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Abstract

The negative group delay (NGD) function is one of 
the most intriguing phenomena that can be encountered 
in area of physics. Since the fi rst experiments in the early 
1980s, this abnormal phenomenon remains unfamiliar to 
conventional engineering. Based on physical, analytical, 
and experimental investigations, it was found that the NGD 
phenomenon corresponds to the advanced eff ect of a pulse 
signal at baseband frequency. This paper introduces the basic 
understanding of this extraordinary phenomenon. The RF 
and microwave-circuit theory dedicated to NGD passive 
circuits based on the S-parameter modeling is established. 
Two general types of lumped-element-based RF passive 
topologies, constituted of simple parallel and series mounted 
impedances, are explored. Low-pass, high-pass, bandpass, 
and stop-band elementary topologies of passive cells are 
treated and characterized. The low-pass NGD cells are 
fi rst-order passive circuits consisting of RL-series mounted 
in parallel and RC-parallel networks mounted in series. 
The diff erent steps of the circuit-parameter calculations 
as functions of the expected NGD level, insertion loss, 
and refl ection coeffi  cient are explained. To validate the 
theory, proofs-of-concept (POC) of NGD passive circuits 
were synthesized, designed, and simulated. As predicted 
in theory, the simulation results confi rmed the feasibility 
of the low-pass, high-pass, bandpass, and stop-band NGD 
functions. The NGD circuits respected the basic criteria 
of RF and microwave circuits with refl ection coeffi  cients 
better than 12 dB. Despite the attenuation, the simulated 
low-pass NGD cell presented an NGD level of about 1
ns and a cutoff  frequency equal to 46 MHz. The high-pass 
NGD cell presented a group-delay frequency response 
opposite to the low-pass NGD cell. The bandpass NGD 
cell exhibited an NGD level of about 2 ns at the center 
frequency of 0.5 GHz, and a bandwidth of about 92 MHz. 
Furthermore, the counterintuitive time-advance eff ect, 
induced by the NGD phenomenon, proven with various 
arbitrary-waveform baseband signals, was observed. A 
pulse advancement of about 1 ns was obtained with the 
considered low-pass passive cell.

1. Introduction

In the 1970s, an analytical investigation of the propagation 
of a Gaussian light pulse through an anomalous dispersion 

medium with negative refractive index was reported by 
Garrett and McCumber [1]. This theoretical result enabled 
understanding the negative group delay (NGD) eff ect in 
the time domain. After this theoretical conceptualization, 
the fi rst experiments on NGD were performed in 1982 by 
Chu and Wong [2]. This experimental demonstration was 
based on the atomic-vapor medium, and showed the NGD 
phenomenon at optical wavelengths. However, several 
physicists remained skeptical about the existence of the 
NGD phenomenon. The NGD phenomenon was therefore 
assumed to typically be artifacts of numerical calculations, 
and not a real physical phenomenon. Consequently, this 
unfamiliar phenomenon was not suffi  ciently developed 
and less interesting to scientists, researchers, and engineers 
over the 1980s.

Despite this period of low interest, a new era of NGD 
functionality blew in with the 1990s with the unbelievable 
demonstrations with basic electronic circuits composed 
of familiar electronic components such as resistances, 
inductances, and capacitors. One decade after the fi rst NGD 
demonstration by Chu and Wong, the fi rst experiments 
with lumped electronic circuits was performed by the team 
of Chiao [3-6]. The NGD circuit topology was identifi ed 
from an analogy between the atomic-vapor medium and 
the electronic-circuit’s transfer function [3, 4]. Theoretical 
and experimental studies were then conducted with active 
optical systems [7-9] and electronic systems operating with 
audio signals [10-12] in order to illustrate the existence 
of the NGD phenomenon. During this period, one of the 
NGD eff ect’s basic meanings was explained by electronic 
experiments considering pulse-shaped voltage signals with 
millisecond duration. It was visualized that the output pulse’s 
leading and trailing edges occurred before the input pulse 
had completely penetrated into the NGD circuit. It was 
emphasized that this counterintuitive NGD phenomenon did 
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not contradict the causality eff ect [5, 6, 10, 11]. However, at 
this stage, the complexity and operational speed limitations 
linked to the operational amplifi ers did not motivate the 
electronic design engineers to exploit the NGD concept.

Some years later, the NGD phenomenon was 
synthesized with microwave and millimeter-wave circuits 
that were able to operate at higher frequencies [13-15]. In 
the same period, the NGD phenomenon was also generated 
with metamaterial microwave circuits,  especially those 
based on periodic transmission-line structures [16-18]. 
Based on the microwave design and analyses, it was 
found that the NGD eff ect was generally generated with 
circuits that were typically lossy and resonate [13-24]. 
The NGD eff ect appeared around the resonance frequency. 
However, it was understood from time-domain experiments 
that this counterintuitive NGD eff ect was systematically 
accompanied with signifi cant losses [18, 19]. This combined 
eff ect was inherently linked to the absorption around the 
resonance frequency. Because of the signifi cation loss, 
there was little interest in the NGD concept during several 
decades.

