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Abstract

In this article, we demonstrate signal interference concept based wideband

negative group delay (NGD) circuit with an arbitrary termination port imped-

ance. The proposed circuit consists of unequal power division ratio 180� hybrid
and in-phase combiner. The NGD can be generated by controlling power divi-

sion ratios of 180� hybrid and combiner. For experimental verification, the cir-

cuit is designed and fabricated at a center frequency of 2 GHz. The experiment

results show that the proposed NGD circuit can provide 460 MHz NGD band-

width (bandwidth of group delay <0 ns) with group delay of −0.8 ns at 2 GHz.
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1 | INTRODUCTION

Propagation of electromagnetic waves in dispersive
media can be characterized by phenomena including
abnormal phase, group delays, and velocities.1 In a spe-
cific frequency band of an anomalous dispersion, the
abnormal group delay velocity is observed to be greater
than speed of light in vacuum or even negative value.
This phenomenon is defined as superluminal group
velocity or negative group delay (NGD).2 Theoretical and
experimental investigations in fields of electronic and
microwave engineering have confirmed that different
active and passive circuit topologies can generate the
NGD phenomenon under signal attenuation conditions.

Researchers have been trying to find applications of
NGD or the superluminal effect to various electronics cir-
cuits. Therefore, the NGD circuits are widely used in vari-
ous applications in microwave circuits and systems that
include shortening or reducing delay lines, enhancing
the efficiency of feedforward amplifier, enhancing the
bandwidth of feedback linear amplifier, minimizing
beam-squint in phased array antenna, and realization of
non-Foster reactive elements.3-6

Since NGD occurs when signal attenuation is maxi-
mum; conventional approaches to realize NGD circuits
are based on RLC resonators, which have smaller NGD
bandwidth and magnitude (S21) flatness.

7-13 To mitigate
these problems, researchers have attempted to design
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NGD circuits using different methods such as cross-
coupling between resonators,14 increasing the number of
resonators,15 and transversal-filter topologies.16 Except
for the work in Reference 16, these NGD circuits also
used resistor R for generating NGD, which prevented
fully distributed circuit realization.

Recently, signal interference technique has been
adopted to realize NGD circuit.17,18 In Reference 17,
unequal power divider/combiner and coupled-line phase
shifter are utilized to generate NGD, however, circuit can
only grant narrow NGD bandwidth (group delay <0) as
well as group delay (GD) and magnitude flatness band-
width. Similarly, two transmission lines along with resis-
tors arranged in parallel creating two paths have been
used to generate NGD in Reference [18], which has poor
return losses. In addition, none of these works have arbi-
trary termination port impedances.

In this article, we demonstrate an arbitrary termina-
tion port impedance wideband NGD circuit based on sig-
nal interference concept. The proposed circuit utilizes
power division ratios of 180� hybrid and combiner to gen-
erate wideband NGD.

2 | DESIGN THEORY AND
PHYSICAL CIRCUIT
IMPLEMENTATION

2.1 | Analytical design theory

Figure 1 shows the proposed structure of an arbitrary ter-
minated wideband NGD circuit. The proposed circuit
consists of 180� hybrid and in-phase combiner. For 180�

hybrid shown in Figure 1, it is well known that excited
power at port 1 is split between port a and b.19 Similarly,

in-phase combiner combines signal powers coming
through port a and b. Assuming power division ratios of
hybrid and in-phase combiner as k2h and k2c , respectively,
the transmission coefficients of hybrid and combiner
through path I and II are defined as shown in (1).19

Sa1h =
khffiffiffiffiffiffiffiffiffiffiffiffi
1+ k2h

q e− jφa1h ð1aÞ

Sb1h =
1ffiffiffiffiffiffiffiffiffiffiffiffi
1+ k2h

q e− jφb1h ð1bÞ

Sb2c =
1ffiffiffiffiffiffiffiffiffiffiffiffi
1+ k2c

q e− jφb2c ð1cÞ

Sa2c =
kcffiffiffiffiffiffiffiffiffiffiffiffi
1+ k2c

q e− jφa2c , ð1dÞ

where subscript h and c represent hybrid and in-phase
combiner, respectively. The overall transmission coeffi-
cient of the proposed NGD circuit can be derived as in
(2) by using circuit theory as shown in Figure 1.

S21 =
khkcffiffiffiffiffiffiffiffiffiffiffiffi

1+ k2c

q ffiffiffiffiffiffiffiffiffiffiffiffi
1+ k2h

q e− j φa1h +φa2cð Þ

+
kcffiffiffiffiffiffiffiffiffiffiffiffi

1+ k2h

q ffiffiffiffiffiffiffiffiffiffiffiffi
1+ k2c

q e− j φb1h +φa2cð Þ ð2Þ

Using phase of S21, the GD of the proposed NGD cir-
cuit can be written as (3)

τ21 = τb1h + τb2c−
kc

kh−kc
τa1h−τb1h + τb2c−τa2cð Þ ð3Þ

From (3), the proposed circuit can only provide the
NGD if τb2c ’ τa2c and the conditions in (4) are satisfied.

τb1h > τa1h ð4aÞ

kh < kc ð4bÞ

2.2 | Circuit Implementation

To implement the proposed topology, the 180� hybrid
and in-phase combiner are implemented with arbitrary

FIGURE 1 Proposed structure of wideband negative group

delay circuit based on signal interference concept
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terminated ring hybrid and Wilkinson power divider,
respectively, as shown in Figure 1. To match all ports, the
characteristic impedances of transmission lines can be
derived as shown in (5).19

Z1 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1+ k2h
� �

RaR0

q
ð5aÞ

Z2 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RaR0 1+ k2h

� �
k2h

s
ð5bÞ

Z3 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RisohR0 1+ k2h

� �
k2h

s
ð5cÞ

Z4 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RisohR0 1+ k2h

� �q
ð5dÞ

Z5 =
ffiffiffiffiffiffiffiffiffiffiffiffi
ZadR0

p
ð5eÞ

Z6 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2cZadR0

q
ð5fÞ

Risoc =Zad 1+ k2c
� � ð5gÞ

Z7 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZadRb 1+ k2c

� �
k2c

s
ð5hÞ

Z8 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZadRbk

2
c 1+ k2c
� �q

, ð5iÞ

where Ra and Rb are arbitrarily terminated port impedances.
Similarly, Risoh and R0 are arbitrary resistances. Addition-
ally, Zad is an arbitrary real positive resistance. Magnitude
of S21 and GD at a center frequency (f0) can be simplified as
shown in (6) using (2) and (3).

S21j j f = f 0
=

kc−khj jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1+ k2h
� �

1+ k2c
� �q ð6aÞ

τ21j f = f 0
= τb1hj f = f 0

+ τb2cj f = f 0
−
kc τa1h−τb1h + τb2c−τa2cð Þj f = f 0

kh−kc
,

ð6bÞ

where

τb1hj f = f 0
=
Ra 1+ 3kh + k2h +3k3h

� �
− 1−6kh−3k3h
� �

R0

8 f 0 1+ k2h
� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1+ k2h
� �

RaR0

q
ð7aÞ

τa1hj f = f 0
=

1+ kh + k2h + k3h
� �

Ra + 1+2k2h−k3h
� �

R0

4 f 0 1+ k2h
� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1+ k2h
� �

RaR0

q ð7bÞ

τb2cj f = f 0
=

1
8 f 0

Zad +R0ffiffiffiffiffiffiffiffiffiffiffiffi
ZadR0

p +
Rb 1+ k2c

� �
+ k2cZadffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1+ k2c
� �

k2cRbZad

q
0
B@

1
CA ð7cÞ

τa2cj f = f 0
=

1
8 f 0

Zadk
2
c +R0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Zadk
2
cR0

q +
Rb 1+ k2c

� �
+ k2cZadffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1+ k2c
� �

k2cRbZad

q
0
B@

1
CA
ð7dÞ

For validation of analytical design equations, the sim-
ulated response for the proposed circuit is shown in
Figure 2 using ideal circuit parameters. As observed from
these results, the NGD fractional bandwidth (FBW)
defined as NGD bandwidth (GD < 0)/f0 is calculated to
be 28.4% with GD of −0.5 ns at f0. Similarly, the proposed
circuit maintains wide flat magnitude and GD responses
without cascading two NGD circuits with slightly differ-
ent center frequencies.4,12 In addition, magnitude of S21
and NGD fractional bandwidth can be controlled by Risoh

and R0. Moreover, the input and out termination ports
are well matched with port impedance without any addi-
tional circuit matching.

FIGURE 2 Calculated responses of proposed wideband NGD

circuit with Ra = 45 Ω, Rb = 55 Ω, k2h =1.032, and k2c =1.171
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Figure 3 depicts the GD and magnitude responses
according to different power division ratios. In these
results, the GD ripple is maintained within τ21 ± 0.1 ns
around f = f0 = 2 GHz. As seen from this figure, the
higher NGD can be achieved when k2c approaches toward
k2h . Therefore, it is concluded that the proposed circuit
can provide the arbitrary prescribed NGD by controlling
power division ratios of 180� hybrid and in-phase
combiner.

To show NGD performances of the proposed circuit
in comparison with the state of art, Figure 4 shows com-
parison results of the GD, magnitude of |S21|, and input/
output return losses (S11/S22). For fair comparison, the
NGD circuits are designed for GD = −1 ns and |
S21| = −33.68 dB at f0 = 2 GHz. The simulation results of
References 4, 17, 18 are obtained based on design method
provided in these works. As observed from these results,
the NGD characteristic of the proposed circuit shows two
poles while the conventional circuits show only one pole.
Similarly, Figure 4B shows the comparison results of |S11|
and |S22|. Although signal attenuation of work Reference
16 is smaller, the proposed NGD circuit provides the wid-
est NGD bandwidth and magnitude flatness compared
with the state of the art.4,17,18 In addition, the magnitude
of |S11| is very poor (< 0.2 dB) in case of Reference 18 as
depicted in Figure 4B therefore, this circuit is not suitable
for integrating with other circuits in practical
applications.

For design graphs, the calculated GD, magnitude
of S21, and NGD FBW are shown in Figure 5 for different
k2h , k

2
c , and GDs. In these calculations, the GD ripple is

maintained within τ21 ± 0.1 ns at f = f0 = 2 GHz. As
observed from the graphs, the GD tends more negative
value when k2c approaches k2h . Additionally, the NGD

fractional bandwidth and |S21| are decreased when GD
becomes more negative. Therefore, a trade-off is required
among NGD, fractional bandwidth, and insertion loss.

3 | SIMULATION AND
EXPERIMENTAL RESULTS

For experimental proof of concept, the NGD circuit was
fabricated at f0 = 2 GHz using substrate with dielectric

FIGURE 3 Calculated GD and magnitude responses of the

proposed circuit according different power division ratios with

Ra = Rb = 50 Ω, Zad = 60 Ω, and Risoh = 100 Ω

(A)

(B)

FIGURE 4 Comparison responses of proposed circuit with

state of arts for same group delay and insertion loss: A, group

delay/magnitude and, B, input/output return losses
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constant (εr) of 2.20 and thickness (h) of 0.787 mm.
The design goal was to achieve a GD of −1 ns at f0 with
an assumption of termination port impedance
Ra = Rb = 50 Ω. The termination port impedance of the
designed circuit was chosen as 50 Ω for simplicity in
measurement. The calculated circuit parameters for given
specification are summarized in Table 1. The physical
layout of the fabricated circuit is shown in Figure 6 with
physical dimensions.

The simulated and measured results are shown in
Figure 7. The measurement results are in good agreement
with the simulations. A photograph of fabricated circuit
is shown in Figure 7. From the measurement results, GD
and |S21| are determined to be −0.88 ± 0.11 ns and
− 33.63 dB, respectively. The NGD bandwidth is
460 MHz (FBW = 23%), providing the NGD-bandwidth
product of 0.4048. The bandwidth of the magnitude flat-
ness −33.12 ± 0.5 dB is 210 MHz. Similarly, flat-NGD

bandwidth for 0.88 ± 0.11 ns GD fluctuation and 3-dB
insertion loss bandwidth, which is defined as the 3-dB
variation from center frequency insertion loss are
190 and 360 MHz, respectively. Table 2 shows the perfor-
mances comparison of the proposed circuit with state-of-
arts. Although overall size of the proposed circuit

FIGURE 5 Calculated magnitude of S21, NGD fractional

bandwidth, power division ratios and R0 according group delay

variation with f0 = 2 GHz, Ra = Rb = 50 Ω, Zad = 60 Ω, and
Risoh = 100 Ω

TABLE 1 Calculated circuit parameters of proposed NGD

circuit with Ra = Rb = 50 Ω, k2h =1, k2c =1.068

Unit (Ω)

Z1 Z 2 Z 3 Z4 Z5 Z6

41.23 41.23 58.31 58.31 31.94 33.05

Z7 Z8 R0 Zad Risoh Risoc

76.22 81.40 17 60 100 124.08

Abbreviation: NGD, negative group delay.

FIGURE 6 Physical layout of fabricated NGD circuit. Physical

dimensions: L1 = 57.77, L2 = 33.05, L3 = 26.06, L4 = 26.06,

W0 = 2.40, W1 = 2.40, W2 = 2.20, W3 = 4.50, W4 = 2.30, W5 = 1,

W6 = 2.52. (Unit: milimeter)

(A)

(B)

FIGURE 7 Simulated and measured results of fabricated

circuit
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(0.41λ0× 0.51λ0) is slightly larger, the NGD bandwidth
(GD < 0 ns) and magnitude flatness bandwidth are wider
than the state of the art.12-16 The measured input/output
return losses are higher than 17.88 dB at f0 and higher
than 12 dB from 1.80 to 2.26 GHz.

4 | CONCLUSION

In this article, we theoretically and experimentally
demonstrated a signal interference concept based on
an arbitrary terminated wideband negative group delay
circuit. In the proposed circuit, the negative group
delay was generated by controlling the power division
ratios of 180� hybrid and in-phase combiner. Addition-
ally, the proposed circuit provides wideband flat mag-
nitude and GD responses without cascading two
negative group delay circuits with slightly different
center frequencies. The experimental results showed
that the negative group delay and magnitude flatness
responses were widest among the state-of-arts.
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