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ABSTRACT: This paper investigates the circuit theory of elementary passive topology exhibiting reconfigurable positive/negative delay
(RPND) effect. This novel evaluated framework enables identification of the first-order L-topology constituted by RC-network operating
under RPND effect. The investigated passive L-cell can operate in both negative and positive group delay (NGD or PGD)mode depending
on the RC-network parameter. After establishing the NGD existence condition, the design equations versus the RPND effect including
the target parameter values are formulated. To validate the theory, an RC-circuit representing a RPND Proof-of-Concept (PoC) was
designed, implemented and tested especially in the time-domain by verifying the time-advance signature corresponding to the NGD
operation mode. By tuning a PoC resistor, experimentation of pulse and arbitrary waveform signals confirm the feasibility to observe
RPND reconfigurability. In the NGD mode, it is observed that outputs in time-advance of their own inputs about −3ms. The RPND
circuit is particularly useful for adjusting delay effect and signal synchronization in the communication system.

1. INTRODUCTION

The negative group delay (NGD) abnormal phenomenon was
theoretically identified in the 1960s and was experimen-

tally studied in the early 1980s by physicists [1, 2]. The ini-
tial study on the NGD abnormal effect was performed in op-
tics wavelengths by using negative group velocity pulse prop-
agation. Hence, the NGD effect was studied on superluminal
optical systems [3, 4] with the latter interest of electronics and
microwave research engineers in the 90s.
The experimentations of microwave circuits designed with

diverse electronic topologies have shown the NGD existence
at gigahertz (GHz) frequencies [5–14]. However, the question
whether the NGD circuit blocks are feasible or not in practi-
cal systems is raised. So far, the NGD electronic function is
expected, among relevant solutions, to reduce the unintentional
effect of group delay (GD) especially in the communication de-
vices and components [15]. Meanwhile, the usefulness of NGD
circuit application in communication engineering depends on
the improvement of compactness [7], low-attenuation [8] and
input matching. Therefore, NGD circuits based on distributed
transmission line (TL) topologies were proposed for RF and
microwave applications [9–14]. Ones of the most explored mi-
crowave NGD topologies are designed with coupled microstrip
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TLs [5, 10, 13, 14]. However, the resonant topologies do not
permit to fully understand the NGD effect in electronics engi-
neering. Other categories of non-resonant NGD circuits were
also studied accordingly [17–22]. The basic property of NGD
topologies was theoretically and experimentally demonstrated
in the time-domain by operating with time-advanced baseband
signals without causality principle’s violation [16–20].
For a broad understanding, a fundamental NGD circuit the-

ory inspired from the filter one was initiated [21]. It should
be stressed that the main differences between the NGD circuits
and filters are as follows: the filter specification is based on
the magnitude and the NGD is characterized from the GD re-
sponse. One can distinguish two classes of NGD topologies.
The first class are the low-pass (LP) type NGD functions [16–
25], usually dedicated to Hz or kHz frequency bands opera-
tions, which are susceptible to operating in baseband frequen-
cies from DC. In the second class we find NGD circuits usually
found in RF and microwave engineering operate with modu-
lated signals where transmitted envelopes aremeasured in time-
advance [5–14]. Nevertheless, the NGD effect is not known
and/or understood by most electronic engineers. For this rea-
son, further research works enabling the NGD circuit theory for
non-specialist electronic design and manufacturing engineers
are needed [22–27].
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This paper identifies an operation enabling methodology
for elementary first-order L-topology in the NGD or positive
GD (PGD) modes. The reconfigurable positive/negative de-
lay (RPND) cell of first-order passive topology constituted by
RC-network, which, to the best of our knowledge, was never
identified before, is the main object of this paper. The paper’s
organization is as follows:

• Section 2 describes the analyses of the identified simplest
RPND topology of RC-network.

• Section 3 focuses on the design, prototyping and the time-
domain test technique.

• Section 4 discusses on the validation study of the RPND
circuit theory with time-advance experimentation.

• Section 5 is dedicated to the state-of-the-art comparative
study with the existing NGD circuits.

• And the final conclusion is made in Section 6.

2. CIRCUIT ANALYSIS OF RC-NETWORK BASED
RPND TOPOLOGY
The analytical study of the circuit topology that presents sim-
plest RPND behavior is examined in this section.

2.1. LP-NGD Analysis of Identified PNRD Elementary Cell
The simplest elementary cell can be designed based on the use
of a first-order admittance, represented by a conductance (1/R)
in parallel with a susceptance (B) defined by:

Y (s) =
1

R
+Bs (1)

Therefore, the elementary cell topology under consideration is
formed by parallel R1C1- and R2C2-networks. The schematic
of this RPND cell is presented in Fig. 1.

