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Abstract — A bandpass negative group delay (NGD)
passive circuit based on defect ground structure (DGS)
and substrate integrated waveguide (SIW)-matched is de-
veloped in the paper. The NGD DGS topology is origin-
ally built with notched cells associated with self~-matched
substrate waveguide elements. The DGS design method is
introduced as a function of the geometrical notched and
SIW via elements. Then, parametric analyses based on
full wave 3-D electromagnetic S-parameter simulations
were considered to investigate the influence of DGS phys-
ical size effects. The design method feasibility study is
validated with fully distributed microstrip circuit proto-
type. Significant bandpass NGD function performances
were validated with 3-D simulations and measurements
with —1.69 ns negative group delay value around 2 GHz
center frequency over 33.7 MHz NGD bandwidth. Inser-
tion loss is 4.37 dB, and reflection loss reaches 41.5 dB.

Key words — Defected ground structure (DGS),
Microwave circuit design method, Bandpass negative
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crostrip circuit, Substrate integrated waveguide (SIW).

I. Introduction

Following the traditional method to increase the
electronic and electrical system performance consists in
the integration density increase and size shrinking.
However, the electronic system confinement is natur-
ally penalized by the electromagnetic compatibility
(EMC) and interference (EMI) undesirable effects [1]-[4].
Against the undesirable printed circuit board (PCB)
EMI and EMC problems, different geometrical solu-
tions were deployed. Research work on EMC and EMI
design is permanently ongoing against this technical

electronic and electrical system design challenge. Based
on the EMI field-circuit simulation, an optimization
design of vehicle navigation system was introduced [1].

To predict these EMC and EMI effects, PCB level
computation tools were investigated [2]. Computerized
[3] and full-wave [4] simulations in EMC PCB level
were proposed. The costs of the EMC and EMI issues
constitute a major breakthrough for the PCB manufac-
turers. Therefore, the electronic PCB designers are con-
tinuously looking for the best technical solution without
increasing the cost. And also, to alleviate the PCB
EMIs, the proposal solution must guarantee that the
design level of complexity does not increasing.

Among these solutions, our attention is biblio-
graphically attracted to the deontological electronic
ones consisting in modifying the paths of return cur-
rent propagating through the ground plane. Such solu-
tions were currently assigned as the defected ground
structure (DGS) EMI reduction solutions [5]-[8]. This
relevant and costless EMI solution candidate is gener-
ally applied to microstrip circuit designs. The DGS
design solution is particularly efficient to suppress PCB
level EM crosstalk [5]-[8]. An innovative DGS ap-
proach using irregularly-spaced vias connecting the
PCB traces over a slotted ground plane is proposed in
[5]. The effectiveness of the DGS solution was verified
to reduce radio frequencies and broadband EMIs from
active PCBs [6], [7]. The effectiveness of crosstalk sup-
pression was validated from mode mismatch between
spoof SPP microstrip transmission line (TL) [§]. In a
high-speed (HS) PCBs, the effectiveness of DGS solu-
tion was demonstrated to mitigate simultaneous switch-
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ing noise (SSN) and EMI reduction in [9].

Moreover, in addition to the EMI effect cancella-
tion, the enormous sleeping potential of DGS need to be
explored by the EMC, signal integrity (SI), RF and mi-
crowave design researchers. Under such a circumstance,
we can point out that the DGS enables also to enhance
the signal integrity (SI) performances [10], [11] and sup-
pression of microwave device harmonics [12]. In more
general review, the DGS constitutes one of promising
design solution and miniaturization minimizing the
EMIs of various microwave passive circuits [12]-[22].
Because of these technical benefits, the DGSs have been
extensively exploited to design microwave circuits. For
example, the DGS circuits have an outstanding poten-
tial of integrability in different microwave devices as
power dividers/combiners [12], filters [13]-[16], EMI fil-
tering [17], EMC/EMI power electronics [18], [19], and
antennas [20]. The extension of certain electronic func-
tion can also be exploited with the control of DGS
parameters. By designing DGS resonator, a tunable
band stop circuit was implemented by using reconfigur-
able dumbbell-shaped coplanar waveguide [21].

