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ABSTRACT This paper develops an original study of temperature effect on the unfamiliar bandpass (BP) 

negative group delay (NGD) lumped passive circuits. The paper presents the first study of electrothermal 

analysis of electronic circuits classified as BP-NGD topologies. The considered BP-NGD passive cells are 

mainly constituted by RLC-resonant networks. The equivalence between two basic BP-NGD topologies 

constituted by RLC-series and RLC-parallel networks is elaborated via the voltage transfer function (VTF) 

analogy. Then, the theoretical demonstrations are introduced to define the main specifications as the NGD 

center frequency, NGD value, attenuation and NGD bandwidth. The electrothermal innovative study is 

developed based on the temperature coefficient resistor (TCR) of elements constituting the BP-NGD 

circuits. With proofs of concept of RLC-series and RLC-parallel circuits operating with -500 ns NGD value 

at 13.56 MHz, calculated and simulated results showing are in excellent agreement. The sensitivity analyses 

of BP-NGD specifications in function of ambient temperature variation from 0°C to 100°C are investigated. 

The BP-NGD response variations versus frequency and temperature are characterized with thermo-

frequency cartographies and discussed. 

INDEX TERMS Bandpass (BP) negative group delay (NGD), Electrothermal analysis, NGD analysis, 

Circuit theory, Equivalent topology. 

I. INTRODUCTION 

HE modern engineering progresses with more and 

more complex design of electronic system. To 

innovate such electronic system, curious scientific 

approaches are necessary, for example, including 

hybridization of monophysics as electrical and thermal 

approaches [1-4]. Because of metallic conductivity 

temperature coefficient [5], it was reported from [6-9] that 

different electronic components, printed circuit boards 

(PCBs) and devices are particularly sensitive to the 

temperature variation. In addition to such Multiphysics 

approach, modern engineers have to be open mind on 

unfamiliar electronic function as the case of negative group 

delay (NGD) [10-28]. Despite the performed available in 

the literature, few electronic design, fabrication, test and 

sale engineers are nowadays familiar to this counterintuitive 

NGD function. For this reason, different sections on the 

investigation on the NGD effect are hereafter described. 

The transposition of 3-D to 1-D structure enables to 

design transmission line (TL) based left-handed (LF) 

microwave circuit operating with negative refractive index 

(NRI) periodical structure [10-12]. For the further clarity 

about the analytical mechanism of the NGD effect, we can 

imagine the case of dispersive media with effective group 

index, as the case of LH metamaterials [10-12] depending 

on the angular frequency. It implies that the medium group 

velocity is a function of the group index. Because of 

dispersion around resonance frequency around certain 

wavelengths, we may realize NGD. To interpret in more 

practical way the NGD, we imagine a wave signal 

modulating harmonic sine signal with frequency.  

The interpretation of the NGD effect in the optical area 

intrigues different scientific communities as the radio 

frequency (RF) and microwave engineers. Therefore, the 

NGD effect was also studied with microwave circuit design 

by using LH metamaterial TL based circuit [10-12]. 

T 
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Research efforts were deployed on the design, 

implementation and measurement of NGD microwave 

circuits [13-20]. The main challenges on the NGD research 

works of the two last decades were focused on the 

designability [10-20], the NGD asymptotic limits [14], the 

implementation of NGD active topologies [13-15], the 

circuit performances as low attenuation loss and compact 

[16-19] microwave circuits. The extremely wide diversity 

of NGD circuit design with TL based compact microstrip 

topologies [10-12,17-19], absorptive stop-band filter [29] 

and interference techniques [20] answers to the NGD 

existentiality question. In the same period of the microwave 

circuit elaboration, RLC-resonant network based NGD 

investigation in low frequencies (LFs) was also performed 

[21-22].  

The most developed study on the existence, 

theorization, simulation and experimentation of the NGD 

function was performed with lumped electronic circuits 

[21-28]. In this case, the NGD electronic circuits were 

designed with R, L and C lumped active topologies [14-17]. 

