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Abstract

Pulse design is critical for impulse radio communications, as it deter-
mines the transmission efficiency with respect to regulation spectral
limits. In this paper, we propose the design of several novel pulse
shapes relying on combinations of Gaussian derivatives with the tar-
get of improving the spectral efficiency. A general model for maximizing
the efficiency of dual and triplet couplings is presented, employing the
interior point global optimization algorithm. Then, the spectrum peak
frequency is derived in closed form for any combination of two Gaus-
sians with consecutive orders of derivation. The parameters controlling
the time properties of the generated waveforms have been adequately
adjusted to reach the best compliance with the spectral mask. Novel
pulses have been investigated providing a high efficiency using simple
generation mechanisms, which can be practically implemented via ana-
log circuits. An efficiency gain of more than 20% has been realized
by our newly designed triplet combination over the conventional 5*®
order Gaussian derivative. Results demonstrated the advantage of the
proposed pulse shapes in terms of the bit error rate performance for
2 Gbps OOK and 1 Gbps PPM in AWGN and multipath channels.

Keywords: Ultra WideBand (UWB), Impulse Radio (IR), Federal
Communication Commission (FCC), Power Spectral Density (PSD), Global

Optimization, Power Efficiency, Linear Combinations, Gaussian Derivatives,
Bit Error Rate (BER).
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1 Introduction

An emerging wireless technology for short-range communications is the Ultra
Wide Band (UWB) technique, which is gaining popularity due to its attrac-
tive features, including low power consumption, high data rate, robustness to
multipath fading in dispersive channels, fine positioning characteristics, and
information security [1-4]. UWB has been an appropriate solution in diverse
applications, like radar, local and wide area networks, remote sensing, home
automation, emergency communications, medical imaging, and tracking [5-9].
Following the regulation of the Federal Communication Commission (FCC)
approved in 2002, UWB devices are authorized to operate over the [3.1-10.6]
GHz frequency band within a power limit of -41.3 dBm/MHz, to maintain a
safe coexistence with other radio services [10]. A particular UWB approach is
the Impulse Radio (IR) baseband scheme, which relies on transmitting data
symbols via repetitive pulse signaling, and is characterized by an appealing
low-cost transceiver architecture [11-13].

Due to the stringent power and spectral constraints of regulatory bodies, a
highly efficient IR transmission is needed, while the utilized pulses play an
essential role in determining the power efficiency of the modulated signal [14].
The complexity of the pulse generation technique is a major concern in IR-
UWRB systems, as it indicates their practicality in real-time applications. As
illustrated in figure (1), the order of complexity depends on the fabrication
technology, pulse derivation order, number of pulses used in combination-based
waveforms, devices and components adopted in the configuration, besides to
the generation technique, which could be analog, digital, or hybrid. The pulse
shaping technology could be electrical, optical, or opto-electrical, while the
application scenario determines the candidate technique [14-17]. Optical-based
schemes are more complex than electrical alternatives, but mainly suit over-
fiber networks [14, 18, 19]. The electrical solution is less expensive and better
fits wireless transmission systems. In particular, the Complementary Metal
Oxide Semiconductor (CMOS) technology has been widely used in literature,
as a low-cost simple approach to generate nanosecond pulses at milliwatt power
with small chip size [16, 17, 20]. The derivation order actually indicates the
number of time-differentiation stages threw which the created pulse has to
pass before reaching the target waveform. The combination size determines
the number of parallel branches integrated in the generation circuit. Hence,
both parameters have an impact on the configuration complexity, as arithmetic
operations are mainly performed using analog electronic circuit elements [21].
Digitizing the generation system provides a very high flexibility in the pulse
design, however, it is the most expensive approach, especially when dealing
with GHz-signals. Incorporating a local oscillator to shift the spectrum towards
the desired band, significantly increases the level of complicacy, and hence,
pure impulse radio schemes have been considered as a good choice for simple
and cheap UWB transceivers [11, 17]. In this study, we investigate the design
of carrier-free UWB generation using a few number of elementary pulses, so
as to synthesize the transmitted signal at acceptable order of complexity and
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Fig. 1 Determinants of generation complexity for any pulse shaping technique.

fit the low-cost IR systems demand. Next section summarizes the research
progress on pulse shaping, while the contributions of our work are stated in
the sequel.

