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Abstract

Multi-band microwave components are expected to be used in modern high-integration
wireless communication systems, which can support multi-services simultaneously
without adding additional receive or transmit links. For this reason, multi-band
microwave components are attracting great attention and becoming research hotspot in
microwave passive components domain. Particularly, in the development of multi-band
bandpass filters (BPFs) and filtering power dividers (FPDs), how to realize high
selectivity, small circuit size, low loss, wide stopband, and flexible control of the channel
frequencies and bandwidths are challenging problems. Moreover, balanced-to-
unbalanced (BTU) filtering power divider is also one of the key passive components in
RF/microwave front-ends for connecting the balanced ports and single-ended port to
achieve conversion between balanced and unbalanced signals with common-mode noise
suppression. This dissertation is intended to propose new types of multi-mode resonators
(MMRs) and develop dual-band and tri-band BPFs, dual-band FPDs, and BTU filtering
power dividers with small circuit size, independent control of channel frequencies and
bandwidths, and other excellent frequency characteristics.

Firstly, a novel type of stub-loaded stepped-impedance resonator (SL-SIR) is
proposed. With different schematics of the loaded stubs, the SL-SIR has flexibly
controllable dual-modes or tri-modes to construct dual-band or tri-band BPFs. Detailed
mode analysis of the resonator is conducted, and parametric variations of the modes are
investigated. Next, dual-band and tri-band BPFs are proposed and designed using the
dual-mode or tri-mode SL-SIRs. Multiple geometrical parameters in both the external
feeding structure and the internal couplings between neighboring resonators are employed
to make the individual control of the two or three passbands possible. Furthermore,
separately changeable multiple coupling paths between the resonators and the coupling
paths between the source and load are devised to create multiple transmission zeros,
which not only enhance significantly the selectivity of the passbands, but also widen
greatly the stopband of the BPFs. A small H-shaped composite resonator is also proposed,

and its even-mode and odd-mode are used to configure a miniaturized dual-band BPF



with a flexible center frequency ratio. Three transmission zeros are produced by
introducing a mixed electric and magnetic coupling between the resonators, which
improves significantly the selectivity and out-band rejection performance. All the
designed dual-band and tri-band BPFs are fabricated, and their measured frequency
responses agree well with the theoretically predicted ones.

Secondly, a novel compact dual-band filtering power divider (DB-FPD) is developed
which can reduce significantly the circuit size of a RF/microwave front-end. The proposed
DB-FPD consists of a small U-shaped Wilkinson power divider, two pairs of dual-
resonance resonators (DRRs), and a pair of spur-lines. With the simultaneous use and
appropriate design of the coupled feedlines, mixed electric and magnetic couplings
between the DRRs, and spur-lines with different lengths, multiple TZs are produced
which result in two passbands with desired power division, high frequency selectivity,
good isolation, and an ultrawide stopband. A prototype DB-FPD is designed, fabricated
and measured. The measured responses agree well with the design simulations, exhibiting
a stopband up to 13.8 GHz (6fo) with 20-dB rejection level. This is the widest stopband
of DB-FPDs reported thus far.

Finally, two novel balanced to unbalanced filtering power dividers with variable
bandwidth are proposed based on stub-loaded dual-mode resonators (SL-DMRs). Two
SL-DMRs are used to replace the 90° horizontal transmission lines to realize filtering
responses. With the even- and odd-mode analysis method and traditional transmission line
theory, closed-form analytical equations and detail design procedures are derived.
Moreover, a pair of parallel coupled-lines are used to feed the SL-DMRs, which not only
realize variable bandwidth but also improve the stopband performance. Three
transmission zeros (TZs) locate on both sides of the passband, which improve the
selectivity of the passband. To verify the analytical theory and design method prediction,
two prototypes are designed, fabricated, and measured. The measured responses agree
well with the design simulations, exhibiting a good frequency selectivity, isolation, and

common-mode suppression.
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Chapter 1

Introduction

1.1 Motivation and Objectives

Filters and power dividers are plays important roles in many modern RF/microwave
wireless communication systems. With the rapid development of electronic and
information technologies, wireless communications are facing huge challenges, ilke
higher integration, higher performance, small size, lighter weight, and lower cost.
Multifunction and small size are most important targets for small intelligent terminals to
realize low power consumption, portable, and multi-services.

Among them, multi-band microwave components are widely used in modern high-
integration wireless communication systems, which can support multi-services
simultaneously without adding additional receive or transmit links. In Fig. 1-1(a),
multiple receive links are in parallel to meet the multi-service requirement of the modern
wireless communications. Obviously, this approach will bring more insertion loss, large
circuit size and high system cost. In Fig. 1-1(b), more efficient approach is proposed based
on dual-/multi-band components with compact size and low loss. Therefore, dual-band or
multi-band microwave components have been attracting great attentions and becoming

research hotspot at microwave passive components domain. How to realize high-

Filter]l § LNAT  Mixer |

I%I {>_,_® Wideband/Multi-band
= AN sl Mult- Multicband  Multioband
: : : : : band Filter LNA Mixer

Ant.n LO % I\

Filter n LNAn  Mixern L~

&

Lo LO Input
(a) (b)

Fig. 1-1: The block of RF front-end systems. (a) Combining multiple single-band receive

links. (b) Dual-/multi-band receive front-end.
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Chapter 1: Introduction| 11

selectivity, small circuit size, low-loss, wide stopband, and controllability of frequencies
and bandwidths are the difficult problems in current research.

Moreover, within the RF/microwave community, power dividers also have served a
prominent role for years. The main function of a power divider is to split a given input
signal into two or more signals as needed by the circuit. In receive system, a typical
application for a power divider is to split a signal to feed multiple low noise amplifiers,
and then have the signals from the amplifiers recombine into a high power output signal.
With the developing of phase array Rx/Tx systems, power dividers plays important role.
In this system a signal is either fed through an equal split power divider featuring a
specific number of output ports, or a series of equal split power dividers. The split signals
are then fed through phase shifters and then to an array of transmitting antennas. The
phase difference between each signal being transmitted allows for electronic beam
scanning, allowing the transmitted beam to be focused in different directions depending

upon the phase difference, as shown in Fig. 1-2.

BPF Mixer
—

% I LNA (%) oRxX

((Y))
—@ Circulator VCO

((Y)) :
Phase Array Antenna
PA Tx
oS % 2
Mixer

BPF

)

Beam Scanning
PD/Combiner

[

Fig. 1-2: The typical phased array transceiver architecture.

Recently, for further improving the integration of system, composite function
components are attracted great attentions, such as filtering antennas [1-3], filtering baluns
[4-5], filtering power dividers [6—10], and so on. Although, many previous works are
reported about filtering power dividers, there are still many works worth to do, such as
multi-band performance, high-selectivity, small size, wide stopband suppression, and so
on.

For enhancing the immunity to environmental noises, balanced-to-unbalanced (BTU)
circuits are widely utilized to connect the balanced port and single-ended ports with

common-mode noise suppression, in modern wireless communication systems. To meet

Advanced Microwave Labs. Saitama University September 2019
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the requirements of conversion between balanced signal and unbalanced signal, high
immunity to environment, and integrate multifunction design, many attentions have been

focused on the BTU and balun microwave components.

(" Balanced-to-UnbaIanced_%
| PoverDbides
AntennaAr(an -)) PD ;Baluni _%2
(a)
4 N\ + +
«”| Balanced-to-Unbalanced > o
Rx/TX —| Filtering Power Dividers bNA} o
Antenna Ar&aYy » { PD i Filter i} Balun | a

(b)
Fig. 1-3: The block of differential RF front-end systems. (a) Integrated BTU power divider
without filtering. (b) Integrated BTU filtering power divider.

For BTU power divider (BTU PD), there are integration balun and power divider in
one component to combine single-end signals from receiving antenna array (Rx antenna
array) into differential signals for differential low noise amplifiers (DLNAs), or vice versa,
as shown in Fig. 1-3(a). For further improving the integration of RF/microwave receive
front-end, the BTU filtering power divider (BTU FPD) is researched to replace the BTU
PD in Fig. 1-3(b). In the past researches, most of works are focus on how to design
wideband BTU FPDs more or less, and only limited works have been done on the designs
of variable bandwidth, or narrowband with multi-mode resonator (MMR).

The objective of this doctoral research is to investigate the resonance characteristics
of two type of multi-mode resonators (MMRs) (Stub-Loaded Resonator, SLR and Dual-
Resonance Resonator, DRR) systematically. For demonstration, a series of compact
multi-band bandpass filters are realized by using the proposed two type MMRs,
respectively. Moreover, the two type of MMRs were also used to design a dual-band
filtering power divider and two BTU FPDs with bandwidth variable. Moreover, in those

designs, multiple signal paths, mixed electric and magnetic coupling and source and

Advanced Microwave Labs. Saitama University September 2019
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loaded coupling are introduced to improve the controllable of bandwidths and selectivity

of passbands.

1.2 Literature Review on Multi-Band Filters

Port1

Resonator 2' Resonator 1

!

Resonator 2"
Resonator 3

Port 2

0
_10 L
.20 L
_30 L
40|
50k [
e[

70 F <o Simulation
Measurement
-80

20 25 30 35 40 45 50
Frequency (GHz)

(b)
Fig. 1-4: (a) Layout of the Chebyshev dual-band BPF. (b) Measured and simulated results of
the Chebyshev dual-band BPF.

Magnitude (dB)

Multi-band bandpass filters (BPFs) with compact size, low insertion loss, and high
integration are great demand in modern multifunctional wireless communication systems,
in above section 1.1. In the field of advanced multi-band wireless systems, filters with
two- through seven-band operation for RF/microwave devices have become
indispensable. They key ingredient in a BPF’s design is the resonator. Up to now, many
approaches have been used to design multi-band BPF, such as combine different BPFs
with common feeding structure [11], [12], frequency transformation techniques [13], [14],
and so on. One of the attractive and effective approaches is to use a MMR, such as a
stepped impedance resonator (SIR) [15-18], stub-loaded resonator (SLR) [20-24], ring
resonator [25-27], and other MRRs [28-30].

A widely used MMR that has become synonymous with multiband planar circuits is

Advanced Microwave Labs. Saitama University September 2019
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the stepped impedance resonator (SIR), first introduced by Makimoto and Yamashita in
the 1980s [15]. The resonator was introduced to control the spurious resonance
frequencies while the fundamental frequency was fixed. So, it also used to design multi-
band BPFs. In [16], a half-wavelength SIR was designed with impedance ratio larger than
1 to obtain two resonance frequencies at 2.8 GHz and 4.2 GHz, respectively. It was also
shown that the electrical length ratio of the high and low impedance segments provided
an additional degree of design freedom by which the resonance frequency could be fine-
tuned. Twin uniform impedance resonators (UIRs) were designed for the two passbands
and coupled to the SIRs, which showed improvement in the passband bandwidth due to

the dual modes. The filter design layout and the responses are shown in Fig. 1-4.

Resonator 2'"" —» «— Resonator 3"
1
Resonator 2" Resonator 3
\ /
Resonator 1 Port 2
Port 1

Resonator 4

Resonator 2' Resonator 3'

(a)

Magnitude (dB)

- Simulation
Measurement

-100

20 25 30 35 40 45 50 55
Frequency (GHz)

(b)
Fig. 1-5: (a) The layout of the quasi-elliptic triple-band BPF. (b) The measured and simulated
results of the quasi-elliptic triple-band BPF.
A variant has been realized where, apart from the SIRs with impedance ratio larger
than and the UIR, two more SIRs were designed with impedance ratio less than 1. A quasi-

elliptic filter with a triple-band response is realized with compact folded stepped-

Advanced Microwave Labs. Saitama University September 2019
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impedance resonators and U-shaped UIRs as the building block. The layout and S-
parameters are shown in Fig. 1-5.

