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Abstract— The rising number and capacity requirements of particular time and at a specific location [3], [4]. They eipl
radio systems bring about an increasing demand for frequenc  the spectrum holes making use of their ability to adapt their
spectrum. Cognitive radio offers a tempting solution to ths parameters to changing conditions rapidly. Every time when

roblem by proposing opportunistic usage of frequency band .
Itohat are nyOtp ofcupiegd E}? their Iicenseg users.qsmcey it is a the spectrum is sensed and the spectrum holes are detected,

rather new concept, there is no consensus on the practical im they shape their transmitted pulse in such a way that the
plementation of cognitive radio communications. In this pger, a spectrum occupied by the pulse fits into the spectrum holes.
comprehensive system design for cognitive radio is preseed. The  |n cognitive radio communications, one of the major issues
details of spectrum sensing and dynamic spectrum shaping,mch i oy to share the spectrum sensing information with other
constitute the basics of opportunistic spectrum usage, atgiven. It cognitive users. In the literature, it is considered to hame
is proposed to transmit the spectrum sensing related inforration ' v Y s h

via on-off keying (OOK) modulated ultrawideband (UWB). The allocated con_tr_ol channel to transmit this |r!format|on. 1]
limits on the range of one-to-one cognitive communicationsre some works, it is proposed to have a centralized contrdiksr t
discussed. A processing gain based approach that leads to angathers this information, decides for spectrum availgbiind
increased range for cognitive networks is proposed. Diffent ,jocates distinct bands to different cognitive users [8],

signaling options for the real data communications are give, I - . . -
and among these options an impulse radio that employs raised The contribution of this paper is threefold. First, it is

cosine filters is investigated in detail. proposed that the cognitive users share the spectrum gensin
information via underlay ultrawideband (UWB) simultane-
l. INTRODUCTION ously with the real data communication. Second, for the

Modern wireless systems aim at offering a wide variety dfansmission of real data, various options are discussed an
high data rate applications to numerous users at the saree tithe implementation of an impulse radio that employs pulses
In order to realize this objective, they have to overcome tishaped by raised cosine filters is investigated. Third, dinge
practical constraints imposed by the resources they nedd sof one-to-one duplex cognitive communications is deteadjn
as power and spectrum, which are limited in nature. Sine@d a method that is based on providing the UWB signals with
the number of wireless systems is increasing very rapidfytocessing gain is proposed to increase the range of cogniti
the scarcity of these resources, especially of the frequereetworks.
spectrum, becomes a more vital problem day by day. The paper is organized as follows. In Section Il, the prattic

Cognitive radio [1] is a concept that targets at a futurenplementation of opportunistic spectrum usage is expldin
solution for the spectrum scarcity problem by proposing ddynamic pulse shaping is investigated in Section Ill. Detaf
opportunistic spectrum usage [2] approach, in which fregye communications between transceivers in a cognitive nétwor
bands that are not being used by their licensed users are provided in Section IV, and numerical results are given i
utilized by cognitive radios. Since cognitive radios doneéd Section V. Section VI addresses the conclusions and pessibl
to have a license and since they do not affect the operatimture research topics.
of licensed systems, this approach leads to a highly ecanomi
and efficient usage of the frequency spectrum. _

The primary properties of cognitive radio are its sensing\ SPectrum Sensing
awareness, adaptation, and learning capabilities, asaséts The first requirement for opportunistic utilization of ovehe
memory. In this paper, we are going to especially focus drands is to periodically scan the spectrum and to detect the
sensing and adaptation aspects. A cognitive radio syst@htmispectra that are temporarily not being used, which can be
be able to sense numerous factors such as the spectrum cBRIFedwhite bands. A commonly used name for this operation
environment, the available nodes in its network, and alkla is spectrum sensing.
power. The adaptation capability, on the other hand, iredud An important concern about spectrum sensing is about how
adapting the system, transmission, and reception parasnete set the boundaries of the spectrum targeted by cognitive
without any need to user intervention. radio. Considering the extreme abundance of frequencyrspec

Cognitive radio systems continuously scan the spectrum athét may contain white bands, it is obvious that even in tlse ca
detect the holes in the spectrum, which are the frequenafycognitive radio communications, which is conceptualize
bands owned by a licensed user, but are not being used atmove the borders around open spectrum access, the thrgete

II. OPPORTUNISTICSPECTRUMUSAGE



spectrum should be limited. Among the numerous reasons, thé®©nce both parties of communication receive the spectrum
primary ones are that this way sensing information obtained by the other party, they lakjc

