
IEEE Wireless Communications • February 201138 1536-1284/11/$25.00 © 2011 IEEE

Cooperative spec
communication be

PUt 

SUt1 

SUt2 

AC C E P T E D F R O M OP E N CALL

INTRODUCTION
As we know, almost all existing wireless commu-
nication networks are allocated a fixed spectrum,
resulting in a large portion of the assigned spec-
trum being used sporadically [1–3]. According to
a report by the Federal Communications Com-

mission (FCC), the percentage of the assigned
spectrum that is occupied ranges only from 15 to
85 percent, varying widely in time and geograph-
ical position [2]. Hence, the limitation and
underutilization of available spectrum resource
accelerates new research. Ultra-wideband
(UWB) and cognitive radio (CR) are candidate
techniques to improve utilization of the assigned
spectrum. Under the power spectral density
emission limit of Part 15, which is –41.3
dBm/MHz or significantly lower (as low as –75
dBm/MHz), UWB can share wideband spectrum
with other existing wireless systems. However,
the application of UWB is limited because of its
ultra-wideband frequency range, poor agility,
and high complexity. The term cognitive radio
was first introduced by Joseph Mitola. As a
promising candidate, CR has the ability to share
or reuse spectrum in an opportunistic manner by
employing spectrum overlay and/or spectrum
underlay approaches, which results in an increase
of spectrum utilization [1–3]. In [1], the authors
defined CR as an intelligent wireless communi-
cation technology that is aware of its surround-
ing environment, uses the methodology of
understanding-by-building to learn from the
environment, and then adapts its internal states
to statistical variations in the incoming radio fre-
quency stimuli by making corresponding changes
in certain operating parameters (e.g., transmit
power, carrier frequency, and modulation strate-
gy) in real time.

Moreover, high-data-rate wireless communi-
cation systems are limited not only by the limit-
ed spectrum, but often more significantly by the
fading effects due to multipath propagation, the
Doppler effect, and the angle spread of the
wireless channel. Diversity is one of the most
effectual methods to resist the fading effect. As
we know, multiple-input multiple-output
(MIMO), multicarrier modulation (MCM) and
code-division multiple access (CDMA) are
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ABSTRACT
For high-data-rate wireless communication

systems, two major issues are the underutiliza-
tion of limited available radio spectrum and the
effect of channel fading. Using dynamic spec-
trum access, cognitive radio can improve spec-
trum utilization. Almost all proposed CR
systems are based on multicarrier modulation
since multiple users can access the MCM sys-
tems by allocating subcarriers. Generally, MCM
mainly includes two different schemes, orthogo-
nal frequency-division multiplexing and filtered
multitone modulation. Considering mutual
interference elimination, synchronization, and
transmission efficiency, we conclude that FMT
is better than OFDM in MCM-based CR sys-
tems. Additionally, cooperative diversity can
reduce the fading effect since the space diversity
gain can be obtained through the distributed
antennas of each user. Hence, in this article, we
combine CR with the cooperative diversity tech-
nique, and then construct three cooperative
diversity cognitive models: the collaborative
spectrum sensing model, the cooperative com-
munication cognitive model, and the hybrid
model. Additionally, radio resources can be
extended from time-frequency dimensions to
space-time-frequency dimensions in the pro-
posed models, which effectively improves both
spectrum utilization and MCM-CR system per-
formance. Finally, extensive simulations are
conducted to show the validity and effectiveness
of the proposed models.
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commonly considered as candidates. The MCM
schemes, such as orthogonal frequency-division
multiplexing (OFDM) and filtered multitone
(FMT) modulation [4], are approaches to over-
come the intersymbol interference (ISI) caused
by multipath propagation. CDMA can suppress
narrowband noise and interference by spread-
ing the signal bandwidth to a wideband spec-
trum. Hence, MCM such as OFDM and
multicarrier CDMA (MC-CDMA) are hailed as
promising candidates for realizing spectrum
overlay and spectrum underlay CR applications
[2, 5], respectively. In MC-CDMA-based CR
(MC-CDMA-CR) systems, it  is possible to
abandon distributed sensing in a way that the
transmitting secondary user (SU) can spread its
signal across the entire band, including that
occupied by the primary user (PU), which
results in a base station and/or signaling chan-
nel not being needed. Furthermore, MC-
CDMA allows narrowband PU interferers to be
excluded locally at the SU receiver, hence
improving its performance. In other words,
MC-CDMA technology is more suitable for
spectrum underlay CR applications. However,
we mainly focus on spectrum overlay CR sys-
tems in this article. Therefore, MC-CDMA-CR
is not discussed below.

