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Differential Negative Group Delay Circuit Topology with Reverse
Nested Double U-Shaped Defected Ground Structure

Zicheng Wang, Zhongbao Wang”, Hongmei Liu, and Shaojun Fang

Abstract—A simple and flexible differential negative group delay (NGD) circuit topology based on
defected ground structure (DGS) is proposed. The circuit consists of microstrip lines and reverse nested
double U-shaped (RNDU) DGSs, in which differential transmission and common-mode suppression
(CMS) are realized by microstrip lines, and the adjustment of NGD time and center frequency is
achieved by changing the RNDU DGSs. Besides, the bandwidth and NGD time can be increased by
cascading double couples of RNDU DGSs. For demonstration, two circuit prototypes with single- and
double-couple DGSs are fabricated and measured. The measured results show that the NGD time of the
single-couple DGS circuit at the center frequency of 2.279 GHz is —0.57 ns; the insertion loss is 2.08 dB;
and the NGD bandwidth is 28 MHz. The NGD time of the double-couple DGS circuit at 2.30 GHz is
—2.13 ns; the NGD bandwidth is 41 MHz; and the insertion loss is 4.39 dB. The functions of increasing
bandwidth and enhancing NGD are realized. The common-mode insertion loss can reach 43.2 dB, and
excellent CMS characteristics are achieved.

1. INTRODUCTION

Nowadays, differential circuits are extensively used in various radio frequency (RF) components due
to their excellent suppression of common-mode noise from the environment or system [1-4]. In RF
systems, different frequency components will cause different phase delays due to the nonlinear group
delay (GD) characteristics of the channel, resulting in signal distortion and increased bit error rate [5, 6].
The RF circuit with negative group delay (NGD) characteristics can effectively compensate and improve
the GD index of the signal-carrying information transmitted in the circuit. In [7], a crossed resonator
interconnect structure was proposed to achieve quad-band NGD characteristics. Based on 180-nm
CMOS technology, an inductor-less NGD integrated circuit was designed by using RC-network, metal-
insulator-metal capacitor, and polygate resistor [8]. A compact and wideband flat NGD circuit with two
resistors that connect the microstrip line and the stepped impedance resonator was proposed in [9], which
had a large insertion loss (IL). A power divider of balanced-to-single-ended power dividing network was
proposed in [10], which adopted the structure of resistors connecting coupling lines to realize NGD and
isolation characteristics. However, it has weak common-mode suppression (CMS). Compared with [10],
the CMS has been improved in [11]. However, it has poor isolation and high IL. In [12,13], multiple
coupling lines and transmission lines were used, in which unequal-length transmission lines were used to
realize NGD. In [14], a method to realize NGD characteristics based on asymmetric coplanar striplines
and double-sided parallel striplines (DSPSs) was proposed. The differential NGD circuit in [15] used
coupled lines connecting transmission line stubs with resistors to achieve NGD and CMS. The differential
dual-band NGD circuit proposed in [16] used phase shift swap structures, DSPS, and two coupled-line
resonators of unequal lengths to achieve the wideband CMS and dual-band NGD.
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Recently, defected ground structures (DGSs) have been widely studied to achieve the band gap
characteristics and slow wave effect which change the electromagnetic distribution characteristics
between the microstrip line and ground plane through the etching cycle or specific pattern on the
grounding metal plate [17,18], and the structure can reduce the circuit size to a certain extent. By
changing the size and relative position of the DGS pattern, distribution parameters can be adjusted to
achieve NGD characteristics. In [19], a U-shaped defect structure was designed on the ground plane
to achieve NGD characteristics, and the NGD time can be adjusted through an external resistor. On
this basis, dual-plane defected structures were designed [20] to achieve dual-band NGD characteristics.
In [21], NGD circuits based on complementary split ring resonator (CSRR) DGS were designed, and
the NGD performances for the DGS formed by single- and double-wing CSRRs were analyzed. Based
on the above research, for differential circuits, it is necessary to strengthen the CMS characteristics on
the basis of existing research results, increase the return loss while ensuring low insertion loss, improve
the comprehensive characteristics of the NGD circuit, and make the circuit design highly flexible, which
can be integrated into existing circuits to achieve NGD functions.

In this paper, a differential NGD circuit topology based on DGSs with a reverse nested double
U-shaped (RNDU) pattern is proposed. The proposed differential NGD circuit topology consists of
single-couple and double-couple RNDU DGSs and microstrip lines. NGD characteristic is achieved
through RNDU DGSs and the coupling of RNDU DGSs and microstrip lines. The design method
discussed in this paper has certain high flexibility for designing differential circuits that realize NGD
characteristics.

