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Abstract: This study presents a novel approach to the design and implementation of transmission-type negative group
delay (NGD) networks based on a coupled line doublet structure. To improve the reflection coefficients, a quarter-
wavelength transmission line is connected between the input and through ports of a coupled line section. For the
doublet structure, two coupled line sections are arranged in a symmetrical manner by connecting them back-to-back
with the help of the quarter- wavelength through line. For the experimental demonstration, two planar NGD networks
(unmatched and matched doublet NGD networks) are designed, simulated and measured at a centre frequency of 2.14
GHz. From the measurement, a group delay (GD) of −5.66 ns and signal attenuation (SA) of 18.78 dB were obtained in
the case of an unmatched NGD network. Similarly, for the matched NGD case, a GD of −6.33 ns, SA of 20.69 dB and
input/output return losses >29 dB were obtained at the centre frequency.
1 Introduction

In recent years, an increasing amount of research has been conducted
on negative group delay (NGD) networks at microwave frequencies.
In a medium of refractive index n(ω), the dispersion relation [1, 2]
can be written as shown in (1)

k = vn

c
(1)

where ω, k and c are angular frequency, wave number and speed of
light, respectively. The group velocity (vg) known as the speed of the
envelope signal [2] can be given as shown in (2)

vg =
c

n+ vRe(dn/dv)
(2)

From (1) and (2), it is inferred that if the refractive index n and its
derivative with respect to ω are negative (i.e. dn/dω < 0), the group
velocity and consequently the group delay (GD) can become
negative. This can happen near the absorption line or in media
with a signal attenuation (SA) where the ‘anomalous’ wave
propagation effect can occur [1, 2]. It is possible to obtain NGD
phenomena in radio frequency (RF) circuits through deliberate
resistive SA. Therefore lossy bandstop structures are used to
realise NGD networks in a microwave regime [3–8].

The NGD phenomena might yield the output of a wave packet
preceding the input peak (time advancement) [1, 3]. However, it
does not violate the causality because the initial and final transient
pulses are still limited to the front velocity, which will never
exceed the speed of light [1–4]. The characteristics of NGD
networks have been implemented in electronic circuitry and
applied to various practical applications in communication
systems, such as the shortening or reducing of delay lines,
efficiency enhancement of a feedforward linear amplifier,
bandwidth enhancement of a feedback linear amplifier and
beam-squint minimisation in phased array antenna systems [5–10].

Recently, new and interesting applications of NGD networks have
been reported in the realisation of non-Foster reactive elements such
as negative capacitances or inductances [11]. They have opened
doors for new application fields of NGD networks, such as
increasing the capacitance tuning range in a varactor diode [12], or
enhancing the efficiency of a class-E power amplifier by using
negative capacitance to compensate the stray capacitance of a
transistor [13]. It can also be extended to electromagnetic
applications such as the increasing bandwidth of an artificial
magnetic conductor by loading with NGD networks as non-Foster
elements [14].

Basically, NGD networks can be divided into two categories:
reflection- and transmission-type networks. In the reflection-type
networks, the NGD characteristics are obtained from the reflected
signal of the lossy bandstop structures [15–21]. These networks
have excellent input/output return loss characteristics with the
expense of an extra component (such as a hybrid coupler).
Similarly, in the transmission-type NGD networks, the NGD
phenomena are determined from the transmitting signal of lossy
bandstop structures [22–28]. These networks can be designed with
excellent input/output return loss characteristics with expense of
extra matching networks [22, 27, 28] which increases the number
of components and the circuit size as well as the SA.

In RF/microwaves, series and parallel RLC resonators are widely
used to design reflection- and transmission-types NGD networks
[5–9, 15–28]. To overcome the unavailability problem of lumped
elements, the NGD networks using distributed elements have also
been presented in the literature [5, 6, 16–23]. The periodically
loaded transmission line with RLC is also used to realise NGD
networks [29, 30]. In [31], the NGD network was presented using
a structure that is formed by coupling a positive to a negative
index transmission line. However, this structure required a
matched boundary condition in order to achieve the NGD. The
doublet structure is attractive for designing bandstop filters [32,
33]. However, these conventional works only concentrated on
obtaining the bandstop characteristics, and not on the NGD
characteristics.

