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We consider a wireless relay network, where a transmitter node communicates with a receiver node with the help of relay nodes.
Most coding strategies considered so far assume that the relay nodes are used for one hop. We address the problem of code design
when relay nodes may be used for more than one hop. We consider as a protocol a more elaborated version of amplify-and-
forward, called distributed space-time coding, where the relay nodes multiply their received signal with a unitary matrix, in such a
way that the receiver senses a space-time code. We first show that in this scenario, as expected, the so-called full-diversity condition
holds, namely, the codebook of distributed space-time codewords has to be designed such that the difference of any two distinct
codewords is full rank. We then compute the diversity of the channel, and show that it is given by the minimum number of relay
nodes among the hops. We finally give a systematic way of building fully diverse codebooks and provide simulation results for their
performance.
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1. INTRODUCTION

Cooperative diversity is a popular coding technique for wire-
less relay networks [1]. When a transmitter node wants
to communicate with a receiver node, it uses its neigh-
bor nodes as relays, in order to get the diversity known
to be achieved by MIMO systems. Intuitively, one can
think of the relay nodes playing the role of multiple anten-
nas. What the relays perform on their received signal de-
pends on the chosen protocol, generally categorized between
amplify-and-forward (AF) and decode-and-forward (DEF).
In order to evaluate their proposed cooperative schemes (for
either strategy), several authors have adopted the diversity-
multiplexing gain tradeoff proposed originally by Zheng and
Tse for the MIMO channel, for single or multiple antenna
nodes [2-5].

As specified by its name, AF protocols ask the relay nodes
to just forward their received signal, possibly scaled by a
power factor. Distributed space-time coding [6] can be seen
as a sophisticated AF protocol, where the relays perform on
their received vector signal a matrix multiplication instead of
a scalar multiplication. The receiver thus senses a space-time
code, which has been “encoded” by both the transmitter and
the relay nodes with their matrix multiplication.

Extensive work has been done on distributed space-time
coding since its introduction. Different code designs have
been proposed, aiming at improving either the coding gain,
the decoding, or the implementation of the scheme [7-10].
Scenarios where different antennas are available have been
considered in [11, 12].

Recently, distributed space-time coding has been com-
bined with differential modulation to allow communication
over relay channels with no channel information [13-15].
Schemes are also available for multiple antennas [16].

Finally, distributed space-time codes have been consid-
ered for asynchronous communication [17].

In this paper, we are interested in considering distributed
space-time coding in a multihop setting. The idea is to
iterate the original two-step protocol: in a first step, the
transmitter broadcasts the signal to the relay nodes. The
relays receive the signal, multiply it by a unitary matrix,
and send it to a new set of relays, which do the same,
and forward the signal to the final receiver. Some multihop
protocols have been recently proposed in [18, 19], for the
amplify-and-forward protocol. Though we will give in detail
most steps with a two-hop protocol for the sake of clarity,
we will also emphasize how each step is generalized to more
hops.
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The paper is organized as follows. In Section 2, we
present the channel model, for a two-hop channel. We then
derive a Chernoff bound on the pairwise probability of
error (Section 3), which allows us to derive the full-diversity
condition as a code design criterion. We further compute the
diversity of the channel, and show that if we have a two-hop
network, with R; relay nodes at the first hop, and R, relay
nodes at the second hop, then the diversity of the network is
min(R1, Ry). Section 4 is dedicated to the code construction
itself, and some examples of proposed codes are simulated in
Section 5.

2. ATWO-HOP RELAY NETWORK MODEL

Let us start by describing precisely the three-step transmis-
sion protocol, already sketched above, that allows communi-
cation for a two-hop wireless relay network. It is based on the
two step protocol of [6].

We assume that the power available in the network is, re-
spectively, P, T, P, T, and PsT at the transmitter, at the first
hop relays, and at the second hop relays for T-time trans-
mission. We denote by A; € C™*T,i = 1,..., Ry, the unitary
matrices that the first hop relays will use to process their re-
ceived signal, and by B; € C™T, j = 1,...,R,, those at the
second hop relays. Note that the matrices A;, i = 1,...,Ry,
Bj, j = 1,..., Ry, are computed beforehand, and given to the
relays prior to the beginning of transmission. They are then
used for all the transmission time.

Remark 1 (the unitary condition). Note that the assumption
that the matrices have to be unitary has been introduced in
[6] to ensure equal power among the relays, and to keep the
forwarded noise white. It has been relaxed in [4].

