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In this paper, two sets of spectrally efficient ultra-
wideband (UWB) pulses using zinc and frequency-domain
‘Walsh basis functions are proposed. These signals comply
with the Federal Communications Commission (FCC)
regulations for UWB indoor communications within the
stipulated bandwidth of 3.1 GHz to 10.6 GHz. They also
demonstrate high energy spectral efficiency by
conforming more closely to the FCC mask than other
UWRB signals described in the literature. The performance
of these pulses under various modulation techniques is
discussed in this paper, and the proposed pulses are
compared with Gaussian monocycles in terms of spectral
efficiency, autocorrelation, crosscorrelation, and bit error
rate performance.
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1. Introduction

The history of ultra-wideband (UWB) communication can
be traced back to the first experiments with wireless
transmission. In the late 1800s, J.C. Bose and G Marconi were
working on 60-GHz communication capabilities. In their initial
experiments for transmitting radio waves, they used wide
bandwidth signals generated by spark gap transmitters [1].
Their initial experiments laid a solid foundation for further
research in UWB communication systems. The foundation for
modern UWB technology was laid in the sixties when it was
developed as a carrier-less transmission technique. In February
2002, the United States Federal Communications Commission
(FCC) permitted the use of the 3.1-GHz to 10.6-GHz band for
UWB communication devices on an unlicensed basis [2]. This
regulation has spurred a considerable amount of research in the
design of UWB-related techniques. The UWB communication
affords a carrier-free, high data rate, extremely high bandwidth
environment with applications in both consumer and military
fields. Some of the features of the UWB communication
systems are high data rate capability (100 Mbps at 10 m), low
equipment complexity and hence low cost, excellent multipath
immunity, and the ability to provide multiuser communication
capabilities [3]. The FCC introduced a spectral mask for indoor
communications, stipulating an allowed frequency range
(3.1 GHz to 10.6 GHz) with a contiguous bandwidth of 7.5
GHz and a maximum power spectral density of —41.3
dBm/MHz within this range [2]. These strict guidelines ensure
noninterference with existing services in the allocated spectrum.
Following the FCC regulation, UWB techniques have been
investigated as an attractive solution for short and medium
range wireless communication applications.

The unlicensed use of the available wide spectrum by UWB
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devices necessitates the development of judicious signaling
methods that ensure minimal interference with coexisting
narrowband systems. From [4], we use a simplified version of
the FCC mask, as described below.

—40 dBm, 0<w/27<3.1GHz,
P (@=< 0dBm, 3.1GHz<w/27<10.6GHz, (1)
—15 dBm, w/27w>10.6 GHz.

This mask is tighter than the normalized FCC mask (indoor
applications); consequently, all the constraints defined by the
FCC regulations are satisfied by (1).

Spectral efficiency (in the frequency domain) and pulse
localization (in the time domain) are critical for high data rate,
pulsed-UWB  communication systems. Compared to
narrowband systems, a UWB transmitter transmits a train of
extremely short-duration pulses at relatively long time intervals,
resulting in a very low power spectral density (close to the
noise floor) that can coexist with other radio signals. It is
necessary that these pulses are orthogonal and also occupy an
optimal amount of the frequency spectrum as allowed by the
FCC mask. To this end, many pulses have been investigated by
researchers. There are different pulse shapes available, but, in
conventional UWB systems, Gaussian monocycles [17],
Hermite polynomials [16], and prolate spheroidal wave
functions [15] are very popular. However, it has been observed
that these pulses have several disadvantages; for example,
frequency shifting and additional filtering may be necessary to
comply with the FCC spectral mask. Moreover, none of these
pulses have an energy spectral density (ESD) that optimally
occupies the bands defined by the FCC mask (a suboptimal
ESD results in lower spectral utilization efficiency). The
researchers in [12] and [13] used the sinc function to design the
UWRB pulses. It has been shown that the sinc function provides
better spectral coverage, but it introduces ripples due to
truncation. The other problem is that we cannot generate
orthogonal UWB pulses for M-ary systems with the sinc
function.

