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ABSTRACT This paper focuses on the time-domain analysis of bandpass (BP) negative group delay (NGD)
function. The innovative NGD investigation is based on the time-domain experimentation of an innovative
topology of ‘‘lill’’-shape passive microstrip circuit. The design principle of the proof of concept (POC)
constituted by particular microstrip shapes is described. The NGD circuit is inspired from a recent fully
distributed ‘‘li’’-topology. Before the time-domain investigation, the BP NGD specifications of the circuit
under study are academically defined. As practical application of the basic definition, a frequency domain
validation of ‘‘lill’’-circuit is presented in the first section of the paper. The POC circuit is specified by a
−8 ns NGD value at 2.31 GHz NGD center frequency and a 27 MHz NGD bandwidth. The ‘‘lill’’-circuit
exhibits an attenuation loss of about −6.2 dB at the NGD center frequency. Then, the two-port black box
model of ‘‘lill’’-NGD-circuit represented by touchstone data of the measured S-parameters is exploited for
the transient simulation. The measured group delay (GD) illustrates that the tested ‘‘lill’’-circuit operates as
a BP function regarding the NGD with NGD equal to −8.1 ns at the NGD center frequency. The time-
domain demonstration of the BP NGD function was performed using a gaussian pulse modulating sine
carrier. The innovative experimental setup with the possibility to plot simultaneously well synchronized
input and output signals is explained. The BP NGD time-domain response is understood from commercial
tool simulation using the touchstone S-parameters of the measured ‘‘lill’’-circuit by using a Gaussian up-
converted pulse having a 27 MHz frequency bandwidth. It was observed that the output signals are delayed
when the sine carrier is out of NGD-band. However, the output signal envelope is in advanced of about −8 ns
when the carrier is tuned to be approximately equal to the 2.31 GHz NGD center frequency. To confirm the
time-domain typical behavior of BP NGD response, an input pulse signal having Gaussian waveform were
considered during the test. However, the input signal spectrum must be determined in function of the NGD
bandwidth. After tests, measured output signal envelopes presenting leading edge, trailing edge and peak in
time-advance compared to the input ones are observed experimentally. The results of the present feasibility
study open a potential microwave communication application of BP NGD function notably for systems
operating with ISM and IEEE 802.11 standards.

INDEX TERMS Bandpass (BP) negative group delay (NGD), S-parameters, time-domain experimenta-
tion, Gaussian pulse, time-advance, microstrip circuit, transient analysis, microwave circuit, measurement
technique.

The associate editor coordinating the review of this manuscript and
approving it for publication was Wenjie Feng.

VOLUME 9, 2021 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 24155

https://orcid.org/0000-0002-8610-3451
https://orcid.org/0000-0003-1508-5927
https://orcid.org/0000-0002-5626-6065
https://orcid.org/0000-0001-7517-672X
https://orcid.org/0000-0001-7334-5016


R. Vauché et al.: Experimental Time-Domain Study for Bandpass Negative Group Delay Analysis With Lill-Shape Microstrip Circuit

I. INTRODUCTION
Recent studies featured some tentative RF and microwave
applications of unfamiliar negative group delay (NGD) cir-
cuits [1]–[5]. The NGD circuits are expected to be useful for
the improvement of certainmicrowave devices as antenna [1],
for the design of non-Foster reactive elements [2], [3], and
group delay (GD) equalization techniques [4], [5]. But these
NGD circuits applications are still less exploited compared
to the other classical microwave circuits as filters, antennas,
amplifiers and so one. This fact can be explained due to the
misunderstanding and the counterintuitive aspect of the NGD
function. Therefore, more illustrative and more understand-
able principle of NGD concept needs to be proposed.

The microwave NGD effect can be historically explained
from the research works performed by optical researchers
some decades ago [6], [7]. The NGD effect and the causality
constitutes the kernel of questions between the scientific.
The existence, understandability, and the interpretation of
the NGD effect become one of controversy topic of physi-
cists and engineers. To close the scientific controversy, large
efforts during several decades must be considered. Indeed,
experimental investigations confirmed the feasibility of the
NGD effect with pulse signal propagation through negative
group velocity (NGV) medium [6], [7]. The effect was,
thus, verified with negative refractive index (NRI) artifi-
cial metamaterials [8], [9]. Thanks to the transfer function
equivalence, microwave NGD circuits were designed and
experimented [8], [10].

