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Abstract— Embedded networks of sensors and actuators must
operate at extremely low power and use inexpensive single-
antenna transceivers. The economics of such systems preclude the
use of complex signal processing or antenna arrays at any one de-
vice. However, the same economics allows the coverage area to be
blanketed with a high density of devices which results in a rich spa-
tial diversity. This spatial diversity can be exploited by forming a
virtual antenna array which combines observations made at mul-
tiple receivers. This paper illustrates the potential transmit energy
savings that are possible by using such macrodiversity-combining
approaches by the analysis and simulation of an idealized system.
It concludes by discussing practical issues that must be considered
before integrating macrodiversity-combining strategies into actual
embedded networks.

I. INTRODUCTION

The combination of silicon scaling and energy-efficient multi-
hop packet radio technology will soon allow low power devices
to be embedded virtually everywhere, enabling a wide range of
revolutionary applications (e.g. sensor networks) that will radi-
cally change the way that people and devices interact with their
environments [1]. The devices that comprise these networks
must operate at very low power and be inexpensive enough to
allow high density deployments. Often, the battery must last as
long as the device itself. Thus, the network must be designed
to simultaneously use inexpensive devices and operate at very
low power.

Recent advancements in communications research have en-
abled significant transmit power reductions, but typically these
gains require sophisticated coded waveforms at the transmitter
and complex detection algorithms at the receiver. Of particu-
lar relevance is the use of antenna arrays at both the transmitter
and receiver to improve energy and/or bandwidth efficiency [2].
However, these approaches are not appropriate for use in em-
bedded networks which require inexpensive devices with mod-
est processing capabilities and a footprint that precludes the use
of antenna arrays.

At first glance, it seems that the low-cost requirement of the
devices that comprise an embedded network is a liability and
that only simple, but energy inefficient transmission technolo-
gies can be permitted. But what appears to be a burden can
be turned into an advantage because the low device cost allows
the coverage area to be blanketed with a high density of devices.
This high density creates an intrinsic spatial diversity that could,
and should, be exploited in order to reduce the energy consump-
tion of each device. However, the best way to exploit this rich,
but indirect, spatial diversity is an open question and the focus

of this paper. A cross-layer approach to the problem is taken,
and the proposed strategies involve nodes that work collabo-
ratively by sharing observations taken at separate locations. In
particular, a dense network could exploit its inherent rich spatial
redundancy by macrodiversity-combining observations made at
multiple locations, forming a virtual antenna array capable of
massive energy savings in the presence of harsh fading and in-
terference. The strategies discussed in this paper are similar to
the concept of cooperative diversity [3], [4], but have been op-
timized for the extremely low power regime characteristic of
sensor networks.

The purpose of this paper is to illustrate the potential gains
that can be achieved by exploiting the macrodiversity present in
dense ad-hoc networks and discuss some of the related research
issues. Section II discusses the philosophy behind macrodi-
versity reception and presents a short literature survey showing
how these concepts have previously been applied to ad-hoc net-
works. Section III gives a more detailed discussion of an ide-
alized relay channel that uses macrodiversity-combining con-
cepts, with simulation results following in Section IV. Section
V discusses some practical considerations related to the inte-
gration of the proposed strategies in actual embedded networks,
and Section VI concludes the paper.

II. MACRODIVERSITY IN AD-HOC NETWORKS

Macrodiversity combining is fairly straightforward if the re-
ceivers are connected over a reliable backbone, as in the up-
link of a cellular network or infrastructure-based wireless local
area network (LAN). In the uplink, observations from multi-
ple access points could be combined on a packet- or symbol-
level, thereby allowing each mobile station to reduce its trans-
mit power in the presence of fading and interference [5]. How-
ever, the application of macrodiversity is less straightforward
in ad-hoc systems comprised of packet radios performing mul-
tihop routing.

The key to achieving macrodiversity in a wireless multihop
network is to broadcast each message to all nearby nodes rather
than directing it to just a particular node. In a dense network,
the message is likely to be received correctly by at least one
node and thus the transmitter can afford to transmit at a lower
power due to the receiver diversity effect. One or more of the
nodes that received the broadcast may act as a relay, and in nar-
rowband systems a negotiation is necessary to determine the
order that these nodes attempt to forward the message. This
process could be performed either explicitly through a control
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Fig. 1. A dense double-hop network.

channel or implicitly within the transmission protocol. If direct-
sequence spread-spectrum signaling is employed, transmit di-
versity can also be achieved by using a Rake receiver to diver-
sity combine multiple relayed messages that are (perhaps inten-
tionally) transmitted concurrently by multiple relays. Diversity
routing is also possible by allowing the message to follow dif-
ferent paths through the network.

