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Abstract—In this paper, a fast design evaluation approach for
microwave photonic (MWP) assisted impulse radio ultrawideband
(IR-UWB) waveform generators is presented. The power efficiency
(PE) of a photonically generated IR-UWB waveform is the adopted
performance evaluation metric of interest, considering two typical
waveform types. Analytical expressions are developed for the PE
upper bounds of the considered waveforms. The developed expres-
sions have the advantage of being independent of the particular
implementation of the photonic generation technique. Accordingly,
the PE upper bound of a designed and/or photonically generated
IR-UWB waveform can be calculated and optimized a priori even
if the overall system transfer function is not known. Moreover, the
PEs of two practical MWP-based IR-UWB waveform generators
are assessed and are compared to the calculated upper bounds.
Simulation results validate the applicability of the analytically ob-
tained expressions as upper bounds for the performance of practi-
cal MWP-assisted IR-UWB waveform generators.

Index Terms—Impulse radio, microwave photonic (MWP),
power efficiency (PE), ultrawideband over fiber (UWBoF).

I. INTRODUCTION

THE ultrawideband (UWB) technology has attracted re-
search interests, especially in high speed short range wire-

less communications. Although a huge bandwidth is dedicated
for UWB signalling, commonly known as the useful UWB band
(from 3.1 to 10.6 GHz), the power spectral density (PSD) of an
UWB signal is not allowed to exceed the spectral constraints reg-
ulated by the Federal Communications Commission (FCC) [1].
The maximum imposed spectral constraint is− 41.3 dBm/MHz.
This extremely small PSD limit is one of the reasons behind the
limited propagation distance of a wirelessly radiated UWB sig-
nal. The intensity of a radiated UWB signal is usually expressed
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in terms of its power efficiency (PE), defined as the ratio of the
the power contained in the UWB signal spectrum within the
useful UWB band to the total power admissible in this band.
Increasing the PE of the emitted IR-UWB waveform extends
its wireless reach and secures the minimum signal-to-noise ra-
tio (SNR) requirements at the receiver front end [2]. Recently,
the concept of UWB over fiber (UWBoF) network has been
proposed to enable the distribution of these signals over opti-
cal fibers to remotely located wireless access points. Therefore,
microwave photonic (MWP) signal processing techniques have
been employed to generate power efficient and FCC compliant
UWB signals in the optical domain. In impulse radio UWB (IR-
UWB) signalling, the spectrum of a proper basis function, such
as a Gaussian pulse, is reshaped by using one or more of three
techniques [3]; changing the profile of the basis function, tuning
its temporal pulsewidth and differentiating the basis function.

Inspired by the three spectral shaping techniques reported in
[3], Wu et al. [4] have proposed a theoretical approach for the
synthesis of power-efficient IR-UWB waveforms using a multi-
tap finite impulse response (FIR) filter. It has been shown in [4]
that the PE of the synthesized waveform increases with increas-
ing the number of the FIR filter taps. A theoretical PE as high
as 92.16% has been reported using a multitap FIR filter. Based
on this approach, numerous techniques (e.g., [5]–[9]) have ex-
perimentally demonstrated the generation of IR-UWB signals
using MWP-based multitap FIR filter. These techniques have
provided proof-of-concept experiments that partially demon-
strate the applicability of the design approach proposed in [4].
However, the compliance of the generated IR-UWB waveforms
to the FCC spectral constraints has been the only concern of
these techniques, while ignoring the impact of MWP process-
ing on the PE of the resulting waveforms under the FCC spec-
tral constraints. In few other techniques (e.g., [10]), the design
parameters of the devices/components involved in the photonic
generation process are roughly tuned until a high PE is achieved.
As a consequence, optimally produced IR-UWB waveforms are
not necessarily guaranteed. On the other hand, many other ex-
perimental techniques have been designed within a theoretical
framework that accounts for the PE-FCC compliance tradeoff
problem. For example, in [11], the theoretical design approach
reported in [4] has been followed to experimentally produce
IR-UWB waveforms having PEs as high as 75.1% by apply-
ing a hyperbolic secant (sech) pulse to a 30-taps all-optical FIR
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filter. However, the generation of more power efficient IR-UWB
waveforms has been limited by the fabrication complexity of the
optical FIR filter [11]. The FIR design in [11] has been improved
later in [12] by limiting the number of the FIR filter taps to only
eight tap coefficients. Although a theoretical optimum PE of
70.3% has been targeted, the reduced number of FIR filter taps
has limited the PE of the resulting IR-UWB waveform to only
63.6%. In [13], a nonlinear genetic algorithm has been employed
to optimize the coefficients of the FIR filter in [11] to increase
the PE of the resulting waveform, while reducing the number of
the FIR filter taps. The optimized coefficients FIR filter has re-
sulted in a maximum PE of 71% using linearly combined sets of
non-uniformly delayed pulses that have different pulsewidths.
In [14], the number of linearly combined waveforms has been
economized to produce an IR-UWB waveform from only two
Gaussian doublet pulses. This technique has been further simpli-
fied and refined later in [15] to produce an IR-UWB waveform
from a linear combination of two monocycles instead of two
doublets. Although simple and cost effective, the waveforms
reported in [14] and [15] have achieved PEs as low as 12% and
48.52%, respectively. Similarly, in [16], the photonic generation
of IR-UWB waveforms having PEs as high as 33.9% and 47.4%
have been successfully demonstrated, using a linear combina-
tion of three and five monocycle pulses, respectively. The same
approach has been improved later in [17] to produce an IR-
UWB with a PE of 52.6% from the linear combination of two
Gaussian doublet pulses. Recently, the interest in the MWP gen-
eration and processing of power efficient IR-UWB waveforms
has been directed to the end-to-end performance characteriza-
tion of complete MWP-assisted UWB transmission systems,
with combined optical and wireless transmission [18]–[20].

