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Abstract—This paper deals with original design, 
implementation, test, and potential application of finite 
impulse response (FIR) with uncommon all-pass negative 
group delay (AP-NGD) circuit. The counterintuitive AP-NGD 
numerical circuit theory is established. Design method of 
first order AP-NGD circuit is introduced with respect to the 
specified time-advance. The first order difference equation 
was synthesized, designed, and implemented in STM32® 
Microcontroller Unit, and experimented to validate the AP-
NGD characteristics. The AP-NGD FIR prototype was tested 
in the time-domain with Gaussian and arbitrary waveform 
sensored signals. Calculated and experimented results in 
very good agreement with the most significant time-
advance -10 s ever experimented before are obtained. The 
potential industrial application of the NGD predictor for 
sensor fault diagnosis in real-time is described. 

Index Terms—Numerical circuit design, Negative group 
delay (NGD) function, Finite Impulse Response (FIR), Time-
domain test, All-pass NGD (AP-NGD), NGD numerical 
circuit, NGD predictor, sensor fault diagnosis. 

 

NOMENCLATURE 

t Time variable 

tmax Maximal time variable 

f=ω/(2π) Frequency variable 

fmax=ωmax/(2π) Maximal frequency variable 

fl Cut-off frequency 

s=jω=2jπf Laplace variable 

vin, vout Input and output voltages 

k, n Positive integer  

kmax Maximal positive integer  

N Transfer function 

GD Group delay 

t0 Group delay at f≈0 

f0 Specific frequency associated to t0 

1/ 1/s sf t T=  =  Sampling frequency 

a0, a1 Real coefficients of AP-NGD FIR 

Ain, Aout Input and output signal amplitude  

g Transient gain between vout and vin 
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r(vin,vout) Input and output relative cross-

correlation 

v̂  Average value of (input or output) 

voltage samples ( )v k  

vT Voltage threshold 

tin, tout Input and output voltage instant time 

where ( ) ( )in in out out Tv t v t v= =  

out int t t = −  Transient time-advance 

Vdd Voltage supply 

maxV  Maximal amplitude of input signal 

τ Instant time where
max ( )= inV v   

fa Gaussian input signal bandwidth 

adB Gaussian spectrum attenuation at fa 

fb Sinc input signal inverse of period 

vCalc, vMeas. Calculated and measured voltages 

x, y Input and output signals 

xn Reference level of test signals x, y 

xlim Maximal input signal 

t1, t2, t3, t4 Specific instant time of test signals x, y 

I. INTRODUCTION 

HE FAULT diagnosis of sensors and actuators is the key 

element to guarantee the modern industrial system 

performances [1-8]. Different techniques as synchronous 

sampling and impulse detection [1], observer-based adaptive 

decentralized fault-tolerant control [2], signal enhancement 

method [3], simultaneous isolation of sensor and actuator faults 

[4], adaptive online fault diagnosis of manufacturing systems 

based on discrete event system specification (DEVS) formalism 

[5], high accuracy insulation fault diagnosis method based on 

power maximum likelihood estimation [6] and sensor fault 

diagnosis in inland navigation networks based on a grey-box 

model [7-8] were recently proposed. The sensor and actuator 

diagnosis technique performances depend on measurement and 

topological information data robustness [9-10]. With the 

technological progress, the sensor and actuator industrial 

systems are expected to operate remotely [11-15]. The real-time 

anomaly detection techniques which, depending on time-delay 
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effect, are needed for the fault diagnosis of such remote 

operating network systems [13-18]. Different methods allowing 

to consider the time-delay effect as communication delay [14], 

system performance optimization [17], asymmetry aspects [18], 

and estimation [19] were investigated. Delay compensation 

techniques [20-21] notably for networked control systems in 

controller area networks were proposed. In addition, different 

fault system detection and prediction techniques were 

developed to face up the delay effects [22-25]. One of the most 

efficient approaches to analyze signal delay in both frequency 

and time domain can be performed by the group delay (GD) 

analysis [26]. It is emphasized that certain electronic analog 

circuits are susceptible to operate with time-advance effect 

based on the use of uncommon negative GD (NGD) electronic 

function [24-25,27-35]. It is worth to note that the fascinating 

NGD time-advance does not contradict the causality [29-30]. 

