
An Evaluation of Cooperation Transmission
Considering Practical Energy Models and Passive

Reception

Jin Woo Jung∗, Aravind Kailas∗, Mary Ann Ingram∗, and Emanuel Mihai Popovici∗∗

∗School of Electrical and Computer Engineering, Georgia Institute of Technology, Atlanta, GA, 30332-0250, USA
∗∗Dept. of Microelectronic Engineering, National University of Ireland, Cork, Ireland

Abstract—The total energy consumed by the radios is com-
pared for a cooperative transmission (CT) protocol and a non-CT
routing protocol, in a two-hop, single cluster, ad hoc network.
The radio energy model is a function of parameter sets that
are typically found in radio specifications. The protocols are
compared for five different parameter sets, corresponding to five
different existing radios. The CT protocol is the Opportunistic
Large Array (OLA). The non-CT protocol simply selects one
node from the cluster to forward the packet, but other nodes in
the cluster that do not relay are assumed to overhear or decode
at least part of the packets. The relative energy consumption is
determined as a function of the fraction of the data packet that
is decoded by the node for decision-making. CT is shown to be
beneficial for certain decoding fractions and for certain radio
parameter sets.

Index Terms—Cooperative Transmission, Energy Models,
Wireless Sensor Networks

I. INTRODUCTION

With the emergence of miniaturized radios and minia-
turized sensors [1], there has been significant interest in
energy-efficient communication protocols for Wireless Sensor
Networks (WSNs). Cooperative Transmission (CT) has been
considered as an energy-saving technique for WSNs because
it provides diversity gain. Exactly how this gain saves energy
in networks is a question drawing much recent attention [3]-
[10]. However, these works consider mainly the physical layer
and do not consider practical output powers. This paper inves-
tigates the benefits of CT for values of output power and circuit
energy consumption that are consistent with radios available
today and considers the energy consumption of passive nodes
that need to decode the packet but do not relay. Here, the CT
protocol we consider is Opportunistic Large Array (OLA) [2].

Many authors have considered how CT reduces transmission
energy [3]-[7]. Others have included energy consumed in the
electronic circuitry for both transmission and reception [8]-
[10]. For example, when considering a single virtual Multiple-
Input-Multiple-Output (MIMO) transmit diversity link, the
authors in [8] found that circuit energy costs dominate at
short ranges making a Single-Input-Single-Output (SISO) link
preferable when constellation size is fixed and the CT gains
are used just to lower per-node transmit powers. However, if

the CT gains are instead used to increase the constellation size,
then circuit power costs can be reduced enough through packet
shortening to give CT the advantage, even at short ranges
[8]. [9] and [10] extend the results of [8]; [10] includes the
increased training costs for higher-order constellations (minor
effect) and increased path loss exponents (major effect), and
[9] shows that cooperation is advantageous when the inter-
node distances are comparable to the source-destination dis-
tances, and advocates decode-and-forward as the best strategy
in terms of energy-efficiency. Because these previous works
evaluate CT benefits in terms of distance and not power, it
is not clear if the powers required are consistent with today’s
radio technology. We attempt to address this question in the
present paper by evaluating the CT energy benefit for node
power and energy models that are consistent with several
existing radios. Also, considering that popular sensor radios
today do not do rate adaptation (e.g. the MICAz radio CC2420
[11]), and to simplify our analysis, we return in this paper to
the constant rate case (i.e. fixed constellation).

Since reception energy costs are significant in WSNs,
another quantity that should be considered when comparing
routing protocols is the reception energy costs of passive nodes
that decode at least part of the packet even though they are
not the designated relay or the destination. Therefore, another
contribution of this paper is an evaluation of how the energy
consumption of the passive nodes impacts the CT and non-CT
comparison.

We recognize that none of the existing radios we consider
support the OLA, because they do not do diversity reception.
However, we think the results are interesting because they
show that passive reception and the constraint of realistic
transmit powers is important in a comparison of CT and non-
CT. They also show how differences between radios, even
when they emit the same power, can affect the comparison.

II. NETWORK MODEL

We consider a simple two-hop static network, which has a
Source, Nc half-duplex relays (Nc ≥ 2) in a single cluster
of “intermediate nodes”, and a Destination as shown in Fig.
1. We assume a node can successfully decode-and-forward



Fig. 1. The network model. The large circles indicate the decoding ranges
of the source and destination.

a packet without an error when its received signal-to-noise
ratio (SNR) is greater than or equal to a modulation-dependent
threshold. We assume that all the Nc relays are randomly
distributed within the intersection of the decoding regions of
the source and destination, which we refer to as the “overlap
region”. Further, we impose that direct transmission from the
source to the destination is not possible. We also assume
that the Nc nodes are within the decoding ranges of each
other, enabling them to cooperate and relay the packet to the
destination. Among cooperation strategies [12], we focus on
radiated power reduction while keeping constant the BER at
the destination.

