Therefore, the transmission rates are 0.5 and 1
Rayleigh distributed, following the analysis in [17], wh#Te pjit per channel use, respectively. We can see that diversity
total transmit power is very largdog P >> 1), the pairwise o is achieved at high transmit powers. Compared with the

error probability of mistaking one data matii%, by another corresponding coherent scheme, the differential scheme is
one U, of the differential scheme can be upper bounded byzhout 3dB worse.

(16TR)Rdet UL = U)* (U, = 1) (

log P R
P ) - (19 g, Square Real Orthogonal Codes

Square real orthogonal codes were proposed in [2]. They
Thus, the same diversity? (1 - %), can be achieved also have full diversity and linear decoding complexityeyh
if the data set/ is fully diverse. Comparing (19) to (9), only exist for dimensions two, four, and eight. In this sub-
we can see that, the same as differential and coherent spasstion, we show how they enable differential transmisgion
time coding schemes for multiple-antenna systems [25}-[2hetworks with two, four, and eight relays.
distributed differential space-time coding is 3dB worsarth  Since the constellations are real, we habg = 0. The
distributed coherent space-time coding. A; matrices are designed as follows. For networks with two



relays, let

0

A =1, and Ay = |: 1

For networks with four relays, let

0-1 0 O
A=Ld=|0 00 11
0 01 0]
0 0-1 0 [0 0
0 0 01 0 0
As=11 0 0ol M |01
0-1 0 0 |10
For networks with eight relays, let
Ay = I,
[0-1 0 0 0 0 O
10 00 00O
0 0 01 00O
Ay = 0 0-1 0 0 0 O
0 0 00 010
0 0 00-1 00
00 00 0O0O
(00 00 001
[0 0-1 0 0 0 0
00 0-1 0 0O
10 0 0 0 0O
Ag = 01 0 0 0 0O
00 0 0 0 01
00 0 0 0 00O
00 0 0-1 00
. 00 0 0 0-10
[0 0 0-1 0 0 0
0 01 0 00 O
0-1 0 0 0 0 O
Ay = 1 00 0 0 0 O
0 00O 0 00 O
0 00 0 0 0-1
0 00 0O 010
(0 00 0-1 0 0
[0 0 0 0-1 0 0
0000 0-1 0
000 0 0 0-1
Ay = 0000 0 0 O
1000 0 0 O
0100 0 0 O
0010 0 0 O
. 0001 0 0 O
[0 00 0 0-10
0 00 01 00
0 00 00 0O
Ag = 0 00 00 01
0-1 0 00 0O
1 00 00 0O
0 00-1 0 0O
| 001 00 00

O, OO OO oo

| coorRrRoOoOoOoO

OO DO OO R OO OO O OO O

o o= O
SO O

] OO~ OO OO oL

(20)

. (21)

00 000 0-10
00 000 0 01
00 001 0 00

A7:00000—100
0 0-1 00 0 0 0]
00 010 0 00
1 00000 00
| 0-1 000 0 0 0]
(00 0 000 0-1]
00 0 00 O0-1 0
00 0 0071 0 0
00 0 010 0 0

As=100 0-100 0 0 (22)
00-1 000 0 0
01 0 000 0 0
| 10 0 000 0 0

Proposition 2:

1) A 2x 2 matrix commutes with the sdt4,, A,} defined
in (20) if and only if it has the followin®2 x 2 square
orthogonal structure:

Up —uU2
U2 Ul ’
2) A 4 x4 matrix commutes with the sétd;, As, A3, A4}

defined in (21) if and only if it has the following x 4
square orthogonal structure:

(23)

U1 —U2 —U3z —Uyg

Ug Ul Ug —U3 (24)
U3z —Ug Ul (5
Ug U3 —U2 UL
3) An 8 x 8 matrix commutes with the set
{Al,AQ,A3,A4,A5,A6,A7,A8} defined in (22)

if and only if it has the following8 x 8 square
orthogonal structure:

U1 —Uz —U3 —U4 —Us —Ug —U7T —US
u9 Uy —Uyg us —Ug us ug —ury
us U4 Uy —U2 —Uu7 —uUg us Ug
Ug —U3 (5] U1 —us U7 —Ug us
Uus Ug Uy us Uy —uU2 —U3 —Ug
Ug —Us ug —ury u2 (5% Ug —U3
U7 —ug —Us Ug us —UuUg U7 u9
us U7 —Ug —Us Uy us —us U1

Proof: It can be proved by direct matrix multiplication.
For the conciseness of the paper, we omit the tedious details
|
Thus, for networks with two, four, and eight relays, we
design data matrices to have the square real orthogonal stru
ture in (23), (24), and (25). Note that Proposition 2 does not
need the information symbols; to be constrained to real
constellations. They can be any complex numbers and the
proposition still holds. However, for the distributed éiféntial
space-time coding scheme to work, the data matrices must be
unitary. This demands that, must be selected from a real
modulation such as PAM. That is, the data matrices must
be real orthogonal matrices. Due to this special structure,

(25)




the information symbols can be decoupled at the receiver.We design the matrices used at the relay as
The decoding complexity of square real orthogonal designs
is linear.