To tackle this technical problem, microwave circuit 
topologies, based on the fi eld-eff ect transistor (FET) and 
the low-noise amplifi er (LNA), were proposed [25-28]. An 
analytical methodology enabling identifi cation of simple 
NGD active microwave topologies was elaborated [26]. 
Several basic elementary NGD topologies susceptible to 
generating the NGD function were identifi ed. A generalized 
NGD circuit theory was introduced. It was emphasized that 
the NGD function was similar to linear fi lter gain [29]. 
Low-pass, high-pass, bandpass, and stop-band NGD cells 
were identifi ed. It was reported that the low- and high-pass 
NGD cells were typically fi rst-order linear circuits. 

An innovative RC-network-based high-pass NGD 
circuit was introduced in [30]. The bandpass and stop-band 
elementary cells were based on second-order resonating 
circuits. The NGD circuit’s fundamental properties, such 
as the NGD level, the NGD cutoff  frequencies, the NGD 
bandwidth, and the NGD fi gure-of-merit (FoM) were 
established and described. NGD circuit theory has been 
made widely available with the testing of several basic 
and elementary circuits. The feasibility of the theoretical 
concept has been validated by simulations and experiments. 
NGD eff ects have been simultaneously generated with the 
possibility of gain and loss compensation. Despite these 
developments in NGD circuit-design methodology, it was 
emphasized that the NGD eff ect does not allow any time-
advance confi guration because of its inherent properties 
[31].

In addition to NGD design and synthesis, potential 
applications – notably, RC-interconnection propagation 
delay [32] cancellation – have been forecasted since the 
2000s [33, 34]. The feasibility of this delay cancellation 
was later extended to signal recovery for signal-integrity 
enhancement, as suggested in [35-37]. Further potential 

NGD applications for high-performance feed-forward 
amplifi er design were also proposed [38]. 

Despite this trend of NGD theory becoming widely 
available, RF and electronic engineers are still not 
familiar with the NGD function. Further illustration is 
therefore needed for the NGD function to achieve further 
understanding in the academic and industrial points of 
view. In the present paper, we address a simple theoretical 
approach making it easy to understand the NGD function 
with lumped passive elementary cells. The aim of the 
paper is to make the NGD concept familiar to electrical-
engineering students, researchers, and those in industry. The 
present paper is also aimed at making the NGD concept 
and theory as familiar as possible to the non-specialist. In 
doing this – based on the analogy between NGD and fi lter 
theory [29] – the low-pass, high-pass, bandpass, and stop-
band elementary lumped RC cells are investigated. This 
microwave circuit theory is developed from particularly 
simple low-pass topologies of lumped-element components 
consisting of an RL series network and an RC parallel 
network. These act as fi rst-order circuits that can be 
investigated in a manner similar to any familiar electrical 
function. A theoretical approach based on the S-parameter 
analysis is introduced in Section 2. The theory also presents 
the basic NGD properties and synthesis methodology for 
the basic NGD cells. By considering the familiar, known 
low-pass-to-bandpass circuit transformation in filter 
theory, bandpass NGD cells are also then investigated. 
The validity of the proposed NGD theory, simulations, and 
experimental results is presented and explored in Section 3. 
Both frequency- and time-domain analyses are deployed in 
order to show the NGD phenomena. Moreover, the ability 
to tune the NGD function level of the circuit parameters is 
tested for the deep understanding about the ability to control 
the NGD function with the lumped-circuit parameters. The 
conclusion of the paper is then presented in Section 4.

2. Generality of the Passive 
Topologies Under Study

The present section is focused on a simple way to 
design low-pass and bandpass NGD circuits, based on 
the familiar electronic components R, L, and C. After 
exploring the NGD eff ect’s existence with two passive 
lumped-element-based topologies, we will investigate 
the S-parameter modeling methodology. The theoretical 
characterization of the active circuit obtained will then be 
described. At the end of each step, synthesis expressions 
enabling one to easily calculate the NGD circuit parameters 
as a function of the NGD specifi cations will be formulated.

2.1 Introduction to Basic Topology
The present subsection generally describes the 

elementary passive topologies of the circuit to be developed 
in this paper.



12 The Radio Science Bulletin No 363 (December 2017)

Similar to all classical electronic and electrical 
circuits, the simplest and elementary topologies are based 
on the two-port circuit as a simple impedance that can be 
denoted Z. As pointed out in [25, 26, 29], we can start our 
investigation with a simple two-port circuit composed of 
a parallel impedance, pZ , as depicted in Figure 1, or a 
series impedance, sZ , as depicted in Figure 2. It should be 
underlined that in this paper, 0R  represents the reference 
impedance, equal to 50 Ω.

The present study is based on this two-port circuit 
S-parameter analysis. For the case of passive topologies, the 
associated S parameters can be defi ned by the symmetric 
relationship
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2.2 S -Parameter Modeling

The present subsection describes the S-parameter 
modeling of the passive cells introduced in Figure 1 and 
Figure 2 of the previous subsections. The constituting 
element impedances,  pZ j  and  sZ j , are assumed to 
depend on the angular frequency,  . After the determination 
of branch currents and applying the defi nition of the S 
parameters, we get the following expressions:

For the parallel-impedance-based cell:
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For the series-impedance-based cell:
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It can be emphasized that the refl ection and transmission 
coeffi  cients of these passive circuits are linked by the 
relationship

    11 21 1S j S j   . (4) 

This means that the circuit must generate signifi cant inser-
tion and refl ection losses.

2.3 NGD Circuit Theory

Diff erently from the classical RF/microwave circuit 
theory, the unfamiliar NGD circuit theory is based on the 
sign of the group-delay analysis.

