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Abstract — Practical space-time coding strategies are
proposed for multiple users cooperating to communicate
to a destination in a wireless channel. For a system with m
single antenna users and a destination with IV receive an-
tennas, a two-phase cooperative scheme is proposed that
achieves a diversity order of m — 1 + IV for the error prob-
ability. This effectively proves the achievability of the di-
versity order implied by the outage probability for this
model. This two-phase scheme employs a short full di-
versity space-time block code over QAM symbols. Even
though the suboptimum decoder vsed by the destination
assumes that the inter-user communication is successful,
the corresponding analysis does account for the decoding
errors in the inter-user communications phase, The key to
the diversity order analysis is an appropriate modification
of the rule for deciding whether or not a user acts as a re-
lay for another user. The performance analysis technique
presented here also extends to another practical coopera-
tion strategy, proposed specifically for the case of m = 2
and N = 1, that is inspired from an optimal diversity-
multiplexing tradeoff curve achieving protocol.

I, INTRODUCTION

In a wireless system with m users, denoted by M =
{1,-..,m}, that attempt to communicate to their destinations,
a cooperative strategy can improve the reliability of each user’s
information at the receiver. Several such cooperation strategies
have been proposed recently.

In the strategies such as in [1-4], the cooperative scheme is
essentially divided into two phases. The first phase consists
of users communicating within themselves to share informa-
tion. In the second phase, the users collectively transmit their
information to the destination. In [4], the advantage of such a
cooperative strategy is shown by computing the diversity or-
der of the resulting outage probability. In other works such
as [1,2], the error probability analysis is done by making the
assumption that the users can always detect whether or not the
inter-user communication is successful. The recent work [5]
addresses performance issues for a practical two-phase coop-
erative scheme but it relies on approximations and only con-
siders the case form = 2.

A different cooperation strategy was proposed in [6] for two
users that does not consider the division of the scheme into
two distinct phases. This protocol was shown to achieve the
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optimal diversity-multipiexing tradeoff curve but again coding
for a practical scenario was not considered.

In the first part of this paper, we propose a practical two-
phase cooperative scheme for arbitrary number of users. In the
first phase of the new scheme, users transmit encoded QAM
information symbols. In the second phase, a full rate full di-
versity space-time code over QAM symbols is employed by
the cooperating users. The performance analysis of the pro-
posed cooperative scheme is presented in detail for a practical
scenario when the users cannot always detect a decoding er-
ror during the inter-user communications phase. This analysis
shows that the diversity order promised by the outage proba-
bility is indeed achievable by a specific coding scheme.

In the second part of the paper, we propose a practical co-
operation scheme inspired by the protocol presented in [6] for
m = 2 and N = 1. This scheme also consists of QAM infor-
maiton symbels for each user. However, the symbol transmit-
ted by each user is a linear combination of its own information
symbol and an estimate of the other user’s information. This
estimate is obtained through a process of self-information can-
cellation and maximum-likelihood decoding. The concept of
self-information cancellation was not considered in [6] but is
essential from a practical point of view. The performance anal-
ysis techniques presented in the first part of the paper are also
applicable to this new two user scheme. The analysis accounts
for the possibility of an error in the estimation of the other
user’s information and shows that the full diversity order of
2 is still achievable with the proposed scheme. This scheme
is shown to provide better performance although at a higher
complexity compared to the two-phase scheme.

This paper is organized as follows. The two-phase system
model is described in Section IE. The new cooperative strategy
for this model is introduced in Section H-A. The performance
and outage analysis of the proposed two-phase strategy is pre-
sented in Section [I-B. The alternative scheme for the two user
cocperation strategy is presented in Section {1I. Numerical re-
sults are reported in Section IV and the conclusions are given
in Section V.