Because of its counterintuitive effect, the NGD electronic 

function is still an uncommon knowledge for non-specialist 

industrial sensor and actuator design engineers. For the better 

understanding, the NGD circuit theory analogue to the filter 

was initiated [27]. The canonical transfer function (TF) of low-

pass (LP) NGD analog circuit topology was fundamentally 

identified and proposed [27-32]. It was theoretically and 

experimentally demonstrated the possibility to propagate output 

of smoothed enough input signal in time-advance by using 

analog circuit [27-32]. Moreover, the time-advance absolute 

value is limited lower than 1 second with analog circuits [27-

32]. So far, most of NGD circuit design and theory available in 

the literature are typically with LP behaviors which is limited 

by their NGD cut-off frequency [27-32]. To overcome such a 

technical limit, innovative design of numerical LP-NGD 

circuits were proposed in few studies [33-35]. But compared to 

the research work available in the literature about NGD analog 

circuit designs, many efforts need to be paid on the NGD 

numerical circuit. Many curious questions were wondered 

about the implementability and testability of typical all-pass 

(AP) NGD finite impulse response (FIR) numerical circuit. 

In the present paper, an original research work, never being 

done before, is introduced about the designability, 

implementability and testability of typical AP-NGD FIR 

numerical circuit with time advance absolute value record more 

than 1 second. The paper is organized in four sections as 

follows: 

• Section II develops the original theory of AP-NGD FIR 

numerical circuit. The AP-NGD analysis from analog TF 

to the difference equation is introduced. The design 

equations enabling to determine the AP-NGD FIR 

coefficients will be established. 

• Section III focuses on the validations of the original AP-

NGD FIR with proof-of-concept (POC) and prototype 

implemented on STM32® microcontroller unit (MCU). 

The AP-NGD FIR design method will be discussed based 

on calculated and experimented results with different test 

signals. 

• The real-time fault diagnosis remains a challenging 

problem for the industrial sensor design engineers [1-8]. To 

tackle this technical problem, Section IV discusses on 

potential application of AP-NGD FIR for sensor fault real-

time diagnosis. An innovative industrial application of AP-

NGD FIR circuit is developed on the real-time failure pre-

detection of sensor and actuator systems. 

• Then, Section V presents the final conclusion. 

 

II. THEORY AND DESIGN METHOD OF ORIGINAL AP-NGD 

FIR CIRCUIT 
The present section is dedicated to the theory of original AP-

NGD FIR. The methodology to develop the numerical circuit 

theory is also described. 

A. Definition of AP-NGD Analog TF 

The AP-NGD analog TF characterization is elaborated in this 

subsection. The main particularity of NGD analysis is the 

simultaneous approach in both the time and frequency domain. 

1) Expected Specifications of AP-NGD Test Signal 
Like all electronic functions, the innovative AP-NGD circuit 

must operate under specific requirements of input signals. The 

t-time dependent input signal of AP-NGD circuit can be 

represented by voltage vin(t). As illustrated by Fig. 1(a), this 

input voltage min max0 ( )  inv v t v  is delimited by minimum 

vmin and maximum vmax. In addition, we assume that the test 

signal is specified by its time duration tmax or max( ) 0 inv t t . 

 
Fig. 1.  Typical representation of (a) chronogram and (b) spectrum of 
AP-NGD input signal. 

The input signal frequency spectrum is denoted by Vin(s) by 

taking the Laplace variable s=jω, with angular frequency 

variable ω=2πf. The magnitude of input signal spectrum 

max( ) inV f V  can be represented by Fig. 1(b). This spectrum 

is characterized by the maximum magnitude Vmax and frequency 

fmax with max( ) 0 inV f f . 

2) Recall on LP-NGD Specifications 
The present NGD theory is based on the voltage TF 

N(s)=Vout(s)/Vin(s) associated to Vin and output voltage Vout. The 

GD associated to TF N is defined by: 

 ( ) arg ( ) /= − GD N j   .      (1)  

We recall that the GDLP-NGD characteristic LP-NGD ideal 

diagram with NGD value 0( 0) 0−  = LP NGDGD t . Cut-off 

frequency ωl is verifying ( ) 0−  LP NGD lGD    and 

( ) 0−  LP NGD lGD   represented by Fig. 2 [27-33].  

 
Fig. 2.  LP-NGD GD ideal diagram [27-33]. 



The dashed parts of the graph are the forbidden zone. We have 

the case of innovative AP-NGD function if the cut-off 

frequency becomes infinity ωl=+∞. The following paragraph 

presents the fundamental AP-NGD function considered in this 

paper. 