From the aforementioned overview, it is observed that the at-
tempts to limit the complexity of a theoretical/practical IR-UWB
waveform generation technique is accompanied by an inevitable
decrease in the PE of the resulting waveform. To the best of the
authors’ knowledge, no systematic study has been reported to
assess the performance limits of MWP-assisted systems, de-
signed for the photonic generation of IR-UWB waveforms. In
this paper, a satisfactory balance in the complexity-PE tradeoff
of MWP-assisted IR-UWB waveform generators is achieved by
economizing the complexity of produced IR-UWB waveforms,
while maximizing the overall PEs of the resulting waveform.
Moreover, closed-form analytical expressions are developed for
these performance limits, based on the three spectral shaping
techniques introduced in [3], subject to the spectral constraints
imposed by the FCC on UWB signals.

The rest of this work is organized as follows. In Section II,
the process of photonic generation of IR-UWB waveforms is
overviewed and accurately modeled, considering two typical
IR-UWB waveform types. Based on this mathematical formu-
lation, Section III presents a proposed analytical approach to
calculate the general upper bounds on the PEs of photoni-
cally generated IR-UWB waveforms using Schwartz–Holder-
Cauchy inequality. The derived analytical expressions are
numerically evaluated, analyzed, and optimized in Section IV,
considering some time and frequency-relevant design parame-
ters. Then, in Section V, these expressions are applied to two

Fig. 1. Typical MWP assisted IR-UWB waveform generator illustrated via
(a) a schematic diagram representation and (b) an equivalent block diagram for
the system in (a).

practical designs for MWP-based IR-UWB waveform genera-
tors, reported in the literature. In Sections VI and VII, the opti-
mized waveforms obtained in Section IV are compared to some
of the power-efficient IR-UWB waveforms reported in the lit-
erature, considering their generation-associated computational
complexities (CC) and their bit error rate (BER) performances,
respectively, as the performance comparison metrics of inter-
est. A number of useful guidelines, to be considered during the
design/implementation of practical IR-UWB waveform genera-
tors, are provided in Section VIII. Finally, the paper is concluded
in Section IX.

Notation: Throughout the rest of the paper, a braced super-
script denotes a derivative order, while an unbraced superscript
denotes an index.

II. PHOTONICALLY GENERATED IR-UWB WAVEFORMS

The photonic generation of IR-UWB waveforms is based
on a wide range of optical phenomena exhibited by various
MWP components. Fig. 1(a) shows a general schematic dia-
gram representation that illustrates the operation mechanism of
MWP-assisted IR-UWB waveform generators. As shown in this
figure, a digitally modulated information bearing signal is fed
to the radio frequency (RF) input port of the MWP filter, where
the RF-optical signal dynamics are excited by the optical signal
emitted by a laser diode (LD) to the optical input port of the
MWP filter. The optically processed waveform is then propa-
gated down a single mode or a multimode fiber (SMF/MMF)
to a remote location, where the received optical signal is trans-
formed to the desired electrical IR-UWB waveform by using a
high-speed photodetector (PD).

A. Equivalence Principle

Assuming linearity of the system in Fig. 1(a), the overall
transfer function (TF) at the PD output, with respect to the RF
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input port, is written as follows:

H(jω,Θ) = HMWP(jω,ΘMWP) ×HS/MMF(jω,ΘF )

×HPD(jω,ΘPD) (1)

where HMWP(jω,ΘMWP),HS/MMF(jω,ΘF ), and HPD(jω,
ΘPD) are the complex baseband frequency domain transfer
functions of the MWP filter, the SMF/MMF, and the PD, re-
spectively. ΘMWP ,ΘF , and ΘPD denote the controllable design
parameters of the MWP filter, the SMF/MMF, and the PD, re-
spectively. The parameters involved in the photonic generation
process are combined in a single parameters vector, denoted by
Θ, where Θ = f(ΘMWP ,ΘF ,ΘPD). It should be highlighted
that the entire photonic generation technique is designed such
that H(jω,Θ) applies three main processing functions to the
RF input signal in the optical domain to produce the desired
IR-UWB waveform at the PD output. First, the desired differ-
entiation order is applied to an input basis function, denoted
by ψ(t, τ), where τ is a pulse shaping factor that determines
the pulsewidth of ψ(t, τ). Second, the spectrum of the resulting
mth order IR-UWB waveform is carefully reshaped such that
it does not exceed the FCC spectral mask constraints. Third,
the net cumulative optical gain/attenuation along the commu-
nications chain, calculated from the RF input port to the PD
output, should be adjusted such that that the maximum PSD
of the photonically generated IR-UWB waveform does not ex-
ceed the maximum FCC PSD limit at the PD output. Fig. 1(b)
shows an abstract frequency domain block diagram represen-
tation for the functionality of the IR-UWB waveform pho-
tonic generation process. Based on the three aforementioned
processing functions, H(jω,Θ) is decomposed into the prod-
uct of three corresponding frequency domain transfer functions
as follows:

