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Abstract— The cognitive radio (CR) paradigm calls for open
spectrum access according to a predetermined etiquette. Under
this paradigm, CR nodes access the spectrum opportunistically by
continuously monitoring the operating channels. A key challenge
in this domain is how the nodes in a CR network (CRN)
cooperate to access the medium in order to maximize the CRN
throughput. Typical multi-channel MAC protocols assume that
frequency channels are adjacent and that there are no constraints
on the transmission power. However, a CRN may operate over a
wide range of frequencies, and a power mask is often enforced
on the transmission of a CR user to avoid corrupting the
transmissions of spectrum-licensed primary-radio (PR) users. To
avoid unnecessary blocking of CR transmissions, we proposea
novel distance-dependent MAC protocol for CRNs. Our protocol,
called DDMAC, attempts to maximize the CRN throughput. It
uses a novel probabilistic channel assignment mechanism that
exploits the dependence between the signal’s attenuation model
and the transmission distance while considering the trafficprofile.
DDMAC allows a pair of CR users to communicate on a channel
that may not be optimal from one user’s perspective, but that
allows more concurrent transmissions to take place, especially
under moderate and high traffic loads. Simulation results indicate
that compared to typical multi-channel CSMA-based protocols,
DDMAC reduces the blocking rate of CR requests by up to30%,
which consequently improves the network throughput.

Index Terms— Cognitive radio networks, spectrum access,
distance-awareness, traffic-awareness, MAC protocols.

I. I NTRODUCTION

Spectrum measurements by FCC and other organizations
(e.g., XG DARPA initiative) indicate significant temporal and
geographical variations in the utilization of the licensedspec-
trum, ranging from15% to 85% [1]. These measurements
motivated the need for a new technology that improves spec-
trum utilization without degrading the performance of licensed
primary radio networks (PRNs). To cope with the rising demand
in unlicensed wireless services, cognitive radio (CR) technology
has been proposed. This technology allows an open access to
the spectrum subject to a predetermined etiquette. In a cognitive
radio network (CRN), users are aware of the radio frequencies
used by existing legacy networks, and they opportunistically
adapt their communication parameters to be able to communi-
cate without affecting active PR users.

A CRN has unique characteristics that distinguish it from
traditional multi-channel wireless networks. Unlike tradi-
tional wireless networks, which typically occupy contiguous
bands [2]–[4], a CRN is expected to operate over a set of
widely-separated non-contiguous frequency bands. Communi-
cation on such bands exhibits different RF attenuation and
interference behaviors. It is well known that signal attenuation
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increases with the distance between the two communicating
users and also with the carrier frequency used for communica-
tion [5]. Therefore, when assigning transmission channelsin a
CRN, it is necessary to consider the signal attenuation model
and the interference conditions to improve spectrum utilization.
Another characteristic of a CRN is that users must operate using
a relatively low transmission power (i.e., abide by a power
mask) to avoid degrading the performance of the PR users [4].
These peculiar characteristics call for new MAC protocols that
efficiently utilize the available spectrum while improvingthe
overall network throughput.

A. Motivation

Channel assignment mechanisms in traditional multi-channel
wireless networks typically select the “best” channel, or set
of channels, for a given transmission (e.g., [3], [6], [7]).In
these mechanisms, thebest channel is often defined as the
one that supports the highest rate. We refer to this approach
as thebest multi-channel(BMC) approach. When the BMC
approach is employed in a CRN, the blocking probability for
CR transmissions, defined as the percentage of CR packet
requests that are blocked due to the unavailability of a feasible
channel assignment, can increase, leading to a reduction inthe
network throughput. To illustrate, consider an environment in
which two PRNs and one CRN coexist. PRN1 operates over
a low-frequency band (CH1), while PRN 2 operates over a
high-frequency band (CH2). Suppose that PRN2 introduces
a higher average PR-to-CR interference. Consequently, a CR
receiver experiences a higher average signal-to-interference-
plus-noise ratio (SINR) overCH1 than overCH2. Assume
that two CR usersA andC need to send data to CR usersB and
D, respectively (see Figure 1). Also assume that the distance
betweenA and B (dAB) is less than that betweenC and D
(dCD). Figure 1(a) shows that when the CR users employ the
BMC approach, the transmissionA → B usesCH1, whereas
the transmissionC → D usesCH2. A → B is allowed
to proceed because it operates over a low carrier-frequency
channel with low PR-to-CR interference for a short transmis-
sion distance. On the other hand,C → D requires relatively
higher transmission power to overcome the high attenuation
associated with the high-frequency/high-interference channel
and the long transmission distance. If the required transmission
power exceeds the specified power mask,C → D cannot
proceed. However, bothA → B andC → D have much better
chances of proceeding simultaneously if each CR transmitter
selects channels while keeping in mind the constraining power
mask of the other transmitter (Figure 1(b)).

As a numerical example, assume that PRN 1 and PRN 2
operate in the900 MHz and 2.4 GHz bands, respectively.
Assume thatdAB = 10 meters anddCD = 50 meters. Also
assume that a CR transmission is successful if the received
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SINR over the selected channel is greater than the SINR
threshold. For both channels, we set the SINR threshold and the
interference mask to5 dB and60 mW, respectively. Assume
that CR receiversB andD experience the same level of total
interference over both channels (0.05 µW). Given the above
parameters and using the propagation model in [8] with path
loss exponent of2, the required transmit powers overCH1
and CH2 for A → B are 2.2 mW and16 mW, respectively.
For C → D, these powers are56.18 mW and 399.5 mW.
According to the BMC scheme (Figure 1(a)),A → B can
proceed overCH1 (the power mask is not violated), whereas
C → D cannot proceed overCH2 (the required transmit power
exceeds the power mask). On the other hand, ifA → B uses
CH2 andC → D usesCH1, both transmissions can proceed
simultaneously (Figure 1(b)).
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(b) Distance-dependent chan-
nel assignment

Fig. 1. Scenarios in which two CR transmissions can/cannot proceed
simultaneously.

It is worth mentioning that in a given (one-hop) neigh-
borhood, theoptimal channel assignment that maximizes the
number of simultaneous CR transmissions can be formulated
as an integer linear programming (ILP) problem [9], [10].
Since computing the optimal solution for the ILP problem
grows exponentially with the size of the network [9], heuristic
algorithms with suboptimal performance are needed. Such
algorithms should attempt to compute channel assignment with
reasonable computational/communication overhead.

B. Contributions

In this work, we develop a novel CSMA-based MAC protocol
that aims at enhancing the throughput of the CRN subject to
a power mask constraint. The proposed protocol (DDMAC)
employs an intelligent stochastic channel assignment scheme
that exploits the dependence between the RF signal attenuation
model and the transmission distance while taking into con-
sideration the local traffic conditions. The channel assignment
scheme accounts for the interference conditions and the power
constraints at different bands. In particular, the scheme assigns
channels with lower average SINR to shorter transmission
distances, and vice versa. In addition, our scheme associates
more preferable channels to the most frequent transmission
distances and less preferable channels to the less frequent
distances. In other words, the assignment process identifies
a “preferable” channel list for each CR user. Such a list
indicates which channels are preferable to use depending onthe
estimated distance between the transmitter and the receiver. We
propose two variants for the channel assignment scheme. The
first variant is suitable for offline planning of spectrum sharing

in networks with known deployment and traffic patterns. In this
case, there is no need for distance-traffic pattern prediction. The
second variant is suitable for online dynamic network operation
with unknown traffic patterns. To estimate the distance-traffic
pattern in a given neighborhood, the second variant employsa
stochastic learning technique that adapts to network dynamics
(i.e., mobility, interference conditions, and traffic conditions).
The primary advantage of our assignment scheme is that it is
based on passive learning. This is because in DDMAC, CR
users always listen to the control channel in order to overhear
control-packet exchanges, including those not destined tothem.
CR users use the control information to identify the preferable
channels.