2.3.1 NGD Theoretical Analysis 
and Similarity to Filter Behavior

By denoting by j  the circuit angular-frequency 
variable, according to circuit and system theory, it can be 
recalled that the group delay is defi ned by

 ( )( )   



 


, (5)

with

 21( ) ( )S j    , (6)

Figure 1. A shunt-impedance pZ  type passive topology. Figure 2. A series-impedance sZ  type passive topology.
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being the transmission phase, expressed in radians. This 
last expression explains that our impedance cannot be a 
frequency-independent component, such as a simple resis-
tance. In other words, to generate nonzero group delay, a 
reactive-element-based circuit is necessary. 

It is worth noting that the group delay behaves 
similarly to the fi lter gain [29]. The NGD bandwidth 
corresponds to the frequency band where the group delay 

( ) 0   . The cutoff  angular frequency, c , is analytically 
the root of the equation ( ) 0c   . We can identify diff erent 
types of group-delay cells. We have:

• A low-pass NGD function when the group delay is 
negative, ( ) 0   , in the lower frequency band, c 
or from 0   to the cutoff  angular frequency, c .

• A high-pass NGD when the group delay is negative, 
( ) 0   , in the upper frequency band, c  .

• A bandpass NGD when the group delay is negative, 
( ) 0   , in the frequency band 

1 2c c    by 
supposing    1 2

0c c     . In this case, the NGD 
central frequency, 0 , can be verifi ed with

    0 min 0       . (7)

 The NGD bandwidth can respectively be written as 

 
2 1c c     . (8)

• A stop-band NGD when the group delay is negative, 
( ) 0   , in the frequency band 

1 2c c      by 
supposing    1 2

0c c     .

The performance of the passive NGD circuit can be 
evaluated with the fi gure-of-merit (FoM) defi ned by

    21 0 0low pass cFoM S         
(9)

    21 0 0band passFoM S           . (10)

The better is the NGD circuit, the higher is the fi gure-of-
merit.

2.3.2 A Comparison Between 
NGD Functions and Normal 

Conventional Filters

Despite the previous definitions of the NGD 
function types, one may wonder or be confused about 
the NGD and classical-fi lter aspects. Table 1 provides 
a comparative illustration between NGD functions and 
conventional normal fi lters. Based on circuit theory, the 
conventional normal fi lter’s bandwidths are defi ned where 
the transmission gain’s magnitude satisfi es the equation 

   21 21 max 2S j S j  . As previously described, 
the NGD functions are mainly based on the sign of the 
group delay.

Characteristics Normal Filter NGD Function

Basic specifi cations Transfer function gain Transfer function group delay

Cutoff  frequencies c

Root of the equation 

   21 21 max 2cS j S j 
Root of the equation ( ) 0c  

Bandwidth    21 21 max 2cS j S j 
( ) 0  

Low-pass with bandwidth defi ned by 

c 

In the bandwidth, we have 

   21 21 max 2cS j S j 

In the bandwidth, we have 

( ) 0    and 21( )S j  should 
be as fl at as possible.

High-pass with bandwidth defi ned by 

c 

Bandpass with bandwidth defi ned by 

1 2c c   

Stop-band with bandwidth defi ned 

by 
1c   and 

2c 

Table 1. A comparison of the magnitude and group delay of NGD functions and conventional normal fi lters.
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2.3.3 Low-Pass NGD Passive 
Circuit Synthesis Method

Based on RF/microwave engineering, the main 
circuit parameters are basically the access matching and 
the insertion loss for passive circuits. Those parameters 
are still under consideration in the present study. However, 
in addition, we also deal with the group delay defi ned in 
Equation (5). For the low-pass NGD circuit, the NGD 
characterization described in this section is mainly obtained 
from the analytical expression of the S parameters and the 
group delay at very low frequencies, when 0  . The 
synthesis method consists of the calculation of the NGD 
circuit’s parameters as a function of the specifi ed NGD level 
  00 0     , which is inversely linked to the NGD 

bandwidth; the insertion loss; and the refl ection coeffi  cients. 
In other words, the basic relations can be summarized in 
the following system:
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3. Shunt-Impedance-Type 
Elementary NGD Cells

The present section is focused on the NGD 
characterization of the family of shunt-impedance-type 
elementary NGD cell shown in Figure 1. Based on 
classical circuit theory, the simplest network confi gurations 
constituting the shunt impedance pZ  must be fi rst-order 
circuits. This intuitive analysis leads us to consider RL 
and RC networks to build a low-pass NGD cell that will 
be analyzed in the present section. 

3.1 Low-Pass Cell

The analytical identifi cation performed in [26] stated 
that the only confi guration of fi rst-order or low-pass NGD 

circuits associated with the parallel impedance confi guration 
is an RL-series network:

 ( )p p pZ j R j L   . (12)

The low-pass NGD elementary cell is depicted in Figure 3.