In this paper, we describe the design of novel UWB pulses
based on zinc and frequency-domain Walsh basis functions.
With proper truncation and windowing, spectrally efficient
UWRB pulses can be generated without the need of additional
filtering. Moreover, by controlling the windowing process,
different pulse durations, that is, different data rates can be
achieved, imparting a high level of flexibility in the design
process. We then demonstrate the performance of the proposed
pulses in different modulation techniques and compare the
performance with that of Gaussian monocycle pulses. We
consider only the single user scenario in this paper. Multiple
users and resulting inter-user interference are not considered in
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this work.

The rest of this paper is organized as follows. In section II,
we describe the zinc and frequency-domain Walsh basis
functions and their features that are employed in this study. In
section III, we describe the characteristics of the spectral mask
and define different translated versions of the zinc and
frequency-domain Walsh basis functions that can be used to
design UWB pulses yielding ESDs conforming to this mask.
Section IV elaborates upon the simulation results (performed
using MATLAB), including features of the proposed pulses
and their comparison with other pulses in terms of spectral
efficiency, time duration, autocorrelation, and crosscorrelation.
Section V presents the performance analysis of the designed
pulses under different modulation techniques at additive white
Gaussian noise (AWGN) and multipath fading environments.
Section VI concludes this paper with our observations and
comments.

II. Pulse Generation

In this section, the zinc and frequency-domain Walsh basis
functions are reviewed. They are thereafter employed to
generate different orthogonal UWB pulses.

1. Zinc Basis Functions

The zinc basis functions are defined as linear combinations
of the time-shifted versions of mutually orthogonal sinc and
cosc functions:

@

. t t
z,(t)=4, smc(——ZnJ+B,, cosc(——an ,
V3 T

where  sinc(x)=sin(zx)/(mx) and  cosc(x)=(1—cos(mx))/(7x);
further, 4, and B, are constants that satisfy A,f + Bf =1,and n
is the order of the zinc function [5]. The ESD of (2) can be
expressed as a unit rectangular function with a bandwidth of
1 rad/s. That is,

I, -1sw<l,

0, elsewhere.

S(w) = { 3
We can obtain infinite sets of mutually orthogonal time-

shifted zinc functions with ESDs similar to (3) for different
values of n [5]. For example, when 4,0 and B,=1, we have
z.,(Oy=cosc((#/w)2n); further, for 4,=1 and B,=0, we have
ze(fy=sinc((#/w)2n). To obtain a rectangular ESD with an
arbitrary bandwidth of w,, the above relationships can be
revised as follows:

.t —2n],

V4
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Fig. 1. Zinc basis functions for w =2z rad/sec.

2, , (1) = sinc [ @l _ 2nj, )
V3

where T=1/f=2n/cw. (f. is the signal bandwidth in Hz).

Figure 1 illustrates the first function of three zinc basis function

sets. A combination of these functions will be used to generate

pulses satisfying the simplified FCC mask (1).

2. Frequency-Domain Walsh Basis Functions

Walsh orthogonal signal set comprises compactly supported
functions with rectangular-shaped magnitudes. Figure 2 shows
the first four Walsh functions. If we consider the Walsh
functions in the frequency domain, then their inverse Fourier
transforms will construct an orthogonal basis for the band-
limited functions. The inverse Fourier transform of the
frequency-domain Walsh basis functions can be shown by

x,t) e X, (v),

—1% |19 t . t
xm(t):%{ncos Za:il—gng sinc ﬂ_a;cM R

n=0

X, (@)= )"W, (@), ©)

where W, (w) is the Walsh function of order m, M is the
number of bits representing m, G = g,,_ 18y - 8180 1S the
Gray code of m, g, is the n-th bit of G, and « is the number of
Gray code bits of value one in G [14]. Figure 3 illustrates
the first four frequency-domain Walsh functions for
~27x1,000 rad/s. Obviously, |X . (a))|2 = S(w), regardless
of the order of the Walsh function. This feature will guarantee
the band-limited nature of the signals, and it will be utilized to
generate orthogonal UWB pulses satisfying the simplified
FCC mask (1).
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Fig. 3. Inverse Fourier transforms of first four Walsh functions
(x,,(0) for w=27x1,000 rad/s.