2 Literature Review

Various pulse types can be adopted with IR-UWB, mainly the Rectangular,
Laplacian, Hermite, Cubic, and Gaussian pulses [22-26]. The latter will be
considered in our work due to their good compliance with FCC standard and
ease of generation using analog circuits [16, 20, 22, 27-30]. Among the Gaus-
sian family, the 5" derivative pulse is the most conventional waveform which
has been widely used in literature [24, 31-36]. Tables (1) and (2) summarize
certain previous studies investigating pulse shaping schemes, while the power
efficiency has been defined in [31, 32] as clarified in the next section. In [37], a
general model for IR-UWB generation has been addressed based on combining
different weighted variants of the same basic input pulse, provided that for each
elementary waveform a Pulse Width Modulation (PWM) is applied followed by
time differentiation and delay, while the operational parameters of these func-
tions are optimized such that the resultant spectral efficiency is maximized.
With Gaussian and hyperbolic secant (sech) basis pulses, the proposed method
has contributed a significant increase in the power efficiency (> 80 %) [37]. In
[38], the authors present a new configuration for optical pulse shaping, which
incorporates two Mach—Zehnder Modulators (MZMs) operating in the linear
and second order difference regions, besides to a polarization rotator (PR)
and polarization beam combiner (PBC) that have been used to synthesize the
target waveforms in the optical domain. The latter have been converted into
electrical signals using two photo-detectors (PDs) acting in a balanced mode,
and good spectral characteristics have been obtained with the designed pulses
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[38]. In [39], a linear combination of two Gaussian monocycles with different
spreading factors was demonstrated. In [31], a novel waveform is composed
from two modified Gaussian doublets, which are identical with reversed polar-
ities, a high efficiency has been acquired using a delay line. In [32], we applied
a triplet combination of fundamental Gaussians with different shaping factors,
as a pre-distortion approach against nonlinearities inherent to optical devices,
and a good efficiency has been recorded. In [18], FCC-compliant UWB pulse is
generated based on modified Gaussian quadruplet and incoherent wavelength-
to-time conversion. The quadruplet is formed by subtracting a broad Gaussian
pulse from two narrow ones having same width and amplitude. Gaussian and
programmable filters have been used to shape the spectrum, while the resultant
pulse has a high fractional bandwidth and fine power efficiency [18]. In [14], a
photonic generation of Gaussian-based pulses has been demonstrated, utiliz-
ing dual-polarization quadrature phase shift keying (DP-QPSK). A Gaussian
signal has been used to drive four MZMs forming the DP-QPSK system, and
an efficient UWB quadruplet has been produced via balanced photo-detection
[14]. Spectral efficient pulses have been designed in [19] using polarization-
maintaining Fiber Bragg Grating (FBG) and incoherent wavelength-to-time
mapping. In [40], a Gaussian monocycle and its higher-order derivatives have
been combined to build new waveforms taking into account antenna effects,
where improvements in terms of the spectral efficiency were achieved compared
o [41]. In [42], a series of 15 Gaussian functions has been applied, while the
order of derivation has been increased from 1 to 15 among the series terms, and
the elementary pulses’ parameters have been optimized using the Firefly algo-
rithm. A high efficiency was recorded in [43], using a bandpass finite impulse
response (FIR) filter which has been numerically implemented via digital tech-
niques. The spectral behavior of the Gaussian pulses proposed in [21] and [5]
can be further improved using a simultaneous combination of pulses. In [44],
the authors investigate the design of a set of pulses that satisfy orthogonal-
ity property, relying on the eigenfunctions of Sturm-Liouville boundary value
problems. In [45], a Gaussian pulse has been modulated to generate a Gaus-
sian monocycle using a broadband coupler and delay line circuit. As reported
in the previously delineated studies, the performance of single waveforms is
limited by the number of variables involved, hence, applying a combination of
pulses is a pertinent solution for efficiently designing the IR-UWB spectra and
collecting the maximum possible energy without violating FCC mask. In this
contribution, four new pulse shapes have been developed, 4'"-5!" Gaussian
couple, dual 4" Gaussian combination, 5/"-6" Gaussian couple, and 6!"-7¢"-
7t Gaussian triplet. The proposed UWB waveforms allow to achieve different
levels of trade-off between power efficiency and complexity. In section 3, a sim-
ple optimization model using the interior point algorithm is described [46-49],
based on which we optimize the targeted pulse combinations. In section 4, the
peak frequency expression has been derived for a general form of two com-
bined Gaussians with consecutive orders of derivation. In section 5, we detail
the novel combinations proposed and measure their power spectral efficiency
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with respect to FCC mask. In section 6, a performance evaluation for the iden-
tified waveforms is illustrated in terms of error probability, while the obtained
results are promising for future impulse radio applications.

3 General Approach to Design UWB Pulses
Based on Combinations of Gaussians

The time domain formula of the fundamental Gaussian pulse is expressed as
[24]):
A 2
DPo,0 t) = e 257 1
0= orn .

where A is the amplitude and o is the pulse shaping factor or spreading factor.
The k" derivative Gaussian can be recursively obtained as:

k—1 t
Pok(t) = —7170,1@—2(75) - ;pa,k—l(t) (2)

Our aim in this study is to design novel pulse shapes providing efficient impulse
radio transmission based on combinations of Gaussian pulse derivatives. In
order to achieve this goal, the parameters involved in the pulse generation tech-
nique have to be adequately adjusted to optimize the spectrum of the resultant
waveform. A linear combination of delayed Gaussians has the following general
expression:

N
oft) = D" s b (¢ = 6) )

where a; is the weighting coefficient and §; is the time delay of basis pulses.
N is the number of waveforms used, which has been preferably selected not
to exceed 3 in order to avoid adding too much complexity to the generation
system, and keep on simple configurations involving few parallel circuits based
on analog devices [16]. To evaluate the spectrum with respect to FCC mask,
we address the power efficiency regarded in [32] which has been expressed as:

10.6 GHz
S G () a
- 6 GHz
31.?2?HZ Sroo(f) df

x 100% (4)

where S(f) denotes the power spectral density of the generated waveform and
Srcc(f) stands for the FCC mask [31]. As it is difficult to reach an analyti-
cal solution for the integral in equation (4), we adopt a numerical approach to
evaluate the power efficiency. Equation (3) informs that the parameters to be
optimized are mainly the pulse shaping factors, derivation orders, weighting
coefficients, and time delays. In such a multi-variable problem, a global opti-
mization scheme is recommended, where the interior point method has been
the candidate algorithm [46—49]. Figure (2) describes the optimization proce-
dure, the arbitrary parameters of utilized pulses are iteratively tuned to realize
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Fig. 2 A schematic for the optimization mechanism used to create UWB pulse combina-
tions.

the maximum power efficiency of their adapted spectrum, the latter denotes
the obtainable spectrum after being adjusted in amplitude to fit the radiation
mask. This sequential system has been completely implemented in MATLAB.
Relying on this model, we explore several pulse combinations which seem to be
pertinent for impulse radio signaling, as contributed in the sequel. In the next
section, we highlight on the peak frequency, as an important criterion which
determines the spectral behavior in correspondence with the emission mask.

4 Peak Frequency And Spectral Compliance
with the Radiation Limit

The spectral characteristics of any UWB waveform have to be considered so
as to evaluate the spectrum in view of emission standards, and one of the key
terms is the peak frequency fpeqr. Carrier-based schemes provide simplicity
in centering the spectrum on any target band by just tuning the frequency of
local oscillator. Conversely, the spectrum location of impulse radio depends on
the time properties determined by the pulse/pulses parameters. For the k'"
Gaussian, the peak frequency of the spectrum is expressed as [24]:

fpeak = 2ﬁ (5)

o
With combinations of Gaussians, fpcqr depends on more variables, where for
complicated combinations the peak frequency can not be derived in closed-
form. Consider a simple combination of Gaussian pulses having consecutive

orders of derivation (k and k + 1). The spectra of proposed pulses can be
derived as [24]:

Pk(f) = A1 (27Tfj)ke—2(ﬂ'fo)2 (6)
Peii(f) = Az (Qﬂ-fj)kJrlef?(ﬂ'fo)z o

while o has been fixed in both equations for simplicity. The spectrum of the
linear combination is:

Crpr1(f) = a1 Pe(f) + a2 Preya (f)



Springer Nature 2021 BTEX template

Article Title 7

= (2mf)" eI [y Ay + jasAs (2n )| (8)

where a; and ao are the nonzero weighting coefficients. Hence, the power
spectral density becomes:

