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Abstract— We study the multiple antenna half-duplex relay
channel from the diversity-multiplexing tradeoff (DMT) perspective. We find performance upper bounds and show that
compress-and-forward (CF) protocol achieves the upper bound.
We argue that although it is hard to find the exact DMT
expressions for decode-and-forward (DF) type protocols, they
would be suboptimal in the multiple antenna case. We also study
the multiple-access relay channel (MARC), and evaluate how
CF works in this system. Our results show that CF is a robust
strategy, which performs well in different relay networks and
multiple antenna scenarios.

I. I NTRODUCTION
In wireless fading channels, cooperation or relaying increases communication reliability and transmission rates [1],
[2]. The literature includes numerous papers that compare
different cooperation/relaying schemes either in terms of the
probability of error or achievable rate. The seminal paper [3]
establishes the fundamental tradeoff between reliability and
rate, also known as diversity-multiplexing tradeoff (DMT), for
multiple antenna systems. DMT is a powerful tool to evaluate
the performance of different multiple antenna schemes at high
SNR; it is also a useful performance measure for cooperative/relay systems. On one hand it is easy enough to tackle,
and on the other hand it is strong enough to show insightful
comparisons among different relaying schemes. Furthermore,
while the capacity of the relay channel is not known in general,
it is possible to find relaying schemes that are optimal from
the DMT perspective [4], [5].
The complete DMT of half-duplex relay systems were first
studied in [2] and [6]. Amplify-and-forward (AF) and decodeand-forward (DF) are two of the protocols suggested in [2] for
a relay system with single antenna nodes. In both protocols,
the relay listens to the source during the first half of the frame,
and transmits during the second half, while the source remains
silent. If the relay does AF, it simply amplifies its received
signal and forwards this to the destination. In DF it decodes
the source signal and re-encodes it before transmitting. If
the relay is unable to decode, it remains silent. To overcome
the losses of strict time division between the source and the
relay, [2] offers incremental relaying, in which there is a
1-bit feedback from the destination to both the source and
the relay, and the relay is used sporadically, i.e. only if the
destination cannot decode the source during the first half
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of the frame. In [7], the authors do not assume feedback,
but to improve the AF and DF schemes of [2] they allow
the source to transmit simultaneously with the relay. This
idea is also used in [6] to study the non-orthogonal amplifyand-forward (NAF) and dynamic decode-and-forward (DDF)
protocols in terms of DMT. Both of these new schemes allow
the source to transmit for the whole frame. Similar to AF, in
NAF the relay listens to the source during the first half of the
frame and transmits during the second. The DDF protocol is
an incremental redundancy type protocol in which the relay
listens to the source until it is able to decode reliably. When
this happens, the relay re-encodes the source message and
sends it in the remaining portion of the frame. The authors
find that DDF is optimal for low multiplexing gains but it
is suboptimal when the multiplexing gain is large. This is
because at high multiplexing gains, the relay needs to listen
to the source longer and does not have enough time left
to transmit the high rate source information. This is not an
issue when the multiplexing gain is small as the relay usually
understands the source message at an earlier time instant and
has enough time to transmit.
The multiple-antenna relay channel DMT is studied in [8]
for the NAF protocol only. In [8], the authors find a lower
bound on the DMT performance and design space-time block
codes for the NAF protocol for MIMO relay channel. The
lower bound is not tight in general and is valid only if the
number of relay antennas is less than or equal to the number
of source antennas.
Other works that study the half-duplex relay channel from
the DMT perspective are [9] and [10]. In [9], the authors
propose space-time coding strategies for a system composed
of a single antenna source, single antenna relays and a multiple
antenna destination. Bletsas et. al. [10] show that when multiple relays are present, opportunistic relaying, i.e. choosing the
best relay, is an efficient way to obtain the DMT gains, and it
performs as well as using all the relays together.
In addition to the classical relay channel, another important
system utilizing a relay is the multiple-access relay channel
(MARC) [11]. In this system, the relay helps multiple sources
simultaneously to reach a common destination. In [12], the
authors study the MARC and find that DDF is DMT optimal
for low multiplexing gains; however, this protocol remains to
be suboptimal for high multiplexing gains as in the simple
relay channel. In [13], [14], the authors find that the multiple
access amplify and forward (MAF) protocol achieves the DMT