2. DESIGN OF THE PROPOSED DIFFERENTIAL NGD CIRCUIT

Figure 1 depicts the proposed differential NGD circuit topology with RNDU DGSs. The circuit is
composed of:

1) Microstrip lines (MLs). The top layer uses MLs to realize differential transmission and CMS
characteristics. Specifically, there are four microstrip lines as ports, which are connected to the external
circuit, two Ag/2 microstrip lines, which realize CMS, and two microstrip lines, which ensure the
differential transmission and coupled with the DGS to achieve the NGD characteristics.

2) RNDU DGSs. The bottom layer etches RNDU DGSs to couple with MLs at a specific location
to realize NGD characteristics. Different NGD indexes can be achieved by changing RNDU DGSs
parameters.

<«— Solder mask

<— Top layer

<— Substrate

<— Bottom layer

<— Solder mask

(@ (b)

Figure 1. Configuration of the proposed differential NGD circuit. (a) Exploded view. (b) MLs and
DGSs.
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3) Solder mask. The top and bottom solder mask layers provide a good protective layer for printed
circuit board (PCB), so as to avoid short circuited and ensure that the surface of the PCB is not oxidized
or damaged.

2.1. Equivalent Circuit Modeling

To analyze the proposed differential NGD circuit, the DGS equivalent circuit model (ECM) proposed
in [22] is used, which consists of a parallel inductor Ly, a capacitor Cy, and a resistor R; connected
in series to the circuit, as well as parallel capacitors C; and resistors R, connected in parallel to the
circuit and ground. As the proposed circuit is a differential circuit, a half-wavelength transmission line
with an electrical length of 7 at the center frequency fy is configured at each of the two differential
ports to form the differential NGD circuit. Then, the mixed scattering parameter analysis results can
be obtained.

Figure 2 shows the differential circuit with the RNDU DGS equivalent circuit. In the equivalent
circuit diagram, the DGS is equivalent to the lumped components, and the schematic diagram of the
microstrip line is shown. The mixed S-parameters of the proposed differential NGD circuit are

Saaaa = (Sayas — Saya- —Sa—ay +Sa-4-)/2
Siapa = (SByay — Spya- —Sp_ay +Sp-a—)/2
Scear = (Sayay +Sara— +Sa-a4 +Sa—a-)/2
SceBA = (SBa+ + Sp4a— +Sp—a+ +Sp-—a-)/2

(1)
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Figure 3. (a) Odd- and (b) even-mode equivalent circuits.
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As the circuit is horizontally symmetrical, the circuit can be decomposed as shown in Figure 3 by using
the odd- and even-mode method, and the relationship shown in (2) can be obtained.
Sdadaa = Sa+A+o
SadBa = SB+A+ .0
S, =S 2)
ccAA = PA+A+e
SccBA - SB—‘,—A—{-,@

Defining Y; as the admittance of the microstrip line with characteristic impedance Z2, Y, as the
parallel admittance of Cy and R, and Z; as the parallel impedance of R4, Ly and Cy, the transfer
parameter matrix of the proposed differential NGD equivalent circuit is expressed as

Ar Br]1 [ 1 0 A B 1 0 1 Zz1[ 1 0 A B 1 0
Cr Dr| |y 1 C A Y, 1 0 1 Y, 1 cC A Y, 1
[ A2+ 2ABY, + A?Z;Y, + ABY?Zy+ ACZy4+
BCY,Zy + BC + 2ABY, + 2B%Y,Y, + A% Z,Y,+
B?Y}?ZqY) + 2ABZ3Y,Y,
2A%Y) + 2A2%Y, + 4ABY,Y, + 2AC Z4Y,+
=| AW2Z4+ 2A%Y,Y,Zy + 2ABYY} Z4+
2AC +2ACY, Zg + C?*Zy + 2BCY, Yy Zg+
2BCY, + 2ABY}? + 2B%Y?Y, + A*Y* Z,+