The protocol is as follows.
(1) The transmitter sends its signal s € C” such that

E[s*s] = 1. (1)
(2) The ith relay during the first hop receives

ri=+PiTfs+vieCl, i=1,.,R, (2)
——

(o]
where f; denotes the fading from the transmitter to the ith

relay, and v; the noise at the ith relay.
(3) The jth relay during the second hop receives

Ry
Xj = szgiin(leiS‘f‘V,') +Wj S (CT,
i=1

f181;
=c10[Ars,..., Ag S| (3)
SRRy
Ry
+szgiinVi+Wj, j=1,...,Ry,

i=1

where g;; denotes the fading from the ith relay in the first hop
to the jth relay in the second hop. The normalization factor
¢, guarantees that the total energy used at the first hop relays
is P, T (see Lemma 1). The noise at the jth relay is denoted
by wj.

(4) At the receiver, we have

Ry
y=c> hiBxj+ze Cl
j=1

R g
= C3CzC]Zthj[A1$,...,ARIS]
= legle
R, Ry
+ C3z thj (szg,‘inV,‘ + Wj) +z
j=1 i=1
= C3CzC]lB]A18, A ,BlAR1 S,... ,BRZAls, A )BRzARlsl
SE(C;XRIRZ
[ flguhl i (4)
legRllhl
<|
figir; hr,
_legRleth_
HeCRiR 1
R, Ry Ry
+ C3CZZ Z hjgiijAiVi + C3Z thjo +z,
i=1j=1 j=1

-
WeCTx1

where h; denotes the fading from the jth relay to the receiver.
The normalization factor ¢; (see Lemma 1) guarantees that
the total energy used at the first hop relays is P3T. The noise
at the receiver is denoted by z.

In the above protocol, all fadings and noises are assumed
to be complex Gaussian random variables, with zero mean
and unit variance.

Though relays and transmitters have no knowledge of the
channel, we do assume that the channel is known at the re-
ceiver. This makes sense when the channel stays roughly the
same long enough so that communication starts with a train-
ing sequence, which consists of a known code. Thus, instead
of decoding the data, the receiver gets knowledge of the chan-
nel H, since it does not need to know every fading indepen-
dently.

Lemma 1. The normalization factors ¢, and c3 are, respec-

tively, given by
6= Pz
NP+
= _ P
T PRy + 1

(5)
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Proof. (1) Since E[rfr;] = (P + 1) T, we have that
E[c3(Ai;) %Airi] = BT < &(P1+1)T = P,T

== P2 (©)
QNP1

(2) We proceed similarly to compute the power at the sec-
ond hop. We have

R * R
E[xxj] = E[c% (Z giinri) (Z gijkrk>] +E[ww;]
i1 k=1

R,
3> E[rfr]+T = (PR +1)T,
i1

(7)
so that

E[&(Bjx;)*Bjxj] = PsT < (PR, +1)T = PsT

— 3 = 7P3 ®
STNDPR 1

O
Note that from (4), the channel can be summarized as
y=cacaSH+ W, 9)

which has the form of a MIMO channel. This explains the
terminology distributed space-time coding, since the code-
word S has been encoded in a distributed manner among the
transmitter and the relays.

Remark 2 (generalization to more hops). Note furthermore
the shape of the channel matrix H. Each row describes a path
from the transmitter to the receiver. More precisely, each row
is of the form fig;;h;, which gives the path from the trans-
mitter to the ith relay in the first hop, then from the ith relay
to the jth relay in the second hop, and finally from the jth
relay to the receiver. Thus, though we have given the model
for a two-hop network, the generalization to more hops is
straightforward.

3. PAIRWISE ERROR PROBABILITY

In this section, we compute a Chernoff bound on the pair-
wise probability of error of transmitting a signal s, and de-
coding a wrong signal. The goal is to derive the so-called
diversity property as code-design criterion (Section 3.1). We
then further elaborate the upper bound given by the Cher-
noff bound, and prove that the diversity of a two-hop re-
lay network is actually min(Ry, R;), where R; and R, are the
number of relay nodes at the first and second hops, respec-
tively, (Section 3.2).

In the following, the matrix I denotes the identity matrix.

3.1. Chernoff bound on the pairwise error probability

In order to determine the maximum likelihood decoder, we
first need to compute

P(y s, figij>hj)- (10)

If gij and h; are known, then W is Gaussian with zero mean.
Thus knowing f;, gi; , b, H and s, we know thaty is Gaussian.