For improving the controllability of resonance frequency, a pair of stub-loaded
shorted SIRs were cascaded to obtain a quad-band BPF in [17], as shown in Fig. 1-6(a).
The proposed quad-band BPF consist of two order stub-loaded SIRs with mixed electric
and magnetic coupling, and the four passbands are centered at 1.19, 3.33, 5.87, and 8.39
GHz with 3-dB FBW of 20%, 13.6%, 7.6%, and 15.4%, respectively. The size was
compact, with overall dimensions of 0.169A, x 0.127A,. The guide wavelength
corresponds to a center frequency of the first passband. Six TZs located at 1.57, 1.93, 4.48,
5.19,7.03, and 7.45 GHz are measured among passbands, which lead to up to 30-dB band-
to-band isolation in Fig. 1-6(b).

Unit: mm

Magnitude (dB)
' 3 \
o

— Simulated

. P I P w L B P
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Frequency (GHz)
(b)

Fig. 1-6: (a) The layout of the quad-band BPF. (b) The measured and simulated results of the
quad-band BPF.

It is known that the SIR should be introduced additional stubs to improve the

controllability of the resonance frequencies in multi-band design. Therefore, the initial
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application of UIR loaded with a stub was to achieve a higher number of passband modes
[19]. Several stub-loading schemes have been proposed that integrated various resonator
topologies. In 2008, an open-circuited and short-circuited stubs-loaded resonator was
proposed and used to realize a tri-band BPF in Fig. 1-7 [20]. The first and third passband
frequencies of the proposed tri-band BPF can be flexibly controlled by the lengths of the
short-circuited and open-circuited, respectively, whereas the frequency of the second

passband is fixed, as shown in Fig. 1-7(b) and (c).

Port 2

le— Lg —

L]
le— L, —
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—10
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{ === L§=14.3mm'.,’ |
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frequency, GHz

(c)
Fig. 1-7: (a) The layout of the tri-band BPF. (b) Simulated frequency responses of tri-band
filter under different short-circuited stub length L,. (¢) Simulated frequency responses of tri-

band filter under different open-circuited stub length Ls.

Based on the stub-loaded resonator (SLR) proposed in [20], a new class of double-

stub-loaded UIRs came to be popularly known as cross resonators [21]. The contribution
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of various sections of a cross-shaped resonator to the resonance characteristics is as
follows. The half-wavelength UIR results in the second passband. The short stub creates
the first passband, whereas the open stub results in the third passband. A pseudo-
interdigital coupling topology between resonators was used to realize the compact size of
the filter and create inherent transmission zeros in Fig. 1-8. The three passbands were

centered at 2.4, 3.5, and 5.24 GHz, with all having a 3% FBW.

A W,
v IIP 5« > <« o/P

0
_ 10t
m
3 i
g 20| |
B :
& -30| v
S :
40 4 4 |y -
:!' —Measurement
_50 1 L 1 1
LS, 2 3 4 5 6
___________ Frequency (GHz)
Open stubs
(a) (b)

Fig. 1-8: (a) The layout of the tri-band filter using cascaded resonators. (b) Simulated and

measured results of the tri-band filter using cascaded resonators.

In order to improve the design freedom and resonance mode, a square ring-loaded
resonator (SRLR) was introduced in [22], where the first two odd modes and the first
even-mode were utilized to design a triple band BPF. With the same topology of SRLR,
a quad-mode performance was excited in [23]. This modified resonator can be considered
a variant of the SLR, where more design freedom was achieved by adjusting the width of
the ring that loads the UIR. A dual-band BPF, with passbands centered at 2.4 and 5.2 GHz,
was designed and the layout and corresponding results of the dual-band BPF are
illustrated in Fig. 1-9. For enhanced the controllability of four modes, the frequency
dependence of the phase velocity for coupled meander-line-type slow-wave structures
was used to realize a ring-loaded resonator in [24]. The modified SRLR was used to
design a quad-band high superconducting BPF with center frequencies are 2.44, 3.55,
5.18, and 5.79 GHz, with corresponding 3-dB FBWs 0f4.96%, 5.07%, 2.32%, and 3.63%,
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respectively, in Fig. 1-10. Nevertheless, their design freedom degree is still need improve
for quad-band BPF design. The bandwidths of the four passbands of the quad-band BPF

cannot independent controllable.

04
4104
z
» -204
8
£ -30 i :
© =
: -
i 404 = .
L . 200 A Tz;‘
—- = Simulated 30 ": '\'
501 — Measured 50 52 54 )
1 2 3 4 5 6 7
Frequency (GHz)
(b)

Fig. 1-9: (a) The layout of the designed dual-band BPF. (b) Simulated and measured frequency
responses of the designed dual-band BPF.

S-parameters (dB)

= = = = Simulation

Measurement
_]00 A A A L A A
1 2 3 4 5 6 7 8

Frequency (GHz)
(b)
Fig. 1-10: (a) Photograph of the fabricated HTS quad-band filter with metal cover opened. (b)
Simulated and measured frequency responses of the fabricated quad-band HTS filter.

Therefore, the independent controllable of the bandwidth and frequency of each
passband is still a big challenge in the design of multi-band BPF. In this dissertation, we
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focus on exploring a modified multi-mode resonators to improve the controllability of the
resonance modes, and proposed novel method to realize bandwidth controllable and high

selectivity performances.

1.3 Literature Review on Filtering Power Dividers

In wireless communication system, power divider have been widely used in splitting
and input signal into two output signals and maintaining a good impedance matching at
all ports. Recently, adding a frequency filtering feature to a power divider has been of a
great interest in the field of circuit theories and designs, and relevant works can be found
extensively in the literature [31-44]. Up to now, many efforts have been made on
exploring the approach to synthesize and designing power divider with filtering response.
One class of FPDs are obtained by modifying conventional Wilkinson power divider. For
example, an UWB power divider on single-layer microstrip-line is proposed, analyzed
and designed [31]. As shown in Fig. 1-11(a), this divider is constructed by introducing a
pair of stepped-impedance open-circuited stubs and parallel coupled lines in two output
ports, so that the sharp roll-off skirt can be achieved to better regulate the UWB

performance. The simulated and measured results are shown in Fig. 1-11(b).
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Fig. 1-12: (a) Schematic layout of proposed divider. (b) Predicted and measured S and S
magnitudes as well as group delay of the proposed power divider.

In [33], a bandpass and lowpass filters are employed to substitute two quarter-

wavelength lines in a conventional Wilkinson power divider for having a filtering feature,
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as shown in Fig. 1-12. The proposed divider is fabricated on a 1.524 mm Rogers

ROA4003C substrate with a dielectric constant of 3.55 and a loss tangent of 0.0027. The

passband filter realized a good frequency selectivity with measured passband return loss

is >13 dB, and the insertion loss of each path is 3.68 dB with +0.2 dB of imbalance. A

pair of lowpass filters are used to formed a wide stopband characteristic with rejection

level is >10 dB up to 22.2 fo, where fo is the operating center frequency of the proposed

power divider.
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Fig. 1-12: (a) Schematic layout of proposed divider. (b) Wideband simulated and measured
frequency responses of the proposed divider. (c¢) Narrowband simulated and measured

frequency responses of the proposed divider.

frequency, GHz

By exploring embedding transversal signal-interference sections in a Wilkinson

power divider, a wideband FPD is designed and realized in [34], as shown in Fig. 1-13(a).
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Due to the employment of transversal signal-interference sections, this new Wilkinson
divider possesses additional transmission zeros (TZs) and transmission poles (TPs)
compared with the conventional one. This property leads to a 90% bandwidth (15-dB
return loss) and sharp selectivity. In addition, by replacing the single isolation resistor

with series resistor-inductor capacitor network, the isolation bandwidth is increased to

about 200%.
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Fig. 1-13: (a) Photograph of the fabricated prototype of proposed wideband divider. (b) EM-
simulated (top) and measured (bottom) S-parameters of the fabricated prototype.

Most of the previously reported works tried to achieve high frequency selectivity
[32], [35] and harmonic suppression [36], [37] performances in a single-band or a
wideband, yet there are a few papers on dual-band FPDs (DB-FPDs) [38]-[41]. In [39],
by introducing a proper coupling topology between the quarter-wavelength (A/4) short-

ended microstrip line and two multi-mode resonators, the dual-band FPD is constructed,
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as shown in Fig. 1-14(a). In this design, a pair of multi-mode resonators is readily
introduced and properly coupled with a A/4 short-ended microstrip line to realize dual-
band filtering performance. Moreover, two 3A/4 open stubs are loaded on the output
coupled lines so as to further improve frequency selectivity and achieve wide stopband.
The measured center frequencies of the two passbands are equal to 1.57 and 2.89 GHz

with 3-dB FBWs of 22.3% and 7.6%, respectively, as shown in Fig. 1-14(b) and (c).
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Fig. 1-14: (a) Layout of the proposed dual-band filtering power divider (FPD). (b) Measured
and simulated magnitude of S11, S21, and S3; of the dual-band FPD. (¢) Measured and simulated
magnitude of S>; and S>3 of the dual-band FPD.

These DB-FPDs exhibited good frequency selectivity and power division. However,

their harmonic suppression property needs to be improved. In this dissertation, we
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propose a novel DB-FPD with ultrawide stopband and good frequency selectivity. Two
pairs of dual- resonance resonators (DRRs) are embedded into the output arms of
Wilkinson power divider (WPD) to achieve a dual-band high frequency selectivity with
multiple independently controllable resonance frequencies. Adopting a combined use of
appropriately designed DRRs and a pair of spur-lines, a wide stopband up to 6/ with 20
dB rejection level is realized. Moreover, compare with the previous works about DB-FPD,
the proposed design method of DB-FPD is more simplify. This is the widest stopband of
DB-FPDs reported thus far.

1.4 Literature Review on Balanced-to-Unbalanced Filtering
Power Dividers

Balanced-to-unbalanced (BTU) circuits are widely utilized to connect the balanced
port and single-ended ports with common-mode noise suppression, in modern wireless
communication systems. To meet the requirements of conversion between balanced signal
and unbalanced signal, high immunity to environment, and integrate multifunction design,
many attentions have been focused on the BTU and balun microwave components, such
as balun filters [44—46], BTU diplexers [47—49], and BTU power dividers (PDs) [50-64].

For BTU PD, there are integration balun and power divider in one component to
combine single-end signals from receiving antenna array (Rx antenna array) into
differential signals for differential low noise amplifiers (DLNAsS), or vice versa. Over the
past several years, BTU PDs have been studied based on square ring network [50-57]. In
[50], shorted-ended four-wire coupled-line and T-shaped structure were used to design a
BTU PD with operating bandwidth of 25% for the first time. The differential-mode power
inputted from the balanced Port 1 is transmitted to two single-ended output Ports 2 and 3
with equal power division in Fig. 1-15. The common-mode power is reflected by Port 1
and no common-mode noise is transmitted to the two output ports. The two single-ended
outputs are also isolated by using a lumped resistor. A four-wire coupled line and T-shaped

structures are utilized for miniaturization.
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Fig. 1-15: Photo of the balanced-to-single-ended power divider prototype.

In order to enhance the operating bandwidth, three pairs of cascaded coupled-lines
replaces the shorted-ended four-wire coupled-line, T-shaped structure and other
transmission lines. Thus, the operating bandwidths are broadened to 37.2% [51] and 30%
[54]. Moreover, those designs also realize a miniaturized circuit size. In [56], a wideband
multilayer BTUB power divider integrating the functions of balun and power divider is
proposed used to further enhance the bandwidth of BTU PD, whose physical structure is
shown in Fig. 1-16. Despite the power division response with the bandwidth of 63% was

achieved, the multilayer structure is difficult to fabricate.