3.1.1 Frequency-Dependent S  
Parameters and Group Delay

For the shunt-impedance-based low-pass NGD cell, 
the S parameters can be rewritten as follows:
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From this we can determine the following refl ection- and 
transmission-coeffi  cient magnitudes:
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The associated transmission phase is given by
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Figure 3. A low-pass NGD cell: RL-series shunt 
network.
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From the group delay defi ned in Equation (5), we have
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3.1.2 NGD Characterization

At very low frequencies, the S parameters of the 
parallel-impedance-based circuit become
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The associated group delay is given by

   0

0
0

( 2 )
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 . (18)

It can be understood from the previous expression in 
Equation (18) that the passive cell introduced in Figure 3 
behaves as a low-pass NGD circuit. In addition to the 
previous characteristics, one of the most important 
properties of the NGD cell is the NGD cutoff  frequency, 
which can be denoted 

pc . It is the root of the equation 
  0

pp c   . The proposed shunt-impedance-based low-
pass NGD cell cutoff  frequency is given by

 
 0 2
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 . (19)

The NGD fi gure-of-merit is expressed as

    
2
0

0 02 2 2plow pass
p p p
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  . (20)

It can be emphasized that the fi gure-of-merit is inversely 
proportional to the resistance pR .

3.1.3 NGD Synthesis Method

Suppose we are given the desired insertion loss, 
a, the refl ection coeffi  cient, r, and the group delay, τ0<0. 
Analytically, the synthesis formulas are generated from 
Equation (18). After some calculations, we obtain the 
expressions for pR  and pL  associated with the shunt 
RL-series cell. The synthesis relations for this low-pass 
NGD cell are
 

   

     

11 22 0

12 21 0

1
2

or

2 1

p p

p p

rR S R S R
r

aR S R S R
a

 
 




  



, (21)

 

 

 
 

0 0
0

0

2
1

or

2

2

p
p p

p p
p c

c

R
L R

R

R R R
L

 




        








. (22)

3.2 High-Pass NGD Elementary 
Cells

The high-pass NGD cell family of the circuit proposed 
in Figure 3 is depicted in Figure 4.

Similarly to fi lter theory, the high-pass NGD cells 
can be easily synthesized from the low-pass cells via the 
low-pass-to-high-pass transform. As illustrated in Figure 4, 
the constitute shunt impedance can be expressed as

 1( )ph ph
ph

Z j R
j C




  . (23)

The present subsection is focused on the NGD characteristics 
of the bandpass NGD cells associated with the previous cells.

Figure 4. A high-pass NGD cell: RC-series shunt 
network family of the cell shown in Figure 3.
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3.2.1 High-Pass NGD Behavior

The S parameters of the series-impedance-based cell 
shown in Figure 4 become

  phS j  
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Similar to the low-pass-to-high-pass fi lter transform, the 
resistance element is not changed: ph pR R . The associated 
group delay is given by

   00
2

ph
ph

R C
    . (25)

In addition to the previous characteristics, one of the most 
important properties of the NGD cell is the NGD cutoff  
frequency, which can be denoted 

hc . This is the root of 
the equation   0

hph c   . The proposed shunt-impedance-
based high-pass NGD cell cutoff  frequency is given by

 
 0

2

2phc
ph p pC R R R

 


. (26)

Moreover, it is also found that for any integer 1n  , the 
group delay can be expressed as

  phph cn  
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It can be understood from the expressions in Equations (25), 
 0 0ph    , and (27),   0

phph cn    , which 
generally means that   0

phph c    . This means that 
the passive cell introduced in Figure 8 behaves as a high-
pass NGD circuit. The NGD fi gure-of-merit is expressed 
as 

p phigh pass low passFoM FoM  . It can be emphasized 
that the fi gure-of-merit is inversely proportional to the 
resistance pR .

3.2.2 Synthesis Method

For the high-pass NGD cell, the resistance parameter 
ph pR R  can be synthesized with the relations in 

Equation (21). However, given the targeted positive group 
delay 0 0  , the capacitor phC  can be extracted from the 
high-pass group delay expressed in Equation (25):

 0

0

2
phC

R


 . (28)

This high-pass NGD cell capacitor can also be determined 
from the cutoff  frequency expressed in Equation (26):
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2
ph

ph
c p p

C
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. (29)

3.3 Bandpass NGD Elementary 
Cells

Similarly to fi lter theory, the bandpass NGD cells 
can be easily synthesized from low-pass cells via the low-
pass-to-band-pass transform. The present subsection is 
focused on the NGD characteristics of the bandpass NGD 
cells associated with the previous cells. In this case, to 
synthesize the associated bandpass NGD cell, we just need 
to replace the inductance pL  by an LC series network, as 
shown in Figure 5. Based on fi lter-circuit theory, during 
the low-pass-to-bandpass transform, the resistance element 
is not changed: pb pR R .

3.3.1 Bandpass NGD Behavior

The proposed cell’s resonance frequency, which is 
also the NGD central frequency, is defi ned by

Figure 5. A bandpass NGD cell: RLC-series shunt 
network associated with the elementary cell shown 
in Figure 3.
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1

ss sL C
  . (30)

The associated S parameters at the center frequency are 
expressed as
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It can be demonstrated that the associated group delay is
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This group delay is always negative around the resonance 
frequency.

3.3.2 Bandpass NGD 
Characterization and Properties

The NGD center frequency of the passive cell shown 
in Figure 5 is equal to 0  . The NGD bandwidth is 
defi ned by

 
 02 2
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This means that the NGD cutoff  frequencies are defi ned by
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The NGD fi gure-of-merit is expressed as

 2
p pband pass low passFoM FoM  , (35)

which is inversely proportional to the resistance, pR .