2AB +2B%Y, + A?Z; + 2ABZ Y+
B2Y;72 Zd

A%+ 2ABY, + A*ZY, + ABY} Zg+
ACZq+ BCYyZg+ BC + 2ABY,+
2B?Y,Y, + A*ZgY, + B*Y2 ZgYi+

—
w
~—

2ABZ;Y,Y;
B2Y2Y2Zy + 2ABYY, Z, 4t
where
% For odd mode
172 tan(% %>
Y2 = 1 (4)
——— 5 Forevenmode
—jZ2 cot (5 %>
1
A =cosf, B=jZ siné, C:jisinﬁ (5)
1
1+ jwC,R jwLqR
ng: +JWQ g, Zd: i Jwhlq 62l (6)
Rg Ry +jwLg — w?LyCyRy
Using parameter conversion to obtain scattering parameters
SA+A+o
2vy2

2ACZdY Z0 —2A%Y,Y,Z4Z, — A2yjzdzo —2ABY)Y}Z4Zy — 2AC Zy — 2ACY, ZyZo—
C?Z4Zy — 2BCY,YyZqZy — 2BCY,Zy — 2ABY* Zy — 2B*Y*Yy Zo — 2ABY?Y, Z 4 Zo—
B2Y2Y2Z,20 — A%Y2Z4Z

Il "9
= 7
2A% + 4ABYy + 2A%Z4Yy + 2ABY? Z4 + 2ACZ4 + 2BCY, Zd +2BC +4ABY, + 4B%*Y, Y+ ")

2v2
2A2Z,Y) + 2B Y2Z,Y; + AABZyY,Y; + 248 2B Ve | M2y 2AP7aYy | Bty
2A2YZZO + 2A2YQZO + 4ABYrnglZO + 2ACZdY Zy + A2YQQZdZO +2A42 Y )/ZZdZO + 2AC Zy+
2ABYY} ZgZy + 2ACY, Z4Zy + C* ZaZy + 2BCY Yy ZyZo + 2BCY, Zy + 2ABY? Zy+

2B2Y22Y9Z0 + A2Y22ZdZO + B2Y22Y92ZdZ0 + QABY?Y;JZC[ZO
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SB—Q—A-‘,-,O
- : (®)
242 +4ABY, +2A%Z,Yy + 2ABY 2 Z4 + 2ACZy + 2BCY, Zd + 2BC + 4ABY, + 4B?Y, Y+
2v2
2A2Z,Y) + 2B2Y2Z4Y; + AABZyY,Y; + 248 20 Ve | M2y 24Dy | Bi %y
2A%Y,Zy + 2A%Y, Zy + AABY,Y, Zy + 2AC ZqYy Zo + AQYgQZdZO + 242 Y WY1 ZaZo + 2AC Zo+
2ABY|Y? ZyZy + 2ACY 1 ZqZo + C? ZgZy + 2BCY Y, ZqZy + 2BCY, Zy + 2ABY* Zo+
2B?Y Y, Zy + A*Y 2 Z4Zo + B*Y?Y 2 ZaZo + 2ABY?Y Z4 2y
From Equations (2), (3), (4), (7), and (8),
2 B2Y?2Z,
2903 + QBZOYq + A2 Zd + 2ABZdYg + Zg(]) do o 2A2YQZO _ QACZdYgZO—
A2Yg2ZdZO —2A4CZy — C*Zy 7y
Sddas = 2 2 2 2AB (9)
24 + 4ABY + 24224, + 2ABY} Zy + 2ACZy + 2BCY, Zy + 2BC + 252 +
2
2, | A2y 2ABZY, | B 2 + 242, Zo + 2AC Z4Yy Zo + A2Y2ZyZ0+
2AC Zy + C?Z42
Suapa = 2 (10)
WA T 9N 4 4ABY, + 24%Z,Y, + 2ABY2Z, + 2ACZy + 2BCY, Z, + 2BC + 2B ¢
20y | Ay PABZLY, | BT L 9 42V, 70 4 2AC TNy Do + APY 2 ZaZo+
2AC Zy + C?Z 42,
SccAA ~ -1 (11)
SCCBA ~0 (12)

According to Equations (9)—(12), this circuit can realize differential-mode transmission and
common-mode suppression characteristics.
The differential group delay is expressed as

1 dZSaqapa(f)

— Traab A0 ) 1
TT T dr (13)
According to the conditional formula of the resonant circuit
1
_ 14
fo o VIiCs (14)

The NGD performance of the equivalent circuit is mainly determined by L4, Cy4, and R4. The
NGD center frequency is determined by adjusting Ly; and Cy, and the depth of NGD is determined
by the value of R4. Besides, Cy and R, are minuscule equivalent capacitances and non-negligible
equivalent resistances, respectively. Assume that the NGD characteristic is realized at the 2.29 GHz
center frequency and that NGD time is —0.55ns. By optimizing parameters through MATLAB and
ADS software according to the expression and circuit, the results of Lq, Cg, Cy, Ry, and R, are 28.24 pH,
171 pF, 0.0061 pF, 0.10 M, and 17.46 €2, respectively.

