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ARTICLE INFO ABSTRACT

Keywords: In this paper, a low-complexity approach is proposed for the generation of power efficient
Impulse radio impulse radio ultra-wide band (IR-UWB) waveforms. The proposed approach relies on the
Gaussian waveform optimization of the pulse width to achieve the highest power efficiency while maintaining

Power efficiency
Sech waveform
Ultra-wide band

FCC-compliant pulse shapes. Analytical expressions are developed for the power efficiency of
widely adopted UWB waveforms, namely Gaussian and sech basis waveforms. The proposed
approach is verified analytically and compared to results obtained through other approaches in
the literature. It is shown that using as low as a single first order derivative Gaussian or sech
basis waveform, with optimized pulse width can result in power efficiency as high as 85%,
an efficiency that is achieved by other approaches using linear combinations of as much as
33 basis waveforms. This represents the low-complexity advantage of the proposed approach,
which makes it more practical for implementation.

1. Introduction

Ultra-wide band (UWB) signals are extremely power limited due to the very low spectral constraints imposed on their power
spectral densities (PSDs) by the Federal Communications Committee (FCC) [1]. In impulse radio UWB (IR-UWB) signaling, such
low power levels are emitted in the form of finite-energy packets, carried by ultrashort waveforms, in the range of nanoseconds
or picoseconds. In practice, the generated IR-UWB waveforms are often amplitude and/or time-scaled single order derivatives of
Gaussian and hyperbolic secant (sech) basis functions such as monocycles, doublets [2-8], and higher order derivatives [9].

According to [10], various IR-UWB waveforms, having different spectral characteristics, are obtained by varying one or more of
the parameters of the basis functions such as their amplitudes, delays, temporal widths, and/or their derivative orders. Inspired by
this principle, numerous IR-UWB waveform design approaches have been proposed based on carefully designed linear combinations
of spectrally heterogeneous single derivative order waveforms. These approaches aim at improving the power efficiency of single
derivative order IR-UWB waveforms, while complying to the FCC spectral constraints over the entire spectrum. For example, the
authors in [11] have proposed the synthesis of power efficient and FCC compliant IR-UWB waveforms by linearly combining an
orthogonal set of uniformly delayed L Gaussian monocycle pulses using an L-taps finite impulse response (FIR) filter with optimized
tap coefficients. Moreover, it has been proven in [11] that the power efficiency of the synthesized waveform increases with increasing
the number of FIR filter taps. The efficiency of the linear combination design approach using FIR filters has been supported by many
experimental evidences.
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In other work, the authors of [12] have experimentally demonstrated the generation of an IR-UWB waveform with power
efficiency as high as 75.1% by applying a sech basis function to a 30-taps all-optical FIR filter, followed by an optical fiber-based
transmission chain. However, the generation of more complicated and consequently, more power efficient, IR-UWB waveforms has
been limited by the implementation complexity of the all-optical FIR filter as well as the extremely random phase noise, which
increases with increasing the system complexity due to the uncontrollable imperfections in the fabrication process [12]. Therefore,
to limit the impact of the phase noise, the design in [12] has been refined later in [13] by confining the number of the FIR filter taps
to only eight, while including the frequency response of a combined optical and wireless transmission link. Although a theoretical
optimum power efficiency of 70.3% has been targeted, the reduced number of FIR filter taps as well as the impact of the combined
optical and wireless transmission of the generated waveform have yielded a practical sub-optimal efficiency of only 63.6%.

In [14], a non-linear genetic algorithm has been employed to optimize the coefficients of the FIR filter in [7]. As a result, a
maximum efficiency of 71% has been achieved using linearly combined sets of higher order pulses of different pulse widths and
non-uniform delays. In [15], the number of linearly combined waveforms has been economized to produce an IR-UWB waveform
from only two Gaussian doublets. This technique has been further simplified and improved later in [16] 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 [15,16] have achieved efficiencies as low as 12% and 48.52%, respectively.