Additionally, MIMO can improve the channel
capacity and performance of wireless communi-
cation systems by using space and time resources.
However, it is not sufficient that only one anten-
na be built in the mobile station due to the limi-
tations of its cost, size, and complexity.
Moreover, the MIMO technique does not work
well when the fading is large-scale. Consequent-
ly, cooperative diversity [6], also called virtual
MIMO, has been proposed, in which users can
transmit data by sharing antennas of other users
surrounding them. Similarly, a cooperative com-
munication system can obtain the space diversity
gain and improve reliability. The basic ideas
behind cooperative communication can be traced
back to the groundbreaking work of Cover and
El Gamal on the information theoretic proper-
ties of the relay channel with additive white
Gaussian noise (AWGN). However, the aim of
relays is only to help the source transmit infor-
mation, whereas the users in cooperative com-
munication systems can act as both information
sources and relays. Nosratinia et al. have proven
that even though the interuser channel is noisy,
cooperation can still lead not only to an increase
in capacity for both users, but also to a more
robust system [6]. In this case, the achievable
rates of users are less susceptible to channel
variations. There are three main cooperative sig-
naling protocols: amplify-and-forward (AF),
detect-and-forward (DF), and coded cooperation
(CC) methods [6]. In this field, the key tech-
niques mainly include power allocation, coopera-
tive partner selection, performance evaluation,
and so forth.

In fact, CR and cooperative communication
have developed rapidly in their own fields.
However, there is little advantage in improving
spectrum utilization when only cooperative com-
munication is used, whereas CR is not good for
improving the symbol error rate performance of
each user. Consequently, combining CR with

cooperative communication may be a good solu-
tion to both problems. Ghasemi [7] and Gane-
san [8] first proposed the collaborative
(exchanging spectrum hole vectors with each
other) and cooperative communication scheme
to improve the detection probability of spec-
trum sensing in CR systems. Nevertheless, both
of them are only based on AF and do not take
the locations of SUs into consideration. After
that, Devroye introduced cooperative communi-
cation to data transmission, and obtained funda-
mental limits of achievable rates in CR systems.
Obviously, this model is ideal and needs cooper-
ative communications among SUs. Finally,
Simeone et al. studied the cognitive relaying
scheme between PUs and SUs [9], which is of
course a simple and elementary discussion. Con-
sequently, in this article we expand the models
of Ghasemi and Devroye, and give an overview
of the cooperative diversity cognitive models,
which combine MCM, cooperative diversity, and
CR techniques together.

This article is organized as follows. In the
next section we discuss MCM techniques in the
multihop CR system. Then three cooperative
diversity cognitive models are proposed. Simula-
tion results show the effectiveness of the pro-
posed models in the following section.
Conclusions are drawn in the final section.

MULTICARRIER MODULATION TECHNIQUES
IN MULTIHOP CR NETWORKS

Recently, some work has been reported on mul-
tihop CR networks [10], in which each node has
a list of available frequency bands and must
work adaptively among these frequency bands
because of dynamic spectrum access. It is well
known that two nodes cannot communicate if
they work on different frequency bands. Hence,
routing in multihop CR networks becomes a
critical and challenging issue. In general, solu-
tions of this problem mainly focus on the meth-
ods in the network layer, whose processing delay
is on the order of milliseconds. However, the
high-speed wireless channel in multihop CR net-
works varies on the order of microseconds due
to multipath fading, the Doppler effect, and
dynamic occupancy of the subchannel by PUs.
Therefore, the solutions proposed in the net-
work layer may cause heavy interference to PUs.
To this end, adopting MCM to intersection
nodes (i.e., RUs) of multihop CR networks may
be a good solution in the physical layer. Because
of the usage of MCM, the intersection node can
allocate some unused subcarriers to different
information flows; thus, all flows can be trans-
mitted simultaneously.