3) AP-NGD Analytical Characterization 
For the targeted time-advance t0<0, the AP-NGD TF can be 

designed with 1st order expression written as: 

0( ) 1= +N s t s .         (2)  

The corresponding magnitude ( ) ( )=N N j   is given by: 

2 2

0( ) 1= +N t  .        (3) 

Hence, the AP-NGD TF GD defined in (1) is expressed as: 
2 2

0 0( ) / (1 )= +GD t t  .      (4) 

This last expression confirms the AP-NGD behavior of the TF 

introduced in equation (2) because the GD is always negative 

whatever ω. The NGD value at very low frequencies (VLFs) 

0( 0) 0 = GD t . This advance is associated to specific 

angular frequency: 

          0 0 02 1/= =f t         (5)  

At the multiple of this specific angular frequency with positive 

integer n, we have the magnitude and GD: 

2

0( ) 1 = +N n n         (6) 

2

0 0( ) / (1 ) = +GD n t n .      (7) 

From these analytical results, the GD and magnitude diagrams 

shown in Fig. 3(a) and Fig. 3(b) represent the specific 

characteristics of the AP-NGD analog TF.  

 
Fig. 3.  AP-NGD TF (a) GD and (b) magnitude diagrams. 

The GD and magnitude flatness’s to preserve the input signal 

integrity can be assessed. Similar to the design of LP-NGD 

circuit [35], the integrity of AP-NGD output signal can be 

guaranteed if the input signal band limitation is lower than 

02  . 

B. AP-NGD First-Order Canonical FIR Design 
Methodology 

The present subsection establishes the original theory of AP-

NGD FIR design allowing to generate time advance more than 

second. The main specifications and characterization of 

innovative AP-NGD numerical circuit implemented by the 

canonical FIR are described. 

1) Numerical Circuit Architecture Description 
The original FIR canonical form is established from the 

discretization of TF introduced in equation (1). Similar to the 

LP-NGD numerical circuit design introduced in [35], the AP-

NGD FIR design is based on the architecture diagram of Fig. 4 

powered by Vdd. The architecture has a block of computing core 

interfaced by Analog Digital Converters (ADC) and Digital 

Analog Converters (DAC) as input and output interfaces, 

respectively. The discrete circuit operation is based on internal 

clock generating the sampling clock supposed with period 

denoted 1/ = =s st T f  with fs is the sampling frequency. 

Knowing the input signal duration, tmax, the numerical 

architecture must operate with time step following the positive 

integer index k=0,1,2,…, kmax. This maximum is defined by: 

max max /=   sk t T         (7)  

knowing that     represents the ceiling function. 

 
Fig. 4.  The considered numerical circuit architecture. 

The discrete input and output signals at each instant time t=kTs 

are represented by: 

 
( ) ( )

( ) ( )

=


=

in in s

out out s

v k v kT

v k v kT
.         (8) 

2) AP-NGD FIR Canonical Form 
The original numerical AP-NGD function is elaborated from 

first-order equation (1). The TF equivalent discrete form is 

derived from the equivalent differential equation governing 

input vin and output vout. To realize the time-advance behavior 

related to the AP-NGD function, the input signal bandwidth 

should respect condition max 0  . The analytical combination 

of equation (2) and ( ) ( ) ( )= out inV s N s V s  implies the Laplace 

symbolic equation: 

0( ) ( ) ( )= +out in inV s V s t sV s .      (9) 

By supposing that the input signal is generated under the initial 

condition ( 0) 0inv t = = . It can be derived with Laplace inverse 

transform the time-dependent differential equation:  

0

( )
( ) ( )= + in

out in

dv t
v t v t t

dt
.       (10) 

The discrete TF is designed by taking into account to initial 

condition (0) (1) (0) 0out in inv v v= = = . The AP-NGD function 

discretization is established from the differential infinitesimal 

elements: 

( ) / ( ) /in in sdv t dt v kT t  .       (11) 

By denoting the integer k=0,1,2,…,kmax-1, we have the discrete 

quantities expressed as:  

 ( ) / ( 1) ( )in s s in inv kT t f v k v k  = + − .     (12) 

Substituting previous equation (12) into equation (10), the 

numerical AP-NGD difference equation can be fundamentally 

formulated by: 

1 0( 1) ( 1) ( )+ = + +out in inv k a v k a v k      (13) 

where the FIR coefficient design equations: 



0 0

1 0

0

1

 = 


= −

s

s

a f t

a f t
.        (14) 

In other words, the AP-NGD FIR can also be designed with 

coefficient relationship: 

1 01= −a a .          (15) 

C. Characterization and Properties of AP-NGD FIR  

The performances of AP-NGD FIR can be quantified based 

on their characteristics by means of transient tests. The present 

section describes the basic characteristics and property of the 

AP-NGD FIR necessary to be respected before the design 

phase. 