3.3.3 Synthesis Method

The bandpass NGD cell synthesis relationships can 
be inspired from the low-pass relationships defi ned in 
Equations (21) and (22). To achieve the same NGD level, 
the resistance can be obtained from the same relationship and 
half of the inductance ph pL L , which must be considered 
based on the group delay defi ned in Equation (32). The 
associated capacitor can be calculated from the inductance 
and the expected NGD center angular frequency, which can 
be denoted 0 . We therefore have the capacitor-synthesis 
formula

 2
0

1
pb

pb
C

L
 . (36)

3.4 Stop-Band NGD Elementary 
Cells

Similarly to fi lter theory, the stop-band NGD cells 
can be easily synthesized from the low-pass cells via the 
low-pass-to-stop-band transform. Figure 6 represents the 
confi guration of the stop-band cell associated with the circuit 
shown in Figure 3. Similarly to the low-pass-to-stop-band 
fi lter transform, the resistance element is not changed, 

ps pR R . The present subsection is focused on the NGD 
characteristics of the bandpass NGD cells associated with 
the previous cells.

3.4.1 Stop-Band NGD Behavior, 
Characterization, and Properties

It can be demonstrated that the associated group 
delay is

  0 0ps psR C   . (37)

This group delay is always positive around the resonance 
frequency. The proposed shunt-impedance-based stop-band 
NGD cell cutoff  frequencies are given by

Figure 6. A stop-band NGD cell: R and LC-
parallel series shunt network associated with 
the cell shown in Figure 3.
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This means that the NGD bandwidths are
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For the case of a stop-band cell, the fi gure-of-merit cannot 
be defi ned.

3.4.3 Synthesis Method

The stop-pass NGD cell-synthesis relationships can 
be inspired from the combination of both low-pass and 
high-pass relationships. To obtain the attenuation, a, or the 
refl ection coeffi  cient, r, the resistance can be determined 
from the formula defi ned in Equation (21). For the given 
group delay, 0 0  , at the center angular frequency, which 
can be denoted 0 , the capacitor can be calculated with the 
relationship in Equation (28), ps phC C . The associated 
inductance can be calculated from the inductance and the 
expected NGD center angular frequency, which can be 
denoted 0 . We therefore have the inductance-synthesis 
formula

 2
0

1
ps

ph
L

C
 . (40)

4. Series Impedance-Type NGD 
Passive Cells

Similarly to the study performed in the previous 
section, the present section is focused on the NGD 
characterization of the family of series-impedance-type 
of elementary NGD topology shown in Figure 2. After 
checking diff erent confi gurations, the fi rst-order RC-parallel 
network constitutes the simplest cell to generate the low-
pass NGD function.

4.1 Low-Pass NGD Elementary 
Cell

The analytical identifi cation performed in [29] stated 
that the only confi guration of fi rst-order or low-pass NGD 
circuits associated with the series-impedance confi guration 
is an RC-parallel network.
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s
s

s s

RZ j
j R C







. (41)

Figure 7 represents the confi guration of the elementary 
low-pass NGD cell.

4.1.1 Frequency-dependent S  
Parameter and Group Delay

The frequency-dependent S parameter of the proposed 
impedance-series-type cell can be expressed as

  sS j  

 

 

 

0

0 0 0 0

0

0 0 0 0

2 1
2 2 2 2

2 1
2 2 2 2

s ss

s s s s s s

s s s

s s s s s s

R j R CR
R R j R R C R R j R R C

R j R C R
R R j R R C R R j R R C


 


 

 
     
 
 

     

(42) 

From this we can determine the following refl ection-
coeffi  cient and insertion-loss magnitudes:

 
     

22 11 11s s sS j S j S   

    2 2
0 02 4

s

s s s

R

R R R R C


   (43) 
Figure 7. A low-pass NGD cell: RC-parallel series 
network.
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 The associated transmission phase is given by
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From Equation (5), we have the group delay
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4.1.2 NGD Characterization

At very low frequencies, the S parameters of the 
parallel-impedance-based circuit become
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The associated group delay is given by

  
2

0
0

2
s s

s
s

R C
R R

  
 


. (47)

It can be understood from the previous expression in 
Equation (47) that the passive cell introduced in Figure 3 
behaves as a low-pass NGD circuit. In addition to the 
previous characteristics, one of the most important 
properties of the NGD cell is the NGD cutoff  frequency, 
which can be denoted 

sc . It is the root of the equation 
( ) 0

ss c   . The proposed shunt-impedance-based low-
pass NGD-cell cutoff  frequency is given by

 0
1

2
s

s

c
s s

R
R

R C



 . (48)

The NGD fi gure-of-merit is expressed as

 
 0 02 2s

s
low pass

s s

RFoM
R R R R




 
. (49)

In this case, it can be emphasized that the fi gure-of-merit 
is proportional to the resistance, pR .

4.1.3 NGD Synthesis Method

The synthesis method consists of calculating sR  
and sC , which can be determined from the system 
of Equations (11) by considering the proposed series-
impedance-type cell. The synthesis formulas are given by
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In the case of refl ection-coeffi  cient-based ps  resistance 
synthesis, the insertion loss is expressed as a function of r 
by the equation  

21
0sS r   . In the case of synthesis 

from the insertion loss, the refl ection coeffi  cient is expressed 
as a function of a by the equation  

11
0 1sS a    .