Skrs1(f) = |Ck,k+1(f)|2

= (2nf) e tmio) [(a1A1)2 + (a2A2)2(27rf)2} ©

The peak frequency can be obtained by developing the frequency derivative
Sk k1 (f) formula, then solving S ;. (f) = 0. After several mathemati-
cal steps, and taking into account finite nonzero frequencies, we reach the
following:

[k — (2r f)%?} [(a1A1)2 +(2r f)?(aQAQ)Q} +(a249)% (2nf)° =0 (10)

A; and Ay determine the energy of Pi(f) and Pyi1(f) respectively, which has
to be conserved for both pulses before being combined. The energy expressions
of Py(f) and Pyy1(f) are given as:

+oo +oo 5
E{P;} :[ \P(f) | df :[ A3 (27rf)2ke*4(7ff0) df (11)

“+o0
242 _i(nfo
B{Ppin} = / Pea(DPar = [ 43@ap)™Petwi’ar (1)
Apply integration by parts for equatlon (12).
2k +1)21 [T % arfo
E{Pk+1} = <4T2)/ A%(Qﬂf) e~ f )2df (13)

To keep on same energy level, state E{Py} = E{Py1}, then by referring to
equations (11) and (13):

(2k +1)

A= 202

Az (14)

Substitute A; in equation (10), given that As # 0, therefore

{k - (27rf)202] [a?% + (27Tf)2a§] + {a% (27rf)2} =0 (15)

Let u = (27 f)?2, then simplify to obtain:

(2k+1)

—20% a2u® + (2ka3 — a2 (2k 4 1) + 2a3)u + ka? 5 =0 (16)
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Fig. 3 Peak frequency versus pulse shaping factor (o) for the linear combinations of Eth
and (k+1)*" Gaussian derivatives (denoted as G[k][k+1]), while considering different values

of 5.

Let as = Pay, while 8 # 0, hence

— 202 B2u® 4 (2kB% — 2k — 1+ 28%)u + kw =0 (17)
(o
It is a second degree equation with:
A =48k + 1)+ (2k +1)* +458%(2k + 1) (k — 1) (18)

Based on the fact that &k is a nonzero natural number, then for a positive root
value:

_k+1 2k +1 (k+1)2 (2k+1)2+(2k+l)(/€—1) (19)
4T 02 40232 4ot 160434 43204
Therefore, by taking into account the positive band,
1
f= fpeak = mx
2k+1 2k+1)2  42k+1)(k—1
2(k+1)_52+\/4(k+1)2+( 31 ) + ( 5;( ) (20)

Considering different values of 3, figure (3) plots the peak frequency versus the
pulse shaping factor for numerous couple combinations of Gaussian derivatives
(1 < k <6). The figure generally illustrates an inverse relation between o and
peak frequency, while the latter also increases with the order of derivation k,
since a time differentiator acts as a high pass filter. Moreover, S determines the
weight of the (k + 1)** pulse inside the combination, which further increases
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Fig. 4 The power spectral density for the linear combinations of k%" and (k-+1)*"* Gaussian
derivatives, with 8 = 1 and 0=50 ps.

the peak frequency for 8 > 1. The power spectral density (PSD) plots for the
above waveforms are displayed in figure (4), for o = 50 ps and 8 = 1, where the
spectra are scaled to the maximum radiation limit of FCC. The peak frequency
well indicates the spectrum compliance with the regular mask, besides to the
10 dB bandwidth which determines the utilization of the spectral margin under
emission standard. A legal transmission requires to adapt the spectra shown
in figure (4) with FCC, that has a direct influence on the signal power for
most waveforms, hence, a fine selection for the candidate combination would
be important to collect the maximum possible energy without violating the
limit. As a time domain interpretation, figure (5) points out that the zero
crossings and multi-peaks appearing in the waveforms relying on greater orders
of derivation shift the corresponding spectra towards higher frequencies. All
pulse combinations are defined over a time slot of 0.5 ns, thus promising for a
maximum achievable data rate of 2 Gbps. Figures (3),(4), and (5), show that
the pulse shaping factor, weighting coefficient, and derivation order, are key
variables which control the time and spectral response of the generated signal.
In the next section, we will use the previously introduced model to design
UWB combinations while involving the previously delineated parameters, in
addition to the time delay between elementary pulses which is shown to be
another critical parameter in shaping the target waveform.

5 Novel Optimized Pulse Designs

In this section, we present four novel UWB pulses that have been obtained by
global search using the optimization procedure described in figure (2). Initially,
o has been fixed for the basic waveforms to avoid using separate pulse gen-
erators, thus, reduce the system complexity. Then, different values of ¢ have
been eventually considered (subsection 5.4) to reach out the highest possible
efficiency, at the expense of a more complex design.
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Fig. 5 The time-domain waveforms for the linear combinations of k** and (k+1)** Gaussian
derivatives, with § = 1 and o0=50 ps.

5.1 The 4'*-5!" Couple Combination based on same
Pulse Shaping Factor

As concluded from the aforementioned analysis in the previous section, Gaus-
sian couples of low derivation orders result in unavoidable violation to the
FCC mask, and so, let us target high-order Gaussian options to well match
the regulation limit. In this subsection, we show that the 4t"-5t" couple is a
good choice for an improved power efficiency at limited order of complexity.
The 4*"-5t" is a special case of the [k, k+1]*" general combination form, hence,
to find the peak frequency we fix k=4 in equation (20) resulting in

et = W 5 fions S 18 -
The optimal settings for the proposed combination obtained through simu-
lations are o = 49.09 ps and S = 0.89. The time waveforms and resultant
spectrum are plotted in figure (6), while an efficiency of 53.8 % has been
recorded. To a certain extent, the derivation order determines the frequency
location of spectrum energy, hence, using consecutive orders of derivation
would slightly broaden the aimed spectral area under the radiation limit. Our
developed combination is much simpler than the one investigated in [50], as
the former is based on the same pulse shaping factor for both pulses, thus
requiring only a single pulse generator.