In addition to these classical microwave function
designs, the DGS was also exploited to design the unfa-
miliar bandpass negative group delay function. It was
found that the defected microstrip structures enable to
design dual-band NGD circuits (NGDCs) operating
between 3.46-3.58 GHz and 5.10-5.20 GHz [22]. Fur-
thermore, compact NGD microstrip passive circuits
with DGSs were designed [23]-[25]. However, the band-
pass (BP) NGD performances of existing DGS mi-
crowave circuits are susceptible to be improved by play-
ing on their geometry. For this reason, a novel design of
DGS via elements is proposed in this paper by means of
notched elements combined with substrate integrated
waveguide.

Before the paper outline, it is worth briefly intro-
ducing the state-of-the-art on the BP NGD microstrip
circuits. For its intriguing counterintuitive phenomen-
on, the NGD existence was one of controversial topics
for many microwave design researchers. The BP NGD
function was understood in early 2000 s with split ring
resonator (SRR) based negative refractive index (NRI)
metamaterial structure [26], [27]. However, the NGD
passive circuits were initially present more than 20 dB
losses with important physical sizes [26], [27]. Therefore,
few research teams around the world were curiously at-
tracted to the low cost and compact NGD circuit design
in order to overcome this technical bottleneck. One of
the helpful basic NGD theory enabling to understand in
easier way the design method was introduced by consid-
ering the Kramer-Koenig analogy between the linear

circuit transfer function magnitude and group delay
(GD). Subsequently, the concept of bandpass negative
group delay function was defined and verified with all
microwave NGD circuits. An interesting microwave en-
gineering was revealed on the fact that the BP NGD
function can be designed with unlimited diverse topolo-
gies. The study, design and test of diverse NGD mi-
crowave topologies are still an open research area for fu-
ture engineers for the three following decades. For ex-
ample, the BP NGD function was verified with absorpt-
ive bandstop filter [28], microwave signal interference
technique [29], microwave transversal filter approach [30]
and TL based microstrip circuits [31]-[34]. Innumerable
topologies of microstrip NGD circuits (NGDCs) [22]-[35]
were deployed in order to reduce to reach competitive
compactness’s.

Behind this progressive NGD design investigation,
further research works were required about the design
of NGD microwave circuits by illustrating the ad-
equate characterization techniques required by mi-
crowave standards. The novelty of the present paper
compared to the NGD research work available in the
literature [22]-[35] is the design consideration of sub-
strate waveguide via and the circuit compactness. The
substrate waveguide was exploited to design classical
microwave function as filters [36], [37], and a review
considering wireless applications from DGS was given in
[38]. Based on the authors’ knowledge the present pa-
per is the first-time research on the design of compact
NGD circuit.

The paper consists of four main sections. Section II
describes the key fundamental definition and design
methodology to familiarize to the BP NGD passive cir-
cuit design. Section III is focused on the design applica-
tion of DGS-SIW circuit. The feasibility of the NGD
design is investigated with parametric analyses with re-
gard to the DGS notched element physical sizes. Sec-
tion IV will validate the DGS NGD topology with ex-
perimentation of microstrip prototype. Then, Section V
ends the paper with a conclusion.

II. Theoretical Specifications of BP NGD
Performance

This present section defines BP NGD function key
specifications. The qualification of NGD performance
will be defined from two-port circuit S-parameters.
Then, the design methodology for NGD passive distrib-
uted circuit will be elaborated.

1. Theoretical recall on GD parameter

The two-port system of Fig.1 represents a circuit
black box. The present case of study associates the two-
port symmetric microwave passive circuits.
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Fig. 1. Two-port black box system.