From the aforementioned overview, it is observed that, reducing the number of linearly combined IR-UWB waveforms inevitably
decreases their overall power efficiency. On the other hand, increasing such number, and consequently, the overall efficiency, is
limited by several practical implementation issues, such as the fabrication complexity. Moreover, the approaches provided in [13-16]
attempt to overcome these performance bounds by economizing the dimensions of the signal space from which linear combinations
of IR-UWB waveforms are formed, while maximizing the overall power efficiency of the resulting waveform.

In this paper, the converse approach is followed by maximizing the power efficiency of individual signal space waveforms. The
paper contribution is three-fold; (1) A general model of IR-UWB waveform generation is proposed. The model is based on using
a single basis function rather than a large number of basis functions. (2) A simplified version of the proposed model is optimized
to show the validity as well as the advantages of the proposed design approach. (3) Finally, the obtained results are compared to
other related work to emphasize the low-complexity of the proposed approach while providing waveforms with competitive power
efficiency.

The rest of this letter is organized as follows. Section 2 presents the proposed IR-UWB waveform generation approach, based on
linear combinations of derivatives of an arbitrary basis function. In Section 3, analytical closed-form expressions are developed for
the efficiencies of IR-UWB waveforms derived from single order derivatives of Gaussian and sech basis functions. The developed
expressions are numerically evaluated and are analyzed in Section 4. Finally, the paper is concluded in Section 5.

2. Proposed IR-UWB waveform optimization

In this section, the proposed IR-UWB waveform generation model is explained. The following discussion starts with a general
model, followed, in Section 3, by a low-complexity approach that results in an acceptably high power efficiency of IR-UWB
waveforms. Fig. 1 illustrates the general model proposed in this paper. This model is inspired from the work provided in [11,17,18].

As shown in this figure, the process of generating a power efficient and FCC compliant IR-UWB waveform is assumed to be
divided into two main stages. In the first stage, the differential stage, an input basis function, w(t, ), having a full width at half
maximum (FWHM) pulse width of 7, is simultaneously applied to the inputs of M pulse width modulators. Each of the resulting
pulse width modulated waveforms, y(t,7 — 7,,);m € 1,2,..., M, is applied to a time domain differentiator with the proper order
before being weighted by a coefficient 4,, € R*;m € 1,2,..., M. The role of the weight coefficient 4,, is discussed later in this
section. The outputs of the differential stage, 4,w,,(t,7,);m € 1,2,..., M, form the signal space member functions from which a
linear combination is composed to produce the required IR-UWB waveform, x(z).

Since the spectra of the resulting signal space member waveforms are not fully compliant to the FCC spectral constraints, the
differential stage is cascaded by the second stage, which is the spectral shaping output stage. Due to its multiple input-single output
(MISO) topology, the second stage is similar to the distributed waveform generator (DWG) reported in [18]. The output combination
of this stage is mathematically expressed as follows:

M

X0 = Y B dy Wt = Tyo ) O
m=1

where «,, € R is the mth tap coefficient of the FCC spectral shaping filter, 7,, € R* is its associated delay and g,, € 0,1 is a binary

valued selection coefficient that controls the coupling/decoupling of a particular signal space member waveform to the relevant tap

in the spectral shaping output stage. The sets f,,, «,, and T,, should be optimized such that the power efficiency of x(¢) is maximized,

while complying with the FCC imposed spectral characteristics. In the following, the input basis function, y (¢, 7), is either a Gaussian

or a sech basis function and is given by

2
exp <—t—2) ; for Gaussian pulses
T
8
vt 1) = (2)

—00<t<o0

sech <L> ; for sech pulses

Ts
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Fig. 1. Block diagram representation of the typical stages of the IR-UWB waveform generation process. The design of the differential stage is the subject of this
paper. PWM: Pulse width modulator.

where 7, is the Gaussian pulse width, defined as the ¢! point of the Gaussian basis function. Similarly, 7, is the pulse width of the
sech basis function. The relationships of 7, and 7, to 7 guarantees that the Gaussian and the sech basis functions have a common

