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ABSTRACT: An innovative analysis of a negative group delay (NGD) circuit exhibiting a dual-bandpass (BP) characteristic is presented.
The passive BP-NGD topology consists, essentially, of parallel RLC resonant networks. The BP-NGD topology is characterized by the
NGD value, NGD center frequency, and attenuation, as functions of the constituent RLC resonant networks. The dual BP-NGD topology
is designed using series impedances, which are composed of two distinct parallel RLC networks. After considering the reduced-order
model of the passive cell within the NGD frequency range, which enables the determination of component values for the dual BP-NGD
circuit, the circuit is formulated as a function of the desired NGD values and center frequencies. The feasibility of the design theory is
verified through a proof-of-concept (PoC), designed to operate with the following specifications (1 MHz, —20 us, —8 dB) and (2 MHz,
—20 ps, —8dB). First, a frequency-domain analysis of the PoC demonstrates the dual BP-NGD behavior, exhibiting an attenuation of
approximately 8 dB. Subsequently, time-domain analyses were conducted using input signals with amplitude modulation on sinusoidal
carriers at frequencies of 1 MHz, 1.5 MHz, and 2 MHz. The obtained results highlight the possibility of generating output signal envelopes
that exhibit a temporal advancement relative to the input ones, provided that the input signal spectrum falls within the NGD bandwidth.
However, the output envelope exhibits a positive delay when the input signal spectrum lies outside the NGD frequency band. A potential
application principle for the dual BP-NGD circuit is discussed, specifically for the compensation of delay dispersion in electronic and
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communication systems.

1. INTRODUCTION

urrently, the Negative Group Delay (NGD) function [1-8]
Cconstitutes one of the most intriguing electronic circuits;
yet it remains relatively unexplored compared to classical cir-
cuits, such as filters, amplifiers, oscillators, antennas, convert-
ers, and rectifiers, among others, due to its counterintuitive
behavior. The benefits of NGD circuit engineering could be
significantly enhanced if the theoretical design methodology
were to become familiar to most non-specialist engineers. The
present study provides a deeper understanding of the design
methodology for electronic circuits that operate with the char-
acteristic dual-band (BP) NGD frequency property.

1.1. Potential Applications of the NGD Function

Various studies reveal the ability of the NGD function to en-
hance performances in electronic engineering [1-10]. This in-
triguing function demonstrates practical utility for the enhance-
ment of electronic engineering applications, such as in oscilla-
tor compensation [1]. At low frequencies (LFs), in the kilo-
hertz (kHz) range, NGD circuits have been employed in med-
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ical applications for the detection of physiological signals [2],
imparting a predictive effect [3] induced by temporal advance-
ment. The capability of the NGD function to anticipate medi-
cal signals [4] can be leveraged in areas such as retinal analy-
sis [5]. Several experimental applications of NGD have been
proposed at high frequencies (HFs), including the design of an-
tenna arrays to enhance beamforming precision [6], low-delay
ultrasonic transducers [7], the augmentation of amplifier gain-
bandwidth [8], and delay reduction in transceiver (Rx-Tx) com-
munication systems [9]. The NGD circuit enables improved
signal integrity through the recovery of distorted signals [10].
Before starting the study presented in this research contribution,
the following subsections outline the state of the art, thereby
highlighting, with greater clarity, existing works concerning the
unfamiliar NGD electronic function.

1.2. Physicist Curious Finding on the NGD Phenomenon

The concept of the NGD phenomenon had its roots in fun-
damental studies related to wave propagation and theory of
linear time-invariant (LTI) systems [11, 12]. Specifically, this
extraordinary physical phenomenon centered on the character-
istics of dispersive media in which group- and phase-velocity
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differ from one another [13, 14]. Theoretical studies gained
momentum in the mid-20th century, stemming from attempts
to understand anomalous dispersion phenomena in optical
and electromagnetic media [11, 12]. It has been theoretically
demonstrated that the group velocity of a wave packet, when
traversing a medium exhibiting anomalous dispersion, can
be negative [15]. This counterintuitive concept stems from
the dispersive behavior of systems in which the phase varies
more rapidly as a function of frequency, a characteristic
typically associated with media exhibiting anomalous disper-
sion [13—15]. The propagation of signals through dispersive
media has been demonstrated, with group velocities attaining
counterintuitive values within specific frequency domains.
Although the term “negative delay” may suggest something
nonsensical, NGD phenomena remain consistent with physical
principles [16, 17]. The effects of NGD relate to certain phase
aspects of superluminal signals that vary over time, rather than
transmitting information at a speed exceeding that of light [18].
Indeed, it has been emphasized that the NGD phenomenon
does not violate causality [16,17]. The interaction between
input signals was formalized through delay relations, which
constitute a fundamental element in LTI systems. It was
observed that the output signal of an NGD structure may
appear to lead the input one having frequency band where
the phase slope is positive. Thus, the concept of the NGD
phenomenon was theoretically proposed by physicists [13—15].
Subsequently, advances in the study of the NGD phenomenon
attracted the attention of researchers in the field of electronic
engineering [19-32].

