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Abstract—For ultra wideband communications,
interferences from existing communication systems are
unavoidable. In this paper, the effect of interference on impulse
radio is analyzed and an interference cancellation scheme
based on template design for software defined impulse radio is
proposed. Simulation results show that the scheme can
suppress the interference effectively. The scheme is applicable
to both wideband and narrowband interference cancellation
for software defined impulse radio.
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L INTRODUCTION

In recent years, ultrawideband (UWB) radio has been
widely applied in various areas including short-range high-
speed access to the internet[1], radar imaging, target sensor
data collection, accurate personnel and asset positioning and
tracking for safety and security [2][3], precision navigation
[4] and medical monitoring [5][6]. The UWB signals act as
underlay communications to providing high information rate
and big channel capacity over existing frequency band of
other radio systems [7]. The coexistence of UWB system
and other preexisting radio systems may have great impact
on the performance of UWB system [8][9], although the
transmission power spectral density (PSD) of UWB system
is strictly limited so that the pre-existing systems will not be
affected by the UWB signals. The in-band interference
signals caused by the narrowband wireless systems to the
UWB system could be rather severe [10][11], rendering the
anti-interference techniques indispensable for developing
UWB systems.

One of the enabling techniques for UWB communications
is impulse radio. The impulse radio employs short-duration
pulses, resulting in a signal having an ultra wide (several
GHz) bandwidth. Interference to the UWB receiver was
discussed in [12] and wvarious interference cancellation
schemes have been proposed for impulse radio. The
performance analysis of UWB in the presence of
interference was tried in [13]-[15]. An algorithm presented
in [16] estimated the amplitude, frequency and phase of only
one cosinusoidal interference and then subtracted it from the
received signal. The performance was limited by the
estimation accuracy. The MMSE-RAKE receiver was
proposed in [17] to suppress the interference.  The
suppression effect, however, depends on the number of the
fingers.

On the other hand, software-based architectures and
devices have been proposed recently to make networks more
flexible. In network virtualization, a single real machine
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may run several virtual machines, and the virtual hosts, links
and network services are allowed to migrate from one
physical machine to another [18][19]. Software-defined
radios (SDRs) can implement most of the communication
functions in software [20]. Up to now there have been many
commercial and educational SDR platforms spanning
different frequency bands on the market [21]. An SDR
UWRB receiver can provide tremendous flexibility and rapid
prototyping  capabilities over a fixed hardware
implementation. In [22], an SDR receiver architecture is
proposed for ultra-wideband (UWB) applications, of which
the UWB data communication and positioning functions are
implemented in a single hardware platform. Another
software defined radio (SDR) platform for Impulse Ultra-
Wideband (IR-UWB) sensing and positioning applications
is presented in [23]. The platform is composed by a software
simulator (SW) based on Matlab and a hardware testbed
(HW).

In this paper, a more efficient narrowband interference
suppression scheme is proposed based on template design
for software defined impulse radio. Simulation results show
that the scheme can suppress the interference effectively.
The scheme is applicable to both wideband and narrowband
interference cancellation.

This paper is organized as follows. The system model and
the signal to noise and interference ratio (SNIR) are given in
section II. Section III analyzes the effect of the interference
on the UWB systems. The proposed interference
cancellation scheme by template design is presented in
section IV with the simulation results and discussion given
in section V. Finally, section VI concludes the paper.

II.  SYSTEM MODEL AND SNIR

The UWB communication system model we adopted is
depicted in Fig. 1. The ultra wideband pulses are Bi-phase
modulated by the bits out of the data source and then sent
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Fig. 1. System model for UWB communication system.



over the AWGN channel. During the transmission, the
pulses are corrupted by interference. At the receiver, they
are demodulated to recover the output data sequence with
designed template waveform of the correlator.

The received signal is the combination of three parts: the
data modulated ultra-wideband pulse train, interference and
AWGN noise, which can be expressed as

r(t) = s(t) +i(t) + n(t)

= i d, p(t—kT,)+i(t)+n(t)

f=—oo

where the data bit d, e {+1,-1} with equal probability; n(¢)
is the AWGN noise; p(¢) represents the UWB pulse; i(z)
denotes the interference and 7, is the UWB pulse repetition

period.

