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Abstract—The design and photonic generation of power efficient impulse radio ultra wideband (IR-UWB) waveforms is
a challenging step in the design and development of IR-UWB
over fiber (IR-UWBoF) systems with combined optical and
wireless transmission. In this paper, the definition of the spectral
power efficiency (SPE) and its associated optimization problem
are reformulated. Based on this reformulation, a theoretical
upper bound for the SPE is derived and applied to two of
the most common types of photonically generated IR-UWB
waveforms. Accurate closed form analytical expressions for the
SPE upper bounds of these two waveform types are obtained and
optimized. The analytical framework presented in this work can
be extended and applied to other waveform types. Simulation
results show excellent agreement with the analytically obtained
expressions. Accordingly, these analytical expressions can be used
as reliable guidelines for precise and efficient design of practical
IR-UWBoF systems that guarantee optimal design, generation
and distribution of IR-UWB waveforms.
Index Terms—Impulse radio (IR), microwave photonic (MWP),
spectral power efficiency (SPE), ultra wideband over fiber (UWBoF).

I. I NTRODUCTION
N THE PAST decade, the US Federal Communications
Committee (FCC) has dedicated a very wide bandwidth,
called the useful UWB band and ranges from 3.1 GHz to
10.6 GHz, for indoor UWB signalling. However, the maximum
effective isotropic radiation power (EIRP) spectral density has
been restricted to only -41.3 dBm/MHz [1]. A UWB signal
that fully occupies the useful UWB band with the maximum
admissible PSD possesses a total EIRP of only about 0.56 mW.
In IR-UWB signalling, such extremely low power is emitted
to the wireless channel in the form of energy bursts, carried by
ultrashort (ns∼ps) baseband waveforms. The PSD of a UWB
signal should be carefully reshaped and theoretically optimized
a priori in the design and development of practical IR-UWB
over fiber (IR-UWBoF) systems with combined optical and
wireless transmission in a way such that optimal IR-UWB
waveforms (i.e., with the highest possible SPE, subject to the
FCC spectral constrains) are guaranteed at each point along
the IR-UWBoF transceiver chain.

I

M. Shehata and H. Mostafa are with the Opto Nano Electronics
(ONE) Laboratory in the Department of Electrical Engineering, Cairo
University, Giza 12613, Egypt, e-mail: (m.shehata− ieee@yahoo.com ,
hmostafa@uwaterloo.ca).
H. Mostafa and Y. Ismail are with the Nanotechnology program at
Zewail City for Science and technology, Giza 12588, Egypt. email:
(hmostafa@zewailcity.edu.eg, y.ismail@aucegypt.edu).
Manuscript received Month xx, 2017; revised Month xx, 2017; accepted
Month xx, 2017. Date of publication Month xx, 2017; date of current version
Month xx, 2017. This work was supported by the national telecommunications
regulatory authority of Egypt (NTRA-Egypt), and in part by MCIT.

According to [2], the spectrum of an IR-UWB signal is
reshaped by using one or more of three possible techniques,
namely, differentiating the baseband IR-UWB waveform, varying its pulse width and/or combination of these two operations.
Several approaches have been reported to demonstrate the
design and/or optical generation of IR-UWB waveforms using
one or more of these three techniques [3]-[9]. Unfortunately,
the reported techniques focus only on the design and/or
implementation of the optical generation process to produce
the desired IR-UWB waveform, while ignoring the SPE of the
resulting waveform. Only few of the reported techniques (e.g.,
[10]) follow a deterministic approach to maximize the SPE
of the photonically generated IR-UWB waveform. However,
the impact of optical and/or wireless transmission on the SPE
of the resulting waveform is not considered. To the best of
the authors’ knowledge, no study has been reported to assess
the limits of the SPE of photonically generated IR-UWB
waveforms in IR-UWBoF systems with combined optical
and wireless transmission under the FCC spectral constraints.
Inspired by the hybrid theoretical/experimental approaches
provided in [11],[12] for the design and photonic generation
of IR-UWB waveforms, an analytical disjoint optimization
approach is proposed to maximize the SPE of a photonically
generated IR-UWB waveform resulting from an arbitrary IRUWBoF system with combined optical and wireless transmission, subject to the FCC spectral constraints.
The rest of the paper is organized as follows. In Section
II, a typical and comprehensive architecture of IR-UWBoF
systems is overviewed and modelled from a frequency domain
perspective. In Section III, the SPE optimization problem is
reformulated and applied to Gaussian and soliton-based IRUWB waveforms. Theoretical expressions for the SPE upper
bound of these two waveform types are obtained. Section
IV presents numerical results which validate the analytical
expressions obtained in Section III. The whole paper is finally
concluded in Section VII.
II. S YSTEM M ODEL OVERVIEW
A typical unidirectional IR-UWBoF system with combined
optical and wireless transmission chains is shown in Fig.
1. Clearly, the system consists of two main parts. The first
part is the combination of the optical source(s), the optical
modulator (OM), the microwave photonic (MWP) filter and
the single mode fiber (SMF), that forms the optical microwave
photonic processing (MWPP), and the optical transmission
chain of the IR-UWBoF system. Whereas the second part
consists of the power amplifier (PA), the UWB TX antenna,
the UWB wireless channel, the UWB RX antenna, the low
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A. Basis Functions of IR-UWB Waveforms

