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Spectrum scarcity has emerged as a primary problem in the communications technology. The combination of cognitive radio (CR)
and ultra-wideband impulse radio (UWB-IR) has been proposed to solve the shortage problem by allowing smart and adaptive
spectrum management, leading to UWB-CR. In a UWB-CR scheme, secondary users are supposed to ensure interference avoidance
by adaptively selecting the portions of the spectrum not being used by primary users. In this paper, three different techniques for
the generation of adaptive UWB pulses are studied. The Parks-McClellan algorithm is employed, a neural network is trained,
and a reconfigurable band stop filter is designed to generate an adaptive waveform with nulls at specific frequencies. Simulations,
measurements, and analysis show that each generated UWB pulse has remarkable advantages in the frequency utilization, spectrum
avoidance, and hardware implementation.

1. Introduction

With the increasing use of technology and communication,
spectrum resources have become scarcer and more valuable
[1]. The combination of ultra-wideband (UWB) technology
and cognitive radio (CR) is an encouraging approach to ease
this urgent situation [2].

UWB is characterized by a unique potential in short-
range high-data-rate wireless communications. It is mainly
utilized in military applications, such as high-precision radar,
life search after natural disaster, positioning, and homeland
security [3]. Carried out by transmitting extremely short
pulses, UWB is limited by very low energy levels. Therefore,
the Federal Communication Committee (FCC) released the
spectral mask on UWB emission power in 2002 [4]. UWB
systems are allowed to operate in the 3.1–10.6 GHz band
without a license requirement, but under very strict trans-
mission power limits. The equivalent isotropically radiated
power (EIRP) of UWB should be below −41.3 dBm/MHz
to avoid the degradation of the legal wireless system perfor-
mance.

With CR technology, unlicensed users (secondary users)
are allowed to access spectrum bands licensed to primary

users, while avoiding interference with them [5]. This can be
achieved by the use of adaptive UWB pulses characterized by
the ability to form, in their spectral masks, nulls in the bands
used by existing narrow-band wireless services.

To meet these requirements, two classical UWB signal
design techniques are being used: UWB pulse shaping filter
design and UWB waveform optimization. Although the
UWB shaping filters can achieve relatively high spectrum
efficiency, they require a much high sampling rate and
filter orders, thus considerably complicating the hardware
structure [6]. The UWB waveform optimizing, such as
genetic algorithm, is simple to implement, but it remains
difficult to achieve satisfactory spectrum efficiency and meet
the deep frequency null at primary users’ locations [7].

Orthogonal frequency division multiplexing-based UWB
multiband signal (MB-OFDM) can dynamically close the
appropriate subcarrier to avoid the undesired interference.
This flexible solution is limited by the attenuation depth
of the spectrum notches [8]. Thus, having multiple UWB
secondary users can cause a serious degradation of the
legal signal due to the cumulated interferences. In [9], Yang
presented a pulse based on Hermit Gaussian functions, but
the need of a deep frequency null is not solved in his
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proposal. In [10], a novel antenna is designed to attenuate
the transmitted signal in the primary user bands. The large
size of the UWB antenna limits its applications.

Most of these techniques can only handle a fixed envi-
ronment and not achieve dynamic interference cancellation,
or they are complex to implement and slow to adapt to a
changing environment. On the other hand, the fundamental
feature of a cognitive radio is to instantly adapt to the active
environment. Motivated by these requirements, we study
three different techniques that generate a smart, dynamic,
and adaptive UWB waveform.

The first technique relies on an advanced signal process-
ing algorithm, Parks-McClellan (PM), which is combined
with CR technology to generate an adaptive UWB pulse
for multiple narrowband interference suppression. Results
confirm the robustness of the generated pulse in that
it closely meets the FCC mask and achieves the desired
spectrum nulls. Second, a novel pulse generator based
on a neural network (NN) is studied. The designed NN
can adaptively modify its parameters to adjust its output
spectrum according to the state of primary users. The
obtained UWB pulse can maximize the spectrum utilization,
and can also dynamically perform spectrum avoidance. Last,
the design of a reconfigurable band stop filter is proposed.
The filter is characterized by two basic elements: split-ring
slots to introduce frequency notches and electronic switches
to enable the control of these notches. One of the switching
conditions guarantees the all-pass behavior of the filter. The
remaining switching combinations result in band stops at
unauthorized frequencies. The filter was integrated in the
feed line of a UWB antenna which could be used to transmit
the resulting adaptive pulse. Simulation and measurements
illustrate the dynamic response of the designed filter and the
characteristics of the antenna.

