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Abstract

This paper presents a design of a transmission line negative group delay (NGD) circuit with multiple pole characteristics. By inserting an

additional transmission line into a conventional NGD circuit, the proposed circuit provides further design parameters to obtain wideband

group delay (GD) and to help reduce signal attenuation. As a result, the number of gain compensating amplifiers can be reduced, which

can contribute to stable operation when integrated into RE systems. The multiple pole characteristics can provide wider NGD bandwidth

and can be obtained by connecting resonators with slightly different center frequencies separated by quarter-wavelength transmission

lines. For experimental validation, an NGD circuit with two poles GD characteristic is designed, simulated, and measured.
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[. INTRODUCTION

Electromagnetic wave propagation in any medium obeys
the fundamental physical laws described by Maxwell’s equa-
tion [1]. Most media exhibit normal propagation called su-
bluminal, where the speed of propagation of individual time-
harmonic components is slower than the speed of light, ¢, in
a vacuum at all frequencies. However, in a specific and
narrow frequency band of signal attenuation (SA) or in an
anomalous dispersion frequency, the group velocity is ob-
served to be greater than the ¢. This abnormal wave propa-
gation is called superluminal group velocity or even negative
group velocity [1, 2].

The wave propagation in any medium can be characterized
by group velocity and group delay (GD), which are same.
The GD in a circuit can be investigated by examining
transmission phase variation with respect to frequency and
can be defined as a negative derivative of the signal trans-

mission phase according to frequency, as shown in (1).
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As seen from (1), when quantity 7, is positive, the peak of
the output pulse suffers a positive delay with respect to input
pulse. On the other hand, if 7, is negative, the peak of the
output pulse emerges prior to the peak of the input pulse
entering the medium, and the medium is said to exhibit a
negative GD [3]. However, this does not violate the causality
because the initial transient pulse is still limited to the front
velocity, which will never exceed the speed of light [4].

The negative group delay (NGD) occurs at a certain range
of frequency where the absorption or SA is maximum [1].
Therefore, band-stop structures are used to realize NGD cir-
cuits. Based on either series or shunt RLC resonators, various
kinds of microwave NGD circuits have been presented and
demonstrated in the literature [5—13]. To overcome the
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limited feasibility problem of lumped elements in microwave
frequencies, the NGD circuits using distributed elements are
also presented [5—7, 12]. However, the conventional NGD
circuits presented in previous works exhibited excess SA up
to 35 dB for a —8 ns GD, which can cause serious stability
issues when an NGD circuit is integrated with RF/micro-
wave systems. Therefore, for the same GD, the passband SA
must be as small as possible.

A few studies have been conducted about NGD networks
with small SA. In [13], a composite NGD network with
smaller SA was presented. However, this circuit requires
parallel lumped elements (such as capacitors and inductors)
between two transmission lines, making implementation di-
fficult at microwave frequencies.

In this paper, a design of the transmission line NGD cir-
cuit with reduced SA and multiple pole GD characteristics is
presented.

II. DESIGN THEORY

Fig. 1 shows the structure of the conventional and pro-
posed 1-pole NGD circuits that consist of resistor R and
transmission lines with characteristic impedances of Z; and
Z, and electrical lengths of A/4. Total ABCD-parameters of
the proposed circuit shown in Fig. 1(b) can be found as (2)
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Fig. 1. Structure of transmission line negative group delay circuits: (a)
conventional, (b) proposed 1-pole circuit, and (c) proposed
multiple pole circuit.

1 0
4 B|_ ZlZz+jR(than;f—chot;sz
C D Sy fo) |
(2,+2,)Z,R+jZ,22 tan L
2o ®)

where fand f are operating and design center frequencies,
respectively. The S-parameters of the proposed circuit can be
found by using ABCD- to S-parameters conversion rela-
tionship [14], which is given as (3):
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where Zj is reference port impedance. Furthermore, S-pa-
rameters and GD at the /£ can be obtained as (4).
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As seen from (4c), the maximum achievable GD depends
on Zi, Zy, and R. To better understand (4b) and (4c), the
calculated maximum achievable GD and SA at f = 1.96
GHz according to Z; and R are shown in Fig. 2. As seen
from this figure, the SA is improved as Z, increases. The-
refore, high Z; and low Z; are necessary for reduced SA.