H(jω,Θ) = An (jω)mΠ(jω,Θ) (2)

where An is the net cumulative gain/attenuation from the RF
input port to the PD output, (jω)m is the desired mth order
frequency domain differential operator and Π(jω,Θ) applies
additional passive filtering to An (jω)m , such that the pho-
tonically generated waveform at the PD output is fully com-
pliant to the FCC spectral constraints, denoted by SFCC(ω).
Π(jω,Θ) is extracted from H(jω,Θ) as follows: Π(jω,Θ) =
(jω)−mA−1

n H(jω,Θ), while An is given by

An =

√
max {SFCC(ω)}

max {|(jω)m�{ψ(t, τ)}|} . (3)

Accordingly, the resulting frequency domain signal at the PD
output [Point C in Fig. 1 (b)] is expressed as follows:

Υ(jω, τ) = An (jω)m�{ψ(t, τ)}Π(jω,Θ)} (4)

where Υ(jω, τ) is the Fourier transform of the electrical IR-
UWB waveform at the PD output and �{.} denotes the Fourier
transform operation. Consequently, the time-domain IR-UWB
waveform at the PD output is calculated by using inverse Fourier

transform as follows:

y(t) = �−1
{

Ψ(m )
n,FCC(jω, τ)Π(jω,Θ)

}
(t) (5)

where �−1{.} denotes the inverse Fourier transform oper-

ation, Ψ(m )
n,FCC(jω, τ) Δ= AnΨ(m )(jω, τ), and Ψ(m )(jω, τ) =

(jω)m�{ψ(t, τ)}.

B. Photonically Generated IR-UWB Pulse Shapes

In many photonic generation techniques, IR-UWB are derived
from either a Gaussian [4], [13]–[17] or a sech pulse [11], [21]–
[23]. These two common waveform types result from two dif-
ferent and broad categories of photonic generation approaches:
The electro-optic (EO) up conversion techniques and the all-
optical generation techniques. In EO techniques, an electrical
input basis function is impressed on a constant power continuous
wave optical carrier. Conventional MWP processing techniques
are then applied to the modulated optical carrier to generate the
desired IR-UWB waveform. The waveform of the modulating
binary input electrical signal is supposed to be a rectangular
voltage waveform coupled to the RF input of the MWP gen-
erator, usually via a Mach Zhender modulator or an LD. Since
UWB systems are designed to provide high signalling data rates,
the input basis function resulting from the high speed electri-
cal switching can no longer be represented by a rectangular
waveform. Instead, a Gaussian profile better approximates its
temporal evolution [2]. On the other hand, in all-optical gen-
eration techniques, the modulating RF signal is impressed on
ultra-short optical pulses produced by a pulsed optical source,
usually a mode locked fiber laser (MLFL), at a rate that is much
higher than that of the modulating electrical signal. However,
the profile of the pulsed optical electric field produced by an
MLFL is best approximated by an ideal sech function [11]. In
contrast to the EO techniques, the pulsewidth of the modulating
input electrical signal is much greater than that of the ultra-
short sech pulse such that the former appears essentially flat.
Although rare, some of the reported techniques have adopted
other basis functions that possess pulse profiles other than the
Gaussian and the sech pulses, such as the super-Gaussian pulse
[24], [25]. A generic form of the excitation basis function is
expressed as follows:

ψ(t, τ)
−∞≤t≤∞

= 2 exp (−|t/τ |p) (1 + exp(−2q|t/τ |))−1

=

⎧⎨
⎩

exp(−t2/τg 2); for a Gaussian pulse

sech(t/τs); for a sech pulse
(6)

where {p, q} ∈ {0, 1, 2 . . .}, τ = 2
√

log(2)τg = 2sech−1(1/2)
τs, τg is the Gaussian pulsewidth, defined as the e−1 point of
the Gaussian basis function, and τs is the pulsewidth of the
sech basis function. Table I lists different forms of the gener-
alized basis function ψ(t, τ) based on different combinations
of p. Accordingly, only simple mathematical manipulations are
required to adapt the provided analysis to the newly obtained
basis functions.
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TABLE I
DIFFERENT FORMS OF THE GENERALIZED BASIS FUNCTION ψ(t, τ ) BASED ON

DIFFERENT COMBINATIONS OF p AND q

Accordingly, Ψ(m )
n,FCC(jω, τ) is expressed, in terms of the

Fourier transform of (6), as follows:

Ψ(m )
n,FCC(jω, τ) = An ×

⎧⎪⎨
⎪⎩

(jω)mτ
√
π exp

(
−(ωτ )2

2

)

(jω)m4πτsech(2πωτ).
(7)

C. Pulse Amplitude-Pulsewidth Relationship

The spectra of Gaussian and sech-based derivatives are char-
acterized by a unique peak emission frequency ωp, defined as
the frequency at which the spectrum of an mth order derivative
pulse attains its global maximum value. In general, for the mth
order derivative of Gaussian and sech-based pulses, there is an
inverse relationship between the temporal pulsewidth τ and the
peak emission frequency of the pulse PSD. The exact form of
this relationship depends on the particular pulse shape of the in-
put basis function, its pulsewidth, and particular value of m. The
τ − ωp relationship is obtained for Gaussian and sech-based

IR-UWB waveforms by solving ∂|Ψ(m )
n,FCC(jω, τ)|2/∂ω = 0 for

ω. For Gaussian-based IR-UWB waveforms, the τ − ωp rela-
tionship has the form of inverse proportionality as [6]

ωp,g =
√

2m
τg

(8)

where ωp,g is the peak emission frequency of an mth order
Gaussian-based IR-UWB waveform. On the other hand, ap-
plying ∂|Ψ(m )

n,FCC(jω, τ)|2/∂ω = 0 to the sech-based IR-UWB
waveform defined in (7) yields the following transcendal equa-
tion:

2πωp,sτs tanh(2πωp,sτs) = m. (9)

The peak emission frequency of an mth order sech-based
IR-UWB waveform is obtained by using numerical solution
techniques to solve (9). The normalization constant in (7) for
the Gaussian and sech-based IR-UWB waveforms is expressed,
respectively, as follows:

Am
g =

(
SFCC(ω) exp

(
(ωp,g τg )

2/2
)
/(ω2m

p,g πτ
2
g )
)1/2

(10)

Am
s =

(
SFCC(ω)cosh2 (2πωp,sτs)/(ω2m

p,s (4πτs)
2)
)1/2

.