They can be theoretical modeled by an equivalent
2-D S-matrix written as

S11(jw)

SEN = 551000)

where jw is the complex angular frequency variable.
The transmission coefficient phase is given by

p(w) = arg [Sy; (jw)] (2)

The specific parameter of the present study is ex-
pressed by the GD mathematically defined by
—Op(w)

GDw) = —2 (3)

For the case of BP NGD function, the equation:
GD(w) =0 (4)

should present two roots, @, and w,, (we take w,<w,),
which are named NGD cut-off frequencies.

2. Ideal specifications of BP NGD response

By analogy with all microwave function, the NGD
one should be targeted to operate at specific NGD cen-
ter frequency, wy as introduced in Fig.2.

In the NGD bandwidth, w; < w < ws, given the de-
sired values of positive reals, A<1 and B<1, the essen-
tial parameters of BP NGD function are as follows:

e The reflection coefficient, S1; = A, as seen in
Fig.2(a);

e The transmission coefficient, So; = B, as illus-
trated in Fig.2(b);

e And as depicted in Fig.2 (c), the NGD value,
GD(w) = GDy < 0;
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Fig. 2. Typical behaviors of BP NGD S-parameters. (a) Re-
flection; (b) Transmission coefficients; and (c¢) GD.

e Over the NGD bandwidth:
Aw = wy —wy (5)

3. Design methodology of BP NGD circuit

The BP NGD circuit design method is actually
similar to classical RF and microwave circuits (filters,
phase shifters, power dividers,...). The design can be or-
ganized in different successive phases. The principal
design phases can be described as follows:

e Phase 1: As mentioned in the previous section,
the design process must start with the required BP
NGD specifications.

e Phase 2: Define the desired minimum and max-
imum ranges of physical parameters.

o Phase 3: After the 3-D circuit design of the neg-
ative group delay topological structure, the physical
sizes of the structure (widths, lengths, interspaces,...)
should be optimized.

e Phase 4: The final design of BP NGD circuit
should be carried out after manufacturing.

e Phase 5: Conduct the NGD behavior frequency
domain validation tests of the prototype.

III. DGS Circuit Designing and Para-
metric Analyses with Respect to the
Notched Element Physical Sizes

This section is focused on the design description of
notched element based DGS BP NGD circuit. The
NGD circuit based on DGS acts as a two-port passive
circuit. Parametric analyses of GD and S-parameters
will be discussed. All the computational results presen-
ted in this paper were obtained from 3-D electromag-
netic full wave simulations. The present simulated res-
ults were run in the commercial tool environment of the
microwave simulator HFSS® from ANSYS® Electro-
magnetics Suite 19.0.0 which operates with Solver Fi-
nite Element Method. The employed PC is equipped
with a single-core processor Intel® CoreTM Intel(R)
Core(TM) i5-8400 CPU @2.80 GHz 2.81 GHz and 16
GB physical RAM with 64-bits Windows 7.

1. Design of notched element based DGS
circuit

Following the design flow elaborated in Fig.2, the
present subsection investigates the geometrical imple-
mentation of our DGS NGD proof-of-concept (POC)
circuit. The group delay specifications targeted for the
present circuit design are addressed in Table 1. The
POC DGS is mainly designed in microstrip topology by
using a direct TL. Fig.3 introduce the planar design of
microstrip circuit geometrically designed with width,
W, and length, L. The circuit is essentially composed of
distributed elements without lumped element. As seen
in top view of Fig.3(a), the microstrip circuit is consti-
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tuted by the direct TL presenting physical width, wport.
The direct TL was designed with characteristic imped-
ance equal to the terminal load reference impedance, R,=
50 Q.

As initial value, by denoting the substrate effect-
ive permittivity, ererf, and vacuum speed of light, c,
the TL length was calculated via the formula:

C
B 2fO\/greff

As illustrated in Fig.3 (b), the DGS is constituted
by bilateral side of interconnected holed and notched
elements. The notched elements present physical
lengths, [, and widths, wg, with k=1,...,5. The
notched element parameters were chosen in order to
generate the bandpass negative group delay specifica-
tions targeted in Table 1. As displayed in Fig.3(b), in
each side of the circuit, the notched element is surroun-
ded in U-shape by aligned via hole with physical dia-
meter, D,;,, and interspaced, S,;,. The POC NGD cir-
cuit was expected to operate under low-attenuation bet-
ter than 4 dB and well access matching under return
loss better than 10 dB.
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Fig. 3.