DDMAC has the following attractive features:
• It does not make any assumptions about the activity pat-

terns of the underlying networks or about user distribution.
• It is easy to implement in practical settings and its pro-

cessing overhead is small.
• It is transparent to PR users, i.e., does not require coordi-

nation with them.
• It inherently improves the fairness among CR users, com-

pared to typical multi-channel CSMA-based protocols.
• Under low load and several available channels, DDMAC

gracefully degrades to the BMC approach.
To evaluate the performance of DDMAC, we conduct simula-
tions over a dynamic CRN with mobile users. Our simulation
results show that by being distance- and traffic-aware, DDMAC
significantly improves network throughput while preserving
fairness. The results also indicate that compared with typical
multi-channel CSMA-based protocols, DDMAC decreases the
connection blocking rate in a CRN by up to30%. By injecting
artificial errors into the estimated distances, our evaluation
reveals that DDMAC is robust against estimation errors.

It should be noted that selecting a preferable channel list was
also proposed in the MMAC protocol [11]. However, MMAC
does not support multiple-channel assignment (it is limited
to one channel per user). Specifically, the channel selection
criterion in MMAC is to use a channel with the lowest count
of source-destination pairs that have selected the channel. In
DDMAC, the preferable channel list per node is constructed
by accounting for the challenges associated with CRs (i.e.,low
transmit power, presence of PR users, widely-separated non-
contiguous available bands). Unlike DDMAC, the objective in
MMAC was not to address spectrum sharing while improving
the overall throughput, but rather to handle multi-channel
hidden terminals using a single transceiver and to balance
the channel usage over all available channels. In addition,
MMAC requires global network synchronization, which is not
a requirement in DDMAC.

C. Organization

The rest of this paper is organized as follows. Section II
gives an overview of related work. In Section III-A, we
introduce our system model and state the main assumptions.
The SINR analysis is presented in Section III-B. Section III-C
illustrates the effect of the carrier frequency and transmission
distance on the path loss. In Section IV, we formulate the
optimal channel assignment problem. Section V introduces
our proposed distance- and traffic-aware channel assignment
algorithm. Section VI describes the proposed DDMAC protocol
and outlines its benefits and associated overhead. We evaluate
DDMAC in Section VII. Finally, Section VIII gives concluding
remarks.
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II. RELATED WORK

Recently, several attempts were made to develop MAC
protocols for CRNs (e.g., [6], [12]–[16]). In [6], the authors
developed a CRN MAC protocol with a common control chan-
nel. This protocol jointly optimizes the channel/power/rate as-
signment, assuming a given power mask on CR transmissions.
DC-MAC [12] is a cross-layer distributed scheme for spectrum
allocation/sensing. It provides an optimization framework based
on partially observable Markov decision processes, assuming
that PR and CR users share the same slotted transmission
structure. In [13], the authors investigated continuous-time
Markov models for dynamic spectrum access in open spectrum
wireless networks. Using such models, a distributed random
access protocol is proposed to achieve airtime fairness between
dissimilar unlicensed users.

The FCC defined theinterference temperature model[17],
which provides a metric for measuring the interference ex-
perienced by licensed receivers. In [14], the authors studied
the issue of spectrum sharing among a group of spread-
spectrum users subject to constrains on the SINR and on the
interference temperature. In [18], the interference temperature
model was used for optimal selection of spectrum and trans-
mission powers for CR users. In [16], the authors proposed
a decentralized channel-sharing mechanism for CRNs based
on a game-theoretic approach for both cooperative and non-
cooperative scenarios. In [19], the concept of a time-spectrum
block is introduced to model spectrum reservation in a CRN.
Based on this concept, the authors presented centralized and
distributed CRN protocols with a common control channel for
spectrum allocation.

The above protocols were designed without exploiting the
dependence of the number of allowable CR transmissions on
the carrier frequency and the transmission distance. They are
limited to the analytical aspects of MAC design, with no
complete operational details. To the best of our knowledge,
DDMAC is the first CRN MAC protocol that aims at improving
the CRN throughput by exploiting the dependence on the RF
signal’s attenuation model and the transmission distance while
considering the prevailing traffic and interference conditions.

III. PRELIMINARIES
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Users in PRN1


Users in PRN2


Fig. 2. Example of an opportunistic CRN that coexists with two PRNs.

A. Network Model

We consider a CRN with decentralized control (i.e., an ad hoc
network). This CRN coexists geographically withM different
PRNs. PR users are legacy radios that cannot be controlled by
the CRN. Figure 2 shows a conceptual view of the scenario
under consideration withM = 2. The PRNs are licensed to

Fig. 3. Operating spectrum in the hybrid network.

operate over non-overlapping frequency bands. We assume that
all the PRN bands have the same bandwidth (BW ). In reality,
a PRN may occupy multiple, non-contiguous, frequency bands.
Such a PRN can be easily represented in our setup by using
multiple equal-bandwidth virtual PRNs, each operating over its
own carrier frequency. For theith PRN, we denote its carrier
frequency byfi. As shown in Figure 3, the available bandwidth
(BW ) of a PRN is divided intoL adjacent but non-overlapping
frequency channels each of Fourier bandwidthW (in Hz). Such
L channels are collectively referred to as a band. LetN denote
the total number of channels in all bands;N = LM .

Without loss of generality, we assume thatBW is sufficient
to support at least one CR transmission. This is an acceptable
assumption in many wireless systems that are built to operate
in the unlicensed bands, including IEEE 802.11/a/b/g-compliant
devices. Each CR user is equipped withnt radio transceivers,
1 ≤ nt ≤ L, that can be used simultaneously. In theory, a CR
user can transmit over an arbitrary segment of the available
bandwidth by using tunable filters. In practice, however, a CR
typically implements a bank of fixed filters, each tuned to a
given carrier frequency with fixed bandwidth, allowing the CR
user to choose from a fixed number of channels. In our setup,
we assume the latter (more practical) capability, which canbe
used to approximate the tunable filter scenario.

To avoid corrupting the transmissions of licensed users, a
mask is enforced on the transmission power of a CR user
over each band, i.e,P (i)

t ≤ P
(i)
mask, i = 1, 2, . . . , M . The

determination of an appropriate power mask is an important
topic, which has been investigated under certain simplifying
assumptions (e.g., [18], [20]). The spectrum sharing proto-
cols in [18] and [20] were designed such that the maximum
transmission powers of CR users over various bands are dy-
namically computed based on the PR’s interference margins
(set by the FCC) and local traffic conditions. In [20], the
authors provided aneighborhood-dependentadaptive power
mask on CR transmissions that ensures a statistical (soft)
guarantee of the outage probability of PRNs (the probability
that the total interference power at a PR receiver exceeds
the maximum tolerable interference). The authors provided
closed-form expressions for the resulting power mask. For our
purposes, we assume that a similar mechanism for determining
the power mask is in place. A CR user transmits data to
other CR users using the maximum allowable power vector
Pmask. When not transmitting, a CR user is capable of
measuring the total noise-plus-interferenceI(i) over all bands
i = 1, 2, . . . , M1. This requires a wideband sensing capability
with a narrowband resolution. The technology to support such

1The quantityI(i) includes the PR-to-CR interference as well as the thermal
noise.
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M Number of PRNs
L Number of channels in a PRN