From circuit analysis, it was shown theoretically and 

experimentally that the NGD effect signature in the time-

domain enables to realize an extraordinary and undeniably 

signal superluminal propagation with output signal peaks 

and slopes in time-advance compared to the corresponding 

input [23-25]. Despite this counterintuitive phenomenon, it 

was emphasized that the NGD signal propagation does not 

violate the Einstein causality principle [21-24]. But so far, 

because of the counterintuitive effect related to the time 

delay, the meaning of the NGD function is currently not yet 

adopted by majority of electronic engineers. Simpler theory 

of NGD function was established by the analogy between 

the filter behavior [26-28]. Similar to the filter analysis, the 

concrete implementation of the previous BP-NGD ideal 

response must start with the calculation of voltage transfer 

function (VTF). Then, we will propose a BP-NGD transfer 

function (TF) canonical form [29]. Depending on the 

positioning of the NGD frequency bands, we can have 

NGD low-pass [26-27], high-pass [28], and bandpass (BP) 

[26,29] NGD functions. A lot of challenge in terms of 

theory, design, fabrication and test remain to be overcome 

for NGD circuits. We are answering to the extra-question 

on the NGD specification temperature effect as conducted 

for the GaN field effect transistors [1-3], integrated circuit 

performance [4] and microstrip distributed interconnects [6-

9]. Therefore, we are exploring in the first time, the 

electrothermal NGD analysis of lumped passive circuit in 

the present research work. 

The present paper contributes originally on the BP-

NGD function analysis by considering RLC-resonant 

network-based two passive topologies. The main novelty of 

the paper concerns the temperature coefficient resistor 

(TCR) effect on the BP-NGD specifications. The paper is 

outlined follows: 

• Section 2 introduces the analytical characteristics of the 

RLC-network based BP-NGD topologies. The BP-

NGD theory of the RLC resonant networks is 

elaborated from the equivalent voltage transfer 

function (VTF) between the RLC-series and RLC-

parallel resonant networks based passive topologies.  

• Section 3 establishes the analytical expressions 

demonstrating how the TCR influences the BP-NGD 

specifications. 

• Section 4 is focused on the proof of concept (POC) 

investigation which illustrates why the considered 

topologies behave as BP-NGD function. 

• Section 5 investigates on numerical applications based 

on the mapping versus electrothermal parameters will 

be presented. The variations of the BP-NGD responses 

will be discussed in the considered range of ambient 

temperature. 

• Finally, Section 6 ends the paper with a conclusion.  

 
II. ANALYTICAL CHARACTERISTICS OF THE 
CONSIDERED BP-NGD CIRCUIT  

This section describes the BP-NGD theory of the two 

different RLC-resonant network passive topologies under 

study. The analytical elaboration and the BP-NGD function 

specifications are established in [26,29].  

 

A. DESCRIPTION OF BP-NGD CIRCUIT TOPOLOGIES 
UNDER STUDY 

Fig. 1(a) and Fig. 1(b) represent the schematic diagram of 

the RLC-series and RLC-parallel network-based passive 

topologies under study.  

 

 
FIGURE 1. (a) RLC-series and (b) RLC-parallel network-based BP-NGD 
topologies. 
 

By denoting the Laplace variable, s, the topology shown in 

Fig. 1(a) is constituted by a series resistance, Ra, and 

parallel impedance of RLC-series network: 

1 1 1

1

1
( )Z s R L s

C s
= + + .  (1) 

The other topology shown in Fig. 1(b) is constituted by a 

parallel resistance, Rb, and a series impedance composed of 

RLC-parallel network: 

2

2

2 2

1
( )

1 1
Z s

C s
R L s

=

+ +

.  (2) 
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These RLC-series and RLC-parallel topologies exploited in 

the present paper are analyzed from the VTF defined by 

( ) ( ) / ( )out inT s V s V s= . 

 
B. CANONICAL FORM OF BP-NGD FUNCTION AND 
EQUIVALENCE BETWEEN RLC-SERIES AND RLC-
PARALLEL VTFs 

As primordial step of the present study, we consider the 

BP-NGD TF canonical form defined by the second order 

polynomial formula [29]: 
2 2

0

2 2

0

( ) n

d

s s
T s

s s

+ +
=

+ +

 

 
  (3) 

with the characteristic parameters are the positive real 

coefficients representing the NGD center angular 

frequency, ω0, and the numerator/denominator angular 

frequency, ωn, and ωd. By polynomial mathematical 

identification, we can define the BP-NGD canonical form 

parameters of RLC-series and RLC-parallel topologies 

indicated in Table I. 