2.2. Circuit Design and Parametric Analysis

The purpose of adopting RNDU DGSs is to achieve NGD characteristics. As shown in Figure 1(b),
the outer and inner structures’ lengths and widths of the RNDU pattern are Lout, Wout, Lin, and Wiy,
respectively. The slot width of outer and inner RNDU DGSs is Wgot. According to the equivalent
circuit shown in Figure 2, this structure can be equivalent to a parallel RLC resonant network in series
in the circuit to generate NGD characteristics. Therefore, the center frequency and GD are determined
by the equivalent resistance, capacitance, and inductance. With changing the sizes of the RNDU DGSs,
equivalent resistance, capacitance, and inductance of the DGS are changed; meanwhile, the center
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frequency and GD are changed. In this design, the effective length of a single DGS is defined as Lpgs,
and the formula defined by Lpag is
LDGS = Lout X 2+ Liy + Win (15)

The solder mask is used in the prototype circuit, whose relative dielectric constant is 4.85, loss
tangent 0.023, and thickness 15 um. As shown in Figure 4, the use of a solder mask will affect the NGD
center frequency of the differential NGD circuit.
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Figure 4. Effect of solder mask on the performance of the proposed circuit. (a) Mixed S-parameters.
(b) GD.

For the RNDU DGS pattern, changing the size of the RNDU DGS determines the NGD center
frequency. Adjusting the Lpgs and obtaining the relationship between Lpgs and the NGD center
frequency through simulation is shown in Figure 5. In order to demonstrate the influence of changing
Lpas on the NGD center frequency, change Loy and Ly, while keeping Wout, Win, and Wyt invariant,
and change Lp; at the same time to ensure that the projected area of DGS below the microstrip line
remains invariant.
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Figure 5. Effect of Lpgs on the NGD center frequency of the proposed circuit.
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According to the simulation results, in this design, the NGD center frequency depends on the size
of each part of the DGS structure, and the sorting estimation formula is

A
LDGS = Lout X 24+ Lin + VVin ~ ?g (16)

In Equation (16), Lpgs is approximately equal to half of A,, which corresponds to the NGD center
frequency fo in Equation (14). Therefore, in the process of equivalent circuit simulation to DGS pattern
design, the NGD center frequency can be determined in the equivalent circuit based on Ly and Cy, and
the relational expression corresponds to Loyt, Lin, and Wi, of the DGS geometrical parameters. After
determining the center frequency of NGD, the NGD time is controlled by the distance Lp; between the
center of RNDU DGS and the microstrip lines. The relationship between Lp; and NGD time of the
differential circuit with single-couple DGS is analyzed and shown in Figure 6.

The W}, and Ly, of the top layer microstrip lines shown in Figure 1(b) affect the coupling with the
bottom layer DGS structure. Figures 7 and 8 show the influence of L; and W}y on mixed S-parameter
and GD when the DGS structure position and dimensions are invariant. It can be found that changing
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Figure 6. Effect of Lp; on the performance of the proposed circuit. (a) Mixed S-parameters, (b) GD.
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Figure 7. Effect of L;, on the performance of the proposed circuit. (a) Mixed S-parameters, (b) GD.
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Figure 8. Effect of W}, on the performance of the proposed circuit. (a) Mixed S-parameters, (b) GD.

W}, and Ly, has a slight impact on the insertion loss, but has a great influence on the |Sgg44|. In the
application, appropriate W}, and Lj, should be selected for a preferable return loss.

2.3. Circuit Design Procedure

The differential circuit design method with the RNDU DGSs which realize the NGD characteristics
discussed in this paper is summarized in the following 5 steps:

1) Confirm the NGD center frequency, required NGD value, and acceptable mixed S-parameters
characteristics.

2) Select the substrate material of the PCB (FR-4 is recommended), and calculate the microstrip
line width of the 4-ports according to the characteristic impedance of the ports.

3) Design the length and width of the microstrip line of the proposed circuit on the top layer and
the DGS dimensions and relative position on the bottom layer according to the specified NGD center
frequency, required NGD value, and Figures 5-8.