The benefits of applying macrodiversity concepts to ad-hoc
networks was initially recognized in the 1970s by the DARPA-
sponsored Packet Radio Network (PRNet) program [6]. In PR-
Net, the source first attempts to transmit a spread spectrum sig-
nal to a preselected relay node. If, after three attempts, the se-
lected node fails to respond with a positive acknowledgment,
the source switches to a broadcast-mode so that any node that
receives (or had received) the message can forward it (provided
that it has a clear channel to the destination).

More recently, Sendonaris et al [3] and Laneman et al [7],
[4] have proposed a technique for exploiting macrodiversity in
the wireless ad hoc network based upon the use of the classic
relay channel [8]. A message is first broadcast by the source
and is received simultaneously by both the destination and an
intermediate relay node. The relay then forwards the message
to the destination, where it is maximal ratio combined (MRC)
with a stored copy of the direct message. A similar strategy
termed multihop diversity is presented in [9]. Our work can be
viewed as both a generalization of this related research that al-
lows the use of multiple relays, as well as a specific instance
of cooperative diversity that is tailored to the low cost require-
ments of embedded networks by using noncoherent reception
and avoiding MRC combining.

III. A SIMPLE MACRODIVERSITY STRATEGY FOR THE

RELAY CHANNEL

In the scenario shown in Fig. 1, a source must send a mes-
sage to a destination but has insufficient power to transmit di-
rectly. However, there is a circular cloud of M randomly placed
transceivers located halfway between the source and destina-
tion. Thus, the source could first send a message to one (or
more) of these intermediate relay nodes, which could then for-
ward the message to the destination. To keep the discussion
simple, we assume that only the source and a single relay trans-
mits. Thus, this is a double-hop network or equivalently, an
instance of the classic relay channel [8]. In the classic relay
channel, the relay could amplify and forward the message with-
out decoding it. However, we do not allow this and require
that the message must always be checked for errors before be-
ing forwarded. Furthermore, the classic relay channel allows
the source to simultaneously broadcast to the relays and desti-
nation, but for simplicity we assume that the source does not
transmit directly to the destination.

The source has the option of either transmitting to a partic-
ular relay or broadcasting it to all of them. The first option,
called receiver-directed transmission [10], is the most common
paradigm for transporting information in packet radio systems.
It requires that the source select, prior to transmission and ac-
cording to a routing algorithm, one of the M relays to serve as
the forwarding relay. Once the source begins its transmission,
only the selected relay participates in the process. Thus the spa-
tial redundancy due to the presence of the other M − 1 relays
is wasted.

Macrodiversity can be introduced into this scenario by allow-
ing the source to broadcast, rather than constraining it to ad-
dress a particular relay. Because of the assumed high network
density, it is likely that at least one of the relays receives the
message correctly and could act as the forwarding relay. Note
that because broadcasting the message eliminates the need for
the source to preselect a relay, this could result in a simpler
routing algorithm. However, the situation is complicated by the
likely event that more than one relay successfully receives the
broadcast (we call the relays that receive the source transmis-
sion correctly potential relays). In this case, a negotiation must
take place in order for the potential relays to determine which
one will actually forward the message. This negotiation could
be performed explicitly over a control channel or implicitly by
being embedded into a combined MAC/network-layer proto-
col. Ideally, the potential relay that has the best instantaneous
channel to the destination would be elected to forward the mes-
sage. In practice, the instantaneous SNR might not be known
and thus either average SNR or relative position could be used
to determine the forwarding relay. If the initially selected relay
fails to transmit successfully to the destination, then one of the
other potential relays could be used to retransmit the packet; the
benefit of this strategy would be that the extra energy required
for retransmissions would be distributed across the cloud.

IV. SIMULATION RESULTS

A set of simulations was performed to compare the poten-
tial performance of the proposed strategy of broadcasting to all
relays with that of a more conventional receiver-directed strat-
egy. The system topology is as shown in Fig. 1, with the source
and destination separated by 10 m and the M relays placed ran-
domly inside a 7 m wide circle whose center is halfway between
source and destination. After each attempted packet transmis-
sion, the relays were repositioned.