Fig. 3 shows the simulation results of the 1-pole NGD
circuit. In this simulation, the maximum achievable GD at fo
=1.96 GHz is assumed to be —5 ns. As seen from this figure,
the proposed circuit provides reduced SA as compared to the
conventional circuit [6]. The SA of the proposed circuit is
further reduced by making the value Z, is high. However,
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Fig. 2. Calculated group delay and signal attenuation (8x) of a 1-pole negative group delay circuit according to R and Zi with Z;=90 Q
and 6=1.96 GHz: (a) 3-D plot, (b) group delay (GD) with respect to Zi where the color bar represents R, (c) GD according to R
with the color bar denoting Z: and (d) signal attenuation (Sx) with respect to R.
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Fig. 3. Simulated results of 1-pole negative group delay circuit with
different values of Z.

the NGD bandwidth is reduced.
The temperature dependence of R is represented by the
following relationship:

AR _ OAT,
R,

©)
where 6, Ro, AR, and AT are temperature coefficient, initial
resistance, resistance variation, and temperature variation, res-
pectively.
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Fig. 4. Performance degradation of the proposed 1-pole negative
group delay circuit assuming +5% resistance variation
from the reference value.

Fig. 4 shows the performance degradation of the proposed
1-pole NGD circuit, assuming the resistance variation of
15%. As seen from this figure, the GD and SA (magnitude
of §21) variations are approximately £0.61 ns and +0.68 dB
from the reference values. These results indicate that the
proposed NGD circuit is considerably less sensitive to the
temperature-dependent resistance variation.

The NGD bandwidth can be enhanced by connecting 1-
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Fig. 5. Simulated results of 2-pole and 3-pole negative group delay
circuits: (a) group delay/magnitude and (b) phase charac-
teristics.

pole NGD circuits with the slightly different center fre-
quencies (fo;, i=1, 2, 3, ...) separated by A/4 transmission
lines with characteristic impedance of Z; =50 (), as shown in
Fig. 1(c). Due to the different f; of 1-pole NGD circuits,
multiple pole GD characteristics can be obtained.

Fig. 5(a) shows the simulated GD and §: magnitude
results of 2-pole and 3-pole NGD circuits. In the case of a 2-
pole NGD circuit, two NGD circuits with fo; =1.935 GHz
and fo, =1.984 GHz are cascaded. Similarly, for the 3-pole
NGD circuit, the f are given as fo1 = 1.912 GHz, f5, = 1.963
GHz, and f53 = 2.03 GHz. In both cases, the circuit element
values of 1-pole NGD circuits are given as Z1= 30 Q, Z, =
90 Q, and R =1139 Q. As seen from these figures, the NGD
bandwidth is enhanced due to 2-pole and 3-pole characte-
ristics. The phase characteristics of 2-pole and 3-pole NGD

circuits are shown in Fig. 5(b). As seen from this figure, the
phase slope of $,1 is positive over a certain range of frequency,
which signifies the presence of NGD characteristics.

III. SIMULATION AND EXPERIMENTAL RESULTS

For experimental validation of the proposed circuit, the
design goal was to obtain a GD of —6 ns at /o =1.96 GHz.
For this purpose, a 2-pole NGD circuit was designed and
fabricated. For given specifications, the calculated circuit
element values of a 2-pole NGD circuit are given as Z; = 30
Q, Z,=90 Q, Z,=50 Q, and R=1,140 Q. The fss are the
same as presented in Section II. The circuit was fabricated
using RT/Duroid 5880 of Rogers Inc. with a dielectric con-
stant (¢,) of 2.2 and the thickness (4) of 31 mils. The
simulation was performed using ANSYS HFSS 2014. The
layout of the fabricated circuit is shown in Fig. 6. The
physical dimensions of the fabricated circuit are shown in
Table 1 after the optimization.