(11)

In contrast to what is widely done in the literature on the pho-
tonic generation of IR-UWB waveforms, where the amplitude
of the photonically generated IR-UWB waveform is roughly and

independently controlled to achieve compliance with the FCC
spectral constraints regardless of the pulsewidth, it is observed
from (10) and (11) that the pulsewidth and its amplitude are
not independent with the pulsewidth as the key parameter. In
other words, the variation in the pulsewidth of the input basis
function should be accompanied by a simultaneous variation
of the pulse amplitude according to (10) and (11) such that a
maximum upper bound of the PE is achieved while respecting
the FCC spectral regulations.

III. PE UPPER BOUNDS

The PE of a UWB signal, defined as the percentage contri-
bution of its PSD to the total power dedicated by the FCC for
the useful UWB band [15], is the main objective function that
should be maximized to obtain optimally energy efficient IR-
UWB waveforms. Accordingly, the PE of the IR-UWB wave-
form in (7) is given by

η =
1
Ω

∫
Ω
|Ψ(m )

n (jω, τ)|2 |Π(jω,Θ)|2dω (12)

where Ω Δ= [ωH , ωL ] and |Ψ(m )
n (jω)|2 = |Ψ(m )

n,FCC(jω, τ)|2/
max {SFCC(ω)} . The waveform of the input basis function
is often known or at least hypothesized to be analytically mod-
eled with an adequate degree of accuracy. However, there exists
numerous forms for |Π(jω,Θ)|2 , each of which depends on the
particular design and implementation of the photonic generation
technique. Furthermore, in any of these techniques, it might not
be possible to obtain the frequency response of every constitut-
ing MWP component in an analytical form. Even if |Π(jω,Θ)|2
is given in an analytical form, it might not be always possible to
evaluate the integral in (12), due to the mathematical complex-
ity associated with integrals involving the product of Gaussian
and sech functions and/or their derivatives with other analyt-
ical functions. The problem of finding an upper bound to the
PE is substantially simplified by employing Schwartz–Holder-
Cauchy inequality [26] to (12) as follows:

η ≤ ζm (τ,Δf)μ(Θ,Δf) (13)

where 0 ≤ Δf ≤ (ωH − ωL )/2π is defined as the effective
bandwidth, or more specifically, the −10 dB bandwidth of
the MWP-based waveform generator, and ζm (τ,Δf) and
μ(Θ,Δf) are defined, respectively, as follows:

ζm (τ,Δf) Δ=
(

1
Ω

∫
2πΔf⊆Ω

|Ψ(m )
n (jω, τ)|4dω

)1/2

(14)

and

μ(Θ,Δf) Δ=
(

1
Ω

∫
2πΔf⊆Ω

|Π(jω,Θ)|4dω
)1/2

. (15)

To investigate the impact of the MWP waveform gener-
ator on the produced waveform, Π(jω,Θ) is expressed as
an ideal bandpass filter (BPF) whose frequency response is
given by Π(jω,Θ) = rect

(
ω−2π fo
2πΔf

)
, where rect(.) is the con-

ventional rectangular function, defined as rect(x) = 1; |x| <
1/2, rect(x) = 0; |x| > 1/2, and fo = (ωL + ωH )/4π is de-
fined as the center frequency of the BPF. Accordingly,
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μ(Θ,Δf) = 1 and the PE upper bound is obtained by maxi-
mizing only ζm (τ,Δf). Substituting (7) into (14), the PE up-
per bounds for Gaussian and sech-based IR-UWB waveforms,
denoted by ζmg (τg ,Δf) and ζms (τs ,Δf), are obtained, respec-
tively, as follows:

ζmg (τg ,Δf)

=

(
(πτg )

2

ΩG2
p

∫ (ωo +πΔf )τg

(ωo−πΔf )τg
ω4m exp

(
−(ωτg )

2
)
dω

)1/2

(16)

ζms (τs ,Δf)

=

(
(4πωpτs)

4

ΩS2
p

∫ (ωo +πΔf )τs

(ωo−πΔf )τs
ω4m sech4(2πωτs)dω

)1/2

(17)

where Gp = ωmp,g τg
√
π exp

(
−(ωp,g τg )

2/2
)

and Sp = 4πωmp,s
τssech(2πωp,sτs). The integrals in (16) and (17) are evaluated
analytically and by using numerical integration techniques. The
closed-form analytical solution of (16) yields

ζmg (τg ,Δf) =

(
π2Γ(2m+ 1/2)

2ΩG2
pτ

4m −3
g

[
erf(u) − exp(−u2)

×
2m−1∑
n=0

u4m−2n−1

Γ(2m− n+ 1/2)

](ωo +πΔf )τg

(ωo−πΔf )τg

⎞
⎠

1/2

(18)

where [F (u)]u2
u1

Δ= F (u2) − F (u1),Γ(z) is the gamma function
given by

Γ(z) =
∫ ∞

x=0
yz−1 exp(−y)dy

and erf(z) is the Gaussian error function, given by

erf(z) = (2/
√
π)
∫ z

0
exp(−y2)dy.