 
TABLE I. PARAMETERS OF BP-NGD CANONICAL FORM OF RLC-SERIES AND RLC-
PARALLEL TOPOLOGIES 

Designation RLC-series RLC-parallel 

NGD center 

frequency 
0

1 1

1
a

L C
= (4) 0

2 2

1
b

L C
= (7) 

Numerator 

parameter 

1

1

na

R

L
=  (5) 

2 2

1
nb

R C
=  (8) 

Denominator 

parameter 

1

1

a
da

R R

L

+
= (6) 

2

2 2

b
db

b

R R

R R C

+
= (9) 

 

The equivalence between the VTF of the RLC-series and 

RLC-parallel topologies lead to the following condition: 

0 0a a=     (10a) 

na nb=     (10b) 

da db=  .   (10c) 

Given RLC-series and by fixing resistance, Rb, we have the 

following relationship from the previous equation system: 

2

1

a bR R
R

R
=    (11) 

2 1a bL R R C=   (12) 

1
2

a b

L
C

R R
= .   (13) 

 
C. NGD CHARACTERIZATION FROM BP-NGD 
CANONICAL FORM 

The specific expressions of the BP-NGD parameters 

appropriated to the VTF canonical form defined in [29] is 

used in the present study. The frequency responses 

represented by the magnitude and GD were calculated. At 

the NGD center frequency, we have the GD value [29]: 

2( )n d
n

n d

GD
−

=
 

 
.  (14) 

It means that the GD is negative when: 

1n
n d

d

  


 


.  (15) 

We can remark that this condition is always satisfied with 

the RLC network-based topologies by considering the 

parameters defined in Table I. Moreover, the magnitude of 

the VTF is not equal to zero: 

n
n

d

T =



.   (16) 

The associated cut-off frequencies obtained from equation 

(3) can be formulated as: 

2

2

1

(4 )

2

n d n d c n d

c

− +
= +

      
   (17) 

2

2

2

(4 )

2

n d n d c n d

c

+ +
= +

      
  . (18) 

Now, we can verify in the next subsection why the 

topologies of circuit shown in Figs. 1 can be assumed as 

BP-NGD functions. 

 
D. BP-NGD ANALYSIS 

The proposed NGD analysis of our passive topologies 

consists in expressing the NGD specifications parameters in 

function of R, L and C. 

 
1) RLC-SERIES TOPOLOGY 

The NGD center and cut-off frequencies are denoted: 

1 0c a=     (19a) 

1 1a=     (19b) 

2 2a=  .   (19c) 

The NGD value of the circuit introduced in Fig. 1(a) is 

equal to: 

1
1

1 1

2

( )

a
n

a

R L
GD

R R R

−
=

+
.  (20) 

We can see that this GD is unconditionally negative for all 

parameters of the RLC-series topology. The attenuation at 

the NGD center frequency is equal to: 

1
1

1

n

a

R
T

R R
=

+
.  (21) 

For the sake of the mathematical simplicity, the NGD BW: 

   2 1a a a = −     (22) 

will not be expressed in function of the R, L and C 

variables in the present paragraph. 

 
2) RLC-PARALLEL TOPOLOGY 

In this case, the NGD center frequency 2 0c b=   are 

denoted: 
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2 0

1 1

2 2

c b

b

b

 =


=


=

 

 

 

.  (23) 

The NGD value of the RLC-parallel circuit is equal to: 

2 2
2

2

2 b
n

b

R R C
GD

R R

−
=

+
.  (24) 

Once again, we emphasize that this GD is unconditionally 

negative for all parameters of the RLC-parallel topology. 

The corresponding attenuation at the calculated NGD center 

frequency becomes: 

2

2

b
n

b

R
T

R R
=

+
.   (25) 

For the sake of the mathematical simplicity, the RLC-

parallel topology NGD BW will not be expressed in details 

in function of the R, L and C variables. However, the NGD 

BW can be simply expressed as: 

   2 1a a a = −   .   (26) 

Knowing these NGD parameters, we can establish an 

electrothermal analysis with respect to the resistance 

variation. 

 
III. ELECTROTHERMAL ANALYSIS OF RLC-RESONANT 
NETWORK BASED BP-NGD PASSIVE TOPOLOGIES 

The present section introduces the temperature influence on 

the BP-NGD responses. The study will be focused 

essentially on the TCR linear effect on the resistive 

components. 

 
A. TEMPERATURE LINEAR VARIATION HYPOTHESYS 

The study is focused on the cases of linear variations of the 

temperature effect. Accordingly, our electrothermal 

analysis is formulated with the resistance variation in 

function of the ambient temperature: 

0= +   .  (27) 

By denoting the initial reference temperature denoted 

0 25 C=   and the temperature variation, 0  . We 

denote   the TCR of all the resistances constituting our 

NGD circuits. Then, the temperature effect on the 

inductance and capacitance is supposed negligible. 