N , N N is the total number of channels,N = {1, . . . , N}
BW , W Bandwidth of a band and a channel, respectively

nt Number of transceivers per CR user
Pt

(i) CR transmit power

P
(i)
mask

Interference power mask on channeli

I(i) Noise-plus-interference over channeli

SINR(i)
j Measured SINR over bandi at receiverj

PL(fi) Path loss associated with bandi
Pr(fi) Received power at a CR receiver over bandi

d Transmitter-receiver distance
J Set of all CR transmission requests in a locality

c
(i)
j

ith selected channel’s data rate for transmissionj

Cj Rate demand of thejth CR transmission
µ∗

i SINR threshold over channeli
mj Number of selected channels for thejth transmission
Mj Mj is the set ofmj selected channels for thejth transmission
R Random variable represents the distance to the intended receiver

Rc , rc RC is the transmission region,Rc = πr2
c

Ri ith ring around a CR in static channel assignment
ri, ri−1 Radii that defineRi, i = 1, . . . M

Di ith ring around a CR in dynamic channel assignment
di, di−1 Radii that defineDi

m Number of non-overlappingDi rings
Twin Observation window time
pi(t) Probability ofDi at timet
p̃i(t) Weighted average ofpi(t)

α Forgetting factor
Ωi(A), K CR A’s preferable channel list for regioni, i = 1, ..., K

CCL(A,B) Common channel list available forA → B transmission
Φ(A, B) Preferable available channels forA → B transmission

TABLE I

SUMMARY OF NOTATIONS USED IN THE PAPER.

capability is readily available through a wideband antenna, a
power amplifier, adaptive filters, and a DSP technique called
cyclostationary feature detection [21], [22]. Thus, a CR user can
simultaneously sense several GHz-wide bands and estimate the
instantaneous interference over each band [22]. Alternatively, a
sequential partial sensing approach can be employed at the cost
of negligible switching/sensing overhead [21], [23]. It isworth
mentioning that off-the-shelf wireless cards can readily serve as
a fully functional wideband multi-channel CR interface. Such
an interface enables a CR user to perform analysis of the RF
spectrum (i.e., sensing) in real time.

B. Analysis of the Average SINR

Based on the aforementioned characteristics of the CRN, the
average measured SINR (SINR) at a CR receiver at a given time
over bandi is mainly determined by: (1) the path loss associated
with that band (PL(fi)); (2) the average interference over that

band (I
(i)

), which can be estimated based on the sensing history
and the spectrum occupancy statistics (e.g., using the techniques
in [12], [24]; and (3) the enforced power maskP

(i)
mask. Formally,

SINR
(i)

(dB) is given by:

SINR
(i)

(dB) = P
(i)
mask(dB) − PL(fi)(dB) − I

(i)
(dB). (1)

Note that in [25] and [26], it was shown that for a given CRN
and due to PRN’s activity, CR users that are far away from each
other can experience different average interferenceI

(i)
, which

may vary with time. On the other hand, CR users in close
proximity typically share the same view of the surrounding RF
environment.

Table I summarizes the main notation used in the paper.

C. Carrier Frequency and Distance Effects on Path Loss

In this section, we discuss the effect of the carrier frequency
and transmission distance on the path loss. For a given carrier
frequencyf , let do(f) be the close-in distance, i.e., the distance
from the transmitter after which the RF channel can be approx-
imated by the free-space model;do(f) can be determined from
measurements or can be estimated by [8]:

do(f) = max

{
2D2

a f

c
, Da,

c

f

}
(2)

whereDa is the antenna length of the transmitter andc is the
speed of light. LetPo(f) and Pt(f) respectively denote the
received power at the close-in distance and the CR transmit
power. Then,Po(f) can be estimated as follows [8]:

Po(f) =
c2Gt(f)Gr(f)

(4πdo(f))2f2
Pt(f) (3)

whereGt(f) and Gr(f) are the transmit and receive antenna
gains, respectively. LetPr(f) denote the received power at
distanced from the transmitter,d ≥ do(f). Then,

Pr(f) = Po(f)

(
do(f)

d

)n

(4)

where n is the path loss exponent (typically,2 ≤ n ≤ 6).
Note that, in practice,do(f) is of the same order of magnitude
as the node’s dimensions. For example, for a mobile phone
operating in the900 MHz band withDa = 5 cm, do(f) = 33
cm. For an 802.11 WLAN card operating in the2.4 GHz band
and the same antenna size,do(f) = 12 cm. Accordingly, it is
reasonable to assume that the probability thatd is less than
do(f) is very small (i.e., Pr(d < do(f)) ≈ 0).

Using (2), (3), and (4), the path lossPL(f) can be expressed
as:

PL(f) = 10 log
Pt(f)

Pr(f)
= −10 ×





log
c2γDn−2

a

f2dn , ∀ f s.t. Da ≥ max
{

c
f
,

2D2
af

c

}

log cnγ
fndn , ∀ f s.t. c

f
≥ max

{
Da,

2D2
af

c

}

log
c4−nγ(2D2

a)
n−2

f4−ndn , ∀ f s.t. 2D2
af

c
≥ max

{
Da, c

f

}
(5)

where

γ
def
=

Gt(f)Gr(f)

(4π)2
. (6)

Note that the dependence ofPL(f) on d (i.e., 1
dn ) is the same

for any given carrier frequency.
Figure 4 depicts the path loss for a wide range of carrier

frequencies and two values ofn at a distanced = 1 meter.
This figure and equation (5) reveal that the signal attenuation
increases as the distance between the two communicating
users increases, and as the frequency used for communication
increases. These observations provide the motivation for our
distance-dependant channel assignment, discussed in Section V.

IV. OPTIMAL CHANNEL ASSIGNMENTPROBLEM

Our objective is to maximize the number of simultaneous CR
transmissions, and consequently the overall network through-
put. Toward this end, we define the termlocal spectrum utiliza-
tion as the total number of simultaneous CR transmissions that
can be supported in a given (one-hop) locality while meeting
a predefined power mask. Before formulating the problem, we
discuss the requirements for a successful CR transmission.



5

0 1 2 3 4 5 6

x 10
9

20

30

40

50

60

70

f (Hz)

P
a

th
 L

o
s
s
 (

d
B

)

n = 4
n = 2

Fig. 4. Path loss vs. carrier frequency for two path loss exponents (Da = 5
cm, Gt(f) = Gr(f) = 1).

A. CRN Transmission Requirements

Within a given neighborhood, multiple CR users may con-
tend for access to one or more of the available channels. LetN
andJ denote the set of allN channels and the set of all CR
transmission requests in the local neighborhood at a given time,
respectively. We assume that thejth CR transmission (j ∈ J )
is successful if both of the following two conditions are met:

• It is possible to findmj available channels from the set
N such that

∑mj

i=1 c
(i)
j ≥ Cj , wherec

(i)
j is the data rate of

the ith selected channel andCj is the total rate demand
for the jth CR transmission.

• Let Mj be the set ofmj selected channels. Then, the
received SINR of everyi ∈ Mj (SINR(i)

j ) must be greater
than the SINR threshold (µ∗

i ) that is required at the CR
receiver to achieve a target bit error rate over channeli.

