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ABSTRACT: This study proposes a novel 7-type circuit topology designed to achieve broadband and flat negative group delay (NGD)
characteristics. Featuring a simple structure composed entirely of passive lumped elements, the proposed design offers significant advan-
tages in terms of ease of fabrication, low cost, and seamless integration into larger microwave systems. First, a comprehensive theoretical
analysis was conducted to establish the operational principles and derive the design equations. We then systematically investigated the
sensitivity of the circuit’s performance to variations in individual component values, which provides crucial guidelines for practical im-
plementation. To validate our theoretical findings, a physical prototype with compact dimensions of 32 mm x 35 mm was designed and
fabricated. Experimental results demonstrate that at the center frequency of 107.5 MHz, the circuit achieves an NGD of —2.27 ns with
an insertion loss of 19.5 dB. Notably, the circuit maintains a wide flat NGD bandwidth of 151 MHz, exhibiting a group delay fluctuation
of merely 4.1% across the band. These results confirm the effectiveness and robustness of the proposed circuit for broadband microwave

applications.

1. INTRODUCTION

roup delay refers to the negative derivative of the phase of
Ga signal that changes with frequency as it passes through
a system, reflecting the delay characteristics of signal trans-
mission in the system. When group delay is negative, it indi-
cates that the phase of the signal has advanced in certain fre-
quency bands after passing through the system, which is in
contrast to the traditional signal delay (positive group delay).
Early research focused mainly on the mechanism of the NGD
phenomenon and its characteristics in the frequency domain.
Through theoretical analysis [1,2], researchers have gradually
revealed the inherent relationship between NGD and electro-
magnetic wave propagation characteristics, thereby providing
a solid theoretical basis for subsequent circuit design.

The unique properties of NGD circuits make them applica-
ble to multiple fields [3]. For example, the proposed NGD
circuit can be used in microwave communication systems to
achieve broadband constant phase response [4], reduce the size
of feedforward amplifiers, improve their efficiency, optimize
beam deflection problems in phase array antenna systems [5],
reduce filter passband delay, enhance power divider bandwidth,
etc. These applications not only improve the performance of the
system, but also expand the practical application range of NGD
circuits.

Researchers have designed a series of microwave devices
with novel characteristics to further enhance the performance
and application value of NGD circuits [6]. These new devices
not only retain the unique properties of NGD circuits but also
have higher stability and broader application prospects. With
the deepening of research, researchers have begun to use var-
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ious components and structures to design NGD circuits. Cir-
cuits based on technologies such as left-handed materials and
coupled microstrip lines are constantly emerging, each with its
own characteristics; however, there are still some challenges
and unresolved issues. For example, it is necessary to further
reduce circuit losses, broaden bandwidth, and improve stabil-
ity.

To address these issues, researchers have continuously opti-
mized circuit designs to achieve flat NGD circuits with wider
frequency bands and lower losses [7, 8]. In [9], an NGD circuit
composed of microstrip lines was proposed, with an NGD of
—1.11 ns and an insertion loss of 9.75 dB. The flat NGD band-
width was 6.1%, and the group delay fluctuation was +11.5%.
In the study of flat NGD circuits, many scholars have used a
fluctuation of 8% as a standard [10], which has an NGD of
about —0.5 ns and an insertion loss over 15 dB under this stan-
dard. Similarly, many scholars have used a fluctuation of 20%
as a standard, which has an NGD of —0.2ns and an insertion
loss of 14 dB under this standard in [11]. Subsequently, schol-
ars attempted to connect a flat NGD circuit with other commu-
nication modules [12, 13], aiming to balance its phase charac-
teristics while endowing the circuit with more functions. How-
ever, the NGD values of the proposed flat NGD circuits were
mostly between 0 and —1ns, and these circuits cannot func-
tion properly in communication systems with significant group
delays.

Therefore, this study proposes a broadband flat NGD circuit
with —2.29 ns. This study consists of four parts. The second
part describes the circuit structure and conducts a theoretical
analysis of the circuit transfer function and group delay, ex-
ploring the influence of various component parameters on the
circuit. The third part presents the circuit theory and simulation
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results and compares them with other research results to demon-
strate that the circuit has lower NGD and broadband advan-
tages. The final section presents the conclusions of the study.

2. DESIGN AND ANALYSIS OF BROADBAND FLAT
NGD CIRCUIT

The 7-type broadband flat NGD circuit structure proposed in
this study is illustrated in Fig. 1. The two branches of the cir-
cuit have the same structure, consisting of passive components,
such as resistors, capacitors, and inductors. Because the circuit
is a two-port circuit, the S-parameter matrix was adopted to an-
alyze and calculate the circuit. The S-parameter matrix of the
two-port circuit is given by Equation (1). In a passive symmet-
ric network, the input and output reflection coefficients are in
accordance with S1; = Sao. So1(jw) represents the transmis-
sion coefficient of energy from port 1 to port 2, and for recip-
rocal networks, S51 = Sio.