Middle layer Microstrip
1- [ISlotline

Fig. 1-16: Basic physical structure of the wideband BTUB power divider.

A wideband BTU FD using symmetrical transmission lines was presented in [57],
and the bandwidth can be raised to 89.1%. All of the above mentioned previous works
payed attention to BTU PDs design, which still need to connect filters in system
applications. Therefore, BTU filtering power divider (FPD) with higher integration had

been proposed based on branch-lines with several open-stubs [58], as shown in Fig. 1-
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17(a), which is used to implement lower insertion loss and smaller circuit size. Power
dividing, frequency selectivity, isolation between output ports, and common-mode
suppression can be realized at the same time. The BTU FPD is fabricated on an RO4003C
substrate with a dielectric constant of 3.38, a thickness of 0.813 mm, and a loss tangent
of 0.0027. The simulated and measured results are shown in Fig. 1-17(b) with a DM
fractional bandwidth of 7.7%, and CM suppression better than 20 dB from 1.75 to 3 GHz.
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Fig. 1-17: (a) Layout of BTU FPD. (b) Photograph and differential mode simulated and
measured responses. (¢) Common mode simulated and measured responses.
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A pair of coupled-lines is utilized to realize filtering response with wideband
performance [59]. Moreover, open/shorted coupled-lines and half-wavelength open stubs
were applied to introduce two transmission zeros near the passband, which enhance the
selectivity of the proposed BTU FPD, while the in-band isolation also need to further
improve. In [60], a novel wideband balanced-to-unbalanced filtering unequal power
divider with wide stopband and isolation is proposed as shown in Fig.1-18(a). The
wideband filtering response with high frequency selectivity can be realized easily using
the modified two-port coupled lines with short- and open-circuit stubs, thus generating
two transmission zeros near the passband. Additionally, the isolation between the

unbalanced ports is better than 20 dB, illustrated in Fig. 1-18(b).
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Fig. 1-18: (a) Photograph of fabricated wideband BTU FPD. (b) Theoretical, simulated, and
measured results of single-ended ports responses.
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For widening the frequency range of common mode (CM) suppression, a hybrid
microstrip/slotline structure was used to design a filtering BTU PD (BTU FPD) with
wider differential mode (DM) matching bandwidth and wider CM suppression bandwidth
[62]. Despite this structure can achieve a better CM suppression, it is relatively difficult
and expensive to process. Note that all the aforementioned works focus on how to design
wideband BTU PDs more or less, and only limited works have been done on the design

of variable bandwidth [58-65].

1.5 Organization of Chapters

The main contents of the dissertation are organized into six chapters and are
described briefly as follows.

In Chapter 1, the background, current status, motivation, and objectives of the
research are described.

In Chapter 2, the basic design theory of microwave filters, analysis method of
microwave networks, fundamental principles of microwave Wilkinson power dividers,
and basic concepts of microwave differential networks are briefly summarized.

In Chapter 3, at first, a novel type of stub-loaded stepped-impedance resonator (SL-
SIR) is proposed. With different schematics of the loaded stubs, the SL-SIR has flexibly
controllable dual-modes or tri-modes to construct dual-band or tri-band BPFs. Detailed
mode analysis of the resonator is conducted, and parametric variations of the modes are
investigated. Next, dual-band and tri-band BPFs are proposed and designed using the
dual-mode or tri-mode SL-SIRs. Multiple geometrical parameters in both the external
feeding structure and the internal couplings between neighboring resonators are employed
to make the individual control of the two or three passbands possible. Furthermore,
separately changeable multiple coupling paths between the resonators and the coupling
paths between the source and load are devised to create multiple transmission zeros,
which not only enhance significantly the selectivity of the passbands, but also widen
greatly the stopband of the BPFs. A small H-shaped composite resonator is also proposed,
and its even-mode and odd-mode are used to configure a miniaturized dual-band BPF
with a flexible center frequency ratio. Three transmission zeros are produced by

introducing a mixed electric and magnetic coupling between the resonators, which
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improves significantly the selectivity and out-band rejection performance. All the
designed dual-band and tri-band BPFs are fabricated, and their measured frequency
responses agree well with the theoretically predicted ones.

In Chapter 4, a novel compact dual-band filtering power divider (DB-FPD) is
developed which can reduce significantly the circuit size of a RF/microwave front-end.
The proposed DB-FPD consists of a small U-shaped Wilkinson power divider, two pairs
of dual-resonance resonators (DRRs), and a pair of spur-lines. With the simultaneous use
and appropriate design of the coupled feedlines, mixed electric and magnetic couplings
between the DRRs, and spur-lines with different lengths, multiple TZs are produced
which result in two passbands with desired power division, high frequency selectivity,
good isolation, and an ultrawide stopband. A prototype DB-FPD is designed, fabricated
and measured. The measured responses agree well with the design simulations, exhibiting
a stopband up to 13.8 GHz (610) with 20-dB rejection level. This is the widest stopband
of DB-FPDs reported thus far.

In Chapter 5, two novel balanced to unbalanced filtering power dividers with
variable bandwidth are proposed based on stub-loaded dual-mode resonators (SL-DMRs).
Two SL-DMRs are used to replace the 90° horizontal transmission lines to realize filtering
responses. With the even- and odd-mode analysis method and traditional transmission line
theory, closed-form analytical equations and detail design procedures are derived.
Moreover, a pair of parallel coupled-lines are used to feed the SL-DMRs, which not only
realize variable bandwidth but also improve the stopband performance. Three
transmission zeros (TZs) locate on both sides of the passband, which improve the
selectivity of the passband. To verify the analytical theory and design method prediction,
two prototypes are designed, fabricated, and measured. The measured responses agree
well with the design simulations, exhibiting a good frequency selectivity, isolation, and
common-mode suppression.

In Chapter 6, the main research works and obtained results of this dissertation are

summarized, and a brief discussion on prospective future works is also provided.
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Chapter 2
Fundamental Design Theory of Filters and

Power Dividers

2.1 Overview

This chapter introduces basic concepts and theories that form the foundation for
designing RF/microwave passive components, including bandpass filters, filtering power
dividers, and balanced-to-unbalanced filtering power dividers. The topics will cover the
basic concepts of microwave filters, coupled resonators, coupled-lines, microwave
networks analysis, basic properties and theory of power divider, and mixed-mode S-
parameter of differential circuits. Those topics are summarized from open literatures to

guide the design of subsequent chapters [1-5].

2.2 Basic Concepts and Coupled-Line Filters

2.2.1 General Definitions of Filters

Most of the microwave filters can be represented by a two-port network. The transfer
function $21 1s a mathematical description of network response characteristics. On many
occasions, an amplitude-squared transfer function for a lossless passive filter network is

defined as [1]

1

5.1 (i2)| L@ @.1)

where ¢ is a ripple constant, F,(€2) represents a filtering or characteristic function, and Q
is frequency variable. For our discussion here, it is convenient to let Q represent a radian
frequency variable of a lowpass prototype filter that has a cutoff frequency at Q. =1
(rad/s).

For a given transfer function of (2.1), the insertion loss response L4 and the return

loss response Lz of the filter can be defined as follows:
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1
5.1 (i9)
Lo (2)=10log|1-[8,, (i) 2.3)

2.2.2 Coupled Resonators

In microstrip filter design, the important step is to establish the relationship between
the value of every required coupling coefficient and the physical structure of coupled
resonators in order to find the physical dimensions of the filter for fabrication. Fig. 2-1
depicts the general model of two coupled resonators where resonators 1 and 2 can be
different in structure and have different resonant frequencies. In general, the coupling

coefficient may be defined on the basis of a ratio of coupled to stored energy as

[[[2E, E,av [[]eH,-H,dv o
\/HI‘9|E| dv [ [ [&|E,[ dv \/”.[8|H1| dv [ [ [[H,[ dv

where E and H represent the electric and magnetic field vectors, respectively.

We can use the more traditional notation k instead of M for the coupling coefficient.
Note that all fields are determined at resonance and the volume integrals are over entire
effecting regions with permittivity of ¢ and permeability of . The first term on the right-
hand side represents the electric coupling, while the second term represents the magnetic
coupling. It should be remarked that the interaction of the coupled resonators is
mathematically described by the dot operation of their space vector fields, which allows
the coupling to have either positive or negative sign. A positive sign would imply that the
coupling enhances the stored energy of uncoupled resonators, whereas a negative sign
would indicate a reduction. Therefore, the electric and magnetic couplings could either
have the same effect if they have the same sign, or have the opposite effect if their signs
are opposite. Obviously, the direct evaluation of coupling coefficient from (2.4) requires
the knowledge of the field distributions and performance of the space integrals. This is

not an easy task unless analytical solutions of the fields exist.
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E1 E2
Fig. 2-1: Coupling model of resonator 1 and 2 can be different in structure and have different

resonant frequencies.

Moreover, it may be much easier by using full-wave EM simulation or experiment
to find some characteristic frequencies that are associated with the coupling of coupled
RF/microwave resonators. The coupling coefficient can then be determined against the
physical structure of coupled resonators if the relationship between the coupling
coefficient and the characteristic frequencies is established. In what follows, we derive
the formulation of such relationships.

In general, the coupling between two resonators with the same resonant frequency
have three situations such as electric coupling, magnetic coupling and mixed coupling. In
filter design, the mixed coupling case are widely used to produce transmission zeros to
improve the selectivity of the filter. Therefore, we will introduce the mixed couplings in
this section, and the electric coupling and magnetic coupling are descripted in detail in
[1]. For coupled-resonator structures, with both the electric and magnetic couplings, a
network representation is given in Fig. 2-2. Notice that the Y parameters are the
parameters of a two-port network located on the left side of reference plane 71-7"1 and the
right side of reference plane 72-7", while the Z parameters are the parameters of the other
two-port network located on the right side of reference plane 71-7"1 and the left side of

reference plane 7>-7". The Y and Z parameters are defined by

Yu =Y = WC (2.5)
Y12 =Y21 = ja)Cm
Z,=2, = joL 2.6)

Z,=2,= Ja)Lr'n

where C, L, C'’y, and L', are the self-capacitance, the self-inductance, the mutual
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capacitance, and the mutual inductance of an associated equivalent lumped-element
circuit shown in Fig. 2-2. One can also identify an impedance inverter K = wL', and an
admittance inverter J = wC'y, which represent the magnetic coupling and the electric

coupling, respectively.

-2Cy' (-2Cy'
i

——Cn'iCn'==

500
Lo’ Lo’
2Ly E 2Ly

¢
T

Fig. 2-2: Equivalent circuit of the mixed coupling.

By inserting an electric wall and a magnetic wall, respectively, into the symmetry

plane of the equivalent circuit in Fig. 2-2, we obtain

1
f = 2.7
* 2zf(L-L,)(c-cy) 7
i ! (2.8)

"2z f(L+L,)(C+Cy)

From the (2.7) and (2.8), it can be seen that both the magnetic and electric couplings
have the same effect on the resonant frequency shifting. And the mixed coupling
coefficient 4 can be found to be

_f2-f} CL,+LC,
P+ f2 LC+LC

(2.9)

2.2.3 Coupled Transmission Lines

In section 2.2.2, the design of coupling resonator filter has been introduced,
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especially the relationship between coupling coefficient and the physical structure. In this
section, we will descript one of the classical physical structure: coupled transmission line,
which also called coupled line. When two unshielded transmission lines (as shown in Fig.
2-3) are placed in close proximity to each other, a fraction of the power present on the

main line is coupled to the secondary line.

g e
(a) (b)

T |<-W_>| 77777777,
h £ ’ |¢W->| _T: £ %ésg//
1 L2 *ew

(c) (d)
Fig. 2-3: Coupled transmission lines: (a) coaxial lines, (b) Striplines, (¢c) microstrip lines, and

(d) broadside striplines.

