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ABSTRACT This paper develops a new reconstruction technique of undesirable signal distortion generated
by sensor electronic circuits. The introduced reconstruction technique is originally realized with unfamiliar
low-pass negative group delay (NGD) function. The feasibility condition of the proposed reconstruction
technique in function of the sensor signal spectrum bandwidth under consideration is elaborated. The
reconstruction technique principle is theoretically introduced by means of identification of low-pass NGD
function parameters and the appropriated circuit topology. The unfamiliar low-pass NGD function analysis
and synthesis equations are established. As an example, for the feasibility study, an RC-network based
low-pass active cell is considered to implement the low-pass NGD function. A design method of NGD circuit
in function of the sensor distortion transfer function is described in different successive steps. The developed
NGD reconstruction technique is validated by different proofs of concept. First, transient simulations are
carried out with Gaussian and sinc analytical signals. Then, experimental feasibility study is also performed
with arbitrary waveform signal. As expected, the NGD reconstruction technique efficiency is confirmed with
improvement of distorted signal integrity parameters and cross correlation better than 97%.

INDEX TERMS Signal processing engineering, low-pass NGD function, sensor signal integrity, circuit
modelling, signal distortion, reconstruction technique.

I. INTRODUCTION
In twenty first century, behind the industrial and medical
engineering revolutions, new generation of smart sensors is
deployed [1]–[5]. These new generation sensors enable to
realize outstanding functions based on the detection of dif-
ferent types of physical parameters. For example, advanced
measurement techniques must be developed to characterize
this new generation of smart sensors [6], [7]. The measure-
ment techniques are usually expensive and they may require
a significant amount time of experimental setup preparation.
Therefore, alternative methods are needed to guarantee the

The associate editor coordinating the review of this manuscript and

approving it for publication was Wei Wang .

authentication of sensored data [8]. Development of signal
processing methods [1], [2] can be one of efficient solutions
enabling to improve the signal fidelity [9].

More generally, to assess the sensor performance, the
estimation of sensor signal distortions become a key point
for designers with confirmation of signal fidelity preserva-
tion [10]–[14]. Moreover, the distortion effect can manifest
at different stages of sensor readout circuits [13], [14]. The
fundamental limits of analog to digital compression circuits
are reported in [13]. Therefore, improvement methods were
proposed to filter [15], to cancel out [16], to suppress [17] or,
at least, to minimize the sensor signal distortions [18], [19].
Some of distortion effect analyses and suppressions are using
more complicated software approaches with algorithmic [20]
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FIGURE 1. (a) NGD system black box and (b) typical transient response of
NGD system [28]–[32].

and deep learning functions [21], [22]. Advanced design with
deep learning-based health electronic wearable sensors is
introduced in [22]. Despite the progress of these techniques
of distortion cancellation, more efficient and simpler meth-
ods allowing to avoid the circuit modelling [23], [24] based
method can be developed.

To solve the issues related to the sensor signal integrity
(SI), an original technique of degraded signal reconstruc-
tion by using low-pass negative group delay (NGD) function
can be a potential future candidate. The feasibility of NGD
function-based reconstruction technique of distorted signal
can be experimented with different types of equivalent cir-
cuit model-based degradations as introduced in [25]–[27].
The feasibility of the distorted signal NGD reconstruction
technique is initiated in the present paper. The proposed
technique was initially dedicated to RF and microwave signal
integrity [25]–[27]. Before the detailed elaboration of this
innovative technique, it is worth to review briefly the state
of the art on the NGD function.

Since 1990s, the NGD function was theoretically and
experimented with electronic circuits [28], [29]. This NGD
phenomenon can be explained [28]–[32] with its time domain
signature noticed by output signal leading and trailing edges
propagating in time advance compared to its own input,
as illustrated in Figs. 1. By considering an NGD system
denoted N (s) (with s the Laplace variable) presented in
Fig. 1(a), the input and output signals (denoted vin and vout )
can behave as shown in Fig. 1(b) [28]–[32].

Despite this counterintuitive aspect, the NGD phenomenon
does not contradict the causality principle [28], [29]. The
intrinsic limitation of the time-advance in function of NGD
circuit parameters is pointed out in [33]. An analogy
between the linear filter and NGD function was empha-
sized [34]. A canonical form of low-pass NGD function
was stated [35]. The feasibility of low-pass NGD func-
tion in multiscale time range was demonstrated [36]. The
NGD function can be intended to correct the degradation
affecting the sensor signals by improving the time param-
eters as noticed in [37]. In other words, the distorted sen-
sor signals can be reconstructed by exploiting the NGD
functions.