upper bound in the region where DDF is suboptimal in MARC
with single antenna nodes.
All the above references have one degree of freedom in the
source destination link and study AF and DF type protocols.
In [5] we considered the multiple antenna relay channel with
a full-duplex relay and compared the performance of the
compress-and-forward (CF) protocol with that of DF. In the
CF protocol, the relay performs Wyner-Ziv type compression,
i.e. it compresses its received signal, taking into account that
the signal the destination receives directly from the source will
be available as side information. Our results reveal that when
each node has a single antenna, CF and DF behave similarly,
but this is not true when nodes have multiple antennas. The
number of degrees of freedom has a significant effect on the
DMT performance. For the multiple antenna full-duplex relay
channel the DF protocol is generally suboptimal, whereas the
CF protocol always achieves the DMT upper bound.
In this paper, we first study the multiple antenna half-duplex
relay channel, find DMT upper bounds and CF type relaying
strategies that achieve the upper bound. We also investigate
how the CF protocol performs in the half-duplex MARC when
each node has multiple antennas and show a significant region
on the DMT upper bound is achieved this way.
In Section II we introduce the system model. Section III
presents a DMT upper bound for the multiple antenna halfduplex relay channel and shows how to achieve it. In Section
IV, we study the MARC DMT. We conclude in Section V.
II. S YSTEM M ODEL
We study two systems in this paper: The multiple antenna
relay channel with one source, one destination and one relay,
with m, n and k antennas respectively and the MARC with
two sources, one destination and one relay. The two sources
have m1 and m2 antennas, and the destination and the relay
have n and k antennas respectively. The relay is half-duplex.
The source(s) transmits for the whole frame length. The relay
listens to the source(s) for the first t fraction of the time, and
transmits during the remaining (1 − t) fraction, where t is
a constant real number. When the relay is listening, we say
the system is in state q1 and when the relay is transmitting
the system is in state q2 . The models are illustrated in Fig. 1.
This type of a transmission, which we call static, does not
account for protocols, in which the relay transmission is
broken into smaller blocks to convey additional information
to the destination, while keeping the total transmission time
equal to 1 − t. However, in the next section we will argue that
it is enough to study static protocols.
For the relay channel, at state q1 , the received signals at the
relay and the destination are
YR,1
YD,1

= HSR XS,1 + ZR,1
= HSD XS,1 + ZD,1

and at state q2 , the received signal at the destination is given
as
YD,2

= HSD XS,2 + HRD XR,2 + ZD,2 .
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Fig. 1. (a) The relay channel, (b) The multiple-access relay channel, MARC.
The relay listens for t fraction of time, transmits for (1 − t) fraction. The
numbers in parentheses denote the number of antennas each node has.

For the MARC we have
YR,1
YD,1

= HS1 R XS1 ,1 + HS2 R XS2 ,1 + ZR,1
= HS1 D XS1 ,1 + HS2 D XS2 ,1 + ZD,1

at state q1 and at state q2 , the received signal at the destination
is given as
YD,2

= HS1 D XS1 ,2 + HS2 D XS2 ,2 + HRD XR,2 + ZD,2 .