(M

] = (g o)

Sgl (Jw) 522 (Jw)

where w is the angular frequency, and j represents the imagi-
nary unit. The total impedance Z calculation equation of this
circuit is shown in Equation (2), where Z; is the impedance of
the left branch, Z, the impedance of the series branch, and Z5
the impedance of the right branch, Their specific calculations
are shown in Equation (3). According to the relevant theory of
microwave circuits, the parameters of the ABC'D matrix corre-
sponding to the 7-type circuit are shown in Equation (4), where
Y is the admittance of the left branch, and Y5 is the total ad-
mittance of the series branch and the right branch, as shown
in Equation (5). The relationship between the ABC D matrix
and So; is shown in Equation (6), where Z is the characteristic
impedance of the circuit, and Zp = 50 .
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FIGURE 1. Structure diagram of broadband flat NGD circuit.
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Group delay is defined as the negative reciprocal of the phase
to angular frequency relationship, and its calculation formula is
shown in Equation (7).

T(w) =— @)

where 7 represents the group delay, and p(w) (or £Sa7) repre-
sents the phase function. The specific calculation of this phase
function is shown in Equation (8).

1 Im [521]

d(w) = £S2; =tan~ Re [So1]
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3. PARAMETER ANALYSIS OF FLAT NGD CIRCUIT

To investigate the performance of the proposed NGD circuit
and assess the impact of each component on the overall cir-
cuit, this study employed a research methodology that involved
controlling a single variable. In the electronic and radio fre-
quency (RF)/microwave circuit schematic simulation environ-
ment, Advanced Design System (ADS) of Keysight Technolo-
gies, each component was simulated respectively, and the sim-
ulation results are discussed and analyzed.

3.1. Analysis of the Impact of Resistances on Flat NGD Circuit

By varying the value of R; while keeping the other compo-
nents constant in the circuit, we can observe the result on the
simulation platform to understand how resistance R, impacts
the overall performance. For example, when Ry = 202,
Cl ~ Cﬁ = 150pF, L1 ~ Lg = L5 ~ L7 = 3.9nH,
Ry = 509, Ly = 470nH, the simulated results obtained by
changing R; from 5 to 50 2 are presented in Table 1. Notably,
as the value of R; increases, the insertion loss of the proposed
circuit decreases. However, the group delay and NGD band-
width of the circuit increase accordingly. After reaching a cer-
tain value, the change becomes relatively slow. In addition, the
group delay performance of the circuit flattens as R; increases.
Waveform diagrams corresponding to the flat circuit at differ-
ent values of R are shown in Fig. 2. Because R; and R3 have
a symmetric relationship in the proposed 7-type circuit struc-
ture, their effects on the circuit are identical. To investigate the
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TABLE 1. Performance of flat NGD circuits with different R, values.

B () IL NGD at NBW FNBW
(dB) fo (ns) (MHz) (MHz)
5 28.34 —7.47 123.0 *
20 19.57 —2.29 151.6 107.5
50 15.83 —1.49 162.0 135.0
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TABLE 2. Performance of flat NGD circuits with different Ro values.

Ra (Q) IL NGD at NBW FNBW
(dB) fo (ns) (MHz) (MHz)
10 13.47 —1.66 152.5 100.5
50 19.57 —2.29 151.0 107.5
100 23.54 —2.66 150.5 112.5
) ° —rn
| ==R=200Q |

0 50 100 150 200 250 300 350 400
Frequency (MHz)

FIGURE 2. Simulation results with different Ry values. (a) Group delay. (b) Sa1.
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FIGURE 3. Simulation results with different R2 values. (a) Group delay. (b) Sa1.

impact of Ry on circuit performance, while maintaining a con-
stant value for the other components, R; was set to 20 (2, and
simulations were conducted with varying values of Ry. The
simulation results are listed in Table 2. It can be observed that
as R, increases, the insertion loss increases, and the group de-
lay at the center frequency decreases, but the bandwidth of the
circuit remains essentially unchanged. As shown in Fig. 3, the
change in R; has little impact on the NGD bandwidth of the flat
circuit. The performance of the circuit is evaluated in terms of
Insertion Loss (IL), Negative Group Delay Bandwidth (NBW),
and Flat NGD Bandwidth (FNBW). The FNBW is defined as
the frequency range over which the NGD fluctuation is within
+X%.