In order to answer to constantly asked open questions from
electronic, embedded system, industrial sensor and commu-
nication system design engineers about the usefulness and
applications of low-pass NGD function for the sensor circuit
design, the present paper develops an easy to understand and
potentially useful application of low-pass NGD function for
arbitrary signal distortion correction technique. To illustrate
the feasibility of this innovative idea, the present paper is
organized in four main sections describes as follows:

• Section II describes a theoretical part which points out
the following technical originalities about a particular
low-pass NGD applications:

◦ The general principle of the developed reconstruc-
tion technique in function of the arbitrary waveform
signal generated.

◦ The synoptic representation of sensed signal
susceptible to be victim of undesirable signal
distortion.

◦ The specifications of sensor distortion response as
a two-port block system.

◦ The description of the operating signal bandwidth
which allows to choose the low-pass NGD function
suitable to the sensor under consideration.

◦ And the pedagogical definition of equivalent model
of the distortion as a transfer function (TF) model
will be introduced.

• Section III is focused on the application of low-pass (LP)
NGD circuit for realizing the outstanding distortion cor-
rection. The NGD application theory is developed by the
identification of appropriated low-pass NGD TF. Doing
this, analytical equations dedicated to the determination
of the NGD function parameters are formulated.

• Section IV is focused on the introduced sensed sig-
nal reconstruction technique validation. First, simula-
tions illustrating the feasibility of the signal distortion
reconstruction with deterministic signals are performed.
Then, more practical proof-of-concept (POC) based on
mechanical motion sensored arbitrary waveform signal
will be discussed based realistic experimentations.

• Section V is the final conclusion.

II. ANALYTICAL DESCRIPTION OF THE DISTORTED
SIGNAL RECONSTRUCTION TECHNIQUE
The present section introduces the general principle of
the developed reconstruction technique of distortion signal.
Functional diagram of the equivalent system representing the
generated signal will be defined. Then, the basic mechanism
of the reconstruction principle will be introduced under con-
sideration of the equivalent TFs.

A. FUNCTIONAL DIAGRAM OF THE RECONSTRUCTION
PRINCIPLE
Figs. 2 illustrate the synoptic of the equivalent diagram of
generated sensored signal and also the global implementation
of reconstruction technique developed in the present paper.
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FIGURE 2. (a) Classical and (b) reconstructed sensor signal monitoring
synoptic diagram.

FIGURE 3. (a) Classical and (b) reconstructed sensor signal monitoring
synoptic diagram.

This general diagram is essentially composed of the signal
generator including also the monitoring block. The readout
circuit is considered in order to avoid the plot mismatching
between the raw signal delivered from the sensor and the
monitoring. In Fig. 2(a), the input signal is generated from
the sensor which integrates the readout circuit. To realize the
reconstruction effect, the solution is depicted in Fig. 2(b). The
NGD low-pass function must be inserted between the readout
circuit and the monitoring.

B. FEASIBILITY PRINCIPLE OF THE NGD BASED
RECONSTRUCTION TECHNIQUE
Figs. 3 highlight the chains of different blocks of the circuit
constituting the improved sensor. Then, the behaviors of
arbitrary waveform distorted and reconstructed signals are
plotted graphically as the main goal of the proposed NGD
signal restitution technique.

Similar to all signal processing techniques, the feasibility
of the developed one depends on certain golden rules. Among
these rules, we must define the following hypothetical speci-
fications:

• vin the initial input signal delivered by the sensor, must
be defined as a base band signal with maximal ampli-
tude Vmax and limited frequency band with maximal
frequency:

f ≤ fmax (1)

FIGURE 4. Specifications: (a) input signal amplitude, (b) distortion
magnitude and (c) group delay.

• vd the degraded signal due to the sensor connector and
interface imperfection is literally uncorrelated compared
to the main input signal:

Vd (s) 6= Vin(s) (2)

• And vout the clear integrity improvement of recon-
structed signal thanks to the use of low-pass NGD func-
tion after the introduction of the technique is analytically
formulated by:

Vout (s) ≈ Vin(s). (3)

C. CONSIDERED SYSTEM MODEL OF THE UNDESIRABLE
DISTORTION
The analytical investigation of the undesirable distortion can
be efficiently realized with a suitable analytical modelling.
The present subsection is focused on the analytical character-
ization of the distortion.

1) TF MODELLING OF DISTORTION
Along the paper, let us denote the angular frequency complex
variable s = jω. Then, the magnitude of the input signal
can be denoted by |Vin(jω)| with maximum angular fre-
quency ωmax. The spectrum specification can be represented
as shown in Fig. 4(a). The transfer function (TF) model of the
undesirable distortion effect is defined in function of input
signal Vin and sensored signals Vd assigned under distortion
by:

D(s) =
Vd (s)
Vin(s)

. (4)
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The associated magnitude is given by:

DdB(ω) = 20 log |D(jω)| . (5)

2) SPECIFICATION PARAMETERS OF DISTORTION
The specifications of the distortion effect can be formulated
by the TF magnitude. The model of this TF magnitude can be
represented as indicated in Fig. 4(b) under the parameters:
• minimal value, DmindB,
• maximal value, DmaxdB,
• and cut-off angular frequency, ωD.