1) Transient Characterization from AP-NGD FIR 
Responses 

The signal integrity performance of AP-NGD FIR depends 

on the transient parameters: time-advance, ∆t=t0, input-output 

signal gain or attenuation, g, and cross correlation, r. Fig. 5 

illustrates the extraction technique of the corresponding 

parameters.  

 
Fig. 5.  Illustration of AP-NGD transient characterization. 

By choosing a threshold, vT, the transient time-advance can be 

expressed as: 

( ) ( )

 = −


= =

out in

in in out out T

t t t

v t v t v
        (16) 

For the case of pulse signal test, we can define this advance as

 riset  or  fallt  depending on the given time interval of input 

rising or falling fronts. By taking the input and output signal 

amplitudes Ain and Aout, the AP-NGD transient gain is given by: 

/= out ing A A .          (17) 

The input and output relative cross-correlation is expressed as: 

  

   

max

max max

1

2 2

1 1

ˆ ˆ( ) ( )
( , )

ˆ ˆ( ( ) )( ( ) )

k

in in out outk

in out
k k

in in out outk k

v k v v k v
r v v

v k v v k v

=

= =

− −
=

− −



 
(18) 

where înv  and ˆ
outv  are the input and output averages which are 

given by the equation, respectively: 
max

max1
ˆ ( ) /

=
= 

k

k
v v k k  .       (19) 

with subscript  ,= in out . 

2) Properties of the Developed AP-NGD FIR 
The original AP-NGD FIR has some specific properties 

described as follows: 

• The initial value of the discrete variable allowing to realize 

a reasonable prediction must be: 

        0 0=   sk f t          (20) 

As explanation, this property corresponds to the first 

instant time where the output vout gives the correct 

prediction of input signal value. This property must be 

satisfied because when t<|t0|, information vout(t-t0)≈vin(t-t0) 

does not exist with respect to the causality. 

• The time-advance effect accuracy can be reached under 

condition: 

0 04 / 4  s st f f t .        (21) 

As explanation, this property corresponds to the accuracy 

of the predicted output voltage vout(k∙ts). We expect at least 

an advanced absolute value for times transient samples to 

guarantee accurate NGD FIR prediction. 

• The variations of first order AP-NGD FIR coefficients a0 

and a1 are mapped versus sampling frequency and time-

advance in Fig. 6 in the range of fs ϵ [10 mHz,2 Hz] and t0 

ϵ [-11 s,-1 s]. As results, we have the minimum and 

maximum of a0 and a1 for these ranges of targeted 

specifications indicated in Table I. 
TABLE I 

MIN AND MAX OF COEFFICIENTS a0 AND a1 

Coefficients a0min a0max a1min a1max 

Value -22 -0.01 1.01 23 

 
Fig. 6. AP-NGD FIR coefficients (a) a0 and (b) a1 versus targeted pair 
(fs,t0). 

The following section examines the experimental validation 

results of the original AP-NGD FIR implemented on STM32® 

microcontroller unit (MCU) board. 

III. DESIGN, IMPLEMENTATION AND TEST VALIDATION OF 

ORIGINAL AP-NGD FIR NUMERICAL CIRCUIT 
This section is focused on the validity of the original AP-

NGD FIR theory. As POC, a numerical circuit is implemented 

on STM32® MCU test board. The validation study is based on 

time-domain demonstrations with Gaussian and sinc 

deterministic pulses as input test signals. Then, result of 

arbitrary waveform, pulse duration and noisy test signal is also 

discussed. Thus, an AP-NGD potential application for sensor 

fault diagnosis is described. 

A. Description of AP-NGD FIR Implementation 

To perform the validation tests, the AP-NGD FIR numerical 

circuit was implemented on a Nucleo L476RG development 

board using an STM32L476RG MCU [36]. The 64-pin MCU 

board is fed by Vdd=5 VDC power from USB connector. The 

microprocessor operates with 12-bit precision ADC for the 

input- and DAC for the output- analog voltage. The test signal 

dynamic range is between Vmin=0 V to Vmax=3.3 V and quantum 



resolution equal to ΔV=800 µV under low sampling frequency 

fs=167 mHz. Then, the introduced AP-NGD FIR function was 

coded in C-language program as indicated by Algorithm I. In 

this case of study, we target to break the time-advance record 

by expecting to choose the specification t0=-10 s. The designed, 

implemented, and tested AP-NGD IIR coefficients are {a0=-

5/3, a1=8/3}. The test program was executed by applying 

analog input voltage applied on pin PA0 converted into digital 

processed data. 