(1) The expectation of y given s and H is
Ely] = cic2c3SH. (11)

(2) Thevariance of y given g;; and h; is

E[(y - Ely]) (y - Ely])"]

= E[Ww*]
Ry R, Ry Ry
*
= c%c%E[Z > higijBiAviY. > (higuBiAkvi) ]
i=1j=1 k=11=1

Ry R,

+ cgE[z hiBjw;> (hBw;) *} + E[zz*]

j=1 =1
R /R Ry
=) (Zgijh131> (Zg?z‘h?‘Bz*)
i=1 \j=1 I=1

Ry
+ C%Z |hj |2IT +1Ir =: Ry,
i1
(12)

where

P,Ps
(P1 + 1)(P2R1 + 1) '

ces = (13)

Summarizing the above computation, we obtain the obvious
following proposition.
Proposition 1.
P(y I's, figij> )
! (y— C1 C2C3SH) )
(14)

1 * _
:mexp(— (y = c1c2¢3SH) xRy

Thus the maximum likelihood (ML) decoder of the sys-
tem is given by
argmsaxP(y |'s, fi-gij» hj) = arg msin ly — 6162C3SHH2.
(15)

From the ML decoding rule, we can compute the pairwise
error probability (PEP).

Lemma 2 (Chernoff bound on the PEP). The PEP of send-
ing a signal sy and decoding another signal s; has the following
Chernoff bound:

P(sp — s))

1 -
<Efgh exp (— ZC%C%C%H* X (Sk — Sl)*RYI(Sk - S)H).
(16)
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Proof. By definition,

P(sk — si | fisgij>hj)
= P(P(y | s, fogijp 1) > P(y | sk firijohj))
= P(In(P(y | si, fi-gij> hj))
—In(P(y | st fi-gij» hj)) > 0)
< Ew[expA(In(P(y | s, fi> gij» hj))
—In(P(y | st fi-gij»hj))) ]

where the last inequality is obtained by applying the Chernoff
bound, and A > 0. Using Proposition 1, we have

A(n(P(y | si, fi» gij» hj)) —In(P(y | sk firgij» 1))
At H* (S§ - SZ*)R_I(Sk —S)H +cicoc:H*

(17)

X (SE—SF)R,' WHaicaes WH*R, (Se—S1) H]
= —(AC]CZC3(Sk — S])H + W)
R;l (/\C1C2C3(Sk - S[)H + W)
+ (A2 =) ASSH* (S = $1) "R, (S — S H
+WHR'W,
(18)
and thus
Ew [expA(In(P(y | 1, fis &ij» hj)) —In(P(y | st fi» gij> 1)) ]
~ [exp(— W*Ry W) _—
= | ey PRy fog )

—In(P(y | sk, fi-gij» hj)))dW
= exp((A* = V)l S3GH* (S — S) "R, (S — S1)H)
(19)

since Ry = Ry and

1 *
WJ@XP( — (A61CZC3 (Sk — SZ)H + W)

Ry (Acicacs (Sk — Si)H + W)

XdW = 1.
(20)

To conclude, we choose A = 1/2, which maximizes 1> — 1,
and thus minimizes —(1 — A?). O

We now compute the expectation over f;. Note that one
has to be careful since the coefficients f; are repeated in the
matrix H, due to the second hop.

Lemma 3 (bound by integrating over f). The following upper
bound holds on the PEP:

P(sp — s1)

-1

1
Eg,n,det(In, + L i3S 9% (Si = S1) "Ry (Sic = $1) #)

(21)

where H is given in (22).

Proof. We first rewrite the channel matrix H as H = #f,
with

f
f=|:|ecCh,
Iri
[ guhl |
(22)
gR11h1
H = : e CRiRXRy
SR, h,
L gRlehR27

Thus we have, since f is Gaussian with 0 mean and variance
Ir,>

Egexp( - lcl GEH* (Sk - 81) "R, (S — $)H)
f*f
= JCXP(ﬂiR) Xp( lclczcgf*ﬂ’*(sk -5)"

X R (S - S;)J(‘f)df

1
4cfc%c§]€* (S — Sl)>|<

%J‘exp( —f* [IRl
Ry (S - Sl),%]f)df

-1
Ry (S — S)H)

(23)
O

= det(IRl+ic%c%c§J€* (Sk— )" x

Similarly to the standard MIMO case, and to the previous
work on distributed space-time coding [6], the full-diversity
condition can be deduced from (21). In order to see it, we
first need to determine the dominant term as a function of P,
the power used for the whole network.

Remark 3 (power allocation). In this paper, we assume that
the power P is shared equally among the transmitter and the
three hops, namely,

-
2

It is not clear that this strategy is the best, however, it is a
priori the most natural one to try. Under this assumption,
we have that

5 P
3 = N
Ry (P -S 3)
e = B - 5 (25)
RiRy(P +3)
222 P3T
1663

T 3RR(P+3)%

Thus, when P grows, cic3c3 grows like P.
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Remark 4 (full diversity). It is now easy to see from (21) that
if S; — Sk drops rank, then the exponent of P increases, so that
the diversity decreases. In order to minimize the Chernoff
bound, one should then design distributed space-time codes
such that det (S — S;)* (Sk — S;)#0 (property well known as
full diversity). Note that the term R;! between Sx — S; and
its conjugate does not interfere with this reasoning, since Ry
can be upper bounded by tr(Ry)I (see also Proposition 2 for
more details). Finally, the whole computation that yields to
the full-diversity criterion does not depend on H being the
channel matrix of a two-hop protocol, since the decomposi-
tion of H used in the proof of Lemma 3 could be done simi-
larly if there were three hops or more.