II1. Generation of UWB Pulses

Now, we use the introduced band-limited functions to
generate pulses whose power spectral densities are the same as
the simplified version of the FCC mask (1). A closer look at (3)
reveals that the simplified FCC mask (1) can be divided into
three regions, that is, Rj(w), Ry(w), and R3(w), as shown in
Fig. 4. This method was first used in [13]. Obviously, Ryw)
and R3(w) are the modulated versions of R;(w) with different
magnitudes. Therefore, we can express the different regions of
Fig. 4 as follows:

R (@) = AﬁS[ﬂ]=A5S[2—"’], %)
a)cl Aa)l
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Fig. 5. UWB pulse generated based on first frequency-domain
Walsh function.

Ry(@) = A%S(—z(“;_wj’ﬂ)}A%S[—““’AZ’”)] . ®

where

Awy, =2, = 2rx2x2.1x10° rad/s,

Aw, = @y — @, =27x7.72x10° rad/s,

0, = (@, +@.,)/2=27x7.05x10° rads,

Aw, = @, — 1., = 21x3.8x10° rads.

It should be noted that the bandwidths and center frequencies
of each segment in Fig. 4 are carefully determined to
compensate for the sidelobes generated by truncating the time
domain pulses. To prevent large sidelobes that could violate the
simplified FCC mask, we can use the Kaiser window when
truncating the signals. This will result in a larger transition
region, but this is an acceptable tradeoff.

To obtain the UWB pulses, we can use either zinc or
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Fig. 6. UWB pulse generated based on second frequency-domain
Walsh function.

frequency-domain Walsh basis functions to generate the
segments of the signal whose ESD is shown in Fig. 4. These
pulses can be expressed as

r () = 4 .A_wl,sn (Mj

2r 2
v24,. 0% (ﬂj cos(@, 1) (10)
2r 2

A Awyt
+24, -—a%-sn i -cos(@y3 1).
2r 2

where s,(f) denotes any zinc or frequency-domain Walsh basis
function. Figures 5 and 6 illustrate the generated UWB pulses
using the first and second frequency-domain Walsh functions,
respectively. Here, we use #4,(f) and g,(f) to denote the n-th
UWB Walsh-based and zinc-based functions, respectively.

IV. Simulation Results
1. Pulse Duration

Theoretically, transmitting ideal band-limited pulses, whose
lengths are infinite, is not feasible, though they are the best fit
for the UWB spectral mask. Consequently, in real systems,
such pulses need to be truncated to make the lengths finite.
However, truncating the pulse introduces sidelobes in the ESD,
due to the Gibbs phenomenon. After truncation, spectral
changes in the pulse play a vital role in deciding the length of
the pulse and the truncation technique to be employed. The
longer the time duration of a pulse, the more spectrally efficient
itis [7]. However, if the pulse duration increases, it results in an
overall sluggish wireless system response. Thus, there is a
tradeoff between the length of the pulse, its spectral behavior,
and the bitrate of the targeted communication system.
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To mitigate this, a non-rectangular window, such as the
Kaiser window, is used to uniquely control the tradeoff
between the main-lobe width and sidelobe area. The simulation
results performed in this study reveal that even after truncation
and windowing, we can obtain almost orthogonal finite-length
pulses that satisfy the constraints of the FCC mask by slightly
modifying w,, e, W3, A1, Az, and As.

2. Spectral Efficiency

The spectral utilization efficiency of the designed pulses can
be measured in terms of the normalized effective signal energy
(NESE), defined as

j RN
(1D
j s (N
where P,(f) = H(f)*, H(f)is the Fourier transform of the

transmitted pulse and P4 (f) is the ESD of the mask (1) [6].

To obtain pulses that efficiently utilize the allowed spectrum,
p should be as close to 1 as possible. Since the data rate is
inversely proportional to the pulse duration 7, an ideal pulse for
communication signaling should have large  and small 7. This
situation is difficult to achieve due to the uncertainty principle
of the Fourier transform.

With the proposed zinc-based and Walsh-based pulses, we
are able to achieve a spectral efficiency between 0.75 and 0.95.
From Fig. 7, it can be seen that the spectral efficiency of the
first pulses based on Walsh (#,(f)) and zinc (g,(¢)) are 0.89 and
0.92, respectively.