3.2. Analysis of the Impact of Capacitances on Flat NGD Circuit

Because C1, Cs, C4, and C5 have symmetric relationships in
the circuit structure, their effects on the circuit are the same.
To analyze their influence on the circuit performance, C; was
selected for simulation testing while keeping the values of the

34

other components unchanged except for C;. When the values
of C'y are set as 50 pF, 150 pF, and 200 pF, simulations are con-
ducted on the circuit. The obtained data are presented in Ta-
ble 3. It can be seen from these data that as the value of Cy
increases, both the group delay and NGD bandwidth of the cir-
cuit decrease, while the change in the insertion loss of the circuit
is negligible. As shown in Fig. 4, it can be more intuitively ob-
served that Cy, Cs, Cy, and C5 mainly affect the bandwidth of
the circuit. The larger the capacitance value is, the smaller the
bandwidth is.

Because C5 and Cg have a symmetric relationship in the cir-
cuit structure, C's was selected for simulation testing to analyze
their impact on circuit performance. The values of the com-
ponents other than C's were kept constant. Simulations were
performed on the circuit when the values of C3 were 50 pF,
150 pF, and 200 pF. The obtained data are presented in Table 4.
It can be observed that as the value of C'5 increases, both the
insertion loss and the NGD bandwidth of the circuit increase,
while the group delay decreases. However, as shown in Fig. 5,
the changes in the insertion loss and group delay are extremely
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TABLE 3. Performance of flat NGD circuits with different C values.

m | T NGD at NBW FNBW
! (dB) fo (ns) (MHz) (MHz)
50 19.49 218 155.5 114.0
150 19.57 —2.29 151.0 107.5
200 19.46 —2.37 139.5 102.0

(@ 12
)\

Group Dealy(ns)
-
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Frequency (MHz)

TABLE 4. Performance of flat NGD circuits with different C'3 values.

IL NGD at NBW FNBW
Cs (pF)
(dB) fo (ns) (MHz) (MHz)
50 17.48 —-1.77 146.5 *
150 19.57 —2.29 151.0 107.5
200 19.58 —2.30 153.5 117.0

Frequency (MHz)

FIGURE 4. Simulation results with different C; values. (a) Group delay. (b) Sa1.
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FIGURE 5. Simulation results with different C3 values. (a) Group delay. (b) So1.

TABLE 5. Performance of a flat NGD circuit when L value changes.

IL NGD at NBW FNBW
Ly (nH)
(dB) fo (ns) (MHz) (MHz)
0.9 19.50 —2.02 158.5 122.5
3.9 19.57 —2.29 151.0 107.5
5.9 19.38 —2.58 127.0 83.0

small. Moreover, when the value of Cj is relatively small, the
circuit waveform does not exhibit a flat characteristic. As the
value of C'3 increases, the circuit becomes increasingly flat.

3.3. Analysis of the Impact of Inductances on Flat NGD Circuit

Similarly, Ly, Lo, Ls, and Lg had symmetrical positions in the
circuit. Therefore, to study their impact on the circuit, L; was
taken as an example for the simulation analysis. When the val-
ues of other components in the circuit remain unchanged, the
circuit performance is compared with the values of L, being
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TABLE 6. Performance of a flat NGD circuit when L3 value changes.

IL NGD at NBW FNBW
Ls (nH)
(dB) fo (ns) (MHz) (MHz)
0.9 19.49 —2.18 152.5 114.0
3.9 19.57 —2.29 151.0 107.5
5.9 19.56 —2.35 151.0 100.0

0.9nH, 3.9nH, and 5.9 nH, respectively, as shown in Table 5.
As the value of L increases, the group delay and NGD band-
width decrease, as the insertion loss of the circuit remains es-
sentially unchanged. As shown in Fig. 6, there are no signifi-
cant fluctuations in the insertion loss or group delay in the flat
part of the circuit. It can be seen that Ly, Lo, L5, and Lg mainly
affect the NGD bandwidth of the circuit.

When the values of the other components in the circuit re-
main unchanged, and only the value of L3 is changed to study
the influence of L3 and L, on the circuit, the simulation results
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FIGURE 6. Simulation results produced by different L; values. (a) Group delay. (b) Sai.

T ——

e

Frequency (MHz)

FIGURE 7. Simulation results produced by different L3 values. (a) Group delay. (b) Sa1.
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FIGURE 8. Simulation results produced by different L, values. (a) Group delay. (b) So1.

TABLE 7. Performance of a flat NGD circuit when L4 value changes.

IL NGD at NBW FNBW
Ls (nH)
(dB) fo (ns) (MHz) (MHz)
270 19.35 —2.37 147.5 104.0
470 19.57 —2.29 151.0 107.5
670 19.60 —2.25 152.5 106.5

are shown in Table 6. The group delay, NGD bandwidth, and
insertion loss of the circuit change, but the fluctuations are rela-
tively small. As shown in Fig. 7, the value of L3 increases, and
only the flat NGD bandwidth of the circuit decreases signifi-
cantly. Because the structures of L3 and L7 are symmetrical,
they have the same effect on the circuit.

