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Analysis of Microwave-Induced Thermoacoustic Signal
Generation Using Computer Simulation
Aulia Dewantari ∙ Se-Yeon Jeon ∙ Seok Kim ∙ Konstantin Nikitin ∙ Min-Ho Ka*

Abstract
Computer simulations were conducted to demonstrate the generation of microwave-induced thermoacoustic signal. The simulations
began with modelling an object with a biological tissue characteristic and irradiating it with a microwave pulse. The time-varying heating
function data at every particular point on the illuminated object were obtained from absorbed electric field data from the simulation result.
The thermoacoustic signal received at a point transducer at a particular distance from the object was generated by applying heating
function data to the thermoacoustic equation. These simulations can be used as a foundation for understanding how thermoacoustic
signal is generated and can be applied as a basis for thermoacoustic imaging simulations and experiments in future research.
Key Words: Computer Simulation, Heating Function, Microwave-Induced, Thermoacoustic.

I. INTRODUCTION
Several kinds of medical devices or systems can be applied for
imaging purposes. However, the current medical imaging technologies remain limited in some aspects. For example, only a
few imaging devices can be considered low cost, safe, accurate,
and portable. Microwave-based imaging techniques [1-4] have
been investigated for their capability to provide these aspects.
These techniques also provide relatively good dielectric contrast
and non-ionizing radiation. However, due to the large wavelength, obtaining a fairly good resolution is difficult. Another
kind of imaging called ultrasound imaging is known to provide
a good resolution, but it has limited contrast. Therefore, a new
technique called microwave-induced thermoacoustic imaging
[5-8], which can combine good contrast from microwave
imaging and good resolution from ultrasound imaging, was developed.

In thermoacoustic imaging, a short-pulsed microwave signal
is usually applied to irradiate the object to be imaged; in medical
imaging, the object is human tissue. Some of the microwave
energy is absorbed by the tissue, and acoustic waves or pressure,
generally referred to as thermoacoustic waves, are then generated from the tissue because of thermoelastic expansion [5].
The generation of thermoacoustic signal can happen only when
thermal confinement condition is fulfilled. To fulfill this condition, the pulse length should be very short; in many cases, a
pulse length within microseconds meets this requirement [9].
An acoustic transducer then measures the generated acoustic
signals, which are collected to form an image. Compared with
photoacoustic imaging, microwave-induced thermoacoustic imaging has a similar concept but with a different contrast mechanism and a larger penetration depth.
Before conducting thermoacoustic imaging experiments, conducting computational simulation is usually necessary. The rea-
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sons behind this procedure are as follows:
1. To understand the basic idea of thermoacoustic phenomenon.
2. To predict the the results of the experiments that will be
conducted.
3. To verify the effect of changing experiment parameters,
such as pulse length, pulse shape [10], frequency, etc.,
without conducting real experiments.
This study attempts to explain the generation of thermoacoustic signal by conducting computer simulation and implementing thermoacoustic wave equation. Simulation for obtaining theheating function data of an irradiated object is first
conducted.Then,the data are used to implement the thermoacoustic equation to obtain the received pressure wave from a
point transducer at a specific distance from the object.

H(r,t) can also be described by a specific absorption rate
(SAR). The SAR is usually adopted as a standard of energy
absorption rate when tissue is exposed to radio frequency
radiation and is defined as [7],

,

,

|

|

,

(3)

where |E| is the amplitude of the electric field intensity, σ is the
conductivity, ρ is the mass density, I(t) is the envelope of the
instantaneous power of the microwave signal, t is the time, and r
is the spatial location of a point on the object.
To obtain the heating function data, we need the electric field
data at position r and time t, as shown in Eq. (3). Therefore, a
simulation is conducted using CST Microwave Studio to obtain

Ⅱ. HEATING FUNCTION SIMULATION
In thermoacoustic, in response to a heat source H(r,t) and
without considering thermal diffusion and kinematical viscosity,
the pressure p(r,t) at position r and time t in an acoustically
homogenous liquid-like medium obeys the following wave
equation [11, 12]:

,

,

, ,

(1)

where p(r,t) is the thermoacoustic pressure at the position r and
time t, c is the speed of sound, β is the isobaric volume
expansion coefficient, Cp is the heat capacity, and H(r,t) is the
heating function defined as the thermal energy deposited by the
electromagnetic radiation per unit time and per unit volume.
In general, the solution to Eq. (1) in the time domain can be
expressed by [9]

,

∭|

,
|

Fig. 1. Thermoacoustic simulation model.
2

.

(2)

Fig. 2. Reflection coefficient of the dipole antenna: (a) in air, (b) in oil,
(c) in oil, dipole length is changed to match the required frequency, (d) in oil, dipole length is changed to match the required frequency and improved by impedance matching.
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the data of the electric field absorbed by the object.
The thermoacoustic simulation model is shown in Fig. 1.
The object is a fat (εr=5.44) cylinder with a diameter of 50 mm
and a height of 20 mm. This cylinder receives electromagnetic
radiation from an antenna placed 10 mm under the bottom
surface of the cylinder. The antenna used in this simulation is a
dipole antenna λ/2.
Both the cylinder and the antenna are surrounded by oil
(εr=2.1) as a coupling medium. In the real thermoacoustic experiment, the mechanical wave requires a coupling medium to
propagate and to be detected by the transducer.
Fig. 2(a) shows the reflection coefficient for the dipole antenna that works at a frequency of 0.9 GHz. To obtain a good
reflection coefficient, the impedance at the antenna port is
matched with the antenna’s radiation impedance. For the dipole
antenna, the radiation impedance is 168 Ω [13]. In Fig. 2(b),
the same antenna as in Fig. 2(a) is simulated in oil as coupling
material.
In this case, the working frequency is shifted to 0.7 GHz. To
reobtain the working frequency of 0.9 GHz, the dipole antenna
length is shortened to 110 mm (previously 168 mm). The result
of changing the antenna length is shown in Fig. 2(c). In Fig.
2(d), a better reflection coefficient is obtained by matching the
port impedance with the antenna’s radiation impedance of 110
Ω, which is smaller than the previous value as the impedance is
affected by εr of the coupling material this time.
The pulsed signal used to irradiate the object has a Gaussian
envelope modulation. Simulation is conducted using the Gaussian pulse with a 10-MHz bandwidth. The pulse shape and its
frequency spectrum are shown in Fig. 3.
Fig. 4 shows the 3D simulation result after radiating the

object with a 10-MHz bandwidth Gaussian pulse. The result
shows the electric field distribution absorbed by the object. The
numbers on the upper corner of each picture show the time
instance in nanoseconds. The brightness shows the intensity of
the E-field absorbed by the object; a dark color means a low
intensity of E-field, and a light color means a high intensity of
E-field. Given the E-field data at position r and time t, we can
calculate the heating function that is proportional to the squared
electric field value.
To observe the shape of the time-varying heating function
data at any point on the target, a time-varying electric field at
one particular point on the object is observed (the position of
that particular point is marked with an x in Fig. 5, as observed
from the side and top views). Fig. 5 shows that the shape of the
time-varying heating function data (represented by |E|2) follows
the shape of the Gaussian envelope of the radiated pulse.
III. PRESSURE SIGNAL FORMATION
Eq. (2) can also be written as [14],

,

∭|

〈

〉

,

,

|

(4)

where |E| is the amplitude of the electric field intensity, σ is the
conductivity, r is the position of the transducer (where the
thermoacoustic signal is observed), and r' is the position inside
the object where microwave is absorbed and acoustic signal is
generated.
The term

is constant, and

is also constant for an

object with a uniform material, e.g., fat only. All of the constant
terms are not included in this part for the sake of simplicity.
〈|

,

| 〉

The term
indicates the first time derivative of the
squared electric field value at position r'. Note that in this term,
t' is used instead of t. The term
positions with different distances |

Fig. 3. Gaussian pulse with a 10 MHz bandwidth (a) and its frequency
spectrum (b).

|

|

shows that for
′| from the transducer,
|

|

. To obtain
the resultant signal will have a different shift
an accurate result, Eq. (4) should be handled by applying
numerical integration. However, to simplify and roughly
estimate the resultant pressure signal, one can do a simple
summation of the generated thermoacoustic pressure in every
position inside the object. This method is useful and does not
need any complicated calculation.
The thermoacoustic signal generated by only one point inside
the object is shown in Fig. 6. The shape follows the first time
derivative of the Gaussian envelope. Fig. 7 shows an example to
describe the summation of the thermoacoustic signals from
three points inside the object with different shifts (i.e., different
distances to the transducer). The total signal after summation is
represented by the solid line.
3
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Fig. 4. 3D time-varying simulation result of the absorbed electric field distribution on the irradiated object (the numbers on the upper corner of
each picture show the time instance in nanoseconds).

Fig. 5. Time-varying |E|2 at one point for Gaussian excitation signal
with bandwidth of 10 MHz.

Fig. 7. Thermoacoustic signals from three different points inside the
object (dotted lines) and their summation result (solid line).

Another simulation is conducted using the same setting with
previous heating function simulations, but this time the irradiated object is a small sphere with a 1 mm diameter. The point transducer is assumed to be placed 25 mm from the object.
The generated thermoacoustic signal from the fat sphere
object, observed from a point transducer placed 25 mm from the
object, is shown in Fig. 8. The shape shows two peaks, one
positive peak and one negative peak, corresponding with the
shape of the first time derivative of the Gaussian envelope.
IV. CONCLUSION

Fig. 6. Thermoacoustic signal from one point inside the object.
4

Computer simulations are conducted to obtain absorbed
electric field data. Heating function data are then calculated
using the provided electric field data. The thermoacoustic signal
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Microwave Negative Group Delay Circuit: Filter
Synthesis Approach
Junsik Park ∙ Girdhari Chaudhary ∙ Junhyung Jeong ∙ Yongchae Jeong*

Abstract
This paper presents the design of a negative group delay circuit (NGDC) using the filter synthesis approach. The proposed design
method is based on a frequency transformation from a low-pass filter (LPF) to a bandstop filter (BSF). The predefined negative group
delay (NGD) can be obtained by inserting resistors into resonators. To implement a circuit with a distributed transmission line, a circuit
conversion technique is employed. Both theoretical and experimental results are provided for validating of the proposed approach. For
NGD bandwidth and magnitude flatness enhancements, two second-order NGDCs with slightly different center frequencies are
cascaded. In the experiment, group delay of 5.9±0.5 ns and insertion loss of 39.95±0.5 dB are obtained in the frequency range of 1.935–
2.001 GHz.
Key Words: Bandstop Filter, Frequency Transformation, Filter Approach, Low Pass Filter Prototype, Negative Group Delay.

I. INTRODUCTION
Most media exhibit a normal propagation characteristic called
subluminal velocity, where the speed of propagation of individual time-harmonic components is slower than the speed of
light,c, in vacuum at all frequencies. However, in a specific and
narrow frequency band of signal attenuation or at an anomalous
dispersion frequency, the group velocity is observed to be greater
than c. This abnormal wave propagation is called superluminal
velocity or negative group velocity [1, 2]. At first, the concept of
superluminal velocity seems to defy causality. However, many
practical experiments have shown that the concept of superluminal velocity does not violate the definition of a causal system [3–5].
One example of the concept of superluminal velocity is the
negative group delay (NGD); this refers to the phenomenon
whereby an electromagnetic wave traverses a medium in such a

manner that its amplitude envelope is advanced rather than
delayed [6]. Recently, many studies have designed negative
group delay circuits (NGDCs) and used them in practical applications such as enhancing the efficiency of a feed-forward amplifier [7], shorting delay lines [8], realizing non-Foster reactive
elements [9], and minimizing beam-squint problems in seriesfed antenna arrays systems [10].
The conventional design method of active and passive
NGDCs is based on only single RLC resonators [11–18]. The
NGD bandwidth and magnitude flatness should be as wide as
possible for applications in RF circuits and systems. However,
conventional NGDCs suffer from smaller NGD bandwidth
and poor magnitude flatness. To overcome these problems,
some studies have attempted to design NGDCs using different
methods such as cascading the number of resonators with slightly different center frequencies [16] and cross-coupling between resonators [17].
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NGDC are easily obtained from the LPF by applying the
following frequency transformation [19].



1



'

 

 0

Z0

Lssk 
Cssk

(b)
Fig. 1. (a) Low-pass filter prototype and (b) proposed structure of a
negative group delay circuit.
Table 1. Specifications of negative group delay circuits
N

LPF prototype
element values

f0 (GHz)

Δ(%)

Maximum
GD @ f0 (ns)

2

g1= g2=1.4142

1.962

10

-6.0

3

g1=g3=1
g2=2

1.962

10

-6.0

LPF=low-pass filter, GD=group delay.

In this study, a filter synthesis approach is applied to design
an NGDC. In this proposed method, circuit element values are
obtained from low-pass filter (LPF) prototypes by applying a
frequency transformation.
II. DESIGN EQUATIONS ANALYSIS

(1)

k  1, 2, N

where N is the order of the filter. Fig. 1(b) shows the structure
of the proposed NGDC. The lumped elements of the proposed

(3b)

Z0 gk 

(4a)

0

Cspk 

1

(4b)

Z 0 g k 0

The resistors are inserted into the shunt and series resonators
to obtain the required NGD. The values of these resistors are
obtained by analyzing the shunt-series and series-parallel branch
elements [18], respectively. The resistances in the shunt-series
branch of the NGDC for the required NGD are given as
follows.
Rssk 

 Z0 2

Z0 2 

2

 4 Z 0 Lssk 

(5)

2

where τ and αare the GD and correction factor, respectively.
Similarly, the resistance in the series-parallel branch of the
NGDC is given are given as follows.

Fig. 1(a) shows the Butterworth LPF prototype. The element
values of the LPF are obtained as follows [19].
2N

(3a)

gk 0
g 
 k
Z 00

where Z0, gi, and ω0 are the port impedance, i-th prototype
element value, and center frequency of the NGDC, respectively. Similarly, the element values of the series-parallel branch
(Lspj, Cspj) are given as follows.

Lspk 

 2k  1  ,

(2)

where Δ and ω0 are the 3-dB fractional bandwidth (FBW) and
center frequency of the NGDC, respectively. The elements
values of the shunt-series branch (Lssi,Cssi) are given as follows.

(a)

g k  2 sin

0 





Rspk 

 2Cspk 



2 Cspk   4 Z 0 Cspk
2

(6)

2

A correction factor α is substituted into (5) and (6) to consider the fact that each resonator contributes to GD and
increases the overall GD so that it is higher than the required
value for the overall circuit as N increases. Substituting α into

Table 2. Element values of negative group delay circuits (NGDCs) with GD=-6 ns
N
2
3

Lss1

14.34

20.28

Css1

0.4588

0.3245

Rss1

8.18

15.14

Unit: Lssk, Lspk (nH); Cssk, Cspk (pF); Rssk, Rspk (Ω).
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Element values of the proposed NGDC
Lsp2
Csp2
Rsp2
1.147

1.622

5.736

4.056

305.5

279.2

Lss3

Css3

Rss3

20.28

0.324

15.14

Group Delay (ns)

Magnitude S21 (dB)
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0
-10

N=2

-20

N=3

-30
Increased SA

-40
2
0
-2
-4
-6

Fig. 4. Proposed negative group delay circuit with J-inverters and shunt-series RLC circuits.