3.2. Diversity analysis

The goal is now to show that the upper bound given in (21)
behaves like P™n(Ri-R2) when we let P grows. To do so, let us
start by further bounding the pairwise error probability.

Proposition 2. Assuming that the code is fully diverse, it holds
that the PEP can be upper bounded as follows:

P(k—'sl)

guhl_[
222

x| 1+ Afmnclc2c3
4T

2 2 -1
Zfil |hj| |gij|

)
Ry 25 R
‘ijlhjgkj ‘ o2 il

|hjl2+1>

63C§Z

guh l_[

2
(14 Ammc%c%é
4T
R -1
Zjil\hjgiﬂz )
Palhige 143X 12 hj|2+1
(26)

332R-1)

Proof. (1) Note first that

Ry <tr(Ry)Ir

Ry R, Ry
= <C§C§Z tf(Z&j’lﬁfZ&TW?)
i=1  \j=1 I=1

~—
o

Ry
T(cgz [k | + 1)>IT)
j=1

(27)

5
so that
P(sk — s1)
222
€166
il de'[(IR1
For 4(C§C§“+T(Cszj:1{hj|2+1))
-1
X H* (S —S1) " (S — 51)5‘(’>
PR B
g,,h det(IR] - min*1%2%3 5 J{*J{) ,
4(C3620(+T(C3Zj:1 |h | +1
(28)

where A2, denote the smallest eigenvalue of (Sx — $;)* (Sx —
S1), which is strictly positive under the assumption that the
codebook is fully diverse.
Furthermore, we have that

2 2
r [ 1hil7 8]

H*¥H = z
— i 2
] |h1| |gR1j|
Ry , i
Z |hj| |g1j| (29)
j=1
R, ) i
D1kl gr |
j=1
which yields
A2, 222 -1
det(IR]+ min€162€3 }(’*}(’)
4(33a+T(EX ) [h;]*+1))
ul 2 222 -
AmlnC1C2C3 )
=TT (1+ , ,
[[1( 4(G3a+T(S3 |h| Z|J| | gij |
(30)
where
a<l|al

Ztr(ngjh iBj ngzhz Bf )

k=1 j=1

Ry R
tr(ngjthngz?zhisz*> ‘

j=1 I=1

R1 Rz RZ
sz tr( Z gkjg,fj,hjhf,BjB;")tr( Z gklg,j‘l/hlhffBlBl’f‘)

k=1 =1 LI=1

&

k=1

(31)

where the last inequality uses Cauchy-Schwartz inequality.
Now recall that Bj, j = 1,...,R,, are unitary, thus B ij*i and
BB} are unitary matrices, and

tr(BeB})<T Vkk. (32)
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Thus so that
’ Lok 2 2
N V2 i&kj <Z higii 1+ > D0 (Ihigii|* + [lugu|®)
as<T || > 8kigyhihy > guigiy by JELI=14
=1\ \j,j'=1 LIr=1 R R
Ry R, 2 R, 2 - RZZ |h]gk] | + Z Z |hlgkl
=T || X higei| |2 higa (33) ST
k=1\ lj=1 =1 R 5
&R 2 = (2R, = 1) [hjgij| "
j=1
=T Zhjgkj (38)
k=11j=1
which concludes the proof. O
We can now rewrite R
We now set x; := > jil |hjgij |2, so that the bound
P(sy — Sz) R,
1—[ ( A3 gij,hjn
min i=1
gx 2
o (CgC%a+T(C3Zj:1 [hj|"+1)) % 1+Ar2ninC%C2C§
Ry -1 4T
2 2 ——
<3 1yl ) ; R )
j=1 Ejil\hjgiﬂz
X 2.2 _ Ry R, o124 2N R 12
c3es 2Ry = 1) X3l X2 | hjgkj 12 +e3 2 12 il 2 +1
gu hj 1_[ —_—
Y2
(1+ Minclic (39)
(C3CZ TS 2, ‘Z higk; ) +T(3(3Z 52, |h |%#1))  can be rewritten as
-1 Ry X -1
2 2 i
< S 0P o i Egon| | (1+y ) . (40)
jgl| ]| |g1]| ) j Ji:1 lyzz xk+C3Z {h]|2 1
(34) Note here that by choice of power allocation (see Remark 3),
which proves the first bound. y, = AninP? T _ AminP®
(2) To get the second bound, we need to prove that U AT3RIR(P+3)  12R,Ry(P +3)
_ 2
p, = (213271)1’2) (41)
2 Ry RiR,(P +3)
Jng <(2R = 1) | gy | (35) 2-_ P
j=1 > Ry(P+3)

