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ABSTRACT: This paper presents a novel approach to design a nega-
tive group delay (NGD) circuit based on finite unloaded quality-factor
resonators. The proposed topology does not require a lumped element
resistor to generate NGD. The NGD can be controlled by coupling
between source and resonators as well as by unloaded quality-factor of
resonators. Similarly, the NGD bandwidth can be controlled by coupling
between resonators. The proposed topology can further apply to design
power divider. The design theory of the proposed topology is proven
through fabrication of NGD circuit and power divider at a center fre-
quency of 2.14 GHz. The measurement results are in good agreement
with simulations and predicated theoretical results. © 2016 Wiley
Periodicals, Inc. Microwave Opt Technol Lett 58:2918-2921, 2016; View
this article online at wileyonlinelibrary.com. DOI 10.1002/mop.30184
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1. INTRODUCTION

Understanding effect of group delay (GD) has become critical
as the GD influences performance of RF/electronic circuits and
systems. The GD can be investigated by examining the phase
variation of transmitting scattering parameter. Recently, a nega-
tive group delay (NGD) refers to the phenomenon whereby an
electromagnetic wave traverses a dispersive material or electron-
ic circuit in such a manner that its amplitude envelope is
advanced through media rather than undergoing delay [1]. How-
ever, this phenomenon does not violate a causality, since the ini-
tial transient of the pulse is still limited to the front velocity that
does not exceed the speed of light in a vacuum [1,2].

NGD circuits have used in various practical applications of RF
communication systems, such as shortening or reducing delay
lines, enhancing the efficiency of feedforward linear amplifiers,
designing broadband and constant phase shifters, realization of
non-Foster reactive elements, and minimizing beam-squint in
series-fed antenna arrays [3—6]. The conventional NGD circuit
topologies utilized the resistors along with resonators to generate
the NGD and these circuits suffer from high signal attenuation,
narrow magnitude flatness, and NGD bandwidth. To overcome
these problems, researchers have attempted to design NGD circuits
using different methods such as cross-coupling between resona-
tors, increasing the number of resonators, and transversal-filter
topologies [7-9]. On the other hand, these works showed very
high signal attenuation (>28 dB for —1 ns). Moreover, except for
the work of Ref. [9], these NGD circuits also used resistor to gen-
erate NGD, which prevents fully distributed circuit realization.

2 2
1 (o o) _ M —M2, —
AN\ o 0.A 12

S L

MSL
S: Input port
L: Output port

Mg My, R;.R5: Resonators with
finite O,
R; R»
Ml 2
Figure 1 Coupling diagram of the proposed NGD circuit. [Color figure

can be viewed at wileyonlinelibrary.com]

Modern RF wireless communication systems require highly
linear high power amplifiers because of the complex modulation
techniques that are needed to handle the higher data rate trans-
missions. A predistortion method is cost-effective linearization
technique and has the advantages of low power consumption
and simple circuit configuration [10]. In this technique, it is cru-
cial to match GDs, the magnitudes, and phases of signals simul-
taneously in different paths of the predistortion circuit to ensure
linearity enhancement. For this purpose, a delay element, attenu-
ator, and phase shifter are used in predistortion circuits. There-
fore, a power divider with predefined NGD would be promising
for positive GD compensation in the predistortion amplifier that
can eliminate the delay element and attenuator.

In this paper, a novel topology of NGD is presented based
on finite unloaded quality-factor resonators. The proposed topol-
ogy does not require any resistor to generate the NGD. Further-
more, this topology can apply to design power divider with
predefined NGD characteristics.

2. DESIGN THEORY

2.1. Finite Unloaded Quality-Factor Resonators Based NGD
Circuit

Figure 1 shows the coupling diagram of the proposed NGD cir-
cuit using finite unloaded quality-factor (Q,) resonators where
both external couplings (Mg, and M;,) are equal. Similarly, the
self-coupling values (M;; and M,,), the source-to-load (M)
coupling, and load-to-source coupling (M;s) have the same mag-
nitude. The (N +2) X (N + 2) coupling matrix corresponding to
the coupling diagram shown in Figure 1 is given as [1].

0 Mg 0 Mg
Mg My Mp 0O
M= (D)
0 Mp My Mg
Mg 0 Mg O

where the subscripts S, L, 1, and 2 correspond to the source,
load, the first resonator, and the second resonator, respectively.