Algorithm I: AP-NGD FIR implemented code. 
1: float a0 = -1.667; float a1 = 2.667;  
2: float vin_1 = 0; float vin_0 = 0; float vout = 0;   
3: return float Process(float input) 
4: { 
5:     //Update internally stored input at t-1 
6:    vin_1 = vin_0; 
7:     //Update internally stored input at t 
8:     vin_0 = input; 
9:     //Compute output 
10:     vout = a1*vin_1+a0*vin_0; 
11:     return vout; 
12: } 

B. Experimental Setup of Original AP-NGD FIR Circuit  

Fig. 7(a) represents the experimental setup photograph of 

original AP-NGD FIR test board. The input and output test 

signals are transmitted to the oscilloscope through a 1 m-long 

identical cable. The input signal vin is provided by the signal 

generator. Then, it attacks the MCU and visualized 

simultaneously with the output analog voltage from pin PA5 

through the DAC. As seen in Fig. 7(b), the MCU is powered by 

USB port connected to the PC driver. 

 
(a) 

 
(b) 

Fig. 7. Photograph of the (a) AP-NGD FIR experimental setup and (b) 
the STM32® MCU used test board [36]. 

During the operation test, the MCU configuration including the 

input and output signal interactions with the microprocessor is 

carried out by using the STM32CubeIDE software installed on 

the PC driver. Thus, the oscilloscope input impedance is 

configured as Rin=1 GΩ. The employed test equipment 

specifications are addressed in Table II. The tested signal AP-

NGD FIR responses are recorded in csv format and replotted in 

MATLAB® environment. Doing this, time-domain test based 

on deterministic signals presenting possibility to control 

specifications as bandwidth, magnitude and rise/fall fronts is 

needed. Accordingly, the AP-NGD FIR transient 

characterizations with respect to the approaches proposed in 

paragraph II-B-2 are discussed in the following subsections. 
TABLE II 

TEST EQUIPMENT SPECIFICATIONS 

Description Reference Parameter Value 

Arbitrary 

function 

generator 

Tektronix 

AFG3102C Dual 

Channel 

Sampling rate 1 GS/s 

Bandwidth 100 MHz 

Digital 

Oscilloscope 

Agilent 

Infiniium 

MSO8104A 

Resolution 12.5 mV  

Sampling rate 4 GSa/s 

Bandwidth 1 GHz 

Channels 4 

C. Gaussian Waveform Test Signal-Based AP-NGD FIR 
Validation 

The Gaussian pulse constitutes one of the most relevant 

characterization test signals of NGD circuit in the time-domain. 

This subsection is focused on Gaussian waveform pulse voltage 

with duration [0,tmax] and tmax=6.7 minutes (min). For the test 

reproducibility, the input signal analytical expression is given 

by: 

  2 2 2

max( ) exp 5 ( ) / ln(10)= − −in a dBv t V f t a    (20) 

with amplitude, 
max ( )= inV v  =1 V at instant time, τ =3.23 min 

and adB is the Gaussian spectrum attenuation at frequency, fa=1 

Hz. Fig. 8(a) displays the time-advance behavior validation of the 

implemented AP-NGD FIR circuit. The experimented result 

corresponds to the Gaussian pulse input signal provided by the 

generator and injected to the MCU.  

 
Fig. 8. Calculated and measured AP-NGD FIR Gaussian pulse transient 
results with (a) wide- and short-duration from (b) [1.6 min, 3.3 min] and 
(c) [3.3 min, 5 min]. 



In difference to the analytical one, the input and output test results 

are recorded from the digital oscilloscope in real-time. A very 

good agreement between the outputs from MATLAB® 

calculation, vCalc., (black dashed curve) and measured, vMeas., (red 

dotted curve) one. To illustrate more obviously the time-advance 

property, zoom in plots of transient results in [1.6 min, 3.3 min] 

and [3.3 min, 5 min] are presented in Fig. 8(b) and Fig. 8(c), 

respectively. As seen in Fig. 8(b) (resp. Fig. 8(c)), the AP-NGD 

FIR circuit transient response presents outstanding output signal 

time-advance of leading- (resp. tailing-) edges. By taking 

threshold voltage VT=Vmax/2, Table III quantifies the AP-NGD 

transient characterization parameters. It is noteworthy that the 

numerical AP-NGD MCU input and output signal cross 

correlations are better than 96%.  
TABLE III 

COMPARISON OF CALCULATED AND MEASURED AP-NGD FIR TRANSIENT 

CHARACTERISTICS OF GAUSSIAN WAVEFORM INPUT 

Parameters Δtrise Δtfall g r 

Calculation -9.76 s -9.45 s 1.081 96.6% 

Measurement -9.8 s -9.38 s 1.083 96.49% 

D. AP-NGD FIR Validation with Sinc Waveform Test 
Signal 

In addition to the previous test case, sinc waveform pulse 

voltage was also tested to show the relevant of the designed and 

implemented AP-NGD FIR circuit by considering duration 

[0,tmax=3.85 min]. In this test case, we would like to 

demonstrate the AP-NGD FIR circuit flexibility by assuming 

the targeted time-advance t0=-2 s different to the previous one. 