In fact, considering that the access of multi-
ple users can be implemented by the allocation
of subcarriers in an MCM system, almost all of
the proposed spectrum overlay CR systems are
based on MCM technology, specifically the
MCM-CR system. Moreover, almost all pro-
posed MCM-CR systems are based on OFDM
[2], such as IEEE 802.22, the spectrum pooling
system proposed by Timo A. Weiss, and the
Next Generation (xG) communication networks
proposed by the Defense Advanced Research
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Projects Agency (DARPA) [2]. Recently, cosine
modulated multitone (CMT)-based CR (CMT-
CR) and FMT-based CR (FMT-CR) systems
have also been proposed [3].

In an MCM-CR system, a maximum likeli-
hood detection (MLD) model is deduced under
the constraint of the interference temperature
[3]. Moreover, the optimal detection region, and
the probability of detection and false alarm are
obtained in [3]. Spectrum allocation and access
algorithms are well studied in [2, 3]. Based on
the MLD scheme and Markovian chain predic-
tion (MCP) model, an efficient SU access algo-
rithm based on spectrum hole vector (SHV) is
proposed to meet the quality of service (QoS)
requirements of the SUs in a centralized MCM-
CR system in [3]. However, one issue of the
MCM-CR system is that it requires a large size
inverse discrete Fourier transform (IDFT)/DFT
operation due to the varying locations of each
subcarrier in a wide spectrum, resulting in a
heavy implementation complexity and serious
delay. To this end, a scheme combining Cooley-
Tukey’s recursive algorithm with pruning algo-
rithm can be adopted. Now, the main issue
becomes: which technique is better in an MCM-
CR system, OFDM or FMT? We discuss more
detail in the following.

Recently, some challenges in the physical
layer of OFDM-CR systems have been analyzed
(e.g., mutual interference and synchronization)
[2]. In OFDM-CR systems, spectrum partition-
ing is realized in the form of overlapping sub-
bands, in which adjacent subcarriers are at the
nulls of the sinc(f) function. Therefore, spectrum
efficiency is high. However, the requirement of
synchronization is also very strict, especially for
frequency synchronization. If the subcarriers are
not orthogonal, the sidelobes of the sinc-shaped
spectrum on each subcarrier may fully interfere
with PUs even if the parameter of the OFDM
system used by PUs and SUs is the same. More-
over, the worse case is that OFDM is not adopt-

ed by PUs, or the parameters of OFDM for both
PUs and SUs are different even though OFDM
is used by PUs. To decrease the interference, the
received OFDM signal is windowed in the time
domain before it is fed into the operation of
Fourier. Another method is to leave some virtu-
al subcarriers (VCs) free. Furthermore, in an
OFDM-CR system, the cyclic prefix (CP) or so-
called guard interval is added to each transmit-
ted symbol to avoid ISI, which occurs in
multipath channels and destroys orthogonality.
Unfortunately, like VCs, CP leads to a loss of
transmission efficiency. The longer the delay
spread of the channel, the longer the length of
the CP, and thus the lesser the efficiency . Obvi-
ously, these methods conflict with the concept of
improving the spectrum utilization of the CR
technique.

Compared with OFDM-CR systems, an FMT-
CR system does not require CP between several
continuous transmitted symbols [4]. Instead, the
bandwidth of each subcarrier is chosen to be
quasi-orthogonal in the frequency domain, which
is also called subcarrier spectral containment,
and it can be achieved by the use of steep rolloff
bandpass filters (i.e., filter bank). As a result, the
time domain response of these filters may over-
lap in several successive transmitted symbol peri-
ods. Therefore, it is necessary for equalization
per subchannel to reduce any remaining ISI,
even if the channel is in an ideal state. A high
level of subcarrier spectral containment is good
for CR systems because the leakage of signal
energy between adjacent subchannels may be
neglected since it is as low as –70 dB where the
subcarriers are closely spaced, as shown in Fig.
1. Figure 1 illustrates the frequency response of
the first five subcarriers in an MCM system,
where the solid and dashed lines denote FMT
and OFDM, respectively. Due to the tight spec-
tral containment achieved by the prototype filter
in FMT, negligible power leaks into adjacent
banks. Hence, fewer VCs are needed to comply
with the regulatory power spectral mask than in
an OFDM system.