In this paper, the design of transmission-type NGD networks
based on the coupled line doublet structure is presented. The GD
and SA are entirely controlled by the coupling coefficients and the
load resistance terminated on the isolation port of the coupled line
section. A transmission line in parallel with the coupled line
section (connected between the input and through port of the
coupled line section) is utilised to obtain excellent reflection
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coefficient characteristics, which can avoid the need for any extra
matching networks in transmission-type NGD networks and thus
reducing the number of components. For the experimental
validation of the proposed networks, two types of distributed line
NGD networks (the unmatched and matched doublet structures)
were fabricated and measured.
2 Analysis of NGD networks

2.1 Unmatched symmetrical doublet structure

Fig. 1a shows the proposed structure of the unmatched coupled line
(UCL) section. In the UCL, the coupling ports are open-circuited,
whereas the isolation ports are terminated with the resistor R. The
Z-parameters of the reduced 2-ports UCL sections can be found as
(3), derived from 4-ports coupled lines and circuit theory [34]
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where Z0 is a port reference impedance. Here, f and f0 are the
operating and design centre frequencies, respectively. The
coupling coefficient Ceff is related with even- and odd-mode
impedances (Z0e and Z0o) as shown in (4)

Z0e = Z0

���������
1+ Ceff

1− Ceff

√
(4a)

Z0o = Z0

���������
1− Ceff

1+ Ceff

√
(4b)

To obtain symmetrical characteristics, an unmatched doublet
structure is proposed in this work. The symmetrical doublet
structure NGD network shown in Fig. 1b is arranged by
connecting back-to-back UCLs with the through line. The
electrical length of the through line is θ = π/2 at f0 and acts as the
K-inverter. The overall ABCD-parameters of this circuit can be
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= − Z0
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obtained by matrix multiplication as shown in (5)
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where Z1 = 1/Y1 is the characteristic impedance of the through line.
Therefore the transmission coefficient (S21UD) of the proposed
circuit can be found by converting ABCD- to S-parameters [35] as
shown in (6). The subscript UD represents the unmatched doublet
NGD network

S11UD = S22UD = AUDZ0 + BUD − CUDZ
2
0 − DUDZ0

AUDZ0 + BUD + CUDZ
2
0 + DUDZ0

(6a)

S21UD = 2Z0
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2
0 + DUDZ0

(6b)

The GD of the unmatched doublet NGD network shown in Fig. 1b
can be determined as (7)

tUD = − d/S21UD
dv

= d
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( )
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{ }

(7)

Furthermore, magnitudes of S-parameters and the GD of the
unmatched doublet network at f = f0 can be simplified as (8)
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(see (8c))

For better understanding of (8b) and (8c), the calculated maximum
achievable GD and SA characteristics at f0 = 2.14 GHz are shown
in Fig. 2 for different values of Z1. The maximum achievable GD
at f0 changes with very small changes in Ceff. However, the SA is
improved with decreasing Z1. Therefore low Z1 and loose Ceff are
preferable to improve the SA characteristics for the same amount
of maximum achievable GD at f0.

Fig. 3 shows the simulated responses of the unmatched doublet
NGD network with different values of Ceff at f0 = 2.14 GHz. The
element values of this circuit are presented in Table 1 with the
maximum achievable GD of −6 ns and Z1 = 90 Ω. As seen in this
figure, the NGD bandwidth decreases as Ceff decreases from −8 to
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Fig. 2 Maximum achievable NGD /magnitude characteristics of unmatched
doublet NGD network at centre frequency 2.14 GHz with different values of
Ceff and Z

Fig. 1
a UCL section
b Configuration of the proposed unmatched doublet NGD network

Table 1 Element values of unmatched doublet NGD network with
maximum achievable GD =− 6ns and Z1 = 90 Ω for different coupling
coefficients (refer to Fig. 1b)

C, dB −8 −10 −12 −14

R, Ω 1.47 1.39 1.27 1.13
Z0e, Ω 76.20 69.37 64.63 61.21
Z0o, Ω 32.81 36.04 38.68 40.84
−12 dB. On the other hand, the SA of the proposed circuit is
improved with the loose Ceff. The input/output reflection
coefficients of the unmatched doublet NGD network are shown in
Fig. 3 with different values of Ceff.