1.3. Meaning of NGD Phenomenon in Electronic Engineering

Research into the theory, design, and experimentation of elec-
tronic circuits featuring NGD has gained momentum. Indeed,
the NGD phenomenon was initially studied, starting in the
1990s, using electronic circuits operating across a wide fre-
quency range on the order of kHz [15, 16], megahertz (MHz)
and gigahertz (GHz) [17, 18]. Within the scope of circuit the-
ory, it has been established that the NGD effect describes a situ-
ation in which the group delays (GD), i.e., the rate of change of a
system’s phase response with respect to the frequency, assumes
a negative value [16,17,19,20]. Consequently, time-domain
analysis of the response of NGD circuits indicates that the peak
of an output signal can be detected prior to the peak of the corre-
sponding input pulse signal [16, 17,21, 22]. Technically speak-
ing, an NGD circuit makes it possible to shape the phase slope
of the voltage transfer function (VTF) in order to generate a
known temporal advancement in the signal [16, 17,21, 22]. The
NGD electronic function has also been the subject of experi-
mentation involving complex baseband audio signals [23]. Var-
ious electronic circuit topologies have been proposed [24-28].
For example, the NGD function is typically realized through
feedback or feedforward networks [29-31].

The NGD circuit topologies were designed and implemented
with high-loss electromagnetic (EM) structures and restricted
to very narrowband or single frequencies [19,20]. Despite the
potential applications [1, 6-9], these limitations make NGD cir-
cuits unsuitable for modern medium to radio frequency (RF)
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and microwave wideband communication systems. RF and
microwave studies were theoretically and experimentally pro-
posed by using different circuit topologies to improve certain
characteristics, such as compact size, attenuation, and band-
width (BW) of NGD characteristics [32—34]. Due to their abil-
ity to move signal envelopes forward while preserving the prin-
ciple of causality. Then, the time-advance signature of the
NGD function was experimented with modulated signals [35].

1.4. Types of NGD Function

Despite the available literature regarding the significance, de-
sign, and diversity of NGD effects, reviewed in the previous
subsection, it remains challenging for many non-specialist elec-
tronics engineers to grasp this counterintuitive function. A fun-
damental theory of the NGD circuit, inspired by the magnitude
response of filters, has enabled the classification of all topolo-
gies [36]. Various innovative types of electronic functions have
been identified, configured as low-pass (LP) [37], high-pass
(HP) [38], and bandpass (BP) [39] NGD topologies. The fam-
ily of LP-NGD topologies [36, 37], is defined by the group de-
lay (GD) response in the low-frequency (LF) spectrum, start-
ing from DC. In contrast, the HP-NGD topology [36, 38] is
defined by a GD response that is consistently negative in the
high-frequency (HF) spectrum, starting from a lower bound.
Furthermore, the BP-NGD topology [36,39] corresponds to a
type of electronic circuit whose GD response exhibits a nega-
tive value within a delimited frequency band of the spectrum.
Two elementary LP- and HP-topologies can be combined into
a comprehensive design framework for the realization of the
BP-NGD topology [39].

1.5. Present Research Contribution and Outline of the Paper

Until now, dual-band NGD circuit has not been studied in
depth, particularly in the time domain. For this reason, a the-
oretical foundation is developed for the design of the dual-
frequency BP-NGD circuit utilizing parallel RLC networks,
with focus on their frequency selectivity characteristics. The
topological approach is considered, followed by the derivation
of an analytical model capable of describing the relationship
among magnitude, phase, and delay. Subsequently, a com-
prehensive analysis framework is proposed for the developed
methodology.

In this context, the present research work investigates the de-
sign and analysis of a dual BP-NGD circuit, consisting of RLC
resonant networks. The paper is divided into four distinct sec-
tions:

* Section 2 highlights the operating principle of the dual
BP-NGD function. The preliminary specifications of the
ideal dual-passband NGD responses are defined in the fre-
quency domain. Next, it will be explained why an elec-
tronic circuit topology consisting of a passive RLC net-
work cell is capable of operating as a dual-passband NGD
function.

« Section 3 focuses on the design theory of the developed
dual BP-NGD topology, involving the determination of
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formulas that enable the calculation of its constituent com-
ponents: resistors, inductors, and capacitors.

» Section 4 analyzes the responses of a proof-of-concept
(PoC) representing a dual passive BP-NGD circuit, com-
paring the AC responses or frequency responses at differ-
ent BWs, obtained from the analytical calculations based
on an established model and from simulations.

 Section 5 examines the innovative time-domain analysis
of the PoC responses of the dual BP-NGD circuit. Tran-
sient input signals modulating three different sine carriers,
both within and outside the NGD BW, are considered.

+ Section 6 explains the potential application of the dual BP-
NGD circuit.

* Section 7 is the final conclusion of the paper.

2. OPERATION PRINCIPLE OF DUAL BP-NGD FUNC-
TION

The present section describes the dual BP-NGD functionality
in the frequency domain.

2.1. Preliminary Definition of BP-NGD Function

The fundamental analysis of the present dual BP-NGD circuit
is based on the consideration of its VTF represented in the fre-
quency domain. Theoretical modelling necessitates the consid-
eration of a black-box two-port system as represented in Fig. 1.

VTF

vin(s) O— T(S)

—O vo uf‘(s )

FIGURE 1. Black box two-port system.