Similarly, for sech-based IR-UWB waveform, the closed form
of the integral in (17) yields

ζms (τs ,Δf)=

(
(16π)3

2ΩS2
p τ

4m−3
s

(
4m!

(2π)4m

)
[T (u)]uHuL

)1/2

(19)

where uH = 2π(ωo + πΔf)τs, uL = 2π(ωo − πΔf)τs , and
T(u) is given by

T(u) =
4m∑
q=0

K∑
l=0

(−1)l−1(l + 1)
(4m− q)!(2l +4)q+1 u

4m−q exp (−2(l + 2)u).

The value of K determines the accuracy of T (u). However,
the accuracy of T (u) becomes essentially independent of the
particular value of K for K � 10. Referring to (12), the an-
alytical expressions in (18) and (19) constitute the normalized

upper bounds for the PE of Gaussian and sech-based IR-UWB
waveforms, respectively.

IV. SIMULATION RESULTS AND ANALYSIS

Throughout simulations, the variation of τ is limited to
300 and 100 ps for Gaussian and sech input basis functions,
respectively, whereas the effective system bandwidth Δf is
tuned from 0 to 7.5 GHz with a frequency resolution of 1 Hz.
m ∈ {1, 2, . . . , 7}. The simulation starts by calculating the an-
gular peak emission frequencies in (8) and (9) as well as their
corresponding scaling normalization constants in (10) and (11),
respectively. Fig. 2(a) and (b) shows the impact of the simul-
taneous variation of τ and Δf on ζ1

g (τ,Δf) and ζ1
s (τ,Δf),

respectively. Both figures show that ζ1
g (τ,Δf) and ζ1

s (τ,Δf)
are smooth (i.e., continuous) and concave surfaces. The con-
tinuity of both surfaces indicates that there exist various time
and/or frequency relevant system design parameters at which
either optimal or close-to-optimal upper bounds can be ap-
proached by properly controlling these parameters. The optimal
sets (τmg,opt ,Δfopt) and (τms,opt ,Δfopt) that lead to the optimiza-
tion of (18) and (19) can be analytically obtained by applying
the following two relationships to the closed-form expressions
in (18) and (19), respectively,

∂2

∂Δf∂τg
ζmg (τg ,Δf) = 0; 0 ≤ τg (20)

∂2

∂Δf∂τs
ζms (τs,Δf) = 0; 0 ≤ τs. (21)

Clearly, the analytical solutions of the multiobjective disjoint
optimization problem in (13) are replaced by their equivalents
in (20) and (21). However, analytical optimization techniques
might be quite difficult to apply. Instead, since the considered
ranges of τ and Δf include the optimal PE points of both
waveform types, a numerical optimization technique, partic-
ularly, the direct search algorithm, is applied over all values
of τ and Δf such that the optimized sets (τmg,opt ,Δfopt) and
(τms,opt ,Δfopt), which are the solutions of (20) and (21), re-
spectively, are obtained. Clearly, there is a global optimum PE
of 84.72% achieved by the Gaussian monocycle at (τ 1

g ,opt =
50.51 ps, Δfopt = 7.5 GHz) and a global optimum PE of 87.6%
achieved by the sech-based monocycle at ((τ 1

s,opt = 11.505 ps,
Δfopt = 7.5 GHz). Although not illustrated, due to limited
space considerations and the need for hyper-geometric plots, the
optimized sets (τmg,opt ,Δfopt) and (τms,opt ,Δfopt) of ζmg (τ,Δf)
and ζms (τ,Δf), respectively, are calculated for m > 1. Interest-
ingly, for both waveform types, the PE increases monotoni-
cally with the system bandwidth, and tends to its peak value at
Δfopt = 7.5 GHz ∀m. For each waveform type and order m,
the calculated optimal PE operating FWHM pulsewidths τmg,opt
and τms,opt are used in studying impact of varying Δf on the
behavior of ζmg (τmg,opt ,Δf) and ζms (τms,opt ,Δf) as shown in
Fig. 2(c) and (d), respectively. Both figures show a monotonic
increase in ζmg (τmg,opt ,Δf) and ζms (τms,opt ,Δf) with Δf. This
can be interpreted as follows. The higher is the effective system
bandwidth, the more the PSD of the IR-UWB waveform is in-
cluded within the useful UWB window. Clearly, the similarity
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Fig. 2. Normalized upper bounds for the PE versus the effective system bandwidth and the FWHM pulsewidth of the (a) Gaussian monocycle and (b) sech
monocycle. Normalized upper bounds for the PE versus the effective system bandwidth at the optimal input FWHM pulsewidth of the first seven derivatives of
(c) the Gaussian input basis function and (d) the sech input basis function.

between Gaussian and sech-based IR-UWB waveforms shows
an optimality when operating at the maximum effective system
bandwidth of Δf = 7.5 GHz. This is in line with the PE defini-
tions in (12) and (13). On the other hand, there exists a minimum
effective system bandwidth below which ζmg (τmg,opt ,Δf) and
ζms (τms,opt ,Δf) are almost equal for all IR-UWB waveforms
of the same type regardless of their order m. For Gaussian-
based IR-UWB waveforms, the minimum effective bandwidth
is 960 MHz, whereas for sech-based IR-UWB waveforms, this
bandwidth should exceed 1 GHz.