Coupled-line structures are available for all forms and types of transmission lines/
dielectric guides and waveguides. Striplines, microstrip lines, coplanar waveguides,
image guides, and insular and inverted strip guides are the most popular planar forms. In
the part, we will introduces the coupling mechanism with the microstrip coupled lines as
an example, and the other forms are descripted in [2].

The symmetric coupled-line structures, as shown in Fig. 2-3(c), support two modes:
even and odd. The interaction between these modes induces the coupling between the two
transmission lines, and the properties of the symmetric coupled structures may be
described in terms of a suitable linear combination of these modes. The field distributions
for the even and odd modes on coupled microstrip lines are shown in Fig. 2-4. In even-
mode excitation, both microstrip conductors are at same potential while the odd mode

delineates equal but of opposite polarity potentials with respect to the ground. The even
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and odd modes have different characteristic impedances, and their values become equal
when the separation between the conductors is very large (lines are uncoupled). The even-
mode characteristic impedance (Zo. ) is the impedance from one line to the ground when
both lines are driven in-phase from equal sources of equal impedances and voltages. The
odd-mode characteristic impedance (Zo,) is defined as the impedance from one line to the
ground when both lines are driven out of phase from equal sources of equal impedances

and voltages.

----------- Magnetic Field Lines

Electric Field Lines

AR

R Jone
4 ~ "4

Fig. 2-4: Even- and odd-mode field configurations in coupled microstrip lines.

Odd Mode

The velocities of propagation of the even and odd modes are equal when the lines
are embedded in a homogeneous dielectric medium (e.g., stripline). For transmission lines
such as coupled microstrip lines, however, the dielectric medium is not homogeneous,
and a part of the field extends into the air above the substrate, resulting in different
propagation velocities for the two modes. Consequently, the effective dielectric constants
(and the phase velocities) are different for the two modes. This nonsynchronous feature
deteriorates the performance of circuits using these types of coupled lines. The voltage
coupling coefficient of a coupling structure is generally expressed in terms of the even-

and odd-mode characteristic impedances, effective dielectric constants, and coupled
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structure line length. For a quarter-wave coupled section in a homogeneous dielectric

medium, the coupling coefficient £ is given by

Z, -2
k=20"%0 (2.10)
ZOe+ZOO

2.3 Microwave Network Analysis

Microwave network are essential building elements in many areas of RF/microwave
engineering. Such networks are used to select/reject or separate/combine signals at
different frequencies in a host of RF/microwave system and equipment. Microwave
network theory was originally developed in the service of radar system and component
development at the MIT Radiation Lab in the 1940s. In this section, the various
microwave networks concepts and theory will be descripted for guiding the filters, power

dividers or other passive devices design.
2.3.1 Equivalent Voltages and Currents

For low-frequency networks, one can define (and measure) unique voltages and
currents at various locations in the circuit. Unfortunately, at microwave frequencies the
measurement of voltage or current is difficult (or impossible), unless a clearly defined
terminal pair is available. It is possible to define unique (actual) quantities only for
transmission lines carrying power in the TEM mode. Examples of transmission lines
supporting the TEM mode of propagation are a coaxial line, stripline, microstrip line, and
so forth. Many other commonly used transmission lines such as hollow waveguides,
dielectric guides, and fin lines do not support the TEM mode of propagation. Therefore,
one resorts to the concept of equivalent voltages and currents, and this can be applied to
both TEM- and non-TEM-mode transmission lines. Relationships involving equivalent
voltages or currents lead to unique physical quantities such as reflection and transmission
coefficients, normalized input impedance, and the like. Equivalent voltages and currents
can be defined on a normalized or unnormalized basis. Because the representative matrix
of a network may define a relationship between normalized or between unnormalized

quantities, it is essential to understand their meaning.
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Load

Zy(8) Zin (%)

(b)

Fig. 2-5: (a) Normalized and unnormalized voltage and current waves on transmission lines of

a two-port network. (b) A two-port network connected to a source and load.

Normalized Voltage and Currents: Fig. 2-5(a) shows a two-port network. The power
flows into and out of the network by means of transmission lines connected to the network.
Each transmission line may carry a wave propagating toward the network defined as the
incident wave or away from the network defined as the reflected wave. If power is incident
in the transmission line connected to port 1, the mode in which the power flows is a
characteristic of the type of transmission line. Associated with a mode are unique
electromagnetic fields. The transverse components of electric and magnetic fields
(transverse to the direction of propagation) have a unique phase associated with them,
which is the same for both fields. Further, the z-variation of the incident electromagnetic
wave (assuming that the power flow is in the positive z-direction) can be described by a
simple factor e”', where S is a unique quantity and denotes the phase constant of the
wave in the transmission line of port 1.

To determine the normalized voltage and current waves, we assume that the incident
voltage and current waves have the same phase as that of the transverse electric and

magnetic field components of the incident electromagnetic wave. Further, the z-variation
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of voltage and current waves is also given by the same factor as that for the field
components (¢7#17). Mathematically, the normalized incident voltage and current waves

in the transmission line of port 1 can then be expressed as

V" (z) =V,5e ¥ =y\i glvug A2 (2.11)

+
10

I (z) = Ipe % =i

elvug Az (2.12)

When the characteristic impedance of a transmission line is real, the voltage and
current waves can be expressed in terms of the incident and reflected power. At

microwave frequencies, the characteristic impedances of practical transmission lines are

~

+

generally real. To compute the values of |V, we force the condition that the

[+
and |l,],

average power flow is given by

7|+
Vol

10

-p' (2.13)

vV, we need to have another relation between them. To

To determine and (I,

define normalized quantities, we choose

7+
VlO
M+
IlO

=1 (2.14)

From (2.13) and (2.14), we can obtain

HEIMENES (2.15)
Substituting the values of \v”lg and |I;)| from (2.15) in (2.11) and (2.12), we

obtain

Vi (2) = I (2) = Preee 1A (2.16)
With the same method, we can compute the reflected waves, which can be expressed

as

V; (2) =1y (2) =[P euelh (2.17)

Therefore, the total normalized voltage in the transmission line of port 1 is given by
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Vi(2)=Vi (2)+Vi (2)
ej'//ue—jﬁiz + ’\716‘ ej'/’llejﬁlz (2 1 8)

— ’Pl‘*'ej'//ilefjﬂlz + Pl_ej'//ilejﬂlz

7+
VlO

Moreover, the total current at any value of is z given by

fl(Z)Z ff(z)_ IAl_(z)
I [eie A —‘ffo\e"'”“ejﬂﬂ (2.19)

— +alviip-ifz —alviipifz
= /Prelug 4 [prelug

Reflection Coefficient and Input Impedance: Referring to Fig. 2-5(b), and
substituting values of \717 (Z) and \71+ (Z) from (2.16) and (2.17), the voltage reflection

coefficient I'1 in the transmission line of port 1 is defined as

=Vﬂlf(z) =V17(Z)
D) W ()

7- ej'//lr*jﬁlz -
’Vlo‘ _ iel(%r*%i)eziﬂﬂ
P+ aive-ifz Al P

10| 1

The reflection coefficient is a unique quantity, and the square of its modulus gives

(2.20)

the fraction of the incident power that is reflected back from (2.20). The ratio of the

reflected-to-incident power is commonly referred to as return loss. The return loss (in
decibels), which is a positive quantity, is given by

RL(dB)=-10Ig]T, (z)] =-201g|r, (z)| 2.21)

More often, it is the practice to use the ratio of total voltage and current, which can

be termed as input impedance. The ratio of total normalized voltage to current is defined

as the normalized input impedance and is given by

z}n(z):\fl(z): :{(Z)H@_(Z):“ri(z) (2.22)
L(z) V" (2)-V, (z) 1-T,(z)
Similarly, the unnormalized input impedance Z;, is given by
1+T,(2) (2.3

Z,(z)= olm
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In Fig. 2-5(b), if Zix(#1) denotes the loaded impedance Z;, the input impedance Z;, at
distance / away can be expressed as

3 Z +]Z, tan gl
"%z, +jZ, tan g

(2.24)

2.3.2 Impedance and Admittance Matrices

2O

g v,

Fig. 2-6: An arbitrary N-port microwave network.

In the previous section, the equivalent voltages and currents and input impedance
have been defined and analyzed. For microwave circuit’s analysis, we will introduces the
impedance and admittance matrices of N-port network, as depicted in Fig. 2-6. In the
impedance matrix representation, the voltage at each port is related to the currents at the
different ports as follows

Vi=Zyli+ 2,1+ + 2 1y
V,=2,1,+Z,,1,+-+2Z,,1

(2.25)
Vy =2yl + 2,0+ +Z 1y
In matrix notation, this set of equations can be expressed as
vV]=[z][1] (2.26)
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where
Vl_
V]=| : (2.27)
VN_
Il_
[1]=] : (2.28)
IN_
and
Zu le ZlN
Z Z R4
[Z]= :21 :22 : :2N (2.29)
ZNl ZNZ ZNN

In the admittance matrix representation, the current at each port of the network as

shown in Fig. 2-6 is related to the voltages at the different ports as follows

[1]=[¥][V] (2.30)
where [V] and [I] are column vectors as defined by (2.27) and (2.28), respectively, and
Yo Yoo oo Y
Yo Y. . Y
[Y]z :21 :22 : :2N 2.31)
YN 1 YN 2 YNN

2.3.3 The Scattering Matrix

As we all known that it is difficult to measure the voltages and currents at microwave
frequencies directly. Thus, equivalent voltages and currents, and the related impedance
and admittance matrices, become somewhat of an abstraction when dealing with high-
frequency networks. A representation more in accord with direct measurements, and with
the ideas of incident, reflected, and transmitted waves, is given by the scattering matrix.
In this representation, the normalized reflected voltage at each port of the network as
shown in Fig. 2-6 is related to the normalized incident voltages at the ports of the network

as follows
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-_ & v+, <& + +
V1 _311 1 +S12 o ooV
V, =S,V +S V) ++S, VS
2 . 2.1 1 2'2 2 ' %N N (2.32)
7- 2 \J+t ., & \J+ S\ +
VN :Sval +SN2V2 + +SNN N

In matrix notation, the above set of equations can be expressed as

[J*]:[é]ﬂ&*] (2.33)

where
_\il__
[A*}= : (2.34)
Vi
1+
[ *]: : (2.35)
Vi
and
All S’\12 SAlN
[§]=|% B2 7 Sw (236)
_éNl SANz §NN_

(2.37)

n \7;:0 where p=1,...,N; p=n

2.3.4 The Transmission Matrix

The Z, Y, and S parameter representations can be used to characterize a microwave
network with an arbitrary number of ports, but in practice many microwave networks
consist of a cascade connection of two or more two-port networks. In this case it is
convenient to define a 2 x 2 transmission (or ABCD) matrix, for each two-port network.