Therefore, the designed, implemented and tested AP-NGD FIR 

coefficients are {a0=-2, a1=3}. In this case, the input signal is 

analytically determined by: 

max( ) sin 2 ( ) / 2 ( )   = − −   in b bv t V f t f t      (21) 

with 
max ( )= inV v  =1 V at instant time, τ =1.433 min and 

frequency, fb=1 Hz. Same as the previous case of test, the sinc 

pulse signal was provided by the generator and injected to the 

AP-NGD FIR with real-time visualization of input and output 

simultaneously. As result, Figs. 9 highlight a very good 

agreement between the calculated and measured test results.  

 
Fig. 9. Calculated and measured AP-NGD FIR transient response of sinc 
waveform pulse with (a) wide- and (b) short-duration representation. 

Once again, as seen in the zoom in plot from [1 min,2 min], the 

-2 seconds time-advance was successfully experimented with 

sinc wave pulse test signal. Moreover, the AP-NGD FIR 

outputs present the counterintuitive leading- and tailing- edge 

time advance. Table IV quantifies the AP-NGD transient 

characterization parameters of sinc waveform input. In addition 

to the analytical input signal test, computational investigation 

with more industrial context of sensored arbitrary waveform 

signals plotted in several hours and very long-time duration is 

examined in the following paragraph. 
TABLE IV 

COMPARISON OF CALCULATED AND MEASURED AP-NGD FIR TRANSIENT 

CHARACTERISTICS OF sinc WAVEFORM INPUT 

Parameters Δtrise Δtfall g r 

Calculation -1.9 s -1.9 s 1.098 93.6% 

Measurement -1.8 s -1.8 s 1.101 93.4% 

E. AP-NGD FIR Fast-Pulse Signal Responses 

The validity of AP-NGD FIR circuit was validated with two 

different fast signals presenting milli-second scale pulse 

duration in real-time by using the same MCU introduced by 

Figs. 7. Gaussian signal with tmax=2 s duration was tested by 

expecting time-advance t0=-100 ms. As seen in Fig. 10(a), the 

calculated and measured signals are in very good agreement. 

Moreover, sinc with pulse width of about 200 ms and tmax=685 

ms duration was also tested. As depicted in Fig. 10(b), the 

advanced effect was once again observed with very good 

agreement between calculation and measurement. Table V 

summarizes the measured time-advance, amplification and 

correlation coefficient. Emphatically, the AP-NGD FIR circuit 

works very well with less than 1 minute duration faster signals. 

We underline also that the proposed circuit works very well 

even for milli- and micro-second duration sensor signals. 

 
Fig. 10. Calculated and measured AP-NGD predicted results of (a) 
Gauss(tmax=2 s) and (a) sinc(tmax=685 ms) fast-signals. 

TABLE V 

AP-NGD FIR TRANSIENT CHARACTERISTICS OF FAST SIGNALS 

Signal a0 a1 Δtrise Δtfall g r 

Gauss -8.336 9.336 84 ms 95 ms 1.06 94.5% 

Sinc -3.963 4.963 15.1 ms 14.9 ms 1.13 92% 

F. AP-NGD FIR Responses of Noisy Input 

The relevance of AP-NGD FIR circuit with real sensor effect 

is confirmed by noisy signal tests. To investigate analytically 



the AP-NGD FIR circuit versus sensor noise effect, we consider 

the Gaussian input of Fig. 10(a) with input presenting signal-to-

noise (S/N) ratio higher than 40 dB and noise bandwidth 

BWnoise>50f0. The transient responses of input with S/N=60 dB, 

50 dB and 40 dB are plotted in Fig. 11(a), 11(b) and 11(c), 

respectively. Accordingly, the output signal advance is less 

considerable for S/N<40 dB. 

 
Fig. 11. AP-NGD FIR responses of input signal presenting S/N={(a) 60 
dB, (b) 50 dB, (c) 40 dB}. 

G. AP-NGD FIR Test Validation of Arbitrary Waveform 
Sensored Slow Signal  

A sensored arbitrary waveform signal was effectively tested 

with t0=-10 s time-advance implemented AP-NGD FIR circuit. 