N=3

N=2

NGD BW with N=2
NGD BW with N=3

-8
-10
1.80

1.84

1.88

1.92

1.96

2.00

2.04

2.08

2.12

2.04

2.08

2.12

Frequency (GHz)

(a)
120

S21 (Deg)

80

N=2
N=3

40
0
-40
-80
-120
1.80

1.84

1.88

1.92

1.96

2.00

Frequency (GHz)

(b)
Fig. 2. Synthesized results of proposed negative group delay circuit
(NGDC) with different numbers of stages N: (a) group delay/
magnitude and (b) phase characteristics.
Table 3. Calculated NGD BW and SAmax for different numbers of
filter stages
N

GDmax(ns)

NGD (GD < 0) BW (MHz)

SAmax(dB)

2
3

-6
-6

200
240

24.48
34.96

NGD=negative group delay, BW=bandwidth, GDmax=maximum achieved group delay, SAmax=maximum signal attenuation.

circuit element values of the proposed NGDC are shown in
Tables 1 and 2, respectively. As shown in Fig 2(a), the NGD
bandwidth increases slightly with N. However, the signal
attenuation (magnitude of S21) also increases for the same maximum achievable GD, which can be compensated using general purpose gain amplifiers. Therefore, the signal attenuation
(SA) of the proposed NGDC should be as small as possible so
that the number of gain amplifiers can be reduced. The NGD
bandwidth and maximum SA of the simulated circuits are
shown in Table 3. From Table 3, it is clear that a trade-off
between the NGD, insertion loss (magnitude of S21), NGDbandwidth, and number of stages N should be considered. Fig.
2(b) shows the phase characteristics of the NGDC with N=2
and N=3. As seen from Fig. 2(b), the phase of S21 increases with
frequency (positive slope) in the case of an NGDC, indicting
the presence of NGD.
The proposed NGDC shown in Fig. 1(b) consists of both
shunt-series (Rssk, Lssk, Cssk) and series-parallel (Rspk,Lspk, Cspk)
lumped elements. A series parallel-resonator is difficult to implement at the microwave frequencies owing to the limited
feasibility of the designed lumped elements.
To overcome this problem, the circuit conversion technique
can be applied to convert the series-parallel lumped elements
(Rspk, Lspk, Cspk) into shunt-series lumped elements (Rcssi, Lcssi, Ccssi)
using admittance inverters (J-inverters), as shown in Fig. 3. The
corresponding conversion relations are given as follows.

these equations compensates for the deviation from the required
value.
Fig. 2 shows the synthesized results of the NGDC with
different numbers of stages N. The specifications and calculated

Fig. 3. Series-parallel to shunt-series circuit transformation.

Fig. 5. Structure of cascaded two-stage negative group delay circuit
(NGDC) for NGD bandwidth and magnitude flatness enhancements. Physical dimensions: L1=22.90, L2=26.10, L3=5,
L4=55.2, L5=57.36, W1=3.54, W2=0.32, W3=0.54, W4=0.36,
W5=0.58 (unit: mm).
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Fig. 6. Simulated and measurement results of cascaded two-stage negative group delay circuit.

Fig. 7. Photograph of fabricated negative group delay circuit.

Rcssi 
Lcssi 

1
J i2 Rspk

(7a)

Cspk

(7b)

J i2

Ccssi  J i2 Lspk

(7c)

Theoretically, the value of the J-inverter can be chosen arbitrary. However, in practice, J-inverters should be chosen carefully because their physical dimensions must be realizable
without any difficulties. Fig. 4 shows the overall structure of
proposed NGDC; it consists of J-inverters and shunt-series LC
resonators. The J-inverters can be implemented using quarterwavelength transmission lines. The shunt-series LC resonators
can be implemented using either short-circuited half-wavelength or open-circuited quarter-wavelength resonators [19].
III. SIMULATION AND EXPERIMENTAL RESULTS
To validate the proposed design method, a second order
NGDC was designed and fabricated on a substrate with dielectric constant (εr) of 2.2 and thickness (h) of 31 mils. The goal
was to design an NGDC with GD of -6 ns at a center frequency of 1.97 GHz. In this work, J-inverters and shunt-series
LC resonators are implemented with λ/4 transmission line and
10

short-circuited λ/2 transmission lines, respectively.
As shown by the results in the previous sections, the NGD
bandwidth of the proposed circuit is narrow. One of the ways to
increase the NGD bandwidth is to increase N. However,
increasing N cannot provide a large increase in the NGD
bandwidth, as shown in Fig. 2; however, the insertion loss is
increased. Another way to employ an NGDC with a wider
NGD bandwidth is to cascade NGDCs operating at slightly
different center frequencies as shown in Fig. 5. Therefore, in
this study, to enhance the NGD bandwidth and magnitude
flatness, two-stage NGDCs with center frequencies of 1.932
and 2 GHz and FWB of 10% are cascaded. Fig. 5 shows the
physical dimensions of the designed NGDC.
Fig. 6 shows the simulation and measurement results of the
fabricated cascaded two-stage NGDC and comparison with
NGDCs with N=4 and N=5. The measurement results agreed
well with the simulation results. The measured GD time and
insertion loss were -5.9±0.5 ns and 39.95±0.5 dB, respectively, in the frequency range of 1.935–2.001 GHz.
These results also show that the NGD bandwidth and
magnitude flatness are wider than those of NGDCs with N = 4
and N=5 and conventional NGDCs [11-17]. However, the
trade-off among the NGD, bandwidth and magnitude flatness
should be considered. The small fraction of NGD and insertion
loss differences between the simulation and the measurement
are due to the parasitic components of the resistors. Fig. 7
shows a photograph of the fabricated NGDC.
Table 4 shows a performance comparison of the proposed
NGDC with those in previous works. Owing to the trade-off
among the maximum achieved GD (GDmax), maximum SA
(SAmax) and NGD bandwidth (NGD-BW), the figure of merit
(FOM) of NGD circuits can be defined as follows.

FOM  

GDmax  NGD  BW
.
SAmax,dB

(8)

As seen from Table 4, the proposed NGDC provides the
Table 4. Performance comparison of the proposed NGDC with those
in previous works
Ref.
[7]
[13]
[16]
[17]
[18]
This work

GDmax
(ns)
-9.0
-7.9
-5.8
-1.1
-1.7
-5.9

SAmax
(dB)

64.2
16.9
26.8
29.3
16
39.95

GDmax± 0.5 ns
BW (MHz)
30
10
60
350
60
70

FOM
0.089
0.078
0.112
0.083
0.043
0.131

NGDC=negative group delay circuit, GDmax=maximum achieved group delay, SAmax=maximum signal attenuation, BW=bandwidth, FOM
=figure of merit.
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highest FOM and best performance in terms of GD/magnitude
flatness even though the SA is higher than of some previously
proposed NGDCs [13, 16-18].
IV. CONCLUSION
In this paper, a filter synthesis approach is applied to design a
NGDC. The circuit elements of the proposed filter can be
obtained from LPF prototype elements. The proposed circuit
was implemented with a distributed transmission line using a
circuit conversion technique. An experiment was performed to
validate the proposed design method. The measurement results
agreed well with the simulation results. The proposed NGDC
shows the highest FOM, large negative group delay, good magnitude flatness, and wider negative group delay-bandwidth.
This work was 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).
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with Second Harmonic Suppression
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Abstract
This paper presents a design of an impedance transformer (IT) with high frequency selectivity characteristics. The frequency selectivity
can be controlled by even- and odd-mode impedance of a shunt coupled transmission line (TL). For experimental validation, a 50- to 20Ω IT was implemented at a center frequency (f0) of 2.6 GHz for the long-term evolution signal. The measured results were in good
agreement with the simulations, showing a return loss higher than 19 dB over a passband bandwidth of 0.63 GHz (2.28–2.91 GHz) and
good sharp frequency selectivity characteristic near to the passband. The series coupled TL provides a transmission zero at 5.75 GHz,
whereas the shunt coupled TL provides three transmission zeros located at 2 GHz, 3.1 GHz, and 7.14 GHz.
Key Words: Coupled Line, Impedance Transformer, Selectivity, Transmission Zeros.

I. INTRODUCTION
An impedance transformer (IT) is one of the fundamental
components in RF and microwave circuits. It transforms a specific impedance to another impedance and has been implemented in various applications, such as power dividers [1], baluns [2, 3], and antennas [4]. In [5], an open-circuited coupled
line impedance transforming symmetric Chebyshev and asymmetric Butterworth DC blocks were presented. It can provide
a perfect matching performance at a center frequency (f0) with a
relatively narrow bandwidth. Similarly, a multi-conductor coupled transmission line (TL) was proposed in [6], in which the
coupled port was connected back to the input port in order to
enhance the bandwidth. However, the out-of-band suppression
is poor. The IT using a lumped equivalent circuit of left-handed
TL section with an impedance transforming ratio (r) of 2 was
mentioned in [7]. All presented works were focused on the

passband matching characteristics only and did not consider an
out-of-band suppression characteristic. If a frequency selective
IT can be realized, the total size, insertion loss, and out-of-band
suppression of the RF circuit or system can be improved. To
enhance the out-of-band suppression with the bandpass response, coupled TLs IT with shunt TL were proposed in [8, 9].
Moreover, an ultra-high impedance transforming ratio IT was
designed using two cascaded coupled TLs [10]. There are three
different matching regions which are categorized by different
performances. However, the presented works did not provide a
high frequency selectivity characteristic. In [11], the high frequency-selectivity impedance transformer was presented using
coupled TL and shunt step impedance transmission lines. The
transmission zero can be controlled by varying characteristic
impedances of shunt TLs. However, the variation of transmission zero is limited due to the realization of high and low
characteristic impedance TLs of shunt stub TL.
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Fig. 2. Reflection coefficient characteristics at center frequency according to Z0e with different r.
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Fig. 1 shows the proposed IT structure. It consists of a series
coupled TL with odd- and even-mode impedances (Z0o and Z0e)
and a shunt coupled TL with odd- and even-mode impedance
(Z0os and Z0es) connected at the source impedance. The electrical
length (θ) of both coupled TLs is given as the quarterwavelength (λ/4) at f0. The load impedance (ZL) can be transformed to the source impedance (ZS) by controlling Z0o and Z0e
of the series coupled TL. Moreover, the shunt coupled TL is
used to create passband transmission poles as well as two transmission zeros near to the passband, which are located at the
lower and upper sides of the passband, respectively.
The reflection and transmission coefficients of the proposed
IT network can be derived from [12], as shown in Eqs. (1) and
(2)
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II. DESIGN EQUATION
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In this paper, a design method for an IT with high selectivity
characteristics is presented based on parallel coupled TLs. The
characteristic impedance of a shunt coupled TL can be provided
with wideband and high selectivity characteristics. To verify the
proposed IT network, a 50- to 20-Ω IT was designed, simulated, and fabricated at the f0 of 2.6 GHz.
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Fig. 1. Structure of proposed impedance transformer.
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At f0, the reflection coefficients can be reduced as (3).

S11

f0

Z m2  4rZ S2
 2
Z m  4rZ S2

(3)

As seen from this equation, the reflection coefficient only
depends on Z0e and Z0o of the series coupled line, and is
independent of Z0es and Z0os.
Using (3), the calculated reflection coefficient (S11) at f0
according to Z0e is shown in Fig. 2 by assuming Z0o= 50 Ω, ZL
= 50 Ω, ZS = 20 Ω and 14.3 Ω (r = 2.5 and 3.5). From Fig. 2,
the reflection coefficient can be categorized into three different
matching regions [8] depending on Z0e, which can be described
by (4).
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r
r
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Fig. 4. Simulated S11 and S21 of all matched regions.
Table 1. Calculated values of proposed circuit with different return
losses and matched regions
ZL = 50 Ω, r = 2.5, Z0o = 50 Ω, Z0es = 98Ω, Z0os = 50 Ω
UnderOverPerfect
|S11|f0
Region
matched
matched
matched

-20 dB
Fig. 3. Calculated coupling coefficient values according to r for S11 of (a)
-20 dB and (b) -30 dB.

The value of Z0e with specified values of S11, ZS, and r at f0
can be found by using (3) and (4a) for an under-matched
region, as shown in (5).

Z 0e  2Z S



r 1  S11
1  S11

f  f0

 Z

(5)

0o

f  f0

Similarly, the value of Z0e for an over-matched region can be
found from (3) and (4b), as shown in (6).

Z 0e  2Z S



r 1  S11
1  S11

f  f0

 Z

0o

-30 dB

Z0e (Ω)

107.21
111.27

Ceff 

Z 0e  Z 0o
Z0e  Z0o

119.92
115.28

113.24
113.24

(8)

The calculated coupling coefficients of series coupled line are
plotted in Fig. 3 according to different r, matched regions, and
return losses. The calculation is done by assuming ZL = 50 Ω,
Z0o = 50 Ω, and S11 = -20 dB and -30 dB. The calculated
values are also shown in Table 1 for different return losses and
matched regions. As seen from Fig. 3, Ceff decrease as r increases. Therefore, the series coupled TL can be easily realized

(6)

f  f0

For the perfect matched region, S11 becomes zero. Therefore,
the value of Z0e can be determined as (7).

Z 0 e  2Z S r  Z 0 o

(7)

As seen from (5), (6), and (7), characteristic impedances (Z0e,
Z0o) of a series coupled TL can be controlled bythe return loss
and r. In addition, characteristic impedances of the shunt
coupled TL are determine to provide transmission poles in the
passband and transmission zeros in the out-of-band.
From (5), (6), and (7), the coupling coefficient (Ceff) of series
coupled line for different matched regions are obtained as (8).

Fig. 5. Simulated S11 and S21 of under-matched regions with different
Z0es.
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Table 2. Calculated and optimized physical dimensions (mm) of
proposed circuit

Ws
Ls
Ss

Calculated
Optimized

WC SC

ZS

LC

Wc

0.97
1

Sc

0.18
0.2

Lc

22
20.3

Ws

1.12
1.09

Ss

0.22
0.22

Ls

21.88
21.1

By choosing Z0es = 98 Ω and Z0os = 50 Ω, the transmission
zeros are located at the same frequency for all matched regions.
Fig. 5 shows S-parameter characteristics in the undermatched region with different even-mode impedances of shunt
coupled TL for investigating selectivity and transmission poles.
As Z0es decreases, the transmission poles are moved to near the
passband which provides a good frequency selectivity characteristic. However, the bandwidth of the passband is slightly
narrowed with smaller Z0es. Therefore, the trade-off between the
bandwidth and frequency selectivity characteristic is required to
choose a proper Z0es.

ZL

(a)

III. SIMULATION AND MEASUREMENT RESULTS
(b)
Fig. 6. (a) Layout and (b) photograph of the designed IT network.

for high r without any fabrication difficulty. Also, a high return
loss characteristic can be achieved using a loose Ceff.
To verify the analytical design equations, the S-parameter
characteristics are shown in Fig. 4 for the maximum S11 of -20
dB in the case of the under-matched, perfect matched, and
over-matched regions. As seen from Fig. 4, two poles in passband are obtained only in the case of the under-matched region,
whereas a single pole is obtained in the perfect matched and
over-matched regions. Therefore, the under-matched region is
preferable for the widest return bandwidth characteristics.

S-parameters (dB)

0

-10

-20

-30

S11 Sim.

S21 Mea.

S21 Sim.

S11 Mea.