[I. TWO-PHASE MULTIUSER COOPERATIVE SYSTEM

Consider the system model proposed in [4] wherein each
user is equipped with one antenna and the entire bandwidth
is divided into = non-overlapping sub-bands. In the time do-
main, communication occurs in two phases, the first being an
inter-user communications phase and the second a cooperative
communications phase. The spectral efficiency of each user is
R bits/sfHz. In the following, the letters o and n denote fad-
ing and noise coefficients, respectively, which are i.i.d. zero-
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mean, unit variance complex normal random variables, In the

first phase, each user transmilts its information in a separate

sub-band and simultaneously receives the information from

the other users in the remaining sub-bands. One may write

the received statistic from the k-th band at the r-th user as
¥rk = QgrXg + Drk,

(1)

where x; is the message of user k with E[|xx|*] = P (we
have replaced the term 2P/m in [4] by P). The user r decides
1o decode the data of & if the channel from %k to r is not in
outage, i. e., , if

1 .
3 log(1 + Plak-*) > R. (2
Hence, at the end of the first phase, for each source s, there
exists a st of relays D(s) among the M — {s} users that are
deemed to possess the correct information of 5. For simplicity,
consider a destination d{s) for s with V = 1 receive anienna
so that the statistic at d(s) in this phase is
Yate),1 = Qg d(s)Xs T D(g),1-

&)

In the second phase, the relays in D(s) cooperate to send the
information of 8 in the s-th band for each s. The destination
d(s) therefore receives a signal of the form

Yanz = Z Qr d(5)Xrd(s) +nd(a‘),2:
reD(s)

C))

where x, g, i3 the message about s relayed from r to d(s)
with E[|x,as|*] = P. It is assumed that the destination
knows the decoding sets D(s) for each s. The mutual informa-

tion g between the source s and d(s) conditioned on D{s)
is given by [4]

1 1
Lite = P log(1 + Piaa,d(a)lz) + 3 log(1 + P Z |ar.d(a)|2)’
rED(s)

and the outage probability of this scheme is defined as

Pou = ) P(lge < R/D(s))P(D(s)).
D(s)

(5)

The division of system resources into orthogonal frequency
bands and time slots can alternatively be performed purely in
the time domain. This interpretation is used subsequently to
compare with another cooperative strategy based only on time
multiplexing. The average signal-to-noise ratio of a user de-
pends on the outage rule (2} itself and can be written as

SNR= (1 +(m = 1)exp (g)) C®

For large values of P, it is easily seen that! P=SNR and
SNR = %. Therefore, the diversity order of the outage prob-
ability P,y can be defined with respect to either SNR or P,
For a fixed rate R, it was proved in [4] that the diversity
order of P,,; is equal to the total number of users m. A gen-
eralization of the model described above to N > 1 number of
receive antennas was considered in [7] wherein it was shown
that for a fixed rate the diversity order of the outage probability

log(f)

. . log(g)
1p= ] = e
f=g means that SNESw log(S5N R) SN B log(SN R)

is m+ N —1. While the outage probability analysis provides a
limit on the achievable performance of the cooperative scheme
in terms of diversity order, it does not address the issue of per-
formance when improper estimates at the relays and practical
space-time coding schemes are considered.

In the following subsection, we propose a new cooperative
strategy based on the above model for which we will be able
to prove the achievability of the maximum diversity order im-
plied by the outage probability at a fixed rate.

A. Proposed Two-Phase Cooperative Scheme

We utilize the LPST code construction proposed in [8]. Let
T represent the standard 22%-QAM constellation scaled such
that its average energy is P. For M = 2%, v > 1, the 1-layer
LPST code consists of M x M codewords of the form

z k2] 23 M
1Zm L Z2 ZM-1
iepM_1 fam 2 zpm-2 |, ("
iZg 1:33 iZM 21
where the information symbols 21, ...,z are drawn from Z.

The LPST code given above exhibits the full transmit diversity
of M [8). Therefore, the space-time code of size p x M (1 <
p < M) obtained by using any p fixed rows of the LPST code
in (7) will exhibit a iransmit diversity of p.