4) Use electromagnetic simulation software, such as ANSYS HFSS, to simulate the circuit and
optimize the circuit parameters according to the circuit/system requirements.

5) Manufacture and test the circuit optimized by the simulation in the previous step to realize the
final demand.

3. SIMULATION AND EXPERIMENTAL RESULTS

To validate the proposed concept, two differential NGD circuit prototypes based on RNDU DGSs are
designed, simulated, manufactured, and measured. The circuits are described in detail in the following
two subsections.

3.1. Differential NGD Circuit with Single-Couple DGS

The designing for a single-couple DGS differential NGD circuit with a size of 40 x 55 x 1.6 mm? used
an FR-4 epoxy substrate with a relative dielectric constant of 4.8 and loss tangent of 0.025. The used
solder mask has a relative dielectric constant of 4.85, a loss tangent of 0.023, and a thickness of 15 um.

According to the circuit design procedure, determine the length and width of the microstrip line
on the top layer and the specific size of the RNDU DGS pattern of the bottom layer by using ANSYS
HF'SS electromagnetic (EM) simulation software, and the prototype circuit dimensions shown in Table 1
are obtained after the calculation, simulation, and optimization of parameters. The manufactured
differential NGD circuit with single-couple RNDU DGS is shown in Figure 9. The prototype circuit
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Table 1. Dimensions of the proposed differential NGD circuit with single-couple RNDU DGS. (Unit:

mm).
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Figure 9. Prototype photograph of the proposed differential NGD circuit
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Figure 10. Simulated and measured results of the proposed differential NGD circuit with single-couple
RNDU DGS. (a) Mixed S-parameters. (b) GD.

is measured by Agilent Technologies N5230A PNA-L vector network analyzer. Figure 10 shows the
simulation and measurement results of mixed S-parameters and GD of the proposed differential NGD
circuit with single-couple RNDU DGS. At the NGD center frequency fy = 2.279 GHz, the measured
differential GD is —0.57ns; the measured differential-mode insertion loss is 2.08 dB; the measured
differential-mode return loss is 17.8dB; the measured common-mode return loss is 0.52dB; and the
measured common-mode insertion loss (i.e., CMS) is 40.4dB. The bandwidth for differential group
delay less than Ons is 28 MHz from 2.265 to 2.293 GHz.
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3.2. Differential NGD Circuit with Double-Couple RNDU DGS

To improve the bandwidth and group delay performance on the basis of single-couple DGS differential
NGD circuit topology, increasing the number of RNDU DGS can be adopted. Because one couple of
DGS can realize NGD characteristics on a central frequency, the NGD central frequency is controlled by
Lpgs. If the Lpgg values of different couples of DGS are close, the NGD center frequencies controlled by
different couples are close. Thus, NGD and bandwidth characteristics are the superposition of NGD and
bandwidth controlled by different couples respectively. In order to verify this scheme, a differential NGD
circuit with double-couple RNDU DGS as shown in Figures 11 and 12 is designed and manufactured
to increase the bandwidth and enhance the NGD characteristics. The circuit dimensions are shown in
Table 2. The overall circuit size is 40 x 55 x 1.6 mm?.

Figure 13 shows the simulation and measurement results of mixed S-parameters and GD of the
proposed differential NGD circuit with double-couple RNDU DGS. At the NGD center frequency

LDYll * * LDYZ
L. /ZI ILZ W2
VVlslot WZslot
I/Vlout W20ut
> >

LZin
Llout L2 ut|
Llin
viLllv vILIlY
I > <« > <« —
lin W2in

@ (b)

Figure 12. Photograph of the proposed differential NGD circuit with double-couple RNDU DGS. (a)
Top layer. (b) Bottom layer.
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Table 2. Dimensions of the proposed differential NGD circuit with double-couple RNDU DGS. (Unit:

WZO Lh Wh Lv Wv Llout Llin Wlout Wlin
2.86 | 26.00 | 4.00 | 35.64 | 2.00 | 15.10 | 14.10 | 3.00 1.50
Wistot | Loout | Loim | Woout | Wain | Waslot | Lpx | Lpy1 | Lpy2
0.40 | 14.97 | 13.97 | 3.00 | 1.50 | 0.40 6.00 7.20 7.20
0 T T T T T
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g &
= 24+ £
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= g
36 &
A
42 4
48 | --- ISimulatedT Me?sured | 25 | --- ISimulatedl Mefisured |
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Figure 13. Simulated and measured results of the proposed differential NGD circuit with double-couple
RNDU DGS. (a) Mixed S-parameters, (b) GD.