With the receiver-directed system, the node closest to the
center of the circle is always preselected to act as the forwarding
relay and the other M −1 relays simply ignore the transmission.
For the broadcast-oriented system, the message is broadcast to
all M nodes, some (or none) of which receive the message cor-
rectly (i.e. the potential relays). Two ideal forwarding scenar-
ios were considered. In the first scenario, the potential relay
with the best instantaneous channel (i.e. highest instantaneous
relay-destination SNR) forwards the message, while in the sec-
ond scenario the one closest to the destination (i.e. highest av-
erage relay-destination SNR) forwards it. If the forwarding re-
lay’s message fails to reach the destination correctly, no other
relays transmit and an end-to-end error is logged. In practice,
performance could be further improved by allowing the other



potential relays to successively attempt a transmission (ordered
by decreasing instantaneous or average SNR) until all fail.

The simulated system uses packets of length N = 80 bits
transmitted at a rate of 1 Mbaud over a quasi-static Rayleigh
fading channel using noncoherently detected frequency shift
keying (NFSK)1. It is assumed that the transceivers are suffi-
ciently separated so that the channels from source to M relays
were statistically independent (likewise for the channels from
relays to destination). The noise spectral density is No = 10−18

W/Hz and the average received power at the mth transceiver is
Pr = Ko (dm/do)−n

Pt, where do = 1 m is a reference dis-
tance, dm is the transmitter-receiver separation, n is the path
loss exponent, Ko is the channel power gain at the reference
distance, and Pt is the transmitted power. Corresponding to a
typical indoor channel [12], n = 3, and for a 2.4 GHz operating
frequency, Ko = (c/4πdofc)2 ≈ 10−4.

No FEC encoding is used, and thus the packet will only be
received correctly only if all N bits are correct (neglecting the
overhead for synchronization). Thus, the instantaneous packet
error probability at the mth transceiver is

pe(γm) = 1 − (1 − pb(γm))N = 1 −
(

1 − 1
2

e−γm/2
)N

= −
N∑
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(
N
k

) (
−1

2

)k

e−kγm/2, (1)

where γm is the instantaneous SNR of the channel. The average
packet error rate in fading is found by taking the expected value
of pe(γm) with respect to the SNR [11]:
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where Γm is the average SNR of the channel.
The transmit power of the source (P1) and relay (P2) were

varied independently in 0.5 dB increments, and enough trans-
missions were attempted for each (P1, P2) pair to log 1000 in-
dependent errors. The target end-to-end error probability was
10−2 and it was noted which (P1, P2) pairs satisfied this re-
quirement. Fig. 2 shows a set of contours describing the results
of the simulation. The contour plot shows (for each of the three
types of systems) which combinations of (P1, P2) achieve the
desired end-to-end error probability for several values of M .
(P1, P2) pairs that lie to the upper-right of a contour will satisfy
the error requirement, while those to the lower-left will violate
it. The least power efficient scenario occurs when there is just a
single relay (M = 1), in which case broadcasting is equivalent
to receiver-directed transmission. The energy efficiency of the
receiver-directed strategy improves slightly with increasing M ,
but only because as the cloud becomes denser, the forwarding

1The quasi-static Rayleigh fading assumption implies that the channel SNR
remains constant for the duration of each packet, but varies independently from
packet to packet according to an exponential distribution. Short packets were
chosen because they are common in wireless sensor networks and because di-
rect evaluation of (2) becomes numerically unstable for N >≈ 100. The bit
error probability of NFSK in AWGN is pb = 1

2 e−Eb/2No [11].
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Fig. 2. Contours showing the minimum combination of source and relay
powers (P1, P2) required to achieve an end-to-end packet error probability of
10−2 over the relay channel.

M receiver-directed best avg. SNR best inst. SNR

1 6.692 mW 6.692 mW 6.692 mW
2 5.968 mW 1.611 mW 0.632 mW
3 5.623 mW 0.990 mW 0.284 mW
5 5.047 mW 0.642 mW 0.134 mW

10 4.798 mW 0.382 mW 0.067 mW

Table I: Minimum total transmit power P1 + P2 required to guarantee an av-
erage end-to-end packet error probability of 10−2 in a relay channel for sev-
eral values of M (number of intermediate nodes in the cloud) for the receiver-
directed system and the broadcast-oriented systems (using either the relay with
best average SNR or with the best instantaneous SNR).

relay selected by the source is more likely to be near the cloud’s
center. This improvement is not due to any diversity advantage.

