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Abstract—Cognitive medium access control (C-MAC) protocols
employ several mechanisms that deal with the heterogeneity of a
coexistence scenario with multiple wireless systems in the same
band. The underutilized channels of some bands such as the
TV white spaces (TVWS), are valuable and tangible resources
within the congested spectrum for providing new wireless services
on licensed and license-exempt basis. This paper presents a
new C-MAC protocol based on a sequential frequency hopping
scheme with a proactive spectrum sensing phase for opportunistic
spectrum sharing. The proposal has been implemented over
a software defined radio (SDR) testbed and experimentally
assessed in indoor radio-propagation conditions. In addition,
the performance of the proposed protocol has been compared
with other C-MAC schemes, also implemented over the SDRbased framework. Performance results in terms of free-collision
channel occupation rate and transmission throughput show that
the proposed architecture outperforms other C-MAC protocols
in scenarios with low and medium density of cognitive users per
available channel. In contrast, experimental results have shown
that partially observable Markov decision process (POMDP)based solutions are more suitable when the available channels
are fewer than the cognitive links.

I. I NTRODUCTION
In last years many efforts have been taken in order to
introduce flexible spectrum usage regulations that enable spectrum sharing and coexistence in licensed and license-exempt
basis. In fact, several examples of wireless standards and
regulations have taken advantage of the development in the
area of cognitive radio in order to create new scenarios of
spectrum sharing: IEEE 802.22 WRAN standard (broadband
services in the TV band, i.e. TV white spaces (TVWS)) [1],
IEEE 802.11af [2] (envisioned to provide WLAN services
in TVWS), IEEE 802.19 [3] (a coexistence framework for
unlicensed systems), the regulations [4], [5] (enabling the
license-exempt use of the UHF TV band in UK), the IEEE
1900.x series of standards and finally, the licensed shared
access scheme proposed by ETSI [6].
The shared exploitation of the spectrum resources in time,
space and frequency requires smart mechanisms in both physical (PHY) and medium access control (MAC) layers. In this
paper we pay our attention to the cognitive MAC protocols
(C-MAC). Specifically, we present a simple and effective
C-MAC protocol based on a queue-based structure with a
continuous proactive radio environment monitoring phase [7].
The proposed C-MAC protocol has been implemented in a

software defined radio (SDR)-based framework and empirically evaluated through lab measurements in indoor radio
propagation conditions. The performance of the method is
compared with other sequential and proactive-sensing C-MAC
schemes from the literature [8], [9], also implemented on the
SDR framework. The rest of the paper is organized as follows.
The subsection I-A will discuss related work on issues of
implementing practical C-MAC protocols and experimental
assessments. In section II, we shall detail the proposed C-MAC
scheme. Section III will describe the experimental SDR-based
testbed and discuss some practical implementation issues of
the compared C-MAC methods. The section IV will analyze
the experimental results, split in two subsections. In the first
one, we will carry out the performance evaluation in terms
of channel occupation, collision and silence rates. Subsection
IV-B will analyze the transmission throughput of the studied
C-MAC protocols. Final conclusions are drawn in section V.
A. Related work
Cognitive MAC protocols have been widely studied in the
literature. Recent surveys such as [7] and [10], are excellent
references that address the C-MAC cycle from basic features
to the current main challenges. Most of the research works
are analyzed from theoretical and simulation viewpoints, relying on several assumptions and simplifications that lead to
ideal conclusions that do not address practical issues of real
propagation environments. In contrast, few amount of research
works are focused on the less well-studied issue of implementing C-MAC techniques given practical radio transceiver
technologies and to characterize the performance of different
approaches in real systems. Some practical works present CMAC solutions in order to show a proof-of-concept of C-MAC
techniques. The work presented in [11] builds a C-MAC mechanism in order to show the successful coexistence between
primary and secondary users. Puschmann et al. [12] present a
design of a C-MAC architecture and evaluate a prototype that
demonstrates C-MAC functionalities such as autonomous link
establishment, high-performance spectrum access and selforganized link maintenance after the unexpected arrival of
a primary user. In the context of performance comparison
among practical implementations, some experimental analysis
of distributed opportunistic spectrum access implementations
can be found in [13] and reference therein.