Since we assume the node locations are static, we do not
consider route setup costs in this paper.

III. TOTAL ENERGY CONSUMPTION FOR CT- AND
NON-CT-BASED PROTOCOLS

In this section, we derive the total energy consumed by the
nodes for cooperative and non-cooperative transmission-based
protocols. In the case of CT, we consider the Opportunistic
Large Array (OLA) [2]. An OLA is a set of nodes that
transmit the same message at approximately the same time.
They do this without coordination between each other (almost
no overhead for broadcast applications), but they naturally
fire at approximately the same time in response to energy
received from a single source or another OLA. For the network
model described in Section II, an OLA comprises Nc nodes.
We will consider the energy consumption of the intermediate
nodes, since only they cooperate. This is consistent with the
assumption that either there are no other nodes besides the
ones in Fig. 1 or that the other nodes are sleeping and consume
negligible energy.

Let Erad be the energy radiated by the relay node in a direct
transmission to the destination node when it relays one data
packet. Also, let Etx and Erx denote the energies expended in
the electronics when the relay node transmits (not including
Erad) and receives one data packet, respectively.

The energy expended by one relay node to receive and relay
when an OLA scheme is used, Enode, c, is

Enode, c = Erx + Etx +
Erad

NcGdiv(No)
, (1)

where No is the number of orthogonal dimensions or diversity
channels of the signal received at the destination and Gdiv(No)

is the diversity gain, which is amount of the fade margin that
can be reduced without diminishing the error rate of the link
[13].

The total energy consumed by an OLA transmission is the
total energy consumed by all the cooperators, i.e., NcEnode, c.
Hence the total energy consumed in the case of OLA is

Etotal, c = NcErx + NcEtx +
Erad

Gdiv(No)︸ ︷︷ ︸
Nc cooperators

.
(2)

In the case of a non-cooperative transmission (non-CT)
protocol, only one node out of Nc intermediate nodes will
relay the packet to the destination. We refer to the other nodes
as “passive” nodes. It is noted that even with the route having
been established and the relay node chosen, the remaining
Nc − 1 passive nodes are not free from overhearing, i.e., Nc

relay nodes should decide if they are supposed to relay the
packet or not. We refer to this decision as “relay decision”.
In our network model described in Section II, Nc − 1 nodes
listen to the source-originating transmissions (first hop), and
possibly, also to the relay-originating transmissions (second
hop). However, it is possible that these passive nodes decode
only the header in the received data packet and then turn their
circuits off at least for the duration of the data packet, or, as in
S-MAC [14], it is also possible that these nodes go to sleep for
the duration after they decode the control packet (RTS/CTS in
the case of S-MAC). Therefore, energy consumption of one
passive node due to passive reception is less than or equal to
Erx (depending on protocols). In order to express the energy
for passive reception, we introduce ρ which is defined as the
ratio of the decoding length required to make a decision on
packet forwarding (relay decision) to the data packet length.
Here, the decoding length required for relay decision can
be either portion of the data packet length (such as header
information) or the control packet length. If we define noh as
number of overhearing, then nohρErx is the energy consumed
by the passive nodes. Note that Nc − 1 ≤ noh ≤ 2(Nc − 1).
The total energy consumed in the case of a non-CT protocol
is

Etotal, nc = Erx + Etx + Erad︸ ︷︷ ︸
Selected relay node relays

+ nohρErx︸ ︷︷ ︸
Overhearing

.
(3)

The CT protocol (OLA) will be more energy efficient than
a non-CT protocol when Etotal, nc > Etotal, c. From (2) and (3),
we get

Erad

(
1− 1

Gdiv(No)

)
− (Nc − 1)(Etx + Erx) + nohρErx > 0.

By observing that Gdiv(No) is a large number (on the order of
15 dB or 31 for as low as 2 orthogonal channels in Rayleigh
fading channels [15]), the above inequality becomes

Erad − (Nc − 1)(Etx + Erx) + nohρErx > 0. (4)

Interestingly, the high diversity gain plays no role in the energy
comparison.