Then, brave research teams [11]–[19] fascinated by the
counterintuitive effect of the NGD function were attracted
to the problem of low-attenuation and compact NGD circuits
design. To overcome the attenuation loss, active NGD circuits
[14], [19], [20] were designed and experimented. It has been
found since the early of 2000s that innumerable microwave
circuit topologies [8]–[26] are susceptible to behave as an
NGD function. In 2010s, one of the most explored NGD
circuits are based on the microstrip transmission line (TL)
[8], [9], [15]–[17], [21]–[23]. Among the TL-based NGD
topologies, the circuits designed with coupled-line (CL)
ones [22]–[24] seem to be the best candidate against the
issues related to the attenuation loss. Until now, the degree of
freedom of topologies using CL structure motivates the NGD
researchers to exploit the structure.

Despite the progressive development of the research works
on the NGD circuit design [8]–[24], the NGD functions are
not still open to most of non-specialist electronic design,
fabrication and sale engineers. Many questions remain tech-
nically open about the meaning and the interpretation of the
NGD effect. The design method of microwave NGD circuits
are not easy for non-specialist engineers. To illuminate fur-
ther such technical darkness, a new approach of NGD theory
based on an analogy between NGD circuits and filters was
initiated [21]. This led to the definition of the original concept
of low-pass and bandpass (BP) NGD function. However,
in difference to the filter response, the NGD classification

depends on the sign of the GD. Using this innovative concept,
it is possible to classify all the microwave and optical NGD
circuits [1]–[24] as BP NGD function. In addition to the
NGD classification, themost rational explanation of the NGD
effect remains on the time-domain investigation [25], [26].
But compared to the classical functions in the communica-
tion engineering, especially, on the ultra-wide band (UWB)
testing [27]–[33], a very little research work is available in
the literature on the BP NGD function experimentation in the
time-domain [25], [26].Most of the existingworks are limited
to the plots of GD from the transmission parameters.

To overcome this technical bottleneck, it is proposed in the
present paper to investigate innovatively on the analysis in
the time-domain of BP NGD circuits. It is expected to exploit
the empirical approach on the transient short duration voltage
[27], [28], real-time impedance measurements [29] and also
assessment of time-averaged realistic maximum power levels
from microwave signal transmission [30], [31]. The main
novelty of the present research works is on the consider-
ation of typical UWB pulse generations for emulating the
input transient signals [32], [33]. Indeed, this measurement
technique was rarely applied to the BP NGD circuit. How-
ever, a pioneer research work is hopefully proposed in the
present paper and introduces also an innovative NGD passive
topology.

The paper is organized in five different sections as follows:

• Section II defines the basic theory of BP NGD function.
First, the GD expression from the two-port S-matrix is
recalled. Then, the ideal diagram of BPNGD response is
described. The main specifications of BP NGD function
are defined.

• Section III is the design description of the innovative
‘‘lill’’-circuit topology. The design and the implementa-
tion of the circuit in microstrip technology is introduced.
Then, the validation BP NGD behavior is discussed
based on the S-parameter measurement.

• Section IV addresses the general principle of the time-
domain investigation of BP NGD circuits. The principle
is illustrated using simulation of black box model based
on frequency domain measurement results.

• Section V explores more importantly the time-domain
validation of BP NGD functions considering the
‘‘lill’’-circuit prototype. The experimental setup of the
BP NGD time-domain measurement is explained. Then,
a discussion is made on the measurement results based
on the comparison between the intriguing behaviors of
input and output signals.

• Then, Section VI ends the paper with the final
conclusion.

II. RECALL ON UNFAMILIAR BP NGD FUNCTION
To design a microwave NGD circuit, we proceed generally
with the S-matrix approach. The present section will intro-
duce the general presentation of two-port circuit S-matrix.
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FIGURE 1. Two-port general system.

Then, the main specifications of ideal BP NGD response will
be defined.

A. S-MATRIX APPROACH
Fig. 1 represents the general block diagram of two-port circuit
as a S-matrix system. By denoting the Laplace variable by:

s = jω = j2π f (1)

in function of angular frequency ω for the case of symmetric
passive circuit, a two-port S-matrix is analytically represented
by:

[S(s)] =
[
S11(s) S21(s)
S21(s) S11(s)

]
. (2)

The unfamiliar BP NGD analysis is generally performed as
classical microwave function as filters, amplifier, or other by
paying more attention on the GD response. For the classical
system, the main parameters of study are:
• the reflection parameter magnitude:

S11(ω) = |S11(jω)| (3)

• the transmission parameter magnitude:

S21(ω) = |S21(jω)| (4)

In addition to the classical parameters, the study requires
more focus on the GD response. For this reason, to realize
the analysis, the following frequency domain responses are
needed:
• the phase of the transmission coefficient which is
defined by:

ϕ(ω) = arg [S21(jω)] (5)

• the frequency dependent GD response which is defined
by:

GD(ω) = −
∂ϕ(ω)
∂ω

. (6)

In most of ordinary microwave functions, this GD is naturally
positive and expresses the propagation delay of a modulated
signal through the communication system. However, themain
particularity of this research work is to try to explain using an
easier way, the existence of the GD with negative value in
all aspects. By exploiting this GD, it is possible specify the
main parameters of a BP NGD function as introduced in the
following subsection.

