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Abstract: The negative group delay (NGD) is one of the less familiar electronic function. So far, the time-domain
(TD) experimentation of NGD circuits remains a challenging task. This paper investigates an innovative TD
measurement of bandpass (BP) NGD passive circuit. The topology of the considered BP NGD distributed circuit
constituted by transmission line structure having 1010-geometrical shape is introduced. After the design
description of the 1010-structure, the NGD response illustrates from simulation and measurement based on S-
parameters. The NGD center frequency, bandwidth and value are approximately 3.6 GHz, 33 MHz and -4.9 ns,
respectively. The TD measurement experimentation is based on the sine carrier modulated microwave signal
generation with 50-ns duration. The 1010-NGD circuit input and output signals are plotted with innovative
synchronization. It was shown from the TD simulated and measured results that the BP NGD effect induces an

output envelope about 4.2-ns advanced of the test signal input.
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1. INTRODUCTION

To characterize the radio frequency (RF) and microwave communication functions, challenging time-domain (TD)
tests [1-2] need to be developed. Several TD characterization techniques were deployed for familiar devices
constituting the communication systems [1-2]. Nonetheless, further research effort is necessary for the TD test
case of less familiar functions for the electronic design and test engineers.

Nowadays, suitable TD measurements in function of the application environments become a breakthrough for RF
and microwave test research engineers. Some examples of familiar electronic devices can be cited. To characterize
high-voltage channel at 5.8 GHz, an innovative measurement technique was proposed [1]. A real-time impedance
characterization was introduced for radio frequency identification (RFID) communication devices [2]. For the
assessment of RF exposure at 5G radio station and thermal analysis, innovative averaging time measurement
techniques were developed [3-4]. With various cases of pulse signal event, transient RF measurements were used
for agile supply modulator [5], over-head transmission line (TL) with integrated field sensors [6] and power
detector RF circuits [7-8]. Behind the innovation in terms of measurement, the deployment of instrumentation
enabling to generate appropriated RF and microwave pulse signal is an important task. Some innovative
investigations were performed in [9-10] to generate short-pulse duration signals.

The pulse signal generation is also a key point for the TD measurement to analyze unfamiliar functions as the
negative group delay (NGD) RF and microwave circuits. The concept of low-pass (LP) and bandpass (BP) NGD
functions was initiated in [11] for the basic understanding by means of analogy with the classical filter function.
The various NGD types [11] can be distinguished with the frequency band position where the group delay (GD)
is negative. The NGD function meaning can be understood through its natural application to equalize the positive
GD [12]. In other words, the NGD function can be expected to solve the electronic communication system
imperfections due to the global delay [13] and GD undesirable effects [14-15].

Before the investigation on the innovative TD BP NGD function, it is worth to describe a brief state-of-the-art on
the NGD function. The first demonstration of unfamiliar LP NGD function was performed with low frequency
(LF) electronic circuits composed of lumped resistor, inductor and capacitor (RLC) passive and operational
amplifier active components [16-17]. It was found that the LP NGD function is capable to propagate smoothed
signals with limited bandwidth whose NGD circuit output was visualized in advance with the input [16-24]. The
NGD experimentation was carried out with different types of LP NGD circuits based on operational amplifier [16-
20], passive RLC-circuit [21-22] and microwave amplifier [23]. Despite this counterintuitive aspect, it is
noteworthy that the NGD function does not contradict the causality [16-17]. In difference with LP NGD circuits,
the BP NGD investigations were generally performed in the frequency domain with S-parameter measurements
[25-29]. In [25], a BP NGD function was implemented with lumped circuit. To guarantee the possibility to operate
with low attenuation loss at higher frequencies, last decade, most of BP NGD circuits as a two-port system were
designed in microstrip technologies [26-29]. The circuits are implemented with fully distributed topologies without

lumped elements. Despite the progressive research interest [25-32] on NGD circuits, few research works are



available on the BP NGD analysis in the TD. Thus, a lot of curious questions from RF and microwave design and
test engineers remain open about the interpretation of BP NGD effect.