5.2 Dual 4" Combination based on same Pulse Shaping
Factor

Besides to the 4*-5'" Gaussian couple, it has been also realized that two
identical 4" Gaussians can construct an alternative waveform by introducing
a time delay § in between. The spectrum of this combination can be expressed
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Fig. 6 Time waveforms of the 4t" and 5'* Gaussians besides to their linear combination
(left side), in addition to the resultant spectrum under FCC mask (right side), reaching an
efficiency of 53.8 %. G4= 4*" Gaussian, G5= 5'* Gaussian, Comb= combination.

as:
Cua(f) = a1 Py(f) + agPa(f)e >0 (22)
Both pulses are identical, then a; = a2 = a, hence,

Cra(f) = aPy(f)(1 + e 270 = aAy (2n f5) e 20T (1 4 ¢=92719)

=aA, (27rf)4e*2(“f")267j“f5 2 cos(mfd) (23)

Then, the power spectral density can be expressed as
Sualf) =1Caa(DI* = a®Af (2nf) eI dcos®(mfd)  (24)

As in section 4, we follow a similar mathematical procedure to find the peak
frequency, as clarified in Appendix A:

3(352 n 402) - \/3(1954 — 246202 + 4804>

fpeak = ; (25)

52 (1202 + 52)

Figure (7) presents the time and frequency plots of this dual combination
for 0 = 41 ps and 6 = 37 ps extracted by optimization. The oscillating term
involved in equation (24) has a positive shaping effect on the spectrum of 4"
Gaussian, so the latter well suits FCC mask and the recorded efficiency is
almost the same as the previous combination (53.8 %). The maximum achiev-
able efficiency of single 4*"* Gaussian pulse obtained in simulations is 49.3 %,
so it could be concluded that the performance of 4" Gaussian can be notably
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Fig. 7 Time waveforms of the two 4*® Gaussians and their linear combination (left side),
besides to the resultant spectrum under FCC mask (right side), reaching an efficiency of 53.8
%. G4 (1)= First 4" Gaussian, G4 (2)= Second Shifted 4*" Gaussian, Comb= combination.
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Pulse Generator | Tar 7
+ —
(a)
4% Gaussian s Dela R
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+—
(b)

_5th

Fig. 8 Block diagram for the generation of the 4t combination (a) and dual 4"

combination (b).

enhanced by either adding a simple differentiator or a delay line, as described
in figure (8).

5.3 The 5t"-6t" Couple Combination based on the same
Pulse Shaping Factor
Here, we develop a new combination relying on higher orders of Gaussian

derivative, the 5" and 6" pulses that can constitute a good basis for compos-
ing a more efficient waveform, using a time delay. The spectra of the utilized
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pulses are P5(f) and Ps(f) which can be expressed as:
Py(f) = jAs (2 f) e 2" (26)

Ps(f) = —Ag (2rf) e2(nfo)? (27)
where As and Ag are the amplitudes of the 5" and 6t* Gaussian derivatives
respectively (Ag = 4/ % 0 As to equalize energies), and o has been also fixed for

both waveforms to keep on low implementation complexity. The 5" Gaussian
pulse is delayed by ¢, then the resultant spectrum for the linear combination is:

Cs6(f) = asPs(f)e ™% + ag Ps(f) (28)

while a5 and ag are the weighting coefficients for the 5 and 6! pulses
respectively, hence

Cso(f) = (2m) e x
[a5jA5 cos(2m f0) + a5 As sin(2w f§) — agAsg (27rf)} (29)

So the power spectral density is

SS,G(f) = |05,6(f>|2 = (27Tf) 106—4(7rf<7)2><

{(a5A5 cos(2mf8))? + (a5A5 sin(2m f0) — agAs (27Tf))2} (30)

Substitute Ag by ,/% 0 As, then simplify:

Ss.6(f) = (27f) 106_4(#0)21‘152 X

[ as” — 2as s1n(27rf5)aﬁ\/17 (27rf) + ag? 30 22 f) } (31)

The filtering effect exhibited in the right term of equatlon (31) seems to be
promising in designing the spectrum of our novel combination. Similarly as
before, to get the peak frequency we have to solve S5 ¢(f) = 0. After several
mathematical derivations provided in Appendix B, while defining U = (27 f)?,
we reach the following equation:

KU 4+ KoU? + K3U + Ky =0 (32)

_ ]2 2 2
Kl—a6 115 O'|: é /24 g /3:|
— /2 3 25 l2 3
KQ— ﬁa60[14(5 /6+2U 1) ag ﬁ0:|

where,
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2 2
K3 = —12a6y/ — 11 0d + 6ag ﬁo'Q —o?

Ky=5
We notice in (32) a third degree polynomial equation that can be solved based
on Cardano’s method:

Ay = K% — 3K, K5 (33)
A =2K,% — 9K | Ko K3 + 27K 2K, (34)
Hence 1 Ay
U:*?)?(KerXﬁL?) (35)
while
i/Alj: A212—4A03 (36)

Even if ¢ is not the only parameter controlling the peak frequency, especially
when time delay is involved in the combination, we can still deduce from
figure (3) the range of o where fpeqk lies at the mid interval of UWB allocated
band. It can be noticed that for the 5" - 6! couple, o is mainly between 50
ps and 60 ps. Besides, in a dual linear combination, it is preferred to avoid
a significant difference between the weighting factor magnitudes of the basic
pulses utilized, in order to keep on comparable energy levels and allow both
pulses to play a major role in designing the target waveform. As a5 has been
fixed at 1 (Appendix B), then ag is assumed not to exceed 3 so that it is
not significantly larger than as. For the time delay, similarly as before, § is
assumed to be not greater than 50 ps (Appendix A). Hence, based on the
probable values of o, ag, and J; we estimate K, Ko, and K3, to approximate
the above complicated terms, and finally we obtained that:

Ag < 0 and Ay > 0, while both Ag and A; are absolutely far below 1. It has
3
been also concluded that: Ay < 2|Ag|?, then A2 <« 4|A|*. Therefore,

3 Ali\/A12+4‘A0|3 3 Alﬂ:\/4|A0‘3

X= 2 2
S/Al i2\Ao| /ile‘z = V| (37)
51
o U=— (K +/TBg] + —20 )~— Ky (38)
T 3K, P RN 3K,
Therefore

1463 /6 + 2020 — ag\/ Z 03
U= (39)
36° (52 /24 + o2 /3)
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Fig. 9 The time waveforms of the 5" and 6! Gaussians besides to their linear combination
(left side), in addition to the resultant spectrum under FCC mask (right side), reaching an

efficiency of around 65 %. G5= 5t" Gaussian, G6= 6!" Gaussian, Comb= combination.