Based on this hypothesis, we have the BP-NGD 

electrothermal analytical investigation in the next 

paragraphs.  

 
B. ANALYTICAL EXPRESSION OF TCR EFFECT ON THE 
RLC-SERIES NGD RESPONSES 

As the first case of study, we considered the BP-NGD 

topology constituted by RLC-series network. The analytical 

electrothermal BP-NGD investigation are developed in the 

following paragraphs. The effect of TCR is analytically 

described in this subsection. 

 
1) RESISTANCE VARIATION LAW 

With the above defined TCR, the resistances of RLC-series 

circuit are varying linearly with the traditional relation 

defined as: 

( ) (1 )a aR R= +      (28) 

1 1( ) (1 )R R= +    .  (29) 

From these relations, the corresponding absolute variations 

of the resistances are written as, respectively: 

0( ) ( )a aR R =       (30) 

1 1 0( ) ( )R R =      .  (31) 

We will exploit these resistance variations to analyze the 

temperature influences on the BP-NGD parameters of our 

RLC-series topology. 

 
2) TCR EFFECT ON GD AND ATTENUATION 

By taking into account these variations, we can rewrite the 

GD value expressed in equation (20) as: 

 
1

1

1 1

2 (1 )
( )

(1 ) (1 ) (1 )

a
n

a

R L
GD

R R R

− + 
=

+  +  + + 

 


     
(32) 

which can be simplified as: 

1
1

1 1

2
( )

(1 )( )

a
n

a

R L
GD

R R R

−
=

+  +


 
. (33) 

By considering equation (20), this last formula can be 

simplified as: 

1 0 1 0
1

0

( ) ( )
( )

1 1 ( )

n n
n

GD GD
GD = =

+  + −

 


    
. (34) 

The absolute variation of the GD value is given by: 

1 0
1

( )
( )

1

n
n

GD
GD

 
 =

+ 

  


 
. (35) 

The electrothermal investigation applied to the magnitude 

implies the modification of equation (21) as follows: 

1
1 1 0

1

(1 )
( ) ( )

(1 ) (1 )
n n

a

R
T T

R R

+ 
= =

+  + + 

 
 

   
. (36) 

We can point out that the RLC-series topology attenuation 

variation, 1( ) 0nT = , should not depend on the 

temperature one. 

 
3) TCR EFFECT ON BP-NGD BW 

The NGD BW variation can be estimated from the 

variations of numerator and denominator of the BP-NGD 

canonical form in function of the resistance variations: 

1

1

( )
( )na

R

L


 =


    (37) 

1

1

( ) ( )
( ) a

da

R R

L

 +
 =

 
  .  (38) 

In function of temperature variation, the two previous 

equations become: 

1 0

1

( )
( )na

R

L


 =

  
    (39) 

 1 0 0

1

( ) ( )
( ) a

da

R R

L

+ 
 =

   
  . (40) 
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The NGD center frequency remains constant because we 

assume that L1 and C1 do not change with the temperature. 

Therefore, the BW variation can be written as: 

2 1( ) ( ) ( )a a a
   =  −        (41) 

with: 

1 1
1 ( ) ( ) ( )a a
a na da

na da

 
   + 

 

 
     

 
 (42) 

2 2
2 ( ) ( ) ( )a a

a na da

na da

 
   + 

 

 
     

 
. (43) 

Substituting, equation (39) into equation (42), and equation 

(40) into equation (43), we have the two last expressions 

rewritten as, respectively: 

 

1
1 0

1

1 1
1 0 0

( )

( )

( ) ( )

a

na

a

a
a

da

R

L
R R

 
+ 

  
   

 +
  




 
 


 



 (44) 

 

2
1 0

2

1 2
1 0 0

( )

( )

( ) ( )

a

na

a

a
a

da

R

L
R R

 
+ 

  
   

 +
  




 
 


 



. (45) 

The same approach of the BP-NGD parameter 

temperature effect applied to the RLC-parallel circuit will 

be investigated in the next paragraph. 

 
C. ANALYTICAL EXPRESSION OF TCR EFFECT ON THE 
RLC-PARALLEL NGD RESPONSES 

The second case of electrothermal study is focused on the 

BP-NGD circuit based on the RLC-parallel network. 