Fig. 7 shows the simulated and measured GD and mag-
nitude results of the 2-pole NGD circuit. From the mea-
surement, the GD was determined as —5.80%0.45 ns over a
bandwidth of 80 MHz. The maximum SA at f; = 1.962
GHz was 24.67 dB. The SA can be easily compensated using
general purpose gain amplifiers [5]. A photograph of the
fabricated circuit is also shown in Fig. 7. The simulated and
measured phase characteristics are shown in Fig. 8. As seen
in this figure, the slope of the phase is positive over a certain
region. This positive phase slope characteristic can be used to

Fig. 6. Layout of the fabricated 2-pole negative group delay circuit with

physical dimensions.

Thable 1. Physical dimensions of the 2-pole negative group delay circuit
(unit=mm)

Lo| L1 |La| L3 | La|Ls|Le|L7| Ls | Lo | Wo| Wi | Wa

3.5|2458|2.8(11.2]6.6[42(2.7|1.9|28.9(27.4/2.4]0.8(6.2

Physical dimensions refer to Fig. 6.
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Fig. 7. Simulated and measured group delay/magnitude results of the
2-pole negative group delay circuit.
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Fig. 8. Simulated and measured phase characteristics of a 2-pole ne-
gative group delay circuit.

cancel out the negative phase slope to obtain zero GD or a
phase-compensated response.

IV. CONCLUSION

This paper demonstrates the design of an NGD circuit
with multiple pole GD characteristics and reduced signal
attenuation. The multiple pole NGD circuit is obtained by
the cascade connection of several 1-pole circuits having sli-
ghtly different frequencies. For the experimental verification,
the 2-pole NGD circuit was designed, fabricated, and mea-
sured. The proposed topology can reduce the number of
gain-compensating amplifier stages and can help improve effi-
ciency, out-of-band noise reduction, and stable operations
when integrated into RF/microwave systems.

80

This work is supported by the Basic Science Research Program
through the National Research Foundation of Korea (NRF)
funded by the Ministry of Education, Science and Technology
(No.2013006660).

REFERENCES

[1] L. Brillouin, Wave Propagation and Group Velocity. New
York, NY: Academic Press, 1960.

[2] E. L. Bolda, R. Y. Chiao, and J. C. Garrison, "Two th-
eorems for the group velocity in dispersive media," Phy-
sical Review A, vol. 48, no. 5, pp. 3890—3894, 1993.

[3] M. Kitano, T. Nakanishi, and K. Sugiyama, "Negative
group delay and superluminal propagation: an electronic
circuit approach," IEEE  Journal of Selected Topics in
Quantum Electronics, vol. 9, no. 1, pp. 43—51, 2003.

[4] M. W. Mitchell and R. Y. Chiao, "Causality and nega-
tive group delays in a simple bandpass amplifier," Ame-
rican Journal of Physics, vol. 66, no. 1, pp. 14—19, 1998.

[5] H. Choi, Y. Jeong, C. D. Kim, and J. S. Kenney, "Effi-
ciency enhancement of feedforward amplifiers by em-
ploying a negative group-delay circuit," IEEE Transac-
tions on Microwave Theory and Techniques, vol. 58, no. 5,
pp- 1116—1125, 2010.

[6] C. D. Broomfield and J. K. A. Everard, "Broadband ne-
gative group delay networks for compensation of mi-
crowave oscillators and filters," Electronics Letters, vol. 36,
no. 23, pp. 19311933, 2000.

[7] G. Chaudhary, Y. Jeong, and J. Lim, "Microstrip line ne-
gative group delay filters for microwave circuits, " IEEE
Transactions on Microwave Theory and Techniques, vol. 62,
no. 2, pp. 234243, 2014.

[8] G. Chaudhary, Y. Jeong, and J. Lim, "Miniaturized dual-
band negative group delay circuit using dual-plane de-
fected structures," IEEE Microwave and Wireless Com-
ponents Letters, vol. 24, no. 8, pp. 521—523, 2014.

[9] B. Ravelo, A. Pérennec, M. Le Roy, and Y. G. Boucher,
"Active microwave circuit with negative group delay," IE-
EE Microwave and Wireless Components Letters, vol. 17,
no. 12, pp. 861—863, 2007.

[10] M. Kandic and G. E. Bridges, "Asymptotic limits of ne-
gative group delay in active resonator-based distributed
circuits," IEEE  Transactions on Circuits and Systems
I, vol. 58, no. 8, pp. 1727—1735, 2011.