On the other hand, the energy efficiency of the two pro-
posed broadcast-oriented strategies improve dramatically with
increasing M . While some of this improvement is due to the
clustering of relays in the center of the cloud, most of it comes
from the diversity effect of receiving the source transmission at
all M relays. Because both broadcast-oriented strategies im-
plement receiver diversity in the source-relay transmission, the
asymptotic source transmit power requirements P1 are roughly
the same as P2 → ∞. However, the system which uses the po-
tential relay with best instantaneous SNR has a better diversity
effect for the relay-destination transmission and thus requires
smaller relay transmit powers P2 than the system which just
uses the best average SNR. However, using best average SNR
is more practical because it only requires knowledge of the av-
erage SNR (which could be related to the node’s distance to the
destination) rather than the instantaneous SNR (which would
be difficult to measure/predict in a nonreciprocal channel).

By selecting an appropriate (P1, P2) operating point, the sys-
tem can divide the power requirements between the source and
relay in a manner that takes into account the energy available
at each node. The results of Fig. 2 indicate that the proposed
strategy is robust to the power allocation strategy. For instance,



when M = 10 and the potential relay with best instantaneous
SNR is used to forward the message, the source could decrease
its power to -18 dBm if the relay increases its power to 0 dBm.
This is because as the source reduces its transmit power, the
elected relay tends to be closer to it and therefore requires a
higher transmit power to reach the destination. Conversely, if
the source increases its power, the forwarding relay will tend to
be closer to the destination and could afford to transmit at lower
power.

The minimum total power requirement P1 + P2 for each sys-
tem is given in Table I. This table assumes that no premium
on energy consumption is placed on one node over the other,
and that instead the goal is to minimize the sum of the two
powers (although this minimization could be easily modified
to account for unequal energy reserves). By just increasing the
number of intermediate nodes from M = 1 to M = 2, the total
transmit power requirement is reduced from 6.692 mW to 1.611
mW or 0.632 mW, when using the best average or instantaneous
SNRs, respectively. When M = 10 the requirement is reduced
to 0.382 mW or 0.067 mW, which indicates that a reduction
in total transmit power of one or two orders-of-magnitude is
possible by properly exploiting macrodiversity in a dense relay
channel.

V. PRACTICAL CONSIDERATIONS

The goal of the previous section was to illustrate the potential
energy savings that could be achieved by exploiting macrodi-
versity, but is not meant to suggest a practical means of achiev-
ing these savings. Several issues must be taken into account
in order to approach the promised energy efficiencies. Several
of the more important issues, which are the topic of ongoing
research, are listed below:

Channel models: The previous analysis assumed that the
M channels experienced flat Rayleigh fading and were both
spatially and temporally (on a per-packet basis) uncorrelated.
While Rayleigh fading is often used to gauge worst case per-
formance, it assumes the presence of only specular energy [12].
Because many channels also have an additional line-of-sight
(LOS) component, Rician or Nakagami fading distributions
could provide a more accurate model [13]. For the low chan-
nel signaling rates expected of embedded networks, frequency-
selectivity is not anticipated for unspread systems. However, as
discussed below, there are advantages to using direct-sequence
spread-spectrum (DS-SS) in embedded networks, and the corre-
sponding analysis will require frequency-selectivity to be taken
into account [14]. In some situations, such as when the LOS
component is very strong or channel coding is able to over-
come temporal variations, performance may be dominated by
(log-normal) shadowing rather than small-scale fading [12]. In
this case, the channel might not be independent from packet to
packet, and additional temporal decorrelation may be necessary
in the form of slow frequency hopping (as in Bluetooth) or inter-
leaving. In a sparse network, it is reasonable to assume that the
M channels are uncorrelated, but as the density increases there
may be peer-to-peer spatial correlation [15]. Thus, the advance-
ment of this research will require that the impact of these chan-
nel effects be incorporated into the analysis with the primary
goal of determining what types of channels gain the most from

macrodiversity-combining (and which don’t) and a secondary
goal of suggesting practical methods of using macrodiversity
(possibly in conjunction with other simple signal processing
techniques) to improve performance over actual channels.