We will see that the ABCD matrix of the cascade connection of two or more two-port

Advanced Microwave Labs. Saitama University September 2019



Chapter 2: Fundamental Design Theory of Filters and Power Dividers | 48

networks can be easily found by multiplying the ABCD matrices of the individual two-
ports.
The ABCD matrix is defined for a two-port network in terms of the total voltages

and currents as shown in Fig. 2-7(a) and the following:

V,=AV, +Bl, (2.38)
I, =CV, +DlI, '
or in matric form as
V, A BV
Y= z (2.39)
I C DI,
1y I,
— —
—o— S S
Port + v I:A B:| * y, Port
I = C D - 2
—— -
(@)
> — >
+ 4, B + A, B, +
Vi Vs . Vs
— [cl 1)1] . [(, 1)2] -
_O_ r _o_
(b)

Fig. 2-7: (a) A two-port network; (b) a cascade connection of tow-port networks.

It is important to note from Fig. 2-7(a) that a change in the sign convention of /> has
been made from our previous definitions, which had /> as the current flowing into port 2.
The convention that /> flows out of port 2 will be used when dealing with ABCD matrices
so that in a cascade network /> will be the same current that flows into the adjacent
network, as shown in Fig. 2-7(b). Then the left-hand side of (2.39) represents the voltage
and current at port 1 of the network, while the column on the right-hand side of (2.39)
represents the voltage and current at port 2.

In the cascade connection of two two-port networks shown in Fig. 2-7(b) we have

that
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Vl — Ai Bl V2

Il Cl Dl I 2

V2 — AZ BZ V3

I 2 CZ DZ I 3
Simplify the (2.40), the follow equation can be obtain

el e
I1 Cl Dl CZ D2 |3

(2.41) shows that the ABCD matrix of the cascade connection of the two networks

(2.40)

is equal to the product of the ABCD matrices representing the individual two-ports. Note
that the order of multiplication of the matrix must be the same as the order in which the
networks are arranged since matrix multiplication is not, in general, commutative. Some

number of two-port networks and their ABCD matrices had been list in [3].

2.4 Basic Properties and Theory of Power Dividers

Power divider is three-port passive microwave component used to power division or
power combining, as illustrated in Fig. 2-8. In Fig. 2-8, an input signal is divided into two
output signals of lesser power, while a power combiner accepts two or more input signals
and combines them at an output port. Power dividers usually provide in-phase output
signals with an equal power division ratio (3 dB), but unequal power division ratios are
also possible. In the next part, we will introduce the three-port network and Wilkinson

power divider.

Divider > P,=aP, Py =P, + P;| Divider [*———PF,

P m— or ~—] or
COUPlET | Py=(1-a)P, coupler D —

(a) (b)

Fig. 2-8: Power division and combing. (a) Power division. (b) Power combining.

2.4.1 Three-Port Network

The simplest type of power divider is a T-junction, which is a three-port network

with two inputs and one output. The scattering matrix of an arbitrary three-port network
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has nine independent elements
Sll SlZ S13
[S] =S Sn Sy (2.42)
SSl 32 33
If the device is passive and contains no anisotropic materials, then it must be
reciprocal and its scattering matrix will be symmetric (S; = S;;). Usually, to avoid power
loss, we would like to have a junction that is lossless and matched at all ports. We can
easily show, however, that it is impossible to construct such a three-port lossless reciprocal
network that is matched at all ports. If all ports are matched, then S;; = 0, and if the network
is reciprocal, the scattering matrix of (2.42) reduces to
0 S12 S13

s, 0 S, (2.43)
S31 S32 0

8]

If the network is also lossless, then energy conservation requires that the scattering

matrix satisfy the unitary properties of (4.39), which leads to the following conditions

S| +[S,l =1 (2.442)
[Siaf +[S24f =1 (2.44b)
Sl +1S2a] =1 (2.44c)
8138, =0 (2.44d)
8535, =0 (2.44¢)
S),S, =0 (2.44f)

Equations (2.44d)—(2.44f) show that at least two of the three parameters (S12, S13, S23)
must be zero. However, this condition will always be inconsistent with one of equations
(2.44a)—(2.44c¢), implying that a three-port network cannot be simultaneously lossless,
reciprocal, and matched at all ports. If any one of these three conditions is relaxed, then a
physically realizable device is possible.

If the three-port network is nonreciprocal, then Sj; # Sj; , and the conditions of input
matching at all ports and energy conservation can be satisfied. The scattering matrix of a

matched three-port network has the following form
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0
[S] =151 0 Sy (2.45)
Sy S O

If the network is lossless, [S] must be unitary, which implies the following conditions

5.5, =0 (2.46a)
S,,S,, =0 (2.46b)
S,S;=0 (2.46¢)
1S,[ +[S,[ =1 (2.46d)
1S, +[Sy| =1 (2.46¢)
1Ss| +[Sa| =1 (2.461)

2.4.2 The Wilkinson Power Divider

Wilkinson power divider have good isolation between two outputs and better
matched at all ports are widely researched, which is proposed by Ernest J. Wilkinson in
1959. Wilkinson power divider is a lossy, reciprocal and matched three-port network,
which also called resistive divider. The Wilkinson power divider can be made with
arbitrary power division, but we will first consider the equal-split (3 dB) case. This divider
i1s often made in microstrip line or stripline form, as depicted in Fig. 2-9(a), and the
corresponding transmission line circuit is given in Fig. 2-9(b). We will analyze this circuit
by reducing it to two simpler circuits driven by symmetric and antisymmetric sources at
the output ports. This even- and odd-mode analysis technique will also be useful for other

networks that we will study in later sections [3][4].
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Port 2

Zy

27,

27, Zy Portl Z,
Port 1 — 0
Port 3

2z, N,

Zy Port3

Fig. 2-9: The Wilkinson power divider. (a) An equal-split Wilkinson power divider in
microstrip line form. (b) Equivalent transmission line circuit.

Even- and Odd-Mode Analysis: For simplicity, all of impedances can be normalized
by the characteristic impedance Zo, and redraw the circuit of Fig. 2-9(b) with voltage
generators at the output ports as shown in Fig. 2-10. Now define two separate modes of
excitation for the circuit of Fig. 2-10: the even mode, where Vg2 = Vg3 = 2V, and the odd
mode, where Vg = —Vg3 = 2V0. Superposition of these two modes effectively produces an

excitation of Vg =4V and Vg = 0, from which we can find the scattering parameters of

the network.

Port 2 Port 2
1

(a) (b)

Fig. 2-11: Bisection of the WPD (a) Even-mode excitation. (b) Odd-mode excitation
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Even-Mode Analysis: Under the even-mode excitation, Vg = Vg3 =2Vo, 50 V, =V,

and therefore no current flows through the 7/2 resistors or the short circuit between the
inputs of the two transmission lines at port 1.The even-mode equivalent circuit is

illustrated in Fig.2-11(a). Then, looking into port 2, we see an input impedance

22
Z: = 7 (2.47)

Odd-Mode Analysis: Under the odd-mode excitation, Ve =-Vg3 =2V, 50 V, =-V,,

and there is voltage null along the middle of the circuit in Fig. 2-10. Therefore, the odd-
mode equivalent circuit is depicted in Fig. 2-11(b). Looking into port 2, we see an
impedance of 7/2 since the parallel-connected transmission line is 4/4 long and shorted at
port 1, and so looks like an open circuit at port 2. Under the odd-mode excitation, all
power is delivered to the /2 resistors, with none going to port 1. Therefore, the input
impedance can be derived as

z (2)

A 2.48
5 5 (2.48)

Zi?] =
Finally, the total circuit model of the Wilkinson power divider can be establish and
their scattering parameters can be obtained according the three-port network, which

introduced in the above section.

S11 =
Szz = S33 =
Ve +V,° )
S, =8, =t—L=-j/\2 (2.49)

2.5 Differential Circuit and Mixed-Mode S-Parameters

Differential circuits act as an important role in modern communication system [4][5].
Analog signals processed by a communication system are degraded by two different types
of noises, namely, the environmental noise and device electronic noise. The differential

circuits can help reject the common-mode noise (the environmental noise and device
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electronic noise). In a differential circuit, signals with equal magnitude and opposite phase
relative to reference ground potential are transmitted and processed across a matched two-
conductor system. In ideal differential circuit, the ground or DC supply path is not the
path for the signal currents or the signal ground return currents to travel to the signal
source. The reference ground terminal is ideally at a constant mid-potential level between
the voltage potential associated with the differential input signal. A two-port differential
network with four terminals is illustrated in Fig. 2-12. It shows that the differential signal
can be transmitted by this differential networks perfectly, and all the common-mode (CM)
signals introduced through the ground reference nodes are eliminated. Therefore, the ideal
differential or balanced system have a good suppression of CM noise compare with the
traditional single-ended system. In this section, we will introduce the definition of the

nixed-mode and mixed-mode scattering parameters of the differential circuit.

......... DM signal path
--------- CM signal path

Vg Vi +Voq
1 ’\/ —»’\/—> ....................... . | 2
Differential
T [ L 0 & .._".:..[\]é:tv.\.l-af-k:.:-.. ............. T
1' \/\_> ,\j_> B ettt d J—— \/\ 2'
7Vid +Vic _Vod

Fig. 2-12: A two-port differential network with four terminals.

2.5.1 Mixed-Mode Scattering Parameter

According to the single-ended S-parameters theory, as an example of four-port
network in Fig. 2-12, the expanding the single-ended [$] matrix into standard input/output
algebraic relations results in

b, =S,8, + 5,8, + 5,58, + 5,3,

b, =S,8,+S,,8, + S,;8; + 5,8,
by = Sya, +Sya, + Sya; + 53,8,
b, =S8, +S,,8, + 5,58, + 5,8,

(2.50)

The individual S-parameter matric elements are calculated numerically in a

simulator or measured by test equipment under the following conditions
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(2.51)

Y la(x=y)=0
In (2.51), all the a power-wave sources are turned off except a, and then the b, power
wave is characterized. In S11 measurement, the a; power wave source is applied and the

b1 reflection from the circuit is measured as below

(2.52)

a,,ay,...=0
Therefore, the same relationships can be applied to normalized mixed-mode power
waves to develop the mixed-mode S-parameters

bdl = delladl + delzadz + Sdclla + Sdclz

bdz = de21adl + de22ad2 + Schla + Sdc22 (2.53)
bcl = Scdlladl + Scdlza + Scclla + Scch 2

bcz = Scd 2781 T Scd 2284, t Schla + Scczz

2.5.2 Standard S-Parameter and Mixed-Mode S-Parameter Transformation

In the design of differential, the standard S-parameter matrix cannot used to design
directly. Therefore, it should be transfer to mixed-mode S-parameter matrix form. The
ideal standard matrix (Ssw«) of the four ports reciprocal network exhibited in Fig. 2-12, can

be defined as

S11 S13 S12 S14
Sy Sz Sy, S
Sstd _ S31 S33 S32 S34 (254)
21 23 22 24
S41 S43 S42 S44

The mixed-mode scattering matrix (Smm) Of the proposed balanced-to-unbalanced
filtering power divider can be derived from the standard matrix (Ssw) using the matrix

transformation as bellow [5]

S =MS, M (2.55a)

std

where
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-1
111 1

0
0

o O

J210 0 V2 o0

2

0 0

0

V2

(2.55h)

Combining (2.54) and (2.55), the mixed-mode scattering matrix (Smm) can be derived

as
dell SdslS
S Ssd31 85533
mm E; E;
cd11 cs13
Ssd41 Sss43
g = dell = (SA(+)A( ) _SA( '3 S3A( , + S33)
dd —
Sz = (SAHAM - SA<—>3 _S4A< y T 543)
s -= Sdcn:(SA( ) Al +SA<)3 S3A<+) S33)
dc
2 _SdCZl - (SAHAM + SA"’3 - S4A“’ N 843)
s -- Scdn:(SAmAu _SA<+)3+S3A() S33)
cd
2 Scd21=(SA( )AL _SA(7)3+S4A() 843)
S _ 1 Sccll =(SA( ) A +SA( )3+S A +833)
A
2 Schl =(SA( )AL +SA( )3 +S4A( ) +S43)

2.6 Conclusion

dcll

sc31

w un um

ccll

SscAl

delZ

Sdd22

S = (SA(*)A") + SA‘*’A - S3A(’) - 834)

dc12

S

dc22

S = (SAMA(—) - SA<+)4 + 83A<—) - S34)
Scdzz = (SAHA(—) - SA<—>4 + S4A(—> - S44 )_

S
S

ccl2

cc22

- (SA(”A"’ B SA‘*’4 B SsA"’ + 834)

ds14

ss34 (2.56)

csl4

w un unu om

ss44

- (SA"’A(” B SA(’)4 B S4A") + 844 )_
(2.57a)

(SA(’)A") + SA"’4 - S4A"’ h 844 )_
(2.57b)

(2.57¢)
(S, s +S,00, + 8,00 +S5.)
=(S,000 S0, + S, +Su)
(2.57d)

In this chapter, we introduces the basic theory of the filter, power divider, and

differential circuit, systematically, which includes the general definition of filter, design

procedure of the filter with the lowpass prototype, microwave network, classical power

divider analysis methods and mixed-mode S-parameters. All of the description of the

basic theory are summarized from other published literatures, as list in reference section.