B. INTRODUCTION ON THE BP NGD FUNCTION
SPECIFICATIONS
As initial step of the NGD circuit design, the desired spec-
ifications must be chosen. For the full understanding, an
introduction of basic BP NGD specification is usually needed
before the exploration of real circuits.

1) EXISTENCE CONDION OF NGD FUNCTION
First and foremost, the existence of NGD function for the
two-port system shown in Fig. 1 is mathematically equivalent
to the possibility to obtain the condition:

GD(ω) < 0. (7)

This analytical representation is equivalent to find an angular
frequency band where the GD becomes negative. In this case,
the NGD cut-off frequencies can be defined as the roots of
equation:

GD(ω) = 0. (8)

If positive real roots exist, it can be assumed that the NGD
bandwidth:

1ω = 2π1f (9)

is the difference between two successive NGD cut-off fre-
quencies if the GD is negative for the frequencies between
them.

FIGURE 2. BP NGD ideal response.

2) IDEAL FREQUENCY RESPONSE OF BP NGD FUNCTION
A completely ideal response of BP NGD function can be
represented by the graph shown in Fig. 2. This ideal diagram
serves to clearly define the desired specifications before the
BP NGD circuit design with the constraint characterized by:
• the NGD center angular frequency:

ω0 = 2π f0, (10)

• the NGD value corresponding to the NGD center
frequency:

GD(ω0) = GDn < 0. (11)

• the NGD cut-off angular frequencies:{
ω1 = 2π f1
ω2 = 2π f2

(12)

which corresponds to the following analytical relation for the
ideal diagram of Fig. 2:

GDn = GD(ω) ≤ 0forω1 ≤ ω ≤ ω2. (13)

• the NGD bandwidth which is delimited by the NGD cut-
off frequencies:

1ω = ω2 − ω1. (14)

In addition to the GD response, the BP NGD analysis must
also be performed by taking into account the transmis-
sion coefficient. Saying this, the next paragraph will spec-
ify briefly what is expected for the transmission coefficient
magnitude.
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3) TRANSMISSION COEFFICIENT MAGNITUDE
Similar to the filter design, the NGD circuit transmission
coefficient should be defined in function of the targeted appli-
cation. To take into account to this parameter, the transmis-
sion coefficient magnitude constraint may be added among
the NGD circuit specifications. This specification can be
formulated by the relation:

S21(ω0) = A. (15)

For the case of passive circuits, the transmission coefficient
magnitude must be a real positive lower than unity:

0 < A < 1. (16)

The following section focuses on a practical example of BP
NGD circuit with a particular shape microstrip structure.

III. DESIGN AND BANDPASS NGD ANALYSIS OF
‘‘lill’’-SHAPE MICROSTRIP CIRCUIT
The present section describes the BP NGD analysis of a
particular ‘‘lill’’ shape NGD microstrip circuit. The design
method of the circuit is described. Then, the measured
S-parameters are discussed in order to determine its BP NGD
specifications.

FIGURE 3. (a) Circuit diagram and (b) microstrip face view of two-port
li-topology.

A. DESIGN OF THE PROOF OF CONCEPT (POC) LILL NGD
CIRCUIT
After the introduction of the basic topology inspiring the
lill-circuit design, the POC circuit is presented. Then, the
experimental validation results of the BP NGD behavior are
discussed.

1) ELEMENTARY TOPOLOGY LEADING TO INSPIRATION OF
THE LILL-CIRCUIT
Fig. 3(a) represents the circuit diagram of the ‘‘li’’ topol-
ogy [22]. It acts as one of the elementary NGD topology
which can built with a single CL. This circuit is essentially
composed of two identical parallel TLs. As illustrated by
Fig. 3(b), the li-topology can be implemented with a CL,
CL(w, s, d), assumed as microstrip lines with a physical
width w, a physical space, s, and a physical length, d .

One of the constituting li lines is open-ended at their two
extremities. The other line is connected to the access ports. In
consequence, the li-topology can be modelled with S-matrix
system as shown in Fig. 1.