« It can be possible to sample the received signal (after tHtND’ the white spaces each of them has detected separately.
down-conversion) at or above the Nyquist rate even withe reason behind this operation is that frequency bands
the current technology, which enables digital processifgn be considered available for opportunistic usage only if
of the signal. both parties classify them as white space. Depending on the

« The computational burden associated with spectrum sekg8owledge about the common white spaces, each party designs
ing can be restricted to a reasonable level, leading @&new pulse shape. Since the new pulses designed by both
limited hardware complexity. parties will be the same, this method has the very advantegeo

e The ana'og front-end required for a Very wide Spectrumature that it enapleS h|gh|y efficient matched f|lter|ng|n@| .
scan (including a wideband antenna, wideband amplifidfe real data traffic. To be more clear, what the receiving
and mixers), which have a rather high cost, can H@arty uses as the template to match the received pulse will
avoided. be (almost) the same as the transmitted pulse by the other

« It can be prevented that a single type of cognitive radi@rty, leading to a high correlation between them, and hence
occupies the majority of the bands that are open 8 & successful matched filtering.

opportunistic usage. D. Seps of Practical Implementation

The spectrum allocation for different types of cognitive ra  gteps of practical implementation of opportunistic specir
dios (like mobile phones, WLAN modems, and palm devicegksage can be summarized as follows.
can be done by regulatory agencies such as the FCC depending Capturing any signal in the target spectrum (e.g. 2.1-2.3
on the intended range and the throughput requirement of the GHz) by using an appropriate antenna and analog band
specific application. From this point of view, high data rate pass filter,
cognitive radios aiming at wide range applications such@s T Analyzing the spectral content of the received signal
broadcast systems should be assigned wider target spéctra a gjiher by analog means:
lower frequency bands, whereas relatively low rate, stzomge
communication devices like cordless phones may be alldcate
narrower bands at higher frequencies.

— Sweeping the target spectrum via a mixer and pass-
ing the down-converted signal through an IF filter
with a narrow pass-band (to obtain an acceptable

B. Spectrum Shaping frequency resolution),

. - . — Determining the existence of signals inside the target
The sec_:ond requirement for opportunistic spectrum usage is spectrum by using an energy detector that consists of
to dynamically adapt the transmission parameters to comply a square law device, an integrator, and a comparator
with the changing spectral conditions. A cognitive radim ca — Labeling the binary ;)utput of the énergy detector as,
accomplish this by modifying the shape of its transmitteld@u occupied or white space (see Fig. 1-e)
in such a way that the spectrum of the pulse fills the detected - ) '
white bands as efficiently as possible. The details reggrdin ° or by digital means:

pulse shaping for opportunistic spectrum usage are prdvide ~ — Down-converting the signal to an IF frequency,
in Section III. — Sampling the signal at a rate above the Nyquist rate

and digitizing it (applying analog-to-digital conver-
C. Cooperation of Transmitter and Receiver sion),

— Computing the power spectral density either by tak-
ing the Fast Fourier Transform (FFT) and squaring,
or by applying more advanced power estimation
methods such as Welch’'s method or Thomson's
multitaper method,

— Comparing the obtained power spectral density with
a pre-determined power threshold. This way, deter-
mining the occupied spectra and the white spaces,

Comparing the bandwidths of the white spaces with a
pre-determined minimum bandwidth in order to find out
if they are wide enough to be utilized,

Transmitting the information regarding the usable white
spaces to the other party via UWB signaling,

Receiving the white space data from the other party,
Finding the common white spaces,

Designing a pulse shape that utilizes as much usable
white space as possible,

Initiating the cognitive communication and repeating the
entire sensing process at a regular period.

In the cognitive communications we propose, it is assumed
that both the transmitter and the receiver have transnmissio
and reception capabilities. In order to match the results of
the spectrum sensing operation done by both parties, each
of them will transmit the information regarding the white
spaces they have detected. We propose that the transmission
of spectrum sensing results is done via low power UWB
signaling that complies with the FCC regulations. Since thi
transmission will be accomplished in an underlay manner, it®
can be done simultaneously with the real data communication
without affecting each other.