By this summarization, readers can easy understand the mechanism of design works will

be introduced in the next chapters.
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Chapter 3
Multi-Band Bandpass Filters Using Multi-

Mode Resonators

3.1 Overview

From the above two chapters, it is known that the multi-band bandpass filter (BPFs)
plays an important role in modern wireless communication systems for their compact size
and multi-services, which results in low loss, high integration, and low cost. With the
development of compact and intelligent wireless communication terminal devices,
multiband RF/microwave components are attracting great attention of many researchers.
In section 1.2, we introduced many multi-band BPF design approaches, where multiple
mode resonator (MMR) is the most popular method to realize low insertion loss, wide
bandwidth, and especially compact size.

In this Chapter, we will propose two type of MMR to design a serial of multiband
BPFs. One is the stub-loaded stepped impedance resonator (SL-SIR), which has flexible
resonant modes and controllable resonance frequencies. The other is a dual-resonance
resonator (also called H-shaped resonator), which have two resonance modes and two
potential transmission zeros. In this chapter, we will describe and analyze the resonance

characteristics of the two type resonators, respectively.

3.2 Analysis of the Two-Types of Dual-Mode Resonators (DMRS)

3.2.1 Stub-Laded Dual-Mode Resonator (SL-DMR)

The stub-loaded stepped impedance resonator (SL-SIR) has the ability to control the
first, second, and third resonant frequencies. Fig. 3-1(a) shows the transmission line
model of the proposed SL-SIR, where Z; (i =1, 2, t, s1,s2) and 6; (i = 1, 2, ¢, s1, s2)
represent the characteristic impedance and electrical length, respectively. The SL-SIR has
an open stub with Z; and 6 at its one end, and a short-circuited stub with Z; and 6; at the

other end, together with a loaded structure indicated by Zs. In this study, two cases of the
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loaded structure are considered:
Case 1: the loaded structure is one open stub with (Zs1, 6s1), as shown by Fig. 3-1(b).
Case 2: the loaded structure consists of two shunt open stubs with (Z,1, 651) and (Zy2,

052), respectively, as shown in Fig. 3-1(c).

Zl! 01 22, 92 Zta et

Hi

YL YsYr
(@)

Case 1: Dual-Band
Zsla 651

(b)
Case 2: Tri-Band
ZSll 951

Zs

ZS ZSZ: 952

(©)

Fig. 3-1: (a) Transmission line model of the proposed stubs loaded stepped impedance

resonator (SL-SIR); (b) Dual-band case; (c) Tri-band case.

The input admittance seen from the location of the stubs loaded is

Y., =Y +Ys+Y, (3.1)
where
. Z,+Z,cotd tan @
YL — J 2 1 1 2 (3.2)
Z,(Z,cotd,-Z,tand,)
. cot @,
Y =— t 3.3
R="] 2 (3.3)
. tan o,

, (dual-band case)
sl

v, - L (3.4)
( ano, , fan 52], (tri-band case)

YA YA

sl s2
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|S,,| (dB)

SL-SIR (Case 1)
— SL-SIR (Case 2)

1 2 3 4 5 6
Frequency (GHz)

-1104—

Fig. 3-2: Simulated |S2| of (a) Traditional SIR; (b) Case 1; (c) Case 2.

For simplicity, we assume that Z> = Z; = Z1 = Z, and R. = Z>/Z;. The resonant mode
can be obtained by Yi, = 0. As shown in Fig. 3-1(b) and (c¢), at the different loaded cases,
it will obtain single-resonance, dual-resonance (Case 1) and triple-resonance (Case 2)
characteristics. The simulated response S21 of the proposed SL-SIR under week coupling
is given in Fig. 3-2, from which, it is clearly seen that in case 1, the proposed SL-SIR
behaves as a dual-mode resonator, while in case 2, it performs as a tri-mode resonator.
This phenomenon can be easy verified in Fig. 3-3. For the tri-mode SL-SIR, which
consists of one shorted-circuited stub and three open stubs, Fig. 3-3(a)-(c) provide the
current distribution on the microstrip lines at resonance, f1, f2, and f3, respectively. It is
seen from Fig. 3-3(a) that the resonance at fi is occurred at path I as a A/4 SIR, which
includes lines with electrical lengths 61, 62, and 6,. The resonance at f2, as shown in Fig.
3-3(b), is happed at path II as a A/2 SIR, which consists of lines with electrical lengths 61,
6>, and 6;1. The resonance at f3, as shown in Fig. 3-3(c), involves all the four stubs.
Therefore, with appropriate choosing of the line lengths of the stubs, it is easy to design

these three resonances at desired frequencies.
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(a) (b) (€)
Fig. 3-3: Surface current distribution of the proposed tri-mode SL-SIR (a) Current
distribution at the first resonance (Path I); (b) Current distribution at the second resonance

(Path I1); (c) Current distribution at the third resonance (Path I11).

From (3.1) - (3.4), we can see that the input admittance formula Y;, is extremely

complex. Accordingly, with the verdict in Fig. 3-3, we can divide the input admittance

Yi, into three partsY,” ', Y?*"" "and Y™™"" as follows:
ypan _ R, tan 6, tan (6,+6,)-1 (3.5)
Z,[tan 6, +R, tan (6,+6,) |
1+R, tan g, cot (6, + 6,
Yi:ath 1 =J z 1 ( 2 sl) (36)
Z,[R,cot(6,+6,)—tan6, |
Yi:’ath 1 :YL+YR +YS
.R,+R,tan g, (cot g, —tan 6, —tan 6,
—j 2( t 1 2) (3.7)

R,Z,(cotd, —R, tan 6, )
_cotd, (tan 6, —cot g, +tan g, +tan6,,)
R,Z,(cotd, —R, tan 6, )

Therefore, the fundamental frequency f1 and the first spurious frequency f2 of the
proposed SL-SIR are determined by the first roots of the following formulas:

R, tan g, tan(6,+6,)-1=0, for fi (3.8)
1+R, tan g, cot (6, +6,)=0, for f3 (3.9)

R,+R,tand,(cotf, —tand, —tand,,)

, for f; (3.10)
+cot g, (tan 6, —cot 6, +tanf, +tan,,) =0

From the formulas (3.8) and (3.9), it can be seen that the frequency fi and f> can be
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controlled by the impedance ratio R. and electric length 61 and 6>, and then the electric
length 6,1 independent control the frequency f2. According to the design requirement of
frequency fi = 1.57 GHz, and f> = 3.6 GHz, we can determine the impedance ratio R-,
electric length 61, 6> and 6,1. Thus, with those various, the relationship between electric
length 65, and f3 from equation (3.10). In a word, for the multi-band BPF design, we
should be make the resonator operated at the needed frequency fi for the first passband
by controlling the impedance ratio R: and electric length ) and 6>, firstly. Then, to design
the second frequency f> by changing the electric length 1. Finally, it can be design

suitable electric length to meet the requirement resonant frequency f3.

3.2.2 Dual-Resonance Resonator (DRR)

ze/| i llze.  ze Z,6,
Z, 20, Z, 6, Z, 0;
=l Yipe— Yino — HEZH
Z,6,| i ||z 6 Z, 6, Z, 6,
Taf I I T

Fig. 3-4: (a) Transmission line model of the proposed dual-resonance resonator; (b) Even-
mode equivalent circuit; (¢) Odd-mode equivalent circuit.

Fig. 3-4(a) depicts the transmission line mode of the proposed dual-resonance
resonator (DRR). It consists of two short-circuited microstrip lines and a short transversal
connecting line. The characteristic impedances of these lines are all the same, and are
indicated by Z. The electrical lengths of these lines are indicated by 61, 6> and 26s,
respectively. Since the resonator is a symmetrical structure, the even- and odd-mode
method is good candidate for analyzing the proposed resonator. Under the even-/odd-
mode excitation, the symmetrical plane AA' behaves as a perfect magnetic wall or electric
wall, respectively, and the even-/odd-mode equivalent circuit of the resonator are shown
in Fig. 3-4(b) and Fig. 3-4(c), respectively. As illustrated in Fig. 3-4(b), Yine represent the

input admittance under the even-mode excitation and is given by
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Fig. 3-5: (a) Simulated amplitude and phase of Sz1, and (b) Variation of the even- and odd-
mode resonant frequencies with &, and 26s.

Y, = iY,(tan, —cot o, + tan 6,)

(3.11)

At resonance, the input admittance Yine = 0, thus the resonant condition is derived as

tan 6, —cotd, +tan g, =0

(3.12)

Similarly, under the odd-mode excitation, the Yino is express as

Yo = iY, (tan 6, —cot 6, —cot 6 )

and the resonant condition is derived as

(3.13)
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tan &, —cot &, —cotd, =0 (3.14)

Therefore, the resonant frequencies at the even-mode (feven) and odd-mode (foad) can be
calculated by solving (3.12) and (3.14). It can be seen from (3.12) that when 6; is fixed
and 63 is very small compare with 6», 3 will has little effect on the even-mode frequency
feven. Under the same constraint, it can be seen from (3.14) that 62 has less influence on
the odd-mode frequency foqd. Therefore, feven and foqd, can be independently tuned by
changing 62 and 63, respectively, with 6: fixed.

To verify the analysis, EM simulation results of the resonator under a week coupling
with Z = 98 Ohm, 61 = 54°, 6, = 36.7°, and 63 = 4° are illustrated in Fig. 3-5(a). The

proposed composite resonator has two resonant modes, feven and foas. Moreover, two
potential transmission zeros (TZs), TZyc1 and TZyq», are observed at the lower and upper
sides of two resonant modes, respectively, they are mainly produced by the virtual
grounds existed in composite resonator (when Y;.. and Yi,, are equal to ), and the phases
reversal (A¢ = 180°) at the TZs. The variation of resonant frequencies with 6> and 265 is
illustrate in Fig. 3-5(b), which verify that feven and foas can be independently controlled by
changing 6, and 65, respectively.

According to the above analysis, it shows that the proposed two type MMRs both have
multiple controllable resonance modes and compact structure size. Both of the two types
of resonators are suitable for designing multi-band BPF with controllable frequencies and

flexible frequency ratio.

