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ABSTRACT The unfamiliar negative group delay (NGD) circuit is the less familiar function for most of
RF and microwave design engineers. Among the existing types, the bandpass (BP) NGD type circuits are
the most convenient for the wireless communication microwave technology. Therefore, it is particularly
important to explore different microwave circuit topologies operating as BP-NGD function. An innovative
design of BP-NGD topology constituted by defected ground structure (DGS) with complementary split
ring resonator (CSRR) is developed in the present paper. The DGS-based BP-NGD structure design
method is introduced in function of the CSRR geometrical elements followed by S-parameter parametric
analyses. As proof-of concept (POC), the design method of the proposed BP-NGD passive fully distributed
circuit is described. The effectiveness of the BP-NGD structure and the test feasibility are investigated by
implementing two different prototypes represented by single- and double-wing DGS passive circuits. It is
observed that significant BP-NGD function performances were validated by well-correlated simulations
and measurements showing -1.9 ns NGD value around the center frequency, 2.46 GHz over 31 MHz NGD
bandwidth. In addition, the tested BP-NGD prototypes present insertion loss better than 4 dB and reflection
loss better than 16.7 dB. Because of its potential integration, the investigated BP-NGD circuit is potentially
useful for the communication system performance improvement for example via delay effect reduction in
the RF and microwave devices.

INDEX TERMS Defected ground structure (DGS), design method, microwave circuit, bandpass negative
group delay (BP-NGD) function, NGD analysis.

I. INTRODUCTION microwave device performance. For example, in [1] and [2],

The negative group delay (NGD) circuits are proposed in it uses NGD RLC-resonant network implementation in feed-

literatures to solve the delay problems which limit the RF forward amplifier. It enables to increase the amplifier effi-

ciency and decreases the circuit size. In [3] and [4], the NGD

The associate editor coordinating the review of this manuscript and circuit was also used to overcome the main drawback of seri-
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This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/
VOLUME 11, 2023 P & Y 20309


https://orcid.org/0000-0001-8066-1260
https://orcid.org/0000-0001-7613-226X
https://orcid.org/0000-0003-1370-3816
https://orcid.org/0000-0002-5059-0649
https://orcid.org/0000-0002-5626-6065
https://orcid.org/0000-0002-0497-7260
https://orcid.org/0000-0003-3506-3522
https://orcid.org/0000-0003-0165-5853
https://orcid.org/0000-0001-7334-5016

IEEE Access

Q. Ji et al.: CSRR DGS-Based Bandpass Negative Group Delay Circuit Design

between the adjacent antennas provides a maximum 2° beam
squint, an almost 75% beam squint reduction compared to a
serially fed array without using an NGD circuit.

However, the RLC NGD passive circuits suffer high atten-
uation losses which may reach 20 dB and the distributed
NGD circuits have large size problem. To alleviate the circuit
size problem, defected ground structure (DGS) technology
is used. The main strengths to make DGS to be potentially
integrable are the design simplicity and easiness of miniatur-
ization [5]. Because of these benefits, the DGSs have been
extensively used to design microwave circuits. An effective
technique of second and third harmonic suppression for a
Wilkinson power divider by using an asymmetric spiral DGS
was developed [6]. The asymmetric DGS characteristics were
modeled by two parallel RLC resonance circuits in cas-
cade [6]. It was reported that using asymmetric DGS, the size
of a quarter-wave line can be reduced by 9.1%. It was also
investigated that the optimization of DGS geometries allows
to minimize the size defect of circular patch [7], [8], [9]. The
35% size reduction and highest order of achievable suppres-
sion of cross-polarized (XP) radiations are based on the DGS
strategic shaping [7]. The asymmetrically conFig.d antenna
designs have been emphasized with a view for addressing
the asymmetry in modal fields [7]. This antenna characteri-
zation performance was examined in X-band and experimen-
tally verified with promising achievement of 16-18 dB XP
suppression over H-plane [7]. In addition to these classical
microwave function designs, the DGS was also exploited
to design the unfamiliar bandpass (BP) NGD function [10],
[11]. It was found that the defected microstrip structures were
used to design dual-band NGD circuits (NGDCs) operating
between 3.46-3.58 GHz and 5.10-5.20 GHz [10]. Similar to
the classical functions reported in [5], [6], [7], [8], and [9],
compact NGD microstrip passive circuits with DGSs were
designed [10], [11].