In order to use the LPST code in a cooperative strategy for
m users, we require the coherence time T of the channel to be
ofthe formT = 2-2°,v > L, withm -1 < £ ifm > 2.
If m = 2, then no constraint on 7' is needed. We set M = £
and define a frame as consisting of T = 2M time slots. Each
frame is divided into two equal length phases. Consider the
following sequence of steps.

« In the first phase, each source s sends a stream of indepen-
dent information symbols 2, 1,. .., T ar from L.
« Eachrelay r € M — {s} decides to be in the decoding set
D{s) if the following condition is satisfied,

1 2

51og(1 + Plagy|*) 2 (P} - R, (8)
where e(P) > Qis a function of P. Setting ¢(P) = 1 gives
the outage based rute in (2). In general, the function ¢(P) is
the key to achieving the maximum possible diversity order for
the cooperative system model. Specific choices of ¢{P) will
be discussed in Section II-B.
« Each relay r € D(3) makes a maximum-likelihood (ML)
estimate E]** of the data of X, ; of s using the received signal
YL,E = as.rxa,l + n.t,-,g as

&)

E[* = a.rgmi;l |yf,., ~a,uff, 1<I<M.
uc

s+ In the second phase, each relay in D(s) creates a pre-
determined row of the space-time code matrix in (7) based
on its own estimate of the data of the source s. Specifi-
cally, let P(r, s} denote the position of r in the index set
(1,...,8=1,8+1,...,m) forr # s. Then, the stream sent
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by the relay » € D(s) in the s-th band in the second phase is
given by

FEY

it .3 r.8
[VERNTIRRRNL T VRS SRR I,

sk (10

where p = P(r, s).
« The destination processes the received statistics from both
phases with the assumption that the estimates E]** are the ac-
tual data symbols z, ; and applies the sphere-decoding algo-
rithm [9] with a rearranged channel matrix. Note that this does
not correspond to the optimum maximum-likelihood detection
rule at the destination because we do not consider the average
likelihood obtained from all possible vaiues of the estimates
of the relays. Our simpiified rule, however, is casier to imple-
ment and additionally enables a performance analysis of the
proposcd scheme. Moreover, the proposed scheme is suffi-
cient to achieve the maximnum possible diversity order implied
by the outage probability. The outage probability of the pro-
posed scheme is given by (5) but with the probability P{D(s))
evaluated according to the decoding set rule defined by (8).
Note that the average signal-to-noise ratio SN R is now
given by (6) with R replaced by ¢(P) B. Thus, if

22c(P)R -1

e Y

an

then we get that P=SN R and the diversity order of the out-
age probability and the error probability can be defined with
respect to either SNR or P. The total number of bits per
frame with this scheme is given by mRT bits.

The proposed cooperative scheme and the corresponding er-
ror probability analysis to follow differ from the other strate-
gies proposed recently [1,2] due to two reasons. Firstly, we
do not use any convolutional or binary outer code in the pro-
posed scheme and concentrate on a short length space-time
block code. Secondly, for the performance analysis, we wiil
not assume that the relays know the source symbols exactly,
irrespective of the channel state. This is in contrast to {1,2,4]
where a CRC check or an outage based rule was argued to be
sufficient to decide whether the inter-user communication is
successful.

The advantage of using the LPST cade in the proposed strat-
egy instead of orthogonal designs is that the LPST code ex-
hibits a rate of 1 symbol per channel use even for M > 2. The
I-layer LPST code transmits QAM information symbois and
exhibits the least possible value of the Peak-to-mean Power
Ratio among the class of linear space-time codes [8]. The pro-
posed scheme is also easily generalized to the case when the
destination is equipped with N > 1 receive antennas.

B. Performance and Outage Analysis

In this subsection, we consider specific choices of the Func-
tion ¢(P) and analyze the resulting diversity order of the frame
error probability and the outage probability for the cooperative
scheme proposed in Section 1I-A. In each case, we will see
that (11) is satisfied so that P=SNR.