4.1.4 Equivalence Between the 
Parallel-and Series-Impedance 

Low-Pass NGD Cells

The equivalence between the two parallel- and 
series-impedance-based passive NGD topologies under 
study presents an electrical equivalence. By comparison 
of the transmission-parameter expressions, we have the 
equivalent relationship between the parallel and series 
resistances expressed as

 2
0p sR R R . (52)
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In the same manner, the reactive-parameter equivalent 
relationships can be written as

  
2
0

p

s

L
R

C
 . (53)

4.2 High-Pass NGD Elementary 
Cells

The present subsection is focused on the NGD 
characteristics of the high-pass NGD cell associated with 
the circuit shown in Figure 7. The corresponding high-
pass cell is depicted in Figure 8. The high-pass NGD cell 
is easily synthesized from the low-pass cell via the low-
pass-to-high-pass transform. The resistance element is not 
changed: sh sR R .

4.2.1 High-Pass NGD Behavior

The S parameters of the series-impedance-based cell 
shown in Figure 4 become

  shS j   
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(54)

The associated group delay is given by

  
0

0
2

sh
sh

L
R

    . (55)

The NGD cutoff  frequency, 
shc , is given by
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R R
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. (56)

Moreover, it is also found that for any integer 1n  , the 
group delay can be expressed as

  shsh cn   
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1 2

2 1 2 1
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n L R R

n R R n R n R

 

         
. (57)

It can be understood from Equation (55),  0 0sh   
, and Equation (57),   0

shsh cn    , which generally 
means that   0

shsh c    . This means that the passive 
cell introduced in Figure 8 behaves as a high-pass NGD 
circuit.

 The NGD fi gure-of-merit is expressed as

 
s shigh pass low passFoM FoM  , (58)

which is proportional to the resistance sR .

4.2.2 Synthesis Method

The high-pass NGD resistance, sh sR R , can 
be synthesized from Equation (50). Given the targeted 
positive group delay 0 0  , the inductance parameter 
can be synthesized from the group delay expressed in 
Equation (55), given by

 0 02shL R  . (59)

The high-pass NGD cell inductance can also be alternatively 
determined from the high-pass cutoff  frequency introduced 
in Equation (57):

 0

0

2
2

sh

s
sh

c s

R R
L

R R



. (60)

Figure 8. A high-pass NGD cell: RL-parallel 
series network associated with the low-pass cell 
shown in Figure 7.
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4.3 Bandpass NGD Elementary 
Cell

In this case, to synthesize the associated bandpass 
NGD cell we just need to replace the capacitor sLC  by 
an LC-parallel network, and we obtain the elementary cell 
shown in Figure 9. The resistance element is not changed, 

sb sR R .

4.3.1 Bandpass NGD Behavior

The proposed cell’s resonance frequency, which is 
also the NGD central frequency, is defi ned by

 0
1

sb sL C
  . (61)

The NGD bandpass behavior can be understood from the 
insertion-loss expression. The associated S parameters at 
the center frequency are then expressed as
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The group delay is given by

    
2

0
0

42 0
2

s sb
sb s

s

R C
R R

   
 


. (63)

4.3.2 Bandpass NGD 
Characterization and Properties

The NGD center frequency of the passive cell shown 
in Figure 9 is equal to 0  . The NGD bandwidth is 
defi ned by

 0
1

2
2

sb s

s

c c
s sb

R
R

R C
 


   . (64)

This means that the NGD cutoff  frequencies are defi ned by

 0
0

1
21

sb s

s

c c
sb sb s sb

R
R

L C R C
  


    . (65)

This bandpass cell’s NGD fi gure-of-merit is expressed as

 2
s sband pass low passFoM FoM  , (66)

which is proportional to the resistance, sR .

4.3.3 Synthesis Method

Similarly to the previous case of Subsection 3.3.3, 
the bandpass NGD cell resistance and capacitor parameters 
can be determined from the associated low-pass cell. The 
same equation allows determining the resistance. However, 
two times the low-pass NGD cell capacitor, 2sb sC C , 
must be considered, based on the group delay defi ned in 
Equation (56). The associated inductance can be calculated 
from the inductance and the expected NGD center angular 
frequency, which can be denoted 0 . We therefore have 
the synthesis formula

 2
0

1
sb

sb
L

C
 . (67)

4.4 Stop-Band NGD Elementary 
Cells

Similarly to Subsection 3.4, the stop-band NGD cell 
can be easily synthesized from the low-pass cells via the 

Figure 9. A bandpass NGD cell: RLC-parallel series 
network associated with the low-pass cell shown in 
Figure 7.
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low-pass-to-stop-band transform. Figure 10 represents the 
confi guration of the impedance-series-type stop-band NGD 
cell. The resistance element is not changed: ss sR R .

4.4.1 Stop-Band NGD Behavior

The proposed cell’s resonance frequency is defi ned by

 0
1

ss ssL C
  . (68)

It can be demonstrated that the associated group delay is

  0
02

ss
ss

L
R

   . (69)

This group delay is always positive around the resonance 
frequency.

4.4.2 Stop-Band NGD 
Characterization and Properties

The proposed shunt-impedance-based stop-band 
NGD cell’s cut-off  frequencies are given by
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This means that the NGD bandwidths are
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For the case of the stop-band cell, the fi gure-of-merit 
cannot be defi ned.