By denoting the Laplace variable defined as s = j27 f with
frequency f, the theoretical exploration of the VTF is using
the input voltage and the output voltage, V., (s) and V,.+(s),
respectively. The VTF associated with the system shown in
Fig. 1 is defined as follows:

(1

The frequency domain analysis is explored via the transmit-
tance:

T(j2nf) = Re[T(2n )] + jSm[T (527 ). (2)

The VTF associated magnitude and phase are expressed by, re-
spectively:

T(f) = |T(j27 f)
= V{Re[T(j2n )]} + {Sm[T (27 )]}2  (3)
_ Sm[T(j27 f)]

o9 = o [Tt | @

The key parameter of BP-NGD analysis is the GD defined by:

_ =1 9¢(f)
of

o

GD(f) 6))
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with o(f) expressed in radians. The recalled analytical defini-
tions enable the development of the building block of the elec-
tronic circuit NGD analysis, as explored in the next subsection.

2.2. Specifications of BP-NGD Frequency Response

The BP-NGD analysis is based on considering the ideal re-
sponses of GD and magnitude diagrams in the frequency do-
main, as shown in Fig. 2(a) and in Fig. 2(b), respectively.

The main specifications of the BP-NGD function are:

- The NGD cut-off frequencies f,,; and fp2(fn2 > fn1) are
defined by:

GD(fn1) =0
o ©
- The NGD center frequency f,, € [fn1, fn2] is defined by:
GD(f)=GD(f,) =GD, <0 @)
- The NGD BW is defined by:
Afn = fn2 = fm ®)

The VTF magnitude at the NGD center frequency is de-
fined by:

Tn =T(fn) )

These specifications will be used to characterize the dual BP-
NGD frequency response in the following subsection.

2.3. Typical Frequency Response and Equivalent Reduced
Model of Dual BP-NGD Circuit

A dual BP-NGD circuit is proposed, as shown in Fig. 3. It is
composed of two resonant parallel RLC-networks R L;C and
R, L,C5, which are connected in series and a shunt resistor R,
at the output.

The ideal frequency responses illustrating the design
methodology enable the identification of the equivalent cir-
cuits of the dual BP-NGD function as highlighted in Fig. 4.
In particular, Fig. 4(a) depicts the ideal diagram of the GD
response, which is specified by two NGD center frequencies
denoted f; and f, associated with NGD BWs A f; and A f,,
respectively.

The associated NGD values of the dual BP-NGD circuit
within NGD BWs are GD; = GD(f;) < 0 and GDy =
GD(f2) < 0, respectively. The ideal magnitude diagram of
the dual BP-NGD function specified by the magnitudes around
center frequencies f; and f, denoted by 77 = T(f;) and
Ty = T(f2) is proposed in Fig. 4(b), respectively. After the
topological identification, a generalized theory associating an
RLC-network-based cell enables the identification of the equiv-
alent circuit reduced model of our dual BP-NGD circuit repre-
sented by BP-NGD,; and BP-NGD; cells, as shown in Figs. 4(c)
and 4(d), respectively. The magnitude, phase and GD fre-
quency responses of the dual band circuit postulated as equiva-
lent to BP-NGD,; and BP-NGD;, in the vicinity of NGD center
frequencies f; and f5, respectively, will be formulated in the
next section.
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FIGURE 2. (a) GD and (b) magnitude diagrams illustrating the BP-NGD ideal response.
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FIGURE 3. Dual BP-NGD circuit understudy.

3. DESIGN THEORY OF DUAL BP-NGD PASSIVE
TOPOLOGY CONSTITUTED BY PARALLEL RLC-
RESONANT NETWORKS

In this section, the theory of passive topology is described,
which exhibits the dual BP-NGD effect. The theoretical ap-
proach is established from the VTF defined in Equation (1)

and the BP-NGD specification preliminarily defined in Subsec-
tion 2.2.

3.1. Analytical Description of BP-NGD Circuit within the Single
Operation Band

The passive topology proposed in Fig. 5 represents the elemen-
tary cell constituting the dual BP-NGD circuit to be developed
in the present study.

This circuit consists of a parallel impedance R, L,C,
mounted in series and shunted at the output by a resistor R,,.
Based on (1), the VTF is expressed as follows:

R, (RnLnC'ns2 + L, s+ Rn)

T(s) —
) = RRL.Cos?+ L, (Rot R)s + Rl

(10)

According to (3) and (4), the magnitude and phase of the pre-
vious VTF are given by:

Ro/R2[1 — (27 f)2L,C, )2 + (21 f)2L2

T(f) = \/R(%R%[l_ (27Tf)2LnOn}2 + (Qﬂf)QL%(Ra +Rn)2
(11)
_ 2nfL,
¢(f) = atan { R, [1— (2nf)2L,Ch] }
27 fL,(Ry + Ry)
o { RoRo [L— (27 ))LoC] } (12)
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The corresponding GD obtained by using (5) is expressed as:

R2Ly, [1+4 (27 f)?L,Cy] [R2ZR% — (27 f)2Ly,
[Ln(Ra + Ry) +2R.R2C, | + (27 f)*
R,R2L2C2]
GD(f) = [RQ 2 2 1
n T @rf) Ly (Ly — 2R.Cy) + (27f)

