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1 A discussion about how
to transmit is provided in
the following subsection.

TOPICS IN RADIO COMMUNICATIONS

INTRODUCTION

A tremendous interest in cooperative diversity
wireless systems has been observed over the last
years [1–4]. In the simplest form, a set of coop-
erating nodes relay information transmitted from
a single source towards a destination (Fig. 1).
The main advantage explored in cooperative
diversity is the redundancy offered by the avail-
ability of several paths between source and desti-
nation, through a set of relays; when the direct
path between source and destination is in deep
fade or blocked by an obstacle, reliable commu-
nication might be feasible through the available
relays. Given that more than one transmitting
nodes are utilized, cooperative diversity schemes
are fundamentally different than conventional
multihop communication, since they attempt to
mimic the behavior of multiantenna links and, as
a result, cooperative schemes are usually referred
to as “virtual antenna” schemes.

Despite the multiplying numbers of published
works on the general theme of cooperative diver-
sity during the last three years, there has not
been much work on implementation examples or
demonstrations for realistic wireless applications.
In this article we first describe the challenges the
communication engineer faces during the con-
struction of cooperative diversity schemes and
we underline their inherent cross-layer nature.
We then present the basic building blocks of the
cooperative diversity demonstration we imple-
mented in the laboratory using commodity hard-
ware and explain how we overcame the major
challenges.

Our work provides a concrete example of
implemented virtual antenna arrays and sheds
light onto the interactions needed among the
physical, data, and routing layers in cooperative
diversity schemes. Hopefully, this work will spark
interest within the research community in devis-
ing constructive ways that bridge theory with
practice in the emerging field of cooperative
wireless communications. 

IMPLEMENTATIONCHALLENGES IN
COOPERATIVEDIVERSITYSYSTEMS

ACQUISITION OFNETWORKSTATE

INFORMATION (NSI) AND IMPLEMENTATIONOF

NETWORKCOORDINATION

The main assumption in cooperative communi-
cations is that relay transmissions are always
beneficial, compared to direct communication
from source to destination. Communication
analysis treats the distributed relay transmissions
as a set of perfectly coordinated links where all
relays know if and when to transmit.1 Therefore,
such analysis provides an upper bound of perfor-
mance without quantifying the system resources
spent to discover which relays are indeed useful,
or the required overhead for coordination among
the cooperating nodes.

A relay node might have extremely poor wire-
less channel conditions during a specific time
interval, and thus any attempt at relaying
through that node would be strictly harmful and
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relays listen in order to receive the message,
even though a subset of them eventually for-
wards the message and thus, total reception
energy increases with network size. This might
be a serious limitation of reactive schemes in
battery operated networks. 

Finally, we note that our protocol does not
require any type of in-band transmissions, and
thus any low-complexity radio transceivers can
be employed.

Signaling and Receiver Structure — Infor-
mation was sent periodically, in blocks corre-
sponding to 16 characters of information, since
that was the selected message length that could
be displayed at the receiver display. The message
would scroll from left to right with duration of
approximately 3 s. Therefore, messages of 16
characters were sent within that period.

Before every message transmission, “best”
relay selection would be performed, according to
the described algorithm. Then, 16 frames were
transmitted from the source, corresponding to

the 16 characters of the message. Each frame
(out of those 16 frames) was repeated from the
best relay, provided that it had been correctly
decoded. That is why the measured signal struc-
ture, acquired with a digital oscilloscope and
shown in Fig. 4 (second row, second picture),
has empty slots destined for transmission from
the selected relay. Each frame included the nec-
essary synchronization preamble, followed by 4
bytes (32 bits) that included header information
(source id, destination id, sequence id), data
information, as well as a cyclic redundancy check
(CRC) for error detection purposes (Fig. 4,
upper-right figure). CRC information was
required so that the relay could find out whether
it had correctly decoded the message. The desti-
nation received information from the source as
well as information from the best relay and
decided about the original message. Even though
we could use a maximum ratio combiner (MRC),
we chose to further simplify the receiver struc-
ture: the receiver decoded both messages and
kept the one with the correct message (assertion
made with the help of the CRC field).

The signal structure (depicted in Fig. 4 from
captured oscilloscope traces) is a specific exam-
ple of how opportunistic relaying can be used in
cooperative diversity contexts. It should be
viewed as a concrete example for a specific
application, built for demonstration purposes.
Additional optimization could be performed if
that was necessary. For example, the time
required for “best” relay selection could be fur-
ther reduced. We did not perform such opti-
mization, since there was no such need in our
slow bit-rate and low duty cycle demonstration.
However, we have studied such optimization and
have shown that relay selection can be efficiently
performed within a time interval that is two to

n Figure 4. Measured traces at the RX (receive) pin of the destination, using a digital oscilloscope. Upper
left: The CTS packet from destination is followed by the Flag packet from the ÒbestÓ (selected) relay. Then
32 frames follow (16 from source and 16 from selected relay).Lower left: Direct and selected relay frame
transmissions are interlaced. Lower right: Direct communication when no relay retransmits. Upper right:
The structure of each frame. A preamble is used for frame synchronization, followed by 32 on-off bits that
include the message (8 bits), as well as CRC and protocol information (source address, destination
address).