Fig. 1. Schematic architecture of a typical IR-UWBoF system with combined
optical and wireless transmission. OM: optical modulator. MWPP: microwave
photonic processing. SMF: single mode fiber. MMF: multimode fiber. PD:
photodetector. PA: power amplifier. LNA: low noise amplifier. Red lines:
optical paths. Black lines: electrical paths.

noise amplifier (LNA) and the electrical UWB receiver. The
components of the second part form the wireless transmission
and processing chain. Both chains are coupled via a high speed
photodetector (PD).
The entire system is driven by an RF signal that modulates
either a pulsed or a continuous wave (CW) optical carrier.
The resulting modulated optical carrier is forwarded to the
MWP filter for further optical processing. In the MWP filter,
various optical phenomena exhibited by different MWP components are utilized to implement one or more communication
processing functions in the optical domain such as optical
pulse shaping and higher order modulation. The detailed
architecture, the principle of operation, the modelling, and
the implementation complexity of the MWP filter depend on
the characteristics of the components utilized to implement a
particular photonic generation approach.
The photonically generated and encoded IR-UWB waveform is then coupled to an optical fiber link, usually a linear
dispersive SMF, that performs two typical operations. The first
operation is that the SMF works as an optical transmission
medium to an access point at a remote location, up to several
tens of kilometers away from the central station. The second
operation is that the SMF is also used as a part of the
photonic generation process. For example, the SMF is used
as a dispersive element in case of frequency to time mapping
[13]. At the output end of the SMF, a PD stage is necessary
to transform the received optical signal back to the electrical
domain. The power of the RF signal at the PD output is
boosted by a radio frequency PA before being radiated to the
UWB wireless channel via a UWB TX antenna. The radiated
RF signal is received by a remote UWB RX antenna which
is few meters distance apart from the UWB TX antenna. The
weak power of the received IR-UWB signal is boosted by
an LNA before being passed to an electrical UWB receiver
for further electrical processing and detection of information
symbols.

In the literature reported on IR-UWBoF systems, the Gaussian [14] and the hyperbolic secant (sech) [15] pulses are the
conventional basis functions from which IR-UWB monocycles, doublets and higher order derivatives are generated. At
the OM output (Point A in Fig. 1), an optical pulse with
a Gaussian profile best approximates the waveform resulting
from impressing a high-speed electronically switched rectangular waveform on a constant power continuous wave (CW)
optical carrier [16]. However, such switched rectangular pulse
appears as essentially flat with respect to an ultra-short optical
pulse produced by a pulsed optical source such as a mode
locked fiber laser (MLFL), whose profile is best approximated
by an ideal sech pulse, commonly called a soliton. From a
mathematical perspective, the optical electric field envelope
resulting from either approach at Point A in Fig. 1 is equivalent
and is represented as an optical input basis function ψ(t/τ )
repeated every Ts seconds. This equivalence principle is
illustrated in Fig. 2 (a) as a block diagram representation of
the OM. The modulated optical electric field E(t) at point A
in Figs. 1 and 2 is expressed as follows:
√
E(t) = 2P o

