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Coupled Line Negative Group Delay Circuits With
Very Low Signal Attenuation and Multiple-poles
Characteristics

Girdhari Chaudhary, Phirun Kim, Jaeyeon Kim,
Yongchae Jeong
Division of Electronics Engineering
Chonbuk National University
Jeonju-si, Republic of Korea
girdharic@jbnu.ac.kr

Abstract—This paper presents a novel design of negative group
delay circuit (NGDC) with very low signal attenuation (SA) and
multiple-poles in group delay (GD) characteristics. The very low
SA is obtained due to high characteristics of coupled lines.
Theoretical analysis shows that the multiple-poles in GD
characteristics ean provide wider negative GI} bandwidth and be
obtained by connecting coupled lines resonators with slightly
different center frequencies separated by quarter-wavelength
transmission lines. For experimental validation, the NGDCs with
2-poles and 3-poles in GD characteristics are designed, simulated,
and measured. The measurement results have a good agreement
with theoretical predictions.

Keywords—Coupled lines, low signal attenwation, negative group
delay.

1. INTRODUCTION

It was theoretically proven that abnormal group velocity
which includes the negative group delay (NGD) can occur at
same range of frequencies when absorption or signal
attenuation (SA) is maximum [1]. The experimental result of
NGD has then verified in electronic circuit using bandpass
amplifiers at very low frequency [2]. The NGD implies time
advancement (not delay) in propagation, however, it does not
violet the causality, since initial transient pulse is still limited to
the front velocity, which will never exceed speed of light [1].
12].

Since the concept of NGD was proven theoretical in
electronic circuitry, various works have been performed to
design NGD networks at microwave frequencies [3]-[5]. The
interesting characteristics of NGD networks have been applied
to various practical applications in communication systems,
such as the shortening or reducing delay lines, efficiency
enhancement of feedforward linear amplifier, bandwidth
enhancement of feedback linear amplifier, and beam-squint
minimization in phased array antenna systems [3]-[5]. Recently.
new and interesting applications of NGD networks have been
reported in the realization of non-Foster reactive elements such
as negative capacitances or inductances [6]. They have opened
doors for new application fields of NGD networks, such as
mcreasing the capacitance tuning range in a varactor diode [7],
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or enhancing the efficiency of class-E power amplifier by using
negative capacitance to compensate the stray capacitance of
transistor [8]. It can also be extended to electromagnetic
applications, such as the increasing bandwidth of artificial
magnetic conductor by loading with NGD networks as non-
Foster elements [9].

The conventional passive NGD networks suffer from the
excessive SA (up to 35 dB for a group delay (GD) of -8 ns)
which can cause serious stability issues when NGD network is
integrated with RF systems such as the power amplifier
linearization system. Therefore, for the same differential-phase
GD, the passband SA is expected to be as small as possible.

There are a few works have performed to reduce the SA of
NGD networks. In [10]. a composite NGD network with lower
SA was presented. However. this circuit requires parallel
lumped elements (such as an inductor, capacitor, and resistor)
between two transmission lines (TLs). The distributed NGD
network with reduced SA is presented in [11]. However, it is
difficult to further reduce SA due to practical realization
problem of characteristic impedance higher than 140 € in
microstrip line technology.

In this paper, very low SA NGD networks with multiple-
poles in GD characteristics are presented. The proposed
circuits are based on shunt resistor that connected on short-
circuited coupled lines with open circuited isolation port. The
improvement of SA can be obtained due to high characteristic
impedance and weak coupling coefficient of coupled line. The
improved SA will help to reduce the gain burden of amplifier
as well as out-of-band noise and can provide a stable operation
when it is integrated with the RF system.

1L

Fig. 1 show the structures of proposed NGD networks
which consists of shunt resistors connected to short-circuited
coupled lines with open circuited isolation port. In order to
find electrical characteristics of proposed network, it is
necessary to find the S-parameter and GD expressions for 1-
pole structure of proposed NGD networks shown in Fig. 1(a).

DESIGN AND IMPLEMENTATION
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(a)
Fig. 1. Proposed structure of negative group delay circuits: (a) 1-pole and (b)

multiple-poles.

To find the S-parameters of l-pole NGD network, the
ABCD-matrix of this circuit is given as

1 0
[4]=] 1 i (D
ZP’.‘
Where the value of 2, is given as
R,(cot’ 8 ~Z.Cl esc’ @)+ jC, 7. cotb, )

m

(e;:m2 8 -ZC% csc’ 8 )

The characteristic impedance of coupled line 2. and
coupling coefficient Cyy [12] are given as

1-C

;7 1+C
.{‘_ _ '2 7@7'0.0 =Zth- . =7, - qﬂ'! (3a)
Zy — 2, Cy C.y
= Zﬂe' - ZCI<: (3'3)
of B P
' Ef.le +Zu.-,

where 7, and Z,, are even- and odd-mode impedances of
coupled lines. Expressing the frequency dependent electrical
length O=afi2f. the S-parameters of 1-pole NGD network are
given as

(4a)
(4b)
where
(Sa)
(5b)
X, =| ot 2L ¢ ese? 7L ]tzﬁ_ﬁzﬂJ. ()
\ =t =t

And Z,. fand f; are termination port impedance, operating and
design center frequencies, respectively. Therefore, the
differential-phase GD of proposed structure can be obtained as

26

7 St
2 !
=
B .
a
2 ]
2 - C=-18dB
S ]
S o E
i) J
4 T T T T
@
E
-
&
k=1
=
s
=
= ]
= -E T T T T
204 2.08 212 216 220 224
Frequency (GHz)

Fig. 2. Caleulated group delay and signal attenuation of 1-pole NGD network
with different values of 7...

