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A Design of Negative Group Delay Power Divider: Coupling Matrix
Approach with Finite Unloaded-Q, Resonators
Girdhari Chaudhary, Phirun Kim, Junhyung Jeong and Yongchae Jeong

Division of Electronics and Information Engineering, Chonbuk National University, Jeonju, Korea

Abstract — In this paper, a novel approach to design a power
divider with the predefined negative group delay (NGD) is
presented. The proposed topology is based on a coupling matrix
with a finite unloaded quality factor (Q.) of resonators, which does
not require any lumped elements such as resistor for generating
NGD. The NGD bandwidth and magnitude flatness can be
controlled by inter-resonating couplings. As an experimental
illustration, a microstrip line NGD power divider is designed and
fabricated at center frequency of 2.14 GHz. The measurement
results are in good agreement with simulations.

Index Terms — Delay lines, negative group delay, power
divider, pre-distortion amplifier.

[. INTRODUCTION

A propagation of electromagnetic waves in dispersive
media can lead to interesting phenomena including abnormal
negative group velocities (NGVs) and negative group delays
(NGDs) [1]. When an electromagnetic wave traverses in such
dispersive material or electronic circuit, the peak of a pulse
envelope emerges from a medium at an instant before a peak of
pulse enters. However, this phenomena does not violate
Einsteins’s causality, because turn on and off points of the wave
packet propagate with a positive delay in an agreement with the
casualty requirement. The structures that support a propagation
with the NGD have been theoretically and experimentally
studied at microwave frequencies and applied in various
applications such as realizing non-Foster reactive elements [2],
[3].

In microwave circuits and systems, power dividers are
widely adopted such as a feeding network in antenna arrays and
power divider/combiner in power amplifiers [4], [S]. Modern
RF wireless communication systems require highly linear high
power amplifiers because of complex modulation techniques to
handle higher data rate transmissions. A predistortion is one of
the low cost linearization techniques, which have advantages of
low-power consumption and simple circuit configuration [5]. In
this technique, it is crucial to match group delay (GD),
magnitude, and phase of different paths in the predistortion
circuit for a linearity enhancement. Therefore, if a research that
can demonstrate the power divider with the NGD would be
promising for the predistortion amplifier for compensating a
positive delay that can eliminate the delay element and
attenuator. In [6], the power divider with the NGD is presented,
but this structure suffers from a narrow NGD bandwidth (which
is defined as a bandwidth when GD < 0) and poor magnitude
flatness.

L
MSL .
My
M, ®
R,
(@) (b)

Fig. 1. (a) Topology of the proposed power divider and (b) even-mode
equivalent topology.

In this paper, the NGD power divider is presented based on
a coupling matrix approach, which provides a wider bandwidth
and excellent magnitude flatness.

II. DESIGN THEORY

The topology of the proposed power divider is shown in Fig.
1(a), where R;-Ry represent four lossy resonators and S, L, and
L, denote three ports. Since the structure is symmetrical, even-
and odd-mode analysis can be applied to find the S-parameters,
which is expressed as [4].

S SZle SZIe
1le \/5 \/5 (1)
[S] — h Szzp + S220 Szze — SZZo
V2 2 2
h Szzt» _Szza SZZe +S220
V2 2 2

where Siie, S22e, S210, and Sz, are S-parameters of even- and
odd-mode equivalent sub-circuits, respectively.

Fig. 1(b) shows the even-mode equivalent topology under the
even-mode excitation, which is equivalent to a second-order
filter with source-load and inter-resonating couplings.
Therefore, (N+2) X (N+2) coupling matrix of equivalent even-
mode sub-circuit can be expressed as [7].

0 MSI O MSL
M = Mg M, M, 0 (2)
‘ O MlZ MZZ M2L
MSL 0 MZL 0
For a finite unloaded quality factor O, and 3-dB fractional

bandwidth A, self-coupling values of lossy resonators are given
as below [7].

978-1-5090-0698-4/16/$31.00 ©2016 IEEE
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Fig. 2. Synthesized results of the proposed power divider with different
values of M.
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Assuming Ms; = M, the transmission coefficients of the
proposed power divider are expressed as (4).