Behind this progressive NGD design investigation, fur-
ther research works were required about the design of NGD
microwave circuits by illustrating the adequate characteriza-
tion techniques required by RF and microwave standards.

At present, most of BP-NGD RF and microwave circuits
are designed by exploring basic topologies constituted by
microstrip resonators coupled with microstrip lines [23], [24],
[25]. This kind of BP-NGD topologies is usually connected to
both ends of the circuit to be balanced in cascaded form. The
disadvantage of those design is that the microstrip resonant
structure will take up too much space on the PCB board
and increase the size of the circuit while causing radiation
interference to other transmission lines (TLs).

The novelty of the present paper compared to the NGD
research ones available in the literature [12], [13], [14], [15],
[16],[17], [18], [19], [20], [23], [24], [25] concerns the design
method of complementary split ring resonator (CSRR) based
DGS compact NGDC. The DGS BP-NGD circuit is easy to be
integrated into other classical microwave devices familiarly
available in the transceiver system. The flexibility of the
BP-NGD novel topology under study is its implementation

20310

on the back side of the printed circuit board (PCB) and
at the front side there is only one TL. The DGS BP-NGD
circuit under study operates challengingly under low insertion
loss, good reflective loss performance and small size. Two
different topologies of single- and double-wing DGSs will
be explored. The paper is organized in four main sections as
follows:

e Section II explains generally the main specifications,
parameters and the design method of the BP-NGD
microwave passive circuits.

e Section III describes the application BP-NGD design
and test method to an innovative single wing CSRR
circuit implemented with DGS microstrip structure.
The designability is validated by a prototype of single-
wing DGS proofs-of-concept (POC). The BP-NGD
effectiveness is validated by comparison of full wave
simulations from commercial tools and S-parameter
measurement.

e To improve the BP-NGD performance, a two-wing
DGS circuit will be analyses in Section I'V. To confirm
the BP-NGD effectiveness, a comparison study with
BP-NGD circuit performances available in the litera-
ture will be discussed.

e Then, Section V ends the paper with a conclusion.

Il. SPECIFICATION AND DESIGN METHOD OF BP-NGD
MICROWAVE PASSIVE CIRCUIT

The design approach of BP-NGD microwave passive circuits
is practically analog to the classical electronic circuits (filters,
phase shifters, couplers, ...). This section explores the design
methodology of BP-NGD microwave circuit. The analytical
approach based on two-port S-parameters will be explored.
The specification parameters are defined.

A. ANALYTICAL SPECIFICATIONS OF BP-NGD
MICROWAVE CIRCUIT
The tradition of RF and microwave engineering guides to the
characterization of all two-port microwave circuit with the
consideration of S-parameters. For the cases of symmetric
microwave circuit, the circuits are modeled by an equivalent
2-D S-matrix written as:

[s%Go)] = § Vo) S %Nvlgg(’:‘“)} M

At (2) N §15))

where jow is the complex angular frequency variable. The
associated group delay (GD) is mathematically defined by:

GD(w) = —0¢p(w)/dw 2
with the transmission phase:
p(@) = arg [$5P(w) | g

is the transmission phase. The BP-NGD performance is quan-
tified by the parameters:

« Around the NGD center frequency:
wo = 21fo “)
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FIGURE 1. Single-wing DGS planar design: (a) top view of the overall
circuit and (b) equivalent circuit.

e NGD value:
GD(wo) = min [GD(w)] &)
o NGD bandwidth:
Aw = w) — w (0)

where GD (w1 < @ < wy) < 0 knowing the cut-off
frequencies defined by:

GD(w1) = GD(wy) = 0. @)
« Transmission coefficient:

SHOP (@) = [S3OP )| ®)
« And reflection coefficient:

SNOP (@) = [SNOP )| ©)

This BP-NGD analytical specifications will serve to design
the DGS BP-NGD topology as described in the following
section.