The UWB demodulator is a correlator. The traditional
template waveform of the correlator is p(r) . When
synchronization is achieved, the output of the correlator g

can be expressed as

B= [ rop(ds

=d, [ p@)yp(oydt+ [ i) p(t)dt+ [ n(t)p(t)at )

Denote the three items on the right side of (1) by s, 7 and
N, respectively. The signal energy s’=d,’R,’(0)=R,(0),
where

R,(2)= [ p(O)p(t+7)dt .
The variance of the AWGN noise is
T N,
E(N?)= E{ [ n(rl)n(rz)pm)p(rz)drldtz} =R, (0)

The variance of the interference is

E(r)= E{ [ z'(tl)i(rz)pm)p(rz)dadtz}
= ]: R(T)R (7)d7

= [ S.(S,(dr

where 7=t —t,, R(7)=E[i()i(t+7)], S,(f) and S,(f) are
the power spectral densities of the interference i(¢) and
UWB pulse p(t), respectively. Note that R, (7) is a real and
even function. The frequency range covered by i(z) is
denoted by [f,, f,,1. As S,(f) is very wide and smooth,
according to the Mean-Value Theorem, we have

Sy
E(1)=5,(£) [ S.(Hdf =S,(/)R(O) @)
h

where [ e[f;, f,]-
Therefore, the SNIR ¥ is
s R,'(0)
Y= * 3)
E(N*)+E(I*) 7°R/}(0)+Sp(f)R‘.(0)

Apparently, the system performance degrades due to the
interference.

I1I. THE EFFECT OF INTERFRENCE ON THE UWB
SYSTEM

In this section, some characteristics of the effect of
interference on the UWB systems are explored.

The UWB pulse is modeled by Gaussian monopulse with
a center frequency f, =6.85 GHz and power set according to

FCC [24]. Interference is modeled as a sum of M sinusoids
occupying a frequency range [f,, )] Assume

f1<.f2 <"'<fMﬂ
M
(=2 a,sinzf,1+9,)
m=1

where a,, f,, ¢, are the amplitude, frequency and phase
of the m, sinusoidal, respectively.

The effect of interference on the UWB system is studied
here with M =1 first. The output of the correlator is

y= j r(tVv(t)dt

=d,R,(0)+a, [sin27f, +@)p(t)dt+ [n(0)p(H)dt  (4)

7,
The corresponding optimal decision rule is
y>o = d,=0
d =1
where o is the predetermined decision threshold. For
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Fig. 2. (a) The correlator output y versus interference frequencies f]

for various interference amplitudes a, . (b) y versus interference

amplitude a, for various interference frequencies f, (GHz).



AWGN channel and Bi-phase modulation =0 .

When interference power increases to certain threshold,
on the right side of (4), the interference term may cancel the
other terms and change the sign of the correlator outputy .
Consequently, the decision is in error. Without loss of
generality, assume d,=0 is transmitted, for correct
demodulation, y is expected to be positive. Fig. 2 (a) plots
the curves of the correlator output y versus interference
frequencies f, for various interference amplitudes a, . For
convenience, assume ¢, =0 and AWGN is ignored. It can be
seen that the closer the interference frequency to the center
frequency ( f, =6.85 GHz ) of the UWB pulse is, the lower
the interference threshold amplitude/power needs to be. In
addition, each curve intersect the y =0 line at two points
with corresponding frequencies denoted by f, and f,,

respectively. f, < f, < f,. This means that the interference
with frequency f, has the same threshold amplitude/power
as that with frequency f. So, they are called counterpart

frequencies to each other. For example, the curve of
amplitude @, =0.15 intersects the y=0 line at two points

f.=4 (GHz) and f,=10.3 (GHz). Fig. 2 (b) shows the

curves of the correlator output y versus interference
amplitude «, for various interference frequencies (GHz).

The curves for various frequencies f, (< f,) are shown on

the left half of the figure while the curves for their
counterpart frequencies f, (> f,) are drawn symmetrically

on the right.

The same characteristics can be expected when M >1,
i.e., interference composed of multiple sinusoids. As long as
the interference power is large enough to change the sign of
the correlator output, the error occurs. Therefore, an
interference cancellation scheme is needed in a practical
UWB system.

Iv. TEMPLATE DESIGN

For high speed and low-cost ultra wideband
communications using impulse radio, analog
correlation/demodulation is preferred. The template

waveform of the correlator can be specially designed to
suppress interference. As the template design can be done
offline, digital processing methods (e.g., window methods)
can be used.
The template waveform of the correlator is designed to be
g =p®)*h(),
where * stands for convolution and A(r) is the window
function which makes the spectrum of g(r) attenuate over
the frequency range covered by interference. The
corresponding power spectral density is

S, (£)=S,(1)|H(r)
We first start the design of the template with the simple
rectangular window function 4(¢) , i.e.,

H(f)zz{a’ fel-Sumh Ol £

1, else
where ¢ is the attenuation and 0 < <1.
Similar to (2), the corresponding variance of interference