R L2C] [Ry R: + (21 f)? L,

[R2(L,, — 2R2C,,) + (2R, + Rp)RnLy]

+(2nf)*RE R, LYCT]

13)
The NGD center frequency is regarded as the parallel
impedance R, L,,C,, resonance frequency, which is expressed
as:

1
- 2nvL,C,

At this center frequency, the BP-NGD circuit magnitude pro-
posed in Equation (9) is given by:

fn (14)

R,

T, =
Ro + Ry,

(15)

Furthermore, the GD at the NGD center frequency expressed in
Equation (7) becomes:

_oR2C,

GD, = —"—
R, + R,

<0 (16)

Previous GD was unconditionally negative for any component
parameters of the passive cell, as shown in Fig. 5. The NGD

cut-off frequencies are pedagogically derived as the root of
Equation (6) or simply of the GD numerator:

R,

. Lo(Rq + Ry) + 2R, R2C,
167112C2

2
R L2 T

=0 (17)

It implies obviously the following cut-off frequencies:

fnl
2
\/2Cn+W—\/[2Cn+W — 402
- 21v/2C /I,
(18)
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FIGURE 4. Design methodology with dual BP-NGD (a) GD and (b) magnitude diagram. (c) BP-NGD; and (d) BP-NGD3, reduced equivalent circuit
model to dual BP-NGD topology shown in Fig. 3 with the NGD frequency bands in proximity of fi and f2, respectively.
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FIGURE 5. Basic topology of BP-NGD passive cell.

fn2

\/ 2C, + Loifeifla) 4

2
\/[2(3” + LnlBatRa) |” _ g2

21v2C /Ly,

(19)
Therefore, the NGD BW can be written as:

Afn:

\/QC +M \/[20

2
\/20 + Ln (R +R ) \/|:2Cn + Ln(RFZa;‘Rn)iI _ 40721

QWﬁCm/Ln

2
(Rat+Ry)
W} — 403

(20)
Moreover, we can remark that:

Based on the magnitude and NGD analytical expressions, de-
sign formulas for the resistors, inductors, and capacitors consti-
tuting the dual BP-NGD circuit are established in the following
subsection.

3.2. Design Equations for Dual BP-NGD Circuit

The proposed design equations determine the parameters R,
Ly, Cy, Ry, L, C, and R, of the circuit topology illustrated
in Fig. 3. Thus, the design depends on the choice of:

- NGD center frequencies f and f5,
- NGDvaluest; = GD; < 0andt, = GD, <0,
- And attenuations 77 and 75.

By fixing output resistor R,, the RLC components can be de-
termined as follows:

- The values of resistors R and R, are obtained by substi-
tuting R,, = R; and R,, = R, in Equation (15). There-
fore, we have:

(1-T

Ry - ( - ) R, 22)
(1-T

R2 - ( T2 )Ra (23)

- The capacitors can be calculated by inverting Equa-
tion (16):

. —T1t1
= 3i-T)eR, @4
7T2t2
= — 2
Cs 2(1—T»)2R, (25)

- And the inductors extracted from Equation (14) are given
by:

1
i = — 26
YT oan?fo, (26)
1
b= tepe, @n

The following subsection describes the design methodology of
the dual-BP-NGD circuit using the previously established de-
sign equations.

WWwWw.jpier.org



Progress In Electromagnetics Research B, Vol. 117, 150-164, 2026

rPIER B

“

‘ Specifications: (f;, 1,=GD,, T,) and (f,, 1,=GD,, T,) W

L 2

Choice of R, and calculation of initial parameters:
(R, Ly, Cy. Ry Ly, Cy)

2

Frequency domain simulation of dual BP-NGD PoC
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FIGURE 6. Flowchart of design methodology illustrating the dual BP-
NGD circuit study.

3.3. Design Methodology of Dual BP-NGD Circuit

The flowchart viewed in Fig. 6 indicates the BP-NGD circuit
design methodology, including six successive steps. The main
tasks suggested during the design of the dual BP-NGD circuit
PoC can be described as follows:

» Step 1: This initial step involves specifying the NGD
center frequencies (f1, f2), time-advances (GD; < 0,
GD, < 0) and attenuation (77, T3).

» Step 2: This step is the choice of resistor ,. The ideal
values of resistors, inductors, and capacitors (R, Ry, Ly,
L,, Cy, C,) constituting the resonant impedances of the
dual BP-NGD circuit, shown in Fig. 3, can be calculated
using Equations (22), (23), (24), (25), (26), and (27).

* Step 3: This step consists in calculating the frequency re-
sponses of dual BP-NGD BP-NGD,; and BP-NGD; cir-
cuit VTFs. Thereafter, the specifications are introduced in
Step 1 and analytically verified.

» Step 4: In this step, the frequency domain modelling
and/or simulation of the dual BP-NGD circuit represent-
ing the PoC can be performed in the SPICE environment
using optimized values of (Ry, R,, L1, L, C, C3) by fix-
ing the load R,. After the PoC, the magnitude, phase, and
GD frequency responses of the dual BP-NGD circuit PoC
are compared with those of BP-NGD; and BP-NGD; in
this step.