Here XS,l , XS1 ,l , XS2 ,l and XR,l are of size m, m1 , m2
and k column vectors respectively and denote transmitted
signal vectors at node S, S1 , S2 and R at state ql . Similarly
YR,l and YD,l are the received signal vectors of size k and
n. HSD , HS1 D , HS2 D , HSR , HS1 R , HS2 R , HRD are the
channel gain matrices of size n × m, n × m1 , n × m2 , k × m,
k × m1 , k × m2 , n × k respectively. All inter-user channels are
independent and have slow, frequency non-selective Rayleigh
fading. Furthermore fading across antennas are assumed to
be independent. In other words, Hij have i.i.d. zero mean
complex Gaussian entries with variance 1, and the channel
gains remain fixed for one frame length (or an integer multiple
of the frame length). Without loss of generality we can assume
the source(s) and the relay have the same transmit powers, and
we can ignore the path loss in the system. This is because a
constant scaling in SNR does not affect the DMT results [3].
Hence, our results would also apply to channels with path
loss, where inter-user distances are fixed or when the source
transmit power is a constant multiple of the relay transmit
power. We denote the average signal to noise ratio at each
receive antenna resulting from a single transmit antenna as
SNR. The relay and destination noise vectors ZR,l and ZD,l
are size k and n column vectors with i.i.d. complex Gaussian
entries with zero mean and variance 1.
All the receivers have channel state information (CSI) about
all the incoming fading levels. Furthermore, the relay has CSI
about all the channels in the system. This can happen at
a negligible cost, if the destination feeds back its incoming
fading levels to the relay. We will explain why we need

3
t >= 2/3
t< = 2/3

d1(r,t)

this information in Section III-B when we explain the CF
protocol in detail. The source(s) does not have instantaneous
CSI. We also assume the system is delay-limited and requires
constant-rate transmission. There is also short-term average
power constraint that has to be satisfied for each codeword
transmitted both for the source(s) and the relay. For more
information about the effect of CSI at the source and variable
rate transmission on DMT we refer the reader to [15].
It is assumed that the reader is familiar with the DMT
definition [3], and in the rest of the paper Ii denotes the
identity matrix of size i × i, † denotes conjugate transpose,
and |.| denotes determinant. For notational simplicity we
c
, if limSNR→∞ loglogf (SNR)
= c. The
write f (SNR)=SNR
˙
SNR
˙
˙
inequalities ≥ and ≤ are defined similarly.
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Fig. 2. DMT for the cut-set around the source for m = 1, k = 2, n = 1.
Note that as m = n, d1 (r, t) = d2 (r, 1 − t).

III. T HE R ELAY C HANNEL
where

A. Upper Bounds
In this subsection we present a DMT upper bound for the
half-duplex multiple antenna relay channel of Fig. 1(a). Next
subsection discusses how a CF type method achieves the DMT
upper bound.
In a communication network we can upper bound the
achievable rates with the minimum mutual information over
all possible cut-sets. For the half-duplex relay channel we have
[16]
I1 (t) = tI(XS ; YR YD |q1 ) + (1 − t)I(XS ; YD |XR , q2 ) (1)
I2 (t) = tI(XS ; YD |q1 ) + (1 − t)I(XS XR ; YD |q2 ), (2)
where index 1 and 2 refer to the cut-sets around the source
and the destination respectively. These upper bounds are only
valid for static protocols. As we mentioned in Section II, the
relay could switch between listen and talk times to convey
additional information. Using the results in [17] one can prove
that such a transmission scheme can increase the rate at most
1 bit, which means it is enough to study static protocols at
high SNR.
To find the largest possible upper bound from (1) and (2),
we need to choose the input distributions for XS and XR
as complex Gaussian with covariance matrices QS and QR
respectively. We know that for any random channel matrix H
of size n × m [3],


log In + HQH† 
sup
Q≥0,trace{Q}≤mSNR



≤ log In + mSNRHH†  ,

which means the performance is upper bounded by the case
when the input covariance matrix is diagonal but each antenna
has all the total transmit power. We define




(3)
KS,D  HSD H†SD mSNR + In 





KS,RD
(4)
 HS,RD H†S,RD mSNR + Ik+n 




KSR,D  HSR,D H†SR,D (m + k)SNR + In  , (5)



H†S,RD = H†SR H†SD , HSR,D = [HSD HRD ] .