 
1) TCR EFFECT ON THE CONSTITUTING ELEMENTARY 
RESISTORS 

In this case, the two constituting resistances of the RLC-

parallel NGD circuit change according to the following 

linear law: 

( ) (1 )b bR R= +      (46) 

2 2( ) (1 )R R= +    .  (47) 

The corresponding absolute variations are written as, 

respectively: 

0( ) ( )b bR R =        (48) 

2 2 0( ) ( )R R =      . (49) 

These relations will serve to the analysis of the RLC-

parallel topology. 

 
2) TCR EFFECT ON THE GD AND ATTENUATION 

Similar to the previous case of RLC-series network, we can 

exploit the GD expression at the NGD center frequency. 

Accordingly, the GD value expressed in equation (20) is 

transformed as: 

2 2
2

2

2 (1 )
( ) b

n

b

R R C
GD

R R

− + 
=

+

 
  (50) 

which can be simplified as: 

2 2 0( ) (1 ) ( )n nGD GD= +      (51) 

or 

 2 0 2 0( ) 1 ( ) ( )n nGD GD= + −      (52) 

The absolute variation of the GD value is given by: 

2 2 0( ) ( )n nGD GD =      . (53) 

We can underline from this last expression that the GD 

value variation of the second topology is proportional to the 

temperature variation. This effect is the inverse of the 

previous case RLC-series topology. The magnitude changes 

following substituting the resistances of equation (30) and 

equation (31) substituted in equation (21): 

2 2 0

2

(1 )
( ) ( )

(1 ) (1 )

b
n n

b

R
T T

R R

+ 
= =

+  + + 

 
 

   
. (54) 

The attenuation variation, 2 ( ) 0nT = , should not depend 

on the temperature one. 

 
3) TCR EFFECT ON BP-NGD BW 

The NGD BW sensitivity for the RLC parallel topology can 

be estimated from the variations of numerator and 

denominator of the BP-NGD canonical form in function of 

the resistance variations: 

2

2

( )
( )nb

R

L


 =


    (55) 

2

2

( ) ( )
( ) b

db

R R

L

 +
 =

 
  .  (56) 

These two equations can be rewritten as follows to express 

the numerator and denominator parameter absolute 

variation: 

2 0

2

( )
( )nb

R

L


 =

  
    (57) 

 2 0 0

2

( ) ( )
( ) b

db

R R

L

 +
 =

   
  . (58) 

The NGD center frequency because we assume that L1 and 

C1 do not change with the temperature. Therefore, the BW 

variation can be written as: 

2 1( ) ( ) ( )b b b
   =  −        (59) 

with 

1 1
1 ( ) ( ) ( )b b
b nb db

nb db

 
   + 

 

 
     

 
 (60) 

2 2
2 ( ) ( ) ( )b b

b nb db

nb db

 
   + 

 

 
     

 
. (61) 

Substituting, equation (57) into equation (60), and equation 

(58) into equation (61), we have the two last expressions 

rewritten as, respectively: 

 

1
2 0

1

2 1
2 0 0

( )

( )

( ) ( )

b

nb

b

b
b

db

R

L
R R

 
+ 

  
   

 +
  




 
 


 



 (62) 
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 

2
2 0

2

2 2
2 0 0

( )

( )

( ) ( )

b

nb

b

b
b

db

R

L
R R

 
+ 

  
   

 +
  




 
 


 



. (63) 

 
D. THEORETICAL INFERRING REMARK ON THE BP-
NGD PARAMETER VARIATIONS WITH RESPECT TO 
THE TEMPERATURE 

For both topologies, we can emphasize from the present 

electrothermal study that: 

• Because of the resistance variation, the GD value 

changes with respect to the temperature. But the 

change behaves differently for the two RLC-

resonant network topologies. 

• The NGD circuit attenuation remains insensitive to 

the temperature variation at the center frequency. 

To verify the feasibility of the developed electrothermal 

BP-NGD theory, PoC practical investigation will be 

presented in the next section. 

 
IV. SIMULATED VALIDATIONS OF THE 
ELECTROTHERMAL BP-NGD ANALYSIS APPLIED TO 
RLC-RESONANT BASED CIRCUIT 

The present section deals with the validation of the 

electrothermal BP-NGD topology. After the PoC 

description, the calculated and simulated results will be 

discussed. 

 
A. POC DESIGN DESCRIPTION 

The present NGD engineering was designed in two 

successive steps for the RLC-series circuit. Then, the RLC-

parallel circuit parameters were extracted from the RLC-

series ones. 