FWHM pulse width of z. The spectrum of the basis functions in Eq. (2) can be expressed as:

wt,\? )
T,/ €Xp - ; Gaussian

4z, sechQrwr,) ; sech

Y(jw,t)=

—o0<w<oo

(3)

Obviously, the generality of the proposed technique guarantees a customizable IR-UWB waveform generator as it allows including
an arbitrary linear combination of M signal space member waveforms, with each having an arbitrary and distinct amplitude, pulse

width, delay and derivative order. According to Eq. (1), the spectrum of the IR-UWB waveform can be expressed as

M
X(j@) = Y @ufydn ¥, 7, exp (—jT,, ). &)

m=1

Since y,, (1, 7,,) is the mth derivative of y(1,7,,), then ¥, (jw,,) = F{y, (. 7,)} = (jo)"¥V(jo,,). The power spectral density (PSD)

of x(f) can be then expressed as

M
XGOIP = Y. @ |2 [ (G0 7,)

m=1

M M ()]
Z Z 20t 2,18,
m=1 n=m+
X Re {Z (joo. ) X 1, (ja),‘r,,)}
i mmr
where 4, —A exp( (wT —7))
According to [11], the power efficiency of the output IR-UWB waveform is given by
L, 1X(o)do [ |X(jo) do
- _ 6)

1., Srec(@)dw B Prce
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where Spcc(w) is the FCC spectral mask. Substituting Eq. (5) into Eq. (6) results in

M
é’x = Z ﬂmayznxm(pm

m=1

M M
+ 2 Z Z ﬁmﬁnaiailmn(pmn (Tm7Tn) (7)

m=1 n=m+1

M M M
= Z ﬂmayzngll’,m +2 Z Z ﬂmna,znné,'f’,mn
m=1

m=1 n=m+1

where a,,, = a,,a,, B, = BB, and where &y ., = Zpu@pn (T. T,) in which y,,, = 4,4, and o,,, (T,,.T,) is given by

/ """, (jw, ,)
[

x¥, (ja), T,,) cos (a) (Tm - Tn) +(n— m)%) do

Prmn (Tm’Tn) = PFCC

®

For the terms in which m =n, z,, = x, = |1m|2 = 4% and @, = @, resulting in &y, = 7, @,

3. Optimal signal space waveforms

In this section, the model proposed in the previous section is used to obtain power efficient low-complexity IR-UWB waveforms.
From Eq. (7), it can be conjectured that the IR-UWB waveform, x(¢), can be partially optimized by optimizing the power efficiencies,
$w m> of each of the M individual signal space components. An optimal design for the waveform x(¢) would be obtained by maximizing
¢, through finding the optimum values of 4,,, ,,, §,, and T,, while maintaining the FCC regulations such that | X (jo)|*> < Spcc(@) Vo
While the maximum of | X (jw)|? can be set to max .Sy (w) to achieve high power efficiency, the FCC spectral shaping stage in Fig. 1
is essential to fulfill FCC compliance at all frequencies. This can be achieved through pulse shaping techniques such as the circuit
designs presented in [17,18]. In the following, a sub-optimal approach is followed to obtain an FCC-compliant waveform with low
generation complexity.

The main idea is to ensure that max {|X(jw)|*} = max {Sgcc(e)} within the range of frequency on interest. It is assumed that
the dimensionality of the signal space is reduced to a single waveform of an arbitrary derivative order m. Accordingly, y,, is set

max {SFCC(CU)} . s . - .
. The peak PSDs of Gaussian-based and sech-based derivatives are obtained by determining the proper basis

max { |¥, (o, 1)|2
function and solving

d .
== ¥, =0 ©
to obtain the frequency, »*, for which the derivative pulse is maximized. For the mth order Gaussian-based IR-UWB waveforms, the
peak PSD frequency, wy, is given by [6]

oo Vom 10)

f
Tg

On the other hand, for the mth order sech-based IR-UWB waveform, the peak of the PSD occurs at ]} that can be obtained through
the numerical solution of
m

2rwity) = ————
(2raz,) tanh (27 w* )