Fig. 12(a) represents the synoptic diagram of the sensored 

signal scenario. It includes a potentiometer with time-

dependent resistor R(t) with varied from 0 to Rmax=10 kΩ 

associated to conditioning circuit comprised of resistors 

R1=R2=2.2 kΩ fed by DC power supply Vf=3.3 V. 

 
Fig. 12. Sensored signal based AP-NGD (a) experimental setup, and 
response in time-intervals (b) [0, 13 min], (c) [2.5 min, 4.7 min] and (d) 
[5 min, 10 min]. 

In this test case, the experimental setup is constituted by sensor 

circuit and AP-NGD FIR board interfaced by a follower and 

terminated by the oscilloscope to visualize in real-time 

simultaneously voltages vin and vout. To generate the arbitrary 

waveform test signal, R(t) was randomly and instantaneously 

varied from minimal to maximal value during, Tmax=13 min. 

The long-range calculated and measured output signals are 

plotted in Fig. 12(b). To highlight the time-advance behavior of 

the arbitrary signal rise front, the transient result in time-

interval [2.5 min, 4.7 min] is zoomed-in Fig. 12(c). The mean 

time-advance of about ∆t1= -9.1 s is assessed. Furthermore, the 

plot of Fig. 12(d) shows the time-advance effect on the fall front 

in the part of test signal in time-interval [5 min, 10 min] is 

zoomed-in Fig. 12(d). This fascinating test result confirms the 

feasibility of arbitrary waveform signal anticipation 

representing typically temporal slow variation. We emphasize 

that in this test case, the cross correlation between the input-

output sensored signal is 91%. 

H. Comparison Study of NGD Function 

To highlight the originality and effectiveness of the 

developed AP-NGD test results, comparison study of time-

domain approach with respect to the existing work [24-35] on 

NGD circuit engineering is proposed in this section. Table VI 

addresses the main objects of comparison based on the NGD 

circuit characteristics and nature. We can understand from this 

table that only some of available studies [24,27,29-30-33,35] of 

the NGD investigation with time-domain experimental tests 

because it requires challenging efforts. Most of performed NGD 

circuit engineering are focused on active analog circuit 

topologies [24-32]. But despite the design simplicity, such 

analog circuit topologies are not able to operate with more than 

some seconds in time-advance absolute value. Because of 

lumped component fabrication technology limitations, the 

NGD analog topologies are simply limited to the operation from 

nano- to milli-second time scales.    
TABLE VI 

COMPARISON OF NGD CIRCUIT CHARACTERISTICS AND NATURE 

Reference Nature Test Design 
Time scale 

limit 

[24,29-30] 

LP-NGD 
analog 

active  

Yes 

Operational 

amplifier and 

lumped 
component 

Micro- to milli-

seconds 

[25] 

LP-NGD 

analog 
active 

No 
TF design 

equation 

Nano- to some- 

seconds 

[26] 

BP-NGD 

analog 
active 

No 
TF design 

equation 
Nanoseconds 

[27,31-32] 

LP-NGD 

analog 

active 

Yes 

Transistor and 

lumped 

component 

Nano- to milli-
seconds 

[34] 

LP-NGD 

numerical 

FIR and 
IIR 

No 
Design 

equation 

Theoretically 

illimited 

[35] 

LP-NGD 

numerical 

IIR 

Yes Microcontroller 
Milli-seconds 

to hours 

This work 

AP-NGD 

numerical 

FIR  

Yes Microcontroller 
Milli-seconds 

to hours 



Compared to the only available study of NGD numerical 

circuit engineering [35] achieved with time-domain 

experimentation, the performed work originality is emphasized 

with the first exploration of AP-NGD function and the first 

experimentation of NGD with several seconds time-advance. 

IV. BRIEF DESCRIPTION OF NGD CIRCUIT APPLICATION 

FOR SENSOR FAULT DIAGNOSIS 

An efficient real-time prediction technique is expected to be 

a relevant solution against the sensor fault diagnosis [1-10]. As 

typical application, it was proposed that the temporal advance 

detection with NGD function was exploited to develop analog 

circuits for medical anticipatory application [24-25]. As 

reported in [37-39], there are different criteria standards in 

function of the medical signals under consideration. For 

example, the blood glucose concentration level which should be 

predicted with the most significant time advance during the 

monitoring period. For this case of application, the pulse signal 

duration can take several hours [37-38]. Then, the systolic and 

diastolic blood pressure prediction with expected standard 

threshold is several days pulse duration signals which should be 

predicted for the remote treatment of patient [39]. The principle 

of technological NGD solution for sensor fault diagnosis 

dedicated to real-time diagnosis of industrial control systems is 

proposed in the present section. 