3. Autocorrelation and Crosscorrelation

In wireless communication and signal processing
applications, autocorrelation and crosscorrelation functions
have great significance, as they determine the bit error rate
(BER) performance of the system [8]. There are certain
differences between autocorrelation and crosscorrelation
functions. First, the autocorrelation function measures the
degree of similarity of the signal with the time-shifted version
of itself.

However, crosscorrelation measures the degree of similarity
between two different signals when one of them is shifted in
time. Second, while the autocorrelation coefficient for the zero
time delay must be 1, the crosscorrelation coefficient for the
zero time delay can take on any value between —1 and 1. Third,
the peak of the crosscorrelation of two signals may not occur at
the zero time delay. However, the peak of the autocorrelation of
a signal must always occur at the zero time delay (assuming the
signal is not periodic). Fourth, unlike the autocorrelation
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Fig. 8. Autocorrelation of ¢;(?), #,(f), and 2nd Gaussian monocycle.

function, the crosscorrelation function may not be symmetric.

Autocorrelation is more useful in pulse position modulation
(PPM) in which a single pulse is used and information is
conveyed by the timings of the transmission relative to a
reference instant. In our simulation, we use the zinc-based
pulse g,(f) and the Walsh-based pulse 4,(f) and their respective
delayed version, g,(t-0) and 4,(t-0), to represent binary data (0
or 1). The optimum value for the delay ¢ is the time when the
autocorrelation function takes its minimum value. Such a
choice for ¢ minimizes the probability of a bit error (as
discussed in a later section).

Figure 8 illustrates the autocorrelation plot of the finite-
length discrete-time Walsh-based and zinc-based pulses. The
minimum of the autocorrelation function determines the
modulation performance. As clearly shown in Fig. 8, the
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Fig. 9. Crosscorrelation of zinc-based, Walsh-based, and Gaussian
monocycle UWB pulses.

Walsh-based and zinc-based pulses have better minimum value
of autocorrelation than the 2nd Gaussian monocycle
has, which results in a better BER performance in PPM
modulation. Also, another interesting parameter is the time shift
d, at which time the minimum autocorrelation occurs. The
maximum number of pulses that can be transmitted per second
with PPM is (7+6) . If the time shift is smaller, more signals
can be transmitted per unit time, resulting in a higher data
throughput. From the figure, it is apparent that the 2nd
Gaussian monocycle has smaller time shift between pulses for
the price of a smaller autocorrelation minimum, which results
in a worse BER performance.

Figure 9 illustrates the crosscorrelation plot of the zinc-based,
Walsh-based, and Gaussian monocycle UWB pulses. It should
be noted that if the crosscorrelation of the signals is small for a
comparatively long period around zero or it has a slow varying
zero crossing, then the designed pulses are robust against
timing jitter when both signals are used for modulation (such as
pulse shape modulation). Considering this fact, the Walsh-
based and zinc-based pulses have more robust timing jitter
performances than the Gaussian monocycle pulses have. This
is confirmed with the pulses’ performances in the multipath
fading environment.

V. Bit Error Rate Performance

The performances of the generated pulses are evaluated
under different modulation schemes, namely, binary PPM (2-
PPM), binary pulse shape modulation (2-PSM), and quaternary
PSM (4-PSM). In this section, we elaborate upon the BER for
each modulation scheme as a function of the modulation order
and the signal-to-noise ratio (SNR).
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1. Gaussian Noise Channels

In PPM, information is conveyed by the position of the pulse
(presence or absence of a time shift) in the frame. The optimum
value of the time shift Jgpimum is the instant when the most
negative correlation value between the reference pulse and its
time-shifted version is obtained [9]. The theoretical BER (Pp)
of generic non-orthogonal signals with minimum
autocorrelation value » in the presence of AWGN can be

expressed as
Py = Q{ (H)ﬂ],

where E}, is the average bit energy, N, is the one-sided Gaussian
noise power spectral density, and O(-) denotes the co-error
function. Since the O(°) function is a decreasing function of its
argument, a better minimum value of the autocorrelation
function results in a better BER performance.