B. Maximizing the Utilization of Local Spectrum

Let δ(i)
j be a binary variable denoting whether or not channel

i is assigned for transmissionj. Formally,

δ
(i)
j =

{
1, if channeli is assigned for transmissionj
0, otherwise. (7)

Similar to [10], [27], the problem of maximizing the total
number of simultaneous CR transmissions in a given neighbor-
hood can be formally stated as follows:

max
δ
(i)
j

∈{0,1}

∑
j∈J 1

[∑
i∈N δ

(i)
j c

(i)
j ≥ Cj

]
(8)

∑
j∈J δ

(i)
j ≤ 1, ∀i ∈ N (9)

∑
i∈N δ

(i)
j ≤ nt, ∀j ∈ J (10)

SINR(i)
j ≥ µ∗

i , ∀j ∈ J , s.t. δ
(i)
j = 1 (11)

where 1[.] is the indicator function. The constraint in (9)
ensures that a channel cannot be assigned to more than one CR
transmission in the same vicinity. The constraint in (10) ensures
that at mostnt channels can be assigned to a CR transmission.
For an ad hoc CRN, the above optimization problem must
run in a distributed manner at each CR user in the network.
This implies that each CR user must exchange instantaneous
SINR and rate demand information with neighboring CR users
before selecting channels, which incurs high control overhead
and delay (i.e., information may not be up-to-date). Even if
perfect knowledge of the SINR of each link and the rate

demands are available, the above ILP problem belongs to the
class of NP-hard problems [9]. In this paper, we develop a
heuristic channel assignment scheme that provides a suboptimal
solution with low complexity and good spectrum utilization.
Our heuristic exploits distance and traffic awareness. The key
idea behind it is to assign channels with lowSINR to short-
distance transmissions. Also, local traffic information isused
to assign more channels to more likely transmission distances.

V. D ISTANCE-DEPENDENTCHANNEL ASSIGNMENT
ALGORITHM

In this section, we describe our proposed channel assignment
mechanism. The assignment process identifies a “preferable”
channel list for each CR user. Such a list indicates which
channels are preferable to use depending on the estimated
distance between the transmitter and the receiver. It is worth
mentioning that many techniques for estimating the transmitter-
receiver distance in wireless networks have been proposed in
the literature, including the Received Signal Strength Indicator
(RSSI), the Time of Arrival (ToA), and the Time Difference of
Arrival (TDoA) [28]. For our purposes, any of these schemes
can be used. In Section VII, we investigate the robustness
of our scheme under inaccurate distance estimation, which is
mainly caused by mobility, multi-path propagation, reflection,
and fading effects.

Two variants of the channel assignment mechanism are
proposed. The first variant is suitable for offline planning
of spectrum sharing in networks with known traffic patterns,
whereas the second variant is for online spectrum allocation in
dynamic (mobile) networks with unknown traffic patterns.

A. Spectrum Assignment for Known Traffic Profiles

Given a CR user with a packet to transmit, letr be the
estimated distance to the intended receiver;r ≤ rc, whererc

is the maximum transmission range.rc represents the largest
distance from a CR transmitter over which the transmission
at maximum power can be correctly decoded over all selected
channels in the absence of interference from other terminals
(CR or PR users). LetFR(r)

def
= Pr{R ≤ r}. The functional

form of FR depends on both node distribution as well as the
distance traffic profile, which for now we assume to be given.
Given FR, the channel assignment process is conducted as
follows:

• The available bands are divided according to their mea-
suredSINR (given in (1))2 into M setsS1, S2, . . . , SM ,
where each band consists of multiple channels. The setS1

contains the frequency channels of the band that has the
highestSINR, S2 contains the next highestSINR, and so
on.

• A CR user, sayA, divides its maximum transmission
region Rc

def
= πr2

c into M non-overlapping “rings”
R1, . . . , RM . The ith ring contains the CR users whose
distances toA fall in (ri−1, ri], wherei = 1, . . . , M and
0 = r0 ≤ r1 ≤ r2 ≤ . . . ≤ rM = rc. The rings are
divided such that the probability of communicating with
a CR receiver that falls within any of theM rings is the
same, i.e.,

FR(ri) − FR(ri−1) =
1

M
, i = 1, . . . , M. (12)

2Note thatPL’s dependence ond is the same for all bands. Thus, for the
purpose ofSINR comparison, we setd = 1 meter.
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UserA computes the radiiri, i = 1, . . .M , by substituting
for FR(ri) in (12) and solving forri.

• Finally, A constructs a preferable channel list for each
ring by assigning channels with lowerSINR to shorter
transmission distances and channels with higherSINR
to longer transmission distances, i.e., assignSM to R1,
SM−1 to R2, . . ., andS1 to RM .

To illustrate the idea, we consider a uniformly distributed
CRN and assume that a CR transmitter randomly chooses a
destination for its data from withinRc. Therefore,FR(r) is
given by:

FR(r) =

{
r2

r2
c
, r ≤ rc

1, r ≥ rc

. (13)

Using (12) and (13), and noting thatr0 = 0, we arrive at the
following expression forri:

ri =

√(
1

M
+

r2
i−1

r2
c

)
rc =

√
i

M
rc. (14)

Figure 5 illustrates the non-overlapping rings around a CR
transmitter whenM = 4. Within these rings, other CR and PR
users may exist. Assumerc = 100 meters. Then,r1, . . . , r4 are
given by50, 70.71, 86.6, 100 meters, respectively.

Fig. 5. Four regions around a CR transmitter for assigning channels.

B. Spectrum Assignment for Unknown Traffic Profiles

For offline spectrum planning, we assumed in the previous
section a fixed network and prior knowledge of the distance-
traffic pattern (i.e., the form ofFR). During network operation,
however, the distance-traffic pattern may change with time,
depending on network dynamics and user mobility. Because
users only possess local knowledge of their neighborhoods,it
is difficult to maintain the optimal network performance. Nev-
ertheless, we can develop a stochastic learning algorithm that
performs well and uses only localized information. Stochastic
learning techniques have been widely used in wireless networks
for online traffic prediction, tracking, and power control [29],
[30]. Our proposed learning approach is a distributed algorithm
that runs at each CR user in the network. A CR user, sayA,
evenly divides its maximum transmission regionRc into m non-
overlapping regions, wherem ≫ M . Theith region,Di, forms
a ring, defined by the area{(x, y) : d2

i−1 < x2 + y2 ≤ d2
i },

where di = i rc

m
, and di−1 < di i = 1, . . . , m. CR userA

maintains anm-entry transmission distance table. Theith entry
in that table corresponds to the regionDi, and contains the
number of overheard CR packet requests during the recent
observation windowTwin for which the transmitter-receiver

distances fall in the range(di−1, di] (how to convey transmitter-
receiver distance information will be discussed later). Note that
the proper setting ofTwin depends on the dynamics of the
network. The effect ofTwin is studied in Section VII.

Fig. 6. Time diagram of pmf’s updating process.

To initialize the assignment algorithm, all CR users employ
the BMC scheme discussed in Section I. At any timet, CR user
A constructs its transmission distance table based on control
packets it overheard during the observation window[t−Twin, t].
Using the transmission distance table,A estimates the current
probability mass functionpi(t) of the distancer at timet (see
Figure 6). It then computes an exponentially weighted average
of pi(t) :

p̃i(t) = αpi(t) + (1 − α)p̃i(t − Twin), (15)

where α is a forgetting factor,0 < α ≤ 1. Once p̃i(t) is
computed,A computes the preferable channel list for each ring.
Let Ωi(A) denote the preferable channel list for ringDi at CR
userA (how to constructΩi(A) will be given later). The new
preferable channel lists will be used during the next observation
window time. The proposed channel assignment process merges
the Di’s into K regions according topi(t), whereK ≤ M . It
then assigns preferable channels for each region. The process
is now described in detail:

1) UserA determines the integerk such that|
∑k−1

i=0 p̃i(t)−∑m
i=k p̃i(t)| is minimized, i.e., it divides the regions

into two groups; short-distance and long-distance groups.
The probabilities of the short-distance and long-distance
groups are given by:

Pshort =

k−1∑

i=0

p̃i(t) (16)

and

Plong =

m∑

i=k

p̃i(t). (17)

2) User A divides theM bands into two frequency sets:
low SINR frequency set and highSINR frequency set. It
assigns the lowSINR frequency set to the short-distance
group and the highSINR frequency set to the long-
distance group. The numbers of bands in the high (nH )
and low (nL) frequency sets depend onPshort andPlong,
as follows:

nH =

⌈
Pshort

Pshort + Plong

M

⌉

nL = M − nH (18)

where⌈.⌉ is the ceiling function.
3) Step1 and 2 are repeated for every group until either

only one band is assigned to that group or the group
contains only one region. Note that when repeating the
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above process for a group,m in (17) andM in (18) are
replaced by the number of regions in that group and the
number of channels assigned to that group, respectively.