(1)

Consequently, The corresponding values, y,,|, and y,,|,, are obtained, for Gaussian-based and sech-based IR-UWB waveforms,

respectively, as follows:
2
exp <(a)z Tg) >

Imlg = max {Spec(@)) ———— (12)

2 ((w;)“ )

cosh? (2rwrt,)
((@2)™" (4n2,)%)

It can be seen from Egs. (12) and (13) that, tuning the pulse width of the input basis function should be accompanied by
a corresponding variation in its amplitude, with the pulse width as the key controllable parameter, such that a maximum PSD

lg

and

Xmls = max {SFCC(Q’)} 13)
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of max {SFCC(a;)} is always guaranteed for each individual waveform component in the signal space. The power efficiencies of
Gaussian-based IR-UWB waveforms, ¢, |, are obtained as follows:

()" fon (07,)°
Sy

”22'%'l O[Ty ®p T,
“\ 26,z J\ P O
r%g V2 V2
where oy and o, are the highest and the lowest frequencies, respectively, and where 2 = wy — @, . The term G, is defined as

2m 2
G,= ((wZ) m-§> exp (— (a);rg) /2), and the term ®,,(u) is given by

14)

%Hl) erf(u)

-1 T ('"_‘”) (15)
- exp (_uZ) Z 2 L2
n=0 I" (m_+l - H)

2
where L = "’T“ with s = 0 for odd values of m, while s = 1 for even values of m. The gamma function, I'(z), and the Gaussian
error function, erf(z), are given respectively, by

@, w=~1- s)r(

re)= / ey dy

5 z (16)
erf(z) = —/ exp (=»?) dy
\/; 0
Similarly, for sech-based IR-UWB waveforms, the power efficiency ¢, |, is obtained as
2
4zt on
Cols = (477,) / w?™ sech? (27wr,) dew
’ 28, o ’ a7
m!gm=126-m
= W [Hm (27rcoHrS) -1, (ZerLrS)]
where S, = (4rt, (oo’;)m)2 sech? (2zw*z,) and IT,,(u) is given by:
o m _1\/+q m—q
m,w=y Y CDEH Du"? aasi (18)

D5 (m— @l (=20 + )7+

The terms I7,,(-) in Eq. (17) are calculated numerically through truncating the expression in Eq. (18). However, due to the rapid
decay of the summands as / increases, the accuracy of IT,,(-) becomes essentially independent of the upper limit of / for / > 10.

4. Analytical and numerical results

In this section, numerical examples are provided to show the validity and effectiveness of the proposed waveform generation
approach. In the following, the FCC UWB mask in [1] is considered such that, max {Spcc(w)} = —41.3 dBm/MHz in the range from
w; =2z x3.1 Grad/s to wy =2z x 10.6 G rad/s.

The first set of results are shown in Fig. 2, where the power efficiency in Eq. (7) is calculated at different values of the pulse
widths, 7, in the case of Gaussian pulses and 7, in the case of sech pulses. In each case, the peak emission angular frequencies
in Egs. (11) and (12) are calculated for each waveform type and each order m € {1,2,...,7}. The obtained frequencies are then
substituted into Eqgs. (14) and (17) to evaluate the power efficiencies for Gaussian-based and sech-based pulses, respectively.

The results in Fig. 2 show that there is an optimum pulse width, 7, or z,, at which a global maximum of the power efficiency
is obtained. This pulse width changes with the change of the derivative order of the basis pulse. For example, for the monocycle
Gaussian basis waveform, a peak power efficiency of 83.15% is achieved at a pulse width of 7, = 50.51 ps, while for the monocycle
sech basis waveform, a peak power efficiency of 86.6% is achieved at a pulse width of z, = 11.32 ps.

It can be also observed that the higher the derivative order of the basis function, the lower the peak power efficiency and the
larger the pulse width that the peak occurs at. For example, in the case of sech basis waveform, while a peak power efficiency of
70% occurs at 7, = 38 ps for the 4th order derivative, a lower peak power efficiency of 60% occurs at z; = 62 ps for the 7th order
derivative.