The PSM technique is a modulation scheme that employs
different (typically orthogonal) waveforms to convey
information. For M-ary orthogonal signaling, we can upper
bound the BER as (from [7])

M (Ep.logy, M
PB<(2(M—1JQ( No J

In our simulation, we use binary PSM, namely, 2-PSM
(M=2), and quaternary PSM, namely 4-PSM (A/=4). The BER
functions for these two schemes can be respectively obtained

(12)

(13)

from (13) as
E
P, = —b 14
B Q?(,/A% } (14)
and
2 ’ZE

Note that (14) is an exact formula for the BER, but (15) is
only an upper bound that is tight at moderate to high SNRs.
Figure 10 shows the BER curves for the above-mentioned
modulation schemes under an AWGN channel environment
when the proposed pulses are used. Performances of the
Gaussian monocycles are also shown for comparison. The
Walsh-based and zinc-based pulses employed for each
modulation scheme are given in the legends of Fig. 10. For the
2-PPM case, the BER performance of our pulses is comparable
to that of the signals described in [9]; however, the NESE
values of our pulses are higher. A higher NESE value allows
for transmitting the pulse at a higher energy level while
conforming to the same ESD, thereby increasing the
communication range and/or fidelity.
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Fig. 11. BER performance under Multipath fading environment.

With the orthogonal PSM, the performances of all pulses are
similar. Using the design technique described in this paper, we
can generate an arbitrary number of orthogonal pulses for use
in the PSM modulations. For higher orders of PSM modulation,
the BER improves; however, the receiver complexity increases
exponentially—this is a tradeoff that is an important aspect of
communication system design. From the BER curves for the 4-
PSM technique, it can be seen that even after truncation and
windowing (which may affect the orthogonality of the signals),
a desirable level of BER performance can be achieved with the
proposed Walsh-based and zinc-based pulses. Lastly, as we
expected, 4-PSM outperforms 2-PSM at a moderate to high
SNR. Since multiple orthogonal signals cannot be obtained
with Gaussian monocycle pulses, they cannot be used in PSM
communication systems.
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2. Multipath Fading Channels

The received signal in a wireless communication system is
typically an attenuated, delayed, and distorted version of the
transmitted signal, in addition to being corrupted by noise and
interference. In most propagation environments, the signal
arriving at the receiver is a combination of multiple reflected
paths. This phenomenon is called multipath propagation. In this
kind of complex physical environments, accurate knowledge
of the channel through which the signals will traverse is
important to design and evaluate wireless systems [3].
Different channel models have been developed for different
environments.

Three channel models are usually considered for multipath
analysis: the Rayleigh tapped-delay-line model, Saleh-
Valenzuela (S-V) model, and A—K model. It has been shown
that the S-V model is best suited to the measured channel
characteristics, such as the mean excess delay, mean RMS
delay spread, and mean number of significant paths within
10 dB of the peak multipath arrival [11]. The S-V model uses a
log-normal distribution for the average power in the received
multipath components. Each path gain is further modeled as a
Rayleigh distributed random variable. Also, an independent
fading mechanism is considered for each cluster and for each
ray within a cluster. In the S-V model, both the cluster and ray
arrival times are modeled independently by Poisson-distributed
random variables. These advantages have made the S-V model
very popular to formulate the multipath propagation
characteristics of the wireless channel.

Based on the presence of clusters in most UWB
measurement environments reported in the literature, a
modified version is proposed on the basis of the conventional
S-V channel model [11]. This modified version accounts for
the clustering of multipath components and can be represented
as follows [11]:

L K
gO)=>> a,0(t~T,-7,,),

1=0 k=0

(16)