2) CONSTRUCTION OF LILL-CIRCUIT
For the case of li microstrip circuit with effective permittivity,
εreff , the NGD center frequency can be defined with the
equation [22]:

f0 =
c0

2d√εreff
(17)

where c0 is the speed of electromagnetic waves in vacuum.
To synthesize a circuit with significant value of NGD, we can
design a structure with multi-coupled lines with several open-
ended TL under coupling. The main solution in the present
study is to design a multi-coupled microstrip line structure
named lill circuit. Based on the combined superposition NGD
effect of li structure, NGD effect with significant absolute
value is expected to be generated.

The final NGD circuit can be optimized in function of the
length of the constituting open-ended TL. The innovative lill-
circuit under investigation was imagined from the exploita-
tion of the li-topology. The microstrip circuit design of the
POC in the environment of the electronic and RF/microwave
circuit simulator ADSr from Keysight Technologiesr is
developed in the following subsection.

B. DESCRIPTION OF THE LILL-MICROSTRIP CIRCUIT
PROTOYPE
During the design, the NGD specifications shown in Table 1
were fixed. Then, the POCs was designed in microstrip
technology. The planar top view of the POC is displayed
in Fig. 4(a). The circuit design was made by choosing the
width w of each line corresponding to obtain a character-
istic impedance theoretically equal to Zc = 50� which
can be determined with Linecalc calculator tool of ADSr
software. The circuit was implemented on the Cu-metalized
laminating double face of Duroid Roger3210r dielectric
substrate.

TABLE 1. Targeted NGD specifications.

The substrate physical characteristics are addressed in
Table 2. The final circuit sizes were defined after optimization
in ADSr environment. The photograph of the fabricated
lill-circuit prototype is exposed in Fig. 4(b). The microstrip
circuit prototype presents physical size, 33.2 mm × 14 mm
respectively.
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FIGURE 4. Photograph of the fabricated lill-circuit prototype.

TABLE 2. lill-circuit parameters and specifications.

C. DISCUSSION ON THE FREQUENCY DOMAIN
VALIDATION RESULTS
The validation of the lill-circuit is explored in the present sub-
section. The experimental setup is briefly introduced. Then,
the measured results of GD are discussed with respect to the
BP NGD aspect.

1) EXPERIMENTAL SETUP WITH S-PARAMETER
MEASUREMENT
The GD measurement of the lill circuit was carried out
indirectly based on the S-parameters. Fig. 5 highlights the
illustrative diagram of the performed experimental setup. The
measured data of two-dimension S-parameters were recorded
in touchstone format. Similar to classical microwave two-
port circuits, the measurement was carried out on a two-port
Vector Network Analyzer (VNA).

The frequency domain experimental test was realized with
a VNA Rohde & Schwarzr referenced ZVA 24 working
from 10 MHz to 24 GHz. The measured GD of the tested
circuit was extracted from transmission parameter following

FIGURE 5. Illustrative diagram of the S-parameters experimental setup.

equation (5). The measured results are discussed in the fol-
lowing paragraphs.

2) DISCUSSION ON THE MEASURED GD AND
S-PARAMETERS OF THE LILL CIRCUIT
The frequency domain validation of the BP NGD behav-
ior of lill-circuit photographed in Fig. 4(b) is based on the
S-parameter measurement. The test of the circuit was carried
out in the frequency band between fmin = 2 GHz and fmax =
2.8 GHz. Figs. 6 display the measured GD of the lill-circuit
shown in Fig. 5(b). As expected, the GD response confirms
the BP NGD behavior. Furthermore, the ‘‘V’’-shape behavior
of BP NGD transmission coefficient proposed in Fig. 7(a)
has been found as verified generally with many passive NGD
circuits [8]–[20], [22]–[25]. The associated reflection coeffi-
cient is plotted in Fig. 7(b). Table 3 presents the comparison
of measured NGD specifications.

TABLE 3. Measured lill-circuit NGD specifications.

FIGURE 6. Measured GD of the lill-circuit photographed in Fig. 4(a):
(a) wide and (b) narrow band plots.
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FIGURE 7. Measured (a) transmission and (b) reflection coefficients of
the lill-circuit photographed in Fig. 4(b).

