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Point-to-Point Communication Channel Model
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I operate within channel coherence time

I Y = HX + W channel model

I H = [hij ] represents channel fading coefficients,

I Receiver knows H

I fading coefficients assumed to be Rayleigh
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Diversity-Multiplexing Gain (D-MG) Tradeoff

I Multiplexing gain r defined by :

rate = r log SNR bits/channel use

I Diversity gain d(r) defined by

Pe(r)
.
= SNR−d(r), as SNR →∞ .
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Diversity-Multiplexing Gain (DMG) Tradeoff
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I L. Zheng and D. Tse (May 2003) introduced notion of DMG
tradeoff

I Elia, Kumar, Pawar, PVK and Lu (Sep. 2006) First, explicit,
general and optimal code construction (based on cyclic
division algebras)
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The Cyclic Division Algebra Construction

Code matrices are of the form

X =

 `0 γσ(`2) γσ2(`1)
`1 σ(`0) γσ2(`2)
`2 σ(`1) σ2(`0)


● ● ●

●●●

●

●

●

●

●

● ● ●

● ●

where the `i are derived from

information-bearing symbols︷ ︸︸ ︷[
`0 `1 `2

]
=

basis vectors︷ ︸︸ ︷[
γ1 γ2 γ3

]
⇑

QAM message symbols︷ ︸︸ ︷ `0,1 `1,1 `2,1

`0,2 `1,2 `2,2

`0,3 `1,3 `2,3


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Fig. 1. Illustration of the two phases of repetition-based and space–time-coded
cooperative diversity algorithms. In the first phase, the source broadcasts to the
destination as well as potential relays. Decoding relays are shaded. In the second
phase, the decoding relays either repeat on orthogonal subchannels or utilize a
space–time code to simultaneously transmit to the destination.

with the results of [3], [4], the analysis can be extended to am-
plify-and-forward, for which similar performance characteris-
tics can be obtained.

Both classes of algorithms consist of two transmission
phases, as in [3], [4]. Fig. 1 illustrates these two phases, and
allows us to point out the similarities and differences between
the algorithms. In the first phase, the source broadcasts to its
destination and all potential relays. During the second phase
of the algorithms, the other terminals relay to the destination,
either on orthogonal subchannels in the case of repetition-based
cooperative diversity, or simultaneously on the same sub-
channel in the case of space–time-coded cooperative diversity.

To summarize our results, we show the outage probability
performance of repetition-based cooperative diversity decays
asymptotically in proportional to R ,
where corresponds to the average signal-to-noise ratio
(SNR) between terminals, and corresponds
to a suitably-normalized spectral efficiency of the protocol. In
this context, full diversity refers to the fact that, as ,
the outage probability decays proportional to . By
contrast, the outage probability performance of noncooperative
transmission decays asymptotically as R , where

is allowed, and as as .
Thus, while the outage probability performance of cooperative
diversity can decay faster, it does so only for small , in
particular, for . For , the
inherent bandwidth inefficiency of repetition-based cooperative
diversity outweighs the benefits of diversity gains, so that
noncooperative transmission is preferable in this regime.

Of course, there are more general forms of decode-and-for-
ward transmission than repetition, just as there are more gen-
eral forms of space–time codes. Space–time-coded cooperative
transmission leads to schemes for which outage probability per-
formance decays asymptotically as R . Thus,
they a) achieve full spatial diversity order as , b)
have larger diversity order than repetition-based algorithms for
all , and c) are preferable to noncooperative transmission
if . Moreover, we will see that these
protocols may be readily implemented in a distributed fashion,
because they only require the relays to estimate the SNR of their
received signals, decode them if the SNR is sufficiently high,
re-encode with the appropriate waveform from a space–time
code, and retransmit in the same subchannel.

II. SYSTEM MODEL

This section highlights the system model that we employ to
develop extensions of the repetition-based algorithms in [3],
[4] as well as the space–time-coded cooperative diversity al-
gorithms. Differences between the model employed here and
the one employed in [3], [4] include a larger number of ter-
minals and different medium-access control protocols for rep-
etition-based and space–time-coded cooperative diversity. As a
result, in this section, we only summarize the fundamental ele-
ments of the system model.

Narrow-band transmissions suffer the effects of frequency
nonselective Rayleigh fading and additive white Gaussian noise
(AWGN). We consider the scenario in which the receivers can
accurately measure the realized fading coefficients in their re-
ceived signals, but the transmitters either do not possess or do
not exploit knowledge of the realized fading coefficients. As in
[3], [4], we focus on the case of slow fading and measure perfor-
mance by outage probability to isolate the benefits of space di-
versity. We utilize a baseband-equivalent, discrete-time channel
model for the continuous-time channel.

A. Medium-Access Control

For medium-access control, terminals transmit on essentially
orthogonal channels as in many current wireless networks. As a
baseline for comparison, Fig. 2 illustrates example channel al-
locations for noncooperative transmission, in which each trans-
mitting terminal utilizes a fraction of the total degrees of
freedom in the channel.