“4)
WZLQ+j[MSLQZ+M§|M12_MSLM122_QA/£Zsz
Sy =8y =— > > > )
M;1+(MSL+1)M12_(MSL+1)QZ
2 2 2
M (M2 +1
\/5 + Sl""%_M;MQMSL
oA 20/A
2
+j(M§1+M5L+1jQ
QMA

And GDs of different transmission paths can be found as (5).

dss, _ dZS,

= )
dQ dQ

T =T =—

Based on above design equations, the synthesized results are
plotted in Fig. 2 and 3. As observed from Fig. 2, the magnitude
flatness as well as NGD bandwidth are controlled by the inter-
resonator coupling of resonators. For a wider NGD bandwidth,
a strong coupling between resonators is preferable. However, it
may decrease overall GD value. Similarly, the GD and
magnitude are also controlled by unloaded quality factor O, of
resonators as shown in Fig. 3. When the value of Q, increases
from 50 to 60, magnitudes of S»; (insertion loss) and NGD are
also increased. However, the low value Q, is preferable for a
low insertion loss.

A =2%, Mg, = 0.64, M, ,= 0.4096, Mg, = -0.8087
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Fig. 3. Synthesized results of the proposed power divider with different
values of Qu.

Fig. 4. EM simulation layout with physical dimensions: W1 = 1.8, W2
=37,W3=27,Lo=82,L1=123,L>=174,L3=14.1,L4=1.5,Ls
=20,L6=19.1,L7=20.2, g1 = 0.6, g2 = 6. (Unit: mm).

III. SIMULATION AND MEASUREMENT RESULTS

For an experimental demonstration, the power divider with
the GD of -0.5 ns is designed and fabricated at a center
frequency of 2.14 GHz. The circuit is fabricated on FR-4 epoxy
substrate with a dielectric constant of 4.4, thickness of 0.787,
and loss tangent of 0.02. The physical dimensions of the
fabricated circuit are optimized using ANSYS HFSS 15.

The resonators are implemented with open-circuited A/2
transmission line and coupling between source and load with
3M/4 line. Using HFSS Eigen-mode simulation, Q, of the A/2
resonator in the FR-4 epoxy substrate is estimated as 50. The
coupling matrix is extracted for the given specification of
power divider as Ms; = 0.69, M\, = 0.3468, and My, = -0.7677
with O, = 50 and A =2%. The electromagnetic (EM) simulation
layout of the designed NGD power divider is shown in Fig. 4
with physical dimensions. A A/4 impedance transformer is used
to match an input port.

978-1-5090-0698-4/16/$31.00 ©2016 IEEE
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Fig. 5. Simulated and measured magnitude and group delay of the
proposed power divider.

The simulated and measured GDs and magnitudes are shown
in Fig. 5. From the measurement, the insertion losses are |S»i|=
- 6.95 dB and |S31|= -6.97 dB, while the GDs are 7,; = -0.54 ns
and 73 =-0.56 ns at fo = 2.138 GHz. Due to the tradeoff between
maximum achievable NGD, insertion loss, and BW, the
appropriate parameter to compare performances of circuits is a
NGD-BW product. Therefore, the NGD-BW products for the
different transmission paths are determined as 0.034 and 0.0336,
respectively.

The simulated and measured return loss and isolation
characteristics are shown in Fig. 6(a). From the experiment, the
return losses are determined as |S1| =-28.9 dB, |S2,| =-17.5 dB,
and |S33] = -18.2 dB at fy. The measured isolation (|S23]) at fo is -
15.8 dB. The measured amplitude imbalance and phase
differences between the two output ports are shown in Fig. 6(b).
It can be seen that the maximum amplitude imbalance of 0.1
dB and the phase imbalance of £0.6° are observed over the
bandwidth of 100 MHz.

IV. CONCLUSION

A negative group delay power divider is proposed,
investigated, and fabricated in this paper. The proposed power
divider is analyzed and designed based a coupling matrix
approach with finite unloaded Q, resonators. The simulated and
measured results show negative group delay, good return, and
high isolation characteristics. The proposed power divider is
promising for compensating group delay mismatch between
direct and inter-modulation generation paths of predistortion
amplifier, which can eliminate the delay element. In addition,
this circuit can be also employed as a feeding network of series-
fed antenna arrays for a performance improvement by
compensating group delay and minimizing beam-squint
problem.
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Fig. 6. Simulated and measurement results of the proposed power
divider: (a) return losses/isolation and (b) amplitude/phase imbalances.
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