Using this recursive procedure, the preferable channel list
Ωi(A), for all i, is computed for one observation window.

C. Complexity

Claim 1: The worst-case complexity for selecting the preferable
channel listΩi(A), for all i, may be obtained using the above
recursive procedure inO(mK) time, whereK ≈ min[N, m].
Proof: In the worst case, our proposed algorithm requires
O(m) comparisons to perform one iteration (steps1 and2). In
addition, it requires at mostK = min[N−1, m−1] iterations to
obtainΩi(A), for all i. Hence,Ωi(A), for all i, may be obtained
using the proposed algorithm with a complexity ofO(mK),
whereK ≈ (m min[N, m]). For N ≥ m, K ∼ O(m). On the
other hand, forN < m, K ∼ O(N).

D. Illustrative Examples

We illustrate the previously discussed channel assignment
process using the following examples.

1) Example 1: Consider four PRNs and one CRN. Each
PRN occupies two adjacent non-overlapping channels. The
PRNs are labeled such thatf1 < f2 < f3 < f4. Consider
a CR userA with SINR

(1)
> SINR

(2)
> SINR

(3)
>

SINR
(4)

. Suppose thatA divides its transmission regionRc

into 8 rings, D1, D2, . . . , D8. At a given timet, assume that
the weighted average pmf{p̃i(t) : i = 1, . . . , 8} is given
by {0.25, 0.1, 0.15, 0.05, 0.05, 0.15, 0.05, 0.2}. Figure 7 shows
how the proposed channel assignment process is conducted.
The outcome of this process is as follows:

• Band4, which includes two channels, is assigned to all CR
transmissions whose distances are inD1 (i.e., Ω1(A) =
{4}).

• Band 3, which includes two channels, is assigned to all
CR transmissions whose distances are inD2 andD3 (i.e.,
Ω2(A) = Ω3(A) = {3}).

• Band 2, which includes two channels, is assigned to all
CR transmissions whose distances are inD4, D5, andD6

(i.e., Ω4(A) = Ω5(A) = Ω6(A) = {2}).
• Band 1, which includes two channels, is assigned to all

CR transmissions whose distances are inD7 andD8 (i.e.,
Ω7(A) = Ω8(A) = {1}).

D
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{f1}


i
p
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Fig. 7. Example that illustrates the channel assignment process in a dynamic
CRN.

2) Example 2:Consider8 PRNs and one CRN. The PRNs
are labeled such thatf1 < f2 < . . . < f8. Suppose thatA
divides its transmission region into2 rings. At a given time
t, assume that the weighted average pmf{p̃i(t) : i = 1, 2}
is given by{0.25, 0.75}. Then, the outcome of our preferable
channel assignment is as follows:

• Channels1 and2 (total of 2 channels are assigned to all
CR transmissions whose distances are inD1).

• Channels3, . . . , 8 (total of 6 channels are assigned to all
CR transmissions whose distances are inD2).

The above example reveals that our algorithm assigns more
preferable channels (total of6 channels) to the more frequently
used transmission distances (D2, p̃2(t) = 0.75).

VI. DDMAC PROTOCOL

Based on the channel assignment process presented in Sec-
tion V, we now propose a distributed, asynchronous MAC
protocol for CRNs. The proposed DDMAC is a CSMA/CA-
based scheme that uses contention-based handshaking for ex-
changing control information. It is worth mentioning that the
most common configuration for upcoming CRNs is to use
CSMA/CA-like MAC access [6], [19], [20], [23], [25], [26],
[31]. Thus, in designing the channel access in DDMAC, we
focus on extending the CSMA/CA scheme due to its maturity
and wide deployment in many wireless packet networks. Note
that the handshaking procedure is essential in multi-channel
systems. Besides mitigating the hidden-terminal problems, there
are two other main objectives for the use of RTS/CTS: (1)
conducting and announcing the channel assignment, and (2)
prompting both the transmitter and the receiver to tune to the
agreed on channels before transmission commences. Before
describing our protocol in detail, we first state our main
assumptions.

A. Assumptions

In designing DDMAC, we make the following assumptions:
• For each frequency channel, the channel gain is stationary

for the duration of three control packets and one data and
ACK packet transmission periods. As explained in [32],
this assumption holds for typical mobility patterns and
transmission rates.

• Channel gains between two CR users are symmetric. This
is a typical assumption in any RTS/CTS-based protocol,
including the IEEE 802.11 scheme.

• CR transmissions use the maximum allowable power
vector (Pmask). The key idea behind this choice is as
follows. It is well-known that using as many channels as
possible for a transmission reduces the CR-to-PR inter-
ference [6] due to the reduction in transmission power.
However, because DDMAC enforces an exclusive channel
occupancy, which prevents two neighboring CR users from
using common channels3, such a channel assignment pol-
icy may lead to channel over-assignment, which reduces
the opportunity for finding available channels by other
neighboring CR transmitters (thus reducing the CRN’s
throughput). Therefore, in DDMAC, we tackled the CR-to-
PR interference problem by assuming a given power mask
to protect PR users while trying to use the least possible
number of selected channels per transmission. This can be

3The exclusive channel occupancy excludesCR-to-CRinterference although
it still allows for the typical co-channel PR-to-CR interference, thus largely
simplifying theCR-to-PRinterference management process.
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done by transmitting at the highest possible transmission
power over each selected channel, which results in less
number of assigned channels per CR transmission. This
increases the opportunity for finding available channels
by other neighboring CR transmitters.

• The total rate demand of a CR userA (denoted byCA)
is met by aggregating the transmission rates of several
selected channels. Note thatCA can vary from one packet
to another.

• A prespecified control channel with Fourier bandwidthBc

is available, whereBc ≪ B. This channel does not need
to be reserved for the CRN. It can, for example, be one
of the subchannels in an ISM band.

• Contending CR users follow similar interframe spacings
and collision avoidance strategies of the 802.11 protocol
(over the control channel) by using physical-carrier sens-
ing and backoff before initiating control packet exchanges.
We also assume that data packet sizes are significantly
larger than control packets, and therefore, the use of the
RTS/CTS handshake is justified.

B. Channel Access in DDMAC

The channel access mechanism allows the CR transmitter
and receiver to agree on the set of channels to use for
communication and to allocate their rates. Rate is allocated
in a manner that ensures that the power mask and the rate
demands are met. A CR userA views its transmission region
asK non-overlapping regions, where each region is associated
with a preferable channel listΩi(A), i = 1, . . . , K, determined
according to Section V. This user maintains anN -entry channel
list and anm-entry transmission distance table (as described
in Section V). Thejth entry of the channel list indicates
the status of thejth channel;1 if the channel is available
and 0 if the channel is occupied or reserved by any ofA’s
CR neighbors. Recall that each CR user is equipped withnt

transceivers. One of these transceivers is tuned to the control
channel, while the othernt−1 transceivers can be tuned to any
data channels. As a result, CR users can always hear control
messages over the common control channel even when they
are transmitting/receiving data over other data channels.Thus,
every CR user listens to the control channel, and accordingly
updates its channel list and transmission distance table.

