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Abstract Transmission power control (TPC) is used
in wireless networks to improve channel reuse and/or
reduce energy consumption. It has been often applied
to single-input single-output (SISO) systems, where
each node is equipped with a single antenna. Multi-
input multi-output (MIMO) systems can improve the
throughput or the signal-to-noise ratio (SNR) by pro-
viding multiplexing or diversity gains, respectively. In
this paper, we incorporate a power-controlled MAC
protocol for a wireless network with two antennas per
node. Our protocol, coined CMAC, combines different
types of MIMO gains, allowing for dynamic switch-
ing between diversity and multiplexing modes so as
to maximize a utility function that depends on both
energy consumption and throughput. CMAC adapts
the “antenna mode,” the transmission power, and the
modulation order on a per-packet basis. By “antenna
mode” we mean one of five possible transmit/receive
antenna configurations: 1 × 1 (SISO), 2 × 1 (MISO-D),
1×2 (SIMO-D), 2×2 (MIMO-D), and 2×2 (MIMO-M).
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The second, third, and fourth configurations offer a
diversity gain, whereas the last configuration offers a
multiplexing gain. By using control packets to bound
the transmission power of potentially interfering ter-
minals, CMAC allows for multiple interference-limited
transmissions to take place in the vicinity of a receiving
terminal. We study via simulations the performance of
CMAC in ad hoc topologies. Our results indicate that
relative to non-adaptive protocols, CMAC achieves
a significant improvement in both the overall energy
consumption and the throughput.
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1 Introduction

1.1 Background

The vast majority of currently deployed wireless lo-
cal area networks (WLANs) are based on the IEEE
802.11 DCF scheme [1]. Channel access in this scheme
is performed according to a variant of carrier sense
multiple access with collision avoidance (CSMA/CA)
with an optional virtual carrier sensing (VCS) mech-
anism, i.e., request-to-send/clear-to-send (RTS/CTS)
exchange. By default, packets are transmitted at a fixed
power level. Several studies demonstrated the ineffi-
ciency of the fixed-transmission-power strategy in terms
of energy consumption and channel reuse (e.g., [2–4]).
Accordingly, several transmission power control (TPC)
protocols have been proposed (see [5] for a survey),1

1Another approach to conserve energy is to put inactive nodes
to sleep. Such an approach is complementary to TPC, and is not
considered in this paper.



Mobile Netw Appl

some of which are aimed at energy conservation (e.g.,
[6–8]) while others are throughput oriented (e.g., [3,
4, 9, 10]). For example, in [8] RTS and CTS packets
are transmitted at a maximum power (Pmax), while data
and ACK (acknowledgment) packets are transmitted at
the minimum power level that guarantees the required
signal-to-noise ratio (SNR). This leads to a reduction
in the total energy consumption in the network, but
does not improve the channel reuse. The POWMAC
protocol [10] addresses the channel reuse issue by
redefining the role of the RTS/CTS exchange, making
it possible for multiple pairs of neighboring nodes to
communicate, provided that the selected power levels
do not cause the SNR at any receiver to fall below the
required threshold. Other protocols improve the per-
formance by using busy-tones (e.g., [4]) and prioritized
back-off (e.g., [11, 12]).

Thus far, much emphasis has been on TPC tech-
niques for single-input single-output (SISO) systems,
where each node uses a single antenna for transmission
and reception, with the transceiver typically operating
in a half-duplex mode. Significant improvement in net-
work performance can be achieved by employing multi-
input multi-output (MIMO) techniques [13], whereby
multiple transmit and/or receive antennas are exploited
to achieve spatial diversity. In principle, MIMO offers
three types of gains: array, diversity, and multiplexing
[13]. The array gain is achieved either at the transmitter
through directional alignment of the transmitted signal
or at the receiver through coherent combining of multi-
ple copies of the signal that are received over indepen-
dent paths. This gain is reflected in an improvement in
the received SNR that results from transmitting multi-
ple identical signals over independent paths and coher-
ently combining these signals at the receiver. Diversity
gain is interpreted as the slope of the average bit error
rate (BER) curve versus SNR, which is proportional to
the number of independent paths (in the best case, this
number is equal to the product Mt Mr, where Mt and Mr

are, respectively, the numbers of transmit and receive
antennas). To realize this gain, space-time coding is
used to encode the signal and transmit it over the Mt

antennas. Multiplexing gain is obtained when different
signals are transmitted over the Mt antennas for the
purpose of increasing the total transmission capacity of
the link. Note that the diversity and array gains can be
used to improve link reliability (i.e., lower the BER),
extend the communication distance, or reduce the SNR
requirement.

In [14] it was shown that a MIMO-based commu-
nication consumes much less transmission power than
SISO-based communication. Note that this energy sav-
ing applies to MIMO with diversity gain, and does not

apply for MIMO with multiplexing gain. As a result,
the diversity gain results in a better energy performance
compared to the SISO mode, whereas the multiplex-
ing gain provides better throughput performance com-
pared to the SISO mode.

As eluded to earlier, for a given target BER, a multi-
antenna transmission requires less RF power than a
SISO transmission. However, it also requires more
circuit power at both ends of the link. As a result,
a distance-dependent tradeoff emerges between trans-
mission and circuit powers [15]: for relatively small
distances, circuit power is dominant, and hence a SISO
mode is more energy-efficient than a multi-antenna
mode. As the transmitter-receiver distance increases,
the tradeoff shifts in favor of the multi-antenna modes
(SIMO, MISO, or MIMO). Joint optimization of trans-
mission/circuit powers was considered in several previ-
ous studies (e.g., [15–17]), although the focus was on
SISO systems. The authors in [14] proposed a joint
energy minimization strategy for a MIMO-based link
under a fixed antenna configuration.

The spectral efficiency of a MIMO ad hoc network
was studied in [18] with simultaneous communicating
transmitter-receiver pairs. In particular, the authors
showed that with idealized medium access control, the
channelized transmission has unbounded asymptotic
spectral efficiency under the constant per-user power
constraint. The impact of different power constraints on
the asymptotic spectral efficiency was also examined.
Various architectures of MIMO systems and their fea-
tures (including those proposed for the IEEE 802.11n
standard) were discussed in [19]. The authors studied
the impact on chip area and required data processing
rates for MIMO systems. A connectivity metric for
MIMO-equipped ad hoc networks was introduced in
[20] based on probabilistic analysis of the achievable
capacity of random topologies. The authors assumed
that pair of nodes are connected if their bi-directional
capacity is more than a given threshold. The results
showed that employing mobile nodes with multiple
antennas enhances the connectivity of fading wireless
ad-hoc networks. The authors in [21] formulated the
scheduling problem in MIMO-equipped networks as
a generalized assignment problem, and provided a
cross-layer design for scheduling users and assigning
their data to available transmit antennas. The proposed
scheduling and antenna sharing method, referred to as
fast transmit antenna selection (FTAS), uses adaptive
proportional fairness (APF) mapping as a means to
determine the user-antenna assignment that maximizes
the network performance in terms of both throughput
and fairness. The authors in [22] discussed the problem
of receive antenna subset selection in MIMO spatial
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multiplexing (MIMO-SM) systems. They developed se-
lection algorithms for maximizing the channel capacity.
One algorithm in particular allows tractable statistical
analysis of performance. The authors leveraged this to
prove that the capacity of the system through receive
antenna selection is statistically lower bounded by the
capacity of a set of parallel independent SIMO chan-
nels, each with selection diversity.

