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Abstract— In this paper, differential unitary space-time coding
and non-coherent space-time coding for the training based
approach of Kim and Tarokh are addressed. For this approach,
necessary and sufficient conditions for multi-group decodaility
are derived assuming a Generalized Likelihood Ratio Test re
ceiver and a unitary codebook. Extending Kim and Tarokh'’s
approach for collocated MIMO systems, a novel training base
approach to distributed non-coherent space-time coding fo
wireless relay networks is proposed. An explicit construgon of
two-group decodable distributed non-coherent space-timeodes
achieving full cooperative diversity for all even number ofrelays
is provided.

complexity decoder for this case is described in a simple
way.

« Extending ideas from training based non-coherent space-

time codes, a novel training based approach to distributed
non-coherent space-time coding for wireless relay net-
works is proposed. This approach does not demand strin-
gent conditions on the structure of the distributed space-
time code such as commuting codewords which is the
case for distributed differential space-time codes [3], [4

[5]. Moreover, the channel coherence interval required for

this strategy §R + 1 channel uses) is lesser compared to
that required for distributed differential space-time iogd

An efficient means to communicate over non-coherent Mul-  [3], [4], [5] (4R channel uses). An explicit construction
tiple Input Multiple Output (MIMO) channels is the training  of two group decodable codes achieving full cooperative
based non-coherent orthogonal designs approach of Kim and diversity for all even number of relays is also provided.

Tarokh [1] which offers simple encoding, single complex sym  The rest of the paper is organized as follows. In Section
bol decoding along with full diversity. Recently the authof || we generalize the training based non-coherent space-ti
[3], [4], [5] have proposed distributed differential spaaae coding approach proposed in [1]. A novel training based
coding for wireless relay networks wherein all the tern’ﬁ;nalapproach to distributed non-coherent space-time coding fo
operate without the knowledge of any of the fading coeffitienyireless relay networks is proposed in Section Il and an
and yet achieve full cooperative diversity equal to the nembgyp|icit construction o2-group decodable codes achieving full
of relays. However, the coding strategies proposed in ], [cooperative diversity is also provided. Simulation resand

[5] put extra stringent conditions (as compared to the €ollg prief conclusion comprise Section IV.

cated MIMO case) on the unitary matrix codebook such as the
existence of matrices that commute with all the codewords.
This makes code constructions particularly difficult. Insth
work, we generalize Kim and Tarokh'’s approach to result in In this section, we generalize the training based non-
multi-group decodable non-coherent space-time codes.  coherent orthogonal designs approach in [1] by using ayitr

The contributions of this paper are summarized as followmnear designs which are multi-group decodable instead of

« Generalization of the non-coherent orthogonal desigasthogonal designs alone.
based construction of Kim and Tarokh [1] by utilizing Let the number of transmit and receive antennas be denoted
arbitrary linear designs instead of orthogonal desigh¥ n andm respectively.
alone. We refer to the resulting codes as training basedDefinition 1: [7] A linear designD(x1, z2,...,2x) IN K
non-coherent space-time codes. It is shown that by efig¢al indeterminates or variables, zz,...,2x iS an x n
ploying any full diversity coherent space-time code, Bnatrix with entries being a complex linear combination of
full diversity non-coherent space-time code can also ltee variables. It can be written aB(xi,z2,...,2x) =
obtained. Zfil x;A; where, A; € C"*™ are called the ‘weight matri-

« For the training based non-coherent space-time codess’. A linear space-time block code (STBE) is a finite
necessary and sufficient conditions for multi-group deset of n x n complex matrices which can be obtained by
codability are derived in a simple and elegant manngaking a linear designD(z1,z2,...,2zx) and specifying a
assuming a Generalized Likelihood Ratio Test (GLR®ignal sete# C RX from which the information vectoX =
receiver and a unitary codebook. Moreover, the IO\{/ Tl T2 TK ]Ttake values from, with the additional
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condition thatD(a) # D(a’),V a # a’ € «/. A linear STBC where Tr[.] denotes the trace operator. Let us simplify the
¢ ={D(X)|X € </} is said to bey-group encodable (ofi above GLRT metric for codes of the specific form proposed.

real symbol encodable ojﬁ complex symbol encodable)gf For our caseS; — I for someC; € %. We have

divides < and if o/ = X ofy % -+ x o, Where each;, i — R Ci o .