The following theorem provides a set of functions with
which the diversity order of the error probability with the pro-
posed scheme can be made arbitrarily close tom — 1 + N,
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Theorem I For the cooperative scheme proposed in Sec-

tion II-A, if ¢(P} is made 1o depend on P as
s .
e(P) = { Tm—ym 1082(P) ifP >.1, a2
1 otherwise ,

for some () < & < m — 1, then the diversity order of the frame
error probability for each user is at least m — 1 + N — 4. Also,
in this case, P=SN R,

Proof: With the choice of ¢(P) stated in this theorem,
the condition (11) is met so that P=SN R and the diversity
order can be defined with respect to P. Consider the frame
error probability of user 1. Let x1,...,xs be a sequence of
information symbols sent by the first user in the first phase
of a frame. Then, the pairwise error probability between the
sequence {x;}7Z, and another distinct sequence {y;}, can

be written as

DA)C{2,....mm}

P(x =) = P(x - y/DL)P(D(1)). (13)

Let O denote one possible decoding subset D(1 }Ji" the
summation given above and consider the product P{(x —

¥/O)P(O). Let P > 1 so that ¢{P) is given by the first
line in (12). The probability of O is

22(:(}3) ¥ 1
PO) = [P (sl =5) x
kcO .
22.1:(}’) R_ 1
IIr (lm wl? < ) (14)

kEO

(5
—(P-“L—l—l) m—1—|O|
s

PmL-l—]_ m-1-—|0|
P

1
Pa-ZEn-(m—1-10])’

101

X

[Fa

(16)

{amn

where the upper bounds are obtained by using0 < 1 —¢7% <
x,Vz > 0, and by disregarding the 1 in the last step.

If || = 0, then no space-time codeword for the informa-
tion of user 1 is sent in the second phase and the diversity
order of P(x = y/0) is N. Otherwise, if || # 0, then
we upper bound P(x — y/0) by distinguishing between the
two possible scenarios depending on whether the symbols de-
coded at the relays in O are in error or not. Let £ denote the
evenl{E Yo x Yk e 0,1 < < M} and let £ be the
complement of £. Then, we write

P(x = y/0) =P(x 5 y/0,E)PE/O) +
Px - y/O,E)PE]/O) (18)
<Px—2y/0,E+PE/O), (19

wherein we have upper bounded the omitted probabilities by 1.
We shall now show that due to the choice of the function ¢(P)



given by (12), the term P(£ /() decays exponentially with P.
For any information symbol z in the QAM constellation Z, let
the pair (£ 4, &2.5) be defined as (1,1) if z is a corner point,
(1,2) if z is a point on the edge but not a corner point and
(2,2) if z is any other point in the intcrior, Let Q(.) denote the
standard @-function corresponding to a stanglard normal ran-
dom variable, namely, Q(z} = f;o T;;e__zz‘dt. Then, eval-
uating the expectation over all the independent noise variates

involved, we get that
PE/O) = [1 I (1 a0 (|au|\/a3))
x (1 - 6@ (—w—'“l"“;ﬁ))] ,

ke i=1
where the expectation is over the conditional density of the
fading coefficients a; x, k € O, conditioned on O, i. ., con-

m-T

ditioned on |ay x| > u. The constant & only depends
A

on R. Now, using the inequality 1— H(l -r) < Z 7; when

i=1

(=5%7)]

i=1
0 <€ r; <1,Vi, we get the upper bound

PE[0)<E [Z 3 (61 +E2x)Q

ke i=lL
= (f:(&,x.- +Eax,) ) Z E [ (|a1 kl\/f—i?)]
k€O
S E

i=1
) B olee(5)] o
kO

M
S (Z(&l,x; + E2,x.
i=1
where the last step follows from the Chernoff bound Q{z) <
2 .. . s
exp(:;'—). The conditional density of Ja; ¢|* conditioned on

2
Ois LB (Ia1 &I?), where (.} is
exp(— £ ==y
the indicator function for the set 1. Therefore, the required
expectation in (20) can be evaluated as