1 frame

CTS Flag 32/16 frames

32 frames (direct + best relay) 16 frames (direct communication)

Preamble 32 on-off bits

n Table 1. Specification details of the utilized hardware.

MCU RF module

Pushpin MCU RF-Monolithics

Architecture: 8051 (8-bit) Frequency: 916.5 MHz

Clock speed: 22.1184 MHz Baud rate: 115 kHz

12-bit ADC, 10-bit DAC Modulation: on-off keying

Voltage: 3 V (2 AA batteries)
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three orders of magnitude smaller than the
channel coherence time, in slow fading environ-
ments [4]. Therefore, sampling of space can be
repeated with small overhead more often, within
intervals smaller than the coherence interval.
Such sampling would be sufficient even for cases
where the wireless channel fluctuated in a dis-
continuous and abrupt fashion.

Additionally, our embedded radios did not
have much computation power, given the 8 bit
processor structure. More complex receiver
structures, like a (MRC) receiver or an advanced
error correcting code combiner receiver require
more powerful computation and could be used
in conjunction with a powerful microprocessor
for each embedded radio. Note, however, that
increased complexity at each receiver increases
the necessary required reception energy, having
a significant impact on the overall energy budget
[8]. We chose to keep the individual nodes as
simple as possible and rather exploit distributed
intelligence at the network level.

Practical Considerations — One of our main
concerns during implementation was the limited
resolution of the analog-to-digital converter
(ADC) at each relay radio, during the evaluation
of the signal strength path, towards source and
destination. Fortunately, the microcontroller’s 12
bit ADC was proven adequate in practice. A
slight movement in space could easily result to a
factor of 10 in strength fluctuation, as we experi-
mentally observed and, therefore, crude digitiza-
tion of such variation is sufficient.3

A second concern during implementation was
about specific channel estimation algorithms at
the relays, given the 8-bit architecture of each
micro-processor which resulted to limited compu-
tation performance: we had to reduce all floating-
point calculations in order to improve accuracy
and speed. That was the main limitation from a
hardware perspective and could be resolved by
using more advanced microcontrollers.

A third concern involved the case when a col-
lision among relays did occur. There are several
possibilities with regard to what the relays should
do after a collision. One solution could be to
have source or destination notify the relays that
they have collided, especially when the relays
cannot listen to each other; in that case, one of
the relays could back off. This is easy to imple-
ment, since the relays switch between receive
and transmit mode periodically in order to
receive the information from the source. There-
fore, a control-bit indicating collision and trans-
mitted by the source (or the destination) is
straightforward. Another, even simpler solution
could be to have the relays that indeed partici-
pate in the retransmission randomly avoid
retransmitting information and wait to see if
other relays are retransmitting. This is a valid
approach when there is a path between source
and destination, and the additional path via the
best relay is used to increase reliability. In the
case when there is no direct path between source
and destination, that solution is clearly subopti-
mal. For our room-size demonstration, where a
path between source and destination was avail-
able (although with variable quality), that
approach was followed.

Finally, we need to emphasize the fact that
the utilized cooperative diversity technique is
about increasing reliability in slowly fading envi-
ronments. Sampling of space, in the form of
pilot signals transmitted from source or destina-
tion, needs to be periodically repeated. Empha-
sis on this work was given in minimizing the
overhead time required for best relay selection
and no assumptions were made regarding
smoothness of the wireless channel fluctuations.
Future work could focus on dynamic channel
access measurement, modeling, and prediction
so as to minimize the overhead for pilot signals
and channel estimation.

DISCUSSION
We established a demonstration of cooperative
diversity using low-complexity, commodity radio
and attempted to address all challenges. The dis-
tributed nature of cooperative relaying was by
far the most intriguing difficulty. The introduc-
tion of an intelligent channel access scheme at
the link layer (layer 2) with characteristics of
adaptive routing (layer 3) provided distributed
ways for acquisition of network state information
and coordination. Such intelligence at layers 2
and 3 allowed simplification of the physical layer
(layer 1), and thus utilization of low-complexity
radios was made feasible. Furthermore, the
proactive nature of relay selection reduced the
total network reception energy.

Information theoretic analysis of our proto-
col, for both amplify-and-forward as well as
decode-and-forward relays, revealed maximum

n Figure 5. The diversity-multiplexing gain trade-off (DMT) for the implement-
ed protocol (thick line). Diversity d(r) provides a measure of reliability, while
multiplexing gain (or degrees of freedom) r provides an indication of the
achievable rate (b/s/Hz). Relay selection provides the same DMT as space-
time coding for K relays. If one round of feedback is utilized, DMT perfor-
mance is improved. Additional rounds (total L rounds of feedback) of
feedback enhance the performance. Intelligent relay selection offers coopera-
tion benefits without simultaneous in-band transmission and allows for uti-
lization of low-complexity radio hardware.
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3 We note, however, that
the timing protocol used
for relay selection is bene-
fited by a fine resolution
at the ADC.
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