 Step 5: This original step of the design focuses on time-
domain analysis to confirm the feasibility of dual BP-NGD
behavior with the optimized circuit PoC.
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+ Step 6: The feasibility of the dual BP-NGD circuit is final-
ized in this step by assessing the time-advance signature
performed from the PoC output signals modulating f; and
f2 sine carrier input signals.

Following the established design methodology indicated by the
flowchart in Fig. 6, a PoC was designed using a familiar tool,
and the results of the feasibility study are discussed in the next
section.

4. DESIGN AND FREQUENCY DOMAIN SIMULATION
ANALYSES OF DUAL BP-NGD CIRCUIT PROOF-OF-
CONCEPT

In the present section, a clear numerical example of a dual
BP-NGD circuit is presented with respect to arbitrarily defined
specifications based on frequency domain analyses. The ob-
tained results validating the BP-NGD aspect of MATLAB cal-
culation responses of PoC VTF model will be compared with
LTSPICE simulation ones.

4.1. Description of the Dual BP-NGD Circuit PoC

To design the dual BP-NGD PoC, we have considered the ar-
bitrarily chosen specifications of NGD center frequency, NGD
value, and attenuation in the two-frequency BWs of interest,
denoted by BW, and BW, addressed in Table 1.

TABLE 1. Specifications of BP-NGD; and BP-NGD> networks con-
stituting the dual BP-NGD PoC shown in Fig. 3.

Function Name Value
fi 1 MHz

BP-NGD; | t;, = GD(f1) | —20us
T(f1) —8dB

i3 2MHz

BP-NGD; | ¢t =GD(f2) | —20us
T(f2) —8dB

The PoC was designed in the LTSPICE environment after the
application of the design methodology developed in Subsec-
tion 3.3. By using the design Equations (22) and (23) for resis-
tors, Equations (24) and (25) for inductors, and Equations (26)
and (27) for capacitors, the ideal values of constituent compo-
nent parameters of the PoC circuit can be obtained, as listed in
Table 2.

TABLE 2. List of components constituting the dual BP-NGD PoC
shown in Fig. 6(b).

Nature Name | Ideal value | Nominal value
R 15129 15k2
Resistor R, 15120 15k2
R, 1kQ 1kQ
L 230.5 uH 240 uH
Inductor
Lo 57.3 uH 56 uH
. C 10.99 nF 11 nF
Capacitor
(&3 10.99 nF 11 nF
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FIGURE 7. Schematic of (a) BP-NGD1, (b) BP-NGD and (c) BP-NGD circuit PoC designed in the LTSPICE environment.

Subsequently, the PoC circuit was designed after slight op-
timization of the ideal resistor, inductor, and capacitor compo-
nents. Fig. 7 presents the schematics of BP-NGD;, BP-NGD,,
and the dual BP-NGD circuit schematized in the LTSPICE
environment. During the simulation, the constituent compo-
nents were replaced with their nominal values from the E24
series, which corresponds to a 5% tolerance. The frequency
domain analysis of the dual BP-NGD circuit schematics de-
picted in Fig. 7 was performed in the frequency range defined
as fmin = 10kHz and fi.x = 300kHz. The simulation of the
PoC enabled validation of the previously established VTF mod-
elling approach for the dual BP-NGD topology in Section 3.

The presented feasibility study is elaborated by comparing
the AC results specified in Subsection 2.3. The frequency do-
main results obtained from our PoC using the dual BP-NGD
BP-NGD, and BP-NGD; single cell circuits are analyzed in the
following subsections.

4.2. Magnitude Frequency Responses of the Dual BP-NGD PoC

Figure 8 shows the magnitude frequency responses of the dual
BP-NGD circuit PoC shown in Fig. 7 compared with the sin-
gle BP-NGD cells BP-NGD, and BP-NGD,, which are plotted
as the red and blue curves, respectively. The theoretical mag-
nitude calculated with MATLAB of the PoC is represented by
“Dual BP-NGDy0de1” and the LTSPICE tool simulation ones
are labelled “Dual BP-NGDygjmuation”- These plots compare the
modeled and simulated magnitudes of BP-NGD; (plotted in the
red solid curve), BP-NGD, (plotted in sky-blue solid curve),
modelled dual BP-NGD circuit (plotted in green dot curve),
and the simulated dual BP-NGD PoC (plotted in black dashed
curve). As seen in Fig. 8(a), a good agreement between the con-
sidered circuit modelling and simulation of the dual BP-NGD
circuit PoC was obtained from finin to fiax. Moreover, the mag-
nitudes of the BP-NGD responses of the dual and single cir-
cuits fit well, as witnessed by Fig. 8(b) in the first frequency
band [60kHz, 140kHz]. Subsequently, a similar agreement
between the calculation and simulations is obtained in the sec-
ond frequency band as depicted in Fig. 8(c) within the interval
[160 kHz, 240 kHz].
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4.3. GD Analysis of Dual BP-NGD PoC

The fundamental characteristics of the dual BP-NGD func-
tion rely on the GD response. Therefore, we studied the ef-
fectiveness of the developed design method of the dual BP-
NGD topology by comparing the PoC of single cell, namely,
BP-NGD; and BP-NGD,. Before the examination of GD re-
sponses, we considered the phase responses of BP-NGD;, BP-
NGD,, and the modelled and simulated dual BP-NGD circuits
displayed in Fig. 9(a) in the working frequency band [ fuin,
fmax]- One finds that:

+ As seen in Fig. 9(b) within [60 kHz, 140 kHz], the phase
response of BP-NGD; cell is well correlated to the dual
BP-NGD circuit PoC one in the first NGD frequency band
in proximity of f = fj.