 
1) CHOICE AND CALCULATION OF RLC-NETWORK 
CIRCUIT PARAMETERS 

The present PoC of NGD circuits are expected to operate 

around the RFID standard frequency, fc=13.56 MHz, NGD 

value, GDn=-0.5 µs and optimal attenuation, Tn=-3 dB. We 

first design the RLC-series circuit by using discrete 

components, Ra, R1, L1 and C1, with nominal values 

available in E24 component series. Then, the RLC-parallel 

series components, R2, L2 and C2, were calculated by using 

formulas (11), (12) and (13). Then, the circuits were 

designed in the electronic circuit simulator ADS® 

environment from Keysight Technologies® as described in 

the following paragraph.  

 
2) ADS® DESIGN OF THE BP-NGD CIRCUIT POCs 

Fig. 2(a) and Fig. 2(b) represent the schemes of the 

designed RLC-series and RLC-parallel circuits, 

respectively. Port1 (resp. Port3) represents the inputs of 

RLC-series (resp. RLC-parallel) circuits. The outputs are 

respectively Port2 (resp. Port4). The values of the 

components indicated in Table II were assigned in function 

of the choice made in the previous paragraph. The AC or 

frequency domain analysis was considered in order to 

simulate the magnitude, phase and GD. The minimal and 

maximal temperature variation parameters are also 

addressed in Table II. The TCR was chosen for the typical 

iron resistance.  

 

 
(a) 

 
(b) 

FIGURE 2. ADS® schematic of designed (a) RLC-series and (b) RLC-parallel 
circuits. 

 
TABLE II. Components Used to Design the RLC-Series and RLC-Parallel 
Circuits 

Function Type Parameters Values 

RLC-series 

circuit 

Resistance 
Ra 10 Ω 
R1 24 Ω 

Inductance L1 20 µH 

Capacitance C1 6.9 pF 

RLC-parallel 
circuit 

Resistance 
Rb 290 Ω 

R2 120.8 Ω 
Inductance L2 20 nH 

Capacitance C2 6.9 nF 

Frequency 

Minimal value fmin 13 MHz 

Maximal value fmax 14 MHz 

Sampling - 300 

Temperature 

Minimal value Δθmin 0°C 
Maximal value Δθmax 100°C 

Sampling - 25 

TCR(Fe) λ= λFe 65.14×10-4 

 

The corresponding layouts designed in the Momentum 

environment of ADS® by using surface mounted device 

(SMD) lumped and normalized components which present 

1206 physical size are proposed in Figs. 3. This hybrid 

technology PCB layout is Copper (Cu) metallized and 

printed on FR4 substrate with 4.4 relative permittivity and 

1.6 mm thickness. It can be seen in Fig. 3(a) and Fig. 3(b) 

that capacitor C1 and resistor Rb are terminated by via 

ground (GND), respectively.  

From these PoCs, validation study was performed. The 

following section will discuss on the obtained results. 
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FIGURE 3. Momentum® layouts of designed (a) RLC-series and (b) RLC-
parallel PoC circuits. 

 
B. CONTEXT OF COMPUTATION AND SIMULATION 

The main question to be answered at this stage of validation 

study for non-specialist electronic engineers is how to 

verify if the proposed circuit operates as a BP-NGD 

function. To answer to this curious question, the numerical 

validation of the circuit PoCs introduced previously is 

explored in the present subsection. The PoC RLC-series 

and RLC-parallel circuit responses were calculated with 

MATLAB® by considering the VTF canonical form 

proposed in equation (3) and the parameters recapitulated in 

Table II. The calculation was made by means of the center 

frequency, numerator and denominator parameters shown 

in Table III. The calculations and PCB POC simulations 

were carried out in the frequency band from minimal bound 

fmin=13 MHz to maximal bound fmax=14 MHz with 300 and 

40 sampling. 

 
TABLE III. Canonical Form VTF Parameters 

Approach fc fn fd 

RLC-series 13.56 MHz 191 kHz 271 kHz 

RLC-parallel 13.55 MHz 553 kHz 784 kHz 

 

The AC simulation were run in ADS® schematic 

environment in the same frequency band with 40 sampling. 

After all computations, we obtain the results explored in the 

following paragraph. 

 
C. DISCUSSION ON THE CALCULATED AND 
SIMULATED BP-NGD RESPONSES 

Figs. 4 depict the comparisons of the calculated and 

simulated results. These theoretically calculated responses 

represent the VTF GDs (Fig. 4(a)), magnitudes (Fig. 4(b)) 

and phases (Fig. 4(c)) of RLC-series and RLC-parallel 

results of circuit PoCs. The calculated results are 

represented by “CalcRLCs solid red curve” and “CalcRLCp 

dashed blue curve”, and the ADS® simulated results are 

represented by “ADSRLCs diamond dotted sky-blue curve” 

and “ADSRLCp circle dotted pink curve”, respectively. 