Combined MAC/network-layer protocol: The previous
analysis assumed that the potential relays were able to auto-
matically elect an appropriate forwarding relay. Ideally, the re-
lay with the best instantaneous relay-destination SNR should be
used, but in practice the one with the best average SNR could
be used. In the absence of shadowing, this is the node clos-
est to the destination While such a negotiation does not require
the actual packet to be shared among the relays, it does require
that each potential relay be aware of its distance to the destina-
tion and if any nodes closer to the destination also received the
source’s transmission correctly. If there is a closer potential re-
lay, the node defers transmission, otherwise it forwards its mes-
sage. If multiple nodes are simultaneously at the closest dis-
tance to the destination, they would have to agree on which one
forwards. All the necessary information to perform this nego-
tiation could be explicitly conveyed through a control channel,
and for large source packets the resulting overhead could be ac-
ceptable. However, when the source transmits shorter packets
(as in a sensor network) the overhead would quickly become
excessive and an alternative mechanism is desirable. Further-
more, it is also desirable for the negotiation policy to take into
account the amount of energy that each relay can afford to ex-
pend when forwarding.

The solution that we advocate is to incorporate the nego-
tiation process into the medium access control (MAC) proto-
col. For purposes of exposition, assume the following: (1) Ac-
knowledgments are broadcast from the destination to prospec-
tive relays over an error- and delay-free return channel, (2) Each
relay perfectly knows its distance to the source and destina-
tion, (3) Each relay assigns itself an energy penalty that quan-
tifies the importance of conserving energy during the next data
transmissions (which could be inversely proportional to its en-
ergy reserve), and (4) The destination can detect the collision
of signals intended for it. To resolve the channel contention
that arises when multiple nodes correctly receive the source
message, each potential relay should wait a specified amount
of time before attempting to forward the message. As carrier
sense multiple access (CSMA) also requires nodes to wait be-
fore (re)transmitting, these two mechanisms could be combined
(along with the ARQ and power control strategy) within the
MAC layer. However, unlike traditional CSMA algorithms,
the wait time should be equal to some (possibly nonlinear)
weighted function of the node’s distance to the destination and
its energy penalty. This policy will assure that nodes closer
to the destination will generally try to relay the message first,
as will nodes with more plentiful energy sources. However,
there could still be contention when multiple nodes have the
same energy-penalty/destination-distance function. With nar-
rowband signaling, this initial collision is inevitable, but the
likelihood of subsequent collisions can be reduced by having
the prospective nodes use a different function to reset their
timers. This function could include side information, for in-
stance the distance of the node to the source.

An alternative solution to the problem of concurrent trans-





optimal range control for receiver-directed multihop networks
[23], [24], and should take into consideration the possibility of
hop-to-hop correlation in the channel [15]. Our earlier analysis
showed that the system was robust to the allocation of power
between source and relay, and it is anticipated that a multi-
hop system would have a similar robust behavior. In fact, strict
power/range control might not even be required by the system.
An alternative strategy would be to simply let each node broad-
cast with as much energy as it can afford and let whichever
node(s) that receive it forward it.

Furthermore, a multihop network will be sensitive to unre-
liable return channels. When the return channel is unreliable
there is the potential for stray messages to begin propagating
through the network along multiple routes (i.e. the so-called
broadcast storm problem [25]) because distant nodes didn’t
know that a closer node successfully forwarded its message.
While it seems that this is a behavior that should be discour-
aged by the protocol, it may in fact be beneficial in a dense
network because of the routing diversity it provides [26].

VI. CONCLUSION

The results presented in this paper indicate that an order-
of-magnitude reduction in transmit power is possible by prop-
erly exploiting the macrodiversity inherent in dense ad-hoc net-
works, and that these gains can be achieved with simple decen-
tralized processing and cross-layer protocols. However, these
highly encouraging findings must be taken with a grain of salt.
While transmitter power is indeed conserved, this comes at the
potential cost of increased receiver power. In addition, the ex-
tremely low activity cycle of embedded networks is an issue,
and the actual channel may not be characterized by quasi-static
Rayleigh fading. However, there will certainly be situations (in-
tentional or unintentional) when a node’s transmission is over-
heard by more than just its intended receiver, and the overhear-
ing nodes may be in a reasonable position to act as relays. At
this point, each overhearing node has already consumed energy
by attempting to receive the message, and it would be wasteful
for it to do nothing if the message is correct. Therefore, it is our
assertion that whenever the opportunity to exploit macrodiver-
sity presents itself, it should be taken. A conservative approach
would be to simply make opportunistic use of redundant nodes
whenever they happen to be available, although a more aggres-
sive approach would be to proactively manage the network (e.g.
by putting the nodes that comprise a virtual antenna array into
the same sleep schedule) to intentionally set up situations where
macrodiversity could be exploited.
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