(6)

Then we can upper bound I1 (t) and I2 (t) with C1 (t) and
C2 (t) as
I1 (t) ≤ C1 (t)
I2 (t) ≤ C2 (t)


= t log KS,RD
+ (1 − t) log KS,D (7)
= t log KS,D + (1 − t) log KSR,D . (8)

At high SNR, for a target data rate R = r log SNR, suppose
we have
−d1 (r,t)
−d2 (r,t)
˙
, P (C2 (t) < R)=SNR
˙
. (9)
P (C1 (t) < R)=SNR

Then using [4], the best achievable diversity for the halfduplex relay channel for fixed t satisfies
d(r, t) ≤ min{d1 (r, t), d2 (r, t)}.

(10)

Optimizing over t we find an upper bound on the multiple
antenna half-duplex relay channel DMT as
d(r) ≤ max min{d1 (r, t), d2 (r, t)}.
t

(11)

An explicit form for d1 (r, t) is given in the following theorem.
Theorem 1: For m = 1, d1 (r, t) is given as

k
if r ≤ t, and t ≤ n+k
+ k − k rt

 n
k
d1 (r, t) =
n 1−r
.
if r ≥ t, and t ≤ n+k
1−t


k
(n + k)(1 − r) if t ≥ n+k
For n = 1 and for arbitrary m and k, d2 (r, t) has the same
expression as d1 (r, t) if n and t are replaced with m and (1−t)
in the above expressions.
Proof: The proof can be found in [18].
It is hard to find d1 (r, t) and d2 (r, t) for general m, n and k
as this requires finding the joint eigenvalue distribution of two
correlated Hermitian matrices, HSD H†SD and HS,RD H†S,RD
or HSD H†SD and HSR,D HSR,D . However, when m = 1
(n = 1), both HSD H†SD and HS,RD H†S,RD (HSR,D H†SR,D )
reduce to vectors and it becomes easier to find d1 (r, t)
(d2 (r, t)).

Although we do not have an explicit expression for d1 (r, t)
or d2 (r, t) in the most general case, we can comment on
some special cases. First we observe that the half-duplex upper
bound depends on the choice of t and the upper bound of (11)
is not always equal to the full-duplex bound. As an example
consider m = n = 1, k = 2, for which the DMT is shown
in Fig. 2. To achieve the full-duplex bound for all r, d1 (r, t)
needs to have t ≥ 2/3, whereas d2 (r, t) needs t ≤ 1/3. As
both cannot be satisfied simultaneously, min{d1 (r, t), d2 (r, t)}
will be less than the full-duplex bound.
On the other hand, to maximize the half-duplex DMT it
is optimal to choose t = 1/2 whenever m = n. To see this

≥ KS,D
we compare (7) with (8) and note that both KS,RD
and KSR,D ≥ KS,D for m = n. Furthermore, for m = n
d1 (r, t) = d2 (r, 1−t) and d1 (r, t) is a non-decreasing function
in t. Therefore min{d1 (r, t), d2 (r, t)} must reach its maximum
at t = 1/2.
B. Achievability
To illustrate how the cut-set upper bound in Section IIIA can be achieved, in this subsection we assume the relay
performs Wyner-Ziv compression [19], [20], [11]. To do this,
the relay utilizes its CSI, namely, both the source-destination
and relay-destination channel gains to compute the accurate
compression rate. The relay listens to the source for t fraction
of time and compresses this received signal, assuming the
destination will have side information available, which is the
signal received via the direct link from the source at the
destination. In addition, the compression rate is such that the
compressed signal at the relay can reach the destination errorfree in the remaining (1 − t) fraction of time, in which the
relay transmits. Then, for a fixed t
RCF = tI(XS ; ŶR YD |q1 ) + (1 − t)I(XS ; YD |XR , q2 ) (12)
is achievable when
tI(ŶR ; YR |YD , q1 ) ≤ (1 − t)I(XR ; YD |q2 ),