It is noteworthy that such small pulse widths, in the picoseconds range, are challenging in practical implementation. However,
there have been vast interest in both research and industry to implement such narrow pulses. For example, the authors in [19]
used the model 3500D impulse generator of Picosecond Pulse Labs that produces fast impulses with a FWHM of about 75 ps. In
addition, many attempts have been made to design IR-UWB pulse generators. In [20], the authors introduce a tunable IR-UWB pulse
generator based on feedback oscillator switching that can be used to generate pulses with pulse width tuning range of 1 ~ 6.5 ns. In
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Fig. 2. The waveform power efficiency versus with the FWHM pulse width of single order derivatives of IR-UWB waveforms (a): Gaussian Waveform and (b)
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Fig. 3. The waveform power efficiency of mth order derivatives with optimized FWHM pulse width for the cases of IR-UWB waveforms (a): Gaussian Waveform
and (b) Sech Waveform. The case of a linear combinations of M orthogonal monocycle pulses (from [11]) is shown for comparison.

a relatively older work, the authors in [21] proposed and implemented an IR-UWB pulse generator architecture, based on 0.18 pm
CMOS technology to generate pulses of 0.5 ns width. The authors later implemented another architecture for tunable spectrum
in [22], resulting in pulses of 0.6 ns width. In [23], the authors propose an adaptive pulse generator using PAM to produce pulses at
mean central frequency ~ 3.7 GHz, of mean pulse duration ~ 270 ps. With advances in technology, and driven by needs such those
highlighted in these results, researchers are capable of designing narrower width pulse generators.

The second set of results show the peak power efficiencies, obtained at the optimum FWHM pulse width, for a single mth order
derivative of either a Gaussian basis waveform or a sech basis waveform. Note that when a single mth order derivative pulse is used,
rather than M derivatives, the expression of the IR-UWB spectrum waveform will follow from Eq. (4) as

X(jo) = A,P,Go,7,)  a,exp(—joT,) . (19

~
Differential stage  FCC pulse shaping stage

In order to show the effectiveness of the proposed approach, the power efficiencies obtained through the proposed approach are
compared to those obtained through an optimized linear combination of FIR filtered Gaussian pulses of [11]. The results are
presented in Fig. 3.

It can be seen from Fig. 3 that the proposed waveform generation method can be used to result in desired power efficiency
with much simpler generation method, and without need for a large number of FIR filtered pulses. For example, a single Gaussian
monocycle with optimized pulse width, as proposed in this work, results in a power efficiency around 83.15% which is not achieved,
according to the approach in [11], except with 33 or more linearly combined Gaussian pulses. Note that, with 10 linearly combined
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monocycles, the approach in [11] results in an efficiency around 45%, less than that obtained by a single 7th order derivative pulse
with optimized pulse width.

Similarly, with a sech basis waveform, a second order derivative with optimized pulse width will result in a power efficiency
of 80%. On the other hand, 30 linearly combined monocycles of Gaussian pulses are needed to achieve similar efficiency. This
emphasizes the advantage of the proposed approach in obtaining high power efficiency through much less complex and easier
generation approach. Extending the proposed approach to a linear combination of optimized m’h order derivatives is promising to
achieve a required efficiency with much less number of component waveforms compared to approached in [11-16].

5. Conclusion

In this paper, a low-complexity approach is proposed to generate power efficient impulse radio ultra-wide band waveforms,
based on linear combinations of IR-UWB waveforms derived from Gaussian or sech basis functions. Accurate closed-form analytical
expressions were developed for the power efficiencies of the combined waveforms. Such expressions are useful in the design and
the development of practical, low-complexity IR-UWB waveform generators, based on finite impulse response filters. Special cases,
in which a single derivative component of the basis waveform, are studied. In such cases, the pulse width is optimized for the
maximum power efficiency. Comparisons to other approaches show that the proposed approach, although of low-complexity, yet it
can provide similar or higher power efficiencies than other high-complexity approaches.
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