1.2 Related work

In [23] the authors characterized the fundamental
tradeoffs between the three types of MIMO gains and
provided insights on the capabilities of multiple anten-
nas in a networked context. The authors extended the
results of a point-to-point wireless fading channel to a
multiple-access fading channel. The tradeoff between
diversity and multiplexing gains was studied in [24]
for three schemes: quasi-orthogonal group space-time
(QoGST), group layered space-time (GLST), and lay-
ered space-time block codes (LSTBC). A compari-
son between them demonstrated that QoGST achieves
the best diversity-multiplexing tradeoff. The authors
in [25] extended the work on the tradeoff function
for the MIMO gains (for point-to-point MIMO system
when optimal detection is used) to a more general
MIMO system, where the transmitted data is coded
in groups. In [25], group detection is applied at the
receiver to retrieve the data. It consists of a zero-forcing
decorrelation that separates the groups, followed by
a joint detection for each of the groups. The authors
in [25] evaluated the diversity-multiplexing tradeoff
for two receiver structures: group zero forcing (GZF)
and group successive interference cancellation (GSIC).
The author in [26] presented a non-asymptotic frame-
work to analyze the diversity-multiplexing tradeoff of a
MIMO wireless system. In addition, exact diversity gain
expressions were determined for orthogonal space-time
block codes (OSTBC). In [27] the authors considered
joint scheduling and beamforming for a broadcast chan-
nel with multiple antennas at the transmitter and a
single antenna at the mobile receiver, and identified the
tradeoff between multi-user diversity and spatial multi-
plexing gain under a limited amount of feedback. MIR
is another protocol that was proposed for MIMO links
[28]. Essentially, it is a routing protocol that adapts
between the different strategies based on the network
conditions. MIR controls the various characteristics of
MIMO links (e.g., network density, mobility, link qual-
ity) to improve the network performance. Referring
to the spatial-multiplexing strategy as MUX, diversity
with reduced BER as DIV-BER, and diversity with in-
creased communication range as DIV-RANGE, it was

shown that while MUX is the appropriate strategy for
dense networks, DIV-RANGE is preferable for sparse
networks, where it might not be possible to obtain
routes with omnidirectional communication ranges.
The authors also showed that DIV-RANGE and DIV-
BER reduce the probability of link failures due to
mobility and channel degradation, respectively. The
authors in [29] presented a centralized MAC proto-
col for ad hoc networks with MIMO links, namely
stream-controlled medium access (SCMA), which ex-
ploits the key optimization considerations of MIMO
systems (e.g., coloring, fair allocation, stream control).
The authors then extended the SCMA protocol to be
distributed. The results showed that the distributed
SCMA protocol approximates the centralized one. The
application of MIMO techniques in mobile ad hoc net-
works (MANETs) was explored in [30]. The authors
focused on MANETs in which the spatial diversity
technique is used to combat fading and achieve robust-
ness in the presence of user mobility. They also devel-
oped analytical methods to characterize the saturation
throughput for MIMO-based multi-hop networks.

The author in [31] studied the MIMO diversity-
multiplexing tradeoff for ad hoc networks. Specifi-
cally, two asynchronous cooperative diversity schemes
were proposed, namely distributed delay diversity and
asynchronous space-time coded cooperative diversity
schemes. The author showed that in terms of the over-
all diversity-multiplexing tradeoff, the proposed inde-
pendent coding based distributed delay diversity and
asynchronous space-time coded cooperative diversity
schemes achieve the same performance as the syn-
chronous space-time coded approach. Note that the
later scheme requires an accurate symbol-level timing
synchronization to ensure signals arriving at the desti-
nation from different relay nodes are perfectly synchro-
nized. A spectrally efficient strategy was proposed in
[32] for cooperative multiple access (CMA) channels in
ad hoc networks with multiple users. According to this
strategy, each user transmits a mixture containing its
own information as well as the other users information
(by applying superposition coding), which means that
each user shares parts of its power with the others. It
was shown that since the proposed CMA system can
be seen as a precoded point-to-point multiple-antenna
system, its performance can be best evaluated using
the diversity-multiplexing tradeoff. By categorizing the
outage events, the diversity-multiplexing tradeoff can
be obtained. The authors in [33] studied the diversity-
multiplexing tradeoff for multi-access relay channel
(MARC) with static and flat fading. The authors devel-
oped two strategies, namely multi-access amplify-and-
forward (MAF) and multi-access decode-and-forward
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(MDF), which help the users gain the benefit of coop-
erative diversity without changes in their devices. The
results in [33] suggested that in the regime of light sys-
tem loads, both strategies offer improved performance
to each user as if no other users interfere or contend
for the relay. In the regime of heavy loads, the MARC
with MAF was shown to offer better performance.
Moreover, the MAF protocol was shown to be optimal
in the regime of high multiplexing.

In this paper, we investigate the feasibility of adapt-
ing the antenna configuration in a MIMO-based wire-
less packet network, where each node has two antennas
that it can configure to achieve diversity or multiplexing
gains. Each link can effectively operate in one of five
possible modes: 1 × 1 (SISO), 2 × 1 (MISO-D), 1 × 2
(SIMO-D), 2 × 2 (MIMO-D), and 2 × 2 (MIMO-M),
where the second, third, and fourth configurations pro-
vide diversity (D) gain, whereas the last configuration
provides multiplexing (M) gain. We propose a power-
controlled protocol, called combined MAC (CMAC),
in which the antenna mode, the transmission power,
and the modulation order are jointly adapted on a
per-packet basis such that a throughput- and energy-
dependent utility function is maximized. We conduct a
joint optimization to control the tradeoff between en-
ergy consumption and network throughput. In contrast
to our previously proposed E-BASIC protocol [34]
(which exploits MIMO’s diversity gain only), CMAC
offers the following additional features. First, CMAC
exploits both diversity and multiplexing gains. Second,
CMAC accounts for both the energy consumption and
the throughput, and achieves an “optimal” tradeoff
between the two. Third, CMAC allows for concurrent
transmissions to take place in the vicinity of a receiving
terminal, which is not the case for E-BASIC (the con-
trol packets in E-BASIC are used to silence potentially
interfering terminals). Fourth, in contrast to E-BASIC
which uses a fixed modulation scheme, CMAC also
adapts the modulation order.