II. C OGNITIVE MAC PROPOSAL
This section describes the proposed protocol for the opportunistic spectrum usage. The C-MAC cycle usually contains three generic functionalities: radio environment data
acquisition via spectrum sensing and/or databases, spectrum
sharing and control channel management. The proposed protocol consists of a cognitive frequency-hopping technique
among available channels within legacy channels of a given
location such as TVWS. As shown in following sections, this
method allows a more dynamic use of the spectrum compared
with other MAC schemes, reducing the coexisting collision
probability among multiple cognitive devices and improving
the channel occupation rate through a simple received signal
strength indication (RSSI)-based proactive sensing [7]. Our
protocol is based on a master-slave scheme where secondary
transmitters assume the master roles. We can split the proposed
scheme into two phases that are detailed below.
1) Database phase: Based on the geo-located information
from the cognitive devices, each cognitive user can
optionally obtain the available channels from a given
database of primary services in the case a database is
provided.
2) Radio access management phase: A given cognitive
transmitter-receiver pair can select m channels out of
the available legacy channels in order to perform the
frequency hopping protocol. The transmission length at
each channel will be limited by a time slot with length
Tslot . This rule forces any cognitive device to mandatory
hop to another available channel. In the case that all
other selected channels are detected as occupied by
other primary or cognitive users, the transmission will
be stopped until next time slot. Within this phase, each
master device shall perform the following steps:
a) Spectrum monitoring data acquisition: In order to
detect the presence of other cognitive users, the m
channels are simultaneously sensed through energy
detection [14] based on spectral density estimation. The
energy detector shall be located at the receiver due to
the fact that interference results more critical at the
receiver side in a greedy approach of the the opportunistic spectrum usage. The RSSI detector provides
a decision vector d = [d(f (1)), . . . , d(f (m))] about
the occupation hypothesis at each channel frequency
f (i), i ∈ [1, m]. Therefore, one channel i is idle when
d(f (i)) = 0 and busy, if d(f (i)) = 1. Those decisions
are shared with the transmitter through a dedicated
control channel. It is worth-mentioning that spectrum
sensing can be improved employing more sophisticated
spectrum sensing techniques or cooperative detection
among neighboring wireless devices. Moreover, we can
highlight that sensing is performed in a continuous and
proactive manner (listen-before-talk) such that decision
information is shared before the beginning of the
following time slot.

b) Channel assignment scheme: The carrier frequencies of
the selected channels are initially ordered in a vector
based on a pseudo-random permutation σ known by
transmitter, thus, σ 1 = [σ(f (1)), . . . , σ(f (m))] in the
first time slot. Later on, the frequency assignment ft
follows the sequential algorithm proposed in Algorithm
11 up to data transmission is finished.
c) Control channel: The sharing of some operating parameters is performed via an external control channel (e.g.
WiFi) with the receiver. These parameters can be available number of channels, transmission frequencies, and
spectrum sensing decisions.
Algorithm 1 Channel assignment scheme in time slot t.
Input: ft−1 , σ t−1 , dt , m
Output: ft , σ t
1: Initialization: i = 1, ft = ∅
2: while i ≤ m || ft 6= ∅ do
3:
σ t,−i = σ t−1 \ σt−1 (f (i))
4:
if d(σt−1 (f (i))) = 0 then
5:
if i = m & ft−1 6= ∅ then
6:
σ t = σ t−1
7:
i=i+1
8:
else
9:
ft = σt−1 (f (i))
10:
σ t = [σ t,−i σt−1 (f (i))]
11:
end if
12:
else
13:
if i = m then
14:
σ t = σ t−1
15:
end if
16:
i=i+1
17:
end if
18: end while
III. I MPLEMENTATION OF THE C-MAC TESTBED
In this section, the experimental setup of the C-MAC SDRbased testbed is detailed. In addition, the descriptions of the
compared C-MAC methods and some practical implementation features are also addressed.
A. Experimental setup
The setup consists of eight SDR nodes (4 transmitters/4
receivers) which have been deployed in an indoor scenario
as depicted in Fig. 1. Each pair of transmitter-receiver is
connected to one USRP platform (USRP-N210 from ETTUS)
which is controlled with the LabVIEW software via Ethernet
from one laptop or computer. The SDR nodes are operating in
the TV band. The data traffic has been generated transmitting
video. Each receiver collects RSSI data from the selected
channels, which are free of external RF interfering sources.
The hardware configuration and the parameter setting of the
MAC and PHY layers are summarized in Table I.
1 Regarding notation, vectors are defined in boldcase. The symbols \ and ∅
represent set subtraction and empty set, respectively.