B. THEORETICAL APPROACH OF DGS-BASED BP-NGD
MICROWAVE CIRCUIT

The theory of the DGS-based BP-NGD prototype is intro-
duced in this section.

1) 2-D DESIGN AND EQUIVALENT CIRCUIT

Figs. 1 introduce the BP-NGD design of microstrip pla-
nar passive and microwave circuit representing a single-
wing DGS POC. Our circuit prototype is constituted by a
microstrip TL and split ring resonator (SRR) etched ground
plane.
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As seen in Fig. 1(a), the circuit is geometrically designed
with width, W, and length, L. The TL was designed with
characteristic impedance equal to the terminal load reference
impedance, Zy = 50 Q. Fig. 1(a) illustrates the DGS wing
design. It consists of a SRR having physical parameters, /1 2,
wy and space, g, which is placed at distance, d, in left of the
microstrip line. In order to better analyse the group delay per-
formance, we convert the DGS POC to the equivalent lumped
RLC-network shown in Fig. 1(b). The SRR is represented
by Ry, C; and L; in parallel. The coupling between SRR
and microstrip line is represented by a transformer with turn
ratio N.

2) S-PARAMETER AND GD
Under this circuit configuration, the SRR angular frequency
can be written as:

1

VL1 Cy

The quality factor of unloaded SRR can be written with
(R1, L1, C1) couple of parameters:

(10)

wy =

Ry
0= —=woR1C, (11)
wol
The coupling coefficient can be expressed as:
0 N’R
g=—= (12)
O, 27y

where Qg is the quality factor of SRR loaded on the microstrip
line TL. We know that the equivalent impedance of the R, L,
and C parallel network is defined by:

. N2R;
Z(jw) = — — (13)
1 +](1)R]C1 _-]a)_Ll
which can be rewritten as:
. N2R;
Z(jo) = ————- (14)
L+j@=5

Combined with the above analysis of S-matrix, and by taking
into account the propagation delay of the microstrip line
TL (B1!1, B2l2), the general expressions of the DGS-based
BP-NGD circuit S-matrix model can be written as:

.| S1(jw) $21(jw)
[SGeo)) = |:521(]'60) Su(fw)i| (15)
where:
o) = — 2U®)  ppu,
S11(w) = Z(ja))—l—ZZoe /<P (16)
e 20 jpin+p)
$H1(w) = Z(ja))+22()e JPLTP2E2) 17

Substituting equation (14) into transmission coefficient
equation (17), the DGS-based BP-NGD circuit transmission
phase can be expressed as:

a(w) cos O(w)—sin O (w)
() = arctan [a(w) sinA(w)+cos G(w)] (18)
v I arctan [M]
T+g
20311
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with:

0(w) = B1(w)) + Ba(w)l2
(@ =)0 (19)

a(lw) = 0w

By means of equation (3), the corresponding GD can be
written as:

GD(w) = GD(w) — GDy(w) (20)
where:

(21Q s — a((af)Q)
_ wo(l+g wo(l+g

GD) () = @1

(1+g)?
22 -« [1 + tan? ()]
GDy(w) = 22)

[tan 0(w) — a(@)]?® + [1 + a(w) tan O(w)]?

3) ANALYSIS AT PARTICULAR FREQUENCIES

Similar to filters, NGD functions can also be classified
according to the positioning of frequency bands. According to
this, we can have BP NGD function. NGD analysis includes
identifying the presence of NGD:

GD(w) <0 (23)

The NGD cut-off frequencies w; and w, can be determined
as the roots of the equation:

GD(w) =0 (24)
and the NGD bandwidth can be formulated by:
Aw = wy — w] =21 Af (25)

At the NGD centre frequency fy (or w=wq), we have the
following expressions of:

o the reflection parameter given in equation (16)

becoming:
S11@) omay = —— (26)
I+g
o the transmission parameter given in equation (17)
becoming:
$21(0) Jom = @1
I1+g
« the GD given by equation (20) simplified as:
20 20
D@ oman = S5 " a0 28

Therefore, the GD is unconditionally negative around the
resonance frequency @ = wq. At very low frequencies, the
GD simplified as:

N ’R I
20Zpwo Qo
is always positive for any SRR parameters. It means that

the DGS-based topology under study behaves as a BP-NGD
function.