-40
0

1

2

3

4

5

6

7

Frequency (GHz)

Fig. 7. Simulation and measurement results of proposed impedance
transformer.
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For validation of the proposed IT network, the 50- to 20-Ω
(r = 2.5) IT with the maximum S11 of -20 dB at 2.6 GHz was
designed, simulated, and measured. According to the simulation
performance shown in Fig. 4, the under-matched region was
chosen. The circuit was fabricated on an RT5880 substrate with
εr = 2.2 and h = 31 mil. The electromagnetics (EM) simulation
was performed using HFSS v15 from Ansoft.
The circuit size of the proposed IT is 27 mm  30 mm. Fig.
6 shows the EM simulation layout and photograph of the
designed IT network. The calculated and optimized physical
dimensions are shown in Table 2.
Fig. 7 shows the EM simulation and measurement results of
the fabricated circuit. The measured results are in good agreement with the simulations. From the measured results, the
return loss was determined to be 19.6 dB at f0. Similarly, 19 dB
return loss bandwidth is 0.63 GHz (2.28–2.91 GHz). The
maximum insertion loss in the same passband is smaller than
0.4 dB. As seen from the measurement result, one transmission
zero is obtained on the lower side near the passband and three
transmission zeros are on the upper side, providing good selectivity characteristics. A λ/4 shunt coupled TL generates three
transmission zeros at 2 GHz, 3.1 GHz, and 7.14 GHz, respectively. Moreover, the λ/4 series coupled TL generates a
transmission zero at 5.75 GHz. The proposed IT provides
sharp frequency selective matching and out-of-band suppression
characteristics. The selectivity characteristic of the proposed IT
is beneficial when it is applied to frequency selective circuit
designs, such as high power, high efficiency, and high linear
amplifier designs. The performance comparisons with previous
published works are summarized in Table 3. Although reference
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Table 3. Performance comparison with previous works
Ref.
[5]
[6]
[7]

f0
(GHz)
2
1.5
3

[8]

2.6

[11]

2.6

[10]
This
work

FBW (%)
≈7*
8.5*
6.6*

13.5*

Impedance
ratio (r)

Selectivity

5

1.4 and 3.95 GHz

2
3.4
2

NA
NA
NA

2.6

8.27**
30.7*

2.5

1.77 and 3.7 GHz

2.6

24.3**

2.5

2 and 3.1 GHz

10

NA

* -20 dB S11 FBW, ** -19 dB S11 FBW.

[11] provides a wider fractional bandwidth (FBW), the selectivity is worse than the proposed circuit.
IV. CONCLUSION
This paper presents the design of an impedance transformer
with frequency selectivity characteristics. The frequency selective
characteristic can be controlled by changing the shunt evenmode impedances of the shunt coupled transmission line. Both
the simulation and measurement results were provided to validate the proposed impedance transformer. The proposed impedance transformer is simple to design and fabricate in the microstrip line.
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Design of Dual-Band Bandpass Filters for Cognitive
Radio Application of TVWS Band
Kun-An Kwon ∙ Hyun-Keun Kim ∙ Sang-Won Yun*

Abstract
This paper presents a novel design for dual-band bandpass filters. The proposed filters are applicable to the carrier aggregation of the TV
white space (TVWS) band and long-term evolution (LTE) band for cognitive radio applications. The lower passband is the TVWS band
(470–698 MHz) whose fractional bandwidth is 40 %, while the higher passband is the LTE band (824–894 MHz) with 8 % fractional
bandwidth. Since the two passbands are located very close to each other, a transmission zero is inserted to enhance the rejection level
between the two passbands. The TVWS band filter is designed using magnetic coupling to obtain a wide bandwidth, and the LTE band
filter is designed using dielectric resonators to achieve good insertion loss characteristics. In addition, in the proposed design, a
transmission zero is placed with cross-coupling. The proposed dual-band bandpass filter is designed as a two-port filter (one input/one
output) as well as a three-port filter (one common input/two outputs). The measured performances show good agreement with the simulated performances.
Key Words: Cognitive Radio, Cross Coupling, Dual-Band BPF, TV White Space.

I. INTRODUCTION
Wireless communication systems require larger frequency
bandwidth because multimedia transmissions have become
commonplace. Through frequency aggregation, wider bandwidth can be accommodated; thus, high-speed data can be
transmitted via the combined wider bandwidth. Recently, for
spectrum sharing, the TV white space (TVWS) band has
been open for wireless communication applications. Therefore, this band must be aggregated with a conventional mobile frequency band. Such mobile communication systems
require bandpass filters that cover more than two frequency
bands in order to aggregate two separate frequency bands.
These multiband bandpass filters have been studied by many
researchers [1–5]. Most design methods focus on two or

more narrow communication bands; however, in this new
design, a TVWS band with a large bandwidth is combined
with conventional narrow communication bands. In this
paper, a design method for a dual bandpass filter (BPF), in
which the two passbands include a wide TVWS band and a
narrow long-term evolution (LTE) band, is proposed. To
acquire sufficient coupling for the wide bandwidths, the
method proposed in [6] is used. The proposed filter has two
bands whose lower passband covers 470–698 MHz bandwidth, while the higher passband occupies 824–894 MHz.

II. DESIGN PROCEDURES
A dual-band BPF is designed based on the procedures for
standard Chebyshev BPFs [7]. The filter consists of two
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Z 0 (50  )

6.28nH

11.92pF

Fig. 3. Designed bandpass filter for the TV white space (TVWS) band
with cross couplings.
0

S-parameters (dB)

4.69nH

0.7pF

Z 0 (50  )

BPFs at the center frequencies of 584 MHz and 859 MHz,
respectively. The two BPFs are designed, and then two filters
are combined. The conventional BPF design for the TVWS
band is shown in Fig. 1, where air coils (0806SQ; Coilcraft
Inc., Cary, IL, USA) are used to reduce the insertion loss.
Since the two passbands are located very close to each other,
in order to obtain sufficient isolation between the two passbands, transmission zeros are introduced in the stopband. In
the proposed design, cross couplings are included as shown in
Fig. 2(a) [8, 9]. The influence of the cross-coupling capacitor
is shown in Fig. 2(b). The larger the coupling capacitances,
the nearer they become to the passband, as shown in Fig.
2(b). Too large cross-coupling can cause deterioration of passband characteristics.
The designed BPF for the TVWS band is shown in Fig. 3.
The frequency responses of the designed BPF together with

-10
-20
-30
-40

Z 0 (50  )

11.34nH

11.5pF

11.5pF

11.5pF

Z 0 (50  )

-50
11.5pF

Z0

Fig. 1. Conventional bandpass filter configuration for the TV white space
(TVWS) band.
C
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Fig. 2. Bandpass filter with cross couplings between nonadjacent resonators: (a) designed circuit and (b) simulated results.
20
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0.7
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0.9
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Fig. 4. Frequency responses of two bandpass filters for the TV white
space (TVWS) band (solid=with cross couplings, dotted=without
cross couplings).

the conventional BPF (Fig. 1) [10] are compared in Fig. 4,
where the isolation by transmission zeros is pronounced. In a
similar manner, the BPF for the LTE band is designed. In
this band, the bandwidth is narrow, and dielectric resonators
(DRs) are used to reduce the insertion loss. The conventional
three-pole BPF is shown in Fig. 5(a), where resonators made
of lumped elements are replaced with DRs [11, 12].
To increase the isolation characteristics, transmission zeros
are also introduced in this design as shown in a modified
circuit in Fig. 5(b). As the passband is narrow, the series
coupling inductors are replaced with parallel LC resonant
circuits; the transmission zeros are located at the stopband
between the two passbands. A comparison of the simulated
performances is shown in Fig. 6, where the solid line represents the responses with transmission zeros.
Next, the two designs are combined in two ways. The
resulting filter network has a common input port and a common output port, as shown in Fig. 7, while in the other
design a common input port together with two output ports,
the TVWS band output and the LTE band output, are separated as a diplexer (Fig. 8).
Figs. 7 and 8 show two different types of filter networks.
Since the two designed BPFs have very good isolation cha-
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racteristics, optimization using ADS software was performed
without much difficulty combining the two filters. The element values of the two networks are presented in Tables 1
and 2.
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III. MEASURED RESULTS
The proposed dual-band BPF was fabricated on a 0.8-
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Fig. 7. Designed dual-band bandpass filter (two ports).
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Fig. 5. Designed LTE-band bandpass filter: (a) conventional circuit and
(b) circuit with transmission zeros.
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Fig. 8. Designed dual-band bandpass filter with a common input port
and two output ports (three ports).
Table 2. Parameter for three-port dual-band bandpass filter
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Fig. 6. Simulated frequency performances of Fig. 5(a) and (b).
Table 1. Parameter for two-port dual-band bandpass filter

L1
14

L2
27

L3
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L4
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L5
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Lp1
16

Lp2
13

Cp1
8

Cp2

Cc1
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εr

Di
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L
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18nH

L3

0.5

1

DR

38.5

Unit: Ln (nH), Cn (pF), Di, Do, L (mm)

2

6

14.5

mm-thick FR-4 (relative dielectric constant of 4) substrate.
Fig. 9 shows the simulated and measured S-parameters of
the two-port design. The insertion loss (S21) of the TVWS
and LTE bands was measured as 1.9 dB and 2.1 dB,
respectively. The return loss characteristics (S 11 ) were
measured at lower than –10 dB within both passbands. The
isolation levels between two bands were obtained below –30
dB. Fig. 10 shows the S-parameter of the three-port design.
The insertion loss was measured at less than 1.3 dB within
both passbands, and the return loss was lower than –10 dB
together with about 30 dB of isolation characteristics. Table
3 summarizes the measured return loss, insertion loss, and
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RF Conductivity Measurement of Conductive Zell Fabric
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Abstract
This study presents a conductivity measurement technique that is applicable at radio frequencies (RF). Of particular interest is the
measurement of the RF conductivity of a flexible Zell fabric, which is often used to implement wearable antennas on clothes. First, the
transmission coefficient is measured using a planar microstrip ring resonator, where the ring is made of a Zell fabric. Then, the fabric’s
conductivity is determined by comparing the measured transmission coefficient to a set of simulation data. Specifically, a MATLABbased root-searching algorithm is used to find the minimum of an error function composed of measured and simulation data. Several
error functions have been tested, and the results showed that an error function employing only the magnitude of the transmission
coefficient was the best for determining the conductivity. The effectiveness of this technique is verified by the measurement of a known
copper foil before characterizing the Zell fabric. The conductivity of the Zell fabric at 2 GHz appears to be within the order of 104 S/m,
which is lower than the DC conductivity of 5×105 S/m.
Key Words: Conductivity, Material Characterization, Ring Resonator, Zell Fabric.

I. INTRODUCTION
In recent years, wearable antennas for body-worn communication systems have been studied extensively [1]. One way to
realize such antennas is by using conductive fabrics [2]. Such
fabrics are highly flexible, durable, and restorable, and they can
be directly integrated onto clothing by ordinary sewing or embroidering techniques. To derive an appropriate antenna design,
it is essential to have accurate information about the electrical
properties of conductive fabrics, especially the conductivity (σ)
at the antenna’s operation frequency.
Commonly, the manufacturers of conductive fabrics provide
the DC sheet resistances (Rs) measured by the well-known
four-point probe or van der Pauw methods [3, 4]. The DC
sheet resistance values range from 0.02 to 0.8 Ω/sq [5], implying that the DC conductivity ranges from s=1.2×104 to 5×
105 S/m based on the formula s=1/(Rs×t), where t is the

thickness of the fabric. This study aims to measure the RF
conductivity instead of the DC one to realize accurate modeling
of wearable antennas.
Many studies have measured the RF permittivity of dielectrics. However, few studies have measured the conductivity of
highly conductive materials at RF. In [6, 7], a planar resonator
is used as a test fixture to measure the quality factor (Q-factor)
with the conductor under test inserted in. Then, the conductor’s
σ is obtained from a closed-form equation of the Q-factor
under the assumption that the dielectric and radiation losses are
trivial. However, in practice, these losses may distort the
resulting σ, and they should not be underestimated.
As an alternative, full-wave simulation data can be used to
estimate the conductivity instead of the approximate closedform equations.In a full-wave simulation tool, a structure identical to the material under test is modeled, and then, the simulation data is collected by varying the material properties
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Fig. 1. Geometry of microstrip ring resonators. The ring is made of the
material under test.

(e.g., σ). Subsequently, the measured and simulated data are
compared in a root-searching algorithm to find the best fit.
Recent reports have verified the effectiveness of this method for
the measurement of the dielectric constant (εr) and loss tangent (tanδ) of an antenna substrate [8, 9].
In this paper, we present a conductivity measurement method
by employing a planar ring resonator (shown in Fig. 1) and
surrogate-based optimization (SBO) [10] as the root-searching
tool. Section II provides an outline of the measurement process.
Section III demonstrates the effectiveness of the proposed
method by measuring a copper ring with known conductivity.
Section IV discusses the conductivity measurement of the Zell
fabric. The results appear to be within the order of 104 S/m,
which is lower than the DC conductivity of the order of 105
S/m reported by the manufacturer.

Fig. 2. Flow chart of the conductivity measurement process.

Fig. 3. Fabricated copper ring resonator

II. OVERVIEW OF PROPOSED MEASUREMENT METHOD
Fig. 2 shows a flowchart of the conductivity measurement
process. A microstrip ring resonator with H=1.6 mm, W=90
mm, and L=140.3 mm is fabricated on a FR-4 substrate to
measure the transmission coefficient (S21). This resonator is
fabricated to exhibit a resonance of around 2 GHz, which is the
frequency of interest. The transmission lines between the ports
and ring are made of copper, and the ring is made of the
material under test. The main radius of the ring is R=25.9 mm,
and the width of both the ring and the transmission lines is
wl=3.2 mm to conform to the 50-Ω impedance matching condition at 2 GHz. The coupling gap separating the feeding lines
from the ring should have an appropriate size to avoid any effect
on the fields of the resonant structure and to minimize losses.
Specifically, the gap is set to 0.64 mm to support resonance
around 2 GHz based on the ring resonator design equation
found elsewhere [11].
Meanwhile, a resonator identical to the fabricated one is
modeled in a full-wave simulation tool (Ansys HFSS). The
conductivity of the ring in the simulation model is varied to

Fig. 4. Simulated and measured S21 of copper ring resonator (simulation from σ=107 to 108 S/m).

collect a set of S21 data, as shown in the right-hand-side branch
in Fig. 2. The measured S21 and the set of simulated S21 values
are then compared in an error function formulated using the
magnitude and phase of S21. The conductivity of the unknown
fabric is determined when the error function becomes zero (or
close to zero). We use SBO as the iterative comparator to
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efficiently search for a σ value that minimizes the error function. SBO is widely used to find solutions of nonlinear electromagnetic problems as it offers an efficient iterative scheme by
intelligently choosing the best sampling and evaluation strategies. In this work, the MATLAB toolbox for SBO provided
by Ghent University, Belgium [12] is used.

The proposed measurement method is first tested with a ring
made of copper. Fig. 3 shows the fabricated copper ring resonator and Fig. 4, the measured and simulated S21 magnitudes.
For the simulation data, S21 is collected by varying s of the ring
from 107 to 108 S/m with an interval of 100.0625 (i.e., 17 points
are considered). As can be observed, the resonator is correctly
designed to resonate around 2 GHz, and only a slight perturbation is observed in the simulation results as the copper
conductivity is high enough.
The set of simulated S21 values is compared with the measured S21 value using an error function in the SBO process. The
error function should be formulated carefully to obtain an
accurate result. Initially, we used an error function composed of
only the magnitude of S21, namely,
~r
r
EF1  S 21  S 21

1.5

Kriging Model
EF1 Values

1.25

EF1

1
0.75
0.5
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Fig. 5. Error function values and corresponding Kriging model from
surrogate-based optimization (SBO) process.
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Fig. 7. Simulated and measured S21 values of Zell ring resonator.

where
, and
are the magnitudes of the simulation and
measurement at the resonant frequency. Fig. 5 shows the error
function values along the sampled conductivity points and the
interpolated Kriging model after the SBO process. The error
function is minimum at σ=107.24 (1.74×107 S/m). This
retrieved conductivity is lower than the DC conductivity of pure
bulk copper (σ=5.7×107 S/m) and is close to the conductivity
of plated copper at microwave frequency [13, 14]. It is also

0
7

Fig. 6. Fabricated Zell ring resonator.