3.3 Compact Dual-Band Bandpass Filters Using Stub-Loaded
Stepped Impedance Resonators

In this section, an open-circuited stub-loaded quarter-wavelength steeped impedance
resonator is adopted to design a compact bandpass filter with high selectivity performance.
The compact dual-band BPF operating at 1.27 GHz for GPS-L2 application, and 2.45
GHz for WLAN application is designed and fabricated by using two stub-loaded stepped
impedance resonators (SLSIRs). Mixed electric and magnetic coupling is introduced
between two SLSIRs to produce multiple transmission zeros located at the two side of

each passband, resulting in high passband selectivity and large isolation in-between the
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two passbands. The filter is very compact and the measured results confirm the design
well. The detail design procedure and the operating mechanism will be expressed and

analyzed in detail in the following parts.

3.3.1 Analysis of the Modified Stub-Loaded Quarter-Wavelength SIR

7.0 7., 6 ‘”’ Z,, 6,
i t tYinL YinR

Fig. 3-6: Transmission line model of the proposed SLSIR.

Fig. 3-6 shows the transmission line model of the proposed stub-loaded stepped
impedance resonator (SLSIR). The SIR is short-circuited at its high-impedance end. An
open stub is loaded to this SIR. At the loading point, as shown in Fig. 1, the input
admittance YinL looking to the left side, and Yinr looking to the right side, can be derived

easily using the transmission line theory as

. Z +Ztang,coto, (3.15)

Y, =
" Z,(Z,tan6, - Z,cotd),)

y :Y2+YS=_stcot02—Zztan6?s (3.16)
ZZZS

where Zi (1, 2, s, t) and 6i (1, 2, s, t) represent the characteristic impedances and electrical
lengths of the transmission lines shown in Fig. 1, respectively. In order to make the design
easier, we assume Zy = Z, = Zs = Z, and use K = Z/Z; to represent impedance ratio.

The resonance of the resonator occurs when Y = Yi,. +Yiir = 0. On the other hand,
when Y = Yin. +Yir @pproaches infinity, we will get a transmission zero.  Fig. 3.7 shows
the resonance characteristic with week coupling of the proposed SLSIR. It is seen that the
proposed SLSIR resonates at two frequencies, fp1 and fp2. By using Equation (3.15) and
(3.16), and with appropriate choosing of the parameters of K and 6, we can make the two

resonant modes operating at 1.27 and 2.45 GHz, respectively.
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Fig. 3-7: The resonance characteristic with week coupling of the proposed SLSIR.

3.3.2 Design and Implement of the Dual-Band BPF with MEMC

Fig. 3-8(a) shows the layout of the proposed dual-band BPF. Two SLSIRs are used.
The lower modes resonating at 1.27 GHz of the two SLSIRs are used to build the first
passband, while the higher modes resonating at 2.45 GHz are used to form the second
passband. The input and output feed lines and the loaded open stubs of the SLSIRs are
folded and interlaced to reduce the circuit size and increase the coupling. The fringing
electric fields across the gap g. between the open stubs of the SLSIRs provide electric-
coupling between the two resonators, while the electrical currents flowing on the open
stubs produce magnetic-coupling between the two resonators. So the coupling between
both the lower modes and higher modes of the SLSIRs are mixed electric and magnetic
couplings [1]. Fig. 3-8(b) shows the coupling routing scheme of this proposed dual-band
BPF.

The open stub creates one transmission zero (TZ1) located at the lower sideband of
the first passband. One the other hand, due to the cancelling effect of the mixed electric
and magnetic couplings, the proposed dual-band BPF has another three TZs (TZ>, TZ3
and TZ4). In addition, the coupling gap g. and the folded open stubs can also be used to
control the coupling coefficient of the dual-band BPF. It can meet the needed coupling
coefficient for two passbands by selecting appropriate dimensions of g, g1, L, and W,.

The external quality factor Q.1 and Q.2 can be met by choosing the length Lrof the folded
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feedline. According to [2], once the coupling routing scheme, coupling coefficient, and
external quality factor of the dual-band filter are determined, it can obtain an initial dual-
band response. And then, the initial dimensions of the dual-band filter can be determined.
In order to obtain the desire response, the layout of electromagnetic effects in Fig. 3-8(b)
should be considered. The final parameters optimized by using an electromagnetic
simulator, Sonnet EM, are as follows: L1 =3.65, L, =5.97, L;=5.55, L;=29.9, Ly=25.85,
Li=18, W=17,W1=24, Ws=0.5,W,=02,gr=g.=0.2,2/=0.6,d1=0.4,d>=0.8, all

in mm. The characteristic impedances of the input and output ports are both 50 Ohms.

SLSIR-I SLSIR-11

g Mixed

-cpupling

Qel

nd

I’4

Qe2

‘ Mixed EM-coupling

(b)

Fig. 3-8: (a) Layout of the proposed dual-band BPF. (b) Coupling routing scheme of the
proposed dual-band BPF.
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3.3.3 Experimental Results and Discussion
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Fig. 3-9: Photograph of the fabricated dual-band BPF.
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Fig. 3-10: Simulated and measured responses of the proposed dual-band BPF.

The final dual-band BPF is fabricated on a Taconic RF-35 substrate with a relative
dielectric constant of 3.5 and a thickness of 0.8 mm. The photograph of the fabricated
filter is shown in Fig. 3-9. The measurements were carried out using a network analyzer
(E5071C, Keysight Technologies). The simulated and measured frequency responses of
the dual-band BPF are given in Fig. 3-10. The measured two passbands are located at 1.27
and 2.45 GHz with a 3-dB bandwidth of 270 MHz (21.3%) and 360 MHz (14.7%),
respectively. The measured minimal insertion losses (ILs) at the two center frequencies

are 0.90/0.92 dB, and the return losses (RLs) within the two passbands are better than
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13/18.5 dB, respectively. Four transmission zeros are measured at 0.3/1.7/2.1/4.0 GHz,
which make the two passbands good at frequency selectivity. The isolation between the
two passbands is better than 21 dB.

TABLE 3.1. Performance comparison with other dual-band BPFs

3-dB FBW Circuit size
Refs CFs (GHz) %) IL(dB) | TZs g XAg)
[3] 1.0/1.44 10/9.3 0.85/0.9 5 0.1x0.25
[4] 2.45/5.2 18/4.8 0.6/0.9 3 0.11x0.23
[5] 3.32/5.32 27.71/19.17 | 0.62/0.91 4 0.084x0.102
[6] 0.58/1.31 39.6/18.3 0.3/0.9 3 0.04x0.54
[7] 1.63/2.73 7.5/5.1 1.5/2.15 7 0.25x0.25
This work 1.27/2.45 21.3/14.7 0.90/0.92 4 0.084 x0.102

Table 3.1 gives a performance comparison with other reported dual-band BPFs.
Compared with previous works, significant size reduction is achieved in this work. The
center frequencies (CFs) and 3-dB FBW of the two passbands can be more easily
controlled relative to the work in [4]. As shown in the work in [7], the BPF of this work
has smaller insertion losses. In a word, this work has advantage in selectivity, circuit size,

and complexity of design process.

3.4 Novel Compact Dual-Band Bandpass Filter Using Stub-
Loaded Shorted Stepped-Impedance Resonators

In this section, a compact dual-band BPF is developed by using a new stub-loaded
shorted SIR. A detailed analysis of the stub-loaded shorted SIR is given firstly, and then
a parametric study of the dual-band BPF is carried out. The obtained results and related
discussions reveal that with appropriate design of the geometrical parameters of the
proposed structure, a dual-band BPF with individually controllable mid-band frequencies,
passband bandwidths, and transmission zeros, can be designed with great flexibility.

Fig. 3-11 shows the configuration of the proposed dual-band BPF, which consists of
two stub-loaded shorted stepped-impedance resonators (SIRs) with mixed electric and
magnetic coupling, and a pair of dual-feedline structures (DFSs). As shown by the

analysis of the resonator below, the even and odd-mode of the stub-loaded shorted SIRs
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can be controlled separately to constitute two passbands with individually controllable
mid-band frequencies. On the other hand, the parametric study of the filter illustrates that
both the transmission zeros and the bandwidths of the two passbands can be controlled

independently by using different geometrical parameters.

Stub-Loaded Shorted SIR  gc  Stub-Loaded Shorted SIR

~Wq
| —
Ll |, %]o \iv
500 L~ ! 500
/| \ ;

d Dual Feedline
Structure (DFS)

Dual Feedline
Structure (DFS)

Fig. 3-11: Configuration of the proposed dual-band BPF.

3.4.1 Analysis the Stub-Loaded Shorted SIR

A
Zlv 91 22192 22102 Zl; 91 Z_‘]_, 91 22,02 Z]_, 91 22,02
——
i Z3/2, 03 ’7”:0 W;le ! Z3,03
x |

(a) (b) (©)

Fig. 3-12: Configuration of the proposed dual-band BPF.

Fig. 3-12(a) shows the transmission line model of the proposed stub-loaded shorted
SIR. Since it is a symmetrical structure, it can be readily analyzed by the even- and odd-
mode method. The simplified circuit of the odd- and even-mode are given in Fig. 3-12(b)
and (c), respectively, from which, the input admittance, Yino and Yine, Seen from the open

ends as shown in Fig. 3-12(b) and (c), are derived as follows:
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1-R,tan g, tan 6,
ino — (317)
jZ,(R,tan 6, +tan 6),)

1-R, tan 6, tan(6, +6;)
Yie == (3.18)
jZ,[R, tan(6,+6,)+tan4, |

where R; = Z,/Z;1. The resonance of the odd-mode or even-mode occurs when Yino= 0 or

Yine = 0, SO we get

1-R,tan g, tan @, =0 @ fo (3.19)
1-R,tand, tan(6,+6,)=0 @ fe (3.20)
0
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o -40 -
=
= -604 -
<28 —L,=4.35mm
-804 /e L, =5.35mm
---L,=6.35mm
-100 : . . :
1 2 3 4 5 6
Frequency (GHz)
(a)
0
Jo—f
f (]
20 N
—~ -40- :
2] i
= s
— -60- AR
N Y, —L,=435mm
.04,/ L,=535mm
---L,=6.35mm
-100 : : . .
1 2 3 4 5 6
Frequency (GHz)

(b)
Fig. 3-13: (a) Variation of f, and f. versus different lengths of L, (6»). (b) Variation of f. versus

different lengths of L3 (65). The f, remains unchanged.

From (3.19) and (3.20), it is seen that the both the odd-mode f, and even-mode f. can

be varied by changing 61 and 2, while the even-mode f. can also be varied individually
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by changing 6. This conclusion can also be verified by Fig. 3-13 (a) and (b), from which,
it seen that both fo and fe varies with different lengths of L> (62), while when Lz (65) is
increased, only fe is shifted to lower frequencies and f, remains unchanged. Therefore,
with appropriate selection of the lengths L, L2, and Ls, we can design a dual-band BPF

with individually controllable mid-band frequencies.
3.4.2 Key Parameters Study of the Dual-Band FPD

To further characterize the design, a parametric study of the dual-band BPF is carried
out by using an EM simulator. Three key parameters, the diameter d of the ground holes,
the coupling gap gc between the two stub-loaded shorted SIRs, and the length Ly of the
ground patch size, as shown in Fig. 1, are used in the investigation.

Fig. 3-14(a)-(c) show the simulated transmission coefficient Sy; with different
parameters. In the figures, it is seen there are two passbands and three transmission zeros
(TZs). The first TZ; is mainly determined by the total length of the loaded open stubs and
occurs close to the even-mode frequency. Hence, it varies with different d and Lg, but
does not vary with the gap gc. On the other hand, TZ, and TZ3 are produced by the mixed
electric and magnetic coupling between two stub-loaded shorted SIRs, so they vary
significantly with the three parameters, d, gc, and Lg, with an exception that d has little
influence on TZs.