By the triangle inequality, we have that

2

S(i |hjgkj|)2

Ry
2. higj
= (36)

_Z|thkJ| +Z|h1gk1| Z [ Fugpr |-

I=1,1#j

Using the inequality of arithmetic and geometric means, we
get

|higii | [ =+ [higei | g * < [ higei |* + [ lugua] s

(37)

In order to compute the diversity of the channel, we will con-
sider the asymptotic regime in which P— co. We will thus use
the notation

Y
;E?ologp'

x=y < lim (42)

P-wlogP
With this notation, we have that
w=P  y,=P'=1, G=P'=1 (43)

In other words, the coefficients y, and c¢3 are constants and
can be neglected, while y, grows with P.

Theorem 1. It holds that

R, X -1
E,--,h- <1+ ! )
gf Hl St I P+ (44)

- p-min{R;,R
~ p~min{R, 2},
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where x; 1= . ?il |higii 2. In other words, the diversity of the
two-hop wireless relay network is min(R;, Ry).

Proof. Since we are interested in the asymptotic regime in
which P—co, we define the random variables a;, 8;;, so that

\hj|*=P, |g;|’=PPs, i=1,...,R), j=1,...,R.

(45)

We thus have that

Ry 5
xi= 2 |hgi|” =
-1

_ Pman{—(txj+ﬁij)}

Ry

Z P_(‘xj+ﬂij)

j=1 (46)
_ P—minj{ajJrﬂU}

where the third equality comes from the fact that P + P? =
Pmax{a,h}.

Similarly (and using the same fact), we have that

ZM+ZM|+1—ZFmWW%+§P%+1
k=1 j=1 j=1
- Pmaxk(—mmj a]+ﬁkj + Pmaxj(—ocj) +1
- Pmax(—minjk(ocj+ﬁkj),—minj0tj) +1.

(47)
The above change of variable implies that

d|h; 1> = (log P)P~ daj, d|gij |* = (log P)PPi dp;;

(48)

and recalling that |h; |2 and | gizjl are independent, exponen-
tially distributed, random variables with mean 1, we get

R, X -1
1
Egu)hfn <1 +P )
i1

Z xk+Z]1|]’l| +1

o Ri -1
Xi
1+P
Jﬂ( St I |hj|2+1)
Ry R, )
< [ 1T Texp(~ lgii|*) dlgi|
i=1 j=1
fa 2 2
x[Texp( = [hj]") d|h] (49)
j=1

P—minj foj+B;}

-1
= Iiwn (l +PP_min(minjk(aj+ﬂkj),minj‘xj) + 1)

i=1

Ry Ry
x [T Texp(—P~ Bi) (log P)P~Fi dp;;
i=1 j=1

X nexp

Note that to lighten the notation by a single integral, we mean
that this integral applies to all the variables. Now recall that

a)il,

~%)(log P) P~% da;.

a)io) a>0,

(50)

exp(— P~ a<o, exp(— P~

and that

“exp(—P?)

exp(— P~
p(— (P +P) = expl .

= ex _ P—min(a,b))
meaning that in a product of exponentials, if at least one
of the variables is negative, then the whole product tends
to zero. Thus, only the integral where all the variables are
positive does not tend to zero exponentially, and we are
left with integrating over the range for which «;>0, §;;>0,
i=1,...,R, j = 1,...,R,. This implies in particular that

P—min(minjk(tijrﬁkj),minjtxj) +1=Pc4+1= Pmax(—c,O) =1
(52)

since ¢ > 0. This means that the denominator does not con-
tribute in P. Note also that the (logP) factors do not con-
tribute to the exponential order.

Hence

Ry -1

Egii’hfl_[ (1 +Pz

i=1

)
xk—"_Z] |h |2+1
o Ri

J 1—[ 1+P1 mm){rxﬁﬁu an Bij dﬁ l_[P‘“J doc]

11]1

-:J ]‘[ ((pUmmingtefy ) - ]_[]_[P Fi dp,, l_[P % da,

i= 1] 1
) Rl
J' np (1- mlHJ{Otj+ﬂ,]} nnp Bij dﬁ nP R d(X],
i=1 j=1
(53)

where (-)* denotes max{-,0} and the second equality is ob-
tained by writing 1 = P°.