+∞
X

!
ψ(t/τ − iTs ) exp(j2πc/λo t)

(1)

i=−∞

where Po is the power emitted by the optical source, λo is
its central emission wavelength and ψ(t/τ ) is given by

ψ(t/τ )
−Ts /2≤t≤Ts /2

=


 exp(−t2 /τg 2 ); for Gaussian input


sech(t/τs );

for soliton input

(2)
where τg is the Gaussian pulse width defined as the e−1
point of the magnitude profile of the input Gaussian pulse,
τs is the soliton pulse width defined as the point at which
the magnitude profile of the soliton pulse decreases to about
65% of its maximum value and τ is the full width at half
maximum (FWHM) pulse width and is common to both types
of input basis functions. The FWHM pulse width of the input
basis function isprelated to the Gaussian and soliton pulse
widths as τ = 2 − log(1/2)τg and τ = 2sech−1 (1/2)τs ,
respectively.
B. Frequency Domain Analysis
The linearity or piece-wise linearity of each functional block
in Fig. 1 over the useful UWB band allows modelling its inputoutput characteristics using the concept of frequency domain
transfer function. Accordingly, the transfer function (between
Points A and B in Fig. 1) is the multiplication of the MWP
transfer function HM W P (ω), the transfer function of the SMF
HSM F (ω) and the PD transfer function HP D (ω) as follows:
Hopt (ω) = HM W P (ω).HSM F (ω).HP D (ω)

(3)

The electrical transfer function (between Points B and C
in Fig. 1) is the multiplication of the PA transfer function
HP A (ω), the frequency response of the UWB TX antenna
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GT X (ω), the frequency response of the channel HCH (ω), the
frequency response of the UWB RX antenna GRX (ω) and the
transfer function of the LNA HLN A (ω), written as follows:
Helec (ω) = HP A (ω).GT X (ω).HCH (ω).GRX (ω).HLN A (ω)
(4)
The overall transfer function of the IR-UWBoF system with
respect to the input basis function (between Points A and C
in Fig. 1) is therefore given by the product of the optical and
the electrical transfer functions as follows:
H(ω) = Hopt (ω) × Helec (ω)

(5)

Although the design of an IR-UWBoF system might aims
at the generation of the k th order derivative of the input
basis function, some components in the IR-UWBoF system
show additional, but unintended, time domain differentiation
and/or integration effects. For example, the UWB TX and
RX antennas act as differentiation elements due to their poor
radiation efficiency at low frequencies (below ∼1 GHz) [17].
In this context, it is assumed that the entire IR-UWBoF system
is equivalent to an ideal mth order time domain differentiator,
where k 6= m in general and m includes both the desired and
the additional unintended differentiation effects. Accordingly,
the overall system transfer function in (5) is decomposed as
follows:
H(jω) = An D(jω)Π(jω, Θ)

(6)

where An is a normalization constant that accounts for
the possible net gain/attenuation introduced by the entire IRm
UWBoF system, D(jω) = (jω) is the transfer function
of an mth order differentiator filter that models the combined differentiation and/or integration effects introduced by
various system components, and Π(jω, Θ) ≤ 1∀ ω denotes
the residual non-ideality transfer function that remains after
removing D(jω) and An from H(jω), while Θ ∈ RN is a
vector that contains all of the controllable parameters involved
in the system design. Fig. 2 (b) illustrates the equivalent block
diagram of the IR-UWBoF system shown in Fig. 1 (from Point
A to Point C), based on (6).
Based on the decomposition of H(jω) in (6), the main goals
of practical IR-UWBoF systems are explained as follows: The
transfer function D(jω) is applied to the input basis function
such that an ideal mth order IR-UWB waveform is produced.
Since ideal derivatives of Gaussian and soliton basis functions
are not inherently fully compliant to the FCC spectral mask,
the net gain/attenuation, offered by the normalization constant
An , adapts the peak PSD of the mth order IR-UWB waveform
to the maximum PSD admissible by the FCC spectral mask
and is given by

An = 

Fig. 2. Equivalent block diagram representation of the IR-UWBoF system
depicted in Fig. 1. (a) equivalent block diagram representation of the optical
modulator before point A in Fig. 1. (b): after point A. Red colors: optical
waveforms. Blue colors: electrical waveforms.