DGS planar design. (a) Top view of the overall cir-

cuit; (b) Backside view of notched element.

Table 1. Targeted BP NGD specifications

DG, fo

Parameter

Af Sy Sy

Value —2 ns 2 GHz

40 MHz

—10 dB —4 dB

2. DGS SIW circuit prototyping

The DGS circuit prototype was implemented on
double side Copper metallized FR4-based substrate.
The length and width physical sizes, [, and wj, of the
notched elements were optimized with HFSS® simula-
tions in order to achieve the targeted BP NGD re-
sponse specified previously in Table 1. Fig.4 (a) and
Fig.4(b) display the HFSS® 3-D design view and photo-
graph of top and back sides of the fabricated prototype
with size, 19 mm X 34 mm. The final values of the
POC circuit physical parameters are addressed in Ta-
ble 2. For the better understanding the influence of
each physical dimension on the BP NGD function, the
detailed parametric analyses will be explored in the
next paragraph.

3. Parametric analyses with respect to the
DGS physical sizes

The present parametric investigation is based on
the S-parameter computation of the DGS structure in-
troduced previously. The computations were carried out
in the HFSS® environment withing the frequency band-
width from 1.8 GHz to 2.2 GHz with 300 frequency
samples. During the simulations, the considered notched
element physical parameters were swept linearly.

1) Parametric analysis versus [

The

Fig. 4.

first parametric analysis was performed by

(a) 3-D HFSS® design; (b) Photograph of the fabric-
ated DGS circuit prototype.



NGD Analysis of Defected Ground and SIW-Matched Structure 347
Table 2. DGS circuit parameters and specifications
Components Description Parameter Value
Material FR4 —
Diclectric substrate Relative permittivity &, 4.2
Loss tangent tan(d) 0.02
Thickness h 1.5 mm
Material Copper (Cu) —
Metallization Thickness t 35 pm
Conductivity 14 58 MS/m
Total length L 34 mm
Total width w 19 mm
Resistance R 36 Q
Via diameter D, 0.6 mm
Via interspace Shia 1.5 mm
W oot 3.1 mm
Wy 0.4 mm
. Wy 3 mm
DGS NGD circuit Width w, 13 mm
Wy 0.5 mm
W 5 mm
b 0.6 mm
by 7.3 mm
Length ly 0.92 mm
Iy 8.75 mm
Ly 1.5 mm
varying !, from 0.4 mm to 1 mm and fixing all the oth-
er parameters in Table 2. After simulations, we obtain Table 3. NGD specifications versus
the results mapped in Fig.5. In these results, Fig.5(a) il- L, (mm) | Z(Q) | fo (GHz) | GD(f)(ns) | Sy (f,)(dB) | Sy1(f)(dB)
lustrates that the BP NGD behavior is conserved des- 0.4 50.2 1.969 —2.22 —4.09 —44.4
pite the swept of . 0.6 | 49.9 | 2.007 —2.19 —4.07 —46.0
0.8 49.8 2.028 —1.94 —3.86 —34.7
) _ {é‘ 1.0 49.7 2.064 —1.74 —3.78 —35.2
(a) s i -1 8
2 © widely better than —10 dB.
Frequency (GHz) 2) Parametric analysis versus ws
_ 20 ~ This second parametric analysis aims to investig-
(b) E _ i 23 '@ ate the influence of ws. This parameter was varied from
35 1.9 to 2.2 mm by fixing all the other ones as shown in
Frequemy (GHz) Table 2. Fig.6 summarize the mappings of the group
20 & delay, transmission and reflection coefficients. Table 4
© g 06_ i 40 = shows the NGD performances at different values of ws.
@ Fig.6(a) illustrates the conservation of the DGS circuit
Frequency (GHz) BP NGD responses despite the variation of ws. In this