In other words, the distortion effect corresponds to typ-
ical passive system responses. The considered TF group
delay (GD) is defined by the following expression:

τD(ω) = −
∂ϕD(ω)
∂ω

(6)

with the phase angle is written as:

ϕD(ω) = arg [D(jω)] . (7)

The distortion circuit model delay specification is illustrated
as indicated in Fig. 4(c) withminimal value, τmin andmaximal
value, τmax .

III. IDENTIFICATION OF THE ADEQUATE TRANSFER
FUNCTION (TF) DEDICATED TO RECONSTRUCT THE
DISTORTED SENSOR SIGNAL
Before the elaboration of the reconstruction technique, it is
important to identify the adequate electronic circuit capable
to cancel out the distortion. Based on the TF system approach,
the present section is dedicated to the analytical investigation
and specification of the reconstruction technique.

A. TF OF THE UNDESIRABLE DISTORTION SYSTEM
In practical cases, the undesirable signal distortions maybe
due to undesirable effect as connectors or sensor-readout
circuit interfaces. Doing this, it would be more pragmatic to
proceed with TF equivalent model.

1) TF MODEL OF DISTORTION
For the better understanding of the proposed technique,
we suppose that the distortion represented as signal integrity
problem can be formulated by the first order TF:

D(s) =
D0

1+ τd s
(8)

with D0 and 0 < τmin ≤ τd ≤ τmax are positive real variable
parameters. The different frequency responses of this TF can
be analyzed in order to characterize the distortion.

2) RESPONSE OF DISTORTION TF MAGNITUDE
Based on the transmittance D(jω), we can define the magni-
tude, D(ω) = |D(jω)| associated to the distortion TF. This
magnitude induced from equation (8) can be expressed as:

D(ω) =
D0√

1+ (τdω)2
. (9)

It is noteworthy that at very low frequencies ω ≈ 0, this
magnitude becomes:

D(ω ≈ 0) = D0. (10)

3) RESPONSE OF DISTORTION TF PHASE
As defined in equation (7), we can define the transmission
phase denoted, ϕD(ω) = arg [D(jω)] associated to the distor-
tion TF. By considering the distortion analytical model given
previously in equation (8), the phase response can be written
as:

ϕD(ω) = arctan(τdω). (11)

This phase response serves to determine a less familiar
response denoted group delay (GD) as defined in the follow-
ing paragraph.

4) RESPONSES OF DISTORTION TF GROUP DELAY (GD)
Mostly, the frequency domain characterization of sensors
are based only on the magnitude and phase responses as
introduced in equations (10) and (11). However, the sensor
design engineers are less familiar to the GD responses. For
this reason, the present study will elaborate this parameter in
order to perform the distortion effect correction. Knowing the
phase response of equation (11), we can derive from this last
equation that the GD expressed in equation (6) becomes:

τD(ω) =
τd

1+ τ 2dω
2
. (12)

B. ANALYTICAL DETERMINATION OF THE
RECONSTRUCTOR SYSTEM IN FUNCTION OF THE
DISTORTION RESPONSE
The present subsection is focused on the determination of
the appropriated TF allowing the reconstruction. Doing this,
analytical description is introduced in the following two para-
graphs.

1) NGD ANALYTICAL MECHANISM OF THE
RECONSTRUCTOR TF DETERMINATION
By considering the functional diagram of Fig. 3(a), we can
formulate the NGD system TF by:

N (s) =
Vout (s)
Vd (s)

. (13)

In other words, the total TF derived from equation (3) is
analytically formulated by:

Vout (s)
Vin(s)

≈ 1⇔
Vout (s)
Vd (s)

×
Vd (s)
Vin(s)

≈ 1. (14)

It means that the proposed signal reconstruction principle can
be reformulated by:

N (s)× D(s) ≈ 1. (15)

This linear TF is unconditionally unstable. Therefore, more
rigorous analysis is needed to synthesize a realistic solution.

VOLUME 8, 2020 92185



B. Ravelo et al.: Reconstruction Technique of Distorted Sensor Signals

C. CANONICAL FORM OF THE RECONSTRUCTOR
SYSTEM TF
The TF of the system necessary for the reconstruction can be
linear system given by:

N (s) ≈ N0

1+
m∑
1
aksk

1+
m∑
1
bksk

(16)

with N0, ak and bk are real coefficients of numerator and
denominator polynomials with degree m. Substituting (8)
and (16) into (15), we have:

N (s)D(s) ≈ 1

⇒

N0

m∑
0
aksk

m∑
0
bksk

×
D0

1+ τd s
≈ 1.