The rest of this paper is organized as follows. In
Section 2, the PM algorithm is implemented. In Section 3,
the design of the neural network is detailed. In Section 4, the
reconfigurable filter and antenna are presented. Finally in the
Conclusion Section, the performance of three techniques are
compared and contrasted.

2. The Parks-McClellan Algorithm

2.1. Simulation Details. In this section, we are going to show
our first method to generate an adaptive UWB pulse for
multiple narrowband interference suppression: the Parks-
McClellan algorithm combined with the cognitive radio
(CR) technology.

The Parks-McClellan algorithm is generally utilized to
design and implement efficient and optimal FIR filters [11].
In fact, the CR technology detects the bandwidth and the
central frequency of narrowband primary users. To avoid
the interference caused by unlicensed users, the Parks-
McClellan algorithm will generates an adaptive pulse [12].
This is simulated in MATLAB using the firpm function. After
several iterations, an optimum pulse and its corresponding
spectrum is illustrated; this clearly shows the multiple
notches at some frequencies. The inputs of the firpm function
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Figure 1: The pulse generated by the PM algorithm.
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Figure 2: PSD of the pulse generated by the PM algorithm.

should respect the locations of the frequency notches and the
FCC spectral mask. The firpmord function is used to obtain
these inputs and to specify the order of the filter.

2.2. Generated Pulses. Figure 1 shows the pulse obtained
by simulating the Parks-McClellan algorithm in MATLAB,
considering two frequency nulls at 3.5 GHz and 5.2 GHz,
which are the famous bands of WiMAX and WLAN. The
elapsed time of this simulation is 4.9 seconds, and the needed
filter order is 546. In Figure 2, the corresponding spectrum is
illustrated, showing the notches.

With the help of spectrum detection technology the
Parks-McClellan algorithm can generate adaptive pulses
that meet the FCC spectral mask and avoid narrowband
interferences. Despite the high filter order, PM algorithm
is provides excellent spectrum utilization and a depth of
−45 dB at undesired bands.

3. Neural Network

3.1. Description of the Technique. The second proposed
method for UWB pulse shaping is the usage of neural
networks. They are composed of simple elements operating
in parallel which are inspired by biological nervous systems
[13]. As in nature, the network function is largely determined
by the connections between elements. A neural network
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Figure 4: PSD of the pulse generated by the neural network in
MATLAB.
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Figure 5: PSD of the pulse generated by NeuroSolutions.

could be designed to perform a particular function by
adjusting the values of the connection (weights) between
elements. In this section, this method is used to generate the
dynamic UWB pulse.

Commonly, neural network are adjusted or trained so
that a particular input leads to a specific target output.
The network will then adjust its parameters, based on a
comparison of the output and the target, until the output
matches the target. The target signal is a result of spectrum
sensing, which will be determined by the current frequency
bands of the primary users. Then, by adjusting the network
weights according to specific learning rules, the actual output

Figure 6: Photo of the designed dual stop-band filter.

can trace the target signal after a very limited number of
iterations.

The radial basis function network will be selected in this
paper because it has the capability to ensure the requirements
suggested previously. It is shown that RBF network can
approximate any function at any precision by altering its
basis functions [14]. Figure 3 shows a simplified block
diagram to explain our model.

The RBF network needs an input matrix P based
on a basis function p(n) that is supposed to meet two
requirements as follows.

(1) The basis function should be even symmetry around
its center.

(2) The energy of the basis function should be finite.