1,...,9 C R%. An orthogonal desig®(z1,zs, ...,zx) in L v Sis;} Vi = Tr [YYH SiS{']. Moreover S;Sf! =

K real variablesry, z9, ..., 2k is a linear design satisfying é CCCH = é? C} where, the second equality

H K 2 i n

Oz1, 22, 7K) @(ﬂfla_fﬂz,_- o x) = ( 2z 77) In- is due to our unitary matrix assumption. Let us partition the
The proposed }ransmlssmn matrix in [1] has the form received matrixY” into sub-matricesy; and Y, as follows:

of § = " , where©(z1,z2,...,2x) IS Y = Y Let Y; denote the part of” corresponding to

@(xl,xg,...,xK) Y2
an orthogonal design if real variables and of size x n. the transmission of,, (pilot part) andY; denote the other part
The portion corresponding td, can be viewed as thoughdue to the encoded message. Then, we have
pilots were sent from each of the transmit antennas. Hence
this approach is referr_ed to as trair_ling based._The autHors o Ty [YYHSiSH} Ty [YIYH L YaYH
[1] then propose to pair two real variables at a time to fdj—m ‘ Ty [Y YHC, 1Y YHC-H}
complex variables and allow them to take values from a Phase the SRR
Shift Keying (PSK) constellation with appropriate numbér o The termTr [V;Y# + Y>Y;] does not depend o@; and
points depending on the transmission rate that lead toesinglence can be ignored for decision purposes. Recall @hat
complex symbol decoding. was obtained by substituting for real vanableis ,Tx N

We propose to generalize this approach by replacing thdinear de5|gnD(:cl,.. k). Let C; = ZJ liA where
orthogonal desigro(z1,zs,...,xx) by an arbitrary linear zi,z%, ..., z% denote the specific values corresponding’}o
designD(z1,x2,...,2x). By doing so, we can still reap thetaken by the variables, zo, . .., zx. Decoding toC; is thus
benefits of low encoding complexity because a linear desigame as decoding to the values taken by the set of variables
has been utilized. To guarantee full diversity, we need to coor in other words decoding to the information vecfr Then
struct non-intersecting subspaces [1], [9], i.e., the pabss the GLRT decoder can be rewritten as follows:
spanned by the columns of any two codewords should intersect

trivially. To be precise, ifS; andS; are two differentcodeword . - . . 1T
matrices then the matrix S; S> | should have full rank =& & T ]
equal to2n. =maxi=1 2,1 y, 1Tt (V1Y ah A; + Yo YiTab AT
The codewords in our case are given by, = j=1 @
Lgl ] S = [ g; ] SL = fé" , where |tis clear that if¢ is g-group encodable, then the maximiza-
L ,Cp are elements of a linear STB& = tion in (2) can be broken up intg individual maximizations
(D(X )|X € o/} as in Definition 1. For full diversity, we each of which is over only a subset of thevariables since the
I, o real variables in a group takes values independently oféhk r
need the rank of C C; to equal2n, which is same \araples in the other groups. Then the real variables i eac
I, 0 . group can be decoded independently of the real variablé®in t
asrank { |~ o—c |)=nT rank (Cj — C;). Thus if  giher groups. We refer to such codes as multi-group decedabl

the matrixC; — C; has rank ofn for all C; # C; € ¢, full codes. Note that the above decoder is very general in nature
diversity is guaranteed. Thus, by simply vertically augtiven and also explains in a simple way how single complex symbol
I,, with a fully diverse linear STB’, we get a fully diverse decoding can be done for tf#ex 2 non-coherent orthogonal
training based non-coherent space-time code. design proposed in [1].