* However, the phase response of BP-NGD, cell within
[160 kHz, 240 kHz] viewed in Fig. 9(c) highlights a phase
shift of approximately n/3rad at f = f,. Despite the
phase shift, the typical behavior of BP-NGD response is
observed in the vicinity of f;.

In continuation of the phase response comparison, the GD re-
sponses of dual BP-NGD circuit PoC versus the BP-NGD, and
BP-NGD; cell ones were also determined and analyzed.

As a result of the comparative study, the confirmation of the
design method through the equivalent BP-NGD cells is illus-
trated by GD responses in the working frequency band [ fiin,
fmax], plotted in Fig. 10(a). The validation of the reduced equiv-
alent model is upheld by the occurrence of the following re-
sponses:

* As seen in Fig. 10(b), the GD of the dual BP-NGD PoC
is corroborated by the reduced equivalent cell BP-NGD
cell after a closer look at the frequency band [60kHz,
140 kHz], which includes the proximity of f = f;. Sub-
sequently, the BP-NGD; cell GD plotted with a blue solid
line is almost zero.

+ The reverse situation is found within [160 kHz, 240 kHz]
as shown in Fig. 10(c), where the BP-NGD; cell GD is
almost zero. Moreover, the GD response of BP-NGD; cell
is well correlated to the dual BP-NGD circuit PoC one.
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TABLE 3. BP-NGD characteristics of modelled single cell BP-NGD;, BP-NGD;, dual BP-NGD PoC versus simulated BP-NGD PoC shown in Fig. 7.

Considered circuit NGD center frequency f = f, | NGD BW Af,, | Magnitude @ f = f» GD(fn)
Modeled dual BP-NGD
odeled dua 99.8 kHz 49.7kHz —8.003dB —19.7us
PoC @ f]
Simulated dual BP-NGD
fmufated dua 97.7kHz 50.4kHz —7.96dB —19.5us
PoC @ f]
BP-NGD, 99.8 kHz 49.7kHz 7.99dB ~19.76 dB
Modeled dual BP-NGD
odeled dua 200.6 kHz 49.6kHz ~8.003dB ~19.6 us
PoC @ f»
Simulated dual BP-NGD
fmufated dua 203.3kHz 49.9kHz —7.95dB —19.46 s
PoC @ fz
BP-NGD; 200.6 kHz 49.6kHz ~7.95dB ~19.78 us

A brief synthesis of the overall BP-NGD responses, including
the dual-band BP-NGD and the reduced equivalent cell NGD
center frequency shift, is discussed in the next subsection.

4.4. Synthetic Recapitulative Dual BP-NGD Results of PoC

The relevance of the design method of the dual BP-NGD mod-
elling was assessed by comparing the synthetic specifications
from the calculated and simulated dual BP-NGD PoC with
those from the single-cell BP-NGD,; and BP-NGD,. The com-
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parison results highlight the excellent agreement between the
reduced equivalent circuit model and the simulated dual BP-
NGD circuit PoC summarized in Table 3.

In brief, the dual BP-NGD specifications of our PoC from the
MATLAB calculation and LTSPICE simulation are well corre-
lated and can be recapitulated as follows:

* The obtained NGD center frequencies f| and f,, and the
targeted frequencies specified in Table 1 are achieved with

an accuracy of less than 2%.
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* The good correlation of the NGD BW with the NGD cut-
off frequencies is addressed in the 3™ column of compar-
ison Table 3.

* The single- and dual-BP-NGD cell attenuations at the
NGD center frequency present a difference of less than
0.1dB.

+ And more importantly, NGD values GD,,—1 2 = GD(f =
fn=1,2) are very accurate.

Further understanding of the usefulness of the dual BP-NGD
function is based on time-domain analyses as discussed in the
following section.

5. TIME DOMAIN ANALYSES

In this section, the time-domain interpretation of the dual BP-
NGD behavior of the PoC, which was previously analyzed in
the frequency domain, is innovatively analyzed.

5.1. Process of the Time Domain Analysis of Dual BP-NGD Cir-
cuit Response

The present analyses aim to verify, in an innovative time-
domain manner, the response of dual BP-NGD PoC. In other
words, the feasibility study is carried out with the transient sim-
ulation responses of the PoC presented in Fig. 7. Doing this,
the three-input voltage signals denoted v;y,1, vin2 and v;,3 with
amplitude max (i, x—{1,2,3)) = 1V modulating sine carri-
ers having different frequencies f; = 100kHz, f, = 200kHz
and f3 = 150kHz were considered. These three frequencies
were chosen after spectral analysis of GD responses, displayed
in Fig. 10 with respect to the dual BP-NGD condition in Equa-
tion (28).