GD(®) |w~0 (29)
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FIGURE 2. Methodological flow chart of NGD circuit design and test.

C. DESIGN AND TEST METHODOLOGY OF THE
DGS-BASED BP-NGD CIRCUIT

The methodology to design and to test the BP-NGD
microwave passive circuits must begin with the expected
fabrication technology and the desired value of NGD value
and NGD center frequency. Then, we can follow the design
guideline indicated by the flow chart of Fig. 2 until the NGD
circuit prototype fabrication and test. As indicated in Fig. 2,
the proposed design and test method of NGD microwave
passive circuit can be divided in three successive phases:

o Phase 1: At the beginning of the design, the NGD
function around the expected working frequency must
be specified. Then, the analytical computation can be
realized based on the ideal model of the S-parameters.
Some parametric analyses can also be performed in this
phase in order to check the better comprehension of
influence of parameters constituting the NGD topology.

o Phase 2: In this intermediate step, the NGD engineer
must take care on the available technology for fabricat-
ing the NGD prototype. For example, in the present
study as it will be explored in the next validation sec-
tion, we will deal with microstrip technology to design
and implemented our NGD prototype. Therefore, in this
step, the NGD circuit can be designed with the design
and simulation tools (as in the present study, we will uti-
lize with the RF and microwave circuit ADS®)designer
and simulator from Keysight Technologies®)). The sim-
ulations are focused on the realistic effects on the NGD

VOLUME 11, 2023
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FIGURE 3. Photograph of the single wing DGS circuit prototype.

prototype. It consists of simulating and optimizing the
NGD circuit by taking into account the realistic effects
as the DGS size, the distance between DGS and TL. The
fabrication and VNA S parameter test of single DGS
NGD circuit.

o Phase 3: In this last phase, the double wing NGD proto-
type must be fabricated from the circuit layout drawn
from the single DGS optimized design performed in
Phase 2. Acting as an RF and microwave circuit, the
NGD prototype can be tested with a Vector Network
Analyzer (VNA). Before the tests, the VNA must be
calibrated with consideration of the working frequency.
The test must start with the S-parameter measurements.

To verify more realistically the efficiency of the developed
NGD design method, POC of DGS circuit will be investigated
in the two next sections.

Ill. DESIGN OF SINGLE-WING DGS TOPOLOGY

As POC prototype, a single-wing DGS circuit was designed
in microstrip topology. The innovative DGS prototype was
designed, simulated, fabricated and tested to verify the fea-
sibility of the BP-NGD function. The following subsections
will describe the results of design and test of the NGD circuit
prototype.

A. STRUCTURAL DESCRIPTION
Fig. 3 displays top and back sides of the fabricated DGS
BP-NGD prototype with size 15 mm x 32 mm. The param-
eters of the DGS wing were chosen and optimized in order
to generate the BP-NGD specifications as NGD center fre-
quency, fy, between 2.4 GHz and 2.6 GHz, and NGD value of
some minus nanoseconds.

The circuit is also expected to operate under low-
attenuation and well access matching.

Before the discussion on feasibility study results, the fabri-
cated prototype will be introduced in the following paragraph.

B. PRESENTATION OF THE DGS POC PROTOTYPE

The POC single wing DGS circuit was implemented Cu-
metallized on FR4-based substrate. It acts as a two-port pas-
sive circuit. As shown in Fig. 1(a), the values of the physical
parameters of the circuit are addressed in Table 1.

All the simulation results presented in the present paper
were obtained from simulations with the 3-D electromagnetic
(EM) HFSS@®)commercial tool from Ansys®). The measure-
ments were carried out with a vector network analyzer (VNA)

VOLUME 11, 2023

TABLE 1. DGS microstrip circuit parameters and specifications.