Fig. 3(a) and (b) shows the PE upper bounds versus the
FWHM pulsewidth of Gaussian and sech-based monocycle
pulses, respectively, calculated at Δf = 7.5 GHz. Obviously,
the sech-based monocycle is more sensitive to the variations
in the FWHM pulsewidth of the input basis function than
its Gaussian-based counterpart. More specifically, the PE of a
Gaussian monocycle pulse is achieved at a FWHM pulsewidth
that is approximately twice as much the FWHM pulsewidth
of a sech monocycle having the same PE. In other words, the
IR-UWB waveform generation rate achieved by MWP-assisted
filters can be doubled without increasing their bandwidth
and/or power penalty requirements if sech-based waveforms
are employed. However, PE of a sech-based IR-UWB wave-
form is also more sensitive to the tolerances and errors in the
pulsewidth.

V. DESIGN EXAMPLES

In Section III, the entire MWP generator is assumed to
produce ideal derivatives of Gaussian and sech basis functions.
The analysis of these waveforms, without considering the
impact of the residual nonideality transfer function Π(jω,Θ),
leads to the development of upper bounds for their PEs. In this
section, the impact of two particular forms of Π(jω,Θ) on the
PE of the photonically generated IR-UWB waveform is inves-
tigated. Two typical design examples of photonic generation
techniques [27] are considered. Fig. 4(a) and (b) shows the
implementation approach of each system. The MWP filter in
Fig. 4(a) is based on polarization modulation (PolM), while
the MWP filter in Fig. 4(b) is implemented using an optical
phase modulator (PM). The overall optical frequency domain
transfer function of the PolM-based MWP filter is analytically
expressed as [27]

HPolM(ω) =
∣∣∣∣cos

(ωτ
2

)
sin
(

(μ+DGLSMF)λ2
oω

2

4πc

)∣∣∣∣ (22)

whereas the optical frequency domain transfer function of the
PM-based system is analytically expressed as [27]

HPM(ω) =
∣∣∣∣sin(ωτ2

)
cos
(
DGLSMFλ

2
oω

2

4πc

)∣∣∣∣ (23)
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Fig. 3. Normalized PE versus the FWHM pulsewidth of the input basis function for (a) the Gaussian monocycle pulse and (b) the sech monocycle pulse with
Δf= 7.5 GHz. Solid lines: Theoretically obtained values. Markers: Values obtained from numerical simulations. Gray areas represent the unachievable values of
the normalized PE.

Fig. 4. Design examples of photonic generation of a monocycle pulse using
an MWP BPF based on (a) a PolM and (b) a PM.

where τ = 40 ps denotes the differential group delay of the
polarization maintaining fiber, DG = 16.5 ps/nm/km is the
group velocity dispersion of the SMF, LSMF = 10 km is the
length of the SMF and μ = 609 ps/nm is the dispersion
coefficient of the dispersion element in Fig. 4(b). In contrast
to [27], where both systems have been designed to generate a
Gaussian monocycle pulse with a fixed FWHM pulsewidth, in
the present analysis, it is assumed that both Gaussian and sech
basis functions, with tunable FWHM pulsewidths, are applied
to each of these system inputs, such that Gaussian and sech
monocycle pulses are produced, respectively. The applicability
of (13) to the considered systems is validated as follows. First,
the particular implementation of each system, expressed in
terms of (22) or (23), is ignored by substituting μ(Θ,Δf) = 1,
along with (18) or (19), into right-hand side of (13) to calculate
the upper bound of η. Second, the actual PE values achieved
by each system are calculated using (12), which is the same as
the left-hand side of (13), and each of the transfer functions in
(22) or (23). Fig. 5(a) plots the upper bound of η, along with
its actual values, versus the FWHM pulsewidth of a Gaussian

Fig. 5. Comparison of the exact value of the PE as calculated from (12) and
its upper bound as calculated from (a) (18) for a Gaussian monocycle pulse and
(b) (19) for a Sech monocycle pulse, based on PolM and PM.

input basis function, considering the transfer functions in (22)
and (23). Similarly, Fig. 5(b) plots the upper bound of η, along
with its actual values, versus the FWHM pulsewidth of a sech
input basis function, considering the same transfer functions
in Fig. 5(a). As expected, for each waveform type, the PE
upper bounds predicted by (13), without the knowledge of the
transfer functions of the considered systems, enclose the actual
PE values calculated using (12) for both systems. Moreover,
in both figures, the global maximum values of the PE values
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and their corresponding global maxima located on the upper
bounds are achieved at the same optimum FWHM pulsewidths.
Furthermore, the difference between an actually achieved PE
value and its corresponding upper bound is mainly attributed
to the passive filtering effects introduced by Π(jω,Θ) through
μ(Θ,Δf), which are not included in PE upper bounds calcu-
lated from (13). These results validate the applicability of the
PE upper bounds in (18) and (19) to arbitrarily implemented
MWP-assisted IR-UWB waveform generators when the
targeted waveform type and its FWHM pulsewidth are the only
available knowledge.