The rest of the paper is organized as follows. We
present CMAC in Section 2. In Section 3, we dis-
cuss the computation of various power-related para-
meters. The performance of CMAC is studied via
simulations in Section 4, and is contrasted with three
reference protocols (IEEE 802.11, POWMAC, and
MIMO-POWMAC). Section 5 summarizes our main
findings.

2 The CMAC protocol

CMAC is a MIMO-adaptive power-controlled MAC
protocol that aims at maximizing a utility function that

depends on both energy consumption and throughput.
It allows multiple interference-limited transmissions
to take place in the vicinity of a receiving terminal.
The channel access process (described in Fig. 1) is
inspired by the SISO-based POWMAC [10]. Specif-
ically, the protocol uses a modified CSMA/CA ap-
proach, whereby nodes use control packets to contend
for the channel prior to transmitting their data packets
concurrently. The contention period, called the access
window (AW), consists of a variable number of fixed-
duration access slots. Each access slot (AS) consists
of the durations of three fixed-length control packets
plus a maximum (known) backoff interval κmax. An
access slot allows a pair of terminals to agree on the
appropriate setting of their transmission parameters
(i.e., antenna mode, transmission power, modulation
order) and inform other nodes of these values.

Depending on the location of the AS within the AW,
terminals are classified into master and slave terminals.
More specifically, a master terminal is a terminal that
succeeds in acquiring the first AS in the AW. Such
a terminal has a packet to transmit and is not aware
of any scheduled activity (transmission/reception) in its
vicinity. For example, terminal A in Fig. 1 is a master
terminal. It initializes a new AW, and sets its size in

Figure 1 Example that illustrates the channel access mechanism
in CMAC
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access slots (denoted by N(A)

AW) according to a load- and
collision-dependent algorithm that is described in [10].
The objective of such an algorithm is to maximize the
number of successful concurrent transmissions through
an incremental adjustment (increase or decrease) of the
AW size. Note that while all terminals independently
and continuously execute this algorithm, a terminal
starts using its computed N(.)

AW value only when it acts
as a master. In Fig. 1, N(A)

AW = 2. The master terminal
announces its N(.)

AW in its first control packet.

2.1 Channel access for a master terminal

Consider the situation at terminal A that has data to
transmit to terminal B. According to the IEEE 802.11
standard, there are two cases for terminal A. First, if the
medium is sensed idle for the first time for a distributed
inter-frame space (DIFS) duration, A directly starts
transmitting its RTS. Second, if the medium is sensed
busy, A starts by randomly selecting a backoff duration
κ ∼ uniform{0, κmax}. A counter of value κ is then set
(in practice, κ is expressed as a whole number of an
appropriately selected time unit). The rationale behind
this design is to decrease the chances of collisions
between control packets (i.e., RTS/CTS). This reduc-
tion in collisions results in a decrease in the number
of packet retransmissions, and therefore reduces the
total energy consumption for a communication (which
includes the energy required for transmission, retrans-
missions, etc.). As in the classic CSMA/CA approach,
terminal A senses the channel periodically. It decre-
ments the counter whenever the channel is sensed idle.
Once the counter value reaches zero and the channel is
idle, terminal A accesses the channel. It initiates a new
AW, i.e., it becomes a master terminal, by sending an
RTS packet at a fixed power Pmax using the MIMO-D
mode, ensuring the farthest transmission range for this
packet. The RTS packet includes the value of N(A)

AW
as well as the value of the maximum allowable power
that terminal A can use without disturbing any of its
neighbors, denoted by P(A)

MAP. For a master terminal,
this latter parameter is equal to Pmax. Note that the
negative impact of sending the RTS at the maximum
power is significantly reduced in CMAC, as the proto-
col allows for concurrent data transmissions to occur.
In fact, CMAC increases the spatial reuse compared
to IEEE 802.11, and the impact of the RTS power on
the spatial reuse in CMAC is much less than that in
IEEE 802.11. The CTS and DTS packets in CMAC are
transmitted to only those terminals that can actually
make use of the collision avoidance information. This
has the added advantage of reduced contention among

control packets, leading to an increase in the spatial
reuse.

Upon receiving the RTS packet, terminal B com-
putes the “optimal” antenna mode, the transmission
power (PAB), and the optimal modulation order (b ∗)
for the ensuing data packet from A to B. Such com-
putation requires the channel gain from A to B, which
terminal B determines from Pmax and the received
power of the RTS packet. Optimization is done by
maximizing the following utility function:

u = (1 − α)(1/E) + αT (1)

subject to a constraint on the transmission power. In
Eq. 1, E is the minimum required energy for the up-
coming data transmission at the given antenna mode,
T is the throughput of that transmission, and α is a
parameter that controls the tradeoff between energy
and throughput (0 ≤ α ≤ 1). For a given packet, the u
value is computed for each antenna mode. The combi-
nation of E and T that maximizes u is then used in the
upcoming transmission.

It should be noted that in this paper we conduct
a joint optimization to control the tradeoff between
E and T. Therefore, our goal is to come up with
an expression that relates E and T. We relate them
via α, so that according to the target application, one
can choose α to give more weight to either quantity.
Although E and T may seem unrelated, a closer look
at them indicates that they are actually mutually depen-
dent, i.e., a higher T comes at the cost of a higher E,
and vice versa. Note that several possibilities exist for
choosing u. For example, we can maximize u = T/E,
or minimize E subject to a constraint on T, etc. We
chose the expression in Eq. 1 for several reasons. First,
we needed a utility function that involves a parameter
that controls the tradeoff between E and T. This way,
one can support a variety of applications with different
degrees of significance for energy/throughput. Second,
the utility function in Eq. 1 ensures fairness between E
and T. This is due to the fact that 0 ≤ α ≤ 1, and that
both E and T can get the same value of preference, i.e.,
E gets a weight of 1 − α and T gets the complimentary
part of it.

When deciding the antenna mode to be used for
transmitting a data packet, the value of α for that
transmission is not randomly selected. Instead, the
range [0,1] is discretized using � increments (� = 0.1
in our simulations), and the discretized value of α

that maximizes u is selected for that transmission. It
should be noted that The function u is maximized at
either α = 0 or α = 1. In fact, in the simulations, when
discretizing the range [0,1] to search for the optimal
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value of α, only two values of α (0 and 1) were ob-
served. Note, however, that the optimal value of α (0
or 1) varies from one packet to another. For example,
when the required energy for various modes is high
(i.e., transmitter-receiver separation is large), it makes
sense to maximize T, i.e., the optimal α is 1. On the
other hand, when the required energy is small, 1/E is
maximized, i.e., the optimal α is 0. Accordingly, CMAC
is still a protocol that combines the two types of MIMO
gains in the same network, where some links in the
network use diversity gain (via SIMO-D, MISO-D, and
MIMO-D), whereas other links use multiplexing gain
(via MIMO-M). Therefore, CMAC still serves as a
combined energy/throughput protocol.