Based on above restrictions, a famous candidate for the
basis waveform is the Gaussian function [15]. In this case,
the total network input P can be written as

P = [p0, p1, p2, . . . , pn2
]T
. (1)

The basic Gaussian function is given by

p0(k) = 1 k = 0, 1, . . . ,N − 1,

pi(k)= 1√
2πsi

exp

(

− f 2
s

2s2
i

(
k−μi

)2

)

i > 1, k=0, 1,. . . ,N−1.

(2)

3.2. Simulations Results. The input matrix is formed using
the basis waveform p(n). The input vectors pi are generated
using MATLAB. To obtain two different networks and
compare their results, two types of software are used in our
paper.

First, the neural network Toolbox in MATLAB is uti-
lized. During the learning step, the network weight vector
is updated. After the network weights have achieved its
convergence, the learning process will be terminated. Finally,
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Figure 7: Configuration of the designed dual stop-band filter.
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Figure 8: Simulated and measured S11.
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Figure 9: Simulated and measured S21.

the transmit pulse is derived from the network output. The
target signal can be dynamically determined by the result of
spectrum sensing. In the simulation, we will consider the
FCC mask with the two notches at WiMAX and WLAN
frequency locations. Our goal is to optimize the learning time
to ensure a dynamic system. The PSD of the obtained pulse
using the Neural Network training tool in MATLAB with 31
iterations is shown in Figure 4.
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Figure 10: Input Gaussian monocycle and corresponding output.
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Figure 11: Input Scholtz’s monocycle and corresponding output.

Second, same simulation parameters are used in “Neu-
roSolutions”: the premier neural network development
Environment. The same input (based on Gaussian functions)
and the same target signal (FCC mask with 2 frequency nulls
at 3.5 GHz and 5.2 GHz) are given. The PSD of the obtained
results using NeuroSolutions is shown in Figure 5 with a
number of iterations equal to 120.

The proposed UWB pulse generation using neural net-
works provides much safer protection to the primary users.
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Figure 13: Antenna photo.

When the number of iterations of the learning step is increas-
ing, the generated pulse becomes more efficient ensuring
perfect frequency utilization and spectrum avoidance since
it provides the deepest frequency notch.

4. Filter Antenna Design

The last technique investigated in this paper is based on
a filter-antenna design. A reconfigurable stop-band filter is
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Figure 14: Reflection coefficient when all switches are tuned OFF.

firstly designed, and then it is incorporated on the feed of
a UWB antenna to ensure pulse shaping and interference
avoidance with licensed users.

4.1. Filter Design and Stop-Band Control. A dual stop-band
filter is shown in Figure 6. The filter is a 50Ω microstrip
line, printed on a 1.6 mm thick Rogers RO3203 substrate
with εr = 3.02, on which two rectangular split-ring slots have
been incorporated with two electronic switches mounted
across each ring slot. The split-ring slot is a single-ring
complementary split-ring resonator (CSRR). CSRRs and
their dual-counterparts, the SRRs [16], have been employed
in [17] for the design of UWB antennas with fixed notched
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bands and in [18] for the design of UWB antennas with
multiple controllable band notches.

The dimensions of the CSRRs are indicated in Figure 7.
If the electronic switch is ON, the corresponding CSRR
will resonate inducing a band stop in the primary user’s
operation band. In our designed filter, CSRRs are parame-
terized to cause nulls at 3.5 GHz and 5.2 GHz. To avoid other
wireless systems, further band stops could be generated by
adding other CSRRs. If no primary users are active, the filter
should reestablish its all-pass behavior by turning OFF all the
switches.

4.2. Measured and Simulated Characteristics of the Filter. The
filter is simulated using Ansoft HFSS [19]. A prototype of
the filter is fabricated, so the reflection coefficient (S11) and
transmission (S21) are simulated and measured. Although
the structure of the filter is not perfectly symmetrical, the
simulations and measurements have shown that S11 and
S22 are very close. The same property applies to S21 and
S12. Figures 8 and 9, respectively, show the computed and
measured S11 and S21 plots. Two of four switching cases are
illustrated: the all-pass behavior and the dual-stop bands. It
is shown that when both switches are ON, two stop-bands
occur at 3.5 and 5.2 GHz. Generating only one band stop is
also possible by turning OFF one of the switches. The plots
show good analogy between simulated and measured results.