Fig. 1. Experimental area and SDR-based testbed deployment.

TABLE I
PHY/MAC PARAMETERS .
Parameter

Value

Channel bandwidth
Channel frequencies
Modulation scheme
Symbol rate
Waveform
Tslot
RSSI sampling period
Number of selected channels m

2M Hz
670, 678, 688, 696M Hz
QPSK
1M Baud
Single carrier
800ms
10ms
3 or 4

B. Implementation features of the analyzed competing C-MAC
protocols
Our proposal has been analyzed and compared with two
other C-MAC policies from the literature: the adaptive multiple rendezvous control channel (AMRCC) scheme [8] and
a partially observable Markov decision process (POMDP)
framework [9]. We shall briefly review their procedures and
detail some practical implementation features. Further details
of the protocols can be obtained in [8] and [9], respectively.
1) Adaptive multiple rendezvous control channel (AMRCC)
scheme: The following three steps are performed periodically
with a period equal to the sum of an initial sensing time and
the rendezvous/data-transmission interval Tdata .
a) Initial sensing: the selected channels are sensed during a
time interval of 5s. After the sensing process, occupation
rates are computed based on the detector decisions at each
channel.
b) Channel ranking table: the transmitter node builds a channel ranking table based on the sensing results. The channels
are ordered according to the estimated occupation rate
during the sensing interval (the least occupied channel
corresponds to the first ranking position).
c) Hopping sequence assignment: During the rendezvous/data

transmission interval, each ranked channel shall be utilized
as many number of occurrences as a decreasing function
indicates. Two decreasing functions can be used: a linear
function (L-AMRCC) or a quadratic function (Q-AMRCC).
Afterwards, a pseudo-random sequence known at the transmitter and receiver controls the hopping sequence2 . The
length of the sequence is the sum of the overall number
of occurrences. For instance, if a decreasing parabolic
function is used for m = 4, the first channel in the ranking
is used 16 times, the second channel 9 times, the third one 4
times an the last one, 1 time slot. As a result, the pseudorandom sequence length comprises of 30 time slots, i.e.
Tdata = 30Tslot = 24s. In the case of a linear function, the
sequence length is 10 time slots (4+3+2+1 occurrences),
i.e. Tdata = 10Tslot = 8s.
2) Partially observable Markov decision process (POMDP)
framework: For practical reasons, we have used the computationally affordable strategy of the general POMDP method,
named greedy approach. The following process is carried out
every data slot Tslot :
a) Windowing sensing: radio environment monitoring is a parallel process with data transmission. Considering the history of a pre-fixed sensing window, transitions probabilities
between the channel states (busy/idle) are computed based
on estimated hypothesis decisions of the RSSI detector. As
Tslot = 800ms, the length of the sensing window is set to
5s in order to observe several transitions.
b) Channel selection and access action selection: Given our
estimated knowledge of channel state, channel selection is
performed by choosing the channel that maximizes a cost
function based on the estimated transition probabilities and
the updated belief vector. Access action selection is carried
2 In order to perform the performance analysis in terms of channel occupation efficiency and data throughput, transmitter and receiver share the common
hopping sequence through the common control channel. As a result, time
to rendezvous is negligible and initial sensing only affects the performance
efficiency.