D. DISCUSSION ON THE BP NGD PERFORMANCE OF THE
PROPOSED CIRCUIT
In order to quantify more clearly the contribution of the
present NGD design in the frequency domain, we tradi-
tionally deal with what was done previously. Based on the
proposition in the previous work, the NGD performance is
also assessed with the NGD figure-of-merit (FOM), which is
defined in [18], [24] formulated by:

FOM = |GD(f0)| × BW × |S21(f0)| (18)

Accordingly, a comparative study of the BP NGD perfor-
mance of the proposed lill circuit with respect to the existing
ones is examined in the present subsection. As addressed
in Table 4, the comparison of the NGD performances of
typical dual-band NGD function is recapitulated based on the
research work available in the literature [18]–[19], [24], [35].
In this table, the first and second NGD center frequencies
are denoted by f1 and f2, respectively. It can be pointed out
from this table that the lill NGD circuit presents the following
general benefits:
• Considerable fully distributed elements without lossy
lumped component,

• Significant NGD absolute value,
• And a wide NGD FOM.

However, the lill circuit has weakness in term of reflection
coefficient in the first NGD band.

To validate more convincingly the meaning of the BPNGD
function, time-domain investigation is innovatively discussed
in the following section.

IV. TIME-DOMAIN INVESTIGATION OF THE BP NGD
FUNCTION AND TRANSIENT SIMULATIONS WITH THE
LILL-CIRCUIT MODEL
To verify using a more practical way the frequency domain
result of the previous section, the present section deals with

TABLE 4. Performance comparison.

the temporal validation. After the experimental setup descrip-
tion, the behavior of the output transient signal with respect
to the input one is analyzed.

A. GENERAL DESCRIPTION ON THE BP NGD ANALYSIS IN
THE TIME-DOMAIN
The expectation of the time-domain investigation of BP NGD
circuit is the preliminarily introduced in the present subsec-
tion. The main characteristics of the input signal in function
of the GD response is described. Then, the configuration of
the input and the NGD circuit interaction is illustrated.

1) SYSTEMIC PRESENTATION OF THE TIME-DOMAIN
RESPONSE
At the beginning of this analysis, the S-parameter model of
the circuit under study can be used as a black box system.
Fig. 8 represents the diagram of the time-domain configura-
tion of the BP NGD analysis. In this diagram, the system is
excited by t-time dependent or transient input signal, vin(t).
Then, the transient output signal, vout (t), needs to be recorded
simultaneously with the input. It is assumed that the output
load of the terminal receiver (oscilloscope) is equal to the
reference impedance, R = R0 = 50�.

FIGURE 8. Illustrative diagram to generate the time-domain response of
system S(jω).

It is noteworthy that the BP NGD time-domain analysis
depends inevitably to the GD frequency domain response.
The frequency domain analysis of the input signal can be
performed following the hereafter golden rules.
• The input test signal spectrum written as:

Vin(ω) = |fft [vin(t)]| . (19)

must be limited in bandwidth.
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• The power spectrum of this test signal must belong to the
NGD frequency band to operate with the NGD function.
It is possible to choose for example the input signal
power spectrum bandwidth, B, in function of the NGD
bandwidth, 1f .

• The attenuation of the input signal spectrum at the NGD
cut-off frequencies, ωk , (with k = 1, 2) defined as:

ζdB = 20 log
{

Vin(ωk )
max [Vin(ω)]

}
(20)

must be chosen under the condition:

ζdB ≤ −10 dB (21)

in order to limit power outside NGD bandwidth.
This time-domain BP NGD study consists also in investi-

gating on the behavior of the envelopes of input and output
signals, Env[vin(t)], and Env[vout (t)], respectively.

2) ADOPTED PRINCIPLE OF THE TIME-DOMAIN BP NGD
ANALYSIS
The practical principle of the present time-domain analysis of
the BP NGDmicrowave circuit or microwave device requires
the following conditions:

• the input must be pulse signal with limited duration,
• the input signal must be limited bandwidth and
smoothed enough in the time-domain,

• an input signal with spectrum density essentially belong-
ing in the NGD bandwidth,

• the input signal must be a modulated sine carrier having
a carrier frequency equal NGD central frequency,

• and possibility to visualize simultaneously the input and
output signals, vin and vout , respectively.

To translate the BP analysis in the time-domain, we have
to pay a special attention on the delay between the input and
output signal envelopes.

3) IDEAL CONFIGURATION OF THE TIME-DOMAIN
EXPERIMENTATION OF BP NGD ANALYSIS
To satisfy this requirement, the proposed innovative solu-
tion is to use an arbitrary signal generator able to gen-
erate UWB or short duration pulsation signals. Then, it
is very important also to record or to visualize the input
and output simultaneously. Fig. 9 illustrates the exper-
imental setup solution to address the challenging prob-
lem. This experimental setup constituted by double-output
(Out1,2) signal generator, the lill-circuit (as circuit under
test) and terminated by a double-channel (Ch1,2) oscillo-
scope. To make this configuration unrefutably efficient, the
cables connecting Out1-Ch1 and Out2-Ch2 must be correctly
identical.