 

 
FIGURE 4. Comparisons of calculated and simulated VTFs: (a) GD, (b) 
magnitude and (c) phase from the RLC-series and RLC-parallel circuits 
shown in Figs. 2 and Figs. 3. 

 

The simulated GD, magnitude and phase responses are only 

generated from the PCB circuit PoCs shown in Figs. 3. It 

can be pointed out that the theory and simulation results are 

in excellent agreement. These results confirm the 

equivalence between the RLC-series and RLC-parallel 

topologies synthesized via transformation equations (11), 

(12) and (13). More importantly, we can interpret from Fig. 

4(a) that the considered circuits behave as a BP-NGD 

function. The GD is literally negative in certain frequency 

bands. The NGD value and NGD WB can be read from this 

curve. It can be seen from Fig. 4(b) that the VTF magnitude 

represents a typical response under similar behavior with 

the GD. Table IV presents the comparison of BP-NGD 

specifications. The phase plots displayed in Fig. 4(c) 

illustrate that around the NGD center frequency the phase 

shift is equal to zero. 

 
TABLE IV. Comparison of BP-NGD Prototype Specifications 

Approach fc GDn=GD(fc) BW Tn=T(fc) 

Calc. 

RLC-

series 

13.56 MHz -0.503 µs 0.23 MHz -3.05 dB 

Calc. 

RLC-
parallel 

13.56 MHz -0.503 µs 0.23 MHz -3.05 dB 

Simu. 

RLC- 
series 

13.4 MHz -0.41 µs 0.25 MHz -2.79 dB 

Simu. 

RLC-
parallel 

13.44 MHz -0.53 µs 0.225 MHz -3.3 dB 

 

This successful validation leads us naturally to the 

original electrothermal validation showing the BP-NGD 

robustness in the next subsection.  



 F. A. Author et al. 

 

 VOL. XX, NO. XX, MONTH 20XX 8 

 
V. NUMERICAL INVESTIGATION VERSUS THERMO-
FREQUENCY VARIABLES 

The present part of the study aims to explain the 

temperature stress robustness of the BP-NGD circuits 

discussed previously. Doing this, we assume that the circuit 

operates in the environment with temperature variation, Δθ, 

from Δθmin=0°C to Δθmax=100°C. Then, only the TCR of the 

resistances is considered to materialize the interaction 

between the temperature and the circuit. We computed the 

magnitude and GD responses of the RLC-series and RLC-

parallel circuits with respect to the couple of frequency and 

temperature variables by mapping the thermo-frequency 

cartographies. During the computation, the resistive 

elements of RLC-series (resp. RLC-parallel) following the 

linear laws given in equations (28) and (29) (resp. equations 

(46) and (47)).  

 
A. THERMO-FREQUENCY MAPPING ANALYSIS OF BP-
NGD CIRCUIT MAGNITUDE RESPONSES 

As results, we obtain the thermo-frequency variable 

cartographies of Fig. 5(a) for the VTF magnitude response 

of the RLC-series circuit. Then, the cartographies of Fig. 

5(b) for the RLC-parallel circuit one. We observe 

interestingly from Fig. 5(a) that the magnitude flatness of 

the RLC-series circuit in the NGD bandwidth is increasing 

with the temperature. An inverse effect appears in Fig. 5(b) 

with the RLC-parallel circuit presents flatness degradation 

when the temperature is increasing. Fig. 5(c) shows the 

difference between these magnitudes of the RLC-series and 

RLC-parallel responses. We can see that the difference 

increases more considerably with the temperature. At the 

maximum, Δθ=Δθmax, we assess about 1.25 dB absolute 

difference. 

 
FIGURE 5. Thermo-frequency variable mappings of (a) RLC-series, (b) RLC-
parallel VTF magnitudes and (c) ratio of both magnitudes from the circuits 
shown in Figs. 2. 

 
B. THERMO-FREQUENCY MAPPING ANALYSIS OF BP-
NGD CIRCUIT GD RESPONSES 

More importantly, we obtain the thermo-frequency variable 

cartographies of Fig. 5(a) for the GD response of the RLC-

series circuit.  
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FIGURE 6. Thermo-frequency variable mappings of (a) RLC-series, (b) RLC-
parallel VTF GDs and (c) their algebraic difference from the circuits shown in 
Figs. 2. 
 