A. Channel occupation analysis

TABLE II
L AB ASSESSMENT SCENARIOS .
Scenario

Transmitter/receiver pairs

Available channels m

Low-dense
Medium-dense
High-dense
Congested

2
3
4
4

4
4
4
3

out depending on the current channel state, i.e. transmit if
channel idle/not transmit if busy.
c) Belief vector update: the belief vector gives the availability
probability at the beginning of a slot. This vector is updated
based on the taken access action at each channel.
IV. E XPERIMENTAL EVALUATION
The lab assessment has been carried out through four
scenarios that are described in Table II. Besides the aforementioned C-MAC schemes, we have also implemented a MAC
scheme based on a pseudo-random sequence of frequency
hopping, considered in IEEE 802.15.2 standard [15]. The
measurement length for each C-MAC protocol is 10 minutes at
each scenario. The measured data is recorded with a sampling
period of 50ms for off-line performance evaluation.
With the aim of defining the figure of merits for performance evaluation, Fig. 2 shows an illustrative example of
spectrum handoffs of a given cognitive node in a scenario
where three available channels are shared. A cognitive user
may share the band with other primary or cognitive users.
Therefore, collisions may occur due to misdetection effects
during sensing process or due to a blind MAC design (e.g.
random MAC scheme). One can observe a collision with other
cognitive users in the second data slot. Depending on the
signal-to-interference plus noise ratio (SINR) at the receiver,
this collision could lead to the loss of the transmitted data
packet3 . Note that collisions can arise from an invasive channel
access by other primary and cognitive users. After the second
data slot, the three selected channels are busy and transmission
is interrupted up to an idle channel is detected. We can observe
two interruption intervals in Fig. 2, represented as Ti1 and Ti2 .
We have defined Th as a handoff time which can depend on
several factors such as sensing time, control channel delays,
frequency hopping delay, etc. The necessary time to transmit
n free-collision data packets has been represented as Tdata .
One can see that n = 4 in Fig. 2. Based on this illustrative
scheme, we define the following figures of merit:
• Averaged occupation rate: the averaged transmission time
without collisions with other users in all selected channels
divided by the overall measured time.
• Averaged collision rate: averaged transmission time with
collisions with other users in all selected channels divided
by the overall measured time.
• Averaged silence rate: is the subtraction of the aforementioned rates to 1.
3 We have considered in our analysis that a data packet corresponds to the
data transmitted during Tslot .

Spectrum access efficiency is analyzed in Fig. 3 with the
averaged occupation rate, the averaged collision rate and the
averaged silence rate for the different MAC protocols in the
proposed scenarios. One can observe that our proposal outperforms all other C-MAC schemes for the low and mediumdense scenarios. In fact, it is worth mentioning that collisions
are negligible for the scenario with low density of users
compared with the available channels since the occupation
rate is maximum (50%). In the medium-dense scenario of
Fig. 3b, we can see that the proposed method achieves a
greater occupation rate whereas the collision rate is slightly
higher than those provided by L-AMRCC and POMDP protocols. In the scenario with high density of cognitive users,
shown in Fig. 3c, our proposal also improves the occupation
rate. However, the collision rate is 0.1 higher than the LAMRCC and the POMDP methods. Note that the Q-AMRCC
collides in a similar rate as our proposal. Due to the lack
of sensing procedure, the pseudo-random frequency hopping
method generates the highest rate of collisions as expected. In
the congested scenario, the POMDP framework results in the
most efficient method in terms of occupation and collisions
compared with the rest as shown in Fig. 3d. In addition,
the AMRCC protocols offer a lower rate of occupation in
that scenario. Nevertheless, they reduce the rate of collisions
compared with the proposed C-MAC method. In conclusion,
the results show that the analyzed methods present different
performance behavior according to the scenario. When the
number of available channels is enough to cope with the
demand of cognitive links, our proposal outperforms the rest
of the analyzed protocols. Nevertheless, the proposed CMAC scheme increases the collision rate comparing with their
competing protocols whenever the scenario is congested by
cognitive users. In that case, the POMDP framework is the
most suitable option.
B. Throughput assessment
In Table III we assess the performance of the studied
protocols in terms of averaged throughput based on the freecollision received data packets. If we take into account the
PHY parameters in Table II, one can observe that a continuous
data transmission without collisions and interruptions can
provide a maximum throughput of 2Mbps. Similar as the
results obtained in the previous subsection, we can see that
our proposal outperforms the rest of algorithms in low- and
medium-dense scenarios, achieving near maximum throughput for the low-dense scenario. When the density of users
increases, the throughput of the proposal is outperformed by
the L-AMRCC method and the POMDP framework, being
remarkable the performance achieved by the latter (close
to 1Mbps in the congested scenario). It is worth-noticeable
that the pseudo-random frequency hopping scheme obtains a
higher throughput than the AMRCC methods in low-dense
scenarios. This effect is due to the loss of throughput caused
by the initial sensing window of the AMRCC, which is added
to the losses related to the possible collisions.

frequency

Cognitive user A

Other users

f3
Tslot

Th

Th

f2
Tinterf.
f1

Ti2

Ti1

tend time

tstart
Data transmission time: Tdata
Fig. 2. Example of data transmission process for a cognitive user.