GD(fl) =t < 0
GD(fQ) =12 <0
GD(fg) =1t3>0

(28)
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The transient simulation duration was fixed at t,,x = 0.72 ms.
The analysis consists of assessing the delay between the input
envelope vy, k—{1,2,3} = Vin(fx) and the PoC output vy, =
{1,2,3}.

Figure 11 highlights the operating principle of the pro-
posed time-domain analysis by showing the relationship
among fx, GD t;, and the delays between output envelopes
env(Vin k—{1,2,3}) and env(v,ys k—{1,23}). The following
subsections treat the obtained time-domain results.

5.2. Time-Domain Response with Input v;,,; Modulating Sine
Carrier Frequency f = f;

Figure 12 plots the LTSPICE transient response v,,;; of the
dual BP-NGD circuit PoC with the input signal v;,,1.
From the obtained transient result, we can underline that:

e In this study case, v;,; was modulating sine carrier
frequency f;. As shown in Fig. 12(a), v;,; has a bi-
exponential waveform with rise-time about 130 us and
fall-time about 500 us.

* A good correlation coefficient can be observed between
Vin1 and Uyy¢1 Where max(vyy¢1) = 426 mV as seen in
Fig. 12(b). As predicted by the frequency-domain re-
sponse of the PoC TF plotted in Fig. 8(b) @ f = fi,
output attenuation can be assessed. For the time-domain
simulation, the peak ratio is max(veys1)/ max(vini) =
—7.38dB.

+ Despite the attenuation, the normalized plots of Fig. 12(c)
showing the absolute values of input and output envelopes
env(vn1) (blue curve) and env(vyy:1) (navy curve) over
the time interval [0, ¢ax] present a pulse signal peak time-
advance of approximately ¢,,; = —24.8 us < 0.

* A closer look at the zoomed-in plots of v;,; and vyy¢
within the time intervals [0, 150 ps] and [200 ps, 300 us]
represented in Figs. 12(d) and 12(e) further confirms the
envelope advances of the output signal envelope rise- and
fall-fronts, respectively.
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* The obtained transient response of v;,,; confirms the BP-
NGD time-domain signature with NGD center frequency
f = f1 with signal envelope in the time-advance.

To strengthen the dual BP-NGD feasibility study, further time-
domain analysis with input modulating carrier frequency f =
f> is conducted in the next subsection.

In addition to the study performed around the NGD center
frequencies f = f and f = f;, the PoC time-domain response
outside the NGD band with the input modulating carrier fre-
quency f = f3 is discussed in the next subsection.

5.4. Time-Domain Response with Input v;,,3 Modulating Sine
Carrier Frequency f = f3

5.3. Time-Domain Response with Input v,,,> Modulating Sine
Carrier Frequency f = f»

Similar to the previous case study, the present time-domain

In this last case of study, the focus is on the transient response
of v;,3 obtained from the same input envelope as in the two
previous cases. Consequently, one remarks from the obtained
results that:

analysis is based on input signal v;,, modulating a carrier at
the second NGD center frequency f = f,. The obtained tran-
sient results emphasize the following points:

* One can observe that input v;,,, plotted in Fig. 13(a) has
the same envelope as previous input v;,;.

 The output peak shown in Fig. 13(b) is max(v;,y) =
432mV. This corresponds to the results of the transient
time-domain simulation with attenuation represented by
the peak ratio max(voyt2)/ max(vi,) = —7.27 dB. Once
again, the time-domain results explain the frequency do-
main response in the second BP-NGD frequency band.

* The normalized plots of v;,, and v,y displayed in
Fig. 13(c) enable the understanding of the time-advance
signature owing to the BP-NGD function. We evaluate
the peak time advance as t,,, ~ —19.3 us < 0.

Similar to the previous subsection, the advances of the
output envelope rise- and fall-fronts are witnessed by the
zoomed-in plots in Figs. 13(d) and 13(e), respectively.
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One recalls that, as earlier introduced in Subsection 5.1,
vin3 plotted in Fig. 14(a) corresponds to the signal spec-
trum out of the NGD band, where the delay is expected to
be positive.

The PoC response v,,3 plotted in Fig. 14(b) has
peak maximum of about max(veus) ~ 0.98V.
This corresponds to the PoC with a low attenuation
max (Voye3)/ max(vn3) ~ —0.14 dB.

Nevertheless, as expected by the dual BP-NGD theory,
a comparison of the transient signals v;,3 and vy¢3 dis-
played in Fig. 14(c) in the time interval [0, ¢yax]-

The transient results are clarified by the zoomed-in rise-
and fall-fronts in Fig. 14(d) and Fig. 14(e), respectively,
enabling the understanding of the disappearance of the
NGD signature. In other words, we assessed the pos-
itive delay effect between the peaks of env(v;,3) and
env(voyue3) of about ¢,3 & 0.84 us > 0.
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After the time-domain feasibility study, an ideal case of dual
BP-NGD circuit application is proposed in the following sec-

tion.

6. DISCUSSION ON DUAL BP-NGD CIRCUIT APPLI-
CATION

The dual BP-NGD circuit can be used to compensate for delay
dispersion in electronic systems. The principle of compensat-
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ing for delay dispersion is discussed in the following subsec-
tions.