FIGURE 1. RPND R1C1R2C2-cell.

The Transfer Function (TF) of this circuit can be expressed
in the following first-order form:

H(s) = T0
1 + stn
1 + std

(2)

where T0 is the DC attenuation, and tn and td are the time con-
stants associated with the numerator and denominator, respec-
tively. These parameters are determined by the circuit compo-
nent values with their specific expressions given as follows:

• The DC attenuation:

T0 =
R2

R1 +R2
(3)

• The TF numerator time constant:

tn = R1C1 (4)

• And the TF denominator time constant:

td =
R1R2(C1 + C2)

R1 +R2
(5)

These delay time constants play on the reflected the combined
energy storage and phase delay effect caused by the two RC
branches. In the subsequent GD analysis, a key derived param-
eter:

t0 = td − tn (6)
can be obtained from the basic parameters above. Substitut-
ing (4) and (5) into (6), we have:

t0 =
R1(R2C2 −R1C1)

R1 +R2
(7)

This parameter t0 directly determines the circuit’s group delay
characteristics. A detailed mathematical analysis of the TF’s
frequency response will be examined in the next subsection.

2.2. Delay and NGD Cut-off Frequency Expressions Versus RC-
parameters
We emphasize from previous formula (7) that the RPND cell
behaves as LP-NGD function if:

R2C2 ≤ R1C1 (8)

otherwise the circuit exhibit a PGD. Then, the NGD cut-off fre-
quency is formulated as:

f0 =
1

2πR1

√
R1 +R2

C1R2(C1 + C2)
(9)

The design equations of RPND cell RC-network parameters are
established in the next section as a function of algebraic delay
ζ which can be negative (ζ ≤ 0) or positive (ζ > 0) and attenu-
ation A < 1. Under the particular case C1 = C2 = C, the GD
and cut-off frequency are restated to:

t0 =
R1C(R2 −R1)

R1 +R2
(10)

f0 =
1

2πR1C

√
R1 +R2

2R2
(11)

We remark that the term t0 is obviously negative when R1 >
R2. Fig. 2(a) and Fig. 2(b) show the semi-log scale plots il-
lustrating variation t0/(R1C) and f0R1C versus R1/R2 ratio,
where R1/R2 varies from 0.01 to 100.
We can emphasize that the quantities t0/(R1C) and f0R1C

decreasemonotonically in the range of considered ratioR1/R2.
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(a)

(b)

FIGURE 2. Plots of (a) t0/(R1C) and (b) f0/(R1C) versus R1/R2.

2.3. Design Equations of RPND RC-network Cell
To design the proposed RPND cell, we fix the capacitors C1
and C2 as given parameters. The resistor synthesis formulas
are established by extracting R1 and R2 from Equations (12)
and (13) with T0 = A and t0 = ζ:

R1 = R2

(
1

A
− 1

)
(12)

R2 =
Aζ

(1−A)[A(C1 + C2)− C1]
(13)

For this circuit to be feasible, then R2 > 0, which leads us to
the following synthesis relations between A, C1 and C2 with
respect to the GD:

• In the NGD (ζ ≤ 0) mode, we have:

A(C1+C2)−C1 < 0 ⇒ A < Amax =
C1

C1 + C2
(14)

• In the PGD (ζ > 0) mode, we have:

A(C1+C2)−C1 > 0 ⇒ A > Amin =
C1

C1 + C2
(15)

Figure 3 displays the logarithmic scale mapping of optimal
attenuation Aopt versus capacitors considered using Cmin and
Cmax as boundary conditions.
We can find thatAopt varies between−40.09 dB to−0.09 dB

when capacitors C1 and C2 are between 10 nF to 1µF.
In the next section, we verify experimentally the developed

RPND circuit theory.

3. DESIGN, PROTOTYPING AND EXPERIMENTAL
SETUP OF THE RPND CIRCUIT THEORY
The design and implementation of RPND LP-NGD circuit pro-
totype is described in this section. The simulated and measured
PNRD prototype test results are discussed.