Components Description Parameter Value
Material FR4 -
Relative
Dielectric e & 4.6
permittivity
substrate
Loss tangent tan(J) 0.02
Thickness h 1.5 mm
Material Copper (Cu) -
Metallization Thickness t 35 pm
Conductivity 4 58 MS/m
Total length L 15 mm
Total width W 32 mm
DGS length I8 10.5 mm
DGS width L 14 mm
DGS NGD DGS Opening 05
circuit width g - mm
DGS line space Wy 2 mm
Coupling distance d 0.8 mm
T ission li
ransmlvsswn ine " 3.06 mm
width
TABLE 2. NGD specifications versus coupling distance, d.

d (mm) Z(Q) f0(GHz) GD(fo) (ns) | Su(fo) (dB)
0.4 52.5 2.506 -2.05 -3.32
0.6 52.7 2.511 -1.61 -2.62
0.8 51.7 2.515 -1.13 -1.93
1.2 51.9 2.535 -0.91 -1.59
1.4 52.0 2.559 -0.86 -1.51

from Rohde & Schwarz@®)referenced ZNB 20 and specified
by frequency band 100 kHz to 20 GHz.

For the better understanding the influence of each physical
dimension on the BP-NGD function, parametric analyses will
be explored in the next paragraph.

C. PARAMETRIC ANALYSES WITH RESPECT TO THE DGS
PHYSICAL SIZES

To check the PCB fabrication accuracy, the present paramet-
ric investigation is based on the S-parameter computation of
the DGS structure introduced previously. The computations
were realized in the HFSS@®)environment. The simulations
were run withing the frequency bandwidth from 2.3 GHz to
2.7 GHz under 200 frequency sampling.

1) PARAMETRIC ANALYSIS VERSUS D

The first parametric analysis was performed by varying d
from 0.4 mm to 1.4 mm and fixing all the other parameters in
Table 1.

After simulations, we obtain the results cartographied by
Figs. 4. It can be understood from Fig. 4(a) that the BP-NGD
aspect is kept with the considered variation of d.

The changes of the BP-NGD performance are summarized
in Table 2. Z is the port impedance of the DGS circuit. It can
be pointed out that the NGD center frequency, fy, increases
slightly of about 53 MHz when the CSRR length, d, increases
from 0.4 mm to 1 mm. Nevertheless, the GD value, defined
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FIGURE 4. Parametric simulated results versus d: (a) GD, (b) S,; and
(<) S11-

TABLE 3. NGD specifications versus coupling distance, L,.

Ly(mm) | Z(Q) | f(GHz) GD(fy) (ns) Sa1(fo) (dB)
13 53.2 2.62 -1.16 -2.00
13.5 53.0 2.58 -1.17 -2.00
14 51.7 2.515 -1.15 -1.92
14.5 51.9 247 -1.12 -1.84

in (7), varies —2.05 ns to —0.86 ns. As depicted in Fig. 4(b),
the transmission coefficient given in (8) varies from —3.32 dB
to —1.51 dB. Moreover, the single wing DGS structure access
matching is guaranteed with reflection coefficient widely
better than —15 dB in the NGD bandwidth.

2) PARAMETRIC ANALYSIS VERSUS L,

This second parametric analysis aims to investigate the influ-
ence of L,. This later one was varied from 13 to 14.5 mm by
fixing all the other ones as shown in Table 1. The cartogra-
phies of Figs. 5 confirm the BP-NGD responses of the single
wing DGS structure with respect to L.

Table 3 indicates the influence of this length on the
BP-NGD performances.

As seen in Fig. 5(a), the NGD center frequency, fo,
is inversely proportional to Ly. However, GD(fp) is not lit-
erally sensitive to this length because the variation is almost
negligible. The variation of S»1 shown in Fig. 5(b) can be also
neglected. The input and output matchings illustrated by the
maps of reflection coefficients displayed in Fig. 5(c) are kept
better than —15 dB with the considered range of L, variation.