In the present work, to highlight this technical shadow, we decided to study the BP NGD TD analysis. An
innovative TD characterization of BP NGD circuit is investigated. The prototype with NGD value and NGD
bandwidth should be appropriated to the operating pulse signal. The NGD passive circuit is designed with an
“1010” shape microstrip topology never being done before. The paper is organized in four different sections as
follows:

e Section 2 describes the BP NGD circuit TD analysis. The different steps of the methodology will be
introduced by considering the main specifications from frequency domain (FD) into the TD measurement.

e Section 3 introduces the topological diagram of the 1010 distributed structure. The design of the 1010-
circuit proof of concept (POC) will be described. Then, the validation will be performed with the POC
BP NGD analysis. The measured NGD specifications as NGD center frequency, bandwidth and value
will be defined.

e Section 4 focuses on the innovative TD BP NGD analysis of the 1010-circuit. In difference to the LP
NGD characterization, the test signals must be short duration pulses modulating sine carrier coinciding
with the NGD center frequency. The meaning and interpretation of BP NGD function are explained with
TD results represented by the envelopes of input and output signals.

e  Section 5 is the last conclusion of the paper.
2. METHODOLOGY OF THE BP NGD TD TESTING

The particularity of the BP NGD TD analysis is investigated in the present section. Acting as a microwave circuit,
the NGD TD investigation remains a permanent challenge for most design and test engineers. After the
methodological description, we will elaborate the BP NGD specifications from S-parameter modelling. Then, the
TD analysis will be explained.

2.1 Necessity of frequency domain (FD) NGD specifications

In the area of microwave engineering, due to the high frequency measurement constraints, the BP NGD circuit
model is traditionally implemented with S-parameters. Such a model can be advantageously performed by
analytical approach, simulation and measurement [16-24]. Therefore, we are introducing the BP NGD analysis
with the S-parameter modelling. Doing this, by denoting the angular frequency variable, «, most of BP NGD
studies depend on the measurement of GD defined by:

—~oarg| $3*° (jo) |

GD(w) = o
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with S):°® is the forward transmission coefficient and o is the angular frequency by considering the 2-D S-matrix

of the two-port system generalized in Fig. 1(a):
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Fig. 1. (a) Two-port NGD black box and (b) spectral fundamental parameters of BP NGD responses and

the expected interaction with the input spectrum.

The fundamental parameters to realize BP NGD analysis are the NGD center frequency, fyep, value, GD, and
bandwidth (BW), BW,, which are graphically illustrated by Fig. 1(b). The BP NGD analysis golden rule is that the
input signal spectrum bandwidth, BW(Vi,) must be lower than the NGD bandwidth:

BW(V,,) < BW,q, (3)
with Vi, is the input signal. Before the TD analysis, by denoting fft the fast Fourier transform, the input signal
spectrum:

0 if fegBW(V,
Vi”(f):{|fft[vin(t)]|¢0 (i\f/)feBW(\/in) )

must be matched to the NGD one.
2.2 General methodology of the BP NGD TD analysis

In difference to the classical RF and microwave circuit, the BP NGD circuit TD analysis must be performed with
some particular rules. Because of the NGD function unfamiliarity and also the counterintuitive effect of the NGD
phenomenon, some recall about the NGD specifications must be initially verified before the TD investigation. The
BP NGD TD analysis can be fulfilled under the following steps:
e Step 1: S-parameter modelling of the NGD circuit in the expected NGD frequency band is the initial step.
The modelling can be performed by analytical expression, simulations (SPICE, full wave tools, ...) or
measurement with vector network analyzer (VNA).
e Step 2: The BP NGD specifications must be identified as indicated in Fig. 1(b). Such a specification can

take into account the requirement of targeted reflection and transmission coefficients:

{SﬂGD (a)NGD) = Slr\iGD (27 fNGD) = |81’\iGD ( ja)NGD )|

S2NlGD (a)NGD) = Szr\iGD (27 fNGD) = |82NlGD ( ja)NGD)|

®)



e Step 3: The verification of equation (3) which corresponds to the input signal spectrum bandwidth to be
suitable to the NGD BW as illustrated in Fig. 1(b).

