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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 
UWB 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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I. 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. 

mask

40 dBm, 0 / 2 3.1 GHz,

( ) 0 dBm, 3.1 GHz / 2 10.6 GHz,

15 dBm, / 2 10.6 GHz.

P

ω π
ω ω π

ω π

− ≤ ≤
= ≤ ≤
 − ≥

(1) 

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 
UWB 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 
UWB 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 

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: 

( ) sinc 2 cosc 2n n n
t t

z t A n B n
π π
   = − + −   
   

,     (2) 

where sinc(x)=sin(πx)/(πx) and cosc(x)=(1–cos(πx))/(πx); 
further, An and Bn are constants that satisfy 2 2 1n nA B+ = , 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, 

1, 1 1,
( )

0, elsewhere.
S

ω
ω

− ≤ ≤
= 


             (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 An=0 and Bn=1, we have 
zc,n(t)=cosc((t/π)–2n); further, for An=1 and Bn=0, we have 
zs,n(t)=sinc((t/π)–2n). To obtain a rectangular ESD with an 
arbitrary bandwidth of ωc, the above relationships can be 
revised as follows: 

, ( ) cosc 2 ,c
c n c

t
z t n

ωω
π

 = − 
 

           (4) 
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Fig. 1. Zinc basis functions for ωc=2π rad/sec. 
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where Tc=1/fc=2π/ωc (fc 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 

( ) ( )m mx t X ω⇔ , 

0 1

1
0

( 1)
( ) cos sinc ,

22 2

Mg
c c c

m nn M
n

t t
x t g

ω ω ωπ
π π

−

+
=

 −    = −    
     

∏  

( ) ( ) ( 1) ( )m
m mX j Wαω ω= − ,          (6) 

where Wm(ω) is the Walsh function of order m, M is the 
number of bits representing m, 1 2 1 0M MG g g g g− −=   is the 
Gray code of m, gn is the n-th bit of G, and α is the number of 
Gray code bits of value one in G [14]. Figure 3 illustrates   
the first four frequency-domain Walsh functions for 
ωc=2π×1,000 rad/s. Obviously, 

2
( ) ( ),mX Sω ω=  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). 

 

Fig. 2. First four Walsh functions. 
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Fig. 3. Inverse Fourier transforms of first four Walsh functions 
(xm(t)) for ωc=2π×1,000 rad/s. 
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III. 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, R1(ω), R2(ω), and R3(ω), as shown in  
Fig. 4. This method was first used in [13]. Obviously, R2(ω) 
and R3(ω) are the modulated versions of R1(ω) with different 
magnitudes. Therefore, we can express the different regions of 
Fig. 4 as follows: 

2 2 2
1 1 1

1 1

2
( )

c

R A S A S
ω ωω

ω ω
   

= =   Δ  
,        (7) 
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Fig. 4. Division of Pmask(ω) into three different regions. 
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Fig. 5. UWB pulse generated based on first frequency-domain 
Walsh function. 
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where  

9
1 12 2 2 2.1 10 rad/s,cω ω πΔ = = × × ×  

9
2 c2 1 2 7.72 10 rad/s,cω ω ω πΔ = − = × ×  

( ) 9
2 1 2 / 2 2 7.05 10 rad/s,s c cω ω ω π= + = × ×  

9
3 3 2 2π 3.8 10 rad/s.c cω ω ωΔ = − = × ×  

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  

 

Fig. 6. UWB pulse generated based on second frequency-domain 
Walsh function.
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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 
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where sn(t) 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 hn(t) and qn(t) 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 
it is [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 ωc1, ωc2, ωc3, A1, A2, and A3. 

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 

mask

( )d
,

( )d

hP f f

P f f
β = 


               (11) 

where 2( ) | ( ) | ,hP f H f=  H(f) is the Fourier transform of the 
transmitted pulse and Pmask(f) is the ESD of the mask (1) [6]. 

To obtain pulses that efficiently utilize the allowed spectrum, 
β should be as close to 1 as possible. Since the data rate is 
inversely proportional to the pulse duration T, an ideal pulse for 
communication signaling should have large β and small T. 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 (h1(t)) and zinc (q1(t)) 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 

 

Fig. 7. ESD of signals h1(t) and q1(t) with normalized FCC indoor 
mask given as reference. 
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Fig. 8. Autocorrelation of q1(t), h7(t), and 2nd Gaussian monocycle.
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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 qn(t) and the Walsh-based pulse hn(t) and their respective 
delayed version, qn(t–δ) and hn(t–δ), to represent binary data (0 
or 1). The optimum value for the delay δ is the time when the 
autocorrelation function takes its minimum value. Such a 
choice for δ 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. 
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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 
δ, at which time the minimum autocorrelation occurs. The 
maximum number of pulses that can be transmitted per second 
with PPM is (T+δ)–1. 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). 

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 δoptimum is the instant when the most 
negative correlation value between the reference pulse and its 
time-shifted version is obtained [9]. The theoretical BER (PB) 
of generic non-orthogonal signals with minimum 
autocorrelation value r in the presence of AWGN can be 
expressed as 

0

(1 ) ,b
B

E
P Q r

N

 
= −  

 
            (12) 

where Eb is the average bit energy, N0 is the one-sided Gaussian 
noise power spectral density, and Q(·) denotes the co-error 
function. Since the Q(·) 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]) 

2

0

( .log

2( 1
b

B
E MM

P Q
M N

  
<     −   

.       (13) 

In our simulation, we use binary PSM, namely, 2-PSM 
(M=2), and quaternary PSM, namely 4-PSM (M=4). The BER 
functions for these two schemes can be respectively obtained 
from (13) as  

0

b
B

E
P Q

N

 
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 
                (14) 

and 

0

22

3
b

B
E

P Q
N

 
<   

 
.             (15) 

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. 10. BER performance under AWGN. 
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Fig. 11. BER performance under Multipath fading environment.
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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. 

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 ∆−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]: 

, ,
0 0

( ) ( ),
lKL

k l l k l
l k

g t a t Tδ τ
= =

= − −        (16) 

where 1+L is the number of clusters, 1+Kl is the number of 
multipath components within the l-th cluster, and ak,l is the 
multipath gain coefficient of the k-th component in the l-th 
cluster. Here, Tl is defined as the time of arrival of the first 
arriving multipath component within the l-th cluster and can be 
called the delay of the l-th cluster. Further, τk,l is the delay of the 
k-th multipath component relative to the arrival time of the l-th 
cluster, Tl. 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, Tl} and {Kl, τk,l, ak,l} 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 L=1 and Kl=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. 
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