‘ 2

i() is
E(Iz):aSp(f*)jf S.(f)df =as,(f°)R,(0) (5)

where felf, f,]1-
The corresponding SNIR ' is

s T R,(T)R, (thdT

Y = = (6)
E(N*)+E(I*) %Rg(0)+aSp(f*)Ri(0)

where R, (7)= ]:g(t)g(t+ T)dt

Although there is some loss in the signal energy s* due to
the template design, with enough attenuation ¢, ¥’ can be
made much larger than y . For system performance
improvement ( ' > ), o must satisfy

{% R,(0)+S,(f)R, (O)ERP (7)R(T)d7’
S, (/)R (0)R,*(0) (7)
N,R,(0)R,*(0)

25,(f")R(0)R,(0)
In general, we let & =0. Thus, the SNIR y becomes

a<

2 j R,(T)R (T)d7
Y NR.(0) ®)

In this way, interference can be cancelled by template
design without knowledge of the phases or amplitudes of the
interference.

In the above, we have simplified the problem by using
rectangular window. To smooth the spectrum transition and
lower the sidelobes, other windows, e.g., Hanning window
can be used. The performance improvement is shown in the
following simulation results.

V. SIMULATION RESULTS AND DISCUSSION

Suppose that the UWB pulses (pulse repetition rate
2x10" pulses/s) are corrupted by a interference modeled as
a BPSK signal, which is expressed as

i(t) = As(t)cos(2z fit + @)
where the interference amplitude 4=0.3, carrier frequency
f,=5.5 GHz , and carrier phase ¢ =7 . The interference data
bit s(r)e {+L-1} with equal probability and bit rate is 1x10’
bits/s.

The UWB pulse without interference and the
corresponding correlator output with the template waveform
p(t) are shown in Fig. 3 (a) and (b), respectively. The
interference-corrupted UWB signal is shown in Fig. 3 (c).
As the amplitude of the interference is larger than the UWB
pulse, the UWB pulse is overwhelmed and only little change
in the BPSK signal waveform can be noticed. The
interference-corrupted UWB pulse bears little resemblance
to the template pulse p(r) . The corresponding correlator

output is shown in Fig. 3 (d), the cross-correlation
coefficicients (normalized) between which and that in Fig. 3
(b) is p,=-0.18 . The template waveforms designed by



window methods (rectangular window and Hanning window
employed over the frequency range [SGHz 6GHz]) are
shown in Fig. 3 (e). By using the designed templates, it can
be seen that the interference in the correlator outputs is
greatly suppressed, as shown in Fig. 3 (f). The cross-
correlation coefficicients between the correlator outputs in
Fig. 3 (f) and that in Fig. 3 (b) are P =0.93 and

Pran = 0.97 and Hanning windows,

respectively. The result of Hanning window is better than
that of rectangular window as expected. Thus, the system
performance is greatly improved.
Another example is that the UWB pulses are corrupted by
the wideband interference from wireless LAN signal
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Fig. 3. (a) The UWB pulse without interference and (b) the
corresponding correlator output; (c) The interference-corrupted UWB
pulse and (d) the corresponding correlator output with p() ; (e) The
template waveforms designed by Hanning window and rectangular
window, respectively; (f) The correlator outputs of the interference-
corrupted UWB pulse with the designed templates.

covering 5.15 GHz - 5.825 GHz. The same designed

templates shown in Fig. 3 (e) are used. The correlator
outputs are almost the same as those shown in Fig. 3 (f).

The architecture of the system to suppress UWB pulse
radio interference by correlation template design in SDR
UWB is shown in Fig.4. In UWB demodulation module,
correlation receiver is used to correlate the received signals,
and then the corresponding signal sequence is output by
sampling and decision. The correlation template can be
designed according to the interference estimation, using
rectangular window function or hanning window function.
Interference signal estimation can be done by using
frequency sweeper and other devices, or by using signal
power spectrum estimation. Only the frequency band of
interference signal can be obtained.Template design will be
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Fig. 4. The system diagram of the impulse radio interference
suppression system with correlation receiver template design
in SDR UWB

carried out for these interference frequency bands.Specific
implementation steps at the receiving end are as follows:

If the frequency of interference signal changes randomly,
the relevant receiver template design can be further adjusted
dynamically according to the frequency band of interference
signal and become an adaptive template design based on
SDR UWB platform. The random frequency band of
interference signals is estimated by the adaptive power
spectrum estimation, and the receivers adjust the template in
real time accordingly so as to suppress the interference
effectively.

VI. CONCLUSION

In this paper, the effect of the interference on the
performance of the UWB system has been analyzed and
interference cancellation by template design has been
proposed. Simulation results have shown that the scheme
can effectively suppress the interference and improve the
system performance. The scheme is applicable to both
wideband and narrowband interference cancellation for
software defined impulse radio.
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