The energy consumption E includes the RF trans-
mission energy as well as the circuit energy at both ends
of the link. In turn, the transmission energy depends
on the antenna mode through the SNR threshold (γ ),
which itself varies with the modulation order (b) [13].
For a transmission from A to B, EAB is given by:

EAB = PAB + Pcircuit

R
(2)

where R is the transmission rate, PAB is the transmis-
sion power from A to B that is given by Eq. 11, and
Pcircuit is the circuit power that depends on the antenna
mode (it scales linearly with the number of antennas).
This Pcircuit is given by [14]:

Pcircuit ≈ Mt
(
PDAC + Pmix + P filt

) + 2Psyn

+ Mr
(
PLN A+Pmix+PIF A+P filr+PADC

)
(3)

where PDAC, Pmix, PLN A, PIF A, P filt, P filr, PADC, and
Psyn are the power consumption values for the digital-
to-analog converter, the mixer, the low noise amplifier,
the intermediate frequency amplifier, the active filters
at the transmitter and the receiver sides, the analog-
to-digital converter, and the frequency synthesizer,
respectively.

We now show how a complete expression of E as
a function of the optimization parameters (antenna
mode, PAB, and b) can be obtained based on Eqs. 2, 3,
and 11. Note that we do not provide such an expression
due to its size. The three components of E are: PAB,
Pcircuit, and R. The expression of PAB is given in Eq. 11,
which mainly depends on γ . This γ is function of the
antenna mode and modulation order. The second com-
ponent (Pcircuit) is expressed in Eq. 3, which depends on
the antenna mode. The third component is R, which is
a function of b . Substituting Eqs. 3 and 11 into Eq. 2

results in an expression for E that depends on the
antenna mode, PAB, and b .

The second component of u is T, which basically
depends on R (which in turn depends on b) and the
antenna mode. Note that the achieved T per link for
MIMO-M is twice that of the other antenna modes,
as MIMO-M allows two independent streams to be
transmitted over the two antennas. As a result, T can be
expressed as: T = 2R (bits/s) for MIMO-M mode, and
T = R (bits/s) for all other modes. In units of packets/s,
T = 2R/S (for the MIMO-M mode), where S is the
packet size (bits/packet), and T = R/S (for all other
modes).

For systems that support adaptive modulation, ter-
minal B can also optimize the modulation order b .
Note that b impacts the energy consumption through γ ,
which depends on the target BER, the specific antenna
mode, and the transmission rate (R). In principle, a
higher value of b necessitates a higher γ , i.e., more
transmission power is required. However, it also means
a higher R, i.e., lower transmission time, which in turn
reduces the energy consumption. The confluence of the
two effects determines the optimal modulation order
(b ∗). As shown in Fig. 2, b ∗ generally decreases with
the transmitter-receiver distance. The value of b rep-
resents the number of bits per symbol. The number of
symbols is given by: M = 2b . Therefore, it should be
noted that b is the exponent (to the base 2) that deter-
mines the order of the used modulation scheme, e.g.,
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Figure 2 Optimal modulation order (b∗) vs. transmitter-receiver
distance for various (fixed) antenna configurations (BER=0.001,
n = 4, γ values are given in Fig. 4)
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b = 1 for binary-phase-shift keying (BPSK), b = 2 for
quadrature-phase-shift keying (QPSK), etc. In princi-
ple, the value of b is any positive integer number.

The value of b ∗ is obtained as follows: for each
antenna mode, u is computed which depends on both
E and T. The term E includes transmission and circuit
energies, where the transmission energy is function of
γ . One of the main factors that affect the value of γ is b .
The value of b that maximizes u among all its possible
values for a specific antenna mode is determined and
compared with that of other antenna modes. The one
that maximizes u among the five antenna modes is
then selected as b ∗, which is used in the upcoming
transmission.

The γ values for various antenna modes and modu-
lation orders are shown in Fig. 4. For a given antenna
mode, γ increases with b . These values of γ were
numerically obtained using the expressions in [14]. In
[14], the authors provide the average BER (P̄b ) as a
function of γ for different antenna modes and b values.
Specifically, the values of γ were found by evaluating
P̄b over 10000 randomly generated channel samples
according to the following equation:

P̄b = EH

⎡

⎣ 4

b

(

1 − 1

2( b
2 )

)

Q

⎛

⎝

√
3bθ(b)

2b − 1

⎞

⎠

⎤

⎦ (4)

where Q denotes the Q function, H is a scalar fading
matrix, in which each entry is a zero mean circularly
symmetric complex Gaussian (ZMCSCG) random vari-
able with unit variance (please refer to [14] for more
details), and θ(b) is the instantaneous received SNR,
which is given by [14]:

θ(b) = ‖H‖2

Mt Mr
γ (b) (5)

The γ (b) values for various antenna modes and
modulation orders that yield the desired P̄b were then
obtained.

In Section 3, we discuss how terminal B determines
the appropriate power PAB that maximizes the function
u. If the computed PAB is greater than the minimum
transmission power required to achieve the target BER
(P(AB)

min ) and less than Pmax, terminal B responds to A
with a CTS packet that is sent at a controlled power
level P(B)

CTS. The value of P(B)

CTS is discussed in Section 3.
The CTS packet contains the optimal antenna mode,
the transmission power PAB, and the modulation order
b ∗ to be used by terminal A. It also contains the mas-
ter’s AW size N(A)

AW . Further, the CTS contains P(B)

MT I ,
which is the maximum tolerable interference (MTI) that

terminal B can allow from one future transmission dur-
ing B’s upcoming data reception. Essentially, P(B)

MT I is
the load margin per interferer at terminal B during the
upcoming data reception. The quantity P(B)

MT I , whose
computation is discussed in Section 3, allows other
terminals to determine whether or not their interfer-
ing transmissions can be tolerated by terminal B. If
PAB < P(AB)

min , B responds with a negative CTS (NCTS)
packet, indicating the infeasibility of the proposed
transmission.

Upon receiving B’s CTS packet, A sends another
control packet, called decide-to-send (DTS), at an ad-
justable power level. The DTS is used to inform the
neighbors of A of the power PAB (note that some
of A’s neighbors may not have heard B’s CTS). A
neighbor of A, say terminal C, uses PAB along with
the channel gain between itself and terminal A to calcu-
late the expected interference that will come from the
A→B transmission. This helps the neighbor determine
whether or not it can transmit concurrently with A. The
DTS packet contains P(A)

MT I , which in this case refers
to the maximum additional interference that A can
tolerate from one interferer during the ACK reception.

According to CMAC, A does not need to account for
transmissions that have not been scheduled yet. Rather,
the future transmissions need to account for A’s impact
on them as well as their impact on already scheduled
transmissions, as explained above.