(13)

where the source and relay input distributions are independent,
ŶR is the auxiliary random vector which denotes the compressed signal at the relay and depends on YR and XR . The
proof is very similar to the case when the relay is full-duplex,
thus we refer the reader to [20], [11]. More information can
also be found in [21], [22], [23] for the half-duplex case.
Assuming XS and XR are i.i.d. complex Gaussian with
zero mean and covariance matrices SNRIm , SNRIk , ŶR =
YR,1 + ẐR , and ẐR is a vector with i.i.d. complex Gaussian
entries with zero mean and variance N̂R that is independent
from all other random variables, we define



(N̂R + 1)Ik 0 
,
LS,RD  HS,RD H†S,RD SNR +
0
In 
(14)
where HS,RD is defined in (6). LS,D , LS,RD and LSR,D are
defined similarly as in (3), (4) and (5) with both m and m + k

are substituted with 1. Then we have
I(ŶR ; YR |YD , q1 ) =
I(XR ; YD |q2 ) =

log

LS,RD

LS,D N̂Rk
LSR,D
log
.
LS,D

,

Thus using (13) we can choose the compression noise variance
N̂R to satisfy
( 1−t
t )
LSR,D
k LS,RD
N̂R =
, with U = LS,D
, (15)
U
LS,D
and (12) becomes
RCF = t log 

LS,RD
N̂R + 1

k

+ (1 − t) log LS,D .

(16)

Theorem 2: For the half-duplex relay channel with m antenna source, k antenna relay and n antenna destination, for
any t, the CF protocol is optimal in the DMT sense as it
achieves the DMT upper bound given in Section III-A.
Proof: We find an upper bound on the probability of
outage, which is a sum of two terms that are on the order
of P (C1 (t) < R) and P (C2 (t) < R) of (9) respectively.
This means the CF DMT dCF (r, t) ≥ min{d1 (r, t), d2 (r, t)}.
Hence the CF protocol achieves the bounds in (10) and (11).
The details of the proof can be found in [18].
The optimal behavior of the CF protocol arises as soft
information is transmitted to the destination. In CF the destination receives the relay’s signal with some distortion, but this
additional distortion is not as detrimental as the decoding constraint of DF. Furthermore, the CF protocol provides a balance
between the relay’s reception and transmission intervals.
When m = k = n = 1, the DDF protocol achieves [6]

2(1 − r) if 0 ≤ r ≤ 12
dDDF (r) =
(1 − r)/r if 12 ≤ r ≤ 1
which is suboptimal for 12 ≤ r ≤ 1. We would like to
note that, if the relay had all CSI, the DMT of the DDF
protocol would not improve. With this CSI the relay could
at best perform beamforming with the source; however, this
only brings power gain, which does not improve DMT under
short term power constraint. It is also worth mentioning that
when only relay CSI is present, incremental DF [2] would
not improve the DMT performance either. Unless the source
knows if the destination has received its message or not, it
will never be able to transmit new information to increase
achievable multiplexing gains in incremental relaying .
In general it is hard to extend the single antenna DDF results
to the multiple antenna case. This is because the instantaneous
mutual information DDF achieves in a multiple antenna relay
channel is equal to IDDF = f log LS,D + (1 − f ) log LSR,D ,
where f is the random time instant at which the relay does
successful decoding. We see that this mutual information has
the same form as the second cut-set in (2), but with a random
t. Thus it is even harder to compute the DMT for this case than
for the second cut-set. Moreover, we think that the multiple

antenna DDF performance will still be suboptimal. In [5], we
showed that for a multiple antenna full-duplex relay system,
the probability that the relay cannot decode is dominant and
the DF protocol becomes suboptimal. Therefore, we do not
expect any decoding based protocol to achieve the full DMT
upper bound in the multiple antenna half-duplex system either.