Table 3. Comparison of the proposed differential NGD circuit with previous works.

NGD-FBW/ . . . .
Refe- fo RL IL | NGD | CMS 3dB FOM Size Differential | Flexible | Use of
rence | (GHz) | (dB) | (dB) | (ns) | (dB) FBW (%) (Ag X Ag) circuit design | resistor
o] | 0680 | 141 | 153 [ —0.49] - 42.6/37.4 | 0.0268 | 0.20 x 0.38 No _ Yes
[10] 1.800 | 15.0 | 2.40 | —1.1 15 1.9/- 0.021 | 0.25 x 0.55 Yes - Yes
[11] 1.000 | 25.7 7.8 | —=2.06| 37.3 4.0/9.35 0.034 | 0.57 x 0.30 Yes - Yes
2436 | 12.6 | 2.13 | —4.1 0.49/- 0.0381
[12] - / 1.47 x 1.26 No - No
3.022 124 | 2.86 | —3.8 0.43/- 0.0358
[13] 1.970 14.0 | 2.20 | —1.0 - 1.02/- 0.0155 | 0.31 x 1.25 No Yes No
[14] 1.579 11.7 | 4.75 | =24 - 2.28/7.77 0.0504 | 0.38 x 0.25 No Yes No
[15] 1.000 | 10.5 | 3.70 | —0.22 18 8.8/- 0.0126 - Yes No Yes
1.227 | 14.5 | 2.49 | —1.60 1.47/- 0.0217
[16] 30.8 / 0.41 x 0.30 Yes Yes No
1.575 13.3 | 3.55 | —1.43 1.46/- 0.0222
3.500 - 472 | —4.5 - 3.43/2.93 0.0023
[20] / 0.64 x 0.36 No Yes Yes
5.150 - 38.8 | —4.2 - 1.94/1.43 0.0048
[21] 2.460 | 14.0 | 2.68 | —1.9 - 1.42/- 0.0488 | 0.47 x 0.22 No Yes No
Thi
lls{ 2.300 | 19.1 | 4.39 | —-2.13 | 43.2 1.78/4.43 |0.0527(0.58 x 0.80 Yes Yes No
wor
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fo = 2.30 GHz, the measured differential GD is —2.13 ns; the measured differential-mode insertion loss is
4.39 dB; the measured differential-mode return loss is 19.1 dB; the measured common-mode return loss
is 0.63dB; and the measured CMS is 43.24 dB. The differential NGD bandwidth is 41 MHz from 2.280
to 2.321 GHz. It can be seen from the comparison of simulated and measured results that there is a
certain deviation between the two results, which is caused by the deviation of the electrical performance
parameters of the FR-4 substrate and the discontinuity of the SMA connector solder joints.

The figure of merit (FOM) is usually used to evaluate the comprehensive index and performance
of NGD circuits. The FOM of unbalanced and balanced circuits is respectively defined as

FOM = |NGD(f0)‘ X BWNGD X |821(f0)‘ (17)
FOM = |NGD(f0)‘ X BWNGD X |deBA(fO)| (18)

In addition, when a time-domain pulse (e.g., amplitude-modulated Gaussian pulse) passes through an
NGD circuit with IL variation much more than 3dB in the NGD bandwidth, an unacceptable distortion
may occur [23]. Therefore, the 3-dB bandwidth should also be used to compare the NGD circuits.

Table 3 shows the comparison between this work and the previous designs. The comparison shows
that the proposed differential NGD circuit with RNDU DGS has high return loss while maintaining
relatively low insertion loss, good CMS characteristics, excellent FOM evaluation index, and flexible
design features.

4. CONCLUSION

In this paper, differential NGD circuits with RNDU DGSs have been presented. The proposed
differential NGD circuit has a simple structure and flexible design, which only consists of MLs and RNDU
DGS without resistors. The differential transmission and CMS performances are achieved by MLs, and
NGD characteristic is produced and dominated by RNDU DGSs’ dimensions and relative coordinate
with MLs. Two differential NGD circuits with RNDU DGSs have been designed, manufactured, and
measured. The measurement results show that the proposed differential NGD circuit has large FOM,
good CMS, and high return loss. Therefore, it can be applied in differential circuits and systems to
improve group delay characteristics and system performance.
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