The reflection coefficients are also improved with decreasing Ceff.
As seen in Fig. 3, the input return loss (S11UD) is the same as the
output return loss (S22UD), which verifies that the proposed circuit
is symmetrical with respect to the centre of the through line.
However, the input/output impedances are not perfectly matched
with the port reference impedance, and provide poor reflection
characteristics. To improve the reflection characteristics of this
Fig. 3 GD and S-parameter characteristics of unmatched doublet (UD)
NGD network with different couplings

750
structure, the transmission line parallel with UCL is utilised, which
is described in detail in the following section.

2.2 Matched doublet structure NGD network

Fig. 4a shows the matched coupled line (MCL) section. In the MCL
section, the quarter-wavelength transmission line with characteristics
impedance of Z2 is connected between the input and the through
ports of the coupled line section. This characteristic impedance Z2
of parallel transmission line provides a degree of freedom to
change the equivalent characteristics impedance of the coupled
line structure. The Y-parameters of MCL can be obtained as (9)
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where Z2 is a characteristic impedance of l/4 line which is connected
between the input and through port of the coupled line as shown in
Fig. 4a.

Fig. 4b shows the structure of the matched doublet NGD network.
It consists of MCL sections and a through line. The matched doublet
NGD network is obtained by connecting back-to-back MCL sections
with the through line, which is symmetrical with respect to the centre
of the through line. The overall ABCD-parameters of this circuit can
be obtained by matrix multiplication as shown in (10)
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Fig. 5 Maximum GD/magnitude characteristics of matched doublet NGD
network at f0 = 2.14 GHz with different value of Ceff

Fig. 6 Calculated GD and S-parameters of matched doublet NGD network
for different coupling coefficients
The S-parameters (S11MD, S22MD and S21MD) of the matched doublet
network can be found using ABCD- to S-parameters conversion
relation [34]. For the matched doublet NGD network, the input/
output reflection coefficients (S11MD and S22MD) should be equal
to zero. Under this condition, the characteristic impedance Z2 can
be found as the fourth order polynomial shown in (11)
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Furthermore, the GD of this network can be determined as (13)
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Fig. 4
a MCL section
b Configuration of the proposed matched doublet NGD network
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For a better understanding of (11), (14b) and (14c), the calculated
maximum achievable GD, SA and Z2 at f0 = 2.14 GHz are shown
in Fig. 5 for different values of Ceff. The value of Z2 will be a
small when GD approaches to high value at f0. Therefore there is a
trade-off between the Ceff, Z1, Z2 and maximum NGD for the
improved SA.

Fig. 6 shows the simulated response of the matched doublet NGD
network with the fixed maximum achievable GD at f0. The element
values of the simulated circuit are given in Table 2 with the
maximum achievable GD of −6 ns and Z1 = 80 Ω under different
values of Ceff. As seen in Fig. 6 the NGD bandwidth of this
circuit is almost the same for all values of Ceff. However, the
751



Table 2 Element values of matched doublet structure NGD network
with GD =−6 ns and Z1 = 80 Ω for different coupling coefficients (refer to
Fig. 4b)

C, dB −8 −10 −12

R, Ω 0.83 0.87 0.88
Z2, Ω 23.05 34.35 53.51
Z0e, Ω 76.20 69.37 64.63
Z0o, Ω 32.81 36.04 38.68
improved SA characteristics can be obtained with decreasing Ceff for
the fixed maximum NGD at f0. Fig. 6 also presents the input/output
return losses, which are >60 dB at f0 and 10 dB in the range of 2.12–
2.16 GHz. This response proves that the proposed matched doublet
structure is symmetrical with respect to the centre of the through line.
Fig. 7 EM simulation layout of unmatched doublet NGD network with
physical dimensions

Table 3 Physical dimensions of unmatched doublet NGD network
(units in millimetres) (refer to Fig. 7)

L1/L2/L3/L4 W1/W2 g1 R, Ω

23.80/3.80/22.80/22.80 1.90/0.80 0.14 1.40
3 Simulation and measurement results

The circuit parameters of the proposed network can be found by
using parametric analysis. Therefore the design method of the
proposed NGD networks is summarised as follows.