Implying that

763 /3 + 2026 — ag\/ Z o3
723 (52/2 + 402)

= fpeak = (40)

The spectrum shape has to be altered in order to best fit the emission limit,
hence, the pulses parameters have to be optimized. By employing the interior
point method, we have reached the optimal settings in the sense of maximizing
the efficiency under FCC: o= 57.72 ps, ag= 1.46, 6 = 30 ps. The time wave-
forms and corresponding spectra of the 5" Gaussian, 6!* Gaussian, besides
to the proposed combination, are plotted in figure (9). A power efficiency of
around 65 % has been recorded, which is relatively large with respect to that
of previous signals. Thanks to the high degree of freedom offered by the multi-
variable combination, besides to the greater order of derivation for utilized
Gaussians, it was possible to adequately design the spectrum. The shape of the
latter has been adapted by enlarging the 3-dB bandwidth while fixing the 10-
dB bandwidth at around 7.5 GHz, exploiting thus a wide spectral area under
FCC without violating the regular limit. Figure (10) describes the generation
stages for the current combination, which appears to be more complex than
the 4*7-5" and dual 4" combinations, following from integrating a differen-
tiator and a delay line simultaneously, in addition to the increased derivation
order of original pulses used. Figure (9) illustrates that the value of fpeqr com-
puted analytically (6.25 GHz) based on equation (40) lies in the peak region,
as a spread in the spectrum appears at the peak, however, the exact peak
frequency measured in simulation is around 6.86 GHz. The difference is due
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Fig. 10 Block diagram for the generation of the 5*"-6t" combination.

to the approximations done, taking into consideration that it was challeng-
ing to continue with the precise analytical forms through the mathematical
development. Such deviation is judged to be acceptable, since at 6.25 GHz the
measured value for the spectrum is very close to the peak.

5.4 Triplet Combination based on One 6** and two 7"
Gaussians with different Pulse Shaping Factors

The previously designed waveforms show a good potential which is limited by
the system requirements, while taking into account the operation at relatively
low orders of complexity. Let us here prioritize the power efficiency and allow
an acceptable complication for the pulse generation technique. Using three
distinct Gaussian pulses with independent parameters, we can shape the target
waveform by exploiting the highest degree of freedom, due to the increased
number of variables involved in the combination. The general form of the
proposed pulse spectrum can be expressed as:

Ckl,k27k3 (f) = alPkl,Ul (f) + a2pk2,02 (f) + a3pk3,03 (f) (41)
By running the global optimization scheme we extract the best parameters’
values which can be set to reach the most fitting spectrum with FCC mask.
The simulation outcomes have been obtained as: k1= 6, ko= 7, k3= 7, a1= 1,
as=-1.94, as= 1.13, 1= 75.58 ps, oo= 48.37 ps, o3= 38 ps.
The resultant spectrum can be formulated as:

N6 —2(rfo)? N7 _o(nfos)?
Cor7(f) = amAs(2mf5) e >0 - az Aq (2mf5) €72 I72)

+agA7 (2 f5) e 2(vfos)? (42)

Hence, the power spectral density becomes:

Sor7(f) = |Comr(F)IF = ar®Ag? (2mf) P ilmfon)’

2 2 2
+ A2 (27rf) 1 (ag e~ 2mfo2)" 4 g o2 fos) ) (43)
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Fig. 11 The time waveforms of the 6!" Gaussian and two 7'* Gaussians besides to their
linear combination (left side), in addition to the resultant spectrum under FCC mask (right
side), reaching an efficiency of around 72 %. G6= 6t* Gaussian, G7 (1)= First 7t Gaussian,
G7 (2)= Second 7" Gaussian.

The opposite signs for as and a3 have a shaping effect on the right exponential
term, while the powers of frequency at different degrees play a role in filtering
the spectrum to well match the regulation limit. The peak frequency has not
been derived as it is difficult to obtain its explicit formula when dealing with
multiple dissimilar exponential functions.

Figure (11) displays the time waveforms of the basic pulses (one 6* and two
7" Gaussians) utilized besides to their linear combination and corresponding
spectrum. A achieved power efficiency of 72 % is extremely high for Gaussian-
based waveforms, owing to the large number of independent pulse variables
which enabled us to efficiently design the targeted combination. However, the
latter achievement has been realized at the cost of complexity, as three separate
parallel circuits are needed to synthesize a triplet coupling (o1 # o2 # 03)
which requires additional components in the generation system. To the best
of our knowledge, 72 % is an unprecedented spectral efficiency realized with
analog carrier-free impulse radio, utilizing a few electrically generated pulses of
the Gaussian family, provided that no supplementary signal-processing units
have been functionalized in the generation mechanism. The efficiency of the
triplet combination (72 %) is significantly higher than that for the 5" Gaussian
pulse (50.71 %) investigated in literature [31, 33]. It is also worth highlighting
the fact that no extra hardware components have been employed, like filters
or wavelength-to-time converters ([18, 19, 43]), as well, no local oscillators
have been used, nor extremely high-orders of Gaussian derivatives ([42]). So in
this contribution, we took into account the IR system implementation issues
while aiming to reach a simple and reduced-size for the targeted generator
architecture in the real application.
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6 Performance Analysis and BER Evaluation
in AWGN and Multi-path Channels

Figure (12) represents the spectra of all proposed combinations, in addition
to the 5" Gaussian pulse [31, 33]. Table 3 reports the specifications of the
generated waveforms, while the frequency properties and power efficiencies are
summarized in table 4, besides to the peak-to-average power ratio (PAPR)
measures. As mentioned earlier, it could be concluded that spreading the 3-
dB bandwidth Bj is the reason behind the efficiency enhancement as long as
the 10-dB band is Big < 7.5 GHz, which is the frequency range allocated for
UWB communications. A spectrum with Bjg = 7.5 GHz can exactly match
the regular mask from upper boundary (-41.3 dBm/MHz) and lateral limits,
while B3 determines the spectral coverage area and definitely the collected
energy under FCC. The increased number of variables inside a combination
leads to a superior control of the signal dynamics and consequently the spec-
tral characteristics of the resultant waveform. Tables 3 and 4 inform that the
performance gain occurs at the expense of complexity, as a satisfactory power
efficiency can be achieved by applying the 4/"-5" couple or dual 4" Gaussian
combination, with the advantage of requiring a single pulse generator besides
to a simple differentiator or delay line, respectively. In contrast, a significant
increase in the efficiency can be earned using higher orders of Gaussian deriva-
tives, particularly one 6! and two 7" Gaussians, at the expense of employing
three independent pulse generation circuits. The 5"-6!" couple shows a good
compromise between efficiency and complexity, which seems to be a promis-
ing solution for low-cost short-range impulse radio transmission. The PAPR
is an important criterion used to evaluate the pulses performance in presence
of nonlinear effects inherent to electronic devices, like power amplifiers or sig-
nal converters [51-54]. The 445" couple and dual 4! combination show a
poor performance in terms of PAPR, while the 6t*-7¢"-7t" triplet seems to be
the best waveform in the sense of a minimized PAPR ratio, which is even bet-
ter than 5" single Gaussian. Similarly as the previously reported studies in
section two, our proposed waveforms can be practically designed following the
same generation scenario, and that brings a great promise for CMOS-based
IR-UWB systems. For instance, the 5*-6!" couple can be generated relying on
basic circuit devices similarly as in [15-17, 55]. Without loss of generality in
terms of the system architecture, figure (13) sketches out a simple schematic
for a CMOS-based circuit, which may constitute a possible solution to design
the 5t"-6!" couple using micrometer-scale process technology, following the
same generation principle introduced in [55]. A few number of logic gates,
buffers and inverters, NMOS and PMOS transistors, broadband amplifier/s,
in addition to resistors and capacitors, are adequate to reach the millivolt
target waveform. The output signal dynamics are mainly determined by the
rising and falling times of the input pulse, besides to the geometric dimensions
of the transistors’ channels, as well as their operating points [15-17, 55, 56].
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Fig. 12 The power spectral densities of the proposed pulse combinations,
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Fig. 13 A schematic for a simple CMOS-based circuit proposed as a possible solution to
generate 5*"-6t" Gaussian couples.