[11] O. F. Siddiqui, M. Mojahedi, and G. V. Eleftheriades,
"Periodically loaded transmission line with effective
negative refractive index and negative group velocity,"
IEEE Transactions on Antennas and Propagation, vol. 51,
no. 10, pp. 2619—2625, 2003.



CHAUDHARY et al..: NEGATIVE GROUP DELAY CIRCUIT WITH IMPROVED SIGNAL ATTENUATION AND MULTIPLE POLE CHARACTERISTICS

[12] G. Chaudhary and Y. Jeong, "Distributed transmission
line negative group delay circuit with improved signal
attenuation," IEEE Microwave and Wireless Components
Letters, vol. 24, no. 1, pp. 20—22, 2014.

[13] H. Choi, G. Chaudhary, T. Moon, Y. Jeong, J. Lim,
and C. D. Kim, "A design of composite negative group
delay circuit with lower signal attenuation for perfor-

Girdhari Chaudhary

received the B.E. and M. Tech. degrees in Electronics
and Communication Engineering from Nepal En-
gineering College (NEC), Kathmandu, Nepal and
Malaviya National Institute of Technology (IMNIT),
Jaipur, India in 2004 and 2007, respectively and Ph.D.
degree in Electronics Engineering from Chonbuk
National University, Republic of Korea in 2013. He is
currently working as Post-doctoral researcher at HO-
PE-IT human resource development center-BK21 PLUS, Division of
Electronics Engineering, Chonbuk National University, Korea. He is receipt
of Research Fellow through National Research Foundation (NRF) of Korea
funded by the Ministry of Education. Dr. Chaudhary is also receipt of BK21
PLUS Research Excellence Award 2015 from Ministry of Education, Re-
public of Korea. He has authored and co-authored over 35 papers in inter-

national journals and conference proceedings. His research interests include
multi-band tunable passive circuits, negative group delay circuits and its
applications, and high efficiency power amplifiers.

Junhyung Jeong

received the B.E. and MLE. degree in electronics &
information engineering from the Chonbuk National
University, Jeonju, Republic of Korea, in 2012, and
2014. He is currently working toward the Ph.D.
degree at Division of Electronics Engineering, Chon-
buk National University, Republic of Korea. His re-
search interests include RF filter, high-efficiency po-

wer amplifiers and RF transmitter.

mance improvement of power amplifier linearization te-
chniques," in Proceedings of IEEE MTT-S International
Microwave Symposium Digest (MTT), Baltimore, MD, 2011,
pp- 1—4.

[14] D. M. Pozar, Microwave Engineering, 4th ed. Hoboken,
NJ: John Wiley & Sons Inc., 2011.

Phirun Kim

received the B.E. degree in electronic engineering
from National Polytechnic Institute of Cambodia
(NPIC), Phnom Penh, Cambodia in 2010, the M.E.
degree in electronics engineering from the Chonbuk

National University, Jeonju, Republic of Korea, in

2013. He is currently working toward the Ph.D. de-

‘ p h gree at Division of Electronics Engineering, Chonbuk
4 National University, Republic of Korea. His research

interests include RF filter, power divider, impedance transformer, balun, and
high-efficiency power amplifiers.

Yongchae Jeong

received B.S.EE., M.SEE., and Ph.D. degrees in
electronics engineering from Sogang University, Seoul,
Republic of Korea in 1989, 1991, and 1996, respec-
tively. From 1991 to 1998, he worked as a senior
engineer with Samsung Electronics. From 1998, he
joined Division of Electronics Engineering, Chonbuk
National University, Jeonju, Republic of Korea. From
July 2006 to December 2007, he joined at Georgia
Institute of Technology as a visiting Professor. Now, he is a professor, mem-
ber of IT Convergence Research Center, and director of HOPE-IT Human
Resource Development Center of BK21 PLUS in Chonbuk National
University. He is currently teaching and conducting research in the area of

microwave passive and active circuits, mobile and satellite base-station RF
system, design of periodic defected transmission line, and RFIC design. Dr.
Jeong is a senior member of IEEE and member of the Korea Institute of
Electromagnetic Engineering and Science (KIEES). He has authored and
co-authored over 100 papers in international journals and conference pro-
ceedings.

81