By Laplace’s method [20, page 50], [21], this expectation
is equal in order to the dominant exponent of the integrand

Ry

g,]hl_[<1+P Rz

i=1

-1
Xi
k+Z Ih |2+1>

R1 R,
= [Tpeste ﬂwnn dﬁ,,n g o
1nff o, s
where
Ry + R R
flaj,B;;) = g.l(l - mjin{oc; +/gij}) + Z ZB;] + Z e
(55)

In order to conclude the proof, we are left to show that

1nff(oc],ﬁ )

ajpi;

= min{R;,R,}. (56)

(i) First note that if Ry < Ry, Ry is achieved when «; = 0,
ﬁij = 0and if Ry > Ry, R, is achieved when «; = 1, ﬁij =0.

(ii) We now look at optimizing over f3;.. Note that one
cannot optimize the terms of the sum separately. Indeed, if
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Bi j are reduced to make > N, S B; j smaller, then the first
term increases, and vice versa. One can actually see that we
may set all §;; = 0 since increasing any f; from zero does not
decrease the sum.

(iii) Then the optimization becomes one over the «a;:

Ry

1nfz (1 — min{a;} ) +Z(xj (57)

(xJZO Jj

Using a similar argument as above, note that if «; are taken
greater than 1, then the first term cancels, but then the sec-
ond term grows. Thus the minimum is given by considering

€ [0, 1] which means that we can rewrite the optimization
problem as

Ry
inf Z(l — min{q; ) +Z(x] (58)
j

a;€[0,1] -1

Now we have that

R,

Z (1 - mln{(xJ ) Zoc]

i=1

= R1<1 —m1n oc] ) Zch (59)
> R1(1 - mjin{oq}) +R2mjin{ocj}

= R1 + (Rz — Rl)mln{(x]}
J

(iv) This final expression is minimized when «; = 0, j =

Ry forRy < Rpand aj = 1,j = 1,...,R; for Ry > Ry,
sinceif R, —R; < 0, one will try to remove as much as possible
from R;. Since «; < 1, the optimal is to take &; = 1. Thus if
R, < R,, the minimum is given by R, while it is given by
Ri+R,— R =R, lfRz <Ry, which ylelds min{R;,R>}.

Hence 1nf,x]/; f(oc],[)’ ) = min{R;, R,} and we conclude
that

R,

Xi
Egom| | (1+P
o DIIEVED

- P—min{Rl,Rz}.

-1
k12 + 1)

(60)

O

Let us now comment the interpretation of this result.
Since the diversity is also interpreted as the number of in-
dependent paths from transmitter to receiver, one intuitively
expects the diversity to behave as the minimum between R;
and R,, since the bottleneck in determining the number of
independent paths is clearly min(R;, Ry).

4. CODING STRATEGY
We now discuss the design of the distributed space-time code

S =[BiAys,...,BiAgs,...,Br,As,...,Bp,Ag s] € CT¥Rikz,

(61)

For the code design purpose, we assume that T' = R|R,.

Remark 5. There is no loss in generality in assuming that the
distributed space-time code is square. Indeed, if one needs
a rectangular space-time code, one can always pick some
columns (or rows) of a square code. If the codebook satis-
fies that (Sx — S;) ™ (Sx — S;) is fully diverse, then the codebook
obtained by removing columns will be fully diverse too (see,
e.g., [12] where this phenomenon has been considered in the
context of node failures). This will be further illustrated in
Section 5.

The coding problem consists of designing unitary matri-
ces Aj, i = 1,...,Ry, Bj, j = 1,...,Ry, such that S as given
in (61) is full rank, as explained in the previous section (see
Remark 4). We will show in this section how such matrices
can be obtained algebraically.

Recall that given a monic polynomial

p(x)=po+pix+--- +piax" T +x"€Clx], (62)
its companion matrix is defined by
00 --- 0 —po
1 0 0 —-p
cpy =121 0 -p> |, (63)
o -0 :
0 0 1 —Pn-1

Set Q(i) := {a+ib, a,b € Q}, which is a subfield of the

complex numbers.

Proposition 3. Let p(x) be a monic irreducible polynomial of
degree n in Q(i)[x], and denote by 0 one of its roots. Con-
sider the vector space K of degree n over Q(i) with basis

{1,6,...,6" '}
(1) The matrix M; of multiplication by
s=so+50+--- +5,10"' €K (64)
is of the form
M, = [s,C(p)s,...,C(p)""'s], (65)

wheres = [sg, s1,. ..

of p(x).

