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Arbitrary Terminated Negative Group Delay Circuit
with Constant Signal Attenuation and Its Application
to Absorptive Bandstop Filter
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Abstract — This paper presents a design of transmission-type
arbitrary terminated negative group delay (NGD) circuit with
constant signal attenuation (SA). In the proposed circuit, the
specified NGD and SA response can be designed by handling the
characteristic impedance of transmission lines. Analytical analysis
disseminates that the input and output ports of the proposed NGD
circuit can perfectly match at a center frequency (fo) without extra
matching networks. The proposed analytical equations can also
apply to design an arbitrary terminated absorptive bandstop filter
with prescribed NGD. For an experimental confirmation, a
prototype of the transmission-type NGD circuit was at the fo of
2.14 GHz. The experimental results are consistent with simulated
and analytical results.

Keywords Abnormal group delay, constant signal
attenuation, negative group delay (NGD), positive group delay
(PGD), series-fed antenna arrays.

[.  INTRODUCTION

Propagation of electromagnetic waves in dispersive media
can be defined by phenomena incorporating abnormal phase,
group delays (GDs), and velocities [1]. Abnormal group
velocities incorporate superluminal and even negative group
velocities (NGVs). The negative group delay (NGD) and NGV
intimate each other and they convey that peak of a pulse
envelope appears from the medium at an instant before the peak
of the pulse penetrate the medium. Such an ostensibly anti-
causal phenomenon does not breach the principle of causality
because turn-on and -off points of the wave packet propagate
with a positive delay in agreement with the causality
requirements [2].

To recognize the reality of the NGD, the group velocity can
be revealed as (1) for homogeneous media or effective
homogeneous periodic structures described by a propagation
constant () and refractive index » [1].

_dw ¢

= ()

ot

0w
where ¢ and w are the speed of light in vacuum and angular
frequency, respectively. From (1), it is evident that if »
decreases rapidly with respect to w, the group velocity and the
GD can become negative. In short, NGV or NGD exists near
an absorption line or signal attenuation (SA) condition, where

“anomalous” wave propagation effects can occur [1]-[3].
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Port 1
Proposed structure of transmission-type arbitrary terminated NGD
circuit with constant signal attenuation

Fig. 1.

The NGD circuits have been practically implemented in
communication systems for lessening delay lines, improving
the efficiency of feedforward linear amplifiers, developing
broadband constant phase shifters, achieving non-Foster
reactive elements, and eliminating beam-squint in series-fed
antenna arrays [3]-[7].

Series or shunt RLC resonators are widely used to generate
the NGD at microwave frequency which can be broadly
categorized into reflection- and transmission-types [8]-[10].
The reflection-type NGD circuits provide excellent input and
output matchings due to inherent 90° 3-dB hybrid [8], [9],
however, the transmission-type NGD circuits suffered from
poor input and output matchings [10]. To improve input and
output matchings in transmission-type NGD circuits, extra
matching networks are required which can decrease the overall
NGD [10]. In addition, the conventional NGD circuits also
suffer from high SA which increases in proportional to NGD.
In recent years, reflective bandstop filters with NGD were
investigated in [11], which requires additional impedance
transformers for matching port impedances. In [12], an
absorptive bandstop filter is designed by using resistor-loaded
coupled-line structures. From the literature reviews, it is also
confirmed that the conventional NGD circuits and absorptive
bandstop filters have been designed only for equal termination
port impedances.

In this paper, an arbitrarily terminated transmission-type
NGD circuit with constant SA is explored. The proposed
transmission-type NGD circuit contributes perfect input and
output matchings at the center frequency (fo) without any extra

1-3 Oct 2019, Paris, France
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Fig. 2. Calculated parameters of the proposed NGD circuit with f; = 2.14 GHz,
R,=R,=R.=R;=50Q, 7 =130 Q, n=1 and different R..

matching networks. Analytical design equations have been
supplied to calculate circuit parameters, which have been
verified with simulation and experimental results. In addition,
the design equations are also applicable to design the arbitrary
terminated absorptive bandstop filter with the prescribed NGD.

II. ANALYTICAL DESIGN EQUATIONS

Fig. 1 depicts the proposed structure of transmission-type
NGD with arbitrarily terminated port impedances R, and R;.
The proposed NGD circuit comprises five 4/4 transmission lines
(TLs) with characteristic impedances of Z;, 7>, Z3, Z4, Zs and one
3/4 TL with characteristics impedance of Zs. Similarly, two 4/4
TLs with the characteristics impedance of Z; which are
terminated with R.. Finally, two resistors R. and Ry are
connected at end of 34/4 TL. The S-parameters of the proposed
NGD circuit can be determined by using (2).

—1 —1
S==\y[r 3] [r-yI[\y] ©)
where
o Y O /R, 0 0 0
Y = Y, Y, 0 Y, = 0 I/Rb 0 0 ()
Y, 0 Y, Y, ' 0 0 I/RC 0
0 Y, ¥; Y, 0 0 0 ]/Rd
Y, =—j/z, C0“9+1/lzl(l/Zi',,—j/Z2 c.ot¢9+j/Z1 tan 0) (3b)
/Z,+j(1/Z, - j|Z,cot8)tan @
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1Z,+j(YZ,—-j/Z,cotO)tan &
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Fig. 3. Calculated parameters of the proposed NGD circuit with f, = 2.14 GHz,
R.,=40Q,R,=60Q, R.=R;=60Q, Z, =130 Q, n=1 and different R..