The illustrative feasibility of the proposed methodology is
explored in the next subsection with transient simulations of
the lill-circuit.

FIGURE 9. Illustrative diagram of the time-domain experimental setup
with the NGD lill-circuit.

B. DISCUSSION ON THE TIME-DOMAIN SIMULATED
RESULTS
An investigation by simulation constitutes an important step
before the time-domain experimentation of BP NGD circuit.
The present subsection introduces a preliminary numerical
analysis with Gaussian responses injected to the lill-circuit.
Different sine carrier frequencies will be considered to illus-
trate the responses of the S-parameters in and out of the NGD
frequency band.

1) ANALYTICAL DEFINITION OF THE GAUSSIAN SIGNAL
INPUT PULSE
Similarly to all microwave functions, the unfamiliar BP NGD
circuit is expected to operate in a frequency band which
is specified for BP NGD circuits by NGD bandwidth, 1f ,
containing the NGD center frequency, f0. An ideal signal
enabling to perform the time-domain characterization of BP
NGD circuit should present:
• the possibility to limit the amplitude in function of the
saturation of the NGD circuit and the test equipment’s,

• the possibility of modulating a sine carrier with fre-
quency equal to f0,

• the possibility to limit the power spectrum bandwidth
which means that the input signal envelope should be
smoothed enough in function of the NGD bandwidth,

• and the possibility to compare the input signal leading
and tailing edge or the signal optimal (minimal or max-
imal) peaks.

For this reason, in the present study, the chosen input signal
is a Gaussian waveform modulating a sine carrier having a
frequency equal to the NGD center frequency. The signal can
be defined analytically by:

vin(t) = e−ξ (t−t0)
2
sin(2π f0t) (22)

with the maximal peak instant time, t0, and gaussian time-
width parameter, ξ , which must be calculated in function of
the NGD bandwidth by the formula [34]:

ξ =
−5π2B2

ζdB ln(10)
. (23)

During the numerical application of present study, the con-
sidered Gaussian signals corresponding to input signal has a
bandwidth, B = 27 MHz and ζdB = −10 dB. The following
paragraphs present ADSr transient simulation results with
respect to the diagram configured in Fig. 8 after replacing the
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black box by the measured touchstone S-parameter of the lill-
circuit. Three cases of sine carrier frequency, fc = {2.1 GHz,
2.3 GHz, 2.5 GHz}, have been intentionally proposed. The
transient simulations were carried out over the time window
with tmin = 0 and tmax = 140 ns.

2) TRANSIENT SIMULATION WITH GAUSSIAN INPUT PULSE
MODULATING 2.1 GHz SINE CARRIER
Figs. 10(a) and Fig. 10(b) displays the input and output
signals after ADSr simulation results with a Gaussian mod-
ulating a sine carrier having frequency, fc = 2.1 GHz. If we
look back in Figs. 6, the lill-circuit presents a positive GD
of about 0.5 ns. Therefore, the output Gaussian of Fig. 10(b)
present leading and tailing edges slightly delayed compared
to the input ones. It is possible to interpret from this transient
result that there is no BP NGD effect for this input signal.

FIGURE 10. Time-domain simulation results of the lill-circuit touchstone
S-parameter with Gaussian pulse input modulating, fc = 2.1 GHz sine
carrier.

3) TRANSIENT SIMULATION WITH GAUSSIAN INPUT PULSE
MODULATING 2.3 GHz SINE CARRIER
A Gaussian input pulse modulating sine carrier frequency,
fc = 2.3 GHz, which is equal to the NGD center frequency
of lill-circuit as shown in Figs. 6 is considered in this case
of study. Accordingly, we obtain the fascinating transient
simulation result plotted in Figs. 11.

It is possible to emphasize from Fig. 11(b) that the output is
more significantly attenuated compared to the previous case
of Gaussian input pulse modulating a sine carrier having a
frequency fc = 2.1 GHz. As expected, the output signal
leading and tailing edges appear in time-advance compared to
the input signal ones. This counterintuitive effect highlights
essentially the signature of BP NGD function which depends
on the NGD frequency band and NGD value as illustrated
by the lill-circuit GD introduced in Figs. 6. The possibility to

FIGURE 11. Time-domain simulation results of the lill-circuit touchstone
S-parameter with Gaussian pulse input modulating fc = 2.3 GHz sine
carrier.

generate this transient behavior is due to the fact that the input
signal spectrum bandwidth belongs to the lill-circuit NGD
bandwidth.