D. SINGLE-WING DGS PROTOTYPE EXPERIMENTAL
VALIDATION RESULTS

The present S-parameter measurements have been carried out
for the experimental validation of the single-wing BP-NGD
function with the DGS tested circuit. Figs. 6 show the
comparisons between the simulated and measured results.
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TABLE 4. Simulated and experimented NGD performances of
simple-wing DGS prototype shown in Fig. 7.

Validation BW 821 S
GH; GD,

Method Jo (GH) ™ | oy | @w) | @s

Simulation 2.515 -1.15 41 -1.92 -17.5

Measurement 2.510 -1 30 -1.56 -16.7

As expected, these well-correlated results validate the single-
wing DGS POC BP-NGD function.

Table 4 summarizes the comparison of NGD performances
from the simulation, calculation and measurement. As plotted
in Fig. 6(a), at the center frequency, fy = 2.5 GHz, the tested
circuit present the NGD optimal simulated and measure-
ment values, GD(fy), approximately —1.15 ns against —1 ns,
respectively. The NGD bandwidth is approximately 31 MHz.

As shown in Fig. 5(b) and Fig. 6(c), the transmission coef-
ficient is equal to —1.56 dB while the reflection coefficient
is better than —16.7 dB within the NGD bandwidth. The
differences between the simulated and experimental results
are slight.

The parameter value of the equivalent circuit shown in
Figs. 1(b) used in the calculation resultis: Ry =39.3Q,C| =
127.5pF, L1 =31 pHand N = 0.58.

IV. BP-NGD DESIGN AND TEST OF DOUBLE-WING DGS
PROTOTYPE

It can be underlined from the previous study that the BP-NGD
performance of single-wing DGS NGD circuit could be
potentially improved by multiplying the number of CSRR
wings on the same circuit. To confirm the veracity of this

VOLUME 11, 2023
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FIGURE 6. Simulated, calculated and measured (a) GD, (b) S;; and (c) Sy
of single-wing DGS BP-NGD prototype.

curious thinking, a designability of double-wing DGS NGD
circuit was investigated.

A. DESIGN DESCRIPTION OF DOUBLE-WING DGS POC
The prototype of double-wing DGS structure is shown in
Fig. 7. As seen in Fig. 7(a), compared to the previous case
of single wing, the present DGS POC consists of two CSRR
wings.

Each wing has the same physical parameters as the single
wing circuit shown in Fig. 1, which are placed at distance,
d, in left and right of the microstrip line. The addition of
double wind NGD circuit does not increase the physical size
of the total circuit when compared with single wing NGD
circuit. The proof of concept (POC) double wing DGS cir-
cuit was implemented Cu-metallized on FR4-based substrate.
It acts as a two-port passive circuit. Fig. 6(b) displays top
and back sides of the fabricated prototype with physical size
15 mm x 32 mm.

B. SIMULATED AND EXPERIMENTAL VALIDATION
RESULTS

The S-parameters of the two-wing DGS circuit prototype
were measured from 2.3 GHz to 2.7 GHz. Figs. 7 show the
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(b)
FIGURE 7. Double wing DGS planar design: (a) top view of the overall
circuit and (b) photograph of the double wing DGS circuit prototype.

0.5

1
b
n

Group Delay(ns)
-
n

S,,(dB)

S,,(dB)

43 2.4 2.5 2.6 2.7
Frequency(GHz)

FIGURE 8. Simulated and measured (a) GD, (b) S;; and (c) S,;.

comparisons between the obtained simulated and measured
results. The comparison of associated NGD performances
generated from simulation and measurement are tabulated
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TABLE 5. Simulated and experimented NGD performances of double-wing DGS prototype shown in Figs. 6.

Validation method fo (GHz) GD, (ns) BW (MHz) | Sz (dB) 811 (dB)
Simulation 2.464 48.4 -3.85 -14.2
Measurement 2.468 35 -2.68 -13.81
TABLE 6. Comparison of BP-NGD performances.