By the assumption that the Nc relay nodes are within the
decoding ranges of each other (Section II), it follows that the
number of passive nodes that overhear during the second hop
is also Nc− 1, resulting in noh = 2(Nc− 1). Thus, (4) can be
expressed as the following condition:

Erad − (Nc − 1)
[
Etx + (1− 2ρ)Erx

]
> 0. (5)

The quantity on the left hand side of (5) is the energy
difference between CT and non-CT. We observe that a high
value of Erad combined with low values of circuit energy
consumption, i.e. of Etx and Erx, will tend to favor CT. This
is consistent with the conclusions of [8], [9], [10] that CT
is favored in long-distance applications. However, non-zero
values of ρ tend to help CT in this comparison, and Nc

amplifies the value in the square brackets.
To quantify the energy-savings of CT relative to non-CT,

we compute the ‘Energy Ratio’, F , defined as the ratio of the
total energy consumed by the non-CT protocol to the total
energy consumed by the CT protocol. That is,

F =
Etotal, nc

Etotal, c

=
Etx + Erad + (1 + 2(Nc − 1)ρ)Erx

Nc(Erx + Etx)
.

(6)

Note that F > 1 implies that CT is more energy-efficient than
non-CT.

IV. FORMULATION IN TERMS OF RADIO-SPECIFIC
PARAMETERS

Real sensor nodes have a maximum power output, and
consequently a maximum range. From [8]-[10], it is clear
that CT cannot be energy-efficient when the distance between
communicating nodes is small. Therefore, we wish to compare
CT with non-CT when the radios are operating at their highest
power.

In order to evaluate (6), we need a model of the energy
consumed by a relay node, in a form that distinguishes the
radiated energy from the rest of the energy consumed by the
node. Following [16], we consider the first-order model for Ptx,
expressed as an affine function of the radiated power, Prad:

Ptx = αtx + βtxPrad,

where αtx is the linearization constant, and 1/βtx is defined
as the marginal efficiency of the transmitter. So for a packet
duration T , Etx = αtxT and Erad = βtxPradT . In the case of
the radio operating at the highest power, Erad = βtxP

max
rad T ,

where P max
rad is the maximum radiated power. We also denote

P min
rad as the minimum radiated power.
Because the supply voltage, V , is approximately constant,

the energy consumption of a radio in a certain mode of
operation is usually specified in terms of the supply current.
Let Imin

tx be the current when the radio is transmitting at its
lowest radiated power, and let Imax

tx be the current for the

TABLE I
CURRENTS AND POWERS FOR DIFFERENT RADIOS

Parameter CC1021 CC2420 XE1205 nRF2401 nRF905
Imax

tx 25.1 mA 17.4 mA 62 mA 13 mA 30 mA
Imin

tx 14.5 mA 8.5 mA 25 mA 8.8 mA 9 mA
Irx 19.9 mA 19.7 mA 14 mA 19 mA 12.5 mA

P max
rad 5 dBm 0 dBm 15 dBm 0 dBm 10 dBm

P min
rad -20 dBm -25 dBm 0 dBm -20 dBm -10 dBm

maximum radiated power. Let Irx be the current when the
radio is receiving data. We observe that

Imax
tx · V = αtx + βtxP

max
rad ,

Imin
tx · V = αtx + βtxP

min
rad .

(7)

By solving (7) for αtx and βtx, we get

αtx =
(

P max
rad Imin

tx − P min
rad Imax

tx

P max
rad − P min

rad

)
· V, and

βtx =
(

Imax
tx − Imin

tx

P max
rad − P min

rad

)
· V.

Substituting Etx = αtxT , Erad = βtxP
max
rad T , and Erx = IrxV ·T

into (6), we get

F =
α + βP max

rad + (1 + 2(Nc − 1)ρ)Irx

Nc(Irx + α)
, (8)

where α = αtx/V and β = βtx/V . Since Imax
tx , Imin

tx , Irx, P max
rad

and P min
rad are radio-specific parameters, F is function of Nc

and ρ when the radio device is fixed.

V. RESULTS

In this section, we consider the energy and power profiles
of a few radios that are available today and evaluate whether
or not CT offers energy-savings relative to non-CT for these
profiles. Table I gives the permissible currents and powers
for three currently available radios, CC1021 [17], CC2420
[11], XE1205 [18], and the Nordic devices, nRF2401 [19] and
nRF905 [20].

Fig. 2 is a plot of the energy ratio, F , versus the number of
cooperators, Nc, for ρ = 1. We remark that ρ = 1 means that
the required amount of the data to be decoded for the relay
decision is the same as the length of the data packet. As can
be seen from Fig. 2, CT uses less energy than non-CT for all
Nc’s when ρ = 1 except for XE1205. This is contrary to what
we expected which was that CT would be most beneficial for
the highest powered radio. The reason why XE1205 loses its
benefit as Nc increases is because it requires relatively high
circuit energy for transmission (Etx).