1/2

max {SF CC (ω)} 
n
o
2
max Ψ(m) (jω, τ )

where SF CC (ω) is the FCC spectral mask, Ψm (jω, τ ) =
D(jω)Ψ(jω, τ ) and Ψ(jω, τ ) is the Fourier transform of (2).
Accordingly, the IR-UWB waveform at Point B in Fig. 2 is
given by

(m)

Ψn,F CC (ω) =




√
−(ωτg )2

 An (jω)m τg π exp
2



(7)

An (jω)m 4πτs sech(2πωτs )

(m)

where Ψn,F CC (jω, τ ) is the PSD of the mth order derivative of the input basis function normalized to the maximum
admissible FCC PSD. The role of the non-ideality transfer
function Π(jω, Θ) is to reshape the spectrum of the mth
order IR-UWB waveform such that its compliance to the
FCC spectral mask is achieved over entire spectrum. Thirdly,
the IR-UWBoF system design is optimized by properly designing Π(jω, Θ) through the adjustment of the practically
controllable parameters vector Θ such that the spectrum of
the radiated IR-UWB waveform (at Point C in Fig. 2 (b))
is fully compliant with the FCC spectral constraints for all
values of ω. However, the parameters set Θ does not include
the parameters that can be controlled to adjust the FWHM
pulse width τ of the input basis function. For simplicity, the
transfer function Π(jω, Θ) is represented as an ideal passive
bandpass filter (BPF) whose frequency response is centered
at ωo = (ωL + ωH )/2 and is bounded by a lower and a
higher cutoff frequencies of ωcL and ωcH , respectively. This
is expressed mathematically as follows:

1; ωcL ≤ ω ≤ ωcH
Π(jω, Θ) =
(8)
0; elsewhere
where ωcL = ωo − π∆f, ωcH = ωo + π∆f and 0 < ∆f ≤
(ωH − ωL )/2π is defined as the effective IR-UWBoF system
bandwidth.
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III. SPE U PPER B OUNDS OF A RBITRARILY F ILTERED
G AUSSIAN AND S OLITON BASED IR-UWB WAVEFORMS :
P ROBLEM R EFORMULATION
The spectral power efficiency of a UWB signal is defined
as the ratio of the power contained in its PSD in the useful
UWB band to the total power admissible by the FCC mask
within the same band [18]. Applying this definition to (7); the
spectral power efficiency of the received IR-UWB waveform
is expressed as follows:
Z
η=

(m)
|Ψn,F CC (jω, τ )|2 |Π(jω, Θ)|2 dω/

Ω

Z

∆

where Ω
=
[ωL , ωH ]. Since SF CC (ω)
=
max {SF CC (ω)} ∀ω ∈ [ωL , ωH ], the SPE of (12) is
given by
Z
1
2
2
|Ψ(m)
(11)
η=
n (jω, τ )| |Π(jω, Θ)| dω
Ω
Ω


(m)
where |Ψn (jω)|2 = |Ψ(m) (jω, τ )|2 / max |Ψ(m) (jω, τ )|2
The SPE in (9), or equivalently (11), is the objective function
that constitute the main optimization problem of IR-UWBoF
systems. The analytical solution of this joint optimization
problem is an optimal parameter set (τopt , Θopt ) which
leads to an optimal IR-UWB waveform and system design,
respectively. However, it is not always possible to obtain an
analytical expression for η in a particular IR-UWBoF system
unless every functional constituting block and component in
this system is identified and its frequency response is given
analytically. Unfortunately, this is not always possible due to
a number of reasons. For example, the frequency response
of the TX-RX antenna pair is often simulated or measured
by a vector network analyzer (VNA) [17]. The problem of
computing and optimizing the SPE in (11) is substantially
simplified if the integrand is splitted into two independent
integrands with each term worked on independently. Applying
Cauchy-Schwarz-Holder inequality [19] to (11), the following
inequality is obtained:
1/2  Z
1/2
1
4
4
|Ψ(m)
(jω,
τ
)|
dω
|Π(jω,
Θ)|
dω
η≤
n
Ω Ω
Ω
(12)
A direct consequence of applying Cauchy-Schwarz-Holder
inequality is that an upper-bound for the SPE is obtained
instead of its value that is not always computable from (11).
This upper limit is the objective function that should be optimized, with each of its two terms worked on independently.
Clearly, the joint optimization problem in (11) is simplified
into two disjoint optimization problems that can be solved
independently. Defining
Z