(2) Furthermore,

Su—1] T and C(p) is the companion matrix

det(M;) =0 = s = 0. (66)
Proof. (1) By definition, M; satisfies
(1,6,...,0" )M

M, =s(1,6,...,0" ). (67)

Thus the first column of M; is clearly s, since
(1,6,...,0" s =s. (68)
Now, we have that
sO =500 +50> 4+ +5,,0" L +5, ,0"
= —posn—1+0(so — p1Sa—1) + - - - (69)

+ 911—1 (5n—2 - pn—lsn—l)
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since 0" = —pg — p10 — - -+ — p,10""". Thus the second (2) Define
column of M is clearly .
Ai:C(p)lil) i= 1)---)R1) (77)
—PpoSn—1 0 0 ko S0 Bj = CP)UTY, j=1,..,Ra
0 0 —p1
So — P1Sn-1 0 1 0 - S1 . .
. = P2 . Example 5 (R; = R, = 2). We need a monic polynomial of
: Lo 0o - degree 4 of the form
Sh—2 — pn—lsnfl 0 0 1 _Pnfl Sn—1 \ )
70) P =5~ po IpolP=1. 78)
We have thus shown that for any s € K, s6 = C(p)s. By For example, one can take
iterating this processing, we have that )
p(x) =x* - — (79)

s6° = (s0)0 = C(p)sh = C(p)°s, (71)

and thus s¢/ = C(p)’sisthe j+1 column of M, j = 1,...,n—
1.

(2) Denote by 0y,...,0, the n roots of p. Let 6 be any of
them. Denote by o; the following Q(i)-linear map:

Uj(9)=9j, j=1,...,1’1. (72)
Now, it is clear, by definition of M, namely,

(1,6,...,0" M, = 5(1,6,...,0" "), (73)
that s is an eigenvalue of M; associated to the eigenvector
(1,9,...,9"_1). By applying o; to the above equation, we
have, by Q(i)-linearity, that

(1,0(0),..,0; (8" ")) M; = 0;()(1,0,(0),...., ;6" ")).

(74)
Thus 0 (s) is an eigenvalue of My, j = 1,...,n, and
det(M;) =[] ;(s), (75)
j=1
which concludes the proof. O

The matrix M, as described in the above proposition, is
a natural candidate to design a distributed space-time code,
since it has the right structure, and is proven to be fully di-
verse. However, in this setting, C(p) and its powers corre-
spond to products of A;B;, which are unitary. Thus, C(p) has
to be unitary. A straightforward computation shows the fol-
lowing.

Lemma 4. One has that C(p) is unitary if and only if
pr=-:"+=pn1=0, |p0|2:1‘ (76)
The family of codes proposed in [10] is a particular case,
when py is a root of unity.
The distributed space-time code design can be summa-
rized as follow.

(1) Choose p(x) such that |pgl> = 1 and p(x) is irre-
ducible over Q(i).

which are irreducible over Q(i). Its companion matrix is
given by

i+2

000 —
i—2
100 0 |, (80)
010 0
001 O

The matrices A;, A,, By, B; are given explicitly in next sec-
tion.

Example 6 (R, = R, = 3). We need now a monic polynomial
of degree 9. For example,
i+ 2
p(x) =x9—7;_2, (81)

is irreducible over Q(i), with companion matrix

+.
[\]

-
\S}

cocoococococool

(82)

[NeoNoNoloNoR-) =
S o oo oo~ O O
[eNeNoNoNe N ==
SO OO~ OO O
S OO OO OO O
SO~ OO OoC O O
O~ OO OO OO O
— O OO OO oo O

5. SIMULATION RESULTS

In this section, we present simulation results for different sce-
narios. For all plots, the x-axis represents the power (in dB)
of the whole network, and the y-axis gives the block error
rate (BLER).

Diversity discussion

In order to evaluate the simulation results, we refer to
Theorem 1. Since the diversity is interpreted both as the slope
of the error probability in log-log scale as well as the expo-
nent of P in the upper bound on the pairwise error proba-
bility, one intuitively expects the slope to behave as the min-
imum between R; and R,.
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FIGURE 1: On the left, a two-hop network with two nodes at each
hop. On the right, a one-hop network with two nodes.

We first consider a simple network with two hops and
two nodes at each hop, as shown in the left of Figure 1. The
coding strategy (see Example 5) is given by

i+2
000 ——=
i—2
A =1y, A,=1100 0 >
010 O
001 O
j 83
00 X2 (83)
2 i
i
B =14 B,=|00 i—2
10 0 0
01 0 0

We have simulated the BLER of the transmitter sending a
signal to the receiver through the two hops. The results are
shown in Figure 2, given by the dashed curve. Following the
above discussion, we expect a diversity of two. In order to
have a comparison, we also plot the BLER of sending a mes-
sage through a one-hop network with also two relay nodes,
as shown on the right of Figure 1. This plot comes from [10],
where it has been shown that with one hop and two relays,
the diversity is two. The two slopes are clearly parallel, show-
ing that the two-hop network with two relay nodes at each
hop has indeed diversity of two. There is no interpretation
in the coding gain here, since in the one-hop relay case, the
power allocated at the relays is more important (half of the
total power, while one third only in the two-hop case), and
the noise forwarded is much bigger in the two-hop case. Fur-
thermore, the coding strategies are different.