5 e (oneeT)| -

—t ) X[P"'_"f 1

keO
J o sy exp(=la (L +50))dlal?
Y e @l
-,
kcO exp(-P =1)
=0 ——— =, (22)
1+TP

which decays exponentially with P because § > 0. Hence,
it follows from (20) that P(£/©) also decays at least expo-
nentially with P. The other term P(x — y/0,&) in (19)
corresponds to the case wherein all relays possess the correct
information symbois of user 1. This, along with the fact that
we are using sub-matrices of a full diversity space-time code
in the second phase, implies that the diversity order of the pair-
wise error probability P(x — y/C, €) is at least (1 + |O])NV.

Hence, the diversity order of P(x — y/O) is at least (1 +
|Of)N for all possible decoding sets 0. Combining this with
(17), we see that the diversity order of P(x — y/O)P(O) is
at least

(L= ——7)-(n =1 -0} + (1 +|ODN =

m—1+N—6+|(9|(N—1+——). (23)
m—1
Thus, from (13), the diversity order of P(x — y) is at least
i -1+N-4 DIV -
’D(l)én{l;,l...,m]-[m 1+ + |D( )I( 1+ i — 1)]
=m-1+N-4. 24

From the union bound to the frame error probability, we con-
clude that the diversity order for user 1, and by symmetry for
each user, is at leastn — 1+ IV — 4. [ ]
Thus, by an appropriate choice of J, any diversity order
close to m — 14 N can be guaranteed by the proposed scheme
in spite of the data estimation errors at the relays. Let us de-
note the function given by (12) as hi{P). We show next thai
the lower bound on the diversity order given by Theorem 1
matches the diversity order of the outage probability when
hy(P) is the function used for e( P).
Theorem 2: When ¢(P) = hi(P), the diversity order of the
outage probability of the proposed scheme ismn — 1 + N — 4.
Progf: The diversity order of P(Ige < R/PD(s)} is ob-
tained in [7] to be N{|D(s)| + 1). When ¢(P) = h, (P), the
diversity order of P(D(s)} is (m — [D(s)| ~ 1)(1 — 525
as seen from (17). Thus, the diversity order of P(lge <
R/D(s))P(D{s)) marches the term in (23). Taking the mini-
mum over all D(s), we get that the diversity order of the out-
age probability 3 "5, P(Igc < R/D(s})P(D(s)) is also
-14+N-4 |
Even though the diversity order of the outage probability of
the proposed scheme is d-smaller than the previously known
result (i. e., for ¢(PP) = 1), we have been able to show
the achievability of this diversity order by a specific coding
scheme due to Theorem 1. In the next theorem, we propose
another function for e(P) that bridges even the above men-
tioned diversity gap of § and achieves the diversity order of
m— 1+ N exactly.
Theorem 3. For the cooperative scheme proposed in Sec-
tion II-A, if ¢(P) is made to depend on P as
o(P) = { 1%logz(loge(P)) itP>e,

otherwise (23)

then the diversity order of the frame error probability for each
user is at least m — 1 + N. Also, in this case, P=SNR.
Progf: For P > e, we can write ¢{P) as

i(P)
2(m-1)R

e(P) log, P, (26)
where §(P) = 2(m — 1)(logp(log,.(P))). We now note that
the expression for ¢(P) is similar to the one in Theorem 1,
except that the constant § has been replaced by the function
§(P). Tracing the steps in the proof of Theorem 1, we only
need to prove the following facts.
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4§
« The term corresponding 1o exp (—P—’;'—_NT_(T‘-—l) in (22) has

infinite diversity order, i. e.,
§(P)
m=1

Pk log, P~ @7

« The diversity order expression m — 1 + N — & becomes

m—1+N,i.e, limp_, 6(P) = 0. This fact is also needed

to satisfy § < 8(P} < m — 1 for large enough P.

« (11)is satisfied so that P=SNR.