For cooperative diversity transmission, the medium-access
control protocol also manages orthogonal relaying to ensure that
terminals satisfy the half-duplex constraint and do not transmit
and receive simultaneously on the same subchannel. Note that
these are the same basic restrictions on medium-access con-
trol protocols described in [3], [4]. We now describe how the
medium-access control protocol differs under repetition-based
and space–time-coded cooperative diversity.

Fig. 3 illustrates example channel and subchannel allocations
for repetition-based cooperative diversity, in which relays either
amplify what they receive or fully decode and repeat the source
signal, as in [3], [4]. In order for the destination to combine these
signals and achieve diversity gains, the repetitions must occur
on essentially orthogonal subchannels. For simplicity, Fig. 3
shows channel allocations for different source terminals across
frequency, and subchannel allocations for different relays across
time. More generally, for a given sourceand destination ,
the relays can repeat in any predetermined order. Ar-
bitrary permutations of these allocations in time and frequency
do not alter the conclusions to follow, as long as causality is pre-
served and each of the subchannels contains a fraction of
the total degrees of freedom in the channel. As in noncooper-
ative transmission, transmission between sourceand destina-
tion utilizes a fraction of the total degrees of freedom
in the channel. Similarly, each cooperating terminal transmits in
a fraction of the total degrees of freedom.

Fig. 4 illustrates example channel and subchannel allocations
for space–time-coded cooperative diversity, in which relays

I Phase I: Broadcast

I Phase II: Cooperation

Figure from: J. N. Laneman and G. W. Wornell, “Distributed Space–Time-Coded Protocols for Exploiting

Cooperative Diversity in Wireless Networks,” IEEE Trans. Info. Theory, pp. 2415–2425, Oct. 2003.
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Notation

S D

Rn

R2gn

g2

hn

...

h2

g1

I S , D are source and destination nodes

I {Ri} are the cooperating relays

I {gi , hi} fading coefficients as shown
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Assumptions

S D

Rn

R2gn

g2

hn

...

h2

g1

I operate within channel coherence time

I all nodes have a single transmit and receive antenna,

I all nodes operate in half-duplex mode

I Rayleigh fading

I Receiver knows its channel-fading coefficient
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Orthogonal and Non-orthogonal Protocols

Broadcast (Phase I) Cooperation (Phase 2)
Time 1 2 · · · p 1 2 · · · q
Source Tx Tx · · · Tx
Relays Tx Tx · · · Tx

(Tx indicates transmission)

I The protocol is orthogonal if source does not transmit in
cooperation phase (as above)

I non-orthogonal otherwise
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Decode-and-forward versus Amplify-and-forward

S D

Rn

R2gn

g2

hn

...

h2

g1

Orthogonal Non-orthogonal

Amplify & Forward OAF NAF

Decode & Forward OSDF NSDF

OSDF = Orthogonal Selection Decode and Forward
NSDF = Non-Orthogonal Selection Decode and Forward
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Decode-and-Forward Protocol Variations
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I In OSDF, a relay decodes only when the corresponding
source-channel is good enough

I FDF ( fixed decode-and-forward) has poorer performance

I in Dynamic Decode -and-forward (DDF), a relay transmits
only after it has received enough information from the source
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Equivalent MISO Channel (AF)
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MISO = multiple transmit, but single receive antenna

Y = HX + W ⇒
[

Phase I︷ ︸︸ ︷
y1 y2 . . . yp |

Phase II︷ ︸︸ ︷
yp+1 . . . yp+q

]

=
[

g1 g2h2 · · · gnhn

]  xT
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DMG Tradeoff of a Cooperative Relay Channel
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I The MISO channel model tells us that with (n − 1) relay
nodes, DMG is upper bounded by the n transmit-antenna,
single-receive-antenna bound

d(r) ≤ n(1− r)

I n = 3 in plot above
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Standardization Activity
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Task Group and a standard is expected to be completed and
approved by 2008.
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DMT of Several Protocols
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Our Results in Cooperative Communication

1. DMG of the OAF protocol and optimal code construction

2. DMG of the OSDF protocol and optimal code construction

3. DMG of the OSDF protocol and optimal code construction
(items 1-3 above represent joint work with P. Elia, K. Vinodh and M. Anand)

4. and most recently, DMG-optimal code for the DDF protocol
of Azarian, El Gamal, and Schniter.
(joint work with P. Elia)
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Recent Results on Multi-hop Networks

We consider the case of k edge-disjoint, parallel paths between
source and destination.
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k-path DMG Tradeoff

For several interference models, we determine the DMG tradeoff.
The best possible tradeoff is shown below.
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(joint work with K. Sreeram, S. Birenjith, K. Vinodh and M. Anand)

Thanks!
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