Though, it is not necessary for the elements#fto be
unitary matrices for achieving full diversity, we assumatth
they are unitary in the sequel in order to simplify the dengdi
algorithm. We assume the channel model to be as follows:In this section, a novel training based approach to disteibu
Y = SH + W where, H denotes the: x m channel matrix, Non-coherent space-time coding for achieving full coopeza
S denotes the transmitteh, x n codeword,Y denotes the diversity in wireless relay networks is proposed. It is intpat
2n x m received matrix andV denotes then x m matrix 0 note that though pilot signals are used in this strategy,
with entries being a sample of zero mean complex Gaussiapne of the terminals are required to estimate the chandel fa
random variables with unit variance. We assume that the GLRpefficients.
receiver is employed for detection at the receiver. For gaupi  Consider a wireless relay network as shown in Fig. 1 with a

codebook, the GLRT receiver detects the codeword as follo@@urce terminal, a destination terminal aRdelay nodes. We
[9], assume all the nodes in the network to be equipped only with

5 Vg gHy 1 single antennas. The fading gain of the channel between any
§= —1 L Tr [Y7.5:57Y] (1) two terminals is modeled by a zero mean complex Gaussian
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f S| the message) and relay the information to the destinatiba. T
1 % pilot phase of the second stage consistsRothannel uses.
f (S g o Of these R channel uses, one of them is allocated to each
Sourc/ Nestlnatlor one of theR relays for transmission. During its scheduled
& o ¢ * ) transmission slot, thé-th relay transmits a scaled version of
eitherr? or v using a fractionrs of the total powerP. The
symbol transmitted by théth relay is given by

] P P2 . P
tf _ T2 7:5, _ T2 fit 2 ;.
Relays VmP+1 mP 41 VmP+i

. . where the notatiort denotes either: or 2* according to the
Fig. 1. A wireless relay network context. In the communication phase of the second stage, all
the R relays transmit together a linearly transformed version

d iable with unit vari The additi ise ht fr orits conjugater,f* using a fractionrs of the total power
random variable with unit variance. 1he addiive noise al &, ' cq g purpose, each relay is equipped with a complex

the termlna_ls 'S m_odele_d as a zero mean complex Gaussllﬁlgtrix B; of sizeT, x Ty, which we call the 'relay matrix’ that
random vgr_lable with unit variance. Lét fjenote the channel satisfies| B; |2< T». The duration of the communication
fade coefficient between the source andzthiazre_lay and ley; phase in the second stage is thlis channel uses. To be
denote the c_hannel fade coefﬁment betweenythie relay and rfacise, the vector transmitted by tii¢h relay denoted as
the destination. All the terminals are assumed to be symbol._ .
. . 7'is given by
synchronized and half-duplex constrained. ’
The transmission from source to destination consists of two -
stages. Each stage consists of two phases - a pilot phase ang— ./ TP Byt = el fiBi5 + T g
a communication phase. The first stage consistdof- 1 mP 41 T+ 1 mP 41
channel uses. During the pilot phase of the first stage, the ) ) o
source transmits the complex numbkrto all the R relays ~ 1he four phases in the entire transmission protocol are
using a fractionr; of the total power (sum of the power usedPictorially depicted in Fig. 2. The power allocation fac-
by the source and all th& relays) denoted by?. Then the tOrS ™ and m> have to be chosen so as to satisfy
received symbol at theth relay denoted by” is given by ~ T P71 +mPRT> = P(Ti + Tz). Throughout this paper, we
! chooser; = 1 andm, = +. In the proposed transmission
P = \/7T1—Pfi +n protocol, the destination is scheduled to receive signalg o
during the second stage. Lgt andy, denote the received
where n; represents the additive noise at tii¢h relay. vector at the destination during the pilot phase and communi
During the communication phase of the first stage, the souiggtion phase respectively of the second stage. Then, we have
transmits a vectos of sizeTy x 1 taken from a codebook

satisfyingE {s” s} = T} using a fractionr; of the total power

y1 = Zf’:l gith + w1

P to all the R relays. This vectog actually carries the message fign grin
intended to be communicated by the source to the destination _ Fag2 gafia
Thus the received vector during the communication phase at = ”;fﬁfl Ir ) m”ffrl : +
the i-th relay denoted by is given b v .
y y; 1S9 y Fnon gRitR
s ./ ) ) ", . .
"i mbPfis+ v where the vecton; represents the additive receiver noise at

wherev; represents the additive noise vector at tHh relay. the destination during the pilot phase of the second stage.
Similarly, we have