TABLE IV
AVERAGED TIME RATIO AND STANDARD DEVIATION FOR TRANSMITTING
1 ≤ n ≤ 100 CONSECUTIVE FREE - COLLISION PACKETS .

TABLE III
AVERAGED THROUGHPUT (M BPS ).

Random
Proposal
L-AMRCC
Q-AMRCC
POMDP

Low-dense
1.331
1.987
1.192
0.944
1.676

Medium-dense
0.750
1.430
1.075
1.035
1.295

High-dense
0.436
0.769
0.776
0.690
1.203

Congested
0.284
0.501
0.833
0.361
0.972

In order to analyze the averaged time to transmit n consecutive free-collision packets Tdata with respect to the minimum
necessary time of a continuous free-collision transmission, i.e
nTslot , we have presented in Table IV the averaged time ratio
E[Tdata /nTslot ] and the standard deviation by measuring for
different values of n. Based on the highest values of n that
are reached during the measured time, statistical values are
computed for 1 ≤ n ≤ 100. If we pay attention to the standard
deviations of the measurements, we can see that the 95% confidence interval of the averaged time ratio shall oscillate around
the second and third decimal places of the averaged values
for the three first scenarios, excepting the random method in
the high-dense scenario, i.e 4.462±0.253. The deviations show
the rather invariant behavior of the averaged time ratio for all
C-MAC methods as n varies. In the case of the congested
scenario, 95% confidence interval oscillates around the first
decimal place for the random frequency hopping, the proposed
and the Q-AMRCC schemes. In the case of the L-AMRCC
and POMDP the averaged ratio continues quite stable. In
this analysis, we also observe similar performance behavior
between our proposal and the POMDP scheme as the previous
analysis. In congested scenarios, we can see an important
reduction of the averaged time ratio when the L-AMRCC or
POMDP are used, compared with the other three schemes.
Specifically, the averaged Tdata for L-AMRCC and POMDP
is 2.11 and 2.65 times, respectively, the minimum time in order
to transmit 1 ≤ n ≤ 100 consecutive free-collision packets.
In contrast, the other solutions need more than four times the
minimum n-packet transmission length. It is also remarkable
that the proposed C-MAC method also outperforms the results

Random
Proposal
L-AMRCC
Q-AMRCC
POMDP

Low-dense
1.494 / 0.006
1.006 / 0.000
1.766 / 0.004
2.099 / 0.021
1.193 / 0.002

Medium-dense
2.686 / 0.024
1.292 / 0.015
1.942 / 0.007
2.007 / 0.011
1.633 / 0.012

High-dense
4.462 / 0.129
2.514 / 0.041
2.693 / 0.019
2.926 / 0.028
1.811 / 0.007

Congested
6.816 / 0.207
4.336 / 0.178
2.653 / 0.014
5.665 / 0.095
2.120 / 0.014

achieved by the AMRCC schemes for a high-dense scenario.
V. C ONCLUSIONS
In this paper we presented the design and experimental
assessment with lab measurements of a new cognitive MAC
protocol for opportunistic spectrum access. The proposal has
been evaluated and compared with three other C-MAC protocols and a pseudo-random frequency hopping scheme over
a SDR-based platform in real conditions. We have observed
that our proposal outperforms the competing methods in
scenarios with a number of available channels greater than
the number of cognitive transmitter-receiver links (low-dense
and medium-dense scenarios). For congested scenarios, the
POMDP algorithm [9] results in the most suitable option.
Consequently, based on the obtained results, combined MAC
solutions according to user densities could result in a more
efficient spectrum usage approach in terms of channel occupation efficiency and throughput in coexistence scenarios.
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Fig. 3. Performance evaluation in terms of averaged channel occupation, collision and silence rates for low-dense, medium-dense, high-dense and congested
scenarios.
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