Fig. 5. Parametric simulated results versus I, (a) GD; (b) Sy;
() Sip-

As witnessed by Table 3, in the considered para-
metric range, the variation of /;, influences remarkably
the NGD center frequency, f;, which increases from 1.969
GHz to 2.064 GHz. Moreover, the GD optimal value,
GD(f,) present absolute value decreasing from about 2.22
ns down to 1.74 ns. As shown in Fig.5(b), the transmis-
sion coefficient (S,,) is increasing from —4.09 dB to
—3.78 dB over reflection coefficient (S);) of Fig.5(c)

case, the NGD center frequency is slightly shifted with
3 MHz variation. The absolute value of GD(fp) is de-
creasing also from 2.53 ns to 1.65 ns. The transmission
coefficient mapped in Fig.6(b) is increasing from —4.38
dB to —3.59 dB.

3) Parametric analysis versus R

This third parametric analysis aims to investigate
the influence of R. This later one was varied from 36 to
43 Q by fixing all the other ones as shown in Table 2.
Fig.7 plot the group delay responses of the DGS NGD
circuit for the different values of R. Table 5 indicates
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Fig. 6. Parametric simulated results versus wy. (a) GD; (b)
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Table 4. NGD specifications versus wy

ws (mm) | Z (Q) | fo (GHz) | GD(f) (ns) | S5,(fy) (dB) | 51, (fy) (dB)
4.8 [ 49.9 | 2.006 —2.53 —4.38 —30.2
4.9 [ 498 | 2.007 —2.32 —4.18 —36.3
50 [ 49.9 | 2.007 —2.19 —4.07 —46.0
51 | 50.1 | 2.009 —1.87 —3.78 —34.4
5.2 | 49.8 | 2.009 —1.65 —3.59 —28.6

the frequency domain specifications around the NGD
center frequency, f,. This later one variation can be
considered as negligible under the variation of R. It can
be understood from Fig.7(a) that the resistor value in-
fluences the access matching. However, the transmis-
sion coefficient around the NGD center frequency
presents less than 0.3 dB variation. More importantly,
as explained by Fig.7(c), the GD responses can be liter-
ally assumed as insensitive to the R variation.

4) S-parameter analysis versus vias

This last parametric analysis aims to investigate
the influence of vias. Fig.8 plot the difference of the BP
NGD response with/without the vias. Table 6 indicates
the frequency domain specifications around the NGD
center frequency, f,. It can be understood from Fig.8(a)
that the reflection coefficient and the transmission coef-
ficient of the circuit with vias is better than the circuit
without vias.

IV. Simulated and Experimental
Validation Results

The bandpass negative group delay aspect of the
DGS circuit prototype was investigated by comparis-
ons of the full wave simulation and measurement. The
detailed experimental results will be discussed in the
next subsection.

2023
-10
o
2
- — R=36Q
- - -R=39Q
e R=43 Q)
1.8 1.9 2.0 2.1 22
-1
o
2
&
0.5}t
B
5 -05¢
<
S -0t
2 s
(5 .
_20 1 n n
1.8 1.9 2.0 2.1 22

Frequency (GHz)

Fig. 7. Parametric simulated results versus R. (a) S;;; (b)
Syii () GD.

Table 5. NGD specifications versus resistance R

R@Q) | fo (GHz) GD(fy) (ns) Sy1(fo) (dB) Si(f) (dB)
36 2.003 —1.69 —4.37 —41.5
39 2.003 —1.70 —4.49 —32.6
43 2.002 —1.67 —4.57 —27.2

1. Test and measurement of DGS NGD cir-
cuit prototype

Similar to classical microwave devices, the valida-
tion study was carried out via S-parameter measure-
ment from 1.8 GHz to 2.2 GHz.