4) TRANSIENT SIMULATION WITH GAUSSIAN INPUT PULSE
MODULATING 2.5 GHz SINE CARRIER
This last case of transient simulation was carried out with
Gaussian input pulse modulating sine carrier frequency, fc =
2.5 GHz. The obtained result is shown in Figs. 12. We can
understand visibly that this time-domain response is similar
to the previous case of study with fc = 2.1 GHz. It is then
possible to underline that the absence of the signal advance
can be explained by the positive GD almost equal to 0.5 ns
around 2.5 GHz according the lill-circuit measured GD dis-
played in Figs. 6.

5) CONCLUSION FROM TRANSIENT SIMULATION
INVESTIGATION
It can be partially concluded from the three cases of the
transient simulation results that the distortion between the
input and output signals waveform of the lill NGD circuit can
be neglected. Nevertheless, the difference between the input
and output can be assessed with the comparisons between the
input ouput maximum amplitudes ratio:

a =
max(vin)
max(vout )

(24)

and also, the instant time of the signal maximum peaks by the
following equation:

1tpeak = tout − tin (25)

by taking: {
max(vout ) = vout (tout )
max(vin) = vin(tin)

. (26)
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FIGURE 12. Time-domain simulation results of the lill-circuit touchstone
S-parameter with Gaussian pulse input modulating fc = 2.5 GHz sine
carrier.

Table 5 summarizes the input and output maximal peak delay
from the signals plotted in Figs. 10, Figs. 11 and Figs. 12.

TABLE 5. Comparison of input and output gaussian signal delays from
simulated touchstone model of lill circuit.

In conclusion of all the results, the output Gaussian pulse is
susceptible to propagate through the lill-circuit with leading
and tailing edge in time-advance if the input signal power
spectrum belongs to the NGD frequency band shown in
Figs. 6.

V. EXPERIMENTAL VALIDATION OF THE BP NGD
FUNCTION WITH THE ‘‘lill’’ MICROSTRIP
CIRCUIT IN THE TIME-DOMAIN
The ultimate time-domain validation of the BPNGDbehavior
of the lill-circuit prototype photographed in Fig. 4(b) is devel-
oped in the present section. The experimentation technique is
described. Then, the NGD characterization based on the gen-
eration and measured Gaussian transient signals is discussed.

A. EXPERIMENTAL SETUP
The experimental setup of the lill-circuit time-domain mea-
surement is studied in the present subsection. The visualiza-
tion technique of the input and output signals is explained.

1) EXPERIMENTAL SETUP
The synthetic application of all the preliminary different
steps of previous section leads us to settle the NGD exper-
imentation following the illustrative diagram methodologi-
cally earlier depicted in Fig. 9. The main challenge of the

experimentation is to visualize in correct manner the input
and output signals simultaneously.

According to the simulation study of previous section, the
BP NGD effect can be verified with Gaussian pulse. During
the test, the ultra-wide band (UWB) microwave arbitrary
signal generator referenced, Tektronixr AWG70001A hav-
ing sampling rate equal to 50 GSps, 10 bits memory was
employed. This generator is susceptible to deliver two per-
fectly synchronized opposite signals from channels A and B
with time shift better than 5 ps. To plot the signals, the
four-channel oscilloscope referenced AgilentrDSO81204A
having a bandwidth of 12 GHz and a maximal sampling
rate equal to 40 GSps was employed. As argued in the
previous section, the oscilloscope was calibrated with input
impedance, Zin = R0 = 50�. Fig. 13 highlights the pho-
tograph of the experimental setup including the tested lill-
circuit. During the experimentation test, the input port of the
circuit was connected to the generator and the output port to
one of the oscilloscope outputs through SMA connectors and
1 m-length cables.

FIGURE 13. Photograph of the time-domain experimental setup with the
NGD lill-circuit prototype.

Then, after the successful test, the obtained results were
recorded attentively as data files saved in csv-format. After
this data post-processing, we obtained the measured results
discussed in the following subsection.

B. DISCUSSION ON THE BP NGD MEASURED USING THE
TRANSIENT EXPERIMENTAL SETUP WITH INPUT
GAUSSIAN WAVEFORM PULSE
The ultimate BP NGD time-domain measurement of the lill-
circuit was successfully carried out with a Gaussian pulse
signal. This input pulse was generated in order to obtain a
signal presenting the analytical specifications addressed in
Table 6. It is crucial during the test that the input signal power
spectrum is tuned to be interleavedwithin the NGD frequency
band. For this reason, the NGD time-domain experimentation
must absolutely preceded by frequency domain analysis in
order to confirm the NGD specifications as aforementioned
in Section II via the ideal NGD response depicted in Figs. 2.