3.1. Numerical Analysis of the LP-NGD Circuit Synthesis
The RPND circuit prototype was designed to generate a NGD
ζ = −3ms by using surface mounted capacitors C1 = 4.7µF
and C2 = 2.2µF. According to (14), we should have Amax =
−3.35 dB and by means of Equation (12), we have:

R1min =
Amax

1−Amax
R2 (16)

Using the aforementioned condition, we find R1min ≈
2.136R2. Tunable potentiometers with Rmax = 10 kΩ were
used to implement. The mapping of t0 (resp. f0) versus pair
(R1, R2) is displayed in Fig. 4(a) (resp. Fig. 4(b)).
We can clearly see in this cartography the RPND evidence

indicated by the area with positive and negative value of t0. To
behave as LP-NGD (resp. PGD) function, R1NGD = 1012Ω
(resp. R1PGD = 100Ω) and R2NGD = 323Ω were considered
during the test.

3.2. Description of the LP-NGD Circuit Prototype
The schematic designed in LTspice® simulator environment is
depicted in Fig. 5(a). The printed circuit board (PCB) has phys-
ical size 43.4mm× 11.2mm with SMA connectors. The PCB
photograph representing the RPND RC-network prototype is
shown in Fig. 5(b).
The experimental test technique of the RPND circuit proto-

type is discussed in the next subsection.

3.3. LP-NGD Test Technique
The time-domain experimental tests were performed with arbi-
trary waveform input signals uploaded to control the signal gen-
erator (SG)Agilent 33220A. Thus, the input test signal was pro-
vided by the arbitrary wave SG. The input and output results are
recorded by the oscilloscope as illustrated by Fig. 6. The em-
ployed digital oscilloscope is referenced Agilent DSO9404A
with 4GHz bandwidth and 20Gsa/s.
The test results are discussed in the following section.

4. DISCUSSION ON THE VALIDATION RESULTS
The present section discusses both the frequency-domain and
time-domain validation of the RCPND circuit theory.

4.1. RPND Frequency Domain Validation Results
During the experimentation, the input sine signal frequency
was tuned up to 140Hz. The calculated (or simulated with
LTspice(r)) and measured frequency domain results in com-
parison are plotted in black solid curve and in req square dot
curve, respectively. The calculated and measured magnitudes
and GDs are excellently well-correlated. The obtained magni-
tude and GD responses of NGD and PGD mode are displayed
in Figs. 7(a), 7(b), 7(c) and 7(d), respectively. The theoretical
and measured results are in good agreement and confirm the
validity of RNRD LP-NGD in the frequency domain.
The slight differences are mainly due to the measurement in-

accuracies and systematic errors. Table 1 summarizes the com-
parison of calculated and tested NGD (resp. PGD) parameters
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FIGURE 3. Mapping of Aopt versus pair (C1, C2).

(a)

(b)

FIGURE 4. Cartographies of (a) t0 and (b) f0 versus (R1,R2) with fixed
capacitors C1 = 4.7µF and C2 = 2.2µF.

(a)

(b)

FIGURE 5. (a) Schematic and (b) photo of reconfigurable RPND circuit
prototype.

FIGURE 6. Experimental setup of reconfigurable PNRD circuit proto-
type.

T0n, t0n and f0n (resp. T0p, and t0p). Despite the experimental
result imperfection, a good agreement between measurement
and simulation is observed.
More relevant verification of LP-NGD aspect based on time-

domain analysis is studied in the next subsection.

4.2. Time-domain Validation Results
The validation results are based on the experimentation with
arbitrary waveform signals. The following subsections are fo-
cused on the discussion about the obtained time-domain results.

4.2.1. Description of RPND Characterization Input Test Signals

The time-domain validation was carried out by injecting two
different 1-V voltage signals into the RPND LP-NGD circuit
prototype according to the experimental setup illustrated by
Fig. 6. It is important to notice that the LP-NGD characteri-
zation is performed by the comparison of normalized input and
output signals as follows: vi,normalized(t) =

vi(t)
max[vi(t)]

vo,normalized(t) =
vo(t)

max[vo(t)]

(17)

The RPND validation test results are discussed in the next para-
graphs.

4.2.2. RPND Prototype Test Results with Pulse Input Signal

The obtained transient simulation results from LTspice® and
measurement are displayed in Fig. 8.
The simulated and measured outputs plotted in red solid

curve and blue-sky dashed curve, respectively, appears in
time-advance of respective input in black solid, and navy-blue
dashed curves. Fig. 8(a) represents the comparison truncated 1-
V amplitude cosine pulse signal with 60ms time duration. The
rise (resp. fall) front time-advance is obviously seen in zoom
in plot depicted by Fig. 8(b) (resp. Fig. 8(c)).
The LP-NGD calibration from the results shown in Fig. 8(a)

enables to assess the simulated and tested time-advance t0time
determined graphically from the instant time of voltage equal
to half-maximum given by equations:


vi,normalized(t = tin) ≈ 1/2

vo,normalized(t = tout) ≈ 1/2

t0time = tout − tin

(18)
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(a)

(b)

(c)

(d)

FIGURE 7. Measured amplitude and GD responses in NGD and PGDmodes. (a) Amplitude response in NGDmode. (b) GD response in NGDmode.
(c) Amplitude response in PGD mode. (d) GD response in PGD mode.