We also emphasize the importance of performing coding
at the relays. Still on Figure 1, we show the performance of
doing coding either only at the first hop, or only at the second
hop. It is clear that this yields no diversity.

We now consider more in details a two-hop network with
three relay nodes at each hop, as show in Figure 3. Transmit-
ter and receiver for a two-hop communication are indicated
and are plotted as boxes, while the second hop also contains
a box, indicating that this relay is also able to be a transmit-
ter/receiver. We will thus consider both cases, when it is either
a relay node or a receiver node. Nodes that serve as relays are
all endowed with a unitary matrix, denoted by either A; at the
first hop, or B; for the second hop, as explained in Section 4.

10° T B R T . T ol

BLER

1073 : . - * * *
16 18 20 22 24 26 28 30
P (dB)
—*— 2 nodes

-&- 2-2 nodes

-% - 2-2 (no) nodes
—— 2 (no)-2 nodes

FIGURE 2: Comparison between a one-hop network with two relay
nodes and a two-hop network with two relay nodes at each hop,
“(no)” means that no coding has been done either at the first or
second hop.

Ay By
& \22) b i
As B3

FIGURE 3: A two-hop network with three nodes at each hop. Nodes
able to be transmitter/receiver are shown as boxes.

For the upcoming simulations, we have used the following
coding strategy (see Example 6). Set

oooooooo’.i2
i—2
10000000 O
01000000 O
r_|00100000 0
“looo10000 0 |
00001000 O (84)
00000100 O
00000010 O
00000001 O
A]zlg, A2=F, A3=F,
By = I, B, =I?, B; =TI°.

In Figure 4, the BLER of communicating through the two-
hop network is shown. The diversity is expected to be three.
In order to get a comparison, we reproduce here the perfor-
mance of the two-hop network with two relay nodes already
shown in the previous figure. There is a clear gain in diversity
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10°
107!
a4
53]
—
m
1072
1073 : 5 - * * *
16 18 20 22 24 26 28 30
P (dB)

-%- 3-2 nodes
—— 3-3 nodes

—»— 2-2 nodes
-&- 2-3 nodes

FiGure 4: Comparison among different uses of either two or three
nodes at, respectively, the first and second hops.

100

107!

1072

BLER

103

1074

1072

—»— 4 nodes 1 hop
-¢- 4nodes 2 hop

F1Gure 5: One hop in a one-hop network versus one hop in a two-
hop network.

obtained by increasing the number of relay nodes. We now
illustrate that the diversity actually depends on min{R;, R,},
that is, the minimum number relays between the first and the
second hops. We assume now that one node in the first hop
is not communicating (it may be down, or too far away). We
keep the same coding strategy, and thus simulate communi-
cation with a first hop that has two relay nodes, and a second
hop that has three relay nodes. We see that the diversity im-
mediately drops to the one of a network with two nodes at
each hop. There is no gain in having a third relay participat-
ing in the second hop. This is true vice versa, if the first hop
uses three relays while the second hop uses only two. Though
the performance is better, the diversity is two.

Finally, we would like to mention that the scheme pro-
posed does not restrict to the case where communication
requires exactly two hops. In order to do so, we assume
that one node among those at the second hop can actually
be a receiver itself (see Figure 3). We keep the coding strat-
egy described above and simulate a one-hop communication
between the transmitter and this new receiver. The perfor-
mance is shown in Figure 5, where it is compared with a one-
hop network (as in [10]). Both strategies have now noise for-
warded from only one hop. However, the difference of cod-
ing gain is easily explained by the fact that we did not change
the power allocation, and thus the best curve corresponds
to having half of the power at the first hop relays, while the
second curve corresponds to a use of only one third of the
power. Diversity is of course similar. The main point here is
to notice that the coding strategy does not need to change.
Thus the unitary matrices can be allotted before the start of
communication, and used for either one or two hops com-
munication.

Decoding issues

All the simulations presented in this paper have been done
using a standard sphere decoder algorithm [22, 23].

6. CONCLUSION

In this paper, we considered a wireless relay network with
multihops. We first showed that when considering dis-
tributed space-time coding, the diversity of such channels is
determined by the hop whose number of relays is minimal.
We then provided a technique to design systematically dis-
tributed space-time codes that are fully diverse for that sce-
nario. Simulation results confirmed the use of doing coding
at the relays, in order to get cooperative diversity. Further
work now involves studying the power allocation. In order
to get diversity results, power is considered in an asymptotic
regime. In doing distributed space-time coding for multihop,
one drawback is that noise is forwarded from one hop to the
other. This will not influence the diversity behavior since the
power can grow to infinity. However, for more realistic sce-
narios where the power is limited, it does matter. In this case,
one may need a more elaborated power allocation than just
sharing equally the power among the transmitter and relays
at all hops.
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