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Abstract—Radio spectrum resource is of fundamental impor-
tance for wireless communication. Recent reports show that
most available spectrum has been allocated. While some of
the spectrum bands (e.g., unlicensed band, GSM band) have
seen increasingly crowded usage, most of the other spectrum
resources are underutilized. This drives the emergence of open
spectrum and dynamic spectrum access concepts, which allow
unlicensed users equipped with cognitive radios to opportunisti-
cally access the spectrum not used by primary users. Cognitive
radio has many advanced features, such as agilely sensing
the existence of primary users and utilizing multiple spectrum
bands simultaneously. However, in practice such capabilities are
constrained by hardware cost. In this paper, we discuss how
to conduct ef�cient spectrum management in ad hoc cognitive
radio networks while taking the hardware constraints (e.g., single
radio, partial spectrum sensing and spectrum aggregation limit)
into consideration. A hardware-constrained cognitive MAC, HC-
MAC, is proposed to conduct ef�cient spectrum sensing and spec-
trum access decision. We identify the issue of optimal spectrum
sensing decision for a single secondary transmission pair, and
formulate it as an optimal stopping problem. A decentralized
MAC protocol is then proposed for the ad hoc cognitive radio
networks. Simulation results are presented to demonstrate the
effectiveness of our proposed protocol.

Index Terms—Cognitive MAC, open spectrum, optimal spec-
trum sensing, spectrum aggregation.

I. I NTRODUCTION

CURRENT usable radio spectrum has almost been allo-
cated to various spectrum-based services, which hinders

the further advance and innovation of wireless communication.
However, recent reports indicate unbalanced use in different
spectrum bands: with a small portion of spectrum (e.g.,
cellular band, unlicensed band) increasingly crowded, most
of the rest allocated spectrum is underutilized [9][10].

With the underutilization of valuable spectrum resource and
greatly increased demand of spectrum for wireless communi-
cation services, more efÞcient spectrum management schemes
are needed. Open spectrum and dynamic spectrum access
systems have drawn great interest recently [21][22]. In these
systems, licensed users (primary users) have high priority to
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use their spectrum; meanwhile, when the spectrum is not
used by primary users, unlicensed users (secondary users) are
allowed to opportunistically access that spectrum to enable
communication or improve service quality. There are several
major projects within the scope of open spectrum and dynamic
spectrum access, such as DARPA XG program [11][12],
DIMSUMnet project [13], DRiVE/OverDRiVE project [14],
etc. The fundamental hardware requirement for the open
spectrum is cognitive radio, which is a type of radio that
has the ability to intelligently recognize the status of radio
spectrum environment and adaptively change its transmission
parameters such as transmission frequency and bandwidth,
power efÞciency, modulation schemes, etc.

In this paper, we investigate the Media Access Control
(MAC) protocol which is of signiÞcant importance in ad hoc
cognitive network. The cognitive MAC should fully utilize the
advanced capability provided bycognitive radio to optimize
the network performance. SpeciÞcally, cognitive MAC should
make efÞcient sensing decisions to explore spectrum opportu-
nity which is different from the physical layer issue of how
to detect the existence of primary signal, and to utilize such
opportunity to conduct data transmission. Since there is no
centralized manager in an ad hoc cognitive radio network, such
sensing and accessing operationsmust be coordinated among
multiple secondary users, which brings further challenges.

Several cognitive MAC protocols have been proposed in
the literature to address various issues in cognitive network
[4][2][5][18]. However, all these protocols pay little attention
to the hardware limitation of cognitive radio. They either
assume multiple radios for each secondary device or assume
full spectrum sensing ability for wide spectrum band. To
the best of our knowledge, Decentralized Cognitive MAC
(DC-MAC) is the Þrst work that assumes the partial sensing
ability of cognitive radio in a spectrum management system
and studies a joint sensing and transmission decision [3].
However, the inßuence of sensing overhead for the multi-
channel opportunity has not been fully considered. Besides the
open spectrum context, there are also many existing research
works about multiple channel MAC design. The absence
of primary users makes them fundamentally different from
cognitive MAC design.

Different from the existing approaches, we consider hard-
ware limitations of practical cognitive radios. We identify
two types of hardware constraints of a cognitive radio: (1)
sensing constraint: for a given geometrical area, spectrum
opportunity of interest may span a wide range of bandwidth.
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(a) Approximation results for 1-stage, 2-stage and 3-stage look-ahead.
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(b) Difference between 1-stage (2-stage) and optimal.
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(c) Results for optimal stopping, 1-stage look-ahead and Þxed channel
scheme.

Fig. 3. Numerical results for approximation rules (c = 10 , p = 0 .5, W =
6, F = 2 ).