It is interesting to see that the distributed space-timeseod
words generated at the receiver have the same square real Ay =04,By =
orthogonal structure as the data matrices.

Ay =1, By = Oy,

o O = O

C. Sp(2) Code

Although square real orthogonal codes are fully diverse and
have linear decoding complexity, since the constellatiohs
the information symbols have to be real, half of the degrdées o
freedom are lost. In this subsection, we discuss the diffexe
use of Sp(2) code in networks with four relays.

Sp(2) code was proposed in [23]. It is a generalization of
Alamouti code to dimension four. Its symbol rate is one. The
code has the following structure:

A3=0,Bg=

o= OO
= O O O
(e}
|
—

0 01
0 -1 0
-1 0 0
0 0 0

Ay = ,By=0. (29)

= o o O

Proposition 3: With the design in (29), a matrii satisfies
(16) if and only if it has the quasi-orthogonal structure28);

Y= {1 [ ViVa ViV H (26) Proof: Again, this proposition can be proved by direct
V2 | WiV il ’ matrix multiplication. For the conciseness of the paper, we
) omit the tedious details. [ |
where, fori = 1,2, Therefore, we design the set of data matrices to be@)
1 a; —b; code defined in (26) and (27). They have both quasi-orthdgona
Vi= W [ b @ ] ) (27)  structure and unitarity. As shown in [23], decoding $(2)

code can be done by a sphere decoder. Because the code has
anda; € F;,b; € G; are information symbolsF; and G; quasi-orthogonal structure as well, the information sylsbo
are finite sets. Choices ¢f; and g, are arbitrary and are notcan also be decoded pairwisely [29].

constraint to be real. Sufficient and necessary condition fo It is interesting to see that the distributed space-timeseod

full diversity of Sp(2) code with PSK signals was providedwords formed at the receiver also have the quasi-orthogonal

in [23]. If we define structure of (28).
ajas — bibs w : : : ‘
uy = 3 5 o : ~o- differential 4x 4 real orthogonal code rate=0.5
. . —— diffe tial Sp(2) code rate=0.65
V2ITics Viail” + bl e e s
T - ” e 4x 4 real code rate=0.65
ay b2 + b1a2 0 E
T T AR, Ve AR
[Tizi Vlal® + 104
—_ 10°F
araz — b1bs
us =

V2Tl Viail? + [

10

Bit Error Rate

and

aiby + bias 10
V2IT, V0P + b2

from (27), matrices in (26) can be written as:

Uy =

10°F

I I I L
10 15 20 25 30 35

U, —Uy —us Uy Power (dB)
U Uy —uUs —U3 .

- = . (28) Fig. 3. Performance of 4-relay networks.
Uz —Ugq Uy —Uu2

Uq us Uy U1

In Fig. 3, we show simulated performance of a wireless
Therefore, Sp(2) code is actually a special kind of quasitelay network with four relays using twbx 4 real orthogonal
orthogonal space-time block code [28], [29]. However, theodes and &p(2) code. For the first real orthogonal code,
main difference between these two codes is $&®2) code is w1, u2, us, us are chosen as BPSK. The bit rate is therefore
unitary due to the special choices of the information symbdD.5. For the second one; , u, are chosen as BPSK ang, u4
u;.2 These special choices are obtained from the analysis @i¢ chosen as 3-PAM. The bit rate is therefore 0.6462. For the
the special unitary Lie groufp(2) [23]. Unitarity is a crucial Sp(2) code,a;,b; are chosen as BPSK and, b, are chosen
property for differential transmission. as 3-PSK. The bit rate of the network is also 0.6462. We can
see from Fig. 3 that all these codes achieve the same diyersit
2Note thatu1, us, uz, us are related. which approaches the maximum diversity four as the transmit



power increases. Compared with the coherence code, the (8 Q. Zzhao and H. Li, “Performance of differential modulatiovith
0.5 distributed differential real orthogonal space-tinogle is
about 3dB worse. Th&p(2) code is about 4.5dB better thar;
the real orthogonal code at rate 0.6462.

We should mention that similar, but different, differehtia
schemes were proposed in [30] and [31] independently. The,
schemes in [30] and [31] are special cases of our scheme with
B; = 0. For example, the Alamouti anfip(2) codes cannot
be included in [30] and [31].

VI. CONCLUSION

(18]

(19]

In this paper, we propose a differential transmission seéhem
for wireless relay networks using the ideas of distributed®
space-time coding and differential space-time coding. No
channel information is needed at the transmitter, relays, [@1]

receiver. With this scheme, Alamouti, square real orthadjon
and Sp(2) codes can be applied in networks with two, four,,

and eight relays. Both simulation and theoretical analysis
show that compared with the corresponding coherent sche
distributed differential space-time coding performs 3d& se.
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