4.4.3 Synthesis Method

By analogy with Section 3.4.3, the stop-pass 
NGD cell-synthesis relationships can be inspired by the 
combination of the low-pass and high-pass relationships. 
The resistance is the same relationship as for the low-pass 
cell defi ned in Equation (50). The inductance must be the 
same as for the high-pass cell defi ned in Equation (59) or 
Equation (60), ss shL L . The associated capacitor can 
be calculated from the inductance and the expected NGD 
center angular frequency, which can be denoted 0 . We 
therefore have the capacitor-synthesis formula

 2
0

1
ss

sh
C

L
 . (72)

To validate the overall NGD circuit theory, the design, 
simulation, and experiments for low-pass, high-pass, 
bandpass, and band-stop NGD cells built with lumped R, 
L, and C based elements are presented in the next section.

5. Validation Results

It can be understood from the previous theory that 
the NGD circuit under study can be assumed to behave 
like any familiar electronic circuit. The present section is 
focused on the simulation results of proof-of-concept NGD 
cells synthesized from the developed theory. The family of 
two previously explored topologies based on parallel and 
series impedances is explored. For each family, the low-
pass NGD circuits were synthesized, designed, simulated, 
fabricated, and tested in order to achieve the following 
arbitrary specifi cations: 

• NGD level 0 1   ns 

• Refl ection coeffi  cient 12r   dB. 

The associated following circuits were then 
synthesized:

Figure 10. A stop-band NGD cell: R and LC-
series parallel network associated with the 
low-pass cell shown in Figure 7.
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• High-pass NGD cell,

• Bandpass NGD cell aimed at operating at a center 
frequency of 0 0.5f  GHz,

• Stop-band NGD cell with a center frequency 0 0.5f 
GHz.

The proof-of-concept modeled computed results were 
compared with simulations run in the ADS® environment of 
the electronic circuit designer and simulator. The proposed 
S-parameter simulations were performed from dc to 1 GHz. 
The simulation results obtained will be explored in the 
next paragraphs.

5.1 NGD Cell Proof-of-Concept 
Syntheses and Designs

 After the circuit synthesis from the arbitrary given NGD 
and specifi cations, the NGD circuit examples will be 
described. The NGD functionality can be understood from 

the simulations. Table 2 summarizes the parameters of the 
low-pass, high-pass, bandpass, and stop-band NGD cells 
synthesized given the specifi cations 0 1   ns and 12r  
dB. 

5.2 Frequency-Domain Results

S-parameter simulations of circuits parameterized as 
addressed in the fi rst column of Table 2 were performed to 
illustrate the low-pass, high-pass, bandpass, and stop-band 
NGD functions. 

5.2.1 Low-Pass NGD Results

Figures 11a and 11b respectively display the refl ection 
and transmission coeffi  cients of the low-pass NGD cells 
shown in Figure 3 and Figure 7 for the shunt- and series-
impedance-based topologies. The shunt-impedance-based 
results are plotted with the solid line, and the series-
impedance-based results are plotted with the dashed line. 
As illustrated by Figure 11c, these passive cells behaved 
as a low-pass NGD function with the same characteristics. 
The theoretical prediction and the simulations were in very 
good agreement, and they confi rmed the low-pass NGD 
function with the proposed passive lumped cells. Both cells 
generated the same S-parameter results. They presented a 
low-pass NGD level  0 1   ns and a cutoff  frequency of 
about   46cf NCD  MHz. Over the NGD bandwidth, the 
insertion loss varied from 2.5 dB to 1.27 dB. In other 
words, the insertion-loss fl atness was about 1.23 dB. The 
refl ection coeffi  cients were better than 12 dB.

5.2.2 High-Pass NGD Results

To simulate the high-pass cells, the parameters of 
the high-pass cells shown in Figure 4 (for the parallel-
impedance-based cell) and in Figure 8 (for the series-
impedance-based cell) addressed in the second column of 
Table 1 were considered. Figures 12a and 12(b) respectively 
display the refl ection- and transmission-coeffi  cient plots. 
Figure 12c depicts the associated group delays. As expected, 
both cells generated the same S-parameter results. In 
addition, they behaved as having an NGD high-pass 

Type Of NGD Cells Low-Pass High-Pass Bandpass Stop-Band

Resistance parameter
74.53pR  Ω

33.54sR  Ω

Inductance parameter 2.97pL  nH 100shL  nF pb pL L

0.85sbL  nH

2.53psL  nH

ss shL L

Capacitor parameter 119sC  pF 40phC  pF
0.34pbC  pF

sb sC C
ps phC C

1.01shC  pF

Table 2. Synthesized NGD circuit parameters.

Figure 11. (a) The refl ection and (b) transmission coef-
fi cients, and (c) group delay of the low-pass NGD circuits 
shown in Figure 3 and Figure 7.
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function. As theoretically predicted, the high-pass group 
delay,    hp lpf f    was the opposite of the low-pass 
group-delay frequency response. It can be emphasized 
that the group delay was positive when cf f  and 
negative when cf f . A very good correlation between 
the theoretical concept of the high-pass NGD function and 
the simulations was obtained. As seen in Figure 12b, the 
insertion loss varied from 2.38 dB to 1.25 dB over the 
NGD bandwidth. The refl ection coeffi  cients were better 
than 12 dB.