(17)

The McLaurin first order limited expansion of TF given in
equation (16) implies:

N (s)D(s) ≈ N0D0

[
1+ ζ1s+ ζ2s2 + . . .

]
(18)

with: {
ζ1 = a1 − b1 − τd
ζ2 = (b1 − a1)(b1 + τd )+ τ 2d + a2 − b2

(19)

The mathematical identification allowing to satisfy equality
equation (17) enables to specify one of N (s) TF solution
coefficients: 

N0 =
1
D0

a1 − b1 ≈ τd

b1 ≈
a2 − b2
τd

.

(20)

The topological implementation of the associated NGD cir-
cuit theory will be explored in the next section.

IV. TOPOLOGICAL DESCRIPTION OF THE DISTORTED
SENSORED SIGNAL RECONSTRUCTION BY USING
LOW-PASS NGD FUNCTION
The present section expressed the NGD analysis of the
adopted circuit topology allowing to realize the sensor signal
reconstruction.

A. TOPOLOGICAL DESCRIPTION
After the circuit introduction, the NGD analysis of the active
topology chosen to implement the TF N (s) will be investi-
gated in the following paragraph.

1) CIRCUIT CONFIGURATION
Fig. 5 represents the reconstruction circuit considered in the
present study. It is composed of cascaded linear passive and
active parts. The passive part is L-shape cell with RsC-parallel
network mounted in series and a shunt Rp resistor. The active

FIGURE 5. Diagram of (a) distorted and (a) reconstructed sensor with
NGD circuit topology.

cell is simply a non-inverting amplifier with an ideal opera-
tional amplifier (OAP) associated to two ground connected
resistor Ra and a feedback resistor Rb.

2) SUGGESTED LOW-PASS NGD FUNCTION
By hypothesis, we suppose that the operational amplifier
constituting the LPNGD topology of Fig. 5(b) is ideal defined
with infinite gain. According to circuit theory, we can demon-
strate that the TF of this NGD topology can be expressed as:

N (s) =
N0(1+ a1s)
1+ b1s

(21)

with:

N0 =
Rp(Ra + Rb)
Ra(Rs + Rp)

(22)

a1 = RsC (23)

b1 =
RsRpC
Rs + Rp

. (24)

B. FREQUENCY RESPONSES OF THE ADEQUATE NGD
FUNCTION
The frequency responses of the TF expressed previously will
be analyzed in the next paragraphs. The analysis concerns the
magnitude, phase and GD.

1) RESPONSE OF THE NGD TF MAGNITUDE
Let us denote N (ω) = |N (jω)|, the magnitude associated to
the TF given in (21). This magnitude can be expressed as:

N (ω)
N0
=

√
1+ (a1ω)2

1+ (b1ω)2
. (25)

At very low frequencies ω ≈ 0, this magnitude is simplified
as:

N (ω ≈ 0) = N0. (26)
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2) PHASE RESPONSE OF THE CONSIDERED NGD SYSTEM TF
The transmission phase associated to the TF given in (21) is
defined by:

ϕN (ω) = arg [N (jω)] = ϕa(ω)− ϕb(ω) (27)

where:

ϕa(ω) = arctan(a1ω) (28)

ϕb(ω) = arctan(b1ω). (29)

3) GD RESPONSE OF THE CONSIDERED NGD SYSTEM TF
To realize our innovative distortion effect correction, we con-
sider innovatively the GD parameters in the operation band-
width of the sensored signal. Knowing the phase response
given in equation (27), the GD of the considered NGD system
TF is defined by:

τN (ω) = −
∂ϕN (ω)
∂ω

. (30)

For the sake of analytical simplification, this GD can be
rewritten explicitly:

τN (ω) = τb(ω)− τa(ω) (31)

where:

τa(ω) =
∂ϕa(ω)
∂ω

=
a1

1+ a21ω
2

(32)

τb(ω) =
∂ϕb(ω)
∂ω

=
b1

1+ b21ω
2
. (33)

C. NGD ANALYSIS
The NGD analysis consists in identifying the frequency band
where the following NGD condition is satisfied:

τN (ω) < 0. (34)

To preserve the SI, the NGD analysis must be associated to
the TF magnitude at the NGD particular frequencies.