Table 5 re-states a number of the most recent studies investigating UWB gen-
eration methods, besides to our developed pulse shapes. The power efficiency
recorded by the newly designed pulses is competitive in comparison to that
obtained in [14, 38, 42]. Substantially higher efficiencies have been achieved
in [37] and [43], however, it is worthing mentioning that a PWM modulator
is essentially needed by the former method, while the latter approach requires
a bandpass FIR filter. Despite the benefits of both schemes, the target in our
contribution is to keep on the lowest possible order of fabrication cost, and so,
the resultant waveforms are deemed to be highly efficient taking into account
the design requirements and fabrication issues. To evaluate the performance
in terms of the data modulated impulse radio, two non-coherent transmis-
sion schemes have been applied, On Off Keying (OOK) and Pulse Position
Modulation (PPM) [57-59]. Figure (14) describes the power spectral density
of 2 Gbps OOK, while the utilized pulses are the 5! single Gaussian (left)
and 6"-7t-7t" combination (right). The zero-power spectral spikes appear
at multiples of the data rate, and the enhancement at the level of the pulse
reflects on the whole modulation. As the envelope of these discrete lines takes
the shape of basic pulse spectrum, hence, a wider area is covered by the 6'"-
7th_7th triplet in comparison to the 5 single [32]. To further improve the

Output
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Fig. 14 Power spectral density for 2 Gbps On Off Keying based on the 5" single pulse
(left) and 6*7-7th-7th triplet combination (right).
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Fig. 15 The bit error rate for 2 Gbps OOK and 1 Gbps PPM based on different
pulse shapes in AWGN channel.

spectral response, a Direct Sequence or Time Hopping randomization meth-
ods can be adopted to reduce the intensity of the frequency comb lines, and
allow a shift up of the spectrum towards FCC bound [60-62]. Figure (15)
studies the bit error rate of 2 Gbps OOK and 1 Gbps PPM used with our
candidate pulses in Additive White Gaussian Noise (AWGN) channel. It is
obvious that increasing the power efficiency leads to a consequent reduction in
the error probability, as a higher energy is transmitted to send a data symbol.
A lower number of errors has been obtained with more efficient waveforms,
and all developed combinations outperform the single 5** Gaussian pulse. A
similar conclusion can be drawn with the multi-path scenario in figure (16),
while assuming 3 independent paths with a Rayleigh random channel delay
averaging 80 ps (16 % of the pulse duration). OOK and PPM modulation tech-
niques are mainly robust to multi-path effects, as the decision at the receiver
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Fig. 16 The bit error rate for 2 Gbps OOK and 1 Gbps PPM based on different
pulse shapes in multi-path fading channel.

side is based on energy detection, so the internal signal dynamics do not play
a major role in estimating the transmitted binary data. Especially with Gaus-
sian family, where the energy is more concentrated at the mid interval of the
pulse period and less distributed near time boundaries, hence, a good potential
appears at low levels of inter-symbol interference. A performance degradation
is expected in dense multi-path environments, which may raise the demand
for transmitted reference schemes to overcome channel effects [63]. The 6"-
7th_7th waveform emerges as the best candidate among all other options in
both AWGN and multi-path channels, which constitutes a strong alternative
for reliable IR-UWB communications.

7 Conclusion

To enhance the quality of service for impulse radio communications while sat-
isfying the regulatory spectral constraints, a highly efficient transmission is
needed. In this paper, we introduced four power-efficient waveforms which
are synthesized by linear combinations of Gaussian pulses. A systematic opti-
mization prototype for extracting the best pulses’ parameters has been used,
and high spectral efficiencies have been achieved with different levels of trade-
off between performance and complexity. A combination of only 3 Gaussian
derivatives, which can be generated via basic electronic circuits, showed an
accurate approximation to the FCC mask over a large frequency range, while
occupying a wide spectral area under the emission standard with an effi-
ciency exceeding 70%. Bit error rate simulation results demonstrate the great
potential of our novel IR-UWB designs in AWGN and multi-path propaga-
tion channels, for 2 Gbps OOK and 1 Gbps PPM schemes. A good research
opportunity is to assess the effectiveness of the optimally shaped pulses in
real-time transmission environments, so as to validate their feasibility in prac-
tically implemented UWB systems. Another future research direction is to
investigate designing a set of orthogonal Gaussian-based pulses, which enable
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to advance multi-dimensional communication forms similar to the Orthogonal
Frequency Devision Multiplexing (OFDM) in carrier-based schemes. As well,
a multi-user transmission scenario could be also realized following the orthog-
onality principle, that may further increase the practicability of these pulse
options in massive data networks.