The experimental setup configuration with vector
network analyzer (VNA) is shown in Fig.9. The VNA is
from Rohde & Schwarz® referenced ZNB 20 and spe-
cified by frequency band 100 kHz to 20 GHz. Fig.10
show the comparisons between the simulated and meas-
ured results. The HFSS® computation speed was less
than five minutes. As analyzed above, these well-correl-
ated results verify the negative group delay function of
the notched element based DGS circuit.

As plotted in Fig.10(c), the center frequency (fp) of
the fabricated circuit is about 2 GHz. The tested cir-
cuit presents the NGD optimal simulated and measure-
ment values, GD(fy), approximately —2.19 ns against
—1.69 ns. The NGD bandwidth is approximately 33.7
MHz. As shown in Fig.10 (b) and in Fig.10 (a), the
transmission coefficient is about —4.37 dB while the re-
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Table 6. NGD specifications versus vias

fo (GHz) | GD(f,) (ns) | Sy (fy) (dB) | Sy1(f) (dB)
With vias 2.007 —2.19 —4.07 —46.0
Without vias 1.997 —2.25 —4.14 —44.6

Fig. 9. Photograph of the DGS NGD circuit frequency do-
main experimental setup.

flection coefficient is up to —41.5 dB around the NGD
center frequency.

There is little difference between the simulation
and the experimental results. Table 7 summarizes the

g
>
=
Q
<
o
=
2
O [l Il [l
1.8 1.9 2.0 2.1 22
Frequency (GHz)

Fig. 10. Simulated and measured (a) Reflection and (b)
Transmission coefficients, (c) GD of the fabricated
circuit.

comparison of NGD performances from two aspects of
simulation results and measurement results.

The following subsection will discuss the BP NGD
performance comparisons between the developed DGS
NGD result and the existing ones in the literature.

2. Discussion on active prototype NGD per-
formances compared with the literature

Table 8 summarizes the comparison of NGD per-
formance parameters with the literature NGD circuit
[22]-[23], [30]-[32]. Compared to the DGS NGD circuit
introduced in [19]-[23], [30]-[32], the DGS NGD circuit
presented in this paper show the advantage in better
transmission coefficient and reflection coefficient and re-
lative compact size. As the DGS NGD circuit is simple
and robust to parameters’ variations, it is easy to
design and fabricate. The main circuit is designed at
the back side of the PCB and the top size is only a TL,
easily implementable in microwave circuit to equalize
the delay.

V. Conclusions

An innovative design method of BP NGD circuit
based on DGS and SIW-matched structure implemen-

Table 7. Simulated and experimented NGD performances

Validation method fy (GHz) GD, (ns) BW (MHz) Sy, (dB) Sy, (dB)
Simulation 2.007 —2.19 28.7 —4.07 —46.0
Measurement 2.003 —1.69 33.7 —4.37 —41.5
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Table 8. NGD performance comparison
Ref. fo (GHz) GDy, (ns) BW (MHz) Sa1 (dB) S11 (dB) Size (A2)
[19] 3.56 —4.24 62 —26.6 @) Y40 X U. Lt
[20] 35 —3.8 100 —37.1 6 U-0Y X U.zi
[27] 1 —1.5 370 —33 —28 0.78 x 0.06
[28] 1.79 —7.7 35 —8.6 —20 0.3 x 0.18
[29] 1.57 —8.75 60 —20.5 —32 0.39 x 0.19
Proposed one 2 —1.69 33.7 —4.37 —41 0.43 x 0.24

Note: () means no data in the origin references, simulation results indicate it is not better than —10 dB.

ted

directly transmission TL associated with specific

design of notched ground plane. The essential specifica-
tions of BP NGD functions are pedagogically defined.
The design process of the DGS topological structure is
elaborated with the graphical design flow.

The feasibility study of the DGS BP NGD circuit

is performed with the design description followed by
parametric analyses in function of the key geometrical
parameters of the notched elements. The fabricated cir-
cuit after optimization is described. The test results
confirm an outstanding correlation between the BP
NGD responses from simulation and measurement.

In the future, the DGS NGD topology is expected

as a potential solution for EMC compliant microwave 5G
-circuits against the size and NGD performances.
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