Assuming lossless source to load coupling coefficient and
My, =My = —j/Q,A, reflection and transmission coefficients of
the proposed NGD circuit can be obtained as (2) by using filter
synthesis theory [11].
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Figure 2 Calculated frequency responses of NGD circuit: (a) S-parameter magnitudes and (b) phase/GD characteristics. [Color figure can be viewed at

wileyonlinelibrary.com]
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where A, w, and wqy are 3-dB fractional bandwidth, operating
frequency, and center frequency, respectively. Furthermore, the
GD of the proposed circuit can be obtained using [3].

3

Tg NGD= —

d/SyNnep __ d tan=! Im (S21)
do do

do Re (Szl)

where Im(S,;) and Re(S,;) are the imaginary and real parts of
the transmission coefficient (S,;), respectively.

For matched input/output ports, S;; ngp in (2a) is set to zero at
o = wy to find the relationship between Mg; and Mg, with the
assumption of M, = aMgl, where a is any real positive value. For
an arbitrary value of My, the relationship between Mg, and Mg,
for matched input/output ports at o, can be found with [4], where
positive sign for Mg, > 1 and negative sign for Mg, < 1.
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To illustrate the above design equations, the calculated

responses of the proposed NGD circuit are shown in Figure 2
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Figure 3 Coupling diagram of the proposed power divider. [Color figure can
be viewed at wileyonlinelibrary.com]

DOI 10.1002/mop

2 ZM? 2 1 (o _ o . 2 1 0 o 2_ 1 _ar _A2MA2 . 2 Ty
2M51+Q“Z_+Q“A)K(% TJO>+J(MSL+1){7 (JT:) Tﬁ)) N M3, o —iga T2MiMg M, —jMy,

(2b)

MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 58, No. 12, December 2016

for different values of the coupling matrix. As observed from
Figure 2(a), the input/output output ports are matched at w.
Similarly, S,; is increased as M, increases toward a higher val-
ue. Moreover, the maximum GD at w, and the NGD bandwidth
(which is defined as bandwidth when GD < 0) are also increased
when M, is changed from 0.2738 to 0.5476 as shown in Figure
2(b) implying the need for controlling the coupling between res-
onators 1 and 2. Therefore, a strong coupling is required for a
wider NGD bandwidth. However, this decreases the maximum
NGD at wg. Therefore, a trade-off occurs between the insertion
loss, maximum NGD, and NGD bandwidth.

2.2. Application of NGD Circuit to Design Power Divider

The proposed NGD topology can be applied to design of a pow-
er divider. The topology of the proposed power divider is shown
in Figure 3, where R,—R, represent four resonators with finite

A =2%, Mg, =0.64, M, = 0.4098, Mg, =0.7928

0
g 2 —o—Q, =50
5 4 —4—Q, =60 :
"’.S'W
mﬁ ]
34+ T T T T T T T T
7 1
&
)
@
a
[N
3
2
o
o
Q
=
5
(2]
N
w:“-‘
N 70

— T T T T T T T T T T T T T T T T
2.09 210 211 212 213 214 215 216 217 2.18 2.19
Frequency (GHz)

Figure 4 Calculated frequency responses of the proposed power divid-

er with different values of Q,. [Color figure can be viewed at wileyonli-
nelibrary.com]
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Figure 5 Implemented NGD circuit: (a) EM simulation layout and (b)
photograph of fabricated circuit. Physical dimensions: L= 6.8,
Li=123, L, =174, [;=14.1, Ly=15,Ls=19.9, W, = 1.8, W, =38,
g1 =0.6, gob=06. (Unit: mm). [Color figure can be viewed at wileyonli-
nelibrary.com]

Q, and S, Ly, and L, denote three ports. Since the structure is
symmetrical, even- and odd-mode analysis can be applied to
find the S-parameters [12], which is expressed as (5).

—S“ S21e Sote ]
‘ V2 V2
[ S21e 2008220 S220—8220
[Spp]= 2 > 3 (5
S21e 8228220 S220+8220
L V2 2 2]

where Siie, S22es S21e, and Sop, are S-parameters of even- and
odd-mode equivalent sub-circuits, respectively.

Under even-mode excitation, the equivalent circuit is similar
to NGD topology shown in Figure 1. Therefore, the transmission
coefficients and GDs of power divider can be found as [6].

$21.pD=S831_PD= Sate _ 216D
- V2 V2

dLSypp __ dLS31pp
dw dw

(6a)

(6b)

T21 PD=T31_PD= —

Based on above design equations, the calculated frequency
responses of the power divider are shown in Figure 4. As
observed from this figure, the magnitude as well as NGD is con-
trolled by Q, of resonators as shown in Figure 4. When the val-
ue 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.