Each of these facts follows directly from the expression for

i }
§(P). We mainly need to note that Pw=t = (log, P)? and
P

that §(P) = 2(m — 1) %0080, -
Let us denote the function given by (25) as ha(P). The

following result on the outage probability with ¢(P) = hy(P)

follows from the proof of Theorem 2 because Plgn 3{P)=0.

ie. o)

Theorem 4: When ¢(P) = ha(P), the diversity order of the
outage probability of the proposed scheme is m — 14+ N.

[ each of the above theorems, one can replace the function
¢(P) by max(1, ¢(P)), without changing the conclusions, so
that the multiplicative factor in (8) is always greater than 1.

III. ALTERNATIVE COOPERATIVE SCHEME FOR'm = 2

Another practical cooperative scheme for the special case
of m = 2and N = 1 is described now. We assume that
the inter-user fading coefficient oy 2{= @4,;) and the source-
destination fading coefficients oy 4 and 3 4 remain fixed dur-
ing a frame of length n time slots. Only one user transmits in
a given time slot. Let t; denote the signal transmitted in the
k-th time slot with t; transmitted by user 1 for odd k and by
user 2 for even k. Let x;  represent the information symbol
for user 1 in time slot &k for odd k and x; ; that of user 2 for
even k. Each information symbol is drawn from a 2F-QAM
constellation 7 with average energy P. Denote the noise coef-
ficients and the received statistics at any user by the letters n
and r, respectively. All noise and fading coefficients are i.i.d
zero-mean unit variance complex normal random variables,

The users cooperate in the frame if the inter-user channel is
sufficiently good, i. e., if

log(1 + Pla12[) 2 e(P)- R, (28)

where ¢(P) is some function of P to be specified later.

If (28) is met, then the following sequence of steps is fol-
lowed. Let a and b be fixed scalars with |a|? + [b[® = 1.
o User 1 sends t; = ax; ; in the first slot, User 2 receives
¥1 = @i20Xy,; + 0y in this slot and forms the ML estimate
X1, = argMinyez [y ~ a1 zanf? of the first user’s daa,
o In time slot 2, user 2 transmits £3 = ax, 2 + b%; ;. Now,
user 1 receives y2 = 282 + ng and it subtracts its own
information from time slot 1 to form ¥» = ¥2 — a1,95x1 1.
The modified statistic is now used to form an estimate of the
datax, » of user 2 as %, 3 = argmingez [F2 — a1 201)%. This
process of self-information cancellation and subsequent ML
decoding is similarly performed in the time slots to follow.
« For each odd time slot k, 3 < & < n, user 1 sends
tr = axip + bkgz—1. User 2 receives yp = oot + ng
in this slot and forms the estimate %, , = argminger lye —
al,szg,k_l - (1172(11.1'2.
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s For each even time slot k, 4 < k < n, user 2 sends
ty = axy; + b}kq'kfl. User 1 receives Yi = a1ty + 0
in this slot and forms the estimate X3 ; = argmingez [y —
a1 abxy 4y — ay poul?, ,

» In the last time slot, the appropriate user does not send
any new information and the transmission is either by 1
or bX; ,,; depending on whether n is odd or even.

« The destination assumes that all the estimates for both the
users are error-free and employs a sphere decoder of sizen —1
complex dimensions to perform a joint decoding of the infor-
mation symbols {X; 2411} and {x3 »;}. Note again that this
does not correspond to the optimum detection rule at the des-
tination, Nevertheless, this detector is easier to implement and
its performance can also be characterized.

If (28) is not met, then the transmitted signals are simply
given by

6 =Xy mod ot LSKEEN,
which means that each user transmits only its own information
in their alloted time slots. The destination can easily decode
each information symbol separately in this case. Note that the
destination is assumed to know whether {28) is met or not but
not the exact value of a; 3.