With a simple derivation, we can find that F converges
to 2ρErx/(Etx + Erx) as Nc increases. This saturating point
is 1.1581 for CC1012 and 0.7409 for XE1205 when ρ = 1
(these values are not clearly shown in Fig. 2, because Nc is
not sufficiently large). Therefore, for all radios except XE1205
and ρ = 1, F is greater than 1.15 regardless of Nc, which
indicates that CT extends the network life relative to non-CT
by at least 15%.
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Fig. 2. Energy Ratio, F for the different sensors as a function of the number
of cooperators, Nc for full decode (ρ = 1) .
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Fig. 3. Energy Ratio, F , for the different sensors as a function of the number
of cooperators, Nc for partial decode (ρ = 0.125) .

Fig. 3 shows the case of ρ = 0.125. The reason why we
pick this value is that according to the ZigBee standard [21],
preamble and headers (PHY and MAC) are 16 bytes and the
largest data packet is 128 bytes. If we assume each node
must decode the MAC header in order to make a decision
on participating in the relay and longest available data packet
is used, then ρ = 0.125. Note that this assumption also implies
that the relay decision is done by decoding the data packet,
which is not the case if the decision is made by observing the
control packet. Since the ZigBee standard does not specify
RTS/CTS mechanism, we will assume, throughout the rest of
this section, that the relay decision is made by decoding the
data packet and analyze our results based on this assumption.
As can be seen from Fig. 3, CT does not save energy when
Nc ≥ 3. However, with Nc = 2, XE1205 and nRF905 can save
energy. Therefore, if the sensor nodes are intelligent enough
to do partial decoding for decision making and its data packet
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Fig. 4. Energy Ratio, F , for XE1205 and nRF905 as a function of ρ when
Nc = 2.
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Fig. 5. Threshold for ρ (ρth) above which the CT saves the energy.

length is large relative to the header, CT never saves energy
for Nc larger than 2.

As already discussed above (Fig. 3), the XE1205 and
nRF905 profiles correspond to energy savings using CT when
Nc = 2 and when the payload is the maximum size. To
examine the energy ratio for smaller payloads, we plotted Fig.
4, which shows F versus ρ for XE1205 and nRF905 when
Nc = 2. For example, when the total packet length is 80 Bytes
or less (ρ ≥ 0.2), XE1205 and nRF905 using CT can save at
least 7.4% and 10%, respectively, of the energy compared to
non-CT.

Since all the energy profiles except one yield an energy
ratio greater than one for ρ = 1, we were curious to find the
minimum value of ρ, denoted ρth, for which CT would save
energy relative to non-CT. These threshold values are plotted
in Fig. 5 versus Nc for each radio energy profile. For XE1205,
there is no ρth for Nc ≥ 5, which is readily predicted by Fig.
2. Therefore, for XE1205, regardless of the ability of partial



decoding and length of the data packet, CT consumes more
energy than non-CT when the cooperating nodes are more than
4. For other radios except for XE1205, CT will use less energy
if radios cannot do partial decoding or length of the data packet
is very small. For example, for nRF905 with Nc = 16, length
of the data packet should be less than 20 bytes in order for
CT to be energy-efficient. As another example, for Nc = 2,
and CC2420, CT would be advantageous for payloads of 32
bytes or less.

We have analyzed our results based on the assumption that
the relay decision of non-CT protocol is made by decoding the
data packet. How about the case of the relay decision being
made by observing the control packet? We answer this by
considering S-MAC protocol. S-MAC uses 6 bytes of MAC
header and 2 bytes of CRC. Therefore, if we add preamble
and PHY header of the ZigBee standard, the total length of
the control packet of S-MAC is 13 bytes, which leads to ρ =
0.106. It is clear that as ρ decreases, CT becomes less energy-
efficient than non-CT. Therefore, if we draw Fig. 3 using ρ =
0.106, the graphs will be slightly shifted down, however, from
Fig. 4, we can expect XE1205 and nRF905 at Nc = 2 to be
staying above 1 in Fig. 3, not affecting any of our analysis.

VI. CONCLUSION

This paper has compared the energy benefit of cooperative
transmission (CT) to a non-CT approach for a single-cluster,
two-hop network for a fixed constellation size. It was shown
that the energy consumed by passive nodes, or nodes that
decode at least a part of a packet without relaying, can be
significant and can affect the CT and non-CT comparison
when power and energy profiles consistent with today’s radios
are assumed. When passive nodes decode the whole packet,
CT was shown to be beneficial for most profiles considered
regardless of the payload size. However, when passive nodes
decode only the header, CT was shown to not always be
beneficial, and its performance was found to depend on the
number of cooperators and the payload size. If CT is used
for XE1205 or nRF905 when there are only two cooperating
nodes, energy-saving can be achieved for all payload sizes up
to the maximum specified by the ZigBee standard.
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