1) ANALYSIS AT VERY LOW FREQUENCIES
It can be demonstrated that at very low frequencies, the GD
expressed in equation (30) becomes:

τN (ω ≈ 0) = b1 − a1. (35)

Substituting the N(s) TF coefficients expressed in equa-
tion (23) and equation (24) into equation (34), we have the
relation:

τN (ω ≈ 0) =
−R2sC
Rs + Rp

. (36)

We can underline that this GD is always negative with any RC
parameters of the topology introduced in Fig. 5. It explains
that the proposed topology behaves as a low-pass NGD
function.

2) NGD CUT-OFF FREQUENCY
By definition, the NGD cut-off frequenciesωc are constituted
by the roots of the equation:

τ (ω) = 0. (37)

For the case of low-pass NGD function, the NGD bandwidth
is also the NGD cut-off frequency:

1ω = ωc =
1
RsC

√
Rs + Rp
Rp

. (38)

D. DESIGN EQUATION OF THE NGD PARAMETERS IN
FUNCTION OF THE DISTORTION SYSTEM
The design equation of the NGD circuit can be deduced from
equation system (20). The synthesis equations are established
knowing the degradation TF parameters D0 and τd > 0.
As matter of fact, by fixing Rs and Rp, we can take:

C =
τd (Rs + Rp)

R2s
(39)

Rpτ 2d
Rs
≈ 0⇒ Rs � Rp. (40)

As the passive part output can be attenuated, the corrected
signal amplification can be matched with:{

Ra = Rp
Rb = Rs.

(41)

E. DESIGN PEDAGOGY OF LOW-PASS NGD CIRCUIT IN
FUNCTION OF THE SENSOR DISTORTION SPECIFICATIONS
To summarize the introduced NGD correction method, the
non-specialist sensor design engineers can follow pedagogi-
cally these successive steps:
• Step 1: The definitions of sensor signal amplitude vmax
and bandwidth from 0 to its maximal frequency fmax .

• Step 2: The identification of the sensor distortion as
linear time invariant (LTI) TF as the present case of
study, D(s), expressed in (8). If it acts as a first order
system, the parameter, τd , must be determined.

• Step 3: The identification of low-pass NGD TF defined
in (21) can be realized in this step. Behind the transfer
function, we can suggest to use the low-pass NGD topol-
ogy shown in Fig. 5(b) by calculating its appropriated
RC parameters via equations (39-41).

• Step 4: The simulation of ideal circuit by using the
sensor generating the distorted signal and the NGD
parameters calculated in the previous step.

• Step 5: It would be important to characterized the NGD
circuit in both the frequency and time domain in order to
verify the frequencymismatch with respect to the sensed
signal bandwidth fmax which is identified in Step 1.

• Step 6: The choice of realistic components constituting
the low-pass NGD corrector. Slight optimization can
be performed in this step because of probable parasitic
effects affecting the arbitrary waveform signal generated
by the sensor.
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FIGURE 6. Design of POC including the distortion RdCd-circuit connected
with the NGD circuit.

• Step 7: After a test board verification with the realistic
components chosen in the previous step, the low-pass
NGD PCB can be fabricated in this step.

• Step 8: To completely validate the distorted signal cor-
rection, a final test with the NGD prototyped in the
previous step can be realized.

To confirm the effectiveness of the developed theory, com-
parison between the established model, simulation and exper-
imental investigations will be discussed in the next section.

V. PROTOTYPING, SIMULATION AND EXPERIMENTAL
VALIDATIONS
To verify the feasibility of the reconstruction technique of
distortion signals, the present section introduces the valida-
tion results with proofs of concept (POC). The simulation
results explored in this paper are generated in in the environ-
ment of electronic and RF circuit simulator commercial tool
ADS R© from Keysight Technologies R©. The PCB prototype
was designed and fabricated. Then, comparisons between the
simulated and experimented results will be examined in the
next subsections.

A. SIMULATION INVESTIGATION
NGD Frequency and time domain simulations have been per-
formed to demonstrate the feasibility of the proposed NGD
reconstruction technique. Different types of test signal will
be considered for the transient analysis.

1) DESCRIPTION OF THE POC ON THE DISORTED SIGNAL
RECONSTRUCTION
The schematic of the POC circuit design is displayed in
Fig. 6. The input signal (‘‘In’’) is analytically generated from
user defined voltage source. The distorted signal (‘‘D’’) is the
response of RdCd circuit. The distorted model RdCd-circuit
is connected to the NGD one.

This electrical connection is realized through a matching
follower circuit implemented with an operational amplifier
defined by its gain and bandwidth. The general output of the
overall circuit represents the reconstructed (‘‘Rec.’’) signal.

The adopted parameters of the overall circuit constituting
component values are given in Table 1. The comparisons
between calculated and simulated results will be examined
in the next subsection.

TABLE 1. Parameters of NGD circuit proof of concept with RC-parasitic
network.