e  Step 4: Generation of the input signal, vin, including the modulation by considering a sine carrier centered
at the NGD center frequency, fncp.

e Step 5: Verification of the possibility to plot simultaneously the input and output signals, vin and Vout,
respectively.

e Step 6: The meaning of BP NGD function in the time-domain must correspond to the verification of the

time-domain response as follows:

Vo (1) =a(t) v, [t+At(t) | = a-v,, (t+At) ©)

with Vv, is the output signal, with a(t)~a and At(t) =At are assumed to be independent to time
parameter, t, when the input signal spectrum frequency band belongs to the NGD BW.
e Step 7: The time-delay, At, would be negative if the circuit behaves as a BP NGD circuit. vin and Vout
should present a good signal integrity under correlation coefficient better than:
corr [V, (t), V,,, ()] > 95% )
with corr is the correlation coefficient, and the distortion can be neglected. It is noteworthy that despite

this counterintuitive analytical expression, the NGD circuit respect perfectly the causality principle.

2.3 Circuit configuration for BP NGD TD analysis

The essential parameters of the NGD TD analysis are the input voltage signal, vin, and the output voltage signal,
Vout. TO realize the TD analysis, we can use the touchstone model of the two-port circuit S-parameters under the
transient test configured by Fig. 2. The TD analysis of BP NGD circuit must be performed in function of the NGD

specifications.

Input signal generator Output signal receiver

Fig. 2. Configuration of BP NGD circuit TD analysis.

The NGD characterization should be initially based on arbitrary shape pulse signal as denoted by v(t) in Fig. 2 by
assuming that the time parameter, t. In this case, the TD analysis is carried out with pulse signal modulating since
carrier equal to the BP NGD center frequency:

Vi, (1) = v, (t)sin(27 fyept) (8)
with vp(t) is the arbitrary shape pulse signal, and fnep is the NGD center frequency, t is the time parameter. Before
the BP NGD TD analysis, we need to investigate on the NGD circuit POC implemented in 1010-topology in the
FD.



3. BP NGD VALIDATION OF THE 1010-TOPOLOGY

This section describes BP NGD validation of the 1010-circuit topology inspired from the coupled line (CL)
feedback based passive NGD cell proposed in [26-27]. The 1010 microstrip prototype design, simulation and

measurement validation results will be discussed.
3.1 Description of the 1010-Topology
Fig. 3 introduces the ideal diagram of the TL based 1010-circuit POC. All the constituting TLs are assumed with

identical physical width, w, which was chosen to correspond to the characteristic impedance, Ro=50 Q. The

topology consists mainly of two CLs, and three pieces of TLs.

Fig. 3. Configuration of the “1010”-topology.

The four-port CL, CL1(w,s,L1) and six-port CL, CL2(w,s,L1) are specified by identical interspace, s, and physical
length, L1. Acting as a CL based NGD topology, the NGD center frequency be inversely proportional to this length:

c¢
Dnep —t (9)

with positive constant, £, and the vacuum light speed, ¢. These two CLs are interconnected by identical TLs,
TLa(w,d1) with interspace, s, and physical lengths, di1, and d,. Another TL, TLx(w,dy) is interconnected to two
extremities of lateral TL constituting the six-port CL, CL,. Acting as a two-port circuit, the S-parameter and GD
analyses can be performed by means of simulated and measured data corresponding to equation (1) and equation
(2). The design description of the implemented 1010-circuit prototype will be explained in the following
subsection.

3.2 Design of the 1010-circuit prototype

After the optimization of the physical lengths and spaces of each element of our topology, we designed the POC.
Fig. 4(a) and Fig. 4(b) introduce the innovative design and photograph of the two-port 1010-circuit, respectively.
It acts as a microstrip circuit implemented on Rogers 3210 substrate with specification indicated in Table 1. The
constituting TLs have identical physical width, w. This microstrip circuit prototype is constituted by “1010” whose

the physical sizes are addressed in Table 1.
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Fig. 4. (a) Design and (b) photograph of the “1010”-circuit prototype.

Components Description Parameter Value
Material Rogers3210 -
Relative
o & 10.2
Substrate permittivity
Loss tangent tan(9) 0.003
Thickness h 1.27 mm
Material Copper (Cu) -
Metallization conductor | Thickness t 35 um
Conductivity o 58 MS/m
Space Dy 1.198 mm
CLs
Length L, 5.6 mm
D> 1.071 mm
Space
D; 1.748 mm
CL»
L 5.6 mm
Length
Ls 0.7 mm
TL1 Length R; 2.638 mm
Length R 4.275 mm
TLa
Width w 1.09 mm
Access Line Length L 13.8 mm

The coupled elements of “1010” structure are composed of different shape TLs:

Table 1: Microstrip circuit parameters and specifications

“1” element represented by the access straight line with physical length, L1+2L5,

“0” element represented by the circular loop resonator with physical length, 2(L1+nR1),

Other “1” element represented by the access line with physical length, L1+2Ls3,




e And last “O” element represented by the circular loop resonator with physical length, 2(L1+nRy).
To validate the NGD function of this prototype, S-parameter simulations with the 3-D EM commercial tool,
HFSS® from Ansys® and measurement with vector network analyzer (VNA) were performed. The following

subsection presents the HFSS® parametric simulation results.
3.3 Parametric analyses with respect to physical length, L:

By curiosity, to understand the influence of length, Li, on the NGD responses, a parametric analysis was
performed. To do this, S-parameter simulations were performed from 3.4 GHz to 7.7 GHz. For each simulation,
L, was varied from 5 mm to 6 mm. It was found that the 1010-circuit behaves a BP NGD function with two NGD
center frequencies. The first NGD band results from 3.4 GHz to 3.6 GHz are mapped in Figs. 5. It can be seen in
Fig. 5(a) and in Fig. 5(d) that the NGD center frequency decreases linearly from about 3.82 GHz to 3.54 GHz in

the considered range of L;.

L1 {mm) L1 {mm)

L1 (mm)

3.4 3.5 3.6 3.7 3.8 3.9
Frequency (GHz)

f, (GHz)

L, (mm)

Fig. 5. Mappings of (a) GD, (b) Sz, (c) Su versus (frequency, L1) in the first BW and (d) NGD center

frequency, fi, versus L.
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Fig. 6. Mappings of (a) GD, (b) Sz1, (c) Su1 versus (frequency, L1) in the second BW and (d) NGD center
frequency, f2 (in blue solid line) and ratio f2/f1 (in green dashed line) versus L.

The transmission and reflection coefficient mappings are shown in Figs. 5(b) and 5(c). The transmission coefficient
behavior is similar to the NGD response of Fig. 5(a) whose minimal value optimal frequency is shifting from about
3.82 GHz to 3.54 GHz. The GD, Sz and Si1 in the second NGD frequency band are pointed out in Figs. 6(a), 6(b)
and 6(c), respectively.

L1 (mm) f1(GHz) GD(f1) (ns) | Sai(f) (dB) f2(GHz) GD(f2) (ns) S21(f2) (dB)
5.0 3.808 -5.28 -1.77 7.379 -3.47 -1.72
5.1 3.768 -5.46 -1.77 7.284 -3.53 -1.75
5.2 3.736 -5.61 -7.86 7.281 -3.49 -7.98
5.3 3.717 -5.61 -7.89 7.226 -3.56 -8.10
5.4 3.673 -4.78 -7.30 7.193 -3.58 -8.00
5.5 3.642 -5.99 -71.94 7.099 -3.41 -1.74
5.6 3.614 -5.99 -7.98 7.052 -3.48 -7.84
5.7 3.596 -5.84 -7.85 7.011 -3.49 -7.97
5.8 3.585 -5.92 -71.94 6.985 -3.59 -8.15
59 3.564 -6.13 -8.00 6.952 -3.63 -8.26
6.0 3.540 -5.67 -7.84 6.952 -3.53 -8.16

Table 2: BP NGD specifications versus L1

The NGD center frequency is decreasing from about 7.4 GHz to about 6.88 GHz as illustrated by the solid line of
Fig. 6(d). Moreover, the dashed line of Fig. 6(d) confirms that second NGD center frequency, f,, is equal to 2



times, fi. The NGD center frequency is inversely sensitive to L; as forecasted in equation (3). Table 2 summarizes

the influence of length, L;, onto the BP NGD characteristics.

To verify the BP NGD behavior, comparison between simulation and measurement will be discussed in the

following subsection.

3.4 Simulated and measured validations

The present validation study was performed in the same frequency band as in the previous parametric analysis.
After measurement of the 1010 circuit prototype displayed in Fig. 4(b), we get GD, S,: and Sy: plotted in Figs.

7(a) to 7(f). The simulated (“Simu.”) and measured (“Meas.”) curves are plotted in black solid and red dashed

lines. As understood in Fig. 7(a) and in Fig. 7(d), a very good correlation between the GD responses confirm that
the circuit behaves as BP NGD function. The first and second NGD bands present center frequencies, around 3.6

GHz and 7.7 GHz. We can emphasize that:

f,=2f =2f.
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Fig. 7. Comparisons of simulated and measured in the first NGD band: (a) GD, (b) S21 and (¢) Siz and in
the second NGD band: (d) GD, (e) S2: and (f) Suu.

The associated BP NGD specifications are listed in Table 3. The differences between the simulated and measured

results are essentially due to the imperfections of the fabricated circuit and also the full wave simulation

inaccuracies. So far, open questions are wondered by the non-specialist RF and microwave design research

engineers about the BP NGD function physical interpretation.

Specifications

Simulation

Measurement

Center frequency, fi

3.615 GHz

3.6 GHz




NGD value, GD(f1) -5.97 ns -4.913 ns
Bandwidth, BW; 42 MHz 33 MHz
Insertion loss, Syi(f1) -8.18dB -6.55 dB
Center frequency, fi 7.055 GHz 7.055 GHz
NGD value, GD(f1) -3.41ns -1.8ns
Bandwidth, BW, 62 MHz 80 MHz
Insertion loss, Sy(f1) -7.7dB -8.29 dB

Table 3: Simulated and measured BP NGD specifications

As a concrete interpretation of the BP NGD function focused to the first NGD band defined by the specifications
(fuep=f1, BWnep=BW1, GD,=GD(f1)), TD investigation will be explored in the next section.

4. TD MEASUREMENT INVESTIGATION OF BP NGD CIRCUIT

So far most of BP NGD analyses were performed in the frequency domain but the interpretation of the NGD effect
requires TD analysis. The TD investigation consists in the description of the experimentation concept. Then, the

results of the signal behaviors interpreting the meaning of the BP NGD effect will be discussed.
4.1 TD experimental setup

Fig. 8(a) and Fig. 8(b) highlights the experimental setup of the BP NGD circuit with the 1010-prototype introduced
previously in Fig. 4(b). In difference to the LP NGD TD analysis [24], the TD analysis of BP NGD requires a
recovery between the input signal spectrum and the NGD bandwidth. For this reason, the input signal should be
smoothed enough and must be modulated with a sine carrier. By denoting the time parameter, t, this TD

measurement requires a generation of pulse signal modulating since carrier equal to the BP NGD center frequency:
Viy (t) = exp[ —A(t—t,)° ]sin(27 fygpt) (11)

with the central time, to. The other Gaussian pulse time width parameter is defined by [30]:

2 Af 2
= 2in@o™) (12
or
A=% (13)

which is related to bandwidth, Af’, , defined at attenuation, adB. The signal plot is indicated in Fig. 7(a) with

center frequency set to fnep=3.6 GHz. Then, the input and output signals must be plotted simultaneously. For this
reason, we use the ultra-wide band (UWB) microwave signal generator referenced, Tektronix® AWG70001A
having sampling rate equal to 50 GSps, 10 bits memory and V=250 mV. As illustrated in Fig. 8(a), this generator
is susceptible to deliver two perfectly synchronized signals from channels A and B with time shift better than 5 ps.
To plot the signals, we employ the 4-channel oscilloscope referenced Agilent® DSO81204A having bandwidth
12 GHz and maximal sampling rate equal to 40 GSps and set with input impedance, Ziy=R¢=50 Q. The 1010-



circuit prototype was connected to the generator and the oscilloscope through SMA connectors and 1 m-length
cables. After this TD experimentation, the 1010-NGD circuit measured results are discussed in the following
subsection.

Oscilloscope

Measured
signal
monitoring

——

4-channel
oscilloscope

Uws
o microwave
--- e signal
i 3 —— \_‘_‘Qﬁ:i generator

o
Tested !
1010-circuit
e -~
.

Fig. 8. (a) Hlustrative diagram and (b) photograph of the TD experimental setup.

4.2 Discussion on the BP NGD circuit transient test results

The golden rule of necessary condition for the success of BP NGD operation is that the modulating pulse signal

should have duration verifying a relation typically:

T> ° (14)
BWNGD

with & is a positive constant depending on the fastest slop of the signal, T is the duration of the modulating pulse
signal. For example, with a Gaussian pulse signal, we can take &=1. A Gaussian pulse defined by t,=100 ns and
t1=25 ns, modulating, fi=3.6 GHz sine carried was considered as the input test signal. However, input and output
signals, Vin, and vy, were plotted simultaneously in Tnax=200 ns time range over 50 ps time step. Fig. 9(a) displays
the screenshot of the NGD circuit input and output measured signals. To highlight the NGD effect, the envelopes
of these signals were extracted by using signal processing algorithm implemented in MATLAB environment. Fig.
9(b) and Fig. 9(c) show that the envelopes fit perfectly with the natural transient signals. As witnessed by the

envelope plots in Fig. 10(b) and the normalized plots:
Norma"zed |:vin,out (t)] = Vin,out (t) / max I:Vin,out (t):| (15)

depicted in Figs. 10(c), the output signal appears with the BP NGD signature. Table 4 summarizes the TD BP
NGD performance of the tested 1010-circuit. As shown in Figs. 10(d) and 10(e), the signal, vou, presents leading



and trailing edges in advance of about -1.8 ns and -4.2 ns because of the BP NGD function. The input and output

signal envelopes are very well correlated and verify the expectation of condition (7).

=x
]

[

n

VCILl M

Fig. 9. Measured signals: (a) oscilloscope screen snapshot, (b) input and (c) output signals.

These TD measurement results confirm that the 1010-circuit operates as BP NGD function. It was also found
during the test that if the sine carrier was shifter outside the NGD bandwidth, the output signal appears with
positive delay compared to the input.

Specifications Description Value
Absolute rise time advance Atrise -1.8ns
Relative rise time advance | Atriselta] 7.2%
Absolute fall time advance Atran -4.2ns
Relative fall time advance |Atranlta| 16.8 %

Voltage attenuation a=max(Vou)/max(Vin) 0.527
Correlation coefficient corr(Vin,Vour) 98%




Table 4: TD NGD performance.

Enveloppe (V)

Normalized

Normalized
Normalized

65 70 75 80 85 110 120 130 140
Time (ns) Time (ns)

Fig. 10. (a) Natural and (b) normalized plots of input and output envelopes.
5. CONCLUSION

An innovative TD characterization of BP NGD circuit is developed. The NGD passive structure is designed with
1010-shape microstrip circuit. The BP NGD function is validated with commercial tool and measurements of S-
parameters. It was found the circuit behaves as BP NGD function with center frequency of about 3.6 GHz, NGD
value of about -3.6 ns and bandwidth. The TD measurement is performed with Gaussian pulse signal modulating
since carrier equal to the NGD center frequency. An experimental setup guaranteeing a unrefutably synchronicity
between the input and output signals is introduced. The meaning of the BP NGD aspect is validated by the output

signal envelope in time-advance compared to the corresponding input.
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