S21 [dB]

III. MEASUREMENT WITH COPPER RING RESONATOR

known that the conductivity becomes lower as the frequency
increases owing to the skin effect and surface roughness.
IV. MEASUREMENT OF ZELL FABRIC
After measuring the conductivity of copper using the proposed method, we measured the conductivity of the Zell fabric,
a metalized nylon fabric. The Zell fabric under test has a
thickness of 0.1 mm and DC surface resistance as low as 0.02
Ω/sq [5], corresponding to a DC conductivity of 5×105 S/m.
Fig. 6 shows the microstrip ring resonator with the ring made
of Zell fabric. The Zell fabric ring is attached on the FR-4
substrate using fast-drying urethane glue. The glue has trivial
influence on the resonator performance because its layer is very
thin and its relative permittivity (3.2 at 23℃) is close to that of
the FR-4 used. On the other hand, a ring resonator with the
same dimension as that shown in Fig. 6 was modeled in the
full-wave EM simulator, and S21 values were obtained by varying the conductivity of the ring from 103.75 to 106 S/m. Specifically, 37 values were collected with an interval of 100.0625 S/m.
Fig. 7 shows the measured and simulated S21 magnitude data.
The measurement is performed using Anritsu Vector Network
Analyzer MS2038C, which as measurement uncertainty of 0.04
dB around 2 GHz.
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where ∠ , and ∠ are the phase of the simulated and
measured S21 at the resonant frequency, respectively. In EF3 and
EF4, the arithmetic mean of S21 is used by averaging S21 data
over a 300-MHz bandwidth (i.e., 31 frequency points). Here, h
and l are index numbers of the frequencies that are 150 MHz
higher and lower than the resonant frequency, respectively. The
constants a and b in EF2 and EF4 are scaling factors to compensate for the difference of order between the magnitude and
phase, respectively.
The SBO toolbox compares the simulated and measured data
using the abovementioned error functions to determine the
conductivity of the Zell fabric. Fig. 8(a)–(d) show the resulting
Kriging models when EF1 to EF4 are considered, respectively.
The error function minima for EF1, EF2, EF3, and EF4 are
located at σ=104.335 (2.16×104 S/m), 104.38 (2.4×104 S/m),
104.11 (1.29×104 S/m), and 104.11 (1.29×104 S/m), respectively.
The consistency among these error functions demonstrates that
including the phase (e.g., EF2) or averaging over a bandwidth
(e.g., EF3 and EF4) does not alter the obtained conductivity
value. This implies that formulating the error function using
only the S21 magnitude (e.g., EF3) is sufficient to evaluate the
conductivity using the proposed method. Furthermore, it
should be noted that the measured conductivity of the Zell
fabric at 2 GHz shows an order difference from the DC
conductivity given by the manufacturer (5×105 S/m) [5]. This
may be due to the significant ohmic loss as well as the surface
roughness seen at the microwave frequency.
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As shown in Fig. 7, the simulated S21 peak is broader and
lower for the ring with lower conductivity, and the measured
data falls somewhere within the simulated conductivity range.
For the conductivity retrieval process, we test four different
error functions in addition to EF1 in the previous section. The
other three are

V. CONCLUSION

3.3

In this paper, a new measurement technique for evaluating
RF conductivity is described. The proposed method employs a
microstrip ring resonator, full-wave simulation data, and SBO
optimization technique to measure the conductivity of a conductive fabric at a microwave frequency. We first evaluated the
conductivity of plated copper using the proposed method, and
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4
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Fig. 8. (a–d) Error function values and corresponding Kriging models
from surrogate-based optimization (SBO) process.
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then, we applied it to measure the conductivity of a Zell fabric.
For both cases, the conductivity values around 2 GHz were
lower than the known DC conductivity. This is because highfrequency currents mostly flow along the surface owing to the
skin effect and concurrent influence of the surface roughness of
the conductor. Therefore, it is important to measure the highfrequency conductivity of newly introduced conductive materials
to formulate an accurate model of antennas and RF components.
This research was supported by the Basic Science Research
Program through the National Research Foundation of Korea
(NRF) funded by the Ministry of Science, ICT, & Future
Planning (No. 2013R1A1A1005735).
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Design of a Switchplexer Based on a Microstrip Ring
Resonator with Single-Switch Operation
Wook-Ki Park1 ∙ Chi-Hyung Ahn2 ∙ In-Ryeol Kim3 ∙ Soon-Soo Oh3,*

Abstract
This paper proposes a reconfigurable microstrip diplexer, also known as a switchplexer, for use with single-switch operation of frequency
band and output path. The proposed switchplexer is composed of a rectangular ring resonator and a switch on a shorting pin, which is
inserted between the ring resonator and the ground plane. The rotated main current distributions occurring at different switch statuses
provide the diplexer’s different operating bands and different output ports. The performance of the simply designed switchplexer is
successfully demonstrated via simulation and measurement.
Key Words: Diplexer, Filter, Reconfigurable Diplexer, Switchplexer.

I. INTRODUCTION
Diplexers are an essential component of modern wireless
communication systems, where fast progress in wireless and
mobile technology has created a demand for multi-band and
multi-functional capabilities. Microstrip diplexers, due to
their low profile, light weight, low cost, and easy integration
with other front-end circuitry, have recently become more
popular. In the past, numerous diplexers have been proposed
[1–4]. However, these previous diplexers have all had fixed
frequency bands. As multiband communication systems have
been developed, multiband filters and tunable filters have
been proposed [5–7]. The technique for multi-band and
multi-functional capabilities using the diode and switch has
also been found to be useful in other microwave applications,
such as for use with reconfigurable antennas [8, 9]. Recently,

the diplexer and switch in time-division communications
systems were combined into one device, called the switchplexer [10–12].
Fig. 1 shows the concept of the switchplexer [12], which
integrates both the switch and the diplexer. The switch can
change the signal path between the receiving and transmitting signals, as described in [11, 12], or it can change the
signal path between the two receiving signals with different
bands, as shown in [10]. The diplexer consists of two or
more bandpass filters. The benefit of the switchplexer is that
it decreases the insertion loss and the amount of space
occupying, making even the design process easier [10].
This paper proposes a new microstrip switchplexer that
can change the current distribution electrically on the rectangular ring resonator using only single-switch operation.
The elements contained in the switchplexer depend on the
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Fig. 1. Switchplexer concept.

system configuration to be implemented. The switchplexer
shown in [11] integrates the switch, diplexer, and even the
balanced-to-unbalanced (balun) transformer. Meanwhile, the
switchplexer studied in [12] integrates the switch, diplexer,
and low-noise amplifier (LNA). The switch integrated in [10]
is the double-pole double-throw (DPDT) switch, and it is
connected to two antennas for multiple-input multipleoutput (MIMO). The proposed switchplexer in this paper
contains the switch and diplexer consisting of two band-pass
filters.
The switchplexer proposed in this paper has been designed
for application with low-cost time-division systems. For this
reason, a one-wavelength microstrip resonator was utilized
with one switch. This accomplished a simple and low-cost
switchplexer. The diplexer of previous work described in [8–
11] was configured with the cascaded filters. However, the
diplexer of the proposed switchplexer is the simple one resonator. This kind of switchplexer utilizing a one-wavelength
microstrip resonator and a single switch has been reported, as
far as we know. The simulation and measurement results
indicate the validity of the proposed technique.
II. SWITCHPLEXER DESIGN
The geometry of the proposed microstrip switchplexer is
shown in Fig. 2. As shown in Fig. 2(a), the simple reconfigurable switchplexer consists of a square-ring resonator and
a switch on a shorting pin.
Port 1 is connected to the antenna, and port 2 and port 3
are connected to the transmitting or receiving system by
band I or band II, respectively. Meanwhile, port 1 is directly
connected to the diplexer, and the two output ports (port 2
and port 3) use parallel couple lines for tight coupling between the rectangular resonator and the feed lines. The gap
and width of the coupling microstrip have been optimized by
manual tuning, resulting in g1 = 0.3 mm and W2 = 0.5 mm.
Similarly, the length of the coupling microstrip for port 2
and port 3 as shown in Fig. 2(a) is L3= 23.5 mm and L4 = 18
30

(a)

(b)
Fig. 2. Geometry of the proposed microstrip switchplexer: (a) top view
and (b) side view.

mm, respectively. The width of the 50- port is W1 = 2.3
mm, which is the same for the three ports.
The shorting pin is inserted between the ground plane and
the rectangular ring resonator, as shown in Fig. 2(b). The
radius of the shorting pin is 0.5 mm. The on/off connection
between the microstrip and the shorting pin has been done
using the switch operating by supplying voltage.
The circumferential length of the ring is one wavelength.
Therefore, the lateral outer length of the square ring is L =
30 mm. Meanwhile, each internal length of square ring in
the x- and y-direction is L1 and L2 in Fig. 2(a), due to the
fine tuning for the different frequency bands of 2.14 GHz
and 2.24 GHz.
Here, the relative dielectric constant, loss tangent, and
thickness of the dielectric substrate is r =.2, tan = 0.0009,
and h = 30 mil, respectively. The thickness of the cladded
copper on the substrate is about t = 18 m.
The positions of port 1, 2, and 3, as marked in Fig. 2(a),
are closely related to the operating principle, as described in
next paragraph. This results in S1 = 4.7 mm and S2 = 11.0
mm.
The operating principles can be explained using Fig. 3,
which shows the surface current distributions of the switchplexer according to the different switch status. The strong
current distribution is marked with the large arrow, while the
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(a)
Fig. 4. Photograph of the fabricated switchplexer.
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(b)
Fig. 3. Surface current distributions on the proposed switchplexer: (a)
switch closed and (b) switch opened.

weak current distribution is marked with the small arrow.
The idea proposed in this paper came from the unloaded
ring and loaded-ring resonators described in [13], where the
polarization of the loaded ring is rotated by 90° compared to
that of the unloaded ring. Because the rectangular shape is
not important, the circular ring can also be used.
In Fig. 3(a), the main current is distributed horizontally at
the switch-closed status and coupled with the feed line of
port 2 (path A). This is analogous to the current distribution
for the shorting-pin loaded-ring resonator, as shown in [13].
In contrast, at switch-open status, the current distributions
are vertically directed; therefore, they are coupled with the
feed line of port 3 (path B), as shown in Fig. 3(b). This is
analogous to the current distribution for the unloaded-ring
resonator, as shown in [13].
These results demonstrate that the current path can be
controlled electrically using single-switch operation.
III. SIMULATED AND MEASURED RESULTS
The simulation has been performed using a three-dimensional electromagnetic simulator from CST Microwave
Studio. A prototype switchplexer was fabricated and measured to verify the proposed switchplexer characteristics. The
topology of the fabricated reconfigurable diplexer is shown in
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Fig. 5. Simulated transmission coefficients (S21 and S31) for the shorting
pin position to the switch-closed status.

Fig. 4. The Tx and Rx resonator have been designed to provide passbands centered at 2.14 GHz and 2.24 GHz, respectively. The diode for the shorting function was soldered
between the microstrip patch and the ground. The utilized
PIN diode is SMP1345-079; this diode was produced by
Skyworks.
Fig. 5 shows the investigated shorting pin position for the
optimal design of the switchplexer. Here, the switch is closed.
The shorting pin is also offset by the S2 from the center of
the microstrip’s rectangular ring. Because the offset S2 = 0.0
mm, the insertion loss is poor. As the offset increases, the
matching characteristic becomes good, and the frequency
shifts to the low frequency. Here, the optimized insertion
loss is S2 = 11 mm.
Fig. 6 shows the simulated reflection and transmission
coefficients for the switch-open and switch-closed statuses.
In the closed switch, the prototype obtained an insertion loss
of 0.9 dB at 2.14 GHz. The 3-dB bandwidth was about 90
MHz and the isolation between port 2 and port 3 was 16 dB,
as shown in Fig. 6(a). In the open switch, the insertion loss
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Fig. 6. Simulated reflection and transmission coefficients for switch
status: (a) switch-closed status and (b) switch-opened status.

of 1.25 dB was achieved at 2.24 GHz. The 3-dB bandwidth
and the isolation were 90 MHz and 15 dB, respectively, as
shown in Fig. 6(b).
Fig. 7 shows the measured results for the switch-open and
switch-closed statuses. DC-feeding was configured using a
ZFBT-4R2GW-FT+ bias-tee (Mini-Circuits, Brooklyn, NY,
USA). The measured insertion loss was 2.22 dB at 2.12
GHz for the switch-closed status and 2.59 dB at 2.24 GHz
for the switch-open status. The measured isolation between
port 2 and port 3 was 17.1 dB and 19.9 dB for the switchopen and switch-closed statuses, respectively. The 3-dB
bandwidth was 153 MHz for the switch-closed status and 65
MHz for the switch-open status. Strong agreement was
observed between the measured and simulated results. The
insertion loss of the fabricated switchplexer was not small,
but the simulated switchplexer had a small value that could
be utilized in a real application. This difference might be due
to the modeling error caused by the PIN diode and shorting
pin.
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IV. CONCLUSION
This study proposed a reconfigurable microstrip diplexer,
called a switchplexer, which changed its current distributions
electrically with only single-switch operation at different
bands of 2.14 GHz and 2.15 GHz. These frequencies are
only designed for verification the proposed switchplexer, but
easily tuned for the commercial frequency band adjusting the
parameter of the ring resonator. An isolation level of more
than 15 dB was also obtained for both the switch-open and
switch-closed statuses. The simple and low-cost design for a
switchplexer using only a rectangular microstrip line resonator and a switch may be suitable for time-division communication systems.
This research was supported by a research fund from
Chosun University in 2015.
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Quadruple Band-Notched Trapezoid UWB Antenna
with Reduced Gains in Notch Bands
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Abstract
A compact ultra-wide band antenna with a quadruple band-notched characteristic is proposed. The proposed antenna consists of a slotted
trapezoid patch radiator, an inverted U-shaped band stop filter, a pair of C-shaped band stop filters, and a rectangular ground plane. To
realize the quadruple notch-band characteristic, a U-shaped slot, a complementary split ring resonator, an inverted U-shaped band stop
filter, and two C-shaped band stop filters are utilized in this antenna. The antenna satisfies the –10 dB reflection coefficient bandwidth
requirement in the frequency band of 2.88–12.67 GHz, with a band-rejection characteristic in the WiMAX (3.43–3.85 GHz), WLAN
(5.26–6.01 GHz), X-band satellite communication (7.05–7.68 GHz), and ITU 8 GHz (8.08–8.87 GHz) signal bands. In addition, the
proposed antenna has a compact volume of 30 mm× 33.5 mm× 0.8 mm while maintaining omnidirectional patterns in the H-plane. The
experimental and simulated results of the proposed antenna are shown to be in good agreement.
Key Words: Band-Stop Element, Four Notches, Radiation Pattern, Reduced Gain, Ultra-Wide Band.