LS1 ,RD

 1 + (|hS1 R |2 + |hS1 D |2 )SNR

LS2 ,RD

+ N̂R (1 + |hS1 D |2 SNR)
 1 + (|hS2 R |2 + |hS2 D |2 )SNR

LS1 S2 ,RD

+ N̂ (1 + |hS2 D |2 SNR)
 R

 HS1 S2 ,RD H†S1 S2 ,RD SNR +

IV. T HE M ULTIPLE -ACCESS R ELAY C HANNEL
In this section we examine the DMT for the MARC as
shown in Fig. 1(b). We present our results for the MARC
with single antenna nodes to demonstrate the basic idea. The
results can be extended to multiple antenna MARC.
A. Upper Bounds
The DMT upper bound for the MARC occurs when both
users operate at the same multiplexing gain r/2, and is given
in [12] as

2−r
if 0 ≤ r ≤ 12
dM ARC (r) ≤
,
(17)
3(1 − r) if 12 ≤ r ≤ 1
which follows from cut-set upper bounds on the achievable
rate. We see that this upper bound has the single user DMT
for r ≤ 12 , and has the relay channel DMT with a two-antenna
source for high multiplexing gains. This is because for low
multiplexing gains, the typical outage event occurs when only
one of the users is in outage, and at high multiplexing gains,
the typical outage event occurs when both users are in outage,
similar to multiple antenna multiple-access channels [24]. In
the next section we study the achievable DMT with CF in this
network.
B. Achievability
For the half-duplex MARC the following rate region
R1

≤ tI(XS1 ; ŶR YD |XS2 , q1 )

R2

+ (1 − t)I(XS1 ; YD |XS2 XR , q2 )
≤ tI(XS2 ; ŶR YD |XS1 , q1 )
+ (1 − t)I(XS2 ; YD |XS1 XR , q2 )

R1 + R2

is achievable for independent XS1 , XS2 , and XR subject to
(18)

where ŶR is the auxiliary random variable which denotes the
quantized signal at the relay and depends on YR and XR [25].
To calculate this achievable rate, we assume X1 and X2 are
independent, complex Gaussian with zero mean and variance
SNR, and ŶR = YR,1 + ẐR , where ẐR is a complex Gaussian
random variable with zero mean and variance N̂R and is
independent from all other random variables. We define
LS1 ,D

 1 + |hS1 D |2 SNR

LS2 ,D

 1 + |hS2 D |2 SNR

LS1 S2 ,D
LS1 S2 R,D

0
1

h S1 R h S2 R
.
h S1 D h S2 D
Using (18) we can choose the compression noise variance
N̂R to satisfy
( 1−t
t )
LS1 S2 R,D
LS1 S2 ,RD
N̂R =
, with U = LS1 S2 ,D
.
U
LS1 S2 ,D
where HS1 S2 ,RD =

Then
R1

≤ t log
≤ t log

LS1 ,RD
N̂R + 1
LS2 ,RD

+ (1 − t) log LS1 ,D

(19)

(20)
+ (1 − t) log LS2 ,D
N̂R + 1
LS S ,RD
R1 + R2 ≤ t log 1 2
+ (1 − t) log LS1 S2 ,D .(21)
N̂R + 1
To find a lower bound on DMT, we use the union bound on
the probability of outage. For symmetric users with a target
sum data rate R = r log SNR
R2

P (outage) ≤ P (R1 < R/2) + P (R2 < R/2)
+ P (R1 + R2 < R).

(22)

One can prove that the first and second terms P (R1 < R/2)
and P (R2 < R/2) behave like SNR−(1−r/2) at high SNR,
for any t. As the relay compresses both sources together, the
compression noise is on the order of SNR at high SNR and
the contribution of the relay to the individual rates, in (19)
and (20), is negligible and we observe the direct link behavior
(from S1 to D or from S2 to D). Finally, we note that the last
term has the upper bound
˙ SNR− min{d2 (r,t),d2 (r,1−t)} ,
P (R1 + R2 < R) ≤