Therefore, it is obvious that only a few VCs
are needed since the CP is not necessary for
FMT systems; thus, the transmission efficiency
of FMT systems is better than that of OFDM
systems. Without loss of generality, we define
the transmission efficiency as

(1)

where Nc, Nvc, and LCP denote the number of
subcarriers, the number of VCs, and the length
of the CP, respectively. For example, when the
bandwidth of occupied spectrum equals 20 MHz,
Nc = 64, LCP = 16, and Nvc = 12 in an OFDM
system based on the standard of HIPERLAN/2
or IEEE 802.11a, while LCP = 0 and Nvc = 2 ~
4 in an FMT system. Accordingly, the efficiency
of OFDM and FMT is ηOFDM = 65 percent and
ηFMT ≈ 94 percent, respectively.

Moreover, synchronization among different
users is not serious in an FMT system because of
its tight spectral containment. The disadvantage
of the FMT is its complexity due to the filter
bank and equalization per subchannel. However,
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Figure 1. Frequency response of the first five subcarriers in MCM system with
Nc = 64 (solid: FMT, dashed: OFDM).
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it may not be a serious issue in the future due to
the fast development of digital signal processing
techniques.

In summary, taking mutual interference sup-
pression, synchronization, and transmission effi-
ciency into consideration, it is much better to
adopt FMT than OFDM in MCM-CR systems.

PROPOSED COOPERATIVE DIVERSITY
COGNITIVE MODELS IN AN

MCM-CR SYSTEM
When the idea of CR is taken into account in
the cooperative communication system, the
cooperative communication system with cogni-
tive relay can be proposed to further improve
the spectrum efficiency. On the other hand,
cooperative diversity CR systems can also be
proposed when the idea of cooperative diversity
is considered in a CR system. Thus, based on
Chasemi and Devroye’s model, combining
MCM, cooperative diversity, and CR tech-
niques, we propose three cooperative diversity
cognitive models, including the collaborative
spectrum sensing model, the cooperative com-
munication cognitive model, and the hybrid
model, as shown in Figs. 2, 3, and 4, respective-
ly. Solid and dashed ellipses denote PUs in the
primary network and SUs in the secondary net-
work, respectively. Furthermore, dash-dotted
lines denote the link to transmit the control
data, including signaling and spectrum hole vec-
tor information. The solid and dashed lines
denote the transmissions of the users’ self data
and the partners’ data for cooperative retrans-
mission, respectively.

COLLABORATIVE SPECTRUM SENSING MODEL
In the process of spectrum sensing, the fading
effect, noise, and interference may cause some
errors (result in false alarm detection and false
dismissal detection), which are very harmful
because they may introduce serious interference
to PUs, resulting in a decrease of the spectrum
utilization ratio. The left model in Fig. 2, which
is one of the proposed collaborative spectrum
sensing models between PUs and SUs, means
that a PU leaves or broadcasts the spectrum
hole information to SUs over the air or through
a wired channel. Obviously, the PU is the

licensed user, who would not do this. However,
if a PU would like to allow SUs access to his/her
licensed spectrum when he/she was not using
them, he/she should offer the spectrum hole
information to help SUs. Certainly, this pro-
posed collaborative spectrum sensing model is
simple and introduces no any interferences to
PU because spectrum hole information is very
accurate in this case. Nevertheless, the disadvan-
tage of this model is that it needs an additional
specialized channel to transmit the spectrum
hole information from PU to SUs, as well as the
permission and authorization of the PU. The
proposed collaborative spectrum sensing model
among SUs is shown in the right part of Fig. 2.
Collaborative means that SUs can exchange or
cooperatively retransmit their SHV information
with each other. For some reasons, such as deep
fading or distance from PUs, some SUs (e.g.,
SUt2) may not detect the used spectrum success-
fully, which will cause a false dismissal detection.
However, their neighbors (e.g., SUt1) can do
them a favor. Therefore, the detection probabili-
ty of SU t2 can be improved by cooperatively
communicating with its adjacent SUs (e.g., SUt1)
or exchanging SHV information with each other.
SHV exchange and cooperative communication
were first proposed by Chasemi [7] and Ganesan
[8], respectively. However, only AF was consid-
ered in [8]. Obviously, there are still many key
techniques of the proposed collaborative spec-
trum sensing model that need to be further stud-
ied, such as the spectrum sensing algorithm, the
influence of the detection probability and loca-
tions of SUs, the choice of cooperative partner,
and so forth.