It should be kept in mind with particular attention of the
researcher assisted generally by the technicians or the stu-
dents during themeasurement campaign that the output signal
appears in time-advance compared to the input.
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TABLE 6. Specifications of the tested input signal.

FIGURE 14. Oscilloscope screen snapshot of the measured signals.

FIGURE 15. Measured transient plots of the compared Gaussian input
and output signal envelopes of the lill-circuit: (a) natural and (b) normal
plots.

During this BP NGD experimental test, we snapshotted in
Fig. 14, the simultaneous plots of measured input and output
measured signals which can be attentively commented as
follows.

• In this picture, the yellow curve represents the input
signal. It represents a Gaussian signal as expected in the
previous specifications.

• The purple curve represents the output signal, the white
curve representing the part where the input and the
output signals are superimposed.

• This output signal was rescaled in order to highlight the
output signal advance compared to the input.

• At this stage of experimental study, we successfully
demonstrate the BP NGD behavior of the lill-circuit in
the time-domain.

To highlight more analytically, the expected BP NGD
effect, these two signals were recorded in csv-format data file
in an USB socket from the Agilentr DSO81204A digital
oscilloscope. Further post-processing of the obtained data
performed in theMATLABr environment gives the transient
results displayed finally in Figs. 15. In these plots, the input
and outputmeasured transient signals are plotted in red curves
of Fig. 15(a) and Fig. 15(b), respectively.

In order to evaluate the BP NGD specifications, fur-
ther post-processing was performed for the extraction of
the input and output signal envelopes. We can see both in
Fig. 15(a) and Fig. 15(b) that the extracted envelopes which
are plotted in black curves fit perfectly with the natural
transient signals. The next last subsection assesses the time-
domain BP NGD performance from the envelope signal
analysis.

FIGURE 16. Measured envelopes of the compared Gaussian input and
output signal envelopes of the lill-circuit: (a) natural and (b) normal plots.

C. ANALYSIS OF THE BP NGD RESPONSE SIGNAL
ENVELOPE
Fig. 16(a) represents the plot of the main objective of the BP
NGD aspect of the lill-circuit in a nutshell of the whole study.
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FIGURE 17. Zoom in of (a) leading and (b) tailing edges of measured
input and output normalized transient signals shown in Fig. 16(b).

These input and output measured transient signals which are
displayed in black and red curves, respectively are obtained
from the test photographed in Fig. 13. We can emphasize as
predicted in simulation of previous section that the output
is notably attenuated compared with the input. In order to
demonstrate more clearly, the BP NGD function inherently
appropriated to the lill-circuit of Figs. 4 from the time-
domain investigation, the input and output signals are unity-
normalized plotted again in Fig. 16(b). The extraordinary
and difficult to believe time-advance of the output signal
fronts was also illustrated. Moreover, despite the inevitably
noise affecting the measured signals, the input and output
of the lill-circuit remain very well-correlated with almost
negligible distortion. The answer can be understood from
the comparison between the input ones are explained more
irrefutably in the zoom in plots of Fig. 17(a) and Fig. 17(b).
The quantitative measurement results of the BP NGD speci-
fication are recapitulated in Table 7.

TABLE 7. Comparison of input and output signal delays from simulated
touchstone model of lill-circuit.

VI. CONCLUSION
An original experimental investigation on the BP NGD func-
tion is developed. The basic theory of the BP NGD function
is addressed based on the S-matrix of a two-port circuit. The
ideal response diagram of BP NGD response is presented.

The main specifications enabling to the electronic engineers
to define the objective of the BP NGD circuit design are
explained quantitatively.

To concretize the BP NGD theory, the design of innovative
passive topology of lill-circuit is described. The implemen-
tation of the microstrip circuit in function of the available
substrate specifications is introduced. The BP NGD behavior
of the lill-circuit was validated with S-parameter measure-
ment. As expected, NGD function with 2.3 GHz NGD center
frequency with about −8 ns NGD value is obtained.
The time-domain validation of the lill-circuit prototype

was performed. An innovative experimentation technique is
described based on an UWB arbitrary signal generator and
allows the possibility to plot the input and output signals
simultaneously. The considered waveform test signal is a
Gaussian pulse modulating a sine carrier. As expected, output
signals with leading, trailing and peak in advance compared
to the input ones are observed.

The present research results open the new possibilities
of testing BP NGD applications notably in the microwave
communication engineering as expected in [1]–[5].
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