I. INTRODUCTION
Since the US Federal Communications Commission allocated the frequency band from 3.1 GHz to 10.6 GHz for
ultra-wide band (UWB) systems, UWB technology has attracted a great deal of interest due to its low cost, low complexity, and extremely high data rate transmission capabilities
for short range communication. In addition, UWB systems
are resistant to severe multipath and jamming environments
[1]. However, UWB systems potentially cause interference
with coexisting wireless communication systems, such as the
WiMAX (3.3–3.6 GHz), WLAN (5.15–5.82 GHz), and Xband (7.9–8.7 GHz) signal bands. Therefore, UWB antennas should ideally have band notch functions.
To avoid potential interference, UWB antennas with single [2–6], dual [7–11], or triple [12–15] band rejection func-

tions have been presented. Recently, UWB antennas with
quadruple notch bands [16, 17] have also been reported.
However, these antennas do not have good rejection levels of
peak gains in all desired notch bands. Selectively creating a
narrow stop band and a wide stop band for different notch
bands is challenging. For example, the WiMAX band has a
relatively narrow band (300 MHz), whereas the WLAN
(675 MHz), X-band (500 MHz), and ITU 8 GHz (800
MHz) bands have relatively wider bands. Therefore, establishing different ways of achieving the band rejection characteristic for each notch band is preferable.
To resolve the task of selectively obtaining the different
notch band bandwidths, a trapezoidal UWB antenna with
quadruple notch slots, filters, and a complementary split ring
resonator (CSRR) to design the proposed band-notched characteristic considering the space limitation imposed on the
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antenna and band rejection elements. The proposed antenna
structure is simulated using the ANSYS High-frequency
Structure Simulator (HFSS), which is a commercial 3-D
full-wave electromagnetic simulation program. The simulation and measurements both indicate quadruple band rejection with central frequencies of 3.5 GHz (WiMAX), 5.5
GHz (WLAN), 7.4 GHz (X-band), and 8.4 GHz (ITU 8
GHz band) with excellent quadruple band-notched characteristics.
II. ANTENNA CONFIGURATION
Fig. 1(a) depicts the geometry of the proposed trapezoid
UWB antenna. The dimensions of the optimized antenna
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Table 1. Optimized antenna parameters
Parameter
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L3
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4.5
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3.5
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Parameter
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G1

G2

mm

2.7

5

3.1

5

0.5

0.2

are shown in Table 1. The antenna is designed on an FR-4
substrate with a thickness of 0.8 mm, relative permittivity of
4.4, and a loss tangent of 0.02. The proposed antenna is fed
by a 50-Ω microstrip line. The equivalent circuit of the patch
antenna and the band-stop element is shown in Fig. 1(b).
The proposed design is optimized by considering several
aspects, such as the size of the band-stop elements, bandwidth of the antenna, bandwidth of the notch bands, level of
band rejection, and radiation patterns. Considering the relatively sharp and narrow bandwidth of the notched WiMAX
band, a CSRR structure is used as a band rejection element
in the proposed antenna because CSRRs are electrically small
RLC resonant elements with a high quality factor at microwave frequency. The length of the CSRR is La = L4 +
2(L3 + L5 + L6) = 30.4 mm. To generate a relatively wide
notch band for X-band satellite communication, a pair of Cshaped band stop filters is placed on both sides of the
transmission line. The length of the single C-shaped band
stop filter is Lb = L9 + 2(L7 + L8) = 12.8 mm. To obtain
relatively wide-notched WLAN and ITU 8 GHz signal
bands, a U-shaped slot and a U-shaped band stop filter are
utilized in the proposed antenna. The length of the slot is Lc
= 2L1 + L2 = 18.4 mm, and the length of the filter is Ld =
2L10 + L11 = 11.2 mm. In designing the antenna, the total
length of the proposed band-stop elements can be empirically approximated by

Ltotal 

g
2



0
c

2  eff
2 f notch  eff

 eff 
Top View

Bottom View

(c)
Fig. 1. Antenna configuration: (a) geometry of the proposed antenna,
(b) equivalent circuit of the model of the patch antenna and the
band-stop element, and (c) fabricated antenna.
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r 1
2

(1)
(2)

where λ0 is the free space wavelength, fnotch is the center
frequency of the notch band, and c and εeff are the speed of
light and the approximated effective dielectric constant,
respectively. The length of the proposed band-stop elements
approaches half of the guided wavelength (λg/2). The notch
band frequency and fractional bandwidth of the band-stop
elements, respectively, are

f notch 

1
2 Leq Ceq

(3)
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2 f notchQ

1
2
Leq
4 2 f notch

(4)
(5)
(6)

where Leq and Ceq are the equivalent inductance and capacitance, respectively, of the proposed equivalent circuit of the
band-stop elements, FBW is the fractional bandwidth with
the magnitude of the input impedance dropping to 0.707 of
its peak value, Q is the quality factor, and Req corresponds to
the real part of the input impedance at the notch band center
frequency. The width of the CSRR and U-shaped slot is 5
mm, and the width of the C-shaped and U-shaped band stop
filters is 0.2 mm. The gap between the C-shaped band stop
filter and the transmission line is G1 = 0.5 mm, and the gap
between the U-shaped band stop filter and the transmission
line is G2 = 0.2 mm. To obtain an omnidirectional radiation
pattern in the H-plane, a monopole type of the trapezoidal
UWB antenna is used.
III. ANALYSIS AND RESULTS
Fig. 1(c) shows a photograph of the fabricated antenna,
and Fig. 2 depicts the measured and simulated S11 characteristics of the antenna. The designed antenna exhibits a wide
bandwidth of 2.88–12.67 GHz, completely covering the
WiMAX, WLAN, X-band downlink, and ITU 8 GHz signal bands with quadruple notch bands of 3.44–3.85 GHz,
5.26–6.01 GHz, 7.05–7.68 GHz, and 8.08–8.87 GHz, respectively.
Single Notch Band for WiMAX
To avoid interference with the WiMAX band, a single
band-notched design with a CSRR structure is presented
and analyzed in this section. The band-notched characteristic
at the desired frequency can be obtained by adjusting the
length of the CSRR to approximately half of a wavelength.
The effects of four different lengths of the CSRR La on the
reflection coefficient bandwidth are shown in Fig. 3(a). A
sharp and narrow notch band is obtained when La is changed
from 29.6 mm to 30.8 mm. With consideration of the required notch band and the limited space for inserting the
band-stop elements, 30.4 mm is chosen for La in the design.
Fig. 3(b) illustrates the input impedance of the desired
single band-notched structure for the WiMAX band. At a
central frequency of 3.5 GHz, the imaginary component
curve exhibits a parallel resonance characteristic, and the real
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Fig. 2. Measured and simulated S11 characteristics of the proposed
antenna.
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Fig. 3. Antenna configuration: (a) S11 characteristics of the single notch
band (WiMAX) for various La and (b) input impedance of the
proposed single notch band for WiMAX.

part has a peak of around 400 Ω. The parallel resonant phenomenon opens the input terminal, so that the antenna cannot radiate efficiently at this frequency.
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Fig. 6. S11 characteristics of the single notch band with a C-shaped
filter and with a pair of C-shaped filters for the X-band.
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Fig. 4. Antenna configuration: (a) S11 characteristics of the single notch
band (WLAN) for various Lc and (b) input impedance of the
single notch band for WLAN.
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S11 [dB]

Single Notch Band for WLAN
To suppress the unwanted WLAN band, a single bandnotched structure with a U-shaped slot is presented and
analyzed in this section. The band-notched characteristics at
the desired frequency can be obtained by adjusting the length
of the U-shaped slot to be approximately half of a wavelength. The effects of the key parameter corresponding to the
four different lengths of the U-shaped slot Lc on the reflection coefficient bandwidth of the presented design are
shown in Fig. 4(a). Wide notch bands are obtained when Lc
is changed from 17.6 mm to 18.8 mm. With consideration
of the required notch band and the space limitation for using
a slot on the radiator, Lc is selected to be 18.4 mm.
Fig. 4(b) shows the input impedance of the required single
band-notched design for the WLAN band. When the
frequency is 5.3 GHz, the imaginary component approaches
10 Ω. When the frequency is 5.8 GHz, the imaginary part
exhibits a parallel resonance, but the real part peaks at

around 120 Ω. The series and parallel resonances at 5.3 and
5.8 GHz have minor effects on the impedance matching
performance. Thus, radiation performance suffers in the
WLAN band because of impedance mismatching.
Single Notch Band for X-band Satellite Communication
To minimize the potential interference with X-band
satellite communication, a single band-notched design with a
single C-shaped filter and a pair of C-shaped filters is
presented and analyzed in this section. The band-notched
characteristic at the desired frequency can be obtained by
adjusting the length of the filter Lc to be approximately a half
wavelength and by adjusting the gap G1 between the constant
gap G1 = 0.5 mm on the reflection coefficient bandwidth. In
Fig. 5, a relatively wide notch band is obtained when Lb is
changed from 12.0 mm to 13.2 mm. The reflection coefficient bandwidth near 11 GHz decreases when Lb is smaller than 12.8 mm. Moreover, the performance of the band
rejection level deteriorates when Lb is larger than 12.8 mm.
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Thus, with consideration of the desired notch band, the S11
characteristics at high frequency, and the band rejection level,
Lb is selected to be 12.8 mm. Although it covers the required
notch band for the X-band, the total level of band rejection is
still at a low level. Therefore, a pair of C-shaped filters is
located on both sides of the transmission line. Fig. 6 shows
the difference in the S11 characteristics of the single notch
band with a single C-shaped filter and with a pair of Cshaped filters for the X-band. The band rejection level is
better when locating a pair of C-shaped filters than a single
filter. However, with a pair of C-shaped filters located on
both sides of the transmission line, the reflection coefficient
near 11 GHz deteriorates. To attain impedance matching
near 11 GHz without destroying the band rejection level, the
effect of the gap G1 on the rejection level is analyzed in Fig.
7(a). The rejection coefficient near 10 GHz deteriorates
when G1 is smaller than 0.5 mm. Moreover, the band
rejection level decreases when G1 is larger than 0.5 mm.
Consequently, G1 is selected to be 0.5 mm.
The input impedance of the antenna with a single notch
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Fig. 7. S11 characteristics of (a) the single notch band (X-band) for various
G1 (Lb = 12.8 mm) and (b) input impedance of the proposed
single notch band for the X-band.

band for the X-band downlink is shown in Fig. 7(b). At 7.2
GHz, the imaginary component curve exhibits a series resonance characteristic, and the real part is close to 10 Ω.
Therefore, the radiation performance deteriorates at this frequency because of impedance matching.
Single Notch Band for ITU 8 GHz Signal Band
To reduce the unwanted ITU 8 GHz signal level, a singlenotched band structure with a U-shaped band stop filter is
applied to a trapezoid UWB antenna. The band-notched
characteristic at the desired frequency can be obtained by
adjusting the length of the filter Ld to be approximately a half
wavelength and the gap G2 between the filter and the
transmission line. The influence of the four different lengths
of the filter Ld with a constant gap G2 = 0.1 mm is shown in
Fig. 8(a). A wide notch band is obtained when Ld is changed
from 10.0 mm to 11.6 mm. In consideration of the desired
notch band performance for the ITU 8 GHz signal band, Ld
is selected to be 10.8 mm. Fig. 8(b) shows the S11 characteristics for a gap G2 varying from 0.2 mm to 0.8 mm with
a constant length Ld = 10.8 mm. The band rejection level
decreases when G2 is larger than 0.2 mm. Thus, 0.2 mm is
chosen for G2 in the design. Fig. 8(d) shows the S11 characteristics of the single notch band (ITU 8 GHz band) for
various Le. In this work, 9.8 mm is chosen for Le. With Le
increasing or decreasing, the bandwidth in ITU 8 GHz band
is broadened, and the impedance matching in the highfrequency band deteriorates. In consideration of the wanted
notched bandwidth in ITU 8 GHz band and impedance
matching in the high-frequency band, 9.8 mm is chosen for
the location of the U-shaped filter.
Fig. 8(e) shows the S11 characteristics of the single notch
band with a U-shaped filter and with a pair of U-shaped
filters for the ITU 8 GHz band. Although the rejection level
improves in the case of the pair of U-shaped filters, the
bandwidth in the ITU 8 GHz band exceeds the wanted
notched bandwidth (800 MHz), and impedance matching in
the high-frequency band deteriorates. In addition, the rejection level in the case of a single U-shaped filter satisfies
the good rejection level in this design. Thus, in consideration
of the proposed notched bandwidth and impedance matching in the high-frequency band, a single U-shaped filter is
chosen in this work.
Fig. 8(c) shows the input impedance of the single bandnotched antenna. At the central frequency of 8.4 GHz, the
imaginary component curve exhibits a parallel resonant characteristic, and the real part peaks at around 120 Ω. The
antenna cannot radiate efficiently at this frequency because of
impedance mismatching.
Performance of the Proposed Antenna
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Fig. 8. Antenna configuration: (a) S11 characteristics of the single notch band (ITU 8 GHz) for various Ld (G2 = 0.2 mm) and (b) various G2 (Ld = 10.8
mm); (c) input impedance of the single notch band for ITU 8 GHz signal band; (d) S11 characteristics of the single notch band (ITU 8 GHz
band) for various Le; and (e) S11 characteristics of the single notch band with a U-shaped filter and with a pair of U-shaped filters for the ITU 8
GHz band.

The reflection coefficient characteristics in the previous
subsections show that each notch band scheme generates a
notch function in the designated frequency band only, and it
40

does not affect the reflection coefficient characteristics in
other notch bands. Thus, the quadruple notch band characteristic can be realized by combining the four notch struc-
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tures mentioned in the previous subsections.
Fig. 9 presents the S11 characteristics of the single notch
band antenna structures and the proposed antenna. Clearly,
the corresponding band-notched characteristic in each structure is realized.
To further understand the operating principle behind this
quadruple band-notched performance, the current distributions at four different notched frequencies are depicted in Fig.
10(a)–(d). The surface currents are highly concentrated near
the edges of the slots and in the band rejection filters at the
notch band frequencies. At these notch frequencies, energy is
stored around the band-stop elements rather than being
radiated into free space.
The measured and simulated peak gains of the proposed
antenna are shown in Fig. 11(a). The peak gains at four

-60

60

-20.00

-30

0
0.00

14

30

-60

60

-20.00
-30.00

-90

90

-120

-90

120

-150

12

-10.00

-30.00

90

-120

150

120

-150

-180

150
-180

E-plane

H-plane

(b)
-30

0
0.00

3.2 GHz
6.8 GHz
9.4 GHz

30

-30

-10.00
-60

60

-20.00

-60

30

60

-20.00

-30.00

-30.00

-90

90

-120

-90

120

-150

0
0.00
-10.00

90

-120

150

120

-150

-180

150
-180

E-plane

H-plane

(c)

Jsurf [A_per_m]

Fig. 11. Results of the (a) peak gain of the proposed antenna, (b)
simulated radiation patterns, and (c) measured radiation patterns.
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Fig. 10. Simulated surface current distribution in the notch bands of (a)
3.5 GHz, (b) 5.6 GHz, (c) 7.4 GHz, and (d) 8.4 GHz.

different notch bands are all smaller than 0 dBi. The peak
gain performance of the proposed antenna is better than that
found in previous research [16, 17]. One of the means to
reduce the gains in a notch band is to improve the S11 or
VSWR level of the notched bands in the proposed structure.
The proposed antenna attains an average level of S11, which
is larger than –4.5 dB, in the notched bands. Therefore, the
proposed antenna has good notch functions in this design.
Fig. 11(b) and (c) show the simulated and measured radiation patterns, respectively, of the proposed antenna in the Eplane and H-plane at 3.2, 6.8, and 9.4 GHz. The antenna
shows omnidirectional radiation patterns in the H-plane.
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Fig. 12. Measured group delay of the fabricated antenna.

The measured group delay of the fabricated antenna is
illustrated in Fig. 12. If the group delay variation exceeds 1
ns, the phases will not be linear in the far-field region. This
condition causes pulse distortion bands, while the group
delay variation exceeds 1 ns in the four desired notch bands.
Based on the reflection coefficient, peak gain, and group
delay characteristic results, the band-notched characteristic
of the proposed antenna is well designed for UWB systems.
IV. CONCLUSION
In this paper, a trapezoid UWB antenna with a quadruple
band-notched characteristic is proposed to avoid possible
interference with the WiMAX, WLAN, X-band downlink,
and ITU 8 GHz signal bands. The simulated reflection
coefficient shows that the proposed antenna realizes a bandnotched characteristic in the WiMAX (3.44–3.85 GHz),
WLAN (5.26–6.01 GHz), X-band downlink (7.05–7.68
GHz), and ITU 8 GHz signal bands (8.08–8.87 GHz) by
properly selecting the band rejection elements. The proposed
antenna attains omnidirectional radiation patterns in the Hplane and has good peak gain performance at the notch
bands. Therefore, the proposed antenna is a good candidate
for UWB communication with band-notched applications.
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Abstract
A commercial 0.25 μm GaN process is used to implement 6–18 GHz wideband power amplifier (PA) monolithic microwave integrated
circuits (MMICs). GaN HEMTs are advantageous for enhancing RF power due to high breakdown voltages. However, the large-signal
models provided by the foundry service cannot guarantee model accuracy up to frequencies close to their maximum oscillation frequency
(Fmax). Generally, the optimum output load point of a PA varies severely according to frequency, which creates difficulties in generating
watt-level output power through the octave bandwidth. This study overcomes these issues by the development of in-house large-signal
models that include a thermal model and by applying distributed L-C output load matching to reactive matched amplifiers. The proposed
GaN PAs have successfully accomplished output power over 5 W through the octave bandwidth.
Key Words: 0.25 μm Gallium Nitride (GaN) Process, Distributed L-C, Large-Signal Model, Monolithic Microwave Integrated Circuit
(MMIC), Wideband Power Amplifier.

I. INTRODUCTION
A wideband RF power amplifier (PA) is an essential component in many RF applications, such as electronic warfare
(EW) systems and security communications. In the past, the
traveling wave tube amplifier (TWTA) has been most commonly used to achieve wideband output power above watt levels
[1, 2]. However, the emergence of GaN PAs raises the prospect
of replacing bulky TWTAs with compact solid state power
amplifiers (SSPAs) [3]. GaN high-electron-mobility transistors
(HEMTs) have several inherent advantages, including high
breakdown voltage, high current density, and high saturation
velocity resulting from their wide band gap properties [4]. Unfortunately, unlike GaAs or InP HEMTs, GaN HEMTs have
a large power dissipation, which causes a prominent self-heating
phenomenon that degrades the RF performance of devices [5].

Thus, the self-heating effect must be considered when designing wideband RF GaN PAs. An accurate large-signal
model that includes a thermal model therefore becomes an
inevitable requirement. Large-signal models provided by the
foundry service are still not mature and do not guarantee model
accuracy up to frequencies close to the maximum oscillation
frequency (Fmax). In-house large-signal modeling should definitely be performed, based on measured data.
The optimum output load point of an RF PA typically shows
severe variation with the frequency. Because of this variation, a
conventional output load matching prevents RF PAs from
obtaining wideband output power. The output load matching
circuits should therefore be designed by taking into consideration the frequency-dependent load variation.
This paper describes the development of in-house largesignal models of a GaN HEMT that include a thermal model.
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Distributed L-C output load matching is proposed for the
design of reactive matched amplifiers. Section II presents the
large-signal models, followed by the proposed design of the
reactive matching PA in Section III. Experimental results are
presented in Section IV.

II. LARGE-SIGNAL MODELING OF THE GAN HEMT
Our in-house models are based on an Angelov model [6, 7].
Fig. 1 shows an Angelov model-based GaN HEMT largesignal equivalent circuit including a thermal model. Our inhouse models consist of the Angelov model library supported by
Keysight’s ADS 2013 program and thermal sub-circuits [8].
Thermal sub-circuits inform a temperature-dependent largesignal model of the channel temperature raised by Rth. In
particular, our in-house models incorporate a nonlinear drain
current (Ids) that is divided into a nonlinear drain DC current
(DC Ids) and a nonlinear drain RF current (RF Ids). This expression can make the Ids models reflect the frequency dispersion
effect [9]. At high frequencies above a few megahertz, the RF Ids
is activated through virtual inductances in the equivalent circuit
model. Equations for the DC Ids are defined in (1)–(10). Each
model parameter is optimized and fitted in comparison with
measured DC–IV curves and S-parameters by ADS 2013. The
RF Ids uses the same equation as the DC Ids. Nonlinear capacitances (Cgs, Cgd, and Cds) are fitted to well-known Angelov’s
nonlinear capacitance model equations [6].
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Fig. 1. Angelov model-based GaN HEMT large-signal model including thermal model.

(9)
(10)
(11)

Fig. 2 shows the large-signal modeling procedures. First,
DC–IV curves are measured in a device under test (DUT) by an
HP 4142B DC source and a Keysight’s IC-CAP program. The

Fig. 2. Angelov model-based GaN HEMT large-signal modeling
procedures.

sample dies of GaN HEMT, provided by the foundry service,
are used as DUTs. The S-parameter is then measured by a
vector network analyzer (VNA). The extrinsic parameters and
intrinsic parameters are extracted separately by performing hot
and cold measurements, respectively. The small-signal model
parameters are then extracted from the measured S-parameters
according to multiple biases. Nonlinear large-signal model parameters, such as gate-source capacitances (Cgs), gate-drain
capacitances (Cgd), drain-source capacitance (Cds), DC Ids, and
RF Ids, are modeled by Angelov model-based tangent-hyperbolic equations. In addition, the thermal effect is reflected by
performing a pulsed IV measurement using a DIVA D265
instrument and a thermal chuck. A thermal resistance (Rth) is
extracted using the pulsed IV measurement method [8]. The
DC Ids is fitted, including the extracted Rth, to represent negative current slopes by the thermal effect under high drain voltage and high drain current regions. The RF Ids is measured
under a quiescent bias condition and fitted to the RF Ids equa45
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Table 1. Model parameters in nonlinear drain current equations of 6 ×
125 μm GaN HEMTs
(A)

TCP

(V)
(V)
Α

DC

RF

0.35

0.308

0.0024

DC

RF

0.228

0.208

-0.002

0.636

0.390

0.013

0.047

0.006

0.745

0.152

0.004

0.128

0.081

1.45

1.37

0.784

0.216

0.155

0.054

4.42

4.26

3.40

3.99

290

388

0.0001

0.6744

Rth(°C/W)

35.8

35.8

0.002

0.000

Cth (μF)

1.0

1.0

Α

(K)

tions. An initially-equipped large-signal model is verified by
comparison with the measured DC Ids, RF Ids, and S-parameters.
Finally, the complete model is optimized by some iterations of
the above procedures. The size of the GaN HEMT for largesignal modeling is selected as 6 (fingers) × 125 μm (gate width)
under the criteria of Fmax over 20 GHz and load pull power over
34 dBm from 6 to 18 GHz. The extracted Ids model parameters
are summarized in Table 1.
Fig. 3 shows a comparison of the DC–IV curves between the
measurements and the models, measured at drain voltages (Vds)
of 0 to 36 V and gate-source voltages (Vgs) of -3.6 to -1.6 V.
The in-house model shows better agreement with the measured
data than is observed with the model provided by the foundry
service. Fig. 4 shows an RF Ids according to temperature. Under
24 V of a quiescent drain voltage (Vdsq) and -2.0 V of a
quiescent gate voltage (Vgsq), a pulsed Ids is measured and an RF
Ids equation is fitted. The pulse width is 200 ns. The in-house
model predicts a reduced RF Ids when temperature increases.
Fig. 5 represents the comparison between the measured Sparameters and the simulated S-parameters from 0.5 to 60 GHz.
As shown in Fig. 5, the in-house model shows better agreement
with the measured data up to high frequencies at S22 when
compared to the model provided by the foundry service. This
results from the exact RF Ids modeling by the pulsed IV
measurement. Finally, a load pull data at 10 GHz is compared
between the measurement and the model. As shown in Fig. 6,
the in-house model predicts a more realistic output power than
is obtained with the model provided by the foundry service.
This result confirms the validity of our large-signal model that
includes a thermal model.

III. DESIGN OF A REACTIVE MATCHED GAN PA
A reactive matched PA is a type of wideband power amplifier
that has an octave bandwidth. It purposely decreases the Q46

Fig. 3. Comparison of DC–IV curves between measurements and
models (GaN HEMT 6 × 125 μm; Vds 0 to 36 V; Vgs -3.6 to
-1.6 V).

Fig. 4. RF Ids according to temperature (GaN HEMT 6 × 125 μm;
Vdsq 24 V; Vgsq -2.0 V; solid, model; circle, measurement).

Fig. 5. Comparison of S-parameters between measurements and models (GaN HEMT 6 × 125 μm; Vds 24 V; Vgs -2.0 V;
frequency range, 0.5–60 GHz).
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Fig. 6. Comparison of the optimum load pull contour at 10 GHz
(GaN HEMT × 125 μm; Vds 28 V; Ids 70 mA; Pin 24 dBm).

factors by inserting lossy matching components at the gate of
the transistors [11-14]. This approach improves the gain bandwidth, while sacrificing peak gain, peak output power, and power efficiency. However, obtaining the wideband output power
requires an additional circuit topology in the reactive matched
PA design.
Fig. 7 shows the simulated load pull contour of the 6 × 125
μm GaN HEMTs according to frequencies. As shown in Fig. 7,
when the operating frequency increases, the load pull contour
rotates in a counterclockwise direction on the Smith chart.
Unfortunately, the general output load impedances rotate in the
clockwise direction on the Smith chart according to frequencies,
which causes the output power characteristics to be very frequency dependent. This prevents the usual PAs from generating
uniformly high output power over a wide bandwidth.
We reduce these mismatches between the optimum loads
and the output impedances by adopting the L-C resonance
technique in the output load matching circuit [15]. First, we set
the resonance frequency (in this case, 12 GHz) in the middle of
the operating frequency region.
The appropriate value of L and C for resonance is then
designed, taking into consideration the length of the micro-strip
lines and the size of metal insulator metal (MIM) capacitors. If
the capacitance is too large, the power gain will decrease steeply
at high frequencies. On the contrary, if the inductance is too
large, the layout will be bulky and the MIM capacitors will be

too small to be implemented. In this work, the selected values of
L and C are 600 pH and 330 fF, respectively. The output load
matching circuits are implemented by the distributed L-C
components. The distributed L-C components are repeatedly
put close behind the output transistors and after combining the
two-unit PAs. Micro-strip lines (50 μm wide and 300 μm long)
are used as a distributed inductance of about 150 pH. The
MIM capacitors (30 μm × 30 μm) are used as a distributed
capacitance of about 230 fF. The distributed L-C components
bring about a lower Q than is obtained with lumped L-C
components [16]. In addition, the use of micro-strip lines of
widths, ranging from 20 to 100 μm according to the output load
matching section, mitigates the frequency-sensitive output load
variation. Both the L-C resonance and distributed components
decrease the variation of the output load impedance according
to frequencies. Therefore, these methods can bring about a
greater improvement in the wideband output power characteristics. The circuit schematic of a two-stage reactive matched
PA with the distributed L-C loads is shown in Fig. 8(a). Fig.
8(b) compares the output impedance under the distributed L-C
load with the output impedance under the lumped L-C load on
the Smith chart. The output impedance under the distributed
L-C load passes through a lower Q region that is relatively closer to the optimum loads than it does when a lumped L-C load is

(a)

(b)

Fig. 7. Simulated load pull contour of 6 × 125 μm GaN HEMTs
according to frequencies.

Fig. 8. (a) Circuit schematic of a two-stage reactive matched GaN
power amplifier with the distributed load. (b) Comparison of
the output impedance looking into M2 between the distributed
L-C load and the lumped L-C load.
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Fig. 9. Comparison of the output power between 2-stage power
amplifiers with the distributed L-C load and 2-stage PAs with
the lumped L-C load.

applied. Therefore, as shown in Fig. 9, the PAs with the distributed L-C load bring about higher output power than is seen
with the lumped L-C load through the wideband frequency
region.
IV. EXPERIMENTAL RESULTS

PA is designed as a three-stage reactive matched type. The
GaN HEMTs (6 × 125 μm) are commonly used in the drive
and main power stage. The output stage consists of the distributed L-C output load matching circuits of Fig. 8(a) and a
Wilkinson power combiner.
Figs. 11(a) and (b) compare the measured small-signal Sparameters with the simulation. The proposed PA represents
the small-signal gain of about 20 dB from 6 to 18 GHz. We
presume that errors in the electro-magnetic simulation about
the passive components cause partial differences between the
simulation and the measurement. Although partial disagreement is evident, the simulation shows reasonable agreement
with the measurements from 6 to 18 GHz.
Fig. 12 depicts the measurements of the continuous wave
(CW) output power (Pout) and the power-added efficiency
(PAE) according to frequencies. Bias voltages supplied at the
PA are optimized to obtain the best Pout and PAE. The drastic
drop in Pout and PAE at 18 GHz, as shown in Fig. 8, is
compensated by slightly changing the final output matching
circuit by frequency shifting of the minimum Pout and PAE (13
to 15 GHz). The proposed GaN PA generates the average CW

The proposed PA MMIC has been fabricated by a
commercial 0.25 μm GaN process. Fig. 10(a) and (b) show the
circuit schematic and the chip photograph. The proposed GaN

(a)

(b)
Fig. 10. (a) Circuit schematic of the GaN power amplifier. (b) Chip
photograph of the GaN power amplifier (chip size, 3.8
mm×2.7 mm).
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(a)

(b)

Fig. 11. Measured S-parameter result of the power amplifier: (a) S21
and (b) S11, S22 (Vd1, Vd2, Vd3 = 27 V; Vg1, Vg2, Vg3 = -2.4 V;
solid lines, simulation; dot lines, measurement).
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Table 2. Performance comparison table of GAN reactive matched power amplifiers
Ref.
[8]
[9]
[10]
[11]
[11]
This work
a

Frequency
(GHz)

Topology

Process

6–18
8–18
6–18
6–18
6–18
6–18

RMPAa
RMPA
RMPA
RMPA
RMPA
RMPA

0.25-μm GaN
0.25-μm GaN
0.25-μm GaN
0.25-μm GaN
0.25-μm GaN
0.25-μm GaN

(dB)

Area

(mm )

Power density

17–28
7–9
18–24
9.6
9.3
19.4–23.0

19.25
10.44
19.8
19.2
19.2
10.26

0.17–1.04
0.12–0.19
0.30–0.51
1.04
0.79
0.37–0.81

PAE

Pout

Gain

14–24
25–35
13–25
15
19
7.6–23.7

3.2–20
1.25–2
6–10
20
15.1
3.8–8.4

(%)

(W)

2

(W/mm2)

Reactive matched power amplifier.

Pout of 5.5 W from 6 to 18 GHz. The measured PAE is about
7.6–23.7% from 6 to 18 GHz. The measured peak Pout and
PAE are 39.2 dBm and 23.7%, respectively, at 7 GHz.
The Pout obtained by the simulation using the in-house largesignal models is also compared with the measured Pout in Fig. 12.
According to the frequencies, the simulated Pout is underestimated by 0.0–1.7 dB. As in the S-parameter result, the accuracy errors in the electromagnetic simulation with respect to
passive components influence the prediction of Pout. The modeled Rth is extracted under the on-wafer condition. In practice,
however, the PA is tested under modules in which MMICs are
pasted onto a copper jig with gold-tin materials. Thus, the Rth
in our GaN HEMT model should be decreased. Compensation
of these errors in the PA design should improve the prediction
inaccuracy. Some inaccuracy remains, but the proposed largesignal model gives a better prediction of Pout than that provided
by the foundry service.
Table 2 compares the performance of reactive matched GaN
PA MMICs. The 0.25-μm GaN process used in this work
shows a lower Fmax, and a poorer load pull power and power
efficiency than was obtained with the 0.25-μm GaN processes
used in other work [17]. However, the proposed GaN PA

shows competitive performance to that obtained in state-of-theart work. In particular, this work achieves excellent performance
in power density when compared to the reported RMPAs.

Ⅴ. CONCLUSION
We implemented 6–18 GHz wideband GaN power amplifiers using a GaN HEMT large-signal model that incorporates
a thermal model and is based on various measurements. The inhouse GaN HEMT model is effectively used to design a
reactive matched PA up to frequencies close to the device’s Fmax.
The output load matching circuits are implemented by the
distributed L-C components. The output load matching using
distributed L-C components decreases the variation in the output load impedance according to frequency. The use of GaN
HEMTs with high breakdown voltages and RMPAs with the
distributed L-C output load matching successfully achieved an
output power over 5 W through the octave bandwidth.
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Split Slant-End Stubs for the Design of Broadband
Efficient Power Amplifiers
Youngcheol Park* ∙ Taeggu Kang

Abstract
This paper suggests a class-F power amplifier with split open-end stubs to provide a broadband high-efficiency operation. These stubs are
designed to have wide bandwidth by splitting wide open-end stubs into narrower stubs connected in shunt in an output matching
network for class-F operation. In contrast to conventional wideband class-F designs, which theoretically need a large number of matching
lines, this method requires fewer transmission lines, resulting in a compact circuit implementation. In addition, the open-end stubs are
designed with slant ends to achieve additional wide bandwidth. To verify the suggested design, a 10-W class-F power amplifier operating
at 1.7 GHz was implemented using a commercial GaN transistor. The measurement results showed a peak drain efficiency of 82.1% and
750 MHz of bandwidth for an efficiency higher than 63%. Additionally, the maximum output power was 14.45 W at 1.7 GHz.
Key Words: Broadband, Class-F, Efficiency, Power Amplifier.

I. INTRODUCTION
Recently, power amplifiers (PAs) have been studied extensively for better efficiency and bandwidth, as communication devices need to support various technologies and exhibit a longer battery time. In an effort to address the issue of
efficiency, architectures that exploit harmonic waveforms,
such as class-F, have been widely studied from many perspectives [1, 2]. Although the theoretical efficiency of class-F
amplifiers approaches 100% and their implementation results
are very close to the ideal values, the circuit implementations
of class-F amplifiers are necessarily bulky in general, because
they require high-order harmonic control circuits, even though some techniques have been suggested to overcome these practical issues [3–6]. Furthermore, the need to control
harmonic impedances necessarily results in a relatively narrow bandwidth. For these reasons, class-F amplifiers have

not been used for the latest commercial applications that
require a wide bandwidth. Therefore, this paper suggests a
power amplifier design with split transmission lines to realize
wide bandwidth while maintaining a small circuit area. In
addition, in order to further improve the performance obtained in the previous work [7], this paper redesigned the
slant-end architecture using split slant-end transmission lines
and impedance optimization.
II. STEPPED TRANSMISSION LINE FOR
BROADBAND OPERATION

Fig. 1 shows the steps for broadening the bandwidth of
transmission lines in matching networks. In transmission
lines, physical parameters such as length, width, height, and
the dielectric constant all influence the electrical length at a
certain frequency. As such, the conventional transmission
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line in Fig. 1(a) results in a narrow bandwidth. In other
words, amplifiers that rely on transmission lines for harmonic
matching networks necessarily show limited operational bandwidth.
The input impedance of a transmission line is approximated as follows [8]:
Z in  Z 0

Z L  jZ 0 tanl 
Z 0  jZ L tanl  ,

(1)

where β, Zo, l are the propagation constant, characteristic
impedance, and length of a transmission line, respectively.
This impedance can be expressed as a function of frequency, f.
Z in  f   Z 0
 Z0

Z L  jZ 0 tan l 
Z 0  jZ L tan l 


tan 2  f  l 


,
c
(2)

Z L  jZ 0 tan 2  f  l   eff c
Z 0  jZ L

 eff

where εeff is the effective permittivity of the transmission line,
and c is the speed of light.
Assuming that the efficiency is mainly affected by the
output impedance, the bandwidth of the transmission lines
can be found from BW = |f2 - f1|/ f0, where f2 and f1 are the
nearest frequencies that meet the following condition:
Z in  f   Z in ,TARGET

  max ,

(3)

where εmax is the maximum allowable error.
In the case of a conventional transmission line, particularly,
the bandwidth can be analytically found from (2) and (3):
BW 

c
2fl  eff



 1 Z 0 Z L  Z in ,TARGET   max  

tan 1 

2
j


 Z in ,TARGET   max Z L  Z 0 





1 1 Z 0 Z L  Z in ,TARGET   max  

 tan 

2 
 j Z in,TARGET   max Z L  Z 0  


(4)

When two transmission lines of different lengths are
connected in shunt, as shown in Fig. 1(b), the combined line
will have a “stepped” shape at the end (Fig. 1(c)), resulting in
a combined impedance as follows:
Z in,stepped 

Z  jZ 02 tanl1   
Z  jZ 02 tanl 2  
 Z 02 L
 ||  Z 02 L

Z 02  jZ L tanl1   
Z 02  jZ L tanl 2  


(5)

Zo

Zo2

(a)

Zo2

Zo

Zo

(b)

(c)

(d)

Fig. 1. Transmission lines for wider bandwidth: (a) conventional, (b) split,
(c) stepped-end, and (d) slant-end.

where l1, l2 are the lengths of two transmission lines, Zo2 is
the characteristic impedance of each transmission line, and
“||” represents the shunt connection of impedances.
Therefore, the transmission line in Fig. 1(c), combining
the shapes of Fig. 1(b), would have near zero ohms at the
frequencies at which the shortest and the longest parts of the
line each becomes one quarter wavelength. This effectively
results in a wider bandwidth as an impedance inverter.
Furthermore, a transmission line with a slant end, as shown in Fig. 1(d), could be regarded as having shunt connections of an infinite number of narrow stepped-end lines
with incremental lengths, so it shows a better frequency response. Its impedance is expressed with (6), as follows:
1
Z in,slant





N  k 1
 in ,stepped Z 0 N , l k  
N



lim   Z

1

(6)

Table 1 compares the estimated bandwidth of transmitssion lines of Fig. 1(a), (c), and (d) at 3.4 GHz, at which the
transmission lines are designed as second-harmonic shorts.
In Table 1, the stepped- and the slant-end line shows wider
bandwidth than the conventional one when an impedance
under 5 Ω is regarded as the target impedance.
In addition, in order to further improve the bandwidth
over the characteristic impedance of the abovementioned
open stubs, the sensitivity of the impedance Zin to the frequency variation (hereafter referred to as Sensitivity) is defined as follows:
Table 1. Bandwidth comparison between conventional, stepped-end, and
slant-end impedance inverters
Impedance inverter at 3.4 GHz

Bandwidth for |Zstub| ≤ 5 Ω

TLconventional

1.68 MHz

TLstepped-end

1.84 MHz

TLslant-end

2.03 MHz

TL=transmission line.
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Fig. 2. Sensitivity (Ω/MHz) of an open-end stub over variations of the
length and Z0 of an open-end stub.


Z0
Z in
 

 
f  j tan 2fl  eff c 
f


1
 jZ 0 kl sec 2 kfl  2
,
tan kfl 

Sensitivity 





(7)

where k is 2  eff c .
This equation is used to find the optimal length and the
characteristic impedance of the open-end stub to achieve the
widest bandwidth in harmonic idlers (Fig. 2), at which 20–
30 Ω show the lowest Sensitivity. This low Z0 usually
requires an impractically wide stub, and this justifies the
splitting and shunt connecting of the open-end stubs.
III. DESIGN AND MEASUREMENT OF
BROADBAND CLASS-F AMPLIFIER

To verify the proposed design, a class-F PA operating at
1.7 GHz was designed by employing a commercial 10 Watt,
GaN HEMT transistor and was implemented on an FR4
substrate. The drain bias voltage was set to 28 V, and the
bias current was set to 200 mA.
Using the aforementioned equations, a wideband matching network for a class-F PA was designed (Fig. 3). From
the load-pull simulation based on the transistor model provided by the manufacturer, the fundamental impedance was
set as 17+j14 Ω. As well, the split open-end transmission
lines of Fig. 1(d) were designed to meet the class-F conditions over a wide bandwidth based on the in-house optimization algorithm [9]. Fig. 4 shows measured results of the
designed matching networks, and the measured performance
is shown in Fig. 5(a) and (b). Fig. 5 show that the PA has a
peak drain efficiency of 82.1% and a bandwidth of 750 MHz
(1.45–2.2 GHz) for efficiencies greater than 63.2%. The
output power has a peak value of 14.45 W at 1.7 GHz and is
54

Fig. 3. Slant-end transmission lines (TL1 and TL3) in the broadband
class-F output matching circuit.

Fig. 4. Measured input and output matching networks with the slantend transmission lines.

kept within ±0.5 dB over the bandwidth. The implemented
PA is shown in Fig. 6. Table 2 compares wideband class-F
PA designs with various architectures. It is clear that the
suggested design shows superb performance over conventional designs.
IV. CONCLUSION
This paper presents a design method to achieve wide
bandwidth and high efficiency for power amplifiers. By splitting open-end transmission lines in the output matching
network, the conditions for class-F operation could be maintained over a wider bandwidth. Furthermore, the circuit
occupies less area than conventional wide-band class-F designs that require many harmonic controllers. To verify the
suggested design, a broadband class-F PA operating at 1.7
GHz was designed on an FR4 substrate. The PA achieved a
peak drain efficiency of 82.1% along with a bandwidth of
750 MHz for a higher than 63% efficiency. The maximum
output power was 14.45 W at 1.7 GHz.
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Abstract
In this paper, based on the mode analysis of four-conductor lines, the extended mixed-mode chain-parameters and S-parameters of fourconductor lines are estimated using current division factors. The extended mixed-mode chain-parameters of cascaded four-conductor
lines are then obtained with mode conversion. And, the extended mixed-mode S -parameters of cascaded four-conductor lines can be
predicted from the transformation of the extended chain-parameters. Compared to the extended mixed-mode S-parameters of fourconductor lines, the cross-mode S-parameters are induced in the extended mixed-mode S -parameters of cascaded four-conductor lines,
due to the imbalanced current division factors of cascaded two sections. The generated cross-mode S-parameters make the equivalent
different- and common-mode conductors not independent from each other again. In addition, a new mode conversion, which applies the
imbalanced current division factors, between the extended mixed-mode S-parameters and standard S-parameters is also proposed in this
paper. Finally, the validity of the proposed extended mixed-mode S-parameters and mode conversion is confirmed by a comparison of the
simulated and estimated results of shielded cable.
Key Words: Cascaded, Current Division Factors, Extended Mixed-Mode S-Parameters, Four-Conductor Lines, Mode Analysis.

I. INTRODUCTION
Four-conductor lines are widely used in power electronics,
such as three-phase power supply circuits. The signals on the
multi-conductor lines are conventionally divided into differrential- and common-mode signals, which are used to measure
the signal transmission performance of the established circuit.
Conventional mixed-mode S-parameters are commonly used to
interpret the characteristics of the existing mode signals [1].
The conventional mixed-mode S-parameters include the differential-mode S-parameters, common-mode S-parameters and
differrential-common cross-mode S-parameters. The differential-common cross-mode S-parameters are induced due to the
asymmetry of the signal lines.

The four-conductor lines model used in this paper has three
modes: differential-mode-1 (DM1), differential-mode-2 (DM2)
and common-mode (CM) [2]. In [2], extended mixed-mode Sparameters are proposed to characterize the three mode signals
of four-conductor lines. The extended mixed-mode S-parameters are estimated from the equivalent independent mode
transmission line parameters, which are obtained based on the
mode analysis with current division factors [2]. Compared with
the conventional mixed-mode S-parameters, there are no crossmode S-parameters existing in the proposed extended mixedmode S-parameters, regardless of whether the four- conductor
lines are symmetrical or asymmetrical.
In this paper, extended mixed-mode S-parameters are further
applied to a cascaded four-conductor lines model. In general,
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the two parts of the cascaded four-conductor lines have different
current division factors. In other words, the cascaded fourconductor lines are imbalanced. However, these different current division factors will induce cross-mode S-parameters in
the extended mixed-mode S-parameters, which are different
from the extended mixed-mode S-parameters of four-conductor
lines. We note that, unlike the conventional mixed-mode Sparameters in which the cross-mode S-parameters occur due to
the asymmetry of the conductor lines, the cross-mode S-parameters of the cascaded four-conductor lines occur due to the
different current division factors of the cascaded two parts. In
the following sections, this paper will introduce extended mixed-mode S-parameters of the cascaded four-conductor lines
based on mode analysis in detail.

II. MODE ANALYSIS OF FOUR-CONDCUTOR LINES
Shown in Fig. 1, a general structure of four-conductor lines is
composed of three signal conductors and one ground conductor.
The currents on the signal conductors can be decomposed into
three mode currents: DM1 (d1), DM2 (d2) and CM (c) [2]. As
shown in Fig. 1, a current division factor h1 is used to divide the
same direction currents of DM1. And the other two current
division factors h 2 and h 3 are used for the currents of CM. With
the current division factors, the mode transformations of the
voltage and current on the four-conductor lines are given by the
following collections:

 I1  z    h1

 
 I 2  z     1
 I 3  z   1  h1

1
h2
  I d1  z  
 I z 
0
h3
  d 2  
1 1  h2  h3   I c  z  

(1.1)

V1  z    h3
1  h2  h1h3 1 Vd 1  z  

 


V2  z     h3  1 h1  h2  h1 h3 1 Vd 2  z  
V3  z    h3
1  Vc  z  
 h2  h1h3

(1.2)

For the lossless lines, the current division factors can be
decided by the line capacitances [2].
h1 

C12  C11  C22  C33   C11C22

 C12  C23  C11  C22  C33   C22  C11  C33 

h2 

C11
,
C11  C 22  C33

h3 

C 22
C11  C 22  C33

(2.1)
(2.2)

where, Cii and Cij are the self- and mutual-capacitances of the
four-conductor lines. For the symmetrical four-conductor lines,
the above current division factors become:
1⁄2 , and
1 ⁄ 3.
The line voltage and current of the four-conductor lines, as is
well known, satisfy the equations from the per-unit-length line
inductances and capacitances [3]. We take the equations of
mode transformation in Eq. (1) and the expression of current
division factors in Eq. (2) into the line voltage and current
equations, each mode can be considered as an independent twoconductor lines with the equivalent mode capacitance, inductance and characteristic impedance. They are obtained as:

Cd 1  h3C22  C12  C22  C23
Ld 1 


Cd 1

ZCd 1 

,

(3.1)

Ld1
Cd 1

C d 2  1  h1  C12  C13  1  h2  h1 h3  C11
Ld 2 

Fig. 1. Three modes definition of the four-conductor lines: M1 (d1),
DM2 (d2), and CM (c).

Fig. 2. Equivalent circuits of the three separate modes: (a) DM1, (b)
DM2, and CM (c).
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Cd 2

,

Z Cd 2 

Cc  C11  C22  C33 , Lc 

(3.2)

Ld 2
Cd 2


Cc

,

ZCc 

Lc
(3.3)
Cc

where, μ and ε are the effective permeability and permittivity of
the four-conductor lines, respectively. They can be estimated
through the inductances and capacitances of the four-conductor
lines, i.e.
.
With the above mode transmission line parameters, the terminal voltage and current of each mode can be related through
the mode chain-parameters shown in the following.

Vm  l  
Vm  0 

  Φmm 
,
 Im l  
 I m  0 

 m  d1, d 2, c 

(4.1)
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where, the general expression of chain-parameters for two-conductor lines is shown as:



Φmm



 cos Lm Cm l

   j sin L C l
m m


ZCm






cos







Lm Cm l 



Lm Cm l



 jZCm sin



(4.2)

Extended mixed-mode chain-parameters of four-conductor
lines can be decided by collecting each mode chain-parameters.
The collection is shown as follows.

Vd 1  l  
Vd 1  0  




I d1  0 
 I d 1  l   Φ

0
0 
Vd 2  l    d 1d 1
V  0  
Φd 2 d 2 0   d 2

 0

Id 2 0 
 Id 2 l    0

0
Φcc  
 V  l   
 Vc  0  
c




Φem
 I c  l  
 I c  0  

Fig. 3. The extended mixed-mode S-parameters for the separate mode
conductors described in Fig. 2.

port-2 are:
(5)

As shown in the equation, the extended mixed-mode chainparameters do not contain the cross-mode chain-parameters,
due to the separate mode transmission line parameters. Therefore, each mode chain-parameters are independent from the
others, and can be converted to the corresponding mode Sparameters.
The extended mixed-mode S-parameters of the four-conductor lines are generated by combining each mode S-parameters, are given in Eq. (6) below [2].
 bd 11 
 ad 11 
b 
a 
 d 1 2   S
 d 1 2 
0
0

 bd 2 1   d 1d 1
a 
Sd 2 d 2 0   d 2 1 

 0
a
bd 2  2   0
0
S   d 2 2 
 bc 1  cc  ac 1 




Sem
bc  2 

 ac  2 

aem
bem

bm1 

Vm  0  Im  0 Z0m
2 Z0m

Vm  0  Im  0 Z0m
2 Z0 m

bm2 

(6)

(7.1)
(7.2)

Due to the current direction, the definitions of m mode at

Vm  l   Im  l  Z0m

(7.3)

2 Z0 m

Vm  l   Im  l  Z0m

(7.4)

2 Z0m

In the above equations, Z0m is the port reference impedance.
Based on the mode analysis in Fig. 1, the port reference impedances are equal to
Z0d 1 

Z0
 Z 0 , Z 0 d 2  2Z 0 ,
2

Z0c 

Z0
3

(8)

and the conversion from the mode chain-parameters to the
mode S-parameters can be derived by plugging Eq. (7) into
Eq. (5):
S mm 11 

where, am-i and bm-i, as shown in Fig. 3, are the normalized port
waves of the m (m = d1, d2, c) mode equivalent circuits. They
are normalized by the port terminal voltage, current, and port
reference impedance. For port-1 of the m mode, the normalizations are:
am1 

am2 

mm 11 Z 0  mm 12  mm  21 Z 0 2  mm  22 Z 0
mm 11 Z 0   mm 12  mm  21 Z 0 2   mm  22 Z 0

Smm12 

Smm21 
S mm  22 

2Z0
mm11Z0  mm12  mm21Z02  mm22 Z0

2mm21mm12  mm11mm22  Z0
mm11Z0  mm12  mm21Z02  mm22 Z0
mm 11 Z 0   mm 12   mm  21 Z 0 2  mm  22 Z 0
mm 11 Z 0   mm 12  mm  21 Z 0 2  mm  22 Z 0

(9.1)
(9.2)
(9.3)
(9.4)

where, Z0 is the port reference impedance, commonly Z0 =50 Ω.
As shown in Eq. (6), the new extended mixed-mode Sparameters do not contain the cross-mode S-parameters, the
same with the extended mixed-mode chain-parameters. The
new extended mixed-mode S-parameters are completely different from the conventional mixed-mode S-parameters in [1].
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In the conventional mixed-mode S-parameters, the cross-mode
parameters will be induced when the conductors are asymmetrical. In the following section, the extended mixed-mode
S-parameters for the cascaded four-conductor lines are further
described in detail.

III. CASCADED FOUR-CONDCUTOR LINES
1. The Extended Mixed-Mode S-Parameters
General cascaded four-conductor lines, in which the cascaded
two parts have different current division factors, are shown in
Fig. 4. The line voltage and current are continuous on the
cascaded four-conductor lines. The mode voltage and current,
however, are discontinuous due to the different current division
factors. As shown in Fig. 5, the equivalent mode conductors of
the cascaded two parts can be obtained by processes similar to
those described in Section II. Then, the extended mixed-mode
chain-parameters of the connected equivalent mode conductors
are given as:
Va  d 1  la  
Va  d 1  za  0  




I a  d 1  za  0  
 I a  d 1  la   Φ

0
0 
Va  d 2  la    a  d 1d 1
V
 z  0
Φa  d 2 d 2
0   a  d 2 a

 0

I a  d 2  za  0  
 I a  d 2  la   

0
0
Φa  cc  
 V  l   
V  z  0 
 a c a 
 a c a

Φaem
 I a  c  la  
 I a  c  za  0  
Vb  d 1  lb  
Vb  d 1  zb  0  




I
l


 b  d 1 b  Φ
 I b  d 1  zb  0  
0
0

Vb  d 2  lb    b  d 1d 1
V
 z  0 
Φb  d 2 d 2
0   b  d 2 b

 0

 I b  d 2  lb   
 I b  d 2  zb  0  

0
0
Φ
b  cc  
 V  l   
V  z  0 
 b c b 
 bc b

Φbem
 I b  c  lb  
 I b  c  zb  0  

(10)

(11)

In addition, note that the mode conversion occurs at the
connection of the two equivalent mode circuits. The voltage or
current sources from the mode conversion are induced at the
connection points [4]. The mode conversions at za = la (zb = 0)

Fig. 4. The structure of the cascaded four-conductor lines.
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Fig. 5. The equivalent mode circuits of the cascaded four-conductor
lines in Fig. 4.

are expressed as:
Vb  d1  zb  0    1
h1
0 Va  d1  la  

 


1
0 Va  d 2  la  
Vb  d 2  zb  0     0
 Vb c  zb  0   h3 h2  ha1h3 1  Va  c  la  





(12.1)

0
h3
 I b  d 1  zb  0    1
  I a  d 1  la  

 


 I b  d 2  zb  0     h1 1 h2  hb1h3   I a  d 2  la  
 I b  c  zb  0    0
  I a  c  la  
0
1



(12.2)

where, Δ h is the difference of the current division factors, i.e.,
∆
,
1,2,3 . For the balanced cascaded fourconductor lines, (i.e., ∆
0), the above voltage and current
conversion matrices become the unit matrix.
Combining the extended mixed-mode chain-parameters in
Eq. (10), Eq. (11) and the mode conversion equations in Eq.
(12), the extended mixed-mode chain-parameters of the equivalent mode circuits in Fig. 5, which are the multiplication of
each connected part, are denoted as in Eq. (13). It is worth
noting that the cross-mode chain-parameters are induced due to
the imbalanced current division factors of the cascaded two
four-conductor lines. The extended mixed-mode S-parameters
of the cascaded four-conductor lines can also be transformed
from the extended mixed-mode chain-parameters. The transformation between the extended mixed-mode chain-parameters
and S-parameters, however, cannot be done as in Eq. (9), where
that the extended chain-parameters were separated into three
independent two-port mode chain-parameters. That is because
each mode parameters in Eq. (13) are associated with each other
by the cross-mode parameters. Because of the space limitation,
the transformation between them is not shown in here. It can be
performed by emulating the method of two-port transformation
in Eq. (9). The ports of each mode are denoted in Fig. 6, and
the definition of the extended mixed-mode S-parameters is shown as follows.
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0
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1

 I a  c  za  0  
0 0
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  ad 21 

   S d 2 d 1 Sd 2 d 2 Sd 2 c  
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 bc 1  
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Sem
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aem
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2. The New Mode Conversion between the Extended MixedMode S-Parameters and Standard S-Parameters
The six-port standard S-parameters of the cascaded fourconductor lines are defined as:

(14)

Similarity, am-i and bm-i are the mode normalized port waves.
Their normalizations are:

am1 
bm1 
am2 

Vam  za  0  Iam  za  0 Z0m

2 Z0m

Vam  za  0  Iam  za  0 Z0m

2 Z0m

Vbm  zb  lb   Ibm  zb  lb  Z0m

bm2 

2 Z0m

Vbm  zb  lb   Ibm  zb  lb  Z0m
2 Z0m

(13)

 b1   S11 S12 S13 S14 S15 S16   a1 
b   S
 
 2   21 S22 S23 S24 S25 S26   a2 
 b3   S31 S32 S33 S34 S35 S36   a3 
 
 
b4   S41 S42 S43 S44 S45 S46   a4 
b5   S51 S52 S53 S54 S55 S56   a5 
  
 
b6   S61 S62 S63 S64 S65 S66   a6 





b

S

a

(16)

(15.1)
(15.2)
(15.3)
(15.4)

The extended mixed-mode S-parameters shown in Eq. (14)
are composed of the self-mode S-parameters and the crossmode S-parameters. The self-mode S- parameters describe the
mode current flowing on the cascaded four-conductor lines,
while the cross-mode S-parameters are used to describe the
mode conversions occurring at the connection of the cascaded
structures. Besides, the cascaded four-conductor lines shown in
Fig. 4 can also be labelled with the normalized standard port
waves, shown in Fig. 7. Then, the six-port standard S-parameters are induced to present the signal transmission on the
cascaded four-conductor lines. The mode conversion between
the standard S-parameters and the extended mixed-mode Sparameters is derived in the following section.

Fig. 6. Definition of the port variables for the extended mixed-mode Sparameters of equivalent mode circuits in Fig. 5.

Fig. 7. Definition of six-port standard S-parameters for Fig. 3.
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In the equation, ai and bi are the normalized standard waves
at port i (i = 1, 2, …, 6). Their definitions are:
ai 
bi 

ai 
bi 

Vi  z1  0  Ii  z1  0 Z0
2 Z0

Vi  z1  0  Ii  z1  0 Z0

 i  1,2,3

2 Z0

Vi  z2  lb   Ii  z2  lb  Z0

2 Z0
Vi  z2  lb   Ii  z2  lb  Z0
2 Z0

 i  1,2,3

(17.1)
(17.2)

 i  4,5,6

(17.3)

 i  4,5,6

(17.4)

In order to obtain the mode conversion between the extended
mixed-mode S-parameters and the standard S-parameters, we
substitute the voltages and current mode transformation in Eq.
(1) into the definition equations of port waves in Eq. (15) and
Eq. (17). Then, a conversion between the normalized standard
port waves (ai, bi) and the mode port waves (am-i, bm-i) is obtained
as:
aem  M em ,1a  M em ,2 b

(18.1)

bem  M em ,2 a  M em ,1b

(18.2)

where, Mem,1 and Mem,2 are the new mode conversion matrices
shown below. Compared to the mode conversion matrix in [5],
the new conversion matrices proposed in Eq.(18) contain the
different current division factors, which consider the divided
mode current on the asymmetrical signal lines.
Finally, given Eq.(14), Eq.(16), and Eq.(18), the conversion
between the extended mixed-mode S-parameters and the standard S-parameters is:
S   M em,1  Sem M em,2 

1

S

em

M em,1  M em,2 

(19)

Moreover, if both of the cascaded two four-conductor lines
are symmetrical (i.e. ha1 = hb1 = 1/2 and ha2 = ha3 = hb2 = hb3 =
1/3), the mode conversion matrices listed above become:





1 
Mem,1 
6





1

2

1

0

0

0

0

1

3

0

 3

0

0

0

0

3

2

2

2

0

0

0

0

2

M em,2  0
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0 
2
1 
0
0 

0  3

0
0 

2
2

Then, the mode conversion in Eq.(19) simplifies to:
S  Mem,11 Sem Mem,1

With the above mode conversion, the extended mixed-mode
S-parameters can also be directly converted from standard Sparameters using the current division factors. To confirm the
validity of the new proposal in this paper, the estimated standard
S-parameters and extended mixed-mode S-parameters of the
shielded cable, used as an example of cascaded four-conductor
lines, were compared with the simulated results.
IV. VERICATION OF THE EXTENDED MIXED-MODE
S-PARAMETERS FOR THE CASCADED
FOUR-CONDCUTOR LINES
A shielded cable is shown in Fig. 8, in which three cascaded
inner conductors are used as the signal lines and the outside
shield is the ground. In this model, the inner conductors and
the outside shield are perfect conductors. A dielectric material
with a permittivity of 2 is fills in the shield. The cascaded two
parts are simulated by Ansoft Q3D to separately estimate the
inductances and capacitances. As shown in Fig. 8, the radius of
the cascaded signal lines, though of different sizes, are all symmetrical with the outside shield. The current division factors
of the two cascade two parts are balanced. They are: ha1 = hb1 =
1/2 and ha2 = ha3 = hb2 = hb3 = 1/3. Therefore, there are no
cross-mode S-parameters in the extended mixed-mode S-parameters of the shielded cable.
By using the simulated inductances and capacitances, the
extended mixed-mode S-parameters of the shielded cable were
first estimated by following the above processes. The extended
mixed-mode S-parameters can also be simulated by 3D EM
software (CST Microwave Studio) in the frequency range of 1
GHz to 10 GHz.
Based on the mode analysis of four-conductor lines, the
simulation schematics of each mode S-parameters, composing
the extended mixed-mode S-parameters, are shown in Fig. 9.
Note that because there are no cross-mode S-parameters, each
mode S-parameters are independent and can be simulated

0

(20.1)
(20.2)

(21)

Fig. 8. Shielded cable with balanced current division factors.
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Fig. 9. Simulation schematics of self-mode S-parameters. (a) DM1, (b)
DM2, and (c) CM.

separately. The simulated and estimated extended mixed-mode
S-parameters are compared in Fig. 10.
Fig. 10 shows a good consistency between the estimated and
simulated results, which verified the validity of the proposed
extended mixed-mode S-parameters. Moreover, as shown in
Fig. 10, the S-parameters of DM1 are the same as the Sparameters of DM2. That is due to the symmetrical signal lines

Fig. 10. The comparison of simulated and estimated extended mixedmode S-parameters for the shielded cable in Fig. 8.

of the shielded cable. For the symmetrical four-conductor lines,
the characteristic impedances of DM1 and DM2 in Eq. (3)
have a relationship that:
4⁄ 3
. And the mode
port reference impedances in Eq.(8) have the same relationship,
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Fig. 11. The comparison of standard S-parameters for the shielded
cable in Fig. 8.

(a)

Fig. 12. Shielded cable with imbalanced current division factors.

i.e.,
4⁄ 3
. Besides, the standard S-parameters of
the shielded cable were also simulated by the Microwave Studio
and were also estimated by the simplified conversion equation in
Eq. (21). The good match shown in Fig. 11 confirmed the
validity of the mode conversions between the extended mixedmode S-parameters and the standard S-parameters.
Furthermore, a shielded cable with imbalanced current division factors was also analyzed. As shown in Fig. 12, the signal
lines in the second part of the shielded cable are still symmetrical, but the signal lines in the first part change to
asymmetrical. With the simulated inductances and capacitances,
the current division factors of the first part become: ha1 = 0.2838,
ha2 = 0.182 and ha3 = 0.3156. Therefore, the cross-mode Sparameters were induced due to the imbalanced current division
factors. It is worth noting that the self-mode S-parameters of
the imbalanced shielded cable cannot be simulated by the
schematics in Fig. 9. That is because the self-mode S-parameters are not independent of each other, due to the existence
of the cross-mode S-parameters. Therefore, only the estimated
extended mixed-mode S-parameters of the shielded cable are
just shown in Fig. 13. Unlike the self-mode S-parameters of the
balanced shielded cable in Fig. 10, the self-mode S-parameters
shown in Fig. 12(a) are completely different due to the
asymmetrical parts in the shielded cable. And, as shown in
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(b)
Fig. 13. The estimated extended mixed-mode S-parameters for the
imbalanced shielded cable in Fig. 12. (a) The self-mode Sparameters and (b) the cross-mode S-parameters.

Fig. 14. The estimated and simulated standard S-parameters of shielded cables in Fig. 12.

Fig. 12(b), the mode conversion occurring between DM1 and
CM is the lowest. Finally, the standard S-parameters of the
imbalanced shielded cable were estimated and compared with
the simulated results in Fig. 14. The completely identical results,
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once again, confirmed the effectiveness of the proposed extended mixed-mode S-parameters and the mode conversion for
the cascaded four-conductor lines.
V. CONCLUSION
This paper proposed the novel extended mixed-mode Sparameters of cascaded four-conductor lines, based on the independent mode analysis of the general four-conductor lines
with current division factors. Compared to the extended mixedmode S-parameters of four-conductor lines, the cross-mode Sparameters are generated by the different current division factors
of the cascaded two four-conductor lines. In addition, two new
conversion matrices, containing the different current division
factors, were also proposed in this paper. The validity of the
extended mixed-mode S-parameters and the conversion matrices was verified by a comparison of the estimated and simulated results of a balanced shielded cable and an imbalanced
shielded cable.
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