1
Ω

Z

4
|Ψ(m)
n (jω, τ )| dω

1/2
(13)

Ω

and
∆

I(Θ) =

 Z
1/2
1
|Π(jω, Θ)|4 dω
Ω Ω

(14)

For an arbitrarily frequency dependent Π(jω, Θ), the SPE
upper bound inequality in (12) is expressed, in terms of (13)
and (14), as follows:
η ≤ ζ m (τ )I(Θ)

(9)

o
n
(m)
max |Ψn,F CC (jω, τ )|2 |Π(jω, Θ)|2 ≤ SF CC (ω)∀ω (10)

1
Ω



SF CC (ω)dω
Ω

Subject to



∆

ζ m (τ ) =

(15)

From (15), it is observed that the value of ζ (m) (τ ) depends
on the pulse shape of the input basis function, its FWHM
pulse width and the order of the derivative m, regardless
of the particular system design parameters. Therefore, it can
be defined as the upper bound of the SPE of the IR-UWB
waveform, normalized to the functional I(Θ), which depends
on the particular design of IR-UWBoF system. Hence, it is
more useful to define a normalized SPE as follows:
ηnorm ≤ ζ m (τ )

(16)

∆

where ηnorm = η/I(Θ). It should be noted that, based
on
the definition of Π(jω, Θ) in (8) as an ideal BPF,
.
I(Θ) = 1 and ηnorm is equivalent to η in (16). Ap(m)
plying ∂Ψn,F CC (jω, τ )/∂ω = 0 to (7) and solving for
ω yields the peak emission frequency, denoted by ωp .
This frequency is substituted in |Ψ(m) (jω, τ )|2 to obtain
max |Ψ(m) (jω, τ )|2 . For Gaussian-based IR-UWB wave(m)
forms, solving ∂Ψn,F CC (jω, τ )/∂ω = 0 for ω results in a
τ − ωp inverse proportionality relationship as [18]
√
2m
(17)
ωp,g =
τg
where ωp,g is the peak emission frequency of an mth order
Gaussian-based IR-UWB waveform. The peak emission frequency of an mth order soliton-based IR-UWB waveform,
denoted by ωp,s , results from using numerical solution techniques to solve the following transcendal equation:
2πωp,s τs tanh(2πωp,s τs ) = m

(18)

The normalization constant in (7) for the Gaussian and
soliton-based IR-UWB waveforms is expressed, respectively,
as follows:


1/2
2
2m
2
Am
(19)
g = SF CC (ω)/ωp,g πτg exp −(ωp,g τg ) /2

1/2
2
2m
2
Am
(20)
s = SF CC (ω)/ωp,s (4πτs ) sech (2πωp,s τs )
The upper bound of ηnorm for Gaussian-based IR-UWB
waveforms is obtained by substituting (7) and (19) in (13) as
follows:
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dBm/MHz. Consequently, the frequency response of the BPF
1/2 in (8) is centered at fo = (fL + fH )/2 = 6.85 GHz and the
(ωo +π∆f
Z )τg
2


effective system bandwidth ∆f ranges from 0 to fH −fL = 7.5
 (πτg )

2
m
4m
ζg (τg , ∆f )=
ω
exp
−(ωτ
)
dω 
g
GHz.
The FWHM pulse width τ is varied from 0 to 500 ps for
2
ΩGp
Gaussian-based IR-UWB waveforms and from 0 to 300 ps for
(ωo −π∆f )τg
(21) soliton-based IR-UWB waveforms with a time resolution of 1