Note that in the classic CSMA/CA, a carrier sensing
mechanism is used so that if A’s neighbors do not
sense a carrier shortly after hearing the RTS, they
assume that the RTS/CTS exchange was not successful.
In contrast, CMAC does not use this process, as the
transmission power of the data packet (PAB) is typi-
cally less than the RTS power (Pmax), i.e., the carrier
sense range for the data packet is smaller than that of
the RTS packet.

After the RTS/CTS/DTS exchange is completed, A
transmits its data packet to B using the specified pa-
rameters. If the transmission is successful, B responds
with an ACK packet that is sent using the same antenna
mode, transmission power, and modulation order as the
data packet. Similar to POWMAC, CMAC protects the
reception of the ACK packet through a combination of
power control and by delaying the ACK transmission
(see [10] for details).

2.2 Channel access for a slave terminal

A slave terminal is any terminal that has a packet to
transmit and that is aware of an ongoing AW in its
neighborhood. Such a terminal cannot initiate a new
AW, but must follow the AW schedule set by a master
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terminal, i.e., it can contend during any available slot in
the ongoing AW other than the first slot. If the slave
terminal misses the ongoing AW (possibly, due to a
collision with another terminal that contended during
the same slot), it must wait until the scheduled data
transmissions are completed before it can access the
channel as part of another AW. It should be noted
that the designation of master and slave terminals is
dynamic, i.e., it varies depending on the access times
of various terminals. So a terminal may be a master for
a given packet transmission and later becomes a slave
for another transmission.

If a slave terminal wishes to contend for the channel,
it follows a similar process to that of a master terminal
(i.e., random backoff followed by RTS, CTS, and DTS),
with a few differences. There is a backoff for any slave
terminal from the start of an AS until the RTS of that
slave is sent (please see Fig. 1). However, for master
terminals, once the master terminal’s NAV (network
allocation vector) reaches zero and the channel is idle,
the master can immediately start its RTS (i.e., it does
not back off like slave terminals), and by doing so it
actually defines a new AW. Note that the RTS and CTS
packets of the slave terminals include the remaining
number of access slots (including the current slot) in the
AW. So in the example of Fig. 1, the RTS from slave
terminal C and the CTS from terminal D announce
a value of N(A)

AW = 1. This way, other terminals learn
that no more slots are available in the current AW. For
slave terminal C, the maximum allowable power that is
announced in the RTS is set as follows [10]:

P(C)

MAP = min
u∈�(C)

[πC(u)] (6)

where �(C) is the set of terminals in C’s vicinity
whose scheduled data/ACK receptions overlap in time
with C’s upcoming data transmission (terminal C deter-
mines such overlaps from the durations of the sched-
uled data/ACK packets that are conveyed in the RTS/
CTS/DTS packets) and πC(u) is the maximum transmis-
sion power that terminal C can use without disturbing
terminal u’s scheduled reception. As in [10], πC(u) is
given by:

πC(u) = min

[
P(u)

MT I

GCu

]

(7)

where 0 < GCu < 1 is the channel gain between ter-
minals C and u (determined at terminal C from the
transmission and reception power values of overheard
control packet(s) coming from terminal u), and P(u)

MT I
is the MTI at terminal u during u’s upcoming data
or ACK reception. We later discuss how P(u)

MT I is
determined.

Upon receiving C’s RTS, terminal D computes the
parameters for the prospective C → D data transmis-
sion and responds back with a CTS or an NCTS. For the
transmission to go forward, the computed transmission
power PCD must be larger than P(CD)

min and smaller
than min{Pmax, P(C)

MAP}. If a CTS is received, terminal C
proceeds with a DTS, whose format is similar to the one
described in the previous section. The transmission of
the CTS/DTS packets confirms that a data transmission
from C to D will commence with the A → B data
transmission (the two data transmissions need not be
completed at the same time; see [10] for details).

In determining its transmission parameters, a pro-
spective slave terminal must satisfy two feasibility con-
ditions. First, the data or ACK transmission from this
slave terminal should not affect already scheduled
receptions in its neighborhood. Second, the interfer-
ence caused by already scheduled transmissions should
not affect the data or ACK reception of the slave
terminal in a way that increases the load factor (we
later discuss how the load factor is determined) at
that terminal beyond its maximum load factor. The
likelihood of satisfying these two conditions can be
enhanced by allowing a delay lag between the reception
of the last bit of the data packet and the transmission
of the corresponding ACK. This is illustrated in Fig. 1,
where terminal D waits for τ

(CD)

ACK before sending the
ACK packet to terminal C. The reason behind this
design is to protect the ACK reception at C and also
prevent terminal D from causing harmful interference
onto other scheduled data/ACK receptions. A delay
lag makes it more likely to satisfy both goals without
having to change the transmission time of the data
packet or the transmission power of the ACK packet
(which is set to PCD, as explained before).

To conclude this section, we briefly explain the NAV
setting in CMAC. There are two cases to consider. First,
if the node’s transmission cannot concurrently proceed
with another node’s transmission, the NAV is set as in
IEEE 802.11, i.e., the node has to defer its transmission
until the other node’s transmission is over. Second,
if the node’s transmission can concurrently proceed
with another node’s transmission, the node does not
wait for a NAV, as both transmissions can take place
simultaneously.

3 Power computations

In this section, we discuss the computations associated
with various power parameters in CMAC. Such compu-
tations follow similar guidelines to those of POWMAC,
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with appropriate extensions to accommodate per-
packet adaptation of the antenna mode and modula-
tion order. For illustration purposes, we consider the
A → B transmission in Fig. 1.

When terminal B receives the RTS packet, it com-
putes the minimum required power for the A → B
transmission (P(AB)

min ), which is then used as a basis for
determining whether or not the A → B transmission
should go forward. This power is given by:

P(AB)
min =

γ
(

Pthermal + P(B)

MAI

)

GAB
= γ ξ (B) Pthermal

GAB
(8)

= γ ξ (B) Pthermaldn
AB

k
(9)

where Pthermal is the thermal power, P(B)

MAI is the mea-
sured multi-access interference (MAI) at B, GAB =

k
dn

AB
is the channel gain between terminals A and B,

dAB is the distance between A and B, k is an antenna-
dependent constant, n is the path-loss factor, and
ξ (B) def= (Pthermal + P(B)