COOPERATIVE COMMUNICATION COGNITIVE MODEL

In this proposed model, we assume that the
SHV has been detected successfully by SUs. The
top part of Fig. 3 shows the cooperative commu-
nication between PUs and SUs. PUs (e.g., PUt
and PUr) are source/receiver, and SUs (e.g.,
SUt1 or SUt2) act as relays to retransmit PUs’
data. The rationale of this choice is that helping
the PU to increase its throughput entails (for a
fixed demand of rate by the PU) a diminished
transmission time for the PU, which leads to
more transmission opportunities for the SUs.
That is to say, the PUs’ data can be transmitted

Figure 2. Proposed collaborative spectrum sensing model.
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quickly, and some seconds are then saved for
SUs to access the idle spectrum. The bottom
part of Fig. 3 shows the cooperative cognitive
model among SUs, where the SUs act as cooper-
ative partners with each other. In such a case,
SUs can work in either half-duplex (left bottom)
or full-duplex (right bottom) mode. When it is in
half-duplex mode, time-division multiple access
(TDMA) is often adopted by SUs, and SUs as
relays (e.g., SUt2 in the left bottom of Fig. 3) do
not transmit data themselves. For full-duplex
mode, CDMA is always selected by SUs, and
SUs act as both source and relay (e.g., SUt1 and
SUt2 in the right bottom of Fig. 3). Similar to the
proposed collaborative spectrum sensing, there
are also many key techniques that need to be
studied, such as the transmitter scheme of coop-
erative communication, capacity and diversity
gain analysis, power allocation algorithm, receiv-
er designing, partner selection algorithm, and so
on.

HYBRID MODEL
As aforementioned, the proposed model of
collaborative spectrum sensing is helpful for
spectrum detection, while the proposed model
of cooperative cognitive communication is
mainly for data communication. However,
spectrum detection and data communication
will be as a whole in future practical CR sys-
tems.  Therefore,  the combinat ion of  the
aforementioned two models (i .e.,  a hybrid
model) is proposed in this subsection, which
is shown in Fig. 4. Obviously, in the proposed
hybrid model, there are two steps needed:

collaborative spectrum sensing and coopera-
tive communication. Certainly, they can also
be implemented simultaneously. Both collab-
orative spectrum sensing and cooperative
communication are between PUs and SUs on
the left of Fig. 4, while they are both among
SUs on the right . Apparently, the same col-
laborative partners are not needed during the
different steps. For example, collaborative
spectrum sensing occurs between PUs and
SUs during the first step, while cooperative
communication is among SUs during the sec-
ond step. Therefore, the probability of spec-
trum detect ion is  very  important .  In  the
future,  further  research is  needed on the
hybrid model, including spectrum sensing, the
influence of probability of spectrum detec-
tion, the selection of cooperative users, the
synchronization and channel estimation algo-
rithm, and so forth.

Note that we need to point out that the MCM
technology can be used in any of the three pro-
posed models. Moreover, the space diversity
gain can be obtained by adopting cooperative
communication technology. Therefore, the intro-
duction of cooperative diversity expands CR
research from two dimensions (time-frequency)
to three dimensions (space-time-frequency). In
summary, all resources can be fully and effec-
tively utilized to improve the performance of
MCM-CR systems.

Finally, it is necessary to point out that the
PU’s model to occupy the channel is no limita-
tion in this article. This is because we mainly
focus on the model description and performance

Figure 3. Proposed cooperative communication cognitive model.
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analysis, which results in the detection probabili-
ty of the spectrum being the chief factor consid-
ered in the three proposed models, regardless of
the PU’s model to occupy the channel.

SIMULATION RESULTS

To get insight into the effectiveness of the pro-
posed models and validate some related analyti-
cal results, extensive computer simulations have
been conducted in which M-phase shift keying
(MPSK) modulation is used, and channel coeffi-
cients hi,j(i ∈ {s, r}, j ∈ {r, d}) are independent
samples of zero mean complex Gaussian random
variables with variance σ2

i,j, where s, r, and d
denote the source, relay, and destination, respec-
tively. Moreover, we assume σ2

s,d = 1, σ2
s,r = 1,

σ2
r,d = 10, and the total transmitted power P =

Ps + Pr, where Ps and Pr represent the power
allocated to source and relay, respectively.