√
2
m
where Gp = ωp,g τg π exp −(ωp,g τg ) /2 , while for ps. The derivative order m takes values through {1, 2, ...7} .
The simulation starts by evaluating the values of τg and
soliton-based IR-UWB waveforms this upper bound is obτs corresponding to each value of the FWHM pulse width
tained from (13) in terms of (7) and (20) as follows:
τ . The values of τg and τs are then used in calculating the
1/2peak emission frequencies ωp,g and ωp,s in (17) and (18) as

(ωo +π∆f
Z )τs
4
 well as the corresponding normalization constants in (19) and
 (4πωp τs )
m
ω 4m sech4 (2πωτs )dω  (20), respectively. These parameters are used in evaluating the
ζs (τs , ∆f )=
2
ΩSp
integrals in (21) and (22) by using the trapezoidal numerical
(ωo −π∆f )τs
(22) integration technique as well as their corresponding closed
m
where Sp =4πωp,s
τs sech(2πωp,s τs ). The integrals in (21) form analytical expressions in (23) and (24), respectively.
and (22) can be evaluated either analytically or by using
Fig. 3 (a) shows the set of achievable upper bounds of
numerical integration techniques. The closed form analytical ηnorm with Gaussian-based IR-UWB waveforms for different
solution of (21) yields:
values of m and τ and an effective system bandwidth of 7.5
GHz. Fig. 3 (b) shows the corresponding set (with the same
h
values of m and ∆f ) for soliton-based IR-UWB waveforms.
2
π Γ(2m + 1/2)
ζgm (τg , ∆f )=
erf (u) − exp(−u2 )
Both figures show that the analytically obtained results exactly
4m−3
2
2ΩGp τg
match those obtained by numerical integration, which indicates
#(ωo +π∆f )τg 1/2
the accuracy of the proposed closed form expressions in (23)
2m−1
4m−2n−1
X
u

(23) and (24). Furthermore, for each waveform type and order m,
×
Γ(2m − n + 1/2)
there exists an optimum FWHM pulse width of the input
n=0
(ωo −π∆f )τg
basis function at which the SPE upper bound attains a global
∆
u
where [F (u)]u21 = F (u2 ) − F (u1 ), Γ(z) is the gamma optimum. The higher is the pulse order m, the higher is its optiR∞ z−1
mum FWHM pulse width and the lower is its global optimum
function given by Γ(z) =
y
exp(−y)dy and erf (z) =
SPE point. This is explained as follows. Due to the inverse
x=0
√ Rz
relationship between the FWHM pulse width and the peak
(2/ π) exp(−y 2 )dy. Similarly, the closed analytical soluemission frequency, the PSDs of IR-UWB waveforms with
0
tion of the integral in (22) for soliton-based IR-UWB wave- small FWHM pulse widths are concentrated at frequencies
form yields
much higher than the useful UWB window. The higher is the
FWHM pulse width of an IR-UWB waveform, the lower is
!1/2
!
its peak emission frequency and the more is its PSD shifted
3
(16π)
4m!
uH
m
(24) towards low frequencies until it enters the useful UWB band.
ζs (τs , ∆f )=
[T (u)]uL
2ΩSp2 τs4m−3 (2π)4m
Increasing the derivative order m of the IR-UWB waveform
where uH = 2π(ωo +π∆f )τs , uL = 2π(ωo −π∆f )τs , T (u) has the same effect on its spectrum as increasing its peak
emission frequency as both lead to shifting its PSD towards
is given by:
higher frequencies.
A close inspection in both figures indicates that the value
4m X
K
l−1
X
(−1) (l + 1)
of
ζs m for a given mth order soliton-based IR-UWB waveform
4m−q
T(u) =
exp (−2(l + 2)u)
q+1 u
is always larger than ζg m of its Gaussian-based counterpart of
q=0 l=0 (4m − q)!(2l + 4)
the same order and FWHM pulse width τ. For example, the
and K  1. The higher the value of K is, the more accurate maximum SPE of a Gaussian monocycles is upper bounded
m
value of T (u) is obtained. The optimal sets (τg,opt
, ∆fopt ) and by 84.72%, while the maximum SPE of a soliton monocycle
m
(τs,opt , ∆fopt ) can be obtained by applying either analytical is upper bounded by 87.6%. Although the difference is not
or numerical optimization techniques to (23) and (24), respec- quite large for all values of m, the values of ζ m decrease
s
tively.
more rapidly with τ for soliton-based IR-UWB waveforms
than ζg m for their Gaussian-based counterparts. Consequently,
IV. R ESULTS AND A NALYSIS :O PTIMAL P ULSE WIDTHS ,
the SPE optimal values of soliton-based IR-UWB waveforms
BANDWIDTHS AND M AXIMUM E FFICIENCY
are achieved at FWHM pulse widths much smaller than with
This section provides numerical simulation results to quan- Gaussian-based IR-UWB waveforms. This is still an advantage
tify and optimize the analytical expressions in (23) and (24), since small pulse widths are always desirable in high bit rate
derived in Section III. According to the FCC recommenda- IR-UWBoF systems.
tions in [1], the useful UWB band is specified as follows:
Another interesting observation in Fig. 3 (a) is that, among
fL = 3.1 GHz, fH = 10.6 GHz and max {SF CC (ω)} = -41.3 all Gaussian-based IR-UWB waveforms, the highest upper
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Fig. 3. Normalized upper bounds for the spectral power efficiency versus the FWHM pulse width of (a): the Gaussian input basis function and (b): the soliton
input basis function with ∆f = 7.5 GHz. Solid lines: theoretically obtained expressions. Markers: results obtained from numerical integration. R1 : Region 1;
>
ζg (m) (τ ) > ζg (n) (τ )|m < n. R2 : Region 2; ζg (m) (τ ) = ζg (n) (τ )|m 6= n.R3 : Region 3; ζg (m) (τ ) > ζg (n) (τ )|m > n.
<