MAI)/Pthermal is the load factor at
terminal B. This ξ (B) is a measure of the current trans-
mission activity in B’s neighborhood. Setting PAB to
P(AB)

min ensures the minimum energy consumption for
the A → B transmission, but it does not allow for any
additional interference from other (not yet scheduled)
transmissions to take place. Hence, to accommodate
additional interference from to-be-scheduled transmis-
sions (in this case, the C → D transmission), termi-
nal B must choose a higher value for PAB. This is
done by replacing ξ (B) in Eq. 9 by ξ̃ (B), the maximum
load factor at terminal B. The setting of ξ̃ (B) strongly
depends on the energy/throughput tradeoff factor α.
Specifically, if α = 0, the utility function reduces to
an energy-oriented function, so ξ̃ (B) should be set to
ξ (B). On the other hand, if α = 1, the utility function
becomes throughput oriented, and ξ̃ (B) can be chosen
as in [10] (other possible settings can also be made).
In [10], ξ̃ (B) was selected such that the expected per-bit
energy consumption is the same for the IEEE 802.11
scheme (standard CSMA/CA) and the POWMAC pro-
tocol, which resulted in ξ̃ (B) = n + 1. Accordingly, for
CMAC, we take ξ̃ (B) as:

ξ̃ (B) = ξ (B) + [
(n + 1) − ξ (B)

]
α. (10)

Terminal B then sets PAB (used for both the data
and ACK packets) to:

PAB = γ ξ̃ (B) Pthermal

GAB

= γ
(
ξ (B) + [

(n + 1) − ξ (B)
]
α
)

Pthermaldn
AB

k
. (11)

It should be noted that the main factors that affect
the value of PAB are γ (which is a function of the an-
tenna mode and b) and α. Therefore, the transmission
mode and b that result in the minimum value of PAB

among the five possible modes are used in transmitting
a data packet. The value of α should be also examined
for all discretized increments of α’s range, so that it
results in the minimum value of PAB with respect to γ

and α. This minimization aims at maximizing the utility
function u according to Eq. 1.

If P(AB)
min < PAB ≤ min

{
P(A)

MAP, Pmax
}
, the transmis-

sion can go forward. In this case, B needs to calculate
P(B)

MT I . To do this, B first calculates the total additional
interference (P(B)

MAI−add) that B can tolerate from other
to-be-scheduled transmissions while still satisfying its
SNR threshold γ . This P(B)

MAI−add can be expressed
as [10]:

P(B)

MAI−add =
GAB

(
PAB − P(AB)

min

)

γ
(12)

=
(
ξ̃ (B) − ξ (B)

)
Pthermal. (13)

P(B)

MAI−add should account for interferers that
are within the maximum transmission range of B(
P(B)

MAI−inside

)
as well as those that are outside that

range
(
P(B)

MAI−outside

)
. Out-of-range interference can be

estimated by observing the similarity between the role
of a receiver in MANETs and that of a base station in
cellular systems [10]. Accordingly,

P(B)

MAI−outside = β P(B)

MAI−inside (14)

where β ≈ 0.5 for the two-ray propagation model and
uniformly distributed terminals.

As for P(B)

MAI−inside, this interference margin should
be divided equally among all future in-range interfering
transmissions that may be scheduled in the remaining
slots of the AW (the rationale is that the interference
margin is a network commodity that should be distrib-
uted fairly among terminals). Accordingly, terminal B
sets P(B)

MT I as follows:

P(B)

MT I = P(B)

MAI−add

(1 + β)N(A)

AW

. (15)

If a CTS packet is to be transmitted, its transmission
power is set as follows:

P(B)

CTS = min

[

γ Pthermal
ξ̃ (B) Pmax

P(B)

MT I

, ξ̃ (B) Pmax

]

. (16)

The main reason behind transmitting the DTS and
CTS packets at a controlled power is that they reach



Mobile Netw Appl

all and only potentially interfering terminals. This im-
proves the spatial reuse for the control packets them-
selves and reduces their collisions. To further illustrate,
recall that in CMAC, a receiver, say B, sends a CTS
packet that contains collision avoidance information,
namely P(B)

MT I , to bound the transmission power of
potentially interfering neighbors. A terminal, say C,
that hears this packet sets its P(C)

MAP according to Eq. 6.
If the maximum transmission power in CMAC

(
ξ̃ Pmax

)

is less than P(B)

MT I/GCB, the collision avoidance infor-
mation is actually irrelevant to terminal C, and the
CTS packet has reached farther than necessary. In
CMAC, this issue is not harmful as in the IEEE 802.11
scheme, simply because control packets in CMAC do
not prevent neighbors from transmitting. Nonetheless,
one way that CMAC employs to overcome this issue is
to transmit the CTS and DTS packets only to terminals
that can actually make use of the collision avoidance
information. This has the added advantage of reduced
contention among control packets, leading to an in-
crease in the spatial reuse.

It should be noted that an NCTS packet is sent from
A to B to prevent multiple RTS retransmissions from
A, as A will resend its RTS if it does not get a re-
sponse from B. The philosophy behind this design is to
prevent transmissions from taking place over links that
perceive high interference. This consequently increases
the number of active links in the network, subject to
the available power constraints, and limits the energy
consumed in the communication from A to B. Once
A receives the NCTS, it backs off for a random duration
of time, and then resends its packet. The rationale be-
hind this design is that after backing off, A may be able
to transmit its packet to B, as the level of interference
may be reduced at the second trial compared to the first
one. Rerouting the packet is actually not a preferable
choice, as the total delay and overhead increase (since
each intermediate node needs to back off and exchange
control packets). Moreover, chances of collisions are
increased by rerouting, as more nodes are involved in
the rerouting process.

We now explain mathematically the condition of
sending an NCTS packet. According to the load plan-
ning calculations above, sending an NCTS packet
happens when the interference value in the vicinity of B
is greater than the one allowed by the planned loading.
Recall that ξ is the load factor, ξ̃ is the maximum
load factor, and n is the path-loss factor. By comparing
Eqs. 9 and 11, it is clear that the situation PAB < P(AB)

min

occurs when ξ̃ < ξ , i.e., when
[
ξ + [(n + 1) − ξ ]α]

< ξ ,
which yields to ξ > n + 1. In our simulations, we use
n = 4. Therefore, an NCTS is sent when ξ > 5.

4 Performance evaluation

We now evaluate the performance of CMAC and
compare it with three other protocols: IEEE 802.11,
POWMAC, and MIMO-POWMAC [35]. Both IEEE
802.11 and POWMAC use SISO transmissions at a
fixed modulation order. The transmission power in
IEEE 802.11 is fixed, whereas POWMAC implements
TPC to maximize the spatial reuse. MIMO-POWMAC
is a MIMO version of POWMAC that provides multi-
plexing gain but at a fixed modulation order. Note that
POWMAC and MIMO-POWMAC are throughput-
oriented protocols that aim at maximizing the network
throughput regardless of energy consumption.

The four studied protocols achieve the same forward
progress per hop, as the maximum transmission range
is the same for all of them. Consequently, we can focus
on the one-hop throughput. Note that the focus of this
paper is on the MAC design and not on the routing
design. For this reason, we only simulate single-hop
scenarios. It should be noted that it is possible to study
the routing effect by using our design in multi-hop ad
hoc networks. In this case, there will be implications in
terms of topology discovery and routing design, which
are beyond the focus of this paper. Notice that when
a min-hop routing protocol is used and the maximum
transmission range for various protocols is the same
(which is the case in our simulations), the routing will
have no impact on the relative performance of the
various protocols.