Suppose that CR userA has data to transmit to another CR
user B at an aggregate rate demandCA. Then, A reacts as
follows:

• If userA does not sense a carrier over the control channel
for a random duration of time, it sends an RTS message
at the maximum (known) powerPmax. This Pmax is con-
strained by the power mask imposed on the prespecified
control channel. The RTS includesCA, the packet size
(in bytes), and the list of all available channels atA (see
Figure 8).

• The neighbors ofA (other thanB) that can correctly
decode the RTS refrain from accessing the control channel
until they receive one of two possible control packets,
denoted by EPCA and ENCA (explained below).

• Upon receiving the RTS packet,B estimates the distance
betweenA and B (dAB) (using one of the techniques
described in Section V). It identifies the preferable channel
list Ωi(B) that corresponds todAB. Based on the available
channels atA and B, and the instantaneous interference
level over these channels as measured atB, user B
removes any channel that has a received SINR less than
its threshold SINR and determines thecommon channel
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Fig. 8. Formats of DDMAC control packets.

list that is potentially available forA → B transmis-
sion, denoted byCCL(A, B). UserB then computes the
intersection betweenΩi(B) and CCL(A, B) to identify
a preferable set of channels forA → B (Φ(A, B)). To
achieve good throughput,B sorts the channels inΦ(A, B)
in a descending order of their maximum possible data rate
(calculated according to Shannon’s formula4). Then, user
B appends the rest of the common available channels that
are not inΦ(A, B)

(
i.e., CCL(A, B)

⋂
Φ(A, B)

)
, also

listed in a descending order of their maximum possible
data rate, to the bottom of the sorted preferable channels.
User B cumulatively adds channels from the top of the
new sorted list until either the aggregate rateCA is
satisfied or the list is exhausted, i.e., no feasible channel
assignment is found.

• If there is no feasible channel assignment, thenB responds
by sending a Negative-Channel-Assignment (NCA) mes-
sage that includes the distancedAB (see Figure 8). The
purpose of this packet is to helpB’s neighbors estimate
the network distance-traffic pattern and promptA to back
off and retransmit later. IfB can find a set of available
channels that can support a total demandCA, it sends a
Positive-Channel-Assignment (PCA) message toA, which
contains the assigned channels for the transmissionA →
B, the distancedAB , and the duration needed to hold the
assigned channels for the ensuing data transmission and
corresponding ACK packet. The PCA packet implicitly
instructsB’s CR neighbors to mark the set of assigned
channels as unavailable for the indicated transmission
duration. It also helps these neighbors estimate the network
distance-traffic pattern.

• Depending on which control message is received, userA
reacts as follows:

– If A receives an NCA message, it responds by sending
an Echo-NCA (ENCA) message, which includes the
distancedAB . The purpose of this packet is to help
A’s neighbors estimate the network distance-traffic
pattern.

– If A receives a PCA message, it replies back with an
Echo-PCA (EPCA) message, informing its neighbors
of the selected channel list, the distancedAB, and the
transmission duration. This EPCA also announces the
success of the control packet exchange betweenA and
B to A’s neighbors, which may not have heardB’s
PCA.

• Once the RTS-PCA-EPCA exchange is completed, the
data transmissionA → B proceeds. Once completed,B

4Other rate-vs-SINR relationships, such as a staircase function, can be used
for calculating the achievable data rates.
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sends back an ACK packet toA over the best assigned
channel, i.e., the channel that has the highest rate. A time
diagram of the RTS-PCA-EPCA-DATA-ACK exchange is
depicted in Figure 9.
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Fig. 9. RTS-PCA-EPCA-DATA-ACK packet exchange.

It is worth mentioning that there is no interference between
data and control packet transmissions because the two are
separated in frequency. Therefore, a CR user that hears the RTS
packet fromA defers its attempt to access the control channel
until it receives an EPCA or an ENCA packet fromA. In
addition, a CR user that receives only a PCA or an NCA should
defer its attempt to access the control channel for the expected
time of the EPCA/ENCA packet (to avoid a collision between
control packets). This allows for more parallel transmissions to
take place in the same neighborhood (see Figure 9).

Remark: DDMAC’s channel assignment is performed on a
per-packet basis, with the channels assigned to different inter-
faces dynamically changing. This type of channel assignment
requires channel switching to occur at a very small time scale,
which is in the range of micro-seconds5.

C. Spatial Reuse and DDMAC

We consider a CSMA/CA-based multi-hop CRN environ-
ment, which consists of multiple contention regions (neighbor-
hoods) that permit spatial reuse. Specifically, non-neighboring
CR users may access the same channel on different contention
domains. To illustrate the idea of spatial reuse, Figure 10
depicts two scenarios for the operation of DDMAC. In the
first scenario (Figure 10(a)), the two transmittersA and C
cannot hear each other’s control packets. So, according to
CSMA/CA, the transmissionsA → B and C → D can
overlap in their data channels, i.e., the assigned channelsfor
A → B transmission are reserved only within the area ofA’s
and B’s control range (spatial reuse case). In Figure 10(b),
nodeC falls in the control region of nodeA (and vice versa).
The exclusive channel occupancy policy preventsA and C
from using common channels. However, the two transmissions
can proceed simultaneously ifA and C can find two non-
intersecting sets of channels to support their rates.

D. Worst-Case Scenarios for DDMAC

We illustrate two extreme scenarios under which the
DDMAC protocol gracefully degrades into the BMC scheme.
Recall that a CR receiverA divides its transmission range into
m regions.

5Current radio technology allows channel switching to be done in a few
microseconds (i.e.,< 10 µs [23], [33])
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(b) Unallowed channel reuse

Fig. 10. Scenarios in which a CR transmitterC can/cannot reuse the channels
assigned toA. Solid circles indicate data-transmission ranges, whereas dashed
circles indicate control-transmission ranges.

• Scenario I: At a given timet, assume that the weighted
average pmf{p̃i(t) : i = 1, . . . , m} has a value of1
at i = m and 0 otherwise (i.e., most likely, transmission
distances are withinDm). This scenario represents the case
when all ofA’s neighbors are located near the border of
A’s transmission range (Figure 11(a)). According to the
channel assignment algorithm, the preferable channel list
is identified as follows:

Ωi(A) = φ : i = 1, . . . , m − 1.

Ωi(A) = N : i = m.

Recall thatN denotes the set of available channels. In
other words, no channels will be assigned to ring,i, i =
1, 2, . . . , m − 1, and all channels will be assigned to the
mth ring.
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(b) Scenario II

Fig. 11. Illustration of two worst-case scenarios in DDMAC.

• Scenario II: At a given timet, assume that the weighted
average pmf{p̃i(t) : i = 1, . . . , m} has a value of1 at i =
1 and0 otherwise (i.e., most likely, transmission distances
are within D1). This scenario represents the case where
all A’s neighbors are located close toA (Figure 11(b)).
According to the proposed channel assignment algorithm,
the preferable channel list is identified as follows:

Ωi(A) = N : i = 1.

Ωi(A) = φ : i = 2, . . . , m.
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According to DDMAC, the sorted channel list from which a

CR user assigns channels to its transmission is constructedby
appending the common sorted available channels that are not
in the sorted preferable channels to the bottom of the sorted
preferable channels list. Thus, for the above two scenarios
and depending on the transmitter-receiver distance, the sorted
channel list of DDMAC is as follows:

• If the distance falls in the range(dm−1, dm = rc] or
(0, d1], the preferable channel list is the set of all available
channels. Therefore, the sorted channel list of DDMAC
is the same as that of the BMC scheme. Consequently,
DDMAC gracefully degrades into the BMC scheme.