Considering the relatively low throughput needed to trans-*®
mit the sensing information as well as the low cost trangzeiv
requirement, it turns out to be a proper option to use an uncom*®
plicated non-coherent receiver such as an energy detectdr,
to employ on-off keying (OOK) modulation. The implementa- *®
tion issues regarding the OOK based energy detector reseive
such as estimating the optimal threshold and determiniag th *®
optimum integration interval can be found in [8].



selected filters are multiplied with digitally generatedsioe

1 1 1 . . .
signals yielding
$i(t) = cos(2mfu,t) - Ti(t) . &
’ ° ’ ¢;(t) can be exemplified as in Fig. 1-a, -b, and -c, which are
-05 -05 -05 generated using;(¢) with roll-off coefficients0.9, 0.3 and
0.5, respectively. Each of these pulses is filling one of the

o 10 20 wm 4 s o 1 20 3 4w s o 1 2 0 w s white spaces in Fig. 1-e. The final pulse shape (demonstrated
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0 o o and it fills the white spaces as shown in Fig. 1-f.
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In cognitive radio communications, in order to make sure
Fig. 1. a-b-c- Separate pulses obtained via raised cdiiesng that fit ~that the intended frequency spectrum is not in use, bothesart
into different white spaces. d- Sum of separate pulses.marBiclassification of communication have to scan the spectrum and inform each
of frequency bands as "occupied’ or 'white band'. f- Spetrof the designed qther about the spectral conditions. We contemplate theaeth
pulse filling the white spaces. .

should not be a gap between the sensing ranges of them.
If the sensing ranges are not at least partially overlapping
there is always a risk that a licensed user located inside the
gap between the sensing ranges is not detected. Therefore,

The objective of cognitive radio is to design a pulse shalee receiving sensitivity of both parties has an integraé ro
whose frequency spectrum will occupy as much white spaite determining the range of communication. We assume a
as possible. Different methods to implement pulse shaging father high sensitivity around-120dBm to —130dBm and
cognitive radio are given in [9]-[14]. free space propagation, in which the transmitted poure)(

A primary option for filing the white spaces is to em-and received power..) are related to each other by the Friis
ploy Orthogonal Frequency Division Multiplexing (OFDM).equation (ignoring the system loss and antenna gains)
OFDM provides the cognitive radio with a high spectral P, A2
flexibility with its ability to simply turn on and off differst P, = 17%12 : (3)
sub-carriers according to changing spectral conditiofDK2 (4)
based implementation of spectrum shaping can be found in [@here X is the wavelength, and is the distance. With these
[10]. assumptions, it is seen that the scope of cognitive radio is

Another spectrum shaping approach is based on the ligtited to 50m to 150m, which is comparable to the range
age of Prolate Spheroidal Wavelet Functions (PSWF). TheseWLANS. If the targeted range of communications is wider
functions have a pulse width and bandwidth that can ltkean this level, or if the cognitive devices are experiegcin
controlled simultaneously, and they are able to be shifted shadowing and are hardly able to detect the existence of
anywhere in the spectrum without a need for up- and dowlicensed users, a network of collaborating cognitive nodag
conversion. Spectrum shaping methods employing the PSWE an effective solution.
based approach are provided in [11], [12], and [14]. In our study, the focus is on a cognitive network (see Fig.

The method we focus on for shaping the spectrum of tZ¢ whose nodes communicate with each other using UWB to
transmitted pulse is based on the usage of raised cosine §g¢hange spectrum information. The fact that UWB signaling
root raised cosine) filters. In this method, first, the infation is proposed may seem to be contradicting with the aim of
regarding the usable white spaces is utilized to determiigreasing the range of cognitive radio because of the dithit
the center frequencief., and bandwidthB; of each white range of UWB. However, looking at the bit error rate (BER)
bandU; for i = 1,2,..., N, where N is the total number of expression for OOK modulated UWB signals
white bands. In the next step, making use of its awareness N AR
property, the cognitive radio selects the raised cosinerdilt Q( " 2 (4)
r;(t) that are the most suitable for ea€h. Filling a higher 2No
percentage of a white space requires a higher roll-off filtewhere N, is the number of pulses per symbal, is the
which corresponds to a longer symbol in time leading to intepulse amplitude,E, is the received pulse energy, and the
symbol interference (ISI) or a lower throughput. Hence, thedditive white Gaussian noise (AWGN) has a double sided
cognitive radio determines the filter to be used accordirtgéo spectrum of%, it is seen that increasingy,, which can be
amount of available bandwidth and the data rate required. Thccomplished by repeated transmission of data, resulsvierl

Ill. SPECTRUMSHAPING BY ADAPTIVE PULSE DESIGN
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Fig. 2. Network of Cognitive Transceivers (Sensitivity gas are not drawn
to scale).