1 T R T

Ji191

Pilot Communicatior|  Pilot Communication : fago
phase phase phase phase Yo = ,/% [ Bi5 B3 ... Bgd | _

First stage Second stage fRIR

R ~
+ ( e D DA gz'Bz'vz') + up

where the vector us represents the  additive
During the second stage, the relays linearly process tteceiver noise at the destination during the
received signals from the source (which contains the pdats communication phase of the second stage. Let

Fig. 2. Four phase transmission protocol



wy = WZFJ%IL [ gin1  gaMo ... gRrNR ]TJrul and g, — g? ,
Wy :q —ﬂf;,il Zf;l g,-B,-f),-) +wus Wwhich denote the code. Thé difference here as compared to the collocated
equivalent noise as seen by the destination during the piMtMO case is that% is obtained from a conjugate linear
and communication phases. Then we have the followinlgsign (a linear design in which any column contains complex
signal model for the total received vectgiat the destination. linear combinations of only the complex variables or only

[ " } their conjugates) as opposed to any arbitrary linear design
y =

o In this correspondence we consider only such distributed

C; € € where% is now a linear space-time

non-coherent space-time codes since they are easier tp stud

ho and their encoding complexity is also less. Moreover, the
_ mymy P2 { Ir } f292 notion of multi-group decodable codes can then be utilized
mP+l | Bi5 Bss ... Bg$ : in the distributed setting also.
froR Note that in the proposed coding strategy, the channels
w, between all the terminals are assumed to be quasi-static for
{ wo ] a duration ofT; + 75 + R + 1 channel uses. Of the total

(8) Ti+ 1T+ R+ 1 channel uses, note th&t + 1 channel uses
Essentially we observe that the signal model becomes m#ntiare employed for training purposes. Supposing the channel

to a linear fading MIMO channely = Wl%ffSH_i_W coherence interval is much more thdh + 7% + R + 1
T

7 channel uses, then we can stop the pilot phases after the first
where, S = [ B Bs R Bri ] W = { w1 } T1 +T> + R+ 1 channel uses and the source can henceforth
15 bes e  DRS w2 transmit data once very, + T, channel uses. In this work,

andH = [ figi fo92 ... fryr }T- The difference here e |et 7, = 7, = R for which the channel coherence
as compared to the case of collocated MIMO channels is thaferval should be3R + 1 channel uses. At this juncture
here the entries of the channel matfixare a product of two \ye would like to point out that distributed differential sga
Gaussian random variables and the entries of the equivalgpie coding [3], [4], [5] on the contrary demands a channel
noise vectorlV are not complex Gaussian distributed. coherence interval of R channel uses but can however enable
For simplicity, we restrict ourselves to choosiGgand the he source transmit once every channel uses always. Also
relay matricesBy, By, ..., Br such that the set of matricespgte that the proposed strategy does not demand the exdstenc
¢ = {[ Bi5 By ... Bgs |} consists of only unitary of matrices that commute with the codeword matrices and a
matrices. Let|¢’| = |C| = L and let the elements o’ be carefully chosen initial vector which is the case for distted
denoted byC';, Cs, ..., Cr.. Then the distributed non-coherentyitferential space-time coding [3], [4], [5]. Furthermdh®ugh
space-time code consists df scaled unitary matrices of pjots have been employed in our transmission strategy, the
the form S denoted byS), Sy, ..., 5. For such a unitary rejays do not estimate the fading gains from the source to the

codebook, im_itating_the collocated MIMO case we propose F@Iays, but instead simply amplify and forward the pilots to
use a suboptimal mismatched decoder at the receiver as shgydgestination.

below: o )
S = ‘max Tr [YHSZ-SfY] _ (4) A. Explicit Coding
=hes In this subsection, we construct a clasgajroup decodable

We call this decoder as mismatched because the entriesi@fy diverse unitary space-time codes derived from Precbd
the equivalent noise vectdy are not Gaussian diStribUted.Co_ordinate Interleaved Orthogona| Designs (PC|OD3) twhic
Furthermore, this receiver is Suboptimal because comditio can be emp|oyed as distributed non-coherent Space_timcod
on knowingg;,j = 1,..., R, the covariance matrix df’ is @ These codes can also be used in collocated MIMO systems for
diagonal matrix and not a scaled |dent|ty matrix. This fact |app||cat|0n either in the differential Setup or in the t|ag'|
not exploited by the decoder in (4) and hence is suboptimghsed setup as described in Section Il. PCIODs were first
The following theorem states that this suboptimal mismedchproposed for use as coherent distributed space-time codes i
decoder already gives full cooperative diversity equakto  [g].