Appendix A

Apply frequency derivative to the power spectral density in equation (24), then
Sia(f) =

4a® A% [8(27rf)727r + (27Tf)8(—87(2f0'2)} 6_4(”f‘7)20052(7rf5)

— 4a* A2 (27Tf)86_4(”f”)22 cos(m fd) sin(m f§)md (44)
To find fpear state Sy 4(f) = 0, given that for finite nonzero frequencies
4a?A? (27rf) Te—d(nfo)? # 0, then

{1677 - 27rf(87r2f02)} cos?(m f8) — 2(2n f) cos(m f6) sin(r f§)m6 = 0 (45)
Hence, either cos(wfd) = 0, or
[1677 — o f (8 fa2)]cos(7r £8) — 2(2nf) sin(x f6)m6 = 0 (46)

It is assumed that the time delay § should not exceed 10 % of the pulse period
(0.5 ns), in order to avoid a large truncation of the pulse energy, therefore,
we assume that § < 50 ps. The power has to be concentrated in the UWB
allocated band ([3.1-10.6] GHz), and the peak frequency is expected to lie at
the mid interval of the desired band, as the 10 dB bandwidth has to be rela-
tively large to cover a wide spectral margin under the regular mask. Hence,
for practical values of § and f, cos(wf9) is different from 0, while for equation
(46) it is sufficient the third order of Taylor series to approximate the sine
and cosine functions:

sin(ef) = (8) — (wf5)*/6
cos(mfé) =1— (nf8)?/2

Following these approximations, equation (46) can be simplified to eventually
reach a polynomial form:

{8% - 27rf(47r2f02)] (1 - (7Tf6)2/2)

— (2rf) ((w £6) — (nf6)3 /6)7r6 =0 (47)
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Expand and let z = (7 )2, then
52 {1202 + 52} 26 [352 + 402} 2+24=0 (48)
Which is a second degree equation, while
A =12 [1954 — 245202 + 4804} (49)

Therefore,

6 [352 4 40—2] + \/ 12 [1954 — 246252 + 4804}

z =

252 [1202 + 52} 50

Hence, to reach a peak frequency value within the [3.1-10.6] GHz band, the
expression of fpeqr is as provided in equation (25).

Appendix B

The frequency derivative of S5 ¢(f) provided in (31) is

Sto(f) = (2mf) et Ag2x

[ - 4a5a67r\/za(sin(27rf5) + 2w f& cos(2m f6)) + 87r2fa62%02}

+A5? [207‘(’(27Tf)9€_4(ﬂf0)2 + (27Tf) 0g—4(rfo)? ( — 8772f02)]

2 2
X {a52 — 4as sin(27 f6)ag / I ornf+ a62ﬁ02(27rf)2] (51)
At the peak frequency, S5 4(f) = 0, and knowing that As # 0, then for finite
nonzero frequencies:

2
— dasagmy | 7° ( sin(27f6)2n f + 2f3*m cos(27rf6)2776>
302 22 9 302 2
+167° f2ag? 0% + (207r—167r 25 )><
[ 2 2
(a52 — 4as sin(27 fd)ag i onf + a62ﬁ02(27rf)2> =0 (52)
What determines the pulse design is the relative amplitude of candidate wave-

forms, hence a5 can be fixed at 1 for simplicity, while the resultant pulse
dynamics will depend on the value of ag with respect to a5 = 1. Therefore

— aG\/E o(sin(27r FO)2nf + 4fn? cos(2m f5)5)
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2
+47r2f2a62ﬁ02 + (5 - 47T2f20'2) X

2 2
(1 — 4sin(27 fd)ag/ I ornf+ a52ﬁ0'24ﬂ'2f2> =0 (53)
While in appendix A, the third order Taylor series expansion of the sinusoids

yielded an acceptable level of accuracy, a fourth order expansion is needed in
this appendix for an improved accuracy:

sin(2w ) = (2 f6) — (2w £5)3/6
cos(2mf8) =1 — (2nf5)?/2 + (2w f5)* /24

Following these approximations, equation (53) can be simplified to eventually
reach a polynomial form:

_2a6\/z(7(5(277f)2 + 4a6\/§0’(2ﬂ'f)453/6 _ aﬁ\/EU(QWf)665/24

2 2 2
2 24 2 _ 4 24 o 9
+(27f)%as 1° —|—5+5( 2a6\/1105+a6 T )(27rf)
2
+5 x 2ag4/ 1—1ms3(27rf)4/6 — (2nf)%0?

~ o2 — 205,/ 2 22 2 4_g2 |2 3 6 /p _
0( 2ag 1106—|—a6 110)(277]") 20%ag 1105 (2rf)°/6 =0 (54)

Let U = (27 f)?, then arrange to obtain:
2 2
[— 12a61 / 1 od + 6a62ﬁ02 — 02} U
+ 3a 0[1463/6 +20%5 —a 303] U?
V™ V11

2
+a6\/ﬁ630[—52/24—02/3]U3+5:0 (55)
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Ref | Main Principle for | Num | Max | Design Data | Power | Additional
UWB Waveform | of Derv | Require- | Rate | Effi- Information
Generation Puls ments ciency

[37]| Pulse Width Modula- | 1* 7 PG, Delay | Not | 86.6 % | Pico-seconds of
tion followed by time Lines, Men- Gaussian and
differentiation and PWNMs, tioned Sech pulses have
delay prior to combi- Differen- been applied
nation tiators,

Adder

[38] | Orthogonal Polar- | 2 0 PG, 2| 1to2 | < 55% | For the Quadru-
ization  Multiplexing MZMs, Gps oK plet pulse: Cen-
applied to combine PR, 2 tral frequency=
Gaussian pulses shaped Delay 6 GHz, Bip= 6
by MZMs operating at Lines, GHz
different conditions PBC, 2

PDs

[39] | Adding Gaussian | 2 1 Two PGs | 2 48.5 % | fpeak= 6 GHz,
monocycles with differ- and Adder | Gps Bio= 7.5 GHz,
ent polarities and pulse fractional band-
shaping factors width, 1.25

[31] | Adding modified Gaus- | 2 2 Two PGs, | 2 574 % | freak= 6.46
sian doublets with dif- Adder, Gps GHz, fractional
ferent polarities and Microwave bandwidth, 1.08,
same pulse shaping fac- Delay Line modified Gaus-
tor sian used (not

original)

[32] | Linearly combining | 3 0 3 PGs and | 2 56.47 Pulses have dif-
fundamental Gaussians Adder Gps % ferent polarities

[18]| Subtracting a broad | 3 0 2 PGs, | 2.5 51 % Central fre-
Gaussian pulse from Adder, 2 | Gps quency ~ 6.44
two narrow identi- Microwave GHz, By ~ 6.88
cal Gaussian pulses, Delay GHz, fractional
besides to applying Lines, bandwidth, 1.07
incoherent wavelength- Optical
to-time conversion Devices