FIGURE 7. Cartographies of (a) distorted (‘‘D’’), (b) NGD and
(c) reconstructed (‘‘Rec.’’) calculated TF magnitudes versus τd and
frequency.

2) PARAMETRIC FREQUENCY ANALYSES VERSUS
DISTORTION PARAMETERS
The present parametric frequency analysis is performed
from 0 Hz to 1 MHz with 401 frequency samplings. The
distortion circuit model TF, NGD and reconstructed models
are calculated with theMatlab program via equations (8), (21)
and both multiplied, respectively.

Parametric analyses with respect to the distortion variation
of parameter τd from 0.5 µs to 2.5 µs were realized via the
calculated TF. The NGD circuit parameters were determined
from synthesis formulas established in equations (39), (40)
and (41).

Obviously, the attenuation is stronger withmore significant
value of τd at higher frequencies. The range of magnitude
dynamics of distorted TF attenuation and the reconstructed
TF one can be compared from Fig. 7(a) and Fig. 7(c).

The calculated numerical results of TF magnitudes are
represented by the cartographies of Figs. 7. Emphatically, the

92188 VOLUME 8, 2020



B. Ravelo et al.: Reconstruction Technique of Distorted Sensor Signals

FIGURE 8. Cartographies of (a) distorted (‘‘D’’), (b) NGD and
(c) reconstructed (‘‘Rec.’’) calculated TF phases versus τd and frequency.

strong attenuation up to 20 dB in the considered frequency
band is reduced to only 3 dB thanks to the NGD circuit TF
shown in Fig. 7(b). The associated TF phase cartographies
are displayed in Figs. 8. The reconstruction effect in the
frequency domain is less rigorous to interpret from this TF
phase.

However, we can understand from the cartographies of
distorted, NGD and reconstructed TFGDs depicted in Figs. 9,
the effectiveness of the NGD reconstruction. It can be pointed
out that the GD fluctuation is stronger at low frequencies with
higher value of parameter τd . Fig. 9(b) highlights the behavior
of LP NGD responses corresponding to very low frequency
GD defined byGDNGD(0) and NGD cut-off frequency fn plot-
ted in Figs. 10. Moreover, the GD variation by comparison of
Fig. 9(a) and Fig. 9(c) is decreased of about ten times smaller
thanks to the NGD GD cartography shown in Fig. 9(b).

3) COMPARISONS BETWEEN THE CALCULATED AND
SIMULATION FREQUENCY DOMAIN RESULTS
To confirm in more concrete way, the relevance of our
distortion cancellation technique, comparisons between the
frequency domain investigations denoted Matlab calculated
(referenced by subscript ‘‘c’’) and simulated (referenced by
subscript ‘‘s’’) responses of our POC circuits have been per-
formed. Doing this, TF magnitude, phase and GD of circuit
shown in Fig. 6 are analyzed. The present comparative study
was carried out in the same frequency band as in the previ-
ous subsection from 0 to 1 MHz. This choice of frequency
band is justified for applications as many cases of acoustic
sensors [38], [39].

As results of this POC numerical analysis, we have the
magnitude, phase and GD responses displayed in Figs. 11.
The calculated and simulated results plotted in solid and dot-

FIGURE 9. Cartographies of (a) distorted (‘‘D’’), (b) NGD and
(c) reconstructed (‘‘Rec.’’) calculated TF GDs versus τd and frequency.

FIGURE 10. (a) GD value and (b) NGD cut-off frequency corresponding to
the NGD TF GD cartography shown in Fig. 7.

ted curves, respectively are in excellent agreement. As shown
in Fig. 11(a), the reconstructed system magnitude repre-
sented by ‘‘Rec.’’ response is closed to unity compared to the
undesirable distorted (‘‘D’’) one. Thanks to the determined
and appropriated LP NGD responses represented by curves
‘‘NGD’’, the GD response of ‘‘Rec’’ curve is very close to
the distortion system which can rise up to 1 s at very low
frequency. To highlight more explicitly the effectiveness of
distorted signal reconstruction, time-domain analysis will be
discussed in the next subsection.

4) TIME DOMAIN RESULTS
The time domain analyses presented in this paragraph is
based on the consideration of transient signals generated from
analytical equations. The graphical time window is delimited
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FIGURE 11. Comparison of simulated and calculated TF (a) magnitudes,
(b) phases and (c) GDs of the reconstructed circuit POC shown in Fig. 6.

FIGURE 12. Cartographies of (a) distorted (‘‘D’’), (b) NGD and
(c) reconstructed (‘‘Rec.’’) calculated TF GDs versus τd and frequency.

arbitrarily and chosen as equal to 10 µs as the cases of many
sensor signals such as audio and acoustic sensor applications.
The sampling time was lower than 10 ns.