4.3. Generated Pulses. A UWB pulse will be inputted to the
filter the output from the other filter port will be also a
UWB pulse, with very similar shape, except in band stops,
where the pulse will have nulls. These nulls help to avoid
interference to primary users or services operated in these
bands.

In UWB communications information is contained in
narrow pulses (monocycles). Several possible monocycles

could be utilized. In this paper, two types of UWB pulses are
tested with the filter: Gaussian and Scholtz’s monocycles. The
Gaussian monocycle is similar to the first derivative of the
Gaussian pulse and is given by [20]

W(t) = 2× A

τ
×√e × (t − Tc)× exp

[

−2×
(
t − Tc

τ

)2
]

.

(3)

In (3), A is the amplitude, τ the pulse shape parameter,
and Tc the time duration of the pulse.

On the other hand, Scholtz’s monocycle is an attractive
waveform because of its flat power spectrum density, which
best suits the designed filter. This monocycle is similar to
the second derivative of the Gaussian pulse and can be
represented by [21]

W(t) = A

[

1− 4π
(
t − Tc

τ

)2
]

exp

[

−2π
(
t − Tc

τ

)2
]

. (4)

Figure 10 shows the PSD of the inputted Gaussian
monocycle and its corresponding output pulse. Similarly,
Figure 11 shows that for Scholtz’s monocycle. Both figures
reveal an attenuation of about 15 dB in the filter’s stop-bands.

4.4. Antenna Configuration and Results. In this section, an
antenna suitable for UWB-CR is proposed. Having our
designed filter integrated on its feed line, the proposed
antenna is reconfigurable in terms of the ability to selectively
have band stops in the WLAN and WiMAX bands.

Depicted in Figure 12, the antenna is a monopole printed
on a 1.6 mm thick Rogers RO3203 substrate with εr = 3.02,
and features a partial rectangular ground plane. The patch
is almost circular in shape. The dimensions of the different
parts are optimized for an impedance bandwidth covering
the UWB range (starting 3 GHz). To induce band notches,
the reconfigurable stop-band filter is integrated in the feed
line. Switching cases studied in Section 4.2 are also applicable
on the antenna.

The antenna was designed and simulated using Ansoft
HFSS [19]. A prototype was fabricated and illustrated in
Figure 13, and the reflection coefficient was measured for
two operation scenarios. The all-pass behavior is showed in
Figure 14 and two band stops at 3.5 GHz and 5.2 GHz are
added in Figure 15 by turning ON the switches. The HFSS-
computed normalized gain patterns in the X-Z and Y-Z
planes, for each case, are shown in Figure 16. All cases result
in omnidirectional patterns. The patterns are unchanged for
the switches-ON and switches-OFF cases. This means that
outside the rejected bands, the patterns are independent of
the filter state.

5. Conclusion

In this paper, we studied three different techniques to
generate adaptive UWB waveforms for application in UWB-
CR. Two of these techniques, Parks-McClellan and neural
network, are based on advanced signal processing algo-
rithms. The third relies on the design of reconfigurable RF
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Figure 16: Radiation pattern at 4.5 or 6 GHz when switches are turned ON or OFF.

filters. MATLAB simulations showed that the PM algorithm
can achieve high spectrum utilization. The main drawback of
this technique is its hardware complexity resulting from the
high filter order. On the other hand, neural networks, which
are easier to implement to fit any practical function, can
be used as a UWB-adaptive pulse generator. Our simulated
neural network provided a UWB waveform overcoming
all the challenges of UWB-CR after a limited number of
iterations. The reconfigurable stop-band filter was easier to
implement and had the advantage of simple integration in
the feed line of a UWB antenna. Simulated and measured
results for the filter and the antenna were presented. Despite
its advantages, the nulls generated by this technique were not
as deep as those of the first two techniques.
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