≤ tI(XS1 XS2 ; ŶR YD |q1 )
+ (1 − t)I(XS1 XS2 ; YD |XR , q2 )

tI(ŶR ; YR |YD , q1 ) ≤ (1 − t)I(XR ; YD |q2 ),

N̂R + 1
0

 1 + (|hS2 D |2 + |hS2 D |2 )SNR
 1 + (|hS1 D |2 + |hS2 D |2 + |hRD |2 )SNR

where d2 (r, t) is given by Theorem 1 with m = m1 +m2 = 2,
k = 1, n = 1. We refer the reader to [18] for the proof.
To maximize min{d2 (r, t), d2 (r, 1 − t)} we need to choose
1
2
3 ≤ t ≤ 3 and thus


r
dM ARC,CF (r) ≥ min 1 − , 3(1 − r) .
2
On the other hand, P (outage) ≥ max{P (R1 < R/2),
P (R2 < R/2)}, so dM ARC,CF (r) ≤ 1 − r/2. When we
combine this with the upper bound in (17), we have the
following theorem.
Theorem 3: For the single antenna, half-duplex MARC the
CF strategy achieves the DMT


r
dM ARC,CF (r) = min 1 − , 3(1 − r) .
2
This DMT dM ARC,CF (r) becomes equal to the upper bound
for r ≥ 45 .
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Fig. 3.

DMT for MARC. Each node has a single antenna

We observe that the CF relay is not helpful when the single
user behavior is dominant, but whenever both users being
in outage is the dominant outage event, the system becomes
equivalent to the multiple antenna half-duplex relay channel,
and CF achieves the DMT upper bound.
We compare our results with the achievable DMT with DDF
[12] and MAF [14] for the MARC channel, where

if 0 ≤ r ≤ 12

 2−r
3(1 − r) if 12 ≤ r ≤ 23
dM ARC,DDF (r) ≥

 1−r
2 r
if 23 ≤ r ≤ 1

if 0 ≤ r ≤ 23
2 − 3 2r
dM ARC,M AF (r) =
3(1 − r) if 23 ≤ r ≤ 1
and plot these DMT performances in Fig. 3.
In [5] we observed that for a full-duplex relay channel, when
terminals have multiple antennas, DF becomes suboptimal,
whereas CF is not. Hence, we conjecture that DDF will not be
able to sustain is optimality even in the low multiplexing gain
regime when the terminals have multiple antennas. Moreover,
it is not easy to extend the MAF protocol for multiple antenna
MARC. Even when we have one source, the DMT for the
multiple antenna NAF protocol for the relay channel is not
known, only a lower bound exists [8]. On the other hand,
the CF protocol can easily be extended to multiple antenna
MARC. For the multiple antenna case CF will still be optimal
whenever decoding all sources together is the dominant error
event. However, for some antenna numbers m1 , m2 , and n,
single-user behavior will always dominate [24].
V. C ONCLUSION
In this work we show that for the multiple-antenna halfduplex relay channel the CF protocol achieves the DMT upper
bound. Although it is hard to find the DMT upper bound
explicitly for arbitrary m, k and n, we have solutions for
special cases, which show that the half-duplex bound provides
a tighter bound than the full-duplex bound in general. We also
argue that the DDF protocol or any DF type protocol would be
suboptimal in the multiple antenna half-duplex relay channel
as they are suboptimal in the full-duplex case. We also study
the MARC. In MARC the CF protocol achieves the upper