where 1+L is the number of clusters, 14K is the number of
multipath components within the /~th cluster, and ay; is the
multipath gain coefficient of the A-th component in the /th
cluster. Here, 7; is defined as the time of arrival of the first
arriving multipath component within the /~th cluster and can be
called the delay of the /~th cluster. Further, 7, is the delay of the
k-th multipath component relative to the arrival time of the /-th
cluster, 7. The clustering channel model relies on two classes
of parameters, namely, inter-cluster and intra-cluster parameters,
which characterize the cluster and multipath component,
respectively. From (16), {L, T;} and {K}, 7, a;,;} are classified
as the inter-cluster and intra-cluster parameters, respectively.
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Figure 11 shows a comparison of the BER performances for
different modulation schemes on multipath channels. The
multipath channel used in this simulation is generated with the
S-V model using parameters =1 and K~9. The graphs show
that the Walsh-based and zinc-based pulses have much better
BER performances than the Gaussian monocycles have when
PPM is employed for communication. This can be attributed to
the overall better crosscorrelation and autocorrelation
properties of these pulses compared to the Gaussian monocycle
pulses. Both Walsh-based and zinc-based pulses exhibit
desirable performance when employed in orthogonal PSM (2-
PSM and 4-PSM) modulation schemes. The Gaussian
monocycles exhibit significant BER degradation when
employed in 2-PSM, due to their suboptimal crosscorrelation
properties. These simulation results show that the proposed
zinc-based and Walsh-based pulses exhibit excellent BER
properties when employed on fading channels.

VI. Conclusion

In this study, we successfully designed a set of UWB pulses
based on the frequency-domain Walsh and zinc basis functions.
The ESDs of these pulses conformed to the emission levels
defined by the FCC mask. Theoretically, by using the
formulated closed-form expressions, an infinite number of
zinc-based and Walsh-based orthogonal pulses can be
generated. Moreover, the truncated and windowed versions of
these pulses exhibited very high NESE values for reasonably
short time durations. Finally, the designed pulses were
evaluated for use in PPM and PSM communication techniques,
and our simulations showed that these pulses result in better
BER performances than those obtained by the Gaussian
monocycles. An extension of the proposed ideas to a multiuser
scenario and analysis of the resulting multiuser interference are
topics for future work.

References

[1] “Giga Bits per Second Wireless at 60 GHz: Ultra Wide Band and
Beyond,”
interviews Brian Gaucher, Sunday, Mar. 28, 2010. Website:
http://users.ece.utexas.edu/~wireless/General/60ghz/systems01.pdf

[2] FCC Report and Order, In the Matter of Revision of Part 15 of the
Commissions Rules Regarding Ultrawideband Transmission
Systems, FCC 02-48, Apr. 2002.

[3] M. Ghavami, L.B. Michael, and R. Kohno, Ultra Wideband
Signals and Systems in Communication Engineering, Sussex,
England: Wiley, 2007.

[4] X. Wu et al.,, “Optimal Waveform Design for UWB Radios,”

Executive Technology Report, Peter Andrews

404  Praveen Chaurasiya et al.

IEEE Trans. Signal Process., vol. 54, no. 6, June 2006, pp. 2009-
2021.

[5] R.A. Sukkar, J.L. LoCicero, and J.W. Picone, ‘“Decomposition of
the LPC Excitation Using the Zinc Based Functions,” /IEEFE Trans.
Acoustics, Speech, and Signal Process., vol. 37, no. 9, Sept. 1989,
pp- 1329-1340.

[6] M. Mandal and A. Asif, Continuous and Discrete Time Signals
and Systems, UK: Cambridge University Press, 2007.

[71B. Sklar, Digital
Applications, 2nd ed., Upper Saddle River, NJ: Prentice-Hall, Inc.,
2001.

[8] J.G Proakis and M. Salehi, Digital Communications, 5th ed.,
McGraw-Hill Science/Engineering/Math, 2007.

[9] J.A. da Silva and M.L.R. de Campos, “Spectrally Efficient UWB
Pulse Shaping with Application in Orthogonal PSM,” IEEFE Trans.
Commun., vol. 55, no. 2, Feb. 2007, pp. 313-321.

[10] Q. Spencer et al., “A Statistical Model for Angle of Arrival in
Indoor Multipath Propagation,” IEEE Veh. Technol. Conf-, vol. 47,
1997, pp. 1415-1419.

[11] A. Saleh and R. Valenzuela, “A Statistical Model for Indoor
Multipath Propagation,” IEEE J. Sel. Areas Commun., vol. 5, no.
2, Feb. 1987, pp. 128-137.