(a)

(b)

(c)

FIGURE 8. Time-advance experimental results of pulse in time intervals
(a) [0, 60]ms, (b) [10, 20]ms and (c) [35, 45]ms.

(a)

(b) (c)

FIGURE 9. Time-advance experimental results of arbitrary waveform in
the time intervals (a) [0, 90ms], (b) [3.5, 12.5]ms and (c) [60, 80]ms.

and correlation coefficient which is determined from the “cor-
rcoef” Matlab® instruction compared in Table 2.
In addition to the pulse signal test, time-domain investiga-

tion with more general signal waveform is discussed in the next
paragraph.

4.2.3. Test Results with Arbitrary Waveform Input Signal

Figure 9(a) plots the comparison of transient simulation re-
sponses compared to the measured ones with completely arbi-
trary waveform input within a 90ms time interval.
A good correlation between simulation and test results is ob-

tained and confirm the LP-NGD function of prototype shown
in Fig. 5. Moreover, the time-advance validation is clearly ob-
served in zoom in showing rise front plot of Fig. 9(b) in [3.5,
12.5]ms and concave signal part zoomed in [60, 80]ms dis-
played in Fig. 9(c).

5. PNRD MODE CIRCUIT COMPARISON WITH EXIST-
ING NGD CIRCUITS
The present comparative study is based on NGD lumped cir-
cuits constituted by RC- and RL-networks. NGD active cir-
cuits using operational amplifiers (OAs) [16–18, 20] and low-
noise amplifier (LNA) [19] are also considered. As illustrated
by Table 3, the studies on NGD circuits [20–22] available in the
literature are only focused on the NGD mode aspect.
However, non-specialist engineers are wondering about the

possibility to experiment circuits able to operate from PGD
(normal) into NGD mode. Therefore, it is particularly impor-
tant to show the feasibility study of RPND reconfigurability
with a simple topology.
As application of the present research, the RPND RC topol-

ogy has a particularly good potential of integration in electronic
and communication systems in order to control the delay effect
which helps in the control of destructive and constructive con-
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TABLE 1. Comparison of frequency domain specifications of the RPND prototype.

Approach t0n (ms) T0n (dB) f0n (Hz) t0p (µs) T0p (dB)
LTspice® −3.1 −12.31 56.1 57 −2.34

Test −2.9 −12.02 55 60.2 −2.8

Specification Time-advance
(ms)

Correlation
coefficient

Simulation −2.8ms 99.5%
Test −2.7ms 92.3%

TABLE 2. LP-NGD specifications from time-domain simulation and
test of pulse signal shown in Fig. 8(a).

Reference Topology NGD PGD
[17] RC with OA Yes No

[16, 18] RLC with OA Yes No
[19] RC with LNA Yes No
[20] RC with OA Yes No
[21] RC with transistor Yes No
[22] RL Yes No

This work RC Yes Yes

TABLE 3. PNRDmode-based comparison of NGD circuit topologies avail-
able in the literature.

tributions of even and oddmode signals, another useful applica-
tion is the integration in array antennas to create beam steering
effect based solely on the transmission line compensated GD.

6. CONCLUSION
An original circuit theory of RPND topology is developed.
The RPND topology is able to operate in the NGD- and PGD-
modes.
The developed framework was focused on identifying the

simplest elementary passive circuit represented by L-topology
and first-order TF. The GD based frequency domain analysis
allows to demonstrate that the identified RPND L-cell is con-
stituted by seriesR1C1- and shuntR2C2-parellel networks. The
existence condition of LP-NGD behavior in function of RPND
topology RC parameters was established, with further evalua-
tion of the design equations allowing to determine the RPND
cell RC-parameters.
The RPND circuit theory was validated by the design and

fabrication of a PCB prototype and experimental test in both
frequency and time domain. The simulated and measurement
results are in good agreement, confirming the RPND theory va-
lidity. Moreover, pulse and arbitrary experimental tests high-
lighted the possibility to generate time-advance aspects when
the RPND circuit is reconfigured as LP-NGD function.
The RPND circuit is useful in the future for the signal syn-

chronization by the design of a reconfigurable delay communi-
cation system.
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