• If the distance falls within the transmission rangeRc but
not in the range(dm−1, dm] or (0, d1], the preferable
channel list is empty whereas the available channel list
contains all the available common channels. Therefore, the
sorted channel list of DDMAC is the same as that of BMC.
Consequently, DDMAC gracefully degrades into the BMC
scheme.

Protocol Overhead

Claim 2: DDMAC and BMC have comparable overheads.
Proof: Both DDMAC and BMC use a three-way handshake to
send one data packet. Thus, DDMAC does not introduce any
additional control message overhead.

VII. PROTOCOL EVALUATION

We now evaluate the performance of the DDMAC via
simulations and compare it with CSMA/CA variants. Our
results are based on simulation experiments conducted using
CSIM (a C-based, process-oriented, discrete-event simulation
package [34]). Each CR user generates packets according to
a Poisson process with rateλ (in packet/time slot), which is
the same for all users. For simplicity, data packets are assumed
to be of a fixed size (2 Kbytes). Each CR user requires an
aggregate transmission rate of5 Mbps. We divide time into
slots, each of length3.3 ms. A time slot corresponds to the
transmission of one CR packet at a rate of5 Mbps. We set
the CRN SINR threshold to5 dB and the thermal noise to
P

(i)
th = 10−21 Watt/Hz for all channels. Because DDMAC

and the compared with CSMA/CA-based protocols have the
same maximum transmission ranges and use the same channel
access mechanism, it is reasonable to assume that all protocols
achieve the same forward progress per hop. Consequently,
our performance metrics are: (1) one-hop throughput, i.e.,the
destination of a packet is restricted to one hop from the source,
(2) connection blocking rate, and (3) the fairness index [35].
The connection blocking rate is defined as the percentage of CR
packet requests that are blocked due to the unavailability of a
feasible channel assignment. We use Jain’s fairness index [35]
to quantify the throughput fairness of a scheme6. Fairness
index values closer to1 indicate better fairness. The signal
propagation model in (4) is used withn = 4, the antenna
length (D) is 5 cm, andGt(f) = Gr(f) = 1 for every carrier
frequencyf .

6For our simulation setup, CR user demands are uniform. The destination CR
user is uniformly selected from the one-hop neighbors and the packet generation
rate are the same for all CR users. Thus Jain’s fairness indexprovides a
meaningful metric for comparing the fairness of DDMAC and BMC.

A. Single-hop Scenarios

1) Simulation Setup:We first simulate a small-scale network
for the purpose of highlighting the advantages and operational
details of DDMAC. DDMAC is compared with three multi-
channel CSMA-based protocols that use different channel se-
lection schemes: an optimal scheme (which uses exhaustive
search), the BMC scheme [3] (which is based on agreedy
strategy that selects the best available channels for a given
transmission), and a naive scheme (which always tries to select
high-frequency channels if available for a given transmission,
while leaving low-frequency channels for other users). Specifi-
cally, we consider a single-hop CRN, where all users can hear
each other. This CRN coexists with two PRNs in a100 meter
× 100 meter field. The PRNs operate in the600 MHz and
2.4 GHz bands. Each PRN band consists of one channel of
bandwidth1.5-MHz. The number of PR users in each PRN is
50. Each user in theith PRN acts as an ON/OFF source, where
it is ON while transmitting and OFF otherwise. We define the
“activity factor” αi as the fraction of time in which theith
type PR user is ON (i.e., the probability that the source is
in the ON state). The source is further characterized by the
distribution of its ON and OFF periods, which are both taken
to be exponential. We set the average ON period to be the
duration of one time slot. In other words, traffic correlations are
captured using a two-state Markov model. The appropriateness
of the 2-state ON/OFF model has been demonstrated in several
previous works, e.g., [6], [13], [20], [36], [37]. In essence, the
ON/OFF behavior is attributed to the bursty nature of many
types of network traffic, including voice traffic and VBR video
streaming. Note that one potential PRN is a cellular network
that transports voice traffic. We set theαi probabilities for the
two PRNs to0.5 and0.3, respectively. The transmission power
for each PR user is0.5 Watt.

For the CRN, we consider40 mobile users. The random
waypoint model is used for mobility, with the speed of a CR
user uniformly distributed between0 and 2 meters/sec. This
results in dynamic, time-varying topologies. We assume that a
CR user can use up to two data channels simultaneously. We
set the interference mask toP (1)

mask = P
(2)
mask = 50 mW. We

also set the forgetting factorα to 0.6, the observation window
Twin = 0.5 second, and the number of rings around a CR user
m = 12. For a fair comparison, we let all schemes use the
maximum allowable power vectorPmask.

2) Results: Under the above setup, Figure 12 shows that
DDMAC improves the one-hop throughput by up to25%
(compared to BMC) and34% (compared to the naive ap-
proach). More importantly, its throughput is within7% of
the optimal throughput, obtained via exhaustive search. Note
that the exhaustive search implies that the instantaneous SINR
values, location information, and rate demands are known to
the decision-making entity that assigns channels to CR users
(i.e., such search requires global information). Even if perfect
knowledge of the SINR of each link and the rate demands are
available, for large-scale networks, finding the optimal solution
requires exhaustive search over a large state space, which grows
exponentially with the number of CR users and the available
channels.

B. Multi-hop Scenarios

1) Simulation Setup:We now evaluate the performance of
DDMAC in more realistic (large-scale) network scenarios and
contrast it with a typical multi-channel CSMA-based protocol
that uses BMC for channel selection [3]. We consider four
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Fig. 12. Throughput vs.λ for a small-scale network (comparison with the
optimal scheme).

PRNs and one CRN. Users in each PRN are uniformly dis-
tributed over a500 meter× 500 meter area. The PRNs operate
in the 600 MHz, 900 MHz, 2.4 GHz, and5.7 GHz bands,
respectively. Each PRN band consists of three non-overlapping
1-MHz channels. The number of PR users in each PRN is300.
The αi probabilities for the four PRNs are0.5, 0.3, 0.3, 0.1,
respectively. The transmission power for each PR user is0.5
Watt.

For the CRN, we consider arandom-gridtopology7, where
225 mobile CR users are placed within the500 meter× 500
meter field. The field is split into225 smaller squares, one for
each CR user. The location of a mobile user within the small
square is selected randomly. For each generated packet, the
destination is selected randomly from the one-hop neighbors.
Within each small square, the random waypoint model is used
for CR mobility, with the speed of a CR user uniformly
distributed between0 and2 meters/sec. We assume that a CR
user can use up to three data channels simultaneously. We set
the interference mask toP (1)

mask = P
(2)
mask = . . . = P

(12)
mask = 50

mW. The reported results are the average of100 experiments. In
our design, we assume an exclusive channel occupancy policy
on CR transmissions (i.e., no CR-CR interference). However,
hidden-terminal problem can still occur in this scenario due to
imperfect control. Our simulations relax these assumptions and
account for all sources of interference, including those that are
far away from a receiver and use common channels.

Remark: Our simulations only address the MAC layer
aspects and assume that route computations have already been
carried out. Taking the destination from a node’s one-hop
neighbors is intended only to convey the need for channel
access. A “destination” in this context could be the next hop
where a packet is to be forwarded to or the final packet
destination. Randomly selecting a neighbor as a destination
is realistic in terms of packet forwarding, especially when
multiple flows (like file transfers, messaging, or VoIP) pass
through a node.