3. EXPERIMENTAL VERIFICATION

The goal of NGD circuit was to achieve a GD of —1 ns and
insertion loss of less than 3.8 dB at center frequency (fy) of
2.14 GHz under the assumption of termination port impedance
Zy of 50 Q. The calculated coupling matrix for the given speci-
fication of NGD circuit are given as Mg, = 0.69, M, = 0.3468,
Mg, = —0.7677, Q,, = 50, and A =2%.

The resonators are implemented with an open-circuited /2
transmission line. Using HFSS Eigen-mode simulation, Q, of
the 4/2 resonator in the FR-4 epoxy substrate is estimated to be
around 50. Similarly, the coupling between the source and load
is implemented with a step-impedance 34/4 line. The EM layout
and photograph of the fabricated NGD circuit are shown in Fig-
ure 5 with physical dimensions. The coupling coefficients
between source/load and resonators R;/R, are controlled by
varying L3 and g,. Similarly, the inter-resonator coupling coeffi-
cient is controlled by changing Ls and g,.
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Figure 6 Simulation and measured results of NGD circuit: (a) magni-
tude/GD and (b) return loss/phase characteristics. [Color figure can be
viewed at wileyonlinelibrary.com]

The simulated and measured results of NGD circuit are
shown in Figure 6. The measurement results are in good agree-
ment with the simulations. From the measurement results, the
insertion loss and GD of S,; at fy = 2.14 GHz are determined as
3.82 dB and —1.031 *=0.24 ns, respectively. The NGD band-
width is determined as 60 MHz, providing the NGD-bandwidth
product of 0.062. Similarly, the measured return losses (S;; and
S5,) and phase at f, are obtained as 30.48 dB and 90.96°,
respectively. Moreover, the return loss is higher than 12 dB in
the frequency range of 100 MHz.

Figure 7 EM simulation layout of power divider with physical dimen-
sions: W1 = 18, W2 = 37, W3 = 27, L() = 82, Ll = 123, L2 = 174,
Ly=14.1, Ly=1.5, Ls=20, Lg=19.1, L;,=202, g, =0.6, g,=6.
(Unit: mm). [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 8 Simulated and measured magnitudes and GDs of the pro-
posed power divider. [Color figure can be viewed at wileyonlinelibrary.
com]

Similarly, for an experimental demonstration, the power
divider with the GD of —0.5 ns is designed and fabricated at
fo=2.14 GHz. The EM-simulation layout of power divider with
physical dimensions is shown in Figure 7. A 1/4 impedance
transformer is used to match an input port.

The simulated and measured GDs and magnitudes of power
divider are shown in Figure 8. From the measurement, the inser-
tion losses are 1S, = —6.95 dB and IS5,/ = —6.97 dB, while the
GDs are 175, = —0.54 ns and t3; = —0.56 ns at f, =2.138 GHz.
Due to the trade-off between maximum achievable NGD, inser-
tion loss, and BW, the appropriate parameter to compare per-
formances of circuits is an NGD-BW product. Therefore, the
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Figure 9 Simulated and measurement results of the proposed power
divider: (a) return losses/isolation and (b) amplitude/phase imbalances.
[Color figure can be viewed at wileyonlinelibrary.com]
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NGD-BW products for the different transmission paths are
determined as 0.034 and 0.0336, respectively.

The simulated and measured return losses and isolation char-
acteristics of the power divider are shown in Figure 9(a). From
the experiment, the return losses are determined as 1S,/ = —28.9
dB, 1S, = —17.5 dB, and 1S53l = —18.2 dB at f;. The measured
isolation (IS,3l) at fo is —15.8 dB. The measured amplitude
imbalance and phase differences between the two output ports
are shown in Figure 9(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.

4. CONCLUSION

In this paper, a novel method to design NGD circuit with wider
bandwidth and magnitude flatness is presented based on finite
unloaded quality-factor resonators. The proposed circuit does not
require a lumped element resistor to generate NGD. Analytical
design equations are provided to calculate the coupling matrix
with predefined NGD. The proposed circuit topology was further
apply to design power divider with predefined NGDs. The design
theory was validated through fabrication of NGD circuit and pow-
er divider at center frequency of 2.14 GHz. The proposed circuit
can be applied in various applications of communication systems.
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