[12] N.C. Beaulieu and B. Hu, “A Pulse Design Paradigm for Ultra-
Wideband Communication Systems,” IEEE Trans. Wireless
Commun., vol. 5,no. 6, June 2008, pp. 1274-1278.

[13] N.C. Beaulieu and B. Hu, “On Determining a Best Pulse Shape
for Multiple Access Ultra-Wideband Communication Systems,”
IEEE Trans. Wireless Commun., vol. 7, no. 9, Sept. 2008, pp.
3589-3596.

[14] K.H. Siemens and R. Kita, “A Nonrecursive Equation for the
Fourier Transform of a Walsh Function,” IEEE Trans.
Electromagn. Compat., vol. EMC-15, no. 2, May 1973, pp. 81-83.

[15] R.S. Dilmaghani et al, “Novel UWB Pulse Shaping Using
Prolate Spheroidal Wave Functions,” Proc. PIMRC, 2003.

[16] L.B. Michael, M. Ghavami, and R. Kohno, “Multiple Pulse
Generator for Ultra-wideband Communication Using Hermite
Polynomial Based Orthogonal Pulses,” Proc. IEEE Conf. Ultra
Wideband Systems and Technologies, 2002, pp. 47-51.

[17] B. Allen, S.A. Ghorashi, and M. Ghavami, “A Review of Pulse
Design for Impulse Radio,” [EE Seminar Ultra Wideband
Commun. Technol. System Design, 2004, pp. 93-97.

Communications: Fundamentals and

ETRI Journal, Volume 35, Number 3, June 2013



Praveen Chaurasiya received his BSc (Eng) in
electrical engineering from SGSITS, Indore,
India, in 2005. He received his MSc in electrical
engineering from San Diego State University,
San Diego, CA, USA, in 2010, where he was
appointed as the research assistant for the topic
“Haar-based Orthogonal Signals for Ultra Wide
Band Pulse Generation: Design and Performance Analyses.” Currently,

he works as an RF engineer for Qualcomm Incorporated.

Ashkan Ashrafi received his BSc and MSc in
electronics  engineering from  K.N.Toosi
University of Technology, Tehran, Iran, and
MSE and PhD in electrical engineering from the
University of Alabama in Huntsville, Huntsville,
AL, USA, in 1991, 1995, 2003, and 2006,
respectively (all with the highest honor). He
served as a visiting assistant professor in the Electrical and Computer

Engineering Department of the University of Alabama in Huntsville
from 2006 to 2007. He is currently an assistant professor in and
director of the Real-Time DSP and FPGA Development Laboratory in
the Electrical and Computer Engineering Department and an adjunct
professor in the Computational Science Research Center at San Diego
State University, San Diego, CA, USA. He received the Outstanding
Faculty Award of the Department of Electrical and Computer
Engineering, San Diego State University, in 2012. He received the
2005 Tliana Martin Chittur Outstanding Graduate Student Award and
the 2005 National Engineer’s Week Outstanding Graduate Student
Award from the College of Engineering, University of Alabama in
Huntsville. His research interests are digital and statistical signal
processing, direct digital frequency synthesizers, and applied
mathematics.

ETRI Journal, Volume 35, Number 3, June 2013

Santosh Nagaraj received his BTech in
electrical engineering from the Indian Institute
of Technology, Madras, India, in 2000 and his
PhD from Purdue University, West Lafayette,
N IN, USA, in 2005. Since 2005, he has been a
. member of the faculty of San Diego State

f;& University, San Diego, CA, USA, where he is
currently an associate professor of electrical and computer engineering.
His research interests are primarily in the areas of communication
system design, broadband modulation and demodulation techniques,
and signal processing. He is currently working on adaptive modulation
and coding for orthogonal frequency division multiplexing systems
with feedback and on the design of efficient coding techniques for
block fading channels. His other research interests include multiple
antenna systems and power control. He has served as a reviewer for
several prestigious journals and professional conferences. He has also
served on the technical program committee for the IEEE Wireless
Telecommunications Symposium.

Praveen Chaurasiya etal. 405



	I. Introduction
	II. Pulse Generation
	III. Generation of UWB Pulses
	IV. Simulation Results
	V. Bit Error Rate Performance
	VI. Conclusion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