C. Complexity Reduction

Such a backward induction solution is a type of dynamic
programming, which has the exponential complexity. For a
small number of channels, direct computation is possible.
However, with the increase of the number of channels,
computation time grows exponentially. For a practical MAC
protocol, we have to reduce the computational complexity to

a reasonable level. In the following, we introduce thek-stage
look-ahead rules to approximate the optimal stopping rule.

The k-stage look-ahead rules decide at each stage whether
to stop or continue, according to whether the optimal rule
among those truncatedk stages ahead stops or continues. Thus
at stagen, if the optimal rule among those truncated atn + k
continues, thek-stage look-ahead rules continue; otherwise,
the k-stage look-ahead rules stop. The stopping timeNk is
deÞned as

Nk = min { n � 0 : yn (x1, . . . , xn ) �

E [V (n + k)
n +1 (x1, . . . , X n +1 , . . . , X n + k )|X 1 = x1, . . . , X n = xn ]} .

(9)

Whenk = K Š n, it is optimal. This is the tradeoff between
the performance of optimality and computational cost.

We use numerical results to show the degree of approxi-
mation. Figure 3 shows the approximation results, with the
parametersc = 10, p = 0 .5, W = 6 , F = 2 . For each run,
we randomly generate the availability (0, 1) according to the
parameterp. We apply different sensing strategies and get the
results ofyn . The throughput is averaged over 200 random
runs. Figure 3(a) shows the results when we vary the number
of stages look-ahead (k = 1 , 2, 3) and the number of channels.
We can see the difference between 1-stage look-ahead andk-
stage look-ahead (k > 1) is small. They tend to converge for
large channel numbers. According to the numerical results in
Figure 3(b), 1-stage or 2-stage look-ahead is almost optimal.
Since the optimal solution is the up-bound limit fork-stage
look-ahead rules whenk is approaching the total channel
number, we can approximate the optimal result using 1-stage
or 2-stage look-ahead approach. As a comparison, if a Þxed
number of channels are sensed, the results will be much worse
than the optimal or the approximation ones, as shown in
Figure 3(c). Optimal stopping and its approximation results
are always better because their decisions in each sensing slot
are based on the observations so far.

IV. HC-MAC: H ARDWARE-CONSTRAINED

MULTI -CHANNEL COGNITIVE MAC

In this section, we present the design for our proposed
hardware-constrained multi-channel cognitive MAC protocol,
HC-MAC. Some necessary assumptions are summarized as
follows.

1) There are totallyN adjacent channels of interest,
{ chi } N . Here the term channel refers to the physical
channel which is a spectrum band with a certain amount
of bandwidth. We do not consider the logical channels
such as different coding schemes in Code Division
Multiple Access (CDMA). For simplicity, we assume
each channel has the same bandwidthB .

2) A common channelch0 is available for secondary
users at any time. This can be the unlicensed band in
practice. This common channel is used as the control
channel where secondaryusers make competition and
collaboration as described later.

3) Primary users useN channels for their data transmis-
sions. The states ofN channels at timet in any location
of the area are given by{ X 1(t), X 2(t), . . . , X N (t)}
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Fig. 5. State transition diagram of HC-MAC.

overhearing these packets defer their sensing and transmission,
and wait for the notification from this transmission pair or a
timeout.

When a transmission is finished, other neighboring nodes
contend the control channel with random backoff. Each of
them chooses a backoff counter within a contention window.
Each node maintains a variable cw, the contention windows
size, which is reset to a minimal value initially. The counter is
deducted by one after each contention slot. When the backoff
counter reaches zero, the node will try to reserve the control
channel by sending a C-RTS to the destination. If the C-RTS
packets from neighboring nodes collide, they will double their
contention windows. The node with the smallest contention
window wins, and starts the next stage while other nodes
freeze the counter until next contention period.

2) Sensing: A transmission pair which wins the contention
will reserve the channels and start to sense the spectrum. The
sensing phase has one or several sensing slots, each of which
includes the actual spectrum sensing and negotiation between
sender and receiver. Since the sender and receiver are now
synchronized, they sense each channel with the same amount
of time interval ts. After getting the results, the sender will
send an S-RTS to the receiver including the availability indi-
cator. Upon receiving S-RTS, the receiver will reply with an
S-CTS packet. Upon a successful exchange is made between
them, the spectrum availability for this channel is observed.
Thus, another overhead comes from such exchange of S-RTS
and S-CTS, which is denoted by te. The total cost to obtain
the status information of a channel is t = ts + te.