5.2.3 Bandpass NGD Results

To illustrate the feasibility of the bandpass NGD 
function, the parameters of the cells introduced in Figure 5 
(for the parallel-impedance-based cell) and in Figure 9 (for 
the series-impedance-based cell) defi ned in the third column 
of Table 1 were considered. The simulated refl ection and 
transmission parameters from 0.3 GHz to 0.7 GHz were 
respectively plotted in Figures 13a and 13b. Both cells 
presented similar S-parameter responses. More importantly, 
Figure 13c presents the group-delay frequency responses of 
the simulated circuits. As predicted in theory, the proposed 
lumped cells behaved with a bandpass NGD function. 
The cells generated NGD with level  0 2f   ns at 
the specifi ed center frequency 0 0.5f  GHz. The NGD 
bandwidth was about 92NGDf  MHz. In the NGD 
bandwidth, the insertion loss varied from 2.5 dB to 1.27
dB. In other words, the insertion loss fl atness was about 
1.23 dB. The bandpass NGD cell refl ection coeffi  cients 
were better than 12 dB.

5.2.4 Stop-Band NGD Results

The stop-band NGD circuits shown in Figure 6 (for 
the parallel-impedance-based cell) and Figure 10 (for 
the series-impedance-based cell) were simulated with 
the parameters indicated in the last column of Table 1. 
The simulated refl ection and transmission parameters are 
respectively displayed in Figures 14a and 14b. Both cells 
presented the same frequency responses. The group-delay 
responses are plotted in Figure 14c. As expected in theory, 
the circuit generated the NGD stop-band function. The 
stop-band NGD circuit group-delay frequency response 

   sb bpf f    was the opposite of the bandpass NGD 
circuit’s response. The group delay was positive in the 
frequency band centered at 0 0.5f  GHz with a bandwidth 
of about 2 46NGDf  MHz. As seen in Figure 14b, 
the insertion loss varied from 2.38 dB to 1.25 dB in 
the NGD bandwidth. The refl ection coeffi  cients are better 
than 12 dB.

5.3 Illustrative Time-Domain 
Results

In addition to this frequency-domain analysis 
introduced in the previous subsection, a time-domain 
investigation was also performed. The results reported in 
the present subsection are constrained only to the low-pass 
NGD cells. The proposed time-domain investigation was 
carried out with the ADS® transient analyses in the time 
parameters min 0t   and max 50t  ns with a time step 
of 0.2t  ns. Figure 15 shows the confi guration of the 
simulated circuits.

Figure 12. (a) The refl ection and (b) transmission coef-
fi cients, and (c) the group delay of the high-pass NGD 
circuits shown in Figure 4 and Figure 8.

Figure 13. (a) The refl ection and (b) transmission coef-
fi cients, and (c) the group delay of the bandpass NGD 
circuits shown in Figure 5 and Figure 9.
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Three diff erent input test voltages were attributed 
to inv : 1v  (a Gaussian signal with a full width of about 
40 ns), and arbitrary-waveform signals 2v  and 3v . Figure 16 
presents the plots of the comparisons of the transient input 
and output voltages generated by the parallel-impedance- 
and series-impedance-based low-pass NGD cells. The 
input signals were plotted in dotted lines. The shunt-
impedance-based cell outputs were plotted with solid lines, 
and the series-impedance-based cell outputs were plotted 
with dashed lines. For the three diff erent cases as seen in 
Figures 16a1, 16a2 and 16a3, the output-voltage signals were 
signifi cantly attenuated. However, it could be understood 
from the comparative plots of normalized voltages shown 
in Figures 16b1, 16b2, and 16b3 that the time advances 
induced by the NGD phenomena were generated for the 
diff erent waveform test signals. 

The time advance could be assessed with the time shift 
between the minimum and maximum peaks of the input and 
output transient signals. This eff ect can be generated only 
for the baseband signal presenting a signifi cant spectral 
frequency band belonging to the NGD bandwidth. Because 
of the non-fl at nature of the group-delay responses shown 
in Figure 11b over the NGD bandwidth, the time advance 
could be evaluated from 1 ns to 0.4 ns as a function of 
the input signal time slope.

6. Conclusion

A basic theory for understand the NGD function 
has been proposed. The fundamental knowledge enabling 
familiarization with NGD circuit design was described. 
More practically, a general RF circuit theory for passive 
NGD topologies was developed. Two types of topologies, 
based on the R, L, and C lumped-element parallel- and 
series-impedances, were investigated. For each topology, the 
S-parameter models were established, and the elementary 
low-pass NGD cell was identifi ed. The NGD behavior, 
characterization, properties, and synthesis methods were 
then explained. The associated high-pass, bandpass, and 
stop-band cells were also investigated. The theoretical 
concepts were validated with proof-of-concept designs 
and simulations. Very good agreement between the theory 
and simulation results was found. As expected from the 
theory, the low-pass circuits generated NGD levels of about 

1 ns over a bandwidth of about 46 MHz. The bandpass 
prototypes were synthesized to operate around a NGD 
center frequency of around 0.5 GHz. The high-pass NGD 
cell generated a group delay equal to the opposite of the 
low-pass cell. The bandpass NGD function was obtained 
with a NGD level of about 2 ns, centered at 0.5 GHz. 
Finally, transient simulations illustrated the time-advance 
eff ect caused by the NGD low-pass phenomenon.
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