2
Y, =7, = 1/Z,Z, csc® 0 Gf)
J(YZ,+1/Z,)cot0-1/Z,
2
Y, =¥, = 1/Z,Z,csc” 0 Ge)
J(/Z,+1/Z,)cot0-1/Z,
Y12:YZl:j/Zscsc9, Ys4:Y43:j/ZGCSC30 (h)
-z R +jZ,tan 8 0=nr/2f, (3i)

" Z,+jR tan 6’
and f and fo are operating and design center frequency,
respectively. For zero reflections (Si1 = S» = 0) from ports 1

and 2 at /= f, the characteristics impedances of TLs are found
as (4) using (2)-(3).

Z = Ra/RcZZ » Ly = Rd/RcZZ (4a)
Z,=~R,/R.Z,.Z; =|RR, (4b)
Z,=~R.R, (4¢)

Furthermore, the magnitude of transmission coefficient at fo
can be simplified as (5).

Z

=— 72 (%)
RZ2/R +Z:

|S21|‘/':‘/5 = |S12|f:f£)

As can be seen from (5), the magnitude of transmission
coefficient is independent on termination port impedances R,
and R,. Using (5), the value Z; can be found as (6) for any
specified insertion loss (a).

Finally, using the phase of S»i, the assessed GD can be
calculated as (7) using (2)-(4).

o 1dss,
2 df

o(dB)

10 2 —1

Z,=7, |R /RC( (6)

(7
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Since it is complicated to find analytical expression of GD,

the MATLAB tool will be used to find value of GD numerically.

Similarly, to evaluate the performance of NGD circuit, the
NGD fractional bandwidth (FBW) is another relevant
parameter which can be defined by (8).

A:uxloo% ,

0

(®)

where f; and f; are lower and upper cutoff frequencies in which
the GD is less than zero. The values of f; and f> can be found
numerical method using MATLAB for mathematically
simplicity.

Based on analytical design equations, Figs. 2 and 3 illustrate
the calculated parameters of the proposed NGD circuit for
different constant signal attenuation. In these calculations, the
value of R, is varied from 5 to 50 Q. The values of Z; and NGD
FBW are increased, however, NGD value is decreased for
higher value of R.. The low value of R, is preferable for higher
NGD.

Fig. 4 shows the computed responses of the proposed NGD
circuit by sweeping R. and fixed Z>. In this simulation, the
magnitude of S»; at fo is assumed as 6 dB to illustrate the
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constant SA of the proposed NGD circuit. As seen from this
figure, NGD can be enhanced by decreasing R.. Similarly, Fig
5 demonstrates the responses of the proposed NGD circuit by
varying Z, and maintaining fixed R.. The higher NGD can be
obtained if the value of Z, increases toward high value.
However, the NGD bandwidth (bandwidth of GD < 0) of the
proposed circuit is reduced if NGD is high, which necessitates
a trade-off between them. As noticed from these figures, the
proposed transmission-type NGD circuit provides excellent
input and output return loss characteristics without any external
matching networks. In addition, the phase of S»; is constant as
GD becomes zero. This property of the proposed circuit can be
applied to series-fed antenna arrays for minimizing the beam-
squint problem [8].

Since the SA of the proposed circuit can be specified
arbitrarily, these design equations can further apply to design
absorptive bandstop filter. Figs. 6 and 7 show the computed
responses of the absorptive bandstop filter with the specified
SA. As shown figures, the bandstop filter is perfectly matched
at fo. From these results, it can be concluded that the proposed
structure can provide absorptive bandstop characteristics
without additional matching circuits.
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III. EXPERIMENTAL RESULTS

A prototype of the proposed transmission-type NGD circuit
was constructed at fy of 2.14 GHz for experimental validation.
In this work, substrate RT/Duroid 5880 with dielectric constant
(er) of 2.2 and thickness (#) of 0.787 mm was used. The purpose
of design example was to obtain zero GD. The termination
impedances of the designed circuit are chosen as R, = R, = 50
Q for measurement simplicity. The computed circuit
parameters are summarized as Re=Rs=R.=50Q, Z1=2,=Z3
= Z4 =70 Q, Zs = Zé =50 Q, and Z7: 69.83 Q.

Fig. 8(a) illustrated the experimental and results of the
proposed NGD circuit. From measurement, the magnitudes of
S>1 and GD are confirmed as |[S21| =-6.05 dB and 7; = -0.034 ns
at fo = 2.14 GHz. Fig. 8(b) illustrates the simulated and
measured phase/return loss characteristics of the proposed
NGD circuit. The return losses are experimentally confirmed as
|IS11] = -25.66 dB and |Sx»| = -21.70 dB at f;, while higher than
15 dB return loss is noticed in the frequency range of 1.99 - 2.22
GHz. Also, the phase of S>; is almost constant over the FBW of
22.3%. The overall circuit size of the prototype circuit is 67.18
x 43,10 mm?.
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IV. CONCLUSION

In this paper, a design of transmission-type negative group
delay circuit with constant signal attenuation is explored. From
theoretical analysis, it is shown that the group delay can be
enhanced by extending characteristic impedance and electrical
lengths (odd-multiple of 1/4) of the transmission line, whereas
the magnitude of transmission coefficients remains constant at
a center frequency. For validation, a prototype circuit with zero
group delay was demonstrated at the center frequency of 2.14
GHz. The proposed power divider can be applicable for high
power amplifiers, active antenna arrays, and minimizing the
beam-squint problem of phased-array antennas.
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