bound of ηnorm is achieved by the Gaussian monocycle
pulse. Likewise, the soliton monocycle has the highest upper bound of ηnorm among soliton based doublets, triplets
and other higher order derivatives of the soliton input basis
function. Nevertheless, this interesting feature explains why
the monocycle pulse, regardless of its basis function, is the
most preferred and popular among other IR-UWB waveforms
in most of the literature published on the photonic generation
of IR-UWB waveforms and adds an extra advantage to the
monocycle pulse besides its ease of photonic generation and
superior BER performance in dense multipath fading wireless
channels [20]. However, the superiority of monocycle pulses
is not guaranteed over the whole range of τ .
A closer inspection in both figures reveals that, for each
waveform type it is more useful to view the whole range of τ
as composed of three sub-ranges: R1 , R2 and R3 . For FWHM
pulse widths in R1 , corresponding to 0 ≤ τ ≤ 70.72 ps for
Gaussian input basis functions and 0 ≤ τ ≤ 16.06 ps for
soliton input basis functions, ζg (m) (τ ) > ζg (n) (τ )|m < n.
Within R2 , corresponding to 70.72 < τ ≤ 136.4 ps for
Gaussian input basis functions and 16.06 < τ ≤ 57.2 ps
for soliton input basis functions, the superiority of an mth
order IR-UWB waveform over another nth order waveform
of the same type and FWHM pulse width τ depends on the
>
particular values of m, n and τ, where ζg (m) (τ ) = ζg (n) (τ ) and
<

>

ζs (m) (τ ) = ζs (n) (τ ) for m 6= n.
<
For the third range R3 , corresponding to 136.4 < τ ps for
Gaussian input basis functions and 57.2 < τ ps for soliton
input basis functions, the situation is opposite to that in R1
and the SPE of an nth order IR-UWB waveform is larger than
that of an mth one having the same pulse width, m < n.
V. C ONCLUSION
In this work, the problem of optimal IR-UWB waveform
design in IR-UWBoF systems with combined optical and wire-

less transmission is reformulated, considering two common
IR-UWB waveform types. Accurate closed form analytical expressions for the upper bounds of the spectral power efficiency
of these waveforms are derived. A powerful advantage of the
provided analysis is that it can be generalized and applied to
many of the IR-UWB waveforms available in the literature on
IR-UWBoF systems.
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