PERFORMANCE LOSS WITH PROBABILITY OF
SPECTRUM DETECTION

Here, we adopt the half-duplex model seen in
the right part of Fig. 4, in which SHV informa-
tion is exchanged for collaborative spectrum
sensing and cooperative communication among
SUs. We assume that there is only one commu-
nication link between PUt and PUr, and several
links among SUs. Obviously, the collaborative
probability of spectrum detection Pd = 1 – (1 –
Pds)n, where Pds (we have assumed that it is the
same for all SUs) is the probability of spectrum
detection by each SU without any help, and n
is the number of SUs selected to join in SHV
exchange for collaborative spectrum sensing.
Then we further assume that only one SU (e.g.,
SUt2) is randomly selected to be a relay part-
ner for cooperative communication after col-
laborative spectrum sensing. Based on these
assumptions, the unconditional symbol error
rate (SER) performance in an AF cooperation
communication system is illustrated in Fig. 5,
in which Pds = 0.9, and equal power allocation
(EPA) is used. In Fig. 5, for comparison, the
curve with perfect spectrum sensing (Pd = 1) is
also plotted. Obviously, it can be concluded
from Fig. 5 that there is about 4.0 dB loss with-
out cooperation (n = 1 and Pd = Pds = 0.9)

when SER is 10–3, and the SER performance is
very close to the results with perfect sensing
information when the number of collaborative
SUs equals 3 (n = 3 and Pd = 0.99). That is to
say, there is about 4.0 dB gain when two more
SUs join for collaborative spectrum sensing.
Obviously,  the complexity of the system
increases because of the cooperative partners’
joining.

POWER CONTROL SCHEME OF SUS UNDER THE
CONSTRAINT OF INTERFERENCE TEMPERATURE

In this subsection, under the constraint of the
interference temperature, we discuss a CR sys-
tem based on the cooperative cognitive half-
duplex model on the bottom left of Fig. 3 in
which SUt1, SUt2, and SUr are source, relay, and
destination, respectively, and PUt is the PU.
Without loss of generality, Q denotes the inter-
ference temperature level. Hence, the problem
becomes how to obtain the optimal performance

Figure 4. Proposed hybrid model.
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of the SUs’ network under constraint Q. It is
well known that power control is one simple
solutions. In order to obtain the maximal ergodic
capacity, the approximate optimal power alloca-
tion scheme (OPAE) is proposed in the conduct-
ed simulations, and an AF cooperative
communication protocol is selected among SUs.
Furthermore, cooperative communication is
obviously not adopted when the source-to-desti-
nation channel is better than the relay-to-desti-
nation one. Figure 6 illustrates the ergodic
capacity with the changing of Q and the channel
variances of the source-to-PU (σ2

s,p), respectively,
where σ2

s,p = 0.1 in the upper part and Q = –1
dB in the lower part. Obviously, it can be seen
from Fig. 6 that the capacity performance of the
proposed OPAE scheme outperforms that of the
existing EPA, and the capacity performance
monotonically increases with increasing Q and
monotonically decreases with increasing σ2

s,p.

CONCLUSIONS

In this article, we have first studied the MCM
techniques in a multihop MCM-CR system.
Considering mutual interference elimination,
synchronization, and transmission efficiency, we
conclude that FMT is better than OFDM in an
MCM-CR system. Second, we propose three
cooperative diversity cognitive models: the col-
laborative spectrum sensing model, the coopera-
tive communication cognitive model, and the
hybrid model. The introduction of cooperative
diversity expands CR research from time-fre-
quency dimensions to space-time-frequency
dimensions. Therefore, all resources can be fully
and effectively utilized to improve the perfor-
mance of an MCM-CR system. Finally, some
simulations have been conducted to verify that
the collaborative spectrum sensing can improve
the probability of spectrum detection, resulting
in enhancement of the performance of the
MCM-CR system.
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Figure 6. Ergodic capacity with different Q (top) and σ2
s,p (bottom), respectively.
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