__dLs, XX -X X, XX -XX, 6)
dw X+ X2 Xi+x}
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2 fu ' 21 2/

Therefore, the maximum SA and GD at f; are obtained as (8)
and (9).

g | =_2R (8)
=g ZR_\ +Zr_|

o, = ZZ, (9)
=R 4fRC, (2R +Z,)

As seen from (8), the maximum SA at f; depends on R, only.
Similarly, the GD time is a function of R,, Z. and C,x For
better understating of (8) and (9), the calculated GD and SA for
different 7, and C,are shown in Fig. 2 and 3. In this case, the
maximum achievable GD is maintained as -3 ns.

Fig. 2 shows the calculated of GD and SA for different 2,
with fixed Cy=-18 dB. As seen from this figure, the SA is
reduced as 7. increases. However, the bandwidth of GD is
narrowed. Therefore, there is a trade-off between NGD
bandwidth and SA.

Fig. 3 shows the calculated GD and SA for different C
In this case, the Z_ is assumed as 600 €2. As seen from this
figure, the SA is improved as C decreases. However, the
NGD bandwidth is slightly decreased. Therefore, there is also
trade-off between C.5 SA and NGD bandwidth.

As seen from the previous results, the 1-pole NGD
bandwidth is small which prevents to use this circuit in
practical applications. Therefore, it is necessary to enhance the
NGD bandwidth.
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Fig. 3. Calculated group delay and signal attenuation of 1-pole NGD network
with different values of Cyy

w
£
z
)
(=]
(=X
=
2
G 4 —o— without x4 Line —— With L4 Line
5 — ——
— 0
=] 4
E A
w2
£ 21 _
£ 44 L S
£ 7]
S 57 o withoutau Line —s—  With /4 Line
] T T T T T
2.04 2.08 2.12 2.18 2.20 224
Frequency (GHz)

Fig. 4. Calculated group delay and signal attenuation of 2-poles NGD network.

Fig. 1(b) shows the proposed structure of NGD for the
enhanced GD bandwidth with multi-poles characteristics. This
structure consists of several 1-pole NGD circuits with slight
different frequencies, which are connected with A/4 TLs with
characteristic impedance Z=50 €2. Due to different resonant
frequencies of resonators, the multiple poles in GD
characteristics can be obtained.

Fig. 4 shows the simulated results of proposed 2-poles
NGD network. In this case, 2-resonators with slightly different
center frequencies j;,=2.125 GHz and f,;=2.155 GHz are used.
The even- and odd-mode impedances of coupled line
resonators are chosen as 90 € and 70 €2. As seen from these
figures, the NGD bandwidth is enhanced due to 2-poles
characteristics. The comparison between with and without /4
TL is also presented. Resonators connected without A/4 TL
have higher peak in GD characteristics than those with 3./4 TL.
Similarly, Fig. 5 shows the simulated GD and SA
characteristics of 3-poles NGD network and compared with
directly connected 3-poles NGD network (without A4 TL).
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Fig. 6. Simulation and measurement result of 2-poles NGD network.

As seen from these figures, the proposed 3-poles NGD
network with A4 TL provides good flatness characteristics
than directlv connected 3-poles NGD network.

III. EXPERIMENTAL RESULTS

For experimental validation of proposed structure, the goal
was to design GD network of -2 ns at center frequency of 2.14
GHz. For this purpose, the 2-poles and 3-poles NGD networks
are designed and fabricated. The characteristic impedance of
coupled line resonator is chosen as 630 £ with C,;=18.06 dB.
The R, and Z, are determined as 50 €. The circuit was
fabricated using substrate RT/Duroid 5880 of Rogers with
dielectric constant (g,) of 2.2 and thickness (#) 0of 31 mils.

Fig. 6 shows the simulation and measurement results of 2-
poles NGD network. Center frequencies of resonators are fixed
as fu=2.132 GHz and f,»=2.16 GHz. The measurement results
show good agreement with the simulations. From the
measurement, the GD time is determined as -1.68+0.2 ns over
the bandwidth of 42 MHz. The maximum SA at f=2.146 GHz
is 4.58 dB, which is very small in comparison with the
conventional NGD networks [4]-[9].
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Fig. 7 shows the simulation and measurement results of 3-
poles NGD network. Center frequencies of three resonators are
fixed as f =2.126 GHz, f,»=2.149 GHz, and f,=2.17 GHz,
respectively. The measurement results show good agreement
with the simulations. The measured GD time is -1.81+0.34 ns
over the bandwidth of 64 MHz. The maximum SA at £,=2.148
GHz is determined as 5.567 dB.

The measured phase characteristics of 2-poles and 3-poles
NGD networks are shown in Fig. 8. As seen from these figures,
the phase slope of 5, is positive over the certain frequency
range which signifies the presence of NGD characteristics. The
photograph of fabricated circuits is shown in Fig. 9.

IV, CoONCLUSION

This paper demonstrated the design of negative group delay
networks with highly improved signal attenuation with multi-
poles group delay characteristics. The proposed structure is
based on shunt resistors connected to short—circuited coupled
line with open-circuit isolation port. The improved signal
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Fig. 9. Phatograph of fabricated 2-poles and 3-poles NGD networks.,

attenuation is obtained due to high characteristic impedance of
coupled line and weak coupling coefficient. The proposed
network can reduce the gain burden of gain amplifier and can
provide the stable operation when integrated into RF system.
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