VI. COMPLEXITY ANALYSIS

Based on (2), the CC of H(jω,Θ) is mainly determined by the
individual implementation complexities of the transfer functions
(jω)m and Π(jω,Θ). In some techniques, the IR-UWB wave-
form generator is excited by the basis function ψ(t, τ), and the
desired derivative of ψ(t, τ) is approximated by its correspond-
ing differencing operator [7]. For instance, in [8], the Gaussian
monocycle and doublet pulses have been approximated by the
first and the second order differences of a Gaussian pulse, re-
spectively. Applying an N th order differencing operator to an
input basis function is implemented by a multitap FIR filter,
whose impulse response is modeled as follows:

hFIR(t) =
N−1∑
k=0

akδ(t− kΔT ) (24)

where ak are the FIR filter coefficients, δ(t) is the Diract-delta
function, ΔT is the time delay difference between two adjacent
taps, and N is the number of taps. Accordingly, the frequency
response of an N -tap MWP FIR filter is given by the Fourier
transform of (24) as [7]

HFIR(jω) =
N−1∑
k=0

ak exp (−jkωΔT ) . (25)

On the other hand, some other techniques (e.g., [4],
[14]–[17]) hypothesize the existence of the desired derivative
at the input of the IR-UWB waveform generator. In these tech-
niques, H(jω,Θ), and consequently, its complexity, is deter-
mined only by Π(jω,Θ). Despite this apparent reduction in the
CC, due to excluding (jω)m , the transfer function Π(jω,Θ) is
also implemented by the multitap FIR filter approach. In this
case, HFIR(jω) is designed to achieve the required compliance
to the FCC spectral constraints by the proper control of the
tap coefficients ak . Accordingly, the order of (25) as well as
the derivative order of the exciting waveform determines the
CC of both types of IR-UWB waveform generation techniques.
Table III compares the CCs, expressed in terms of the num-
ber of floating point operations (flops) (additions and/or mul-
tiplications), required by the FIR filters to produce IR-UWB
waveforms with the PEs reported in [11]–[17].

Fig. 6(a) and (b) shows the PEs achieved by a linear combina-
tion of N Gaussian-based monocycle pulses in [4] as compared
to the PE achieved by the single derivative order Gaussian and
sech-based IR-UWB waveforms, respectively. This comparison

Fig. 6. Comparison of the PE of a linear combination of Gaussian monocycle
pulses in [4] with the PE of a single-order pulse having an optimized pulsewidth
and derived from (a) a Gaussian basis function and (b) a sech basis function.

TABLE II
COMPLEXITY AND PE COMPARISONS OF THE PROPOSED OPTIMAL WAVEFORMS

TO THE WAVEFORMS PROPOSED IN [11]–[17]

is also provided in Table III for more illustration. Generally, the
waveform types and their corresponding PEs listed in Tables II
and III emphasize the impact of optimizing the pulsewidth of
an IR-UWB waveform on the complexity and PE of this wave-
form. In Table I, it is clear that an IR-UWB waveform of order
m with the proper pulsewidth possesses the same PE achieved
by linearly combining a larger number of monocycles using the
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TABLE III
COMPLEXITY OF GENERATING THE PROPOSED PULSES WITH THE SAME PES AS IN [4]

FIR filter design proposed in [4]. As a particular example, a PE
of 84.72% is achieved by a single Gaussian monocycle pulse
that has an optimized FWHM pulsewidth, while in [4], the same
PE is achieved by using a linear combination of 35 Gaussian
monocycle pulses. A higher PE of 87.6% is achieved by a single
sech monocycle pulse. This reduces dimensionality of the IR-
UWB waveform optimization problem and, consequently, the
implementation complexity of the MWP filter in the IR-UWBoF
system design if a single-order IR-UWB waveform is targeted.
Moreover, it can be correctly concluded that the PE of a linear
combination of pulsewidth optimized IR-UWB waveforms con-
verges more rapidly with a lower number of linearly combined
pulses as compared to [4].

VII. BER PERFORMANCE ANALYSIS

In practical IR-UWB systems, the information symbols are
encoded by the photonically generated IR-UWB waveforms,
which are then wirelessly transmitted to a remotely located
UWB receiver. Most often, the frequency response of the wire-
less transmission channel is modeled by the Friis formula for
free space path loss (FSPL) channels [13]. In addition to the
FSPL, at the receiver front end, the received IR-UWB waveform
is unavoidably corrupted by a zero-mean additive white Gaus-
sian noise (AWGN) random process. The higher is the PE of the
emitted IR-UWB waveform, the higher is the signal-to-noise
ratio (SNR) at the receiver side and consequently, the better is
the end-to-end BER performance. In this context, each binary
information symbol is assumed to be ON-OFF keying (OOK)
modulated before being multiplied by an arbitrary IR-UWB
signalling waveform, denoted by x(t).

For OOK modulation, the probability of bit error is given
by [28]

POOK = Q

(√
αSx
σ2
n

)
(26)

where Sx =
∫∞
−∞ |x(t)|2dt is the transmitted IR-UWB signal

power, α is the loss experienced by the IR-UWB signal in the
FSPL channel, and σ2

n is the power of the AWGN that corrupts
the IR-UWB signal at the receiver front-end. In FSPL channels,
α is given by α = (GTXGRX4πDf/c)2 , where GTX is the gain
of the TX antenna, GRX is the gain of the RX antenna, D is the
TX–RX antenna separation, and c = 3 × 108 m/s is the speed
of light. The power of the AWGN is given by σ2

n = NoBs,
whereBs = fH − fL andNo is the PSD of the AWGN process.