The scheme described above will be referred to as the Self-
information Cancelling Linear (SCL) cooperative scheme.
The average signal-to-noise ratio SN R for each user in this
scheme is equal to P/2 for reasonably large n. The effective
number of bits per frame is given by R(n — 1) & Hn bits for
large n. While comparing with the two-phase scheme of Sec-
tion II-A, we would need to use n = 27" time slots of half the
interval length to obtain the same rate within the same coher-
ence time.

The analytic tools described in the previous section can be
applied to a performance analysis of the SCL scheme as well.
The coefficients {a, &) play an important role in the perfor-
mance of the SCL scheme. The properties of Full Modulation
Diversity (FMD) matrices (for e.g. from [10]) are invoked to
obtain the following result.

Theorem 3: For the SCL scheme proposed in this section,
let the row vector [ @ b ] correspond to any appropriately
scaled row of a two dimensional FMD generator matrix. Then,
with e(P) = 2h, (P}, the diversity order of the frame error
probability is equal to 2 — 4. Also, if ¢(P) = 2hy(P), then the
frame error probability exhibits the full diversity order of 2.

Compared to the two-phase strategy, one should expect the
SCL cooperative scheme to have a better performance due to
a smaller QAM constellation size. However, a sphere decoder
of size n — 1 complex dimensions needs to be applied for the
SCL scheme compared to just 1 complex dimensions for the
two-phase strategy for two users. For larger coherence times,
one may usc several independent blocks of length n within a
frame to limit the complexity of the scheme.

IV. NUMERICAL RESULTS

The advantages of the proposed cooperative strategy are
now shown by simulations. We also compare the various
cooperative schemes with the non-cooperative scheme of [4)
wherein each user transmits in its own sub-band for all time.
For the non-cooperative scheme at a spectral efficiency of R,



a QAM constellation of size 2% and average energy P is used
so that the signal-to-noise ratio becomes SNE = ;%.

Consider the example with rn = 5 users, framelength of
T = 10, rate B = 2 bits/s/Hz and N = 1 receive antenna. In
Figure 1, we simulate the outage probability of the proposed
cooperative scheme with ¢{P) chosen as h1{P) (from Theo-
rem 1) and for § = 1,2 and 3. The outage probability of the
outage based rule and that of the non-cooperative scheme are
also shown in the same figure. As predicted by Theorem 2, the
diversity order of outage probability of the proposed scheme
increases as § decreases and it approaches the diversity order
for the outage based rule, More importantly, we see that the
value of the outage probabilities are significantly smaller for
the proposed strategy a3 compared to the outage based rule
for practical SNR values. In Figure 2, we compare the sim-
ulated frame error probability of the cooperative scheme with
the outage based rule and the proposed rules given by Theo-
rems 1 and 3. We see that the cutage based rule performs the
worst and it does not even improve upon the non-cooperative
scheme. This shows the serious limitation of the outage based
rule for a practical coding scheme. The rules given by Theo-
rems 1 and 3 considerably improve upon the performance of
the outage based rule and provide a gain of 6 — 8 dB in the
figure shown.

In Figure 3, we compare the performance of the two-phase
scheme with the SCL scheme form = 2 and N = 1. Both
schemes are implemented in time multiplexed form with a co-
herence time of 20 time slots. For the SCL scheme, two blocks
with n = 10 are used within a frame. For the two-phase
scheme, we set T = 20. To achieve the same spectral effi-
ciency, we use the constellation 4-QAM with the SCL scheme
and 16-QAM with the two-phase scheme. The SCL scheme is
of higher complexity but provides up to a 5 dB improvement
in performance compared to the two-phase scheme.

V. CONCLUSIONS

In order to device practical multiuser cooperative coding
schemes to realize the promise of outage analysis, one must
use good cooperation rules that are practical counterparts of
the outage based rule and analyze their performance by not
making the assumption of perfect inter-user communication.
Towards that end, new multiuser cooperation strategies are
proposed based on QAM information symbols. A modifica-
tion in the rule to decide the extent of user cooperation not
only aids the performance analysis of the proposed schemes
but is a practical necessity to get good performance.
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