bound for high multiplexing gains, when both users being in
outage is the dominant outage event.
R EFERENCES
[1] A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation diversityPart I, Part II,” IEEE Trans. Commun., vol. 51, no. 11, p. 1927,
November 2003.
[2] J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity
in wireless networks: Efficient protocols and outage behavior,” IEEE IT,
vol. 50, no. 12, p. 3062, December 2004.
[3] L. Zheng and D. N. C. Tse, “Diversity and multiplexing: A fundamental
tradeoff in multiple-antenna channels,” IEEE IT, vol. 49, p. 1073, May
2003.
[4] M. Yuksel and E. Erkip, “Diversity-multiplexing tradeoff in cooperative
wireless systems,” in Proceedings of 40th CISS, 2006.
[5] ——, “Diversity-multiplexing tradeoff in multiple-antenna relay systems,” in Proceedings of IEEE ISIT, 2006.
[6] K. Azarian, H. El-Gamal, and P. Schniter, “On the achievable diversitymultiplexing tradeoff in half-duplex cooperative channels,” IEEE IT,
vol. 51, no. 12, p. 4152, December 2005.
[7] R. U. Nabar, H. Bolcskei, and F. W. Kneubuhler, “Fading relay channels:
Performance limits and space-time signal design,” IEEE JSAC, vol. 22,
no. 6, p. 1099, August 2004.
[8] S. Yang and J.-C. Belfiore, “Optimal space-time codes for the MIMO
amplify-and-forward cooperative channel,” IEEE IT, vol. 53, no. 2, p.
647, February 2007.
[9] N. Prasad and M. K. Varanasi, “Diversity and multiplexing tradeoff
bounds for cooperative diversity protocols,” in Proceedings of IEEE ISIT,
2004, p. 268.
[10] A. Bletsas, A. Khisti, D. P. Reed, and A. Lippman, “A simple cooperative
diversity method based on network path selection,” IEEE JSAC, vol. 24,
no. 3, p. 659, March 2006.
[11] G. Kramer, M. Gastpar, and P. Gupta, “Cooperative strategies and
capacity theorems for relay networks,” IEEE IT, vol. 51, no. 9, p. 3037,
2005.
[12] K. Azarian, H. El-Gamal, and P. Schniter, “On the optimality of the
ARQ-DDF protocol,” January 2006, submitted to IEEE IT.
[13] D. Chen and J. N. Laneman, “The diversity-multiplexing tradeoff for
the multiaccess relay channel,” in Proceedings of 40th CISS, 2006.
[14] D. Chen, K. Azarian, and J. N. Laneman, “A case for amplify-forward
relaying in the block-fading multi-access channel,” submitted to IEEE
IT.
[15] A. Khoshnevis and A. Sabharwal, “On diversity and multiplexing gain
of multiple antennas systems with transmitter channel information,” in
Proceedings of 42nd Allerton Conference on Communication, Control
and Computing, 2004.
[16] M. Khojastepour, A. Sabharwal, and B. Aazhang, “On the capacity of
‘cheap’ relay networks,” in Proceedings of 37th CISS, 2003.
[17] G. Kramer, “Models and theory for relay channels with receive constraints,” in Proceedings of 42nd Allerton Conf. on Commun., Control
and Comp., 2004.
[18] M. Yuksel and E. Erkip, “Cooperative wireless systems: A
diversity-multiplexing tradeoff perspective,” 2006, submitted to IEEE
IT. Available: http://arxiv.org/PS cache/cs/pdf/0609/
0609122.pdf
[19] A. Wyner and J. Ziv, “The rate-distortion function for source coding
with side information at the decoder,” IEEE IT, vol. 22, p. 1, January
1976.
[20] T. M. Cover and A. A. E. Gamal, “Capacity theorems for the relay
channel,” IEEE IT, vol. 25, no. 5, p. 572, September 1979.
[21] A. Høst-Madsen and J. Zhang, “Capacity bounds and power allocation
for wireless relay channels,” IEEE IT, vol. 51, no. 6, p. 2020, June 2005.
[22] L. Lai, K. Liu, and H. El-Gamal, “On the achievable rate of three-node
wireless networks,” in Proceedings of 2005 WirelessCom, June 2005.
[23] ——, “The three node wireless network: Achievable rates and cooperation strategies,” IEEE IT, vol. 52, no. 3, p. 805, March 2006.
[24] D. N. C. Tse, P. Viswanath, and L. Zheng, “Diversity-multiplexing tradeoff in multiple-access channels,” IEEE IT, vol. 50, p. 1859, September
2004.
[25] L. Sankaranarayanan, G. Kramer, and N. B. Mandayam, “Hierarchical
sensor networks: capacity bounds and cooperative strategies using the
multiple-access relay channel model,” in Proceedings of IEEE SECON,
2004, p. 191.