Then, the cartographies of Fig. 6(b) for the GD response of 

the RLC-parallel circuit. We observe interestingly: 

• From Fig. 6(a) that the NGD value of the RLC-series 

circuit is decreasing when the temperature is 

increasing.  

• An inverse effect appears in Fig. 6(b) with the RLC-

parallel circuit presents an increase of NGD value 

when the temperature is increasing. 

As can be seen in Fig. 6(c), the GD differences increase 

significantly when the temperature variation becomes 

higher. So even, we validate the equivalence between RLC-

series and RLC-parallel in Figs. 1, both circuits react 

differently under ambient temperature stress.  

Reaching the present step, deeper investigation on the 

BP-NGD specification variation with temperature is 

necessary. Further representation as 1D-plot at the specific 

NGD center frequency is discussed in the next paragraph. 

 
C. 1-D PLOT ELECTROTHERMAL ANALYSIS OF BP-
NGD CIRCUIT MAGNITUDE AND GD RESPONSES 

Fig. 7(a) confirms more clearly the statement on the GD 

value variation with respect to the ambient temperature 

stress. We can see that as expected theoretically with 

equation (35) and equation (51), the GD values are 

changing following hyperbolic and linear variation with the 



  

VOL. XX, NO. XX, MONTH 20XX  9 

temperature. The trends of variation are different with 

positive and negative slopes. The NGD BW variations are 

almost similar according to Fig. 7(b).  
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FIGURE 7. Variation of (a) NGD value and (b) NGD BW of circuits shown in 
Figs. 5 versus temperature variation. 
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FIGURE 8. Relative variations of (a) NGD value and (b) NGD BW versus 
temperature variation. 

 

The comparison of VTF magnitude flatness’s, ΔT, versus 

temperature variation is proposed in Fig. 7(c). We can 

notice that the magnitude flatness of the RLC-series is 

almost negligible compared to the RLC-parallel one. The 

flatness of RLC-parallel VTF magnitude increases up to 

about 1 dB at the maximal temperature variation. The 

relative variations of NGD value and NGD BW are plotted 

in Fig. 8(a) and Fig. 8(b), respectively. Table V summarizes 

the NGD specifications at minimal and maximal value of 

the temperature. 

 
TABLE V. BP-NGD Specifications at the Minimal and Maximal Values of 
Temperature Stress Variation 

Circuit GDn(Δθmin) BW(Δθmin) Tn(Δθmin) ΔT(Δθmin) 

RLC-

Series 
-0.489 ns -0.23 MHz -3.025 dB 1.519 dB 

RLC-

parallel 
-0.489 ns -0.23 MHz -3.025 dB 1.519 dB 

Circuit GDn(Δθmax) BW(Δθmax) Tn(Δθmax) ΔT(Δθmax) 

RLC-
Series 

-0.297 ns 0.378 MHz -3.025 dB 1.52 dB 

RLC-

parallel 
-0.805 ns 0.142 MHz -3.024 dB 0.38 dB 

 

It is worth to remind that the GD is susceptible to affect the 

signal transmission. If the GD is positive, the output 

envelope appears after the input one. However, as property 

of BP-NGD effect, if the GD is negative the signal 

envelope seems in advance compared to its corresponding 

input [26]. 

VI. CONCLUSION 

An original investigation on the ambient temperature 

influence on BP-NGD circuits is developed. Two NGD 

passive topologies essentially composed of RLC-series and 

RLC-parallel resonant passive networks are considered. 

Based on the VTF analogy, the equivalence between BP-

NGD topologies constituted by RLC-series and RLC-parallel 

networks is established. The analytical expressions of BP-

NGD specifications in function of R, L and C parameters are 

established. The influence of the temperature is illustrated by 

considering the TCR on the resistive elements of the NGD 

circuits. Wide variational calculus of the BP-NGD 

parameters for the two passive topologies are developed. 

To validate, the electrothermal BP-NGD analysis of the 

two RLC-network circuits, comparison between theory and 

simulation is presented. A very good agreement between the 

theory and simulation which confirms the equivalent between 

the two considered topologies is obtained. Moreover, an 

innovative mapping investigation in function of the thermo-

frequency variables is also introduced. 

The developed electrothermal NGD study is particularly 

useful in the future for the BP-NGD application as for the 

signal integrity improvement of electronic system [30-31] in 

the environment with temperature effect.  
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