A. Operation Principle of Sensor Fault Detection 

To highlight the NGD diagnosis, we can consider an 

industrial sensor integrating fault detection method in real-time. 

The operation principle of the sensor NGD diagnosis is 

illustrated by the synoptic diagram of Fig. 13. In this diagram, 

we assume that by applying input under the operation process, 

the sensor is generating time-dependent output parameters x(t). 

 
Fig. 13. Synoptic diagram illustrating sensor fault NGD diagnosis. 

The sensor fault detection method is performed by three block 

functions combining x, NGD function with predicted output xn. 

The fault diagnosis results are indicated by general output y. 

B. Description of Sensor Fault NGD Diagnosis Solution  

The real-time fault state of the sensor can be detected in 

function of its x output level in its operation environment. By 

injecting the sensor output into the NGD function, advanced 

signal xn is generated. Depending on the application cases, this 

output may not exceed nominal limit for example denoted xlim. 

Fig. 14(a) presents the real-time plots of arbitrary signals 

representing the sensor output signals. In this configuration, the 

considered sensor operates safely if error xn(t)<xlim as shown in 

Fig. 14(a). As illustrated by the interaction arrow between Fig. 

14(a) and Fig. 14(b), the prediction of sensor fault state can be 

predicted thanks to the use of NGD function. 

 

 
Fig. 14. Illustrative temporal variations of (a) sensor analog output and 
(b) diagnosis state result. 

We can describe the sensor diagnosis results by two binary 

states as follows:  

• In the first case where, the sensor presents fault state, we 

have y=“YES”. This phase is indicated in interval 

1 2 3 4, ,       t t t t t  of Fig. 14(b).  

• In the other case, the sensor operates safely, the NGD 

diagnosis is equal to y=“NO”. This state can be seen in 

intervals 1 2 3 40, , ,        +     t t t t t of Fig. 14(b). 

This NGD diagnosis can be operated systematically in real-time 

during the lifetime of the sensor. 

C. NGD Analysis Method to Overcome Sensor Failure 
Situation 

As ongoing research, the developed AP-NGD FIR circuit is 

expected to overcome the issues of industrial systems victim of 

sensor failure in real-time. The analysis method for such an 

application can be introduced as follows: 

• Step 1: Based on the time scale (speed and duration) and 

amplitude of the failure signal signature, an NGD circuit 

suitable to the targeted application can be designed and 

implemented. 

• Step 2: The NGD circuit is able to predict the failure signal 

signature in real-time. 

• Step 3: Based on the prediction effect, the NGD method 

enables to pre-detect failure of sensors in real-time.  

• Step 4: The pre-detection can be exploited to activate an 

anticipatory or prevent system in order to avoid the damage 

effects caused by the failure in the overall industrial system 

using the default sensor. 

V. CONCLUSION 

The NGD concept is one of less familiar functions for 

electronic engineers. So far most of NGD design research 

works [24-25,27-33] are focused to LP-NGD ones implemented 

with analog circuits. Therefore, considerable studies must be 

developed to familiarize non-specialist engineers to this 

fascinating AP-NGD numerical functions. 

An original engineering of AP-NGD FIR dedicated to non-

specialist electronic and industrial engineers is investigated. 

The present innovative NGD engineering study includes the 

design, implementation and test methodology. The proposed 

theory of AP-NGD numerical function is established from 

elementary circuit represented by a first-order analog TF. The 

design equation enabling to determine the AP-NGD FIR 

parameters as the time-advance is established in function of the 



implementation plate-form. The transient characterization 

approach allowing to assess the AP-NGD performance is 

introduced.  

The feasibility of AP-NGD theory is originally validated 

with STM32® MCU board. A numerical AP-NGD FIR circuit 

POC is designed and implemented. A record of time-advance 

equal to -10 seconds ever being experimentally tested is 

performed. Three test cases of Gaussian, sinc and arbitrary 

waveform signals are presented. As expected, outstanding 

results showing a very good correlation between the 

MATLAB® calculations and experimentations are 

emphasized.  

The sensor fault diagnosis constitutes a challenging task for 

industrial sensor design engineers [1-10]. In this study, an 

original solution of AP-NGD FIR industrial application for the 

sensor fault diagnosis is described. The basic principle of the 

sensor NGD diagnosis and control is introduced by means of 

illustrative synoptic diagram. The sensor fault NGD diagnosis 

technique with consideration of AP-NGD time-advance for the 

error prediction is discussed.  
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