References fi (GHz) GD, (ns) BW (MHz) S2 (dB) S11(dB) Size (17)
[12] 3.50 -3.8 100 -37.1 * 0.89*0.27
[13] 1.00 -2.06 40 -7.8 -25.7 0.53*0.30
[14] 1.00 -2.02 69 -6.5 -11.3 0.18*0.25
[23] 2.90 -0.9 43 2.2 -13 0.93*0.46
[24] 3.10 -4.8 15 -2.87 -11.8 1.1*0.57
[25] 1.89 -1 20 -1.7 -15 1.1*0.49

This work 2.46 -1.9 35 -2.68 -14 0.47*0.22

* No data in the origin references, simulation results indicate it is not better than -10 dB.

in Table 5. Compared to single-wing DGS NGDC previ-
ously analyzed, the double wing circuit NGD value stated in
Fig. 7(a) is increased from —1 ns to —1.9 ns.

Nevertheless, the NGD bandwidth is increased from
30 MHz to 35 MHz. The double-wing DGS prototype trans-
mission coefficient defined in (8) plotted in Fig. 7(b) is equal
to —2.68 dB.

The tested reflection coefficient displayed in Fig. 7(c) is
better than 13.8 dB. The largest differences between the sim-
ulated and experimental results on transmission coefficient
is about 1.17 dB. It is due to the numerical computation
inaccuracies, the substrate dispersion loss, the metallization
skin effect, and the fabricated circuit imperfection as the
connector solder in the considered working frequency.

Through the design and verification of double wing DGS
circuit, multi-unit DGS circuit is feasible. Larger NGD value
and multi-band NGD circuit can be obtained by etching
multiple DGS units on the ground behind the microstrip line.

C. DISCUSSION ON NGD PERFORMANCES AND
POTENTIAL APPLICATIONS

Table 6 reports the comparisons between the BP-NGD per-
formances of the designed DGS-based NGD circuit with the
results available in the literature [12], [13], [14] and the
previous work [23], [24], [25]. It is interesting to note that
compared to the DGS BP-NGD circuit introduced in [12],
the developed double-wing one presented in this paper show
considerable advantages in terms of insertion and size. Fur-
thermore, compared to other BP-NGD circuits as introduced
in [13], [14], [23], [24], and [25], those BP-NGD circuits is
usually connected to both ends of the circuit to be balanced
in cascaded form. The microstrip resonant structure will take
up too much space on the PCB board and cause radiation
interference to other transmission lines. The proposed DGS
BP-NGD topology presents a lower attenuation loss with
considerable compact physical size. The design simplicity
and the fabrication parameter degree of freedom make the
developed DGS BP-NGD topology as a best candidate for
the future microwave communication devices.
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One can cite various applications as 5-G devices in terms of
design simplicity which is potentially integrable in different
RF/microwave functions, design miniaturization, BP-NGD
SWaP improvement, and notably for the GD and signal delay
equalization with the possibility to implement the structure
on the back side of the PCB. The proposed DGS BP-NGD
topology can also be used in terms of progressive phase
delay, such as passive beam steering [21] and return loss
improvement [22].

V. CONCLUSION

An investigation of BP-NGD designing of innovative
microwave circuit including a CSRR wing-based DGS topol-
ogy is developed. The passive DGS-topology is composed of
fully passive distributed elements with a TL and two identical
wings at back side.

The relevance of the BP-NGD design study was verified by
simulations and measurements of different microstrip proto-
types. Parametric analyses were conducted in function of the
CSRR physical parameters. The BP-NGD performances of
the DGS-topology around the 2.4-GHz expected operation
frequency were investigated with 2-D cartographies. More
importantly, comparisons between the simulated and mea-
sured results are also discussed. Furthermore, excellent agree-
ment between simulations and measurements of single- and
double-wing DGS prototypes is confirmed with the BP-NGD
behavior.

In the future, because of the design simplicity and the
increase of NGD performances, the proposed NGD DGS
topology open potential applications of BP-NGD function
notably in the area of RF and microwave telecommunication
engineering.
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