Table 1 Overview for certain studies investigating IR-UWB shaping techniques based on
combinations of waveforms (while the number of pulses used is marked as 'Num of Puls’),
'PG’ denotes the Pulse Generator, 'Max Derv’ actually indicates the maximum order of
derivation for the original pulses initially used (not the resultant ones), fpeqk is the peak
frequency, and Big is the 10-dB bandwidth.
*: Exceptionally 1 pulse, but it is a general method involving multi-input pulses.
**: 55 % is the maximum expected limit based on the given central frequency and Bio,
since the actual efficiency has not been mentioned in that study.
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Ref| Main Principle for | Num | Max | Design Data | Power | Additional
UWB Waveform | of Derv | Require- | Rate | Effi- Information
Generation Puls ments ciency
[14]| Dual-polarization 1 0 PG, Elec- | 312.5 | 53.46 % | Bio= 6.88
quadrature phase | pulse trical and | Mbps GHz, two
shift keying and bal- | split- Optical photo-
anced photo-detection, | ted Delay detectors are
applied on a Gaussian | into Lines, 4 used in a bal-
pulse to produce a | 4 MZMs anced mode
quadruplet signal
[19]| Linearly combining | 4 0 PG, 2.5 57.2 % | Central  fre-
four Gaussian pulses Spectral Gps quency, 7.5
with the same spread- Shaper, GHz, Byo=
ing factor, while 3 Delay 6.25 GHz,
exploiting the benefits functions, fractional
of FBG and applying Optical bandwidth,
incoherent wavelength- Devices 0.83
to-time conversion
[40]| Linearly combining | 8 4 8 PGs, | 1.66 1% Pulses  used
different  orders  of Adder, 7 | Gps (with different
Gaussian  derivatives Microwave polarities): 2
which are influenced Delay monocycles, 5
by antenna effects Lines doublets, and
1 fourth-order
derivative
[42]| Applying a series of | 15 15 15 PGs | 55.55 | <50 % | Large  num-
Gaussian functions and Adder | Mbps | Appar- | ber of pulses
with an incrementally ently used and high
increasing order of derivation
derivation order
[43]| Shaping the generated | Likely| 0 PG  and | Not 912% | Bjg =~ 7.5
waveforms via FIR | 37 FIR filter men- GHz, high-
band pass filtering tioned length  filter
(complex
design)

Table 2 Overview for certain studies investigating IR-UWB shaping techniques based on
combinations of waveforms (while the number of pulses used is marked as 'Num of Puls’),
'PG’ denotes the Pulse Generator, '"Max Derv’ actually indicates the maximum order of
derivation for the original pulses initially used (not the resultant ones), fpeqk is the peak
frequency, and Bjg is the 10-dB bandwidth.
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Generated Waveforms

Number
Pulses Used

of

Pulse/s Parameters

5t single 1 o =51 ps

4% 5t Couple 2 o =49.09 ps, 5 = 0.89

Dual 4** Combination 2 o =41 ps, § = 37 ps

57 - 6" Couple 2 o= 57.72 ps, as= 1, ag=
1.46, § = 30 ps

6" and Dual 7" Combination 3 a1=1, ap=-1.94, az= 1.13,

Table 3 Parameters of the generated waveforms.

01="T75.58 ps, 0o= 48.37 ps,
g3= 38 ps

Generated Waveforms Ipeak Bs Bio n(%) PAPR
(GHz) (GHz) (GHz) (dB)
5 single 6.98 3.65 6.61 50.71 7.95
4P = 5t Couple 6.79 3.89 7.03 53.82 9.06
Dual 4" Combination 6.92 3.91 6.96 53.83 8.83
5t~ 6tF Couple 6.86 4.88 7.5 64.95 8.65
6" and Dual 7" Combination | 7.72 5.45 7.5 72.02 7.74

Table 4 Frequency properties and power efficiencies of the generated waveforms (fpeqr:
peak frequency, Bs: 3 dB band, B1g: 10 dB band, 7: power efficiency), besides to the

peak-to-average power ratio (PAPR).
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Ref | Main Principle for | Num | Max | Design Data | Power Additional
UWB  Waveform | of Derv | Require- Rate | Effi- Informa-
Generation Puls ments ciency tion

[37] | Pulse Width Modula- | 1* 7 PG, Delay | Not 86.6 % Pico-seconds
tion followed by time Lines, Men- of Gaussian
differentiation  and PWNMs, Dif- | tioned and Sech
delay prior to combi- ferentiators, pulses have
nation Adder been applied

[38] | Orthogonal  Polar- | 2 0 PG, 2| 1to2 | <55%**| Quadruplet:
ization Multiplexing MZMs, PR, | Gps Central fre-
applied to combine 2 Delay quency= 6
Gaussians shaped by Lines, PBC, GHz, B1p=6
MZMs operating at 2 PDs GHz
different conditions

[14] | Dual-polarization 1 0 PG, Elec- | 312.5 | 53.46 % Bip=  6.88
quadrature phase | pulse trical and | Mbps GHz, two
shift  keying and | split- Optical photo-
balanced photo- | ted Delay Lines, detectors are
detection, applied on | into 4 MZMs used in a bal-
a Gaussian pulse to | 4 anced mode
produce a quadruplet

[43] | Shaping  generated | Likely | 0 PG and | Not 91.2 % By =~ 7.5
waveforms via FIR | 37 high-length | men- GHz, com-
bandpass filtering FIR filter tioned plex design

[42] | Applying a series of | 15 15 15 PGs and | 55.55 | < 50 % | Large num-
Gaussian  functions Adder Mbps | Appar- ber of pulses
with an incrementally ently used and
increasing order of high deriva-
derivation tion order
Combining 5% and [ 2 6 PG, (differ- | 2 64.95 % fpeak = 6.86

2 6" Gaussian deriva- entiator, Gbps GHz, Byy =

U tives having the same Delay Line, 7.5 GHz
pulse shaping factor Adder
Combining 6" and | 3 7 3 PGs and | 2 72.02 % | fpeak = T7.72

= two 7" Gaussian Adder Gbps GHz, By =

8 derivatives having 7.5 GHz
different pulse shap-
ing factors

Table 5 A comparison between our two best newly shaped pulses and those designed in
most recent studies (while the number of pulses used is marked as 'Num of Puls’), 'PG’

denotes the Pulse Generator, 'Max Derv’ actually indicates the maximum order of

derivation, fpeqr is the peak frequency, Big is the 10-dB bandwidth, G56 denotes the

5th — 6th couple, while G677 denotes the 6t" and dual 7" combination.

*: Exceptionally 1 pulse, but it is a general method involving multi-input pulses.
**: 55 % is the maximum expected limit based on the given central frequency and Bio,
since the actual efficiency has not been mentioned in that study.
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