It should be noted that in our simulations, we study
the interference effect caused by other contention re-
gions. Recall that CMAC allows for multiple concur-
rent transmissions to take place in the vicinity of a
receiver. To study the interference effect of the MAC
protocol in a distributed setting of a multi-hop net-
work, we break the multi-hop path into multiple single-
hop paths. This way, we do not lose the interference
characteristics of the network. By allowing for concur-
rent transmissions to take place, we allow several links
to contend for the channel, which results in multiple
overlapping contention regions, as shown in Fig. 3. In
this Figure, the dotted circle indicates the transmission
range (contention region) of node B (which transmits
its data to node A), the solid circle indicates the trans-
mission range (contention region) of node C (which
transmits its data to node D), and the dashed circle
indicates the transmission range (contention region) of
node E (which transmits its data to node F).

Data packets are assumed, for simplicity, to be
of equal size. The PSK modulation scheme is used
with b = 1 for IEEE 802.11, POWMAC, and MIMO-
POWMAC, and adaptive b is used for CMAC. A
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Figure 3 Example that shows
multiple overlapping
contention regions in CMAC
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transmission rate of 1 Mbps is used for the fixed-
modulation-scheme protocols. Our setup limits retrans-
mission trials (when collision happens) to 3 for data
packets, and 5 for control packets. Other simulation
parameters are given in Table 1. Figure 4 shows the
SNR values of different antenna modes as a function of
b , obtained from [13]. The possible values of b are all
integers from 1 to 12. We assume that the buffers have
infinite sizes, although in reality the buffers can have
finite sizes. However, given that the cost of a memory is
cheap, it is realistic to assume that the buffers are large.
In this case, the buffer overflow is not necessarily an
issue. Our results are based on simulation experiments
conducted using CSIM (a C-based process-oriented
discrete-event simulation package [36]).

Note that IEEE 802.11, POWMAC, and MIMO-
POWMAC do not consider energy saving, whereas

Table 1 System parameters

Data-packet size 2000 bytes
Transmission range 750 meters
Carrier-sense range 1500 meters
Path-loss factor (n) 4
Pmax 31.6228 mW
Pthermal 2.52 ∗ 10−14 W
κmax 80 μs
NAW 5
Control-packets size 20 bytes
BER 0.001
PDAC 15 mW
PADC 15 mW
Pmix 30.3 mW
P filt 2.5 mW
P filr 2.5 mW
Psyn 50 mW
PLN A 20 mW
PIF A 2 mW
N f 10 dB
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Figure 4 SNR (γ ) values for different antenna modes

CMAC takes care of such factor. Therefore, we study
the energy and throughput performance (via the first
two figures of this section) under an energy-oriented
protocol, namely E-BASIC [34]. The reason that we
do not consider E-BASIC in all simulation figures is
that its performance was extensively studied in our
previous work [34]. Note that E-BASIC is expected
to improve the energy performance over CMAC, as
it exploits MIMO’s diversity gain only. On the other
hand, E-BASIC is expected to result in worse through-
put performance than CMAC, as E-BASIC uses con-
trol packets to silence potentially interfering terminals
(please see Section 1 for more details about E-BASIC).
Therefore, we just study E-BASIC for the first two
figures to show its energy and throughput performance
relative to the other four protocols. Please refer to [34]
for more simulation experiments regarding E-BASIC.

4.1 Random-grid topologies

We first study the performance of the four protocols
under random-grid topologies. In these topologies,
nodes reside in a square area of length 1500 meters.
This area is divided into 25 smaller squares, one for
each terminal (see Fig. 5). The location of the terminal
within a small square is selected randomly. The random
waypoint mobility model [37] is used, with a terminal
speed that is uniformly distributed in the interval [0,2]
meters/second. Each terminal generates packets ac-
cording to a Poisson process of rate λ packets/s (same
for all terminals). The destination terminal is also
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selected randomly from the one-hop neighbors. Unless
stated otherwise, tradeoff factor α is set to 0.2, and
λ = 20 packets/s.

It should be noted that random-grid topologies are
realistic. The random-grid topology models constrained
mobility scenarios. For example, a building could have
various offices, where each office contains one wireless
device (e.g., laptop). Mobility is allowed in that office
(the officer can move the laptop), but it is constrained
to that office (i.e., the officer cannot move the laptop
outside the office). Each such office would map into one
of the smaller squares in Fig. 5. The location of a node
within each grid is randomly selected, which represents
the realistic situation of a laptop within an office.

Figure 6 depicts the average energy consumption per
a correctly received packet (Eavg) versus λ. It shows
that IEEE 802.11 and POWMAC require roughly the
same energy, which is expected because the interfer-
ence margin in both protocols was chosen so that
they consume the same energy per bit. The en-
ergy consumed by MIMO-POWMAC is almost twice
that of POWMAC because of its exploitation of the
MIMO multiplexing gain. Recall that the main goal of
MIMO-POWMAC is to exploit MIMO’s multiplexing
gain. Therefore, MIMO-POWMAC is a throughput-
oriented protocol that aims at maximizing the network
throughput regardless of energy consumption. As a
result, it is not expected to give better energy per-
formance than POWMAC. Instead, it improves the
throughput performance (as shown in the following
figures). CMAC saves a significant amount of energy
relative to those protocols. E-BASIC improves the en-
ergy performance over CMAC, as it exploits MIMO’s
diversity gain only.

1500 meters

1500
meters

random
location

within the
cell

Figure 5 Random-grid topology
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Figure 6 Energy consumption vs. λ (random-grid topologies)

Figure 7 depicts the network throughput versus λ.
Note that in this paper, what we refer to as through-
put is exactly the goodput, i.e., the total number of
correctly-received packets within a duration of time
(packets/s). POWMAC achieves higher throughput
than IEEE 802.11 due to the increase in the number
of simultaneous transmissions. E-BASIC achieves
approximately the same throughput performance
as IEEE 802.11, as both of them use the control
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Figure 8 Energy and throughput performance vs. α (random-grid topologies) (a, b)

packets to silence potentially interfering terminals.
MIMO-POWMAC further improves the throughput of
POWMAC through its MIMO multiplexing gain.
CMAC achieves better throughput performance than
POWMAC, as it adapts the transmission power,
the antenna mode, and the modulation order, but
its throughput is slightly less than that of MIMO-
POWMAC. This is because CMAC accounts for the
energy-throughput tradeoff, and not only throughput as
MIMO-POWMAC does.

Generally, energy and throughput depend on α and
b . The effect of both factors is studied in Fig. 8a and
b, respectively. Both figures show that dynamically op-
timizing b improves the performance compared to the
non-adaptive case (b = 1). It should also be noted that
the lower the α, the better the energy performance,
whereas the higher the α, the better the throughput
performance, which is in line with Eq. 1.