6.1. Dispersive and Dual BP-NGD System Description

To illustrate the potential applications, the synoptic diagram
representation is considered. The overall system has an in-
put voltage denoted as v;,,. As illustrated in Fig. 15(a), the
dispersive system is assumed to operate with output voltage
Vdispersion- Lhe TF associated with the dispersive system is
named Tdispersion (f )

A systemic solution against dispersion involves, for exam-
ple, downstream (or upstream) cascading the dispersive system
with a dual BP-NGD system as shown in Fig. 15(b). The NGD
TF is termed Tygp(f). The corresponding output voltage of
the overall system is denoted vgispersion+nGp. The overall or to-
tal system TF is termed Tijispersion+nap(f). The GD frequency
responses are analyzed in the next subsection.

6.2. GD Responses lllustrating the Dual BP-NGD Application to
Compensate Delay Dispersion

Based on the GD definition proposed earlier in Equation (4), we
can highlight the expected frequency response illustrating the
dual BP-NGD circuit application. The typical delay dispersion
is by dual band delays around two frequencies f; and f,. Fig. 16
displays the ideal behavior of each GD.

The operation principle of dispersion can be obtained with
the GD response described as follows:

* As shown in Fig. 16(a), the delay dispersion can be for-
mulated using the frequency response expressed as t4; =
GD[Tdispersion(fl)] > 0 and td2 = GD[Tdispersian(f2)] > 0.

* The dual BP-NGD system must be designed with respect
to the dispersion system response. Accordingly, we can
take the NGD specifications as t; = GD[Tnep(f1)] < 0

and t, = GD[Tygp(f2)] < 0. Therefore, we have a typical
GD diagram presented in Fig. 16(b).

* The compensation analytically means the total GD
becomes close to zero. To do this, we have the to-
tal GD at the central frequnecies f; and f, given
by: GD [Tdispersion+NGD(f1 )} = GD [Tdispersion (fl )] +
GD[TNGD(fl)] ~ 0 and GD[Tdispersion-i-NGD(fZ)] =
GD[Tdispersion (fZ)] + GD[TNGD(fZ)] ~ 0.

6.3. Time-Domain Response lllustrating Dual BP-NGD Circuit
Application

To better comprehend the delay dispersion compensation
method, the typical waveform of input voltage v;,, assumed as
a pulse signal with envelope env(v;,,) is shown in Fig. 17.

5 /e NV(Vgispersion, dual BP-NGD)

........... /env(vd,»spers,»o,,)

Signal envelope

.
o ‘e
‘‘‘‘‘
.
“““““
------

FIGURE 17. Time-domain responses of dispersion, dual BP-NGD and
dispersion + dual BP-NGD system.

Owing to the delay dispersion, the dispersion system tran-
sient response denoted by env(wdispemo,,) can be significantly
spread along time, as illustrated in Fig. 17. Because of the
NGD compensation, the overall system output should behave
similarly to env(vdispersion,dual BP—NGD)‘ This technique of delay
compensation with a dual or multi-band BP-NGD circuit en-
ables:

+ To reduce the signal delay in the electrical and electronic
systems.

* To reduce the multi-resonance effect in the communication
or digital system.
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» To improve the signal integrity degraded by the sensor sys-
tem imperfection.

* And to avoid the communication system electromagnetic
interference (EMI).

7. CONCLUSION

An innovative study of a dual BP NGD-type passive circuit in
both the frequency and time domains is developed. The mean-
ing of the dual BP-NGD function is defined using frequency
ideal responses. The main topology of the dual BP-NGD con-
sists of R, L, and C resonant passive circuits. Owing to the VTF
analysis, it was found that the value of its GD around the RLC-
network resonance frequency, which is assumed as the NGD
center frequency, is always negative for any values of the cell.
Furthermore, design formulas and a methodology for designing
the dual BP-NGD circuit are established.

The feasibility of the dual BP-NGD design method was con-
firmed by simulations of an arbitrarily chosen circuit PoC an-
alyzed in both the frequency and time domains. Therefore, a
strong correlation was observed between the frequency domain
simulation results from the dual BP-NGD PoC and the equiv-
alent single BP-NGD operating around the NGD center fre-
quency. The modeled and simulated GD responses verified the
calculated specifications, including the attenuation, NGD cen-
ter frequency coinciding with RLC-resonant frequencies, NGD
BWs, and NGD values.

Furthermore, the simulation results highlighted the expected
dual BP-NGD function with the possibility to propagate modu-
lated pulse signals in time advance. The dual BP-NGD behav-
ior was confirmed by the comparison of time advances of the
input and output envelope peaks. In addition, it was noted that
outside the NGD band, the output envelope presents a positive
delay because of the disappearance of the NGD effect.

The potential application of the dual BP-NGD system is dis-
cussed. The dual BP-NGD circuit can collectively improve sig-
nal integrity and reduce undesirable EMI in electronic and elec-
trical systems.

As future work, we have the following work plan:

* Research on multi-band NGD topologies that can be used
with electronically tunable circuits is ongoing.

* Prototyping and time-domain experimental validation of
theoretical predictions through simulation, thereby ad-
vancing the practical implementation of the dual BP-NGD
circuit is currently in progress.

* The integration of a dual BP-NGD integrated circuit in
modern communication systems is planned by expecting
improvements in signal processing systems.
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