In Fig. 3-14(b), it is seen that with the increasing coupling gap gc, the TZ3 moves to
lower frequencies as the electric coupling between the two shorted SIRs decreases [8].
When gc is as large as 1.5 mm, the electric coupling approaches zero, and TZ, and TZ3
disappeared consequently.

As shown in Fig. 3-14(b), the bandwidth of the second passband become narrower
with gc ranging from 0.8 mm to 1.2 mm and the bandwidth of the first passband is keep
unvaried. As can be observed from Fig. 3-14(c), as L4 increases, the bandwidth of the first
passband becomes wider while that of the second passband remains unchanged.

In summary, the transmission zeros and the bandwidths of the two passbands can be
controlled independently by using different geometrical parameters, and this facilitates

the design of a dual-band BPF with great flexibility to meet different specifications.
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Fig. 3-14: Simulated S>; with different (a) diameter d of the ground holes, (b) coupling gap g,
and (c) length L, of the ground patch size.
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3.4.3 Experimental Results and Discussion

Fig. 3-15: Photograph of fabricated dual-band BPF. Dimensions of the circuit are L1 =5.4, L, =
4.35,L3=4.35,L4=5.4,Ls=4.35,Ln =8.55,Lp=2.9, L, =1.05,w= 1.8, w1 = 0.9, w, = 0.2, go =
0.2,2.=0.8,s=2.2,and d = 0.5. (Unit: mm).
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Fig. 3-16: Simulated and measured results of the proposed dual-band BPF.

Based on the above investigation and discussion, a dual-band BPF is designed and
fabricated on a Taconic RF-35 substrate with a relative dielectric constant of 3.5 and a
thickness of 0.8 mm. The photograph of the fabricated filter as shown in Fig. 3-15 with
the final geometrical dimensions. The measurements were carried out using a network
analyzer (E5071C, Keysight Technologies). The simulated and measured frequency
responses of the filter is plotted in Fig. 3-16. Two passbands are measured at 1.96 and 3.5
GHz with 3-dB bandwidths (BW) of 58.4 MHz (2.98%) and 92.4 MHz (2.64%),

respectively. The measured minimal insertion losses are 1.25/1.72 dB at the respective

Advanced Microwave Labs. Saitama University September 2019



Chapter 3: Multi-Band Bandpass Filters Using Multi-Mode Resonators | 75

center frequencies, and the return losses within two passbands are better than 22/28 dB,
respectively. Three TZs around the two passbands are measured at 0.56/2.32/4.03 GHz.
The isolation in between the two passbands is better than 40 dB. Finally, Table 3.2
compares the proposed filter with several reported dual-band BPFs, where it is shown the

merits of this work about good dual-passband performance and compact size.

TABLE 3.2. Comparison with previous works

Circuit size

Refs fal feo (GHZ) IL (dB) RL (dB) TZs O xo)
[9] 1.84/2.65 0.43/0.65 13.4/15.5 4 0.17x0.21
[10] 1.63/2.73 1.5/2.15 19/22 7 0.25%0.25
[11] 1.8/3.5 0.8/0.9 25/18 5 0.15x0.12
[12] 1.8/3.5 0.21/0.25 30/19 3 0.20%0.26
1.8/5.8 1.33/1.7 21/13 2 0.23x0.17
13l 2.4/5.8 1.35/1.97 17/15 3 0.39x0.25
This work 2.3/3.5 1.25/1.72 22/28 3 0.25%0.23

3.5 Individually Controllable Dual-Band Bandpass Filter With

Multiple Transmission Zeros and Wide Stopband

In this section, an open-ended stub-loaded shorted-circuited stepped-impedance
resonator (OSL-SSIR) is analyzed at first. Next, a dual-band BPF is proposed, and its
external and internal coupling behaviors are investigation in detail. Multiple mixed
electric- and magnetic-coupling paths are introduced to produce transversal signal
interference and multiple transmission zeros (TZs). Descriptions on the mechanism of the
TZs are provided. Finally, a DB-BPF is designed, fabricated, and its measured response

is compared with the simulated one.
3.5.1 Analysis of the Open-Ended Stub-Loaded Shorted-Circuited Stepped
Impedance Resonator

Fig. 3-17(a) shows the transmission line model of the open-ended stub-loaded short-

circuited stepped-impedance resonator (OSL-SSIR), which consist of four sections: a low
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impedance section (Y1, #1), a high impedance middle section (Y2, 62), a short-circuited
high impedance section (Y3, 63), and an open-ended stub section (Y, 6s). Among the
multiple resonances of the OSL-SSIR, the two fundamental resonances with frequencies
f1 and fx are adopted to form the two passbands, respectively. The corresponding current
distributions of the two resonances are shown in Fig. 3-17(b) and (c), respectively. It is
observed from Fig. 3-17(b) that the resonance at f; is occurred at the straight quarter-
wavelength SIR, and the open-ended stub has no effect on this resonance. On the other
hand, as illustrated in Fig. 3-17(c), the resonance at fz is happened at the T-shaped
resonator, and all line sections of the OSL-SSIR have influence on this resonance.
According to above analysis, the input admittances Y,z and Yi.n at the two resonant
frequencies f; and fz can be derived as

Yine = Yint + Ying @fr (3.21)

Yior = Yins + Yinz + Ying @ fu (3.22)

where

YooY, JY,tan g, + jY, tan 6, (3.23)
Y, =Y, tan g, tan 6,

Y., = JY, tan o, (3.24)
Y..; =—]Y;coté, (3.25)
@ f
Ys| | 6, )
01 6, 03 L]
| i Hi (b)

Yl Y2 4-‘ FYS @ fy |
Yinl Yin3
Yin2 —
(@) (©

Fig. 3-17: (a) Transmission line model of the OSL-SSIR. (b) Current distribution of OSL-SSIR
resonating at f;. (c¢) Current distribution of OSL-SSIR resonating at f.

To simplify the design, we assume that ¥> = Y3 = ¥;and define the admittance ratio
K = Y1/Y>. Then, the two resonance frequencies f; and fy can be determined from the
resonance condition Y,z = 0 and Yiun = 0, respectively, which result in the following two

equations:
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Y, (K tan 6, tan 6, -1)cot 6, + K tan 6, + tan 6,=0 @f. (3.26)
Y,(Ktang tand, -1)(tan 6, —cotd,)-Ktang,-tan 6, =0 @ fir (3.27)

From (3.26) and (3.27), it is seen that 6 has only effect on the higher resonance
frequency fu, but no effect on f;. Therefore, the two resonance frequencies can be
individually controllable by adjusting the open-end stub, and this is very important in the
design of DB-BPF.

Fig. 3-18 shows the variation of the two resonance frequencies f; and fy with
different electrical lengths of 81, 82, 63, and 6; when K =2 and Y2 = 0.008 S. When one of
61, 62, 05, and 6y is chosen as the variant, the other three are given electrical lengths from
the following values: 61 = 27.5°, 6, =20.5°, 63 = 18.5°, 6, =27.5°. It can be observed that
with the increase of 61, 62, or 63, both f; and f decrease. On the other hand, with the
increase of 6y, only fy decreases, while f; remains almost unvaried. So, it is easy to make

individual control of these two frequencies.

5
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w

10 15 20 25 30 35 40 45 50
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Fig. 3-18: Variation of f; and fy with different 6, 8., 03, and 6,.

3.5.2 Design of Dual-Band Bandpass Filter

Based on the above analysis, a compact DB-BPF is designed in this section. The
configuration of the proposed DB-BPF is illustrated in Fig. 3-19, which consists of two
OSL-SSIRs, a common short-circuited magnetic coupling stub, and a pair of parallel-
coupled feed lines. For size reduction, the low impedance sections and the open stubs of
the OSL-SSIRs are folded.

The second-order filter is designed to operate at 1.5 GHz and 3.65 GHz, with a
fractional bandwidth (FBW) of 5% and 3%, respectively. The lumped circuit elements of
the low-pass prototype filter are go = 1, g1 = 0.6648, g» = 0.5445, and g3 = 1.2210, when
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the two passbands of the DB-BPF have Chebyshev responses with a 0.04321-dB ripple
in both passbands [2]. The required coupling coefficients M, =0.0831 and M,; =0.0499,
and the external quality factors of the two passbands Q.= 13.30 and Q. = 22.16 are
calculated from the following well-known formulas:

FBW

M, =—— fori=1ton-1 (3.28)
" 0
gogl
= 2051 3.29
Q=W (3.29)
1.30
5
1 9.55
1.80
Bl
0.30
‘ =
7.95 4.20

0.60~. —~ |
0.25~f~ j. ll.SO 4.00

fe— o
1.10 Unit: mm

Fig. 3-19: Configuration of the proposed dual-band BPF.

Fig. 3-20(a) shows the variation of the simulated coupling coefficients between two
neighboring OSL-SSIRs with the short-circuited stub width Wy and the diameter d of the
short-circuited via-hole. It is seen that with the increase of Wy, the coupling coefficient of
the lower passband (Band I) increases gradually, while the coupling coefficient of the
higher passband (Band II) varies little. Fig. 3-20(b) illustrates shows the variation of the
coupling coefficients with the folded line length L; (when Sy =1mm) and the gap width
Sz (when L, = 5.8 mm) between two neighboring OSL-SSIRs.

Fig. 3-21 shows the variation of the simulated external quality factors of the OSL-
SSIR with the length Ly of parallel-coupled feed line and the gap width Cr(when the width
of parallel-coupled feed line Wy= 0.25mm). It is seen that both the external Q vales of the
two passbands reduce with the increase of Ly Also, as expected, with the increase of
coupling gap Cy, both the external Q vales of the two passbands become larger.

Based on the above analysis, both the center frequencies and bandwidths of the two
passbands can be individually controlled with appropriately chosen geometrical
parameters of the proposed filter structure showing in Fig. 3-19. The finally obtained

dimensions for the given design specifications of the DB-BPF are illustrated in Fig. 3-19.
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Fig. 3-20: Simulated coupling coefficients by an EM simulator. (a) Variation with W, and d. (b)

Variation with L; when Sy =1 mm, and variation with Sy when L; = 5.8 mm.
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Fig. 3-21: Simulated coupling coefficients by an EM simulator. (a) Variation with W, and d. (b)

Variation with L; when Sy =1 mm, and variation with Sy when L; = 5.8 mm.
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3.5.3 Implementation and Experimental Results of the Proposed Dual-Band BPF
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Fig. 3-22: Photograph of the fabricated dual-band BPF.
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Fig. 3-23: Simulated and measured responses of the proposed DB-BPF. (a) Local frequency

range response. (b) Wide frequency range response.
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The designed DB-BPF is fabricated on a Rogers RO4003C substrate with a relative
dielectric constant of 3.38 and a thickness of 0.813 mm. The photograph of the fabricated
DB-BPF is shown in Fig. 3-22. The filter occupies an area of 16.0 mm x 6.5 mm excluding
the feeding structure, which is about 0.134; x 0.054¢, where A, is the guided wavelength
at the center frequency f; = 1.5 GHz of the lower passband.

In Fig. 3-23(a) and (b), the simulated frequency response of the DB-BPF by EM
simulator is illustrated in solid lines. It is observed that the two passbands are centered at
1.5 and 3.65 GHz, and their corresponding FBW is 5.1% and 3.2%, respectively, which
agree well with the desired specifications.

The measured response of the filter is drawn in Fig. 3-23(a) and (b) by dotted lines,
which agree well with the simulated result. The measured maximum insertion loss of the
two passbands, centered at 1.51 GHz and 3.68 GHz, are approