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Design and Modelling of Ladder-Shape Topology Generating
Bandpass NGD Function
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Abstract—This paper introduces a model and design of an innovative bandpass (BP) negative group
delay (NGD) distributed circuit. The passive circuit topology under study is constituted by fully
distributed elements without lumped components. The NGD passive structure is implemented as a
ladder shape topology composed of distributed transmission line (TL) elements. The S-matrix model
is established from TL-based equivalent Z-matrix operations with respect to the ladder geometry. As
a proof of concept, a two-cell ladder prototype is designed in microstrip technology, which is simulated,
fabricated, and tested. The calculated and simulated measurements are in very good agreement with
the validation of BP NGD behaviour. NGD value is better than —3 ns with centre frequency between
3.56 and 3.68 GHz over more than 30 MHz NGD bandwidth being observed. The circuit operates under
insertion loss better than 5dB and reflection loss better than 8 dB. This innovative BP NGD passive
circuit can be useful in the RF and microwave engineering area, for example, to reduce the signal
propagation delay in the upcoming and 5G telecommunication systems.

1. INTRODUCTION

To satisfy the public demands and industrial needs in terms of speed and data rate, the evolution
of communication systems is growing exponentially with billions of connected objects constituting
diverse infrastructures of big smart urban cities [1-3]. This intensive and deep integration of devices
accompanied with the increase of operating frequencies would not have been achieved without critical
issues on signal delay and integrity as the signal is conveyed by and through miniaturized components
and relatively complex interconnects on a single chip most often multilayered and multi functions.
Moreover, electromagnetic compatibility problems between integrated circuits and the associated
electrical connections have to be considered with more attention during the design and implementation
phases. The 5G communication technology presents a typical example where the signal delay will
be a master key of performance as it aims to target Ultra-Reliable Low Latency Communications
(URLLC) [1]. Therefore, the reduction of such issues remains an innovative research work for the future
communication systems [4] in order to guarantee the time propagation and integrity of the signal.
We can emphasize more and more influences of group delay (GD) [5,6] in the microwave electronics
systems since the passive RLC circuit networks are not appropriate for the increase of the operational
frequencies. Research works are performed on reducing the signal delay, flatting the band pass filter
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response, or the phase linearity [7—10]. The first studies and investigations of the negative group delay
(NGD) function were carried out on the light pulse propagation in a dispersive medium. Inside an
absorption line, it was theoretically shown that a light pulse velocity propagated at group velocities
faster than the speed of light in a vacuum, which can become negative as experienced later with left-
handed matematerial periodical structures [11,12]. Some promising experiences have been achieved
in the field of RF/microwave systems to solve these issues. To reduce the interconnect delay and
improve the signal integrity, repeaters were designed and inserted in certain integrated circuits [13].
Alternative innovative solution of delay reduction based on negative group delay (NGD) equalization
method was proposed [14, 15]. It is noteworthy to highlight that the NGD solution enables preservation
of the signal quality without affecting the information speed. The NGD function was innovatively
implemented within microwave circuits [15] as antenna [16,17] and sensor [18-20] performances by
using negative refractive index resonant metamaterials, antenna beamformer [21, 22], non-Foster network
designing [23], and independent frequency NGD phase shifter [24]. Analytical modeling of transmission
line (TL) and electrical interconnects were developed [25]. Nevertheless, the NGD function remains,
so far, unknown and unfamiliar to most microwave design research engineers. This research work aims
to democratize with the simplest academic way the NGD function. Doing this, the analogical theory
between filter and NGD behavior were suggested [26,27]. Subsequently, the concept of bandpass (BP)
NGD function was introduced [26,27]. This type of BP NGD circuit is currently the most developed
by NGD researchers [9-12,28-39] for targeting especially the RF and microwave engineering. The
few research groups around the world, working on NGD microwave design, have demonstrated the
outstanding diversity of NGD aspects as compared to, for example, active resonator based distributed
circuits [9], effective negative refractive index TL [11,12], defected ground structure [30], coupled line
based structures [31, 32], compact self-matched TLs [33, 34], asymmetrical directional coupler [38], and
transversal filter approach [39]. During the last decade, significant effort has been spent for the
development of compact distributed NGD circuits [34,35]. Among those diverse topologies, we pay
particular attention to hybrid coupler-based BP NGD topology which was not, until now, sufficiently
exploited [36,37]. Analytical formulations of NGD synthesizer using feedback hybrid coupler were
proposed in [36,37]. But intuitively, slight modifications of this topology should enable the design of
BP NGD function operating in microwave engineering frequencies.

Because of the lumped-based circuits operating frequency band and the complexity of the
distributed microstrip circuits, continuous research works are necessary to find a good tradeoff design of
BP NGD topologies. In the present study, by inspiring and modifying the hybrid coupler topology, we
propose a simple BP NGD topology constituted by a ladder geometrical shape structure. The innovative
NGD structures should be designed with available technology enabling both simulated and experimental
investigations. For this reason, a distributed microstrip line is chosen to design and implement the good
compromise BP NGD topology under study.

For the better understanding, the paper is organized in four main sections as follows. Section 2 will
define the main specifications of BP NGD function. The basic parameters for the BP NGD function
qualification will be described. The NGD BP ladder-shape topology will be presented and analytically
modeled in Section 3. The topological algebra based on Z-matrix operations will be elaborated to
establish the equivalent S-matrix. The proof-of-concept (POC) design and validation of BP NGD
function with two-cell ladder-shape microstrip circuit will be discussed in Section 4. Parametric analyses
with respect to the ladder circuit physical widths and lengths will be introduced for assessing their
impact on the BP NGD characteristics. Then, Section 5 will be the conclusion of the paper.

2. RECALL ON THE BP NGD SPECIFICATIONS

A preliminary definition of BP NGD function is introduced in the present section. After recalling the
theoretical expression, the specification parameters will be defined.

2.1. S-Matrix Modelling for NGD Analysis

First and foremost, acting as a two-port system, the NGD circuit investigated in this paper can be
generalized by the black box system represented by Fig. 1(a).
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Figure 1. (a) Two-port black box microwave system. BP NGD function ideal specifications: (b) GD,
and (c) S-parameters, S1; and So;.

By denoting s = jw, the complex angular frequency variable, this symmetrical system can be
analytically modelled by the 2-D S-matrix:

v [ Su(w)  Sa1(jw)
[S(Jw)] - SQl(jW) Su(jw) (1)

because S11 = S22 and Si2 = S91. In comparison to the classical RF and microwave circuits, the NGD
study requires further analysis of frequency responses of S-matrix introduced in Equation (1). Before
the analytical definition, it is worth to note that this paper is essentially focused on a passive circuit.
Therefore, the NGD circuit performance must include:

e The input and output reflection losses are related to the reflection coefficient magnitudes which
must be lower than an expected matching value, a < 1:

Si(w) = [S1u(jw)| < a
{ Soa(w) = |S22(jw)| < a (2)

e The insertion loss or gain related to the transmission coefficient magnitude should be greater than
an expected value, b < 1:
So1() = |1 (jw) | = b (3)
According to the description, the NGD study fundamentally depends on the GD analytical expression.
For this reason, it would be important to recall the mathematical definition of this key parameter. The
GD is derived from the phase of the transmission coefficient of S-matrix introduced in Equation (1).
The analytical model of the associated GD is defined by:

GD(w) = —9arg [S91 (jw)] /Ow. (4)

2.2. Graphical Specifications of BP NGD Function

The analysis of unfamiliar BP NGD function was inspired from BP filter response [26,27]. However,
different from the classical filter theory with the characterization based on the S5; magnitude behaviour,
the NGD function characterization depends essentially on the sign of GD expressed in Equation (4). By
taking wy,—12 = 27 f,,, the type of NGD function depends on the frequency band position, wi < w < wo,
where we have:

GD(w; < w <ws) <0. (5)
Figure 1(b) illustrates an ideal GD response of BP NGD function. The specifications related to the GD
response are defined as follows. By taking a real negative delay, 7y, the GD value, NGD bandwidth,
respectively:
GD(w €Sw<wy)=71<0 (6)
AWZQTFAf:CUQ—W1 (7)
and NGD centre frequency, wg = 27 fy € |[wi,ws]. Moreover, as illustrated in Fig. 1(c), the reflection
and transmission coefficients of ideal BP NGD function can be specified by:
Si1(wr Sw <wz) =8511(w) =a
So1(w1 S w <wg) = Sp(w) =0

(8)
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3. S-MATRIX MODEL OF LADDER SHAPE CELL TOPOLOGY

The present section develops the ladder TL topology S-matrix model. First, the TL element-model will
be described. The reduction mechanism of the structure Z-matrix will be established, and consequently
the equivalent S-matrix is extracted.

3.1. TL-Based Topological Description

Figure 3 introduces the equivalent circuit of the ladder shape topology. It consists of two meshes of
cells. The main access ports, ® and @, are connected to nodes M7 and M. On the left side, we have
the TL connected to nodes M7 and M,. Conversely, on the right side, we have the connections between
nodes My and M;,. The symmetric axis of the ladder is connected to the intermediate nodes M. and
M. The two-port circuit is constituted by seven pieces of elementary TLs, denoted by TL,(Z,, ) (the
subscript is = a, b) which is defined by the characteristic impedance, Z,, and the constant propagation
is defined by:

Vo (jw) = ag(w) + jBz(w) (9)
where o, (w) and S5 (w) are the attenuation and phase constant.

Figure 2. Typical microstrip line and geometrical parameters.

In the following section, these TL electrical characteristics are extracted from the microstrip case
TL physical parameters by using Hammerstad-Jensen model [40] in which some equations are expressed
below. The effective permittivity and t characteristic impedance of the microstrip line are defined by:

2 1
e 2058 e+ 14 (e, — 1) 0.04(1_%) +—| (10)
\J1+12—
w
i .
. & o +In (5 98h> (11)
27\ [Eeff w4t

with w < h. w, t, and h are respectively the width, thickness of the conductive metallized electrode
and the height of the substrate as illustrated in Fig. 2. Z,;, represents the characteristic impedance of
the line in vacuum. This characteristic impedance is defined as:

Zair ~ |12 (12)
€0

where pg and g9 are the vacuum permeability and permittivity, respectively. The wave speed, phase
constant, and wavelength are expressed as:

v = (13)
N
Blw) = (14)

>
—~
E
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Figure 3. (a) TL based topology of ladder network under study, (b) two-port TL Z-matrix blocks-based
equivalent diagram, and (c¢) TL and its two-port Z-matrix equivalent model.

Mw) = 2™ (15)

w

The initial step of the S-matrix modelling of the ladder topology starts with the consideration of the
equivalent impedance matrix or Z-matrix of each elementary TL TL,(Z,, ;). Fig. 3(c) illustrates the
two-port black box representation of this TL. The TL, physical lengths are assumed equal to d;—g .
According to the TL theory, the equivalent Z-matrix of TL, can be written as:

290 = | e o) (16)
with:
Z1(jw) = Zy/ tanh [y, (w)d]
{ Zo(jw) = Zy/ sinh [z (w)d] (17)

This expression will be exploited in the following paragraphs to determine the analytical model of the
ladder Z-matrix impedance.

3.2. Z-Matrix Operation for Determining the Ladder Shape Analytical Model

Before the analytical elaboration, we can redraw the diagram with the elementary Z-matrix defined
previously. Fig. 3(b) introduces the equivalent diagram of the ladder circuit constituted by the TL,
Z-matrices. We can identify, in this diagram, the different nodes, M2 4 q, of the initial circuit
introduced in Fig. 3(a). The main access ports are referenced by nodes ® and ®@. The intermediate
ports are represented by nodes @ and @. With these port references, we can proceed towards the
reduction of this topology. The splitting of the previous diagram enables us to express the partial block
diagram. The left and right parts which are equivalent subsystem of the ladder diagram are presented
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Figure 4. Reduced topology of (a) left and (b) right parts of the ladder network equivalent diagrams,

and (c) 3-port S-matrix block diagram-based ladder network equivalent schematic.

in Fig. 4(a) and Fig. 4(b), respectively. The system theory enables us to reduce this diagram with
combination of lateral Z-matrices, [Z,], and [Zp], between the nodes M M. and M; M, respectively, as
illustrated in Fig. 4(a). A similar algebraic operation is performed for the lateral branch between the

nodes MyMy and M. My, as explained in Fig. 4(b).

For both parts of the diagram, the equivalent two-port Z-matrix, [Z.], is expressed as:

|: xl(jw) Z2a(jw)Z2b(jw)
| Zea(jw) Zap(jw) z2(jw)
[Zc(Jw)] - Zla(jw) + Zlb(jw)

with:

{ 1 (jw) = Z3,(jw) — Z3,(jw) + Z1a(jw) Z1b(jw)
w2 (jw) = Z3,(jw) — Z3(jw) + Z1a(jw) Z1p(jw)

(18)

(19)

After this first level of Z-matrix reduction, we can proceed towards the analytical calculation of the
three-port equivalent matrix of the different parts. Accordingly, we can represent the left part of the

ladder topology as a three-port block. This block is equivalent to the 3-D Z-matrix:
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with:
C1(jw) = Zia(jw) [27,(10) + Z1a(jw) Z1y(jw) — Z3,(jw)]

C(jw) = 2Z1a(jw) [Z1a(jw) 21y (jw) + Z3,(jw) — Z3,(jw)] — Z3,(jw) Z1p(jw) (21)
G(jw) = 2Z14(jw) [27,(jw) + Z1a(jw) Z1p(jw) — Z3,(jw)] — Z5,(jw) Z1b(jw)
§1(jw) = Zia(jw) Z1p(jw) Zop(jw)
&2(jw) = Zoa(jw) [Z7,(jw) + Z1a(jw) Z1(jw) — Z5,(jw)] (22)
&3(jw) = Z3,(jw) Zap(jw)

Similarly, the right part is equivalent to the three-dimension Z-matrix:

Y1 (jw) Zw(jw) Zaa(jw)  Z1p(jw) Zap(jw)
Zp(jw) Zaa(jw) y2(jw) Zha(jw) Zap(jw)
, Z(jw) Zap(jw)  Zra(jw) Zap(jw) y3(jw)
12.G0)] = 2 Z1aje) + Zuo(j) 2
with:
((11(jw) = Z1a(jw) [Z1a(jw) + Z1p(jw)] = 27, (jw)
{ Z3,(1w) [Z1a(jw) [223,(jw) = Z3,(jw)] + 2Z1(jw) [Z3,(jw) — Z3,(jw)] ] }

) + 73, (jw) Zaq(jw) [ Z2a(jw) [Zoa(jw) — 2Z1a(jw)] + Z3, jw)} (24)

PUIR) = T ) [Z0e) [Z1aGew) + Zu(G)] — Z5(j)] — 22,(70) Zn(3w0)

y3(jw) = Z1p(jw) [Z1a(Gw) + Z1p(jw)] — Z3,(jw)

3.3. General Expression of Ladder-Shape Topology Z- and S-Matrices

Figure 4(c) represents the reduced diagram of the ladder subsystem. The new diagram is composed
of the combination of 3-D Z-matrices constituting three-port left and right parts. The linear algebraic
operation allows to reduce this diagram. Therefore, we can demonstrate analytically the expression of
the general two-port block diagram introduced in Fig. 4(c). Subsequently, knowing that Z;  (jw) =
Zg,,,, (jw), and Z,  (jw) = Ze,,, (jw) for m # n which belongs to {1, 2, 3}, the equivalent two-dimension

Z-matrix is expressed as:
Zinga(jw)  Zanga(jw)

[and(jW)] - Zand(jw) Zlngd(jw) (25)
where:
Zan1(jw) [[Zaz2(jw) + Zeoz (jw)] [ Zass (jw) + Zess (jw)] — Z2ys(jw)]
~Z513(jw) [Za22(§w) + Zea2 (jw)] — Zan1 (§w) Zaza (§w) [Za3 (jw0) +2Zea3(jw0)] + Zar2(jw)
7 o\ Zas(jw) [Zazs (jw) + Ze2s(jw)] — Zar2(jw) [Zazz(§w) + Zess(jw)]]
1ngd(Jw) = D(jw)
26)
{ Za13(jw) [Zers(jw) [Zaz2 (jw) + Ze22(jw)] — Zer2(jw) [Zazs (jw) + Ze2s (jw)]] }
o) = +Za12(jw) [Ze12(jw) [Zar2(Jw) + Zazz (jw)] — Ze13(jw) [Zazz(jw) + Zaz(jw)]] (27)
ot D(jw)
where:

D(jw) = [Zaza(jw)+ Zeaz (jw)| — Zio3 (jw) + [ Zass (jw) + Zess (jw)] — Zazs (jw) [ Zans (jw) + Zeas(jw)] . (28)

The equivalent global S-matrix can be derived from Z-to-S transform relationship [41]:

s = (st - | 0 2 1) (1zamtion [0 2 ]) (29
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Ry = 50¢). Consequently, the ladder network reflection and transmission coefficients of S-matrix model
introduced in Equation (1) are expressed as:

. Zlngd(jw) - Z2ngd(jw) - RO
S =
MU= Ry ZrngaG) + Zanga5)

. 2Zln d(jw)
So1(jw) = 9 —.
21(jw) Ro + Zinga(jw) + Zanga(jw)

The GD of the ladder network is computed from this transmission coefficient by means of Equations (4)—

(5).

3.4. Design Approach of the BP NGD Ladder Shape Circuit

(30)

(31)

Similar to the classical microwave passive circuits as filter, power divider/combiner, coupler, the design
approach of NGD circuit can be performed following a design guide. For example, the design of the BP
NGD ladder circuit under study can be performed under the following steps (S,, n € {1, 2, 3, 4, 5, 6})
diagram on Fig. 5. The feasibility of the developed S-matrix model and NGD design approach (see
previous steps 1-7) is verified, and a POC will be presented in the next section.

+ BP NGD specifications definition

¢ Determination of TL characteristic impedances and propagation delays. These
parameters are necessary to verify the analytical model of S-parameters and the GD.

,
¢ TL physical size. The physical dimensions are determined from the Hammerstad-Jensen
model [45] from the expected BP NGD specifications

7

« Parametric analyses — with respect to physical sizes

* Choice of the Optimized TL parameters

¢ POC circuit prototyping and fabrication

* S-parameter final test

CEKEEEKEKK

Figure 5. Steps diagram design of the Ladder-shaped topology.

The NGD specifications are based on the graphical responses of Fig. 1(b) and Fig. 1(c). In this
paper, the following specifications are defined: fy = 3.6 GHz, GD(fy) = —3ns, and Af = 30 MHz. The
physical dimensions were determined from the Hammerstad-Jensen model [40] from the expected BP
NGD specifications by means of the NGD center frequency, characteristic impedances, and the electrical
lengths.

4. VALIDATION RESULTS

This section is focused on the BP NGD validation of the previously theorized ladder shape topology.
After the POC description, parametric analyses with respect to the circuit physical sizes will be
elaborated. Then, the BP NGD responses from theoretical calculations based on S-parameters model are
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presented in Egs. (24) and (25), simulations from commercial tool ADS®) from Keysight Technologies®),
and measurement will be compared and discussed.

4.1. Ladder Circuit Design and POC Description

Figure 6(a) presents the ADS® design of the two-cell ladder circuit parametrically analyzed. The
circuit is made up of 4 identical elements of horizontal TL, TL;, and three identical elements of vertical
TL, TLe. TL,, = 1,2 is characterized by physical width, w,,, and length, d,,. The 3-D design of the
two-cell ladder circuit implemented in microstrip technology is shown in Fig. 6(b) with port @ and port
@ having main accesses. The POC circuit physical and electrical parameters are summarized in Table 1.
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Figure 6. Ladder shape circuit prototype: (a) ADS® schematic, (b) 3-D design and (c) photograph.

Table 1. Physical parameters of the ladder prototype introduced in Fig. 4.

Type Description Name Value
d 4.
Length dl f4mm - 155mm
_>
Ladder 2 me 3 i
_>
Width et = onn
w2 1mm — 2mm
Relative permittivity er 3.5
F4BK 350
Loss tangent tan(d) 0.001
substrate -
Height h 1.27 mm
Metallization Thlckn.es.s ¢ 35 Hm
Conductivity o 58 MS/s

4.2. Physical Width and Length Parametric Analyses

The parametric analyses consist of evaluating the influences of ladder circuit TL physical parameters on
the BP NGD response. The analyses are based on the S-parameter simulations from 3 GHz to 4 GHz
with the commercial tool ADS®) from Keysight Technologies®).

4.2.1. Parametric Analysis with Respect to wy

Figure 7 presents the GD, Sy, and Sp; cartographies of the structure shown in Fig. 6 in function of
wy and frequency, f. In this case, wy varies from 2mm to 3mm by 0.1 mm-step. Fig. 7(a) shows a BP
NGD behavior in the considered range of w;. Furthermore, as depicted in Fig. 7(d), the NGD value
increases when w; varies from 2 mm to 2.7 mm, and it decreases when w; varies from 2.7 mm to 3 mm.
The NGD bandwidth, Af, is about 10.2 MHz for each w; value. Moreover, the NGD center frequency
increases with frequency step less than 8 MHz. Fig. 7(b) highlights that S3; mapping behaves as the
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Figure 7. Mappings of (a) GD, (b) Sa;1 and (c) S11 vs (f,w1), and (d) min(GD), (e) min(S2;) and (f)
min(S11) vs wy.

GD of Fig. 7(a). Sa1 decreases when w; varies from 2mm to 2.7mm and increases in the other range of
wy. The insertion loss is lower than 1dB for w; = 2.7mm and 2.8 mm as depicted in Fig. 7(e). Fig. 7(c)
presents the Sy; cartography. Fig. 7(f) shows that Si; is lower than —15dB for wy between 2.2 mm and
3 mm.

4.2.2. Parametric Analysis with Respect to wo

The present parametric analysis was performed with we varied from 1 mm to 2mm by 0.1 mm-step.
The GD, So1, and S7; responses are mapped in Fig. 8. Once again, the ladder topology behaves as a
BP NGD function for all the considered values of ws, as seen in Fig. 8(a). As depicted in Fig. 8(d), the
NGD absolute value presents a minimum for ws around 1.8 mm.

The GD increases when ws varies from 1 mm to 1.8 mm and decreases when ws varies from 1.8 mm
to 2mm. In the range of we, Af is about 6.2 MHz, and fy decreases with step around 22 MHz when
wy increases. Fig. 8(b) represents the Sp; mapping which reaches its maximum around 1.8mm. As
depicted in Fig. 8(e), So1 increases when wy varies from 1 mm to 1.8 mm and decreases when wsq varies
from 1.8 to 2mm. Fig. 8(c) shows the S1; cartography which illustrates that the ladder circuit matching
can be better than —10dB in the considered range of wy. As depicted in Fig. 8(f), S11 is better than
—20dB for wg between 1.3 and 2 mm.

4.2.8. Parametric Analysis with Respect to dy

This third case study was carried out by linearly varying d; from 3 mm to 4.5 mm by 0.1 mm-step. Fig. 9
displays the GD, S31, and S1; mappings versus (dy, f). It can be observed in Fig. 9(a) that the ladder
still behaves as a BP NGD function with bandwidth about 4 MHz, in the considered range of physical
length d;. The GD increases with d; as seen in Fig. 9(d). Moreover, the center frequency decreases
from 4.472 GHz to 4.129 GHz. The mapping of Fig. 9(b) presents the S2; behavior with considerable
similitude with GD of Fig. 9(a). So; increases when d; varies from 3.5mm to 4.5mm as depicted in
Fig. 9(e). Fig. 9(c) illustrates that the cartography of Sj; is better when d; increases. This reflection
coefficient is lower than —20dB in the d; range as seen in Fig. 9(f).
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Figure 9. Cartographies of (a) GD, (b) Sa1 and (c) S11 vs (f,d1), and (d) min(GD), (e) min(S2;) and
(f) min(SH) VS dl.

4.2.4. Parametric Analyses with Respect to ds

Figure 10 displays the GD, Sa1, and S1; mappings versus (dz, f) frequency. In this case, dp varies from
14mm to 15mm by 0.1 mm-step. As depicted in Fig. 10(a), the GD is negative in the entire simulated
frequency band and do range. It increases when do varies from 14 mm to 15 mm. Moreover, the NGD
bandwidth is about 4 MHz. and the NGD center frequency shifts to the low frequencies with a frequency
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Figure 10. Cartographies of (a) GD, (b) S21 and (c) Si1 vs (f,d2), and (d) min(GD), (e) min(Sa;),
and (f) min(SH).

step less than 21 MHz. The cartography of So; in Fig. 10(b) shows how it increases with da. As depicted
in Fig. 10(e), So1 is less than 2dB in the range of ds. Fig. 10(c) presents the S1; mapping. It can be
seen that the reflection coefficient decreases when dy increases as illustrated in Fig. 10(f).

4.3. Simulated and Measured Validation Results

Design and simulation of the NGD ladder shape model were achieved with the RF/microwave
electromagnetic commercial tool HFSS®) from ANSOFT®). Experimental results were run with a Vector
Network Analyzer (VNA) referenced R&S® ZNB40 (100 kHz—40 GHz). Figs. 11(a) and 11(b) illustrate
the experimental setup of the ladder shape NGD prototype. The POC prototype has been implemented
on an F4BK dielectric substrate characterized by relative permittivity €, = 3.5 and height A = 1.27 mm.
Conductor lines are copper-metallized with thickness metallization, t = 35 um. Validation tests were
realized between 3.52 GHz and 3.68 GHz. Figs. 11(c), 11(d), and 11(e) display GD, Sa1, and Si; from
simulations and measurements. The based TL elements 3D model designed on HFSS®) is represented
by the red curve and the measured prototype by the blue curve. One can note that simulation and
measurements are well correlated. In Fig. 11(c), the Ladder structure behaves as a BP NGD circuit
in the simulated and experimental frequency bands. It presents an NGD value of —3.5ns around a
3.65 GHz NGD center frequency with a bandwidth around 37 MHz. Moreover, Figs. 11(d) and 11(e)
show respectively that the transmission parameter Ss; and reflection coefficient S1; are better than
—5dB and —8dB respectively in the operating NGD bandwidth. Table 2 shows that the calculated,
simulated, and measured NGD performances. Table 3 compares the NGD properties of the ladder

Table 2. Comparison of calculated, simulated and measured NGD performances of the tested circuit.

Solver Theory ADS® | Measurement
fo 3.573GHz | 3.574 GHz 3.645 GHz
BW 20 MHz 20 MHz 37 MHz
GDg —3ns —3ns —3.5ns
Computation time 1ms 2.6s N/A
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Figure 11. NGD circuit experimental setup: (a) diagram and (b) photograph. Comparison between
calculated, simulated and measurements: (¢) GD, (d) S2; and (e) Sii.

Table 3. NGD properties: Ladder shaped topology vs references NGD distributed circuit.

Distributed NGD | GD (fp) | NGD Bandwidth | NGD Center frequency (GHz), FoMyep
topologies (ns) (MHz) fo (GHz)
NGD Ladder 5 5 37 3.6 ~0.1295
Topology
[42] —23 20 1.26 ~0.046
[34] 77 35 1.79 —0.2695
[33] —8.75 2.3 1.570 —0.02013

shaped topology with some references NGD distributed ones by defining the figure-of-merit as:
FOMNGD = GD(fo) X Af (32)

One can remark that the NGD ladder topology operates at a higher NGD frequency and a greater
bandwidth than these referenced NGD circuits.

5. CONCLUSION

Innovative functions are necessary to increase the future communication system performances. In
this rapidly changing technology, the BP NGD function is expected to be a good candidate for
the microwave signal integrity enhancement. The present study develops a design and model of
the innovative ladder-shape topology. The structure understudy is composed of TL elements. The
topological analysis is elaborated with the TL element equivalent S- and Z-matrix under characteristic
impedance and propagation constant consideration. Then the NGD distributed circuit is simulated with
the RF /microwave electromagnetic tool HFSS®) and compared with the POC prototype measurements.
The obtained results highlight the ladder shaped circuit BP NGD function. An NGD performance
of —3.5ns GD value and 3.63 GHz central frequency over 40 MHz bandwidth is obtained from the
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simulation and measurements. Parametric analyses with respect to the TL physical parameters of the
BP NGD ladder structure were discussed to observe the influence on NGD value and central frequency.

The proposed BP NGD function promises some innovative RF and microwave devices in the future.

Compared to the classical electronic functions, the NGD circuits present the following main advantages:

The NGD function is only the one electronic function enabling to cancel out via equalization of
delay effect in the communication system [7,8, 14, 15].

The NGD function allows to improve in challenging way the antenna performances [15-17, 21, 22].
The NGD function has a unique possibility to design non-Foster elements [23].

The NGD function enables to design ideally zero ideally independent frequency phase
shifters [15, 24].
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