A sensing stopping or continuing decision is made at the
end of each spectrum sensing slot. The decision follows the
optimal stopping rule described previously. The unit spectrum
sensing time t, the maximum transmission time T and the
hardware constraints (we assume they are identical for all sec-
ondary nodes) are used to achieve the stopping decision. The

Fig. 6. An example of 2 competing flows.

decision is made by the sender and receiver simultaneously
and does not need any further negotiation.

For the probability of channel availability, they are assumed
to be known for the secondary nodes. If the probability is not
known in advance, the probability can be estimated with the
information collected at each sensing of the channels. If chan-
nel conditions are similar for all the channels, the aggregated
information for all channels is used to estimate the common
availability probability; otherwise, separated probability is
estimated for each of the channels. An estimation window
with the size EW can be used to approximate the probability
with the information collected within the past EW sensing
slots. The previous estimation between the sender and receiver
must be synchronized, otherwise different decisions will occur.
This is achieved by piggybacking RTS/CTS exchanges in
contention and sensing stages. Each RTS/CTS exchanges the
estimation, while the final decision uses the average of these
two.

3) Transmission: After the transmission pair makes the
stopping decision, they begin to use a set of available channels
to transmit packets. The transmission can include multiple data
packets and corresponding ACK packets. The maximum trans-
mission time is equal to T . After finishing the transmission,
the sender will send a T-RTS to announce the completion of
transmission; upon receiving the T-RTS, the receiver replies
T-CTS. This information exchange ends the deferring of the
neighboring nodes and starts the next round of contention.

One simple example is shown in Figure 6, where pairs
A-B and C-D contend for transmission. After pair A-B
obtains the control channel ch0 (indicated by the number in
the parenthesis) via C-RTS/C-CTS control message exchange,
pair A-B starts to sense while pair C-D freezes its state and
backs off. When it finishes sensing two channels (ch1, ch2)
and exchanging S-RTS/S-CTS messages, pair A-B makes a
decision to stop sensing and enters into transmission stage.
It uses the two available channels simultaneously to transmit
DATA packets and the associated ACK packets. When the
maximum transmission time T is almost expired, it stops trans-
mission and switches back to the control channel. To notify
the completing of spectrum usage, T-RTS/T-CTS messages are
sent. Upon receiving this last message exchange, pair C-D
resumes its counting down of the back off timer and competes
with pair A-B for the next round of spectrum usage.
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Fig. 7. 1 primary user and 2 secondary pairs.

Fig. 8. The throughput with different Þxed numbers of sensing channels.

V. PERFORMANCEEVALUATION

In this section, we present the simulation results for the
performance evaluation of the protocol. The simulations are
conducted by ns-2 [20]. We Þrst consider a fully connected
topology consisting of 2 transmission pairs covered by a
single primary user. The results of HC-MAC and a scheme
using a Þxed number of sensed channels are compared. The
performance of secondary users under different primary trafÞc
usages and different transmission parameter setups is evalu-
ated. The adaptation feature of HC-MAC is also demonstrated.
After that, spectrum heterogeneity with fully connected topol-
ogy is investigated with 2 primaryusers covering different sets
of secondary users. Random topology is simulated to manifest
the inßuence of primary user and secondary user density.

In all of the following simulation setups, the bandwidth
of each channel is 1MHz, and the secondary users have
the same hardware constraints, maximum spread bandwidth
W = 6 channels, and maximum fragmentsF = 2 fragments.
Saturated CBR trafÞc ßows are used by secondary users.

In many of the simulations below, we compare our HC-
MAC which makes intelligent sensing decision with the intu-
itive scheme which Þxes the number of channels sensed.

Fig. 9. The throughput with different total numbers of channels.

Fig. 10. The throughput with different probability of channels availability.

A. Fully-Connected, Spectrum-Homogeneous Topology

Figure 7 shows the Þrst considered topology, where one
primary user covers two secondary transmission pairs. These
two pairs are fully connected, thus the performance difference
due to the topology is avoided. Inaddition, the spectrum op-
portunities exposed to two pairs are identical. The performance
comparison for our MAC protocol with optimal stopping
approximation (1-stage look-ahead) and with Þxed number
of sensed channels is given in Figure 8. The approximation
scheme is better than the Þxed scheme which is consistent
with our previous numerical results. We also examine the
performance under different parameter settings. As shown
in Figure 9, with increasing number of total channels, the
throughput of secondary users increases. This is because more
bandwidth can be used simultaneously. In Figure 10, when
the probability of channel availability increases, the secondary
throughput is also increased. Similar observation is shown in
Figure 11 for maximum transmission time interval.

We further present the performance of HC-MAC under the
situation when primary userÕs spectrum usage varies. The
result is compared with the Þxed scheme with a certain
value for the number of sensed channels in Figure 12. Since
our scheme is adaptive in that the exploration of spectrum
opportunity is according to the actual primary spectrum usage,