BER. This fact leads to a very advantageous feature of uw
called processing gain. By applying the necessary amounf
of processing gain, it can be made possible that the farthB

nodes in a cognitive network can share the spectrum sensing\/

information. Although this comes at the expense of lowerél
throughput, it is not a limiting factor in this case because ¥’
quite low data rate is enough to transmit the spectrum sgns
information. By enabling all the nodes in a cognitive netkvor
to talk to each other via UWB, there is no need

. either to allocate a separate channel for sharing the
sensing information,
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BER vs. distance between the nodes for UWB signaling.

L(d) = Lo + 10n

d
loylo(d_o)’

e channel modeC M3 in [17], which corresponds to an
ice environment with line-of-sight (LOS), is utilized.llA
grameters used in these simulations are listed in Table I.
performed a theoretical analysis investigating thegrerf
nce of OOK modulated UWB data transmission depending
the distance between a cognitive transmitter-receia@r p
fﬁccording to [17] the path loss assumed can be shown as

(®)

where the reference distan() is set aslm, Ly is the path

. or to employ a centralized controller that collects such id@SS atdo, andn is the path loss exponent. The average noise
formation, processes it, and transfers it to other cogmitiPOWer per bit is

N =-174+ 10loglo(Rb) R

users.
The sensing information received from all the other nodes in

(6)

the network can be combined in each node, and pulse desigere R, is the throughput. In Fig. 3, the effect of distance
can be done according the common white spaces. This way, the probability of error is demonstrated. The resultsasho
the range of cognitive communications can be extended to thet the BERs obtained for up t0m are still acceptable.
coverage area of a medium-sized network. For further distances, however, some processing gain is def
Increasing the network size results in an increased proliaitely needed. The processing gain is obtained by repeated
bility of overlapping with licensed systems. This fact sats transmission of the same information. We did a simulation
practical limit to the size of the cognitive network, becausthat investigates the number of repetitions required ireord

continuing to enlarge the network, the common white bandst to exceed the BER obtained 4im, which corresponds

become less and less, and after some point their amount
becomes insufficient to ensure the minimum quality of servic
(Qo0S). For the details of how the common white bands are

TABLE |

going to be shared by the cognitive nodes in the network, the LIST OF SIMULATION PARAMETERS
reader can be referred to [15] and [16]. .10713&&?55“ T 58’8"':/5_12
Freq. Range 3.1-3.6 GHz
V. NUMERICAL RESULTS Geometric Center Freq 3.34 Ghz
Computer analysis and simulations are performed regarding Re?:rzﬂgzl ya?ﬁeﬂoss Ofnc%;isdécms)

the practical implementation of cognitive radio communica Path Loss Exponent (n 1.63
tions. These are related to the transmission of spectrusirgen Rx Antenna NF 17dB
; e it Implementation Loss 3dB

results via UWB, the range of cognitive communications, and Throughput &) 50 Mbps
the capability of a cognitive network to detect a licensed Integration Tioaral 30 ns

system. In the simulations regarding the UWB signaling,
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Fig. 5. Probability of the licensed transmitter being detddy the cognitive
network.

to 10732, The number of repetitions needed vs. the distance
is shown in Fig. 4.

A simulation is done to investigate the effect of the number
of nodes on the probability of a licensed system being detiect
by the cognitive network. Fig. 2 demonstrates a networkd]
composed of cognitive radio devices. The nodes in the né&twor
are randomly distributed in 200mx200m area inside a
building. It is assumed that there is a licensed transmittel6]
which is aGSM900 cell phone transmitting at-60dBm,
whose location is random, as well. Depending on the level gf;
the node sensitivity, the number of nodes required to make a
reliable detection might vary. The results of this simwati
are demonstrated in Fig. 5.

VI. CONCLUSIONS ANDFUTURE RESEARCH

(4]

(8]

El

In this paper, a complete system design for practical cogni-
tive radio implementation is presented. The details of spat

sensing and pulse shaping are discussed. The transmidsion o

[10]

spectrum sensing information via UWB is proposed. The range
of one-to-one cognitive communications is investigatawj a[11]
a method for extending the range of cognitive networks is
addressed.
Cognitive radio is a widely open extensive research arggg
Possible future research topics include determining thetmo
suitable target spectra for different types of cognitivdioa,
investigating the complexity and reliability of differeapec-
trum sensing techniques, and determining the optimum size
for cognitive networks.
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