In mirror to the previous frequency domain analyses,
an overview on the degraded and reconstructed signals with

FIGURE 13. Comparison of cross correlations between the distorted
(‘‘black solid line’’) vs reconstructed (‘‘red dashed line’’) and sensored
signals.

different values of parameter τd has been realized. Accord-
ingly, pulse signals with delimited bandwidth constitutes a
most convenient transient signal to demonstrate the LP NGD
signature. The deterministic Gaussian pulse considered in
Fig. 12(a) is defined by the following equation:

vin(t) = Vmax exp

[
−(t − τ0)2

τ 21

]
(42)

with amplitude Vmax = 1 V and parameters (τ0 = 3.3 µs,
τ1 = 1 µs). Fig. 12(b) and Fig. 12(c) highlight the compara-
tive mapping of distorted (‘‘D’’) and reconstructed (‘‘Rec.’’)
signal transient responses. comparison.

As shown in Fig. 12(b), the Gaussian pulse signal is com-
pletely distorted because of the degradation especially for
higher values of τd . Thanks to the NGD function, a promis-
ing reconstruction of the distorted signal is realized in the
cartography of Fig. 12(c). To quantify the effectiveness of
the sensored signal reconstruction, the cross correlations (‘‘x
corr.’’) between (vin, vDeg.) and (vin, vRec.) are plotted in
Fig. 13. It is clear that the cross correlation varying between
around 0.5 to 0.9 of the distorted Gaussian signals is widely
improved to about 0.95.

To be imaginable for sensor signals, the NGD recon-
struction technique is applied to different waveform signals.
For this reason, the comparisons of time domain responses
of Gaussian, sinc and arbitrary waveform pulse signals of
Figs. 14 have been generated. Once again, the calculated
(subscripted ‘‘c’’ solid curves) and simulated (subscripted
‘‘s’’ dotted curves) transient responses are in excellent
agreement.

It is noteworthy that notable improvement of signal
integrity can be underlined for these three cases of study
of transient pulse signals. The effectiveness of the recon-
struction is quantified by the cross correlations indicated in
Table 2. Despite this virtual validation, onemaywonder about
the feasibility of the NGD reconstruction technique in more
practical case of realistic sensor environment. The following
subsection is focused on a practical sensoring case of study.

B. EXPERIMENTAL VALIDATION OF THE DEVELOPED NGD
BASED SENSORED SIGNAL DISTORTED RECONSTRUCTION
TECHNIQUE
For further validation of the previous simulations, experimen-
tal proof-of-concept of the distorted sensor signal technique
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FIGURE 14. Comparison of simulated and calculated transient responses
form the NGD reconstructed circuit shown in Fig. 6: (a) Gaussian, (b) sinc
and (b) arbitrary waveform pulse signals.

TABLE 2. Cross correlation between the distorted/input and
reconstructed/input signals of Fig. 14.

using low-pass NGD function was carried out. The next
subsections describe the obtained results.

1) EXPERIMENTAL SETUP DESCRIPTION
Fig. 15(a) illustrate the considered experimental setup. The
sensor is represented by a circular potentiometer allowing to
convert a real-time motion of an angular rotation value θ (t)
into transient variable voltage vin(t).
It should be underlined that the overall test circuit was

implemented on a breadboard with discrete components.
The overall circuit size was of about 5 cm × 10 cm. The
connections between the test circuit board and the measure-
ment equipement’s have been carried out with classical BNC
cables.

As illustrated in Fig. 15(b), the potentiometer is mounted
in a voltage divider including series resistive network consti-
tuted by R0 and R as a readout conditioning circuit. Table 3
summarizes the specifications and values of components

TABLE 3. Parameters of NGD circuit proof of concept with RC-parasitic
network.

used during the tests. Before the exploration of transient
results, it is important to analyze briefly the frequency domain
responses.

2) FREQUENCY DOMAIN ANALYSES
The present frequency domain analysis is performed
from 0 Hz to 10 Hz with 401 frequency samplings. The
choice of the proposed frequency range is targeted to the
mechanical sensor application cases as the accelerometers
described in [40], [41].

The comparisons between the calculated (solid curves)
and simulated (dotted curves) frequency domain results are
presented in Figs. 16.

This degradation is corrected with the NGD function an
almost perfectly flat corrected magnitude of degraded and
NGD TF combined. The magnitude of degradation TF is
decreasing until −17 dB at 10 Hz as illustrated in Fig. 16(a).
Once more, it can be seen that the reconstructed NGD sen-
sor response magnitude is widely flattened around 0 dB
compared to the distorted circuit response. In addition, the
associated GD response is also improved to be near zero
thanks to NGD response with minimal frequency value equal
to −0.2 seconds. The NGD cut-off frequency is of about
2.39 Hz. In addition to the magnitude improvement, a con-
siderable reduction of GD is also realized as shown in Fig.
16(c).