(a) First, specify the centre frequency f0, maximum achievable GD
(treq) at f0, the characteristic impedance of the through line Z1, and
coupling coefficient Ceff of the coupled line.
(b) In the case of unmatched doublet NGD network, calculate the
maximum achievable GD at f0 using (8c) by assuming the value of
R. Similarly, in the case of the matched doublet NGD network,
calculate the value of Z2 using (11) by assuming the value of R.
After obtaining the value Z2 for assumed R, calculate the
maximum achievable GD at fo using (14c) and (15).
(c) Compare the calculated maximum achievable GD (tcal) with the
required value (treq).
(d) If |(tcal–treq)|≤ 0.001 ns, R is the required value for the specified
GD. If this condition is not satisfied, then change the value of R and
repeat process (b) and (c).
(e) After getting final values of R and Z2, calculate Z0e and Z0o using
(4).
(f) Finally, obtain the width, length and spacing of the coupled line
and other transmission lines according to the substrate information
and optimise the physical dimensions using EM-simulator.

To verify the design concept of the doublet structure NGD
networks, two types of circuits (unmatched and matched doublet
NGD networks) are designed and fabricated at f0 = 2.14 GHz for
the GD of −6.0 ns. The networks are fabricated on a substrate
RT/Duroid 5880 from Rogers Inc. with a dielectric constant (εr) of
2.2 and a thickness (h) of 31 mils. The simulations are performed
using Ansoft’s HFSS v13.
Fig. 9 EM simulation layout of matched doublet NGD network

Fig. 8 Simulation and measurement results of unmatched doublet NGD
network
3.1 Unmatched doublet structure NGD network

For a given specification, the element values of the unmatched
doublet NGD network are determined as R = 1.14 Ω, for Ceff =
−10 dB and Z1 = 90 Ω. Therefore even- and odd-mode impedances
of coupled lines are determined as Z0e = 69.37 Ω and Z0o = 36.04
Ω, respectively. Fig. 7 shows the EM simulation layout of an
unmatched doublet NGD network with the physical dimensions,
which are given in Table 3 after an optimisation. The circuit is
meandered to reduce its size.

Fig. 8 shows the simulation and measurement results of the
proposed unmatched doublet structure NGD network. As seen
from these figures, the measurement results have good agreement
with the simulations. From the experiment, the maximum
achievable GD and SA of the fabricated circuit are obtained as
−5.66 ns and 18.78 dB, respectively at the f0 of 2.138 GHz. As
seen in Fig. 8 the slope of the phase is positive over a certain
region, which signifies the presence of NGD characteristics in the
752
proposed circuit. A photograph of the fabricated circuit is also
shown in Fig. 8.
3.2 Matched doublet NGD network

The element values of the matched doublet NGD network are
determined as R = 0.87 Ω, Z2 = 34.35 Ω for GD =−6 ns, Ceff =
IET Microw. Antennas Propag., 2015, Vol. 9, Iss. 8, pp. 748–754
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Table 4 Physical dimensions of matched doublet NGD network (units
in millimetres) (refer to Fig. 9)

L1/L2/L3/L4/L5/L6/L7/L8 W1/W2/W3/W4 g1 R, Ω

17.44/12.1/16.44/9.5/1.5/24.5/12.26/6.02 1.90/2.42/1.0/1.0 0.14 0.86

Fig. 11 Simulated and measured S11, S22 and transmission phase
characteristics of matched doublet NGD network

Fig. 10 Simulation and measurement results of matched doublet NGD
network

Table 5 Performance comparison of proposed NGD networks with other work

Centre frequency
f0, GHz

Circuit type/extra matching
network required

Maxim
N

[5, 6] 2.14 R
[15, 16] 1.0 R
[17, 18] 2.14 R
[22] 1.962 T/Y
[23] 4.05 T/Y
[24]* 1.05 T/N
[28]* 0.454 T/Y
[29] 1.29 T/Y
[31] 0.75 T/Y
This Work1 2.14 T/Y
This Work2 2.14 T/N