Theorem 1:If B;B/" are diagonal matricegi = 1,..., R Construction 1:[8] Given an even numbeR, the rate one,

andif C'C; = CiCff = I, Vi=1,..., Lthenfull diversity R x R PCIOD C5 is given by (5) shown at the top of the
equal toR is achieved by the suboptimal mismatched decodggxt page.

in (4) if rank (C; — Cj) = Rforall C; # C; € ¢ There are totall2R real variables in the linear desigp.
Proof: The proof follows on the similar lines as thewe have
proofs in [4] and hence omitted. [ ]

Observe that the sub-matrix ofS given by . , i, k3 2R
[ Bi§ B33 ... Bgps| can be viewed as a linear CpCrp = diag @f) o o) | 3 | R

i=k i=2R—3
design if the vector is obtained fromi; complex variables
which take values from some signal set. Then the codewoffdsm which we infer that PCIODs do not lead to unitary code-
of a distributed non-coherent space-time code look likgords for arbitrary signal sets. But this can be accomptishe



Cp = diag T1 +izy —x3 +iry T + %41 —Tpy2 + iTk43 To2r—3 + i®2r—2  —T2R—1 F iT2R ®)
T3 + iTyg r1 — T2 P Tkyo +iTR43 Tl — ITk41 B Tor-1 + i1T2R ToR-3 — 1T2R—2
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by appropriately choosing multidimensional signal setshsu
that for all signal pointsy"_, 7 = --- = 3725, a? = 1.
To obtain full diversity, we first note that .

10 F E|

2 2

»-\
o,
T
.

2R
Z Ax?

4
IACHACP| = | ) Ax?
i=1 i=2R—3

Codeword error rate

where ACp has been used to denote the difference matrix.
Thus PCIODs do not offer full diversity for arbitrary signal

sets. To get unitary matrices and full diversity we propose
to choose the multidimensional signal points as follows.

,a
o,
T
I

10°F E|

Firstly we form R complex variabless, so,...,sg given

by: sy =x1 +ixe, S5 = w3 + iv4,...,Sg = Top_1 + 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

. . . . . 0 5 10 15 20 25 30 35 40 45
izor. Now with this assignment of complex variables note PB)

that PCIOD.S are ConJUQate. Im.ear .dESIQnS. WhICh IS. a nel:clg_;. 3 Simulated error performance of Alamouti design W@PSK

essary requirement for application in the distributedisgit constellation employed as a distributed non-coherentespame code in a

We group theseR complex variables into two groups -two relay system

First groupsy, ss, ..., sgp—1 and Second groups, sy, - . ., SR.

Then s; and s, are allowed to take values independently

from a PSK signal set with number of points depending dA Mathematical Engineering, and partly by the Council of

the transmission rate requirement. Then we let the complegientific & Industrial Research (CSIR, India) ResearchnBra

variablesss, ss, . .., sp_1 to be some rotated versions of thd22(0365)/04/EMR-II).

specific value chosen by;. Similarly we letsy, sg, ..., s tO

be some rotated versions of the specific value choses,by L K 4V Tarokh. “Exist § uction obmeoherent
H H H ~M. KIm an A I XI n n nstr on ren

Thus all the complex variables take values which e on té [, K17, 2nd v Tarouh, Bisience and sonsiucton conerey

unit circle. Then with this choice of multidimensional s&n pp. 3112-3117, Dec. 2002.

set, it is easy to check that the resulting codewords arg fulk] Y. Jing and B. Hassibi, “Distributed space-time codimgwireless relay

diverse and unitary. PSK signal set has been employed i orde networks,”|EEE Trans. Wireless Commuol. 5, no. 12, pp. 3524-3536,
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