Figure 9 depicts a histogram for the number of si-
multaneous transmissions. The figure shows that using
the MIMO-M mode in MIMO-POWMAC decreases
the number of simultaneous transmissions compared
with the SISO mode of POWMAC. This is due to the
difference in the required SNR values between the two
modes. CMAC has higher likelihood of having one
transmission compared to POWMAC and less than that
for MIMO-POWMAC, which can be explained from
the previous figure. Regarding IEEE 802.11, only one
transmission is allowed in a neighborhood at any time.

Figure 10 depicts the network throughput versus
the transmission range for the various protocols with
λ = 20 packets/s. CMAC improves the throughput
over IEEE 802.11 and POWMAC, whereas MIMO-
POWMAC achieves slightly better throughput perfor-
mance than CMAC, which is in line with the behavior
in Fig. 7. Note that in general the throughput increases
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as the transmission range decreases, as a smaller trans-
mission floor per transmission is reserved at smaller
ranges. This allows multiple transmissions to proceed
concurrently.

Next, we study the impact of data-packet size on the
throughput. We set λ = 20 packets/s. The throughput is
shown in Fig. 11 for different packet sizes. For IEEE
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Figure 12 Energy consumption vs. data-packet size (random-
grid topologies)

802.11, the throughput slightly increases as the packet
size grows. This is because the overhead is fixed for
both small and large packets. The improvement in
throughput is more magnified for CMAC, POWMAC,
and MIMO-POWMAC because of the more significant
effect of the contention overhead.

The impact of the data-packet size on the energy
performance for the four protocols is studied in Fig. 12.
The figure shows that the energy consumption de-
creases as the packet size increases. The reason is that
the fraction of energy consumed on control packets
compared to data packets is smaller when data packets
are larger.

To conclude this section, we show in Table 2 the
percentage of antenna modes used for CMAC under
various α values. This table shows that MIMO-D is used
more often than the other modes when α is small (e.g.,
0.2) due to the fact that under such a small value of α,
diversity gain is more preferable than multiplexing gain.
Moreover, MIMO-D is more preferable than the other
diversity modes according to the transmitter-receiver
distance, as MIMO-D achieves less total energy
consumption than the other diversity modes when the
transmission energy dominates the circuit energy. For

Table 2 Percentage of used antenna modes for random-grid
topologies

Antenna mode α = 0.2 α = 0.4 α = 0.6 α = 0.8

MIMO-D 62% 54% 14% 7%
SIMO-D 12% 10% 4% 2%
MISO-D 10% 9% 3% 1%
MIMO-M 9% 21% 77% 89%
SISO 7% 6% 2% 1%
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large values of α (e.g., 0.8), MIMO-M is used more
often than the other modes, as multiplexing gain be-
comes more preferable than diversity gain.

4.2 Clustered topologies

In this section, we study the performance under “clus-
tered” topologies. The network has an area of 600 ×
600 square meters, in which 16 terminals are split into
4 clusters. The clusters are located at the corners of the
network area and each has an area of 100 × 100 square
meters. Each source terminal selects its destination
from the same cluster with probability 1 − p, and from
a different cluster with probability p. A sketch of a
clustered topology is shown in Fig. 13. Unless stated
otherwise, tradeoff factor α is set to 0.2, and λ = 20
packets/s.

A clustered topology is commonly used in situa-
tions where wireless devices are spread over multiple
buildings. Intra-cluster communications correspond to
communications between different devices in the same
building. Inter-cluster communications correspond to
communications between devices in different buildings.
The destination can be either within the same building
(which represents a cluster), or it can be in different
buildings. To further explain this situation, consider
Fig. 13. The big square represents an area that consists
of four buildings. Each square that lies at one of the
corners of the big square represents a building. The
four nodes within each small square represent wireless
devices (e.g., laptops), which are randomly located in

600 meters

            600 metersProbability of inter-cluster
communications =   p

100 meters

100
m

eters

4 nodes per cluster

Figure 13 Clustered topology
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Figure 14 Energy consumption vs. λ under clustered topologies
(p = 0.5)

each building. Each node within a small square (which
represents a laptop) has the ability to communicate
(with a probability of 1 − p) with another laptop among
the same building, and with other laptops in the other
buildings (with a probability of p).
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Figure 14 depicts the total energy consumption ver-
sus λ at p = 0.5. The figure shows the significant
increase in energy consumption that is needed to sup-
port the MIMO-M mode for MIMO-POWMAC, which
is close to twice that of the SISO mode for POWMAC.
CMAC achieves a significant improvement in energy
efficiency relative to IEEE 802.11, POWMAC, and
MIMO-POWMAC. The same reasons mentioned for
Fig. 6 apply here. As in random-grid topologies, the
energy and throughput performance depends on α and
b . The lower the α, the better the energy performance,
whereas the higher the α, the better the throughput
performance as shown in Fig. 8a, b, respectively.

Figure 15 depicts the network throughput versus
λ at p = 0.5. The figure shows that CMAC achieves
better throughput performance than IEEE 802.11 and
POWMAC, and slightly less than that of MIMO-
POWMAC.

Note that for small values of p, a terminal commu-
nicates mostly with terminals within its own cluster;
thus requiring much less transmission power than Pmax.
We now study the energy and throughput performance
under a smaller value of p to highlight the effect of p.
Figure 16 compares the energy consumption of CMAC
with that of the other protocols at p = 0.25. This
figure shows that a significant improvement in energy
consumption is achieved by CMAC compared to the
results of p = 0.5 due to the reasons mentioned above.
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(p = 0.25)
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Figure 17 Network throughput vs. λ under clustered topologies
(p = 0.25)

Note that IEEE 802.11 is the only protocol among
the four compared protocols that does not benefit from
the locality of the traffic, as all terminals are within the
carrier sense range of each other.

The effect of changing the value of p on the through-
put is studied in Fig. 17, which depicts the throughput
of the four protocols at p = 0.25. This figure shows that
CMAC achieves better throughput with smaller values
of p, as previously discussed.

5 Conclusions

In this paper, we proposed a power-controlled protocol,
coined CMAC, for MIMO-capable wireless networks
with two antennas per node. CMAC combines diversity
and multiplexing gains, and allows for dynamic adapta-
tion of these gains to maximize a utility function that
depends on both the energy consumption and through-
put. The protocol has the ability to adapt the antenna
mode, the transmission power, and the modulation or-
der on a per-packet basis. Generally, energy-oriented
optimizations come at the cost of reduced network
throughput. In this paper, we accounted for the energy-
throughput tradeoff by combining both in one utility
function. We studied the performance of CMAC via
simulations in two types of ad hoc topologies, and
compared it with three other MAC protocols. Simula-
tion results showed that CMAC achieves a significant
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improvement in the overall energy consumption and
the throughput relative to non-adaptive protocols.
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