36

When the values of the other components in the circuit re-
main unchanged, the simulation results of the circuit with the
values of L4 being 270 nH, 470 nH, and 670 nH, respectively,
are shown in Table 7. It can be found that even when the value
of L4 changes significantly, the variations of the circuit param-
eter are still relatively small. Asshown in Fig. 8, when the value
of L, increases, the insertion loss and NGD bandwidth of the
circuit increase slightly.

4. CIRCUIT SIMULATION AND ACTUAL MEASURE-
MENT RESULTS

After the above simulation and discussion, the component pa-
rameters listed in Table 8 were selected to form the physical

circuit. When designing the printed circuit board (PCB), FR-
4 epoxy laminate was chosen as the board material with di-
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FIGURE 9. Multi-band NGD circuit generated by cascade.
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Component parameters | Value
R1, R3 2002

C1 ~ Cs 150 pF

Ll NL3,L5 NL7 3.9nH
Ra 5092

Ly 470 nH

TABLE 8. Component parameters of broadband flat NGD circuit.
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FIGURE 10. Comparison of theoretical, simulated, and measured results of the proposed flat circuit. (a) Group delay. (b) S21.

TABLE 9. Measurement results and performance comparison of flat
NGD circuit.

Circuit IL | NGDat | NBW | FNBW
Type (nH) (dB) fo (ns) (MHz) (MHz)
Theoretical

oA 1196 | —2.29 151.0 107.5

circuit
Simulation 0 5 | 508 135.5 80.5

circuit

Measured

easure 190 | —3.22 106.5 415

circuilt

mensions of 32 mm x 35 mm. The thickness of the board was
0.8 mm, and to ensure a reference impedance of 502, a line
width of 47.32 mil and copper thickness of 1 oz were set. The
physical appearance of the PCB is shown in Fig. 9. The com-
pleted physical circuit was connected to a dual-port Vector Net-
work Analyzer (VNA) to measure its actual performance. The
measurement results, simulation results, and theoretical values
of the circuit performance are compared in Table 9 with the
corresponding waveforms shown in Fig. 10. Owing to the in-
fluence of parasitic parameters between the components in the
parallel circuit and the trace inductance introduced by the PCB
interconnects, there is a small deviation between the measured
and theoretical values. However, the proposed circuit demon-
strates excellent NGD performance with a measured value of
—3.23 ns.

GD fluctuation = 1 — Tg

©

37

TABLE 10. Performance of a flat NGD circuit when L4 value changes.

Reference IL NGD at NBW GD
(nH) (dB) fo (ns) (MHz) ripple
[14] 18.3 —0.54 329 14%
[15] 33.1 —0.88 460 25%
[16] 20.8 —0.51 105 10.0%
[17] 3255 —1.58 448 8.0%
[18] 6.7 —0.50 92 -
[19] 18.0 —0.48 495 19%

This work 19.5 —2.29 151 4.1%

The comparison results are listed in Table 10 by comparing
the experimental results with those of other existing studies.
Although this design has a certain degree of insertion loss, its
NGD performance is significantly better than that of other flat
circuits. Moreover, the GD ripple of this circuit is only 4.1%,
which avoids the phase distortion of different frequency com-
ponents and ensures the integrity of the signal waveform during
the transmission. The GD ripple is a parameter that reflects the
fluctuation level of the group delay in the flat part. Its definition
formula is shown in Equations (9) and (10).

|GD fluctuation /2|
|71| + |GD fluctuation /2|

GD ripple = (10)
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5. CONCLUSIONS

In this study, a theoretical analysis was conducted on the pro-
posed 7-type circuit, and the generation formulas for various
parameters were derived. Subsequently, the influence of each
component value on the circuit performance was analyzed and
discussed in detail. After the evaluation, a set of values was
selected to design and fabricate the physical circuit. Through
measurements, it was found that the proposed circuit better
balances the relationships among the NGD value, NGD band-
width, and flatness. The measurement results are consistent
with the theoretical design. Compared with other previously
proposed flat NGD circuits, this design exhibits a better com-
prehensive performance. It exhibits favorable NGD perfor-
mance and can better counteract the positive group delay of
other modules in the system link. The flat group delay charac-
teristic avoids the phase distortion of different frequency com-
ponents, thereby ensuring the integrity of the signal waveform
during transmission. The addition of NGD can further opti-
mize the alignment of signals in the time domain, reducing
inter-symbol interference, which is particularly crucial in high-
speed data transmission. Meanwhile, the flat NGD characteris-
tic indicates that the performance is consistent within the target
frequency band, eliminating the need for complex adjustments
for different frequencies and simplifying the system design. It
should be noted that the practical implementation of the pro-
posed NGD circuit may be affected by component tolerances
and PCB fabrication errors. Future work will investigate the
sensitivity of the design to these non-idealities and explore ro-
bust optimization techniques to ensure reliable performance in
real-world applications.
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