2) Results:We first compare the performance of DDMAC
to that of the BMC scheme. For a fair comparison, we let both
schemes use the maximum allowable power vectorPmask.
We setα to 0.6, Twin to 0.5 second, andm to 12. Figures
13(a) and (b) show that under moderate and high traffic loads,
DDMAC significantly reduces the connection blocking rate and
improves the overall one-hop throughput by up to30%. This

7Random-grid is a realistic topology that models constrained scenarios. For
example, a building could have various offices, where each office may contain
several wireless devices.
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Fig. 13. Performance of a CRN.

improvement is attributed to the increase in the number of
simultaneous transmissions in DDMAC. Note that under low
traffic load, the throughput of DDMAC gracefully degrades to
that of BMC due to the availability of a sufficient number
of channels. The system performance under Raleigh channel
model (i.e., varying channel conditions) is also investigated
in Figure 13(b). We consider normalized random variables to
capture the fading processes [8]. The results show that, under
such varying channel conditions, the same trends that were
noticed for the AWGN channel are observed here. Figure 13(b)
shows that the impact on throughput is almost the same under
AWGN and Raleigh channel models. Similar observations have
also been reported in an experimental study in [38] for IEEE
802.11b wireless LAN. In [38], the authors showed that the
impact on throughput and packet error rate were virtually
identical under AWGN and Raleigh channel models.

In Figure 14(a), we focus on the per-user throughput per-
formance under DDMAC8. As shown in this figure, although
DDMAC requires a pair of CR users to communicate over a
set of channels that may not be optimal from one user’s per-
spective, theper-userthroughput of DDMAC under moderate
and high traffic loads is still greater than that of the BMC
scheme. This is because DDMAC attempts to serve a given CR
transmission first using the preferable channel list and preserves

8This figure shows the average worst-case throughput performance among
all CR users.
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(a) Per-user single-hop throughput.
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Fig. 14. Per-user throughput and fairness Performance.

the “better” channels for other transmissions. However, ifthe
aggregate rate of this transmission cannot be satisfied using
the preferable list, DDMAC attempts to serve this transmission
using the remaining available channels.

Next, we compare the fairness index of DDMAC to that of
BMC. Compared to BMC, Figure 14(b) shows that DDMAC
slightly improves the network fairness and preserves long-
term fairness properties. This improvement occurs because
DDMAC motivates cooperation among neighbors to maximize
their network-wide benefit.

The effect of dividing the transmission range of a CR user
is depicted in Figure 15(a) for different values ofλ. As m
increases, the throughput increases up to a certain point. For
m ≥ 12, no significant improvement is observed in the network
throughput. This is because the preferable-channel assignment
mechanism merges them regions intoK ≤ m regions, i.e.,
over-splittingRc is not useful.

In Figure 15(b), we study the impact ofα andTwin on the
performance of DDMAC. We setλ = 0.3 packet/slot. The
network throughput versusα for different values ofTwin is
shown in the figure. It is clear that the throughput depends on
the choice ofα andTwin. As Twin increases,α should increase
to give much more importance to recent observations without
entirely discarding older observations. Table II shows thebest
throughput performance and the associated optimal value ofα
(α∗), obtained from simulation, for different values ofTwin. It
is clear that ifTwin is too small or too large, the throughput
reduces significantly.
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Fig. 15. Performance of DDMAC.

Scheme α
∗ Best throughput (packet/slot)

BMC - 25
DDMAC(Twin = 0.03 s) 0.1 26
DDMAC(Twin = 0.3 s) 0.6 33.6
DDMAC(Twin = 0.4 s) 0.6 33.85
DDMAC(Twin = 1 s) 0.8 33.89
DDMAC(Twin = 4 s) 1.0 28

TABLE II

PERFORMANCE OFDDMAC AT THE OPTIMAL α AS A FUNCTION OFTwin .

We also investigate the robustness of DDMAC under inac-
curate distance estimation, which is mainly caused by mobility,
multi-path propagation, reflection, and fading effects. The es-
timated distancẽd is given by(1 + ξ) d, whereξ is a uniform
estimation error (ξ ∼ Uniform[−ǫ, ǫ]). Figure 16(a) shows the
effect of inaccurate distance estimation on throughput as a
function ofǫ under different traffic loads. It can be observed that
there are no significant changes in the throughput for different
values of ǫ. Figure 16(b) gives the percentage reduction in
throughput due to inaccurated as a function ofλ for different
values ofǫ. This figure shows that the maximum percentage
of reduction in throughput due to inaccurate estimation ofd is
less than6%.

The results in Figure 16 indicate that channel assignment
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in DDMAC is quite robust to distance estimation errors. This
is because DDMAC requires only rough estimates of user
distribution, distances among users, and local traffic conditions
in order to dynamically adapt channel assignments to current
network traffic.

0.05 0.1 0.15 0.2 0.25
0

5

10

15

20

25

30

35

40

ε

S
in

g
le

−
h

o
p

 t
h

ro
u

g
h

p
u

t 
(P

a
c
k
e

t/
ti
m

e
 s

lo
t)

Low load

Moderate load

High load

(a) Throughput vs.ǫ.

0 0.1 0.2 0.3 0.4 0.5
0

1

2

3

4

5

6

Packet generation rate

P
e

rc
e

n
ta

g
e

 o
f 
re

d
u

c
ti
o

n
 i
n

 t
h

ro
u

g
h

p
u

t

ε = 5%

ε = 15%

ε = 25%

(b) Percentage of reduction in throughput
vs. λ.

Fig. 16. Impact of inaccurate distance estimation in DDMAC.

Finally, we study the end-to-end throughput for both BMC
and DDMAC. Specifically, for each generated packet, the desti-
nation node is randomly selected to be any node in the network.
We use a min-hop routing policy, but we ignore the routing
overhead. For both schemes, the next-hop candidates are nodes
that are within the transmission range of the transmitter. Figure
17 shows that under moderate and high traffic loads, DDMAC
significantly improves the overall network throughput (inline
with the results in Figure 13(b)).

VIII. C ONCLUSIONS

In this paper, we proposed an opportunistic distance-
dependent MAC protocol for CRNs (DDMAC). DDMAC
improves the CRN throughput through cooperative channel
assignment, taking into consideration the non-adjacency of
frequency channels and the imposed power masks. We pre-
sented a heuristic stochastic channel assignment scheme that
dynamically exploits the dependence between the signal at-
tenuation model and the transmission distance. Our scheme
accounts for traffic dynamics. It assigns channels with lower
average SINR to shorter transmission distances to increase
the number of simultaneous transmissions. We integrated the

0 0.1 0.2 0.3 0.4 0.5
0

2

4

6

8

10

Packet generation rate

E
n

d
−

2
−

e
n

d
 T

h
ro

u
g

h
p

u
t 

(P
a

c
k
e

t/
ti
m

e
 s

lo
t)

 

 

BMC
DDMAC

Fig. 17. End-to-end throughput vs.λ

channel assignment process in the design of DDMAC. We
compared the performance of DDMAC with that of a reference
multi-channel MAC protocol that is designed for typical multi-
channel systems (BMC). We showed that, under moderate and
high traffic loads, DDMAC achieves about30% increase in
throughput over the BMC scheme, with manageable processing
overhead. Although DDMAC requires a pair of CR users to
communicate on a channel that may not be optimal from
a user’s perspective, we showed that the average per-user
throughput of DDMAC under moderate and high traffic loads
is greater than that of the BMC scheme. Furthermore, DDMAC
preserves (even slightly improves) throughput fairness relative
to BMC. In summary, DDMAC provides better spectrum uti-
lization by reducing the connection blocking probability and
increasing the system throughput. To the best of our knowledge,
DDMAC is the first CRN MAC protocol that utilizes the
radio propagation characteristics to improve the overall network
throughput.
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