Applying Parserval’s theorem to Sx in (24), the ratio αSx/σ2
n ,

defined as the SNR at the receiver side and denoted by SNR, is
expressed as follows:

SNR =
α

2πNoBs

∫ ∞

−∞
|X(jω)|2dω =

2α
NoΩ

∫ ωH

ωL

|X(jω)|2dω
(27)

whereX(jω) is the Fourier transform of x(t).Multiplying both
sides of (25) by max {SFCC (ω)} yields

SNR = 2αηx

(
max {SFCC (ω)}

No

)
(28)

where ηx =
∫ ωH
ωL

|X(jω)|2dω/max {SFCC (ω)}Ω =
∫ ωH
ωL

|X
(jω)|2dω/ ∫ ωHωL

SFCC (ω) dω is the PE of the generalized IR-
UWB signalling waveform;x(t).Substituting (28) in (26) yields

POOK = Q
(√

2αrηx
)

(29)

where r = max {SFCC (ω)}/No is the ratio of the FCC PSD
to the PSD of the AWGN. It is important to highlight that the
BER performance of any modulation schemes, including the
OOK scheme, is always given in terms of the SNR at the re-
ceiver side [28]. Consequently, the SNR expression provided
in (28) constitute a unifying metric to evaluate the BER per-
formances expected from differently implemented MWP-based
IR-UWB waveform generators in terms of the PE of the pro-
duced IR-UWB waveforms. For numerical comparisons, α is
calculated at the center frequency of the useful UWB band
(i.e., f = fo = (ωL + ωH )/4π). Moreover, antenna gains of
GTX = GRX = 1 and a typical TX–RX separation distance of
D = 4 m are assumed. The AWGN PSD is given byNo = kBT,
where kB = 1.38 × 10−23 J/K is the Boltzmann constant and
T is the temperature in Kelvin. Based on (29), Fig. 7 shows
the BER performances achieved by the IR-UWB waveforms
reported in [11]–[17] as compared to the BERs achieved by the
optimal Gaussian and sech monocycle waveforms reported in
this work. As expected, overall, the higher is the PE, the lower
is the achieved BER value. An IR-UWB signaling waveform is
judged as power efficient if the forward error correction (FEC)
BER limit of 10−3 is achieved using this waveform. Clearly, the
proposed optimal Gaussian and sech monocycle pulses outper-
forms the waveforms reported in [11]–[17] in terms of achieving
the FEC BER limit, considering their low complexity of genera-
tion. Similar results can be inferred when different transmission
distances and modulation schemes are assumed.
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Fig. 7. BER performances achieved by the IR-UWB waveforms reported in
[11]–[17] compared to the BERs achievable by single derivative order Gaussian
and sech-based waveforms with optimized pulsewidths reported in this work.
A unique marker and color combination is dedicated to all IR-UWB wave-
form designs reported in the same reference. Waveforms belonging to the same
reference are discriminated by their individual PEs, which are arranged in an
ascending order.

VIII. DESIGN INSIGHTS

This section introduces a number of useful simulation and
design guidelines, based on the results obtained. The proposed
guidelines are summarized as follows.

1) First, the proper pulse shape for the input basis function
of an IR-UWB waveform should be identified or at least
hypothesized. Second, the net derivative order m offered
by the photonic generation technique should be calculated.

2) Pulse shape requirements: Since sech-based IR-UWB
waveforms outperform their Gaussian-based counterparts
in terms of the maximum achievable data rate and PE, it
is recommended to use optical sources that emit the basis
function of waveform types, such as MLFLs.

3) Pulsewidth requirements: It is necessary to apply input
basis functions with the optimal FWHM pulsewidths of
the relevant pulse shape and order. The pulse spreading
introduced by optical fibers due to their chromatic dis-
persion effects should be calculated a priori such that an
optimum pulsewidth, and consequently, an optimal PE, is
obtained at the output fiber end.

4) Pulse amplitude requirements: It is important to compen-
sate for the possible net gain and/or attenuation introduced
by the active components in the IR-UWB system such
that PSD of the radiated IR-UWB waveform respects the
maximum PSD constraints imposed by the FCC spectral
mask.

5) Pulse order requirements: The combined differentia-
tion/integration orders introduced by electrical/optical ef-
fects to an IR-UWB waveform should be balanced such
that the resulting electrical IR-UWB waveform at the PD
output is equivalent to a monocycle pulse.

6) Bandwidth requirements: For Gaussian-based IR-UWB
waveforms, it is important to secure a minimum effective
bandwidth of about 960 MHz, whereas for sech-based
IR-UWB waveforms, a minimum effective bandwidth of

1 GHz is required, otherwise; all IR-UWB waveforms
are equivalent from an PE perspective and it becomes
redundant to aim at generating IR-UWB waveforms of
orders higher than a monocycle pulse.

7) FCC fully compliant IR-UWB waveforms: Despite their
high PEs, throughout this work, an ideal BPF is assumed
to achieve the FCC compliance of the proposed IR-UWB
optimal waveforms. In practice, this ideal full compliance
might be violated by the leakage PSD of the designed
IR-UWB waveforms out of the useful UWB band due to
nonideal bandpass filtering. However, the projection onto
the convex sets algorithm reported in [29] can be applied
to the proposed waveforms to achieve the full compliance
to the FCC mask constraints using FIR filtering.

8) System design parameters: The practical system design
parameters set Θ should be optimized to achieve the
above-mentioned guidelines.

These design guidelines should be followed during the
design phase of MWP-based IR-UWB waveform generators
if an optimal performance is desired.

IX. CONCLUSION

In this paper, the performance upper bounds of MWP-assisted
UWB waveform generators are evaluated, with the PE of the
produced UWB waveforms as the performance metric of in-
terest. Analytical expressions are developed for these upper
bounds, based on the introduced configuration and mathemati-
cal modeling, and are applied to two practical designs for MWP
filters. Moreover, two typical types of IR-UWB waveforms are
considered. Numerical simulations confirm the practical appli-
cability of the derived expressions, especially when a fast and
close-to-accurate pre/post prototyping performance assessment
is desired. The model abstraction level introduced in this work
enables MWP system designers to simulate and evaluate their
designs rapidly, using general purpose programming languages
without the need for specialized photonic software simulation
tools.
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