3) TIME-DOMAIN EXPERIMENTAL RESULTS
The present time domain analysis is carried out by consid-
ering the experimental results from raw data of voltages,
vin(t), vDeg.(t) and vRec.(t). Figs. 17 show the comparisons of
distorted and reconstructed signals with the reference signal
corresponding to the time dependent value of rotating angle,
θ (t). We emphasize that the time range of the plot window
displayed for this time-domain analysis was chosen according
to the data size which can be recorded with the oscilloscope
available in our laboratory.

Two cases of input signals are tested with the NGD
reconstruction techniques. An interesting signal integrity
improvement can be pointed out from Figs. 17 with these
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FIGURE 15. Illustration of (a) experimental setup and (b) sensor conditioning circuit.

FIGURE 16. Comparison of simulated and calculated (a) magnitudes,
(b) phases and (c) GDs.

TABLE 4. Cross correlation between the distorted/input and
reconstructed/input signals of Figs. 17.

cases of arbitrary waveform sensored signals. The test case
result shown in Fig. 17(a) (resp. 17(b)) was generated

FIGURE 17. Comparison of distorted and reconstructed measured
transient signals form the experimental setup shown in Fig. 15 with: (a) 2
s and (b) 5 s time durations.

with 2 seconds (resp. 5 seconds) time duration. Thanks to the
LP NGD function shown in Figs. 16, a very good reconstruc-
tion of the distorted signal is substantially generated.

Table 4 quantifies the cross correlations of distorted and
reconstructed signals compared to the reference one. These
results confirm the feasibility of the NGD reconstruction
technique in more practical context of sensor application.
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4) PROS AND CONS OF THE DEVELOPED
RECONSTRUCTION OF DISTORTED SIGNALS
The same as all engineering technique the NGD correction
method developed in this study presents certain advantages
and drawbacks.

It can be emphasized the main benefits can be drawn from
the overall study and especially in Figs. 17. Accordingly, the
developed reconstruction technique using LP NGD function
is in real-time, simultaneously capable:

• To recovery the signal shape,
• To cancel out the rise and fall time,
• To enhance the distortion attenuation,
• To avoid the under and over shoots,
• And also to reduce the sensor signal delays.

However, the weaknesses of the NGD correction technique
are:

• The dependence between the NGD circuit topology and
the bandwidth of sensored signal,

• The frequency bandwidth limitations of R, C and oper-
ational amplifier components,

• The nonlinearity of the NGD circuit if the sensored
signal present a significant amplitude out of the range
of operational amplifier voltage supply,

• And the signal delay, limited to some seconds, which
depends on the NGD circuit and also depends on R and
C component ranges of value.

Behind the present feasibility study, further investigation
must be conducted in the future for different sensors as in
the biomedical engineering and also in different context of
industrial applications.

VI. CONCLUSION
An innovative reconstruction technique of signal distortion
effect integrated in the sensors is developed. The developed
signal recovery technique is based on the use of LP NGD
function.

The basic principle of sensor signal reconstruction is intro-
duced. The feasibility of the technique is highlighted with
a distortion circuit model TF. The analyses of the distorted
sensor outputs, NGD and reconstructed systems are devel-
oped from frequency domain analysis of magnitude and GD.
The synthesis equations of the appropriated NGD circuit are
formulated in function of the degradation parameters.

The established reconstruction technique is validated with
arbitrary signals. Parametric investigations in both frequency
and time domain show the response of the reconstructed sen-
sor signals. Moreover, an example of rotating motion sensing
signal reconstruction shows the feasibility of the NGD recon-
struction technique. Of course, the proposed reconstruction
technique can be transposed to high-, medium and low-speed
sensors knowing the feasibility of NGD circuits designability
as reported in [36].

It is noteworthy that the developedNGD correctionmethod
weakness can be formulated as:

• The frequency limit of the proposed sensor distortion
correction method depends on the bandwidth limitations
of NGD circuit constituting R, C and operational com-
ponents.

• The limitation of signal delay susceptible to be corrected
depends on the ranges of values of R and C components
available for the NGD circuit prototyping.

To overcome the drawbacks of the proposed correction
technique, innovative technology of electronic components
susceptible to operate with:

• Wider range of values of R and C in order to be able to
operate with signal delay higher than some seconds,

• Broadband operational amplifier capable to operate in
wider frequency range,

• And operational amplifier with wide dynamic of linear-
ity has to be considered.

In the future, the integration of the proposed NGD recon-
struction in miniature sensors operating in critical environ-
ment will be developed.
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