T: transmission type configuration NGD network
R: reflection type configuration NGD network
Y: yes
N: no
S21max: maximum Signal Attenuation at f0
*: gain compensated NGD network
I: unmatched doublet NGD network
II: matched doublet NGD network
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−10 dB, and Z1 = 80 Ω. Therefore the even- and odd-mode
impedances of coupled lines are determined as Z0e = 69.37 Ω and
Z0o = 36.04 Ω, respectively. Fig. 9 shows the EM simulation layout
of the matched doublet NGD network with the physical
dimensions. The overall size of the circuit is 54 × 34 mm2. After
EM simulation optimisation, the dimensions of the proposed
circuit are shown in Table 4.

The measurement results show good agreement with the
simulations as shown in Fig. 10. From the measurement, the
maximum GD and SA at the f0 of 2.144 GHz are obtained as
−6.33 ns and 20.69 dB, respectively. The input/output return
losses are higher than 29 dB at the f0 of 2.144 GHz and 15 dB for
a bandwidth of 30 MHz as shown in Fig. 11. The proposed circuit
provides good reflection coefficients around f0 without the need
for any extra matching circuits and so reduces the number of
components (such as hybrid coupler in reflection-type NGD
networks) and the overall size of circuit. The photograph of the
fabricated circuit is also shown in Fig. 11. As seen in Fig. 11, the
phase slope of the transmission coefficient (S21) is positive in a
certain frequency region and can be used for the phase
compensation in communication systems such as the shifter circuit
and so on.

Table 5 shows the performance of the proposed NGD networks
compared with the previous works. Even though the SA of some
previous transmission-type NGD circuits was compensated with
the extra amplifiers, the proposed structure provides excellent
return loss characteristics and moderate SA at f0 among the
transmission-type NGD networks. Therefore the proposed works
do not require any extra matching networks and can be directly
connected with other networks. However, the proposed NGD
networks have a small NGD bandwidth. One way to increase
NGD bandwidth is to cascade a number of NGD networks with
slightly different operating centre frequencies [5, 6, 22]. However,
it will increase SA which can be easily compensated with general
purpose gain amplifiers [5, 6].
4 Conclusion

In this paper, the design and implementation of distributed
transmission line NGD networks based on a coupled line doublet
structure are demonstrated. The theoretical analysis shows that the
NGD of the proposed structure is a function of the coupling
coefficients and load resistance terminated on the isolation port of
the coupled line. To obtain a symmetrical response, the doublet
structure is used which consists of coupled lines connected
back-to-back with the through line. A transmission line parallel to
the coupled line section is utilised to provide excellent reflection
coefficients, which removes the need for any extra matching
s

um achieved
GD, ns

NGD x bandwidth
product

S21max,
dB

Maximum return
losses, dB

−9 0.270 −63 <24
−10 0.400 −30 X
−5.65 0.226 −60 x
−6.5 0.585 −21.2 <20
−0.05 0.105 −10 x
−2.0 0.345 0.2 12
−1.52 0.156 0.69 x
−4.0 x −28 x
−0.5 x x x
−5.66 0.453 −18.78 6.87
−6.33 0.443 −20.69 <29.68
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networks and helps to reduce the number of components and the
overall size. For the experimental validation, two types of
distributed transmission lines (the unmatched and matched doublet
structure) of NGD networks were designed, simulated and
measured at a centre frequency of 2.14 GHz. The measurement
results were in good agreement with the theoretical predictions.
This design method and topology are also applicable to higher
order NGD networks by connecting higher numbers of the
symmetric doublet structure network which can improve the NGD
bandwidth and the magnitude flatness. However, this will also
increase the SA. Therefore there should trade-off between NGD
bandwidth and signal attenuation. The signal attenuation can be
easily compensated using a general purpose gain amplifier which
may decrease the overall GD. The proposed circuit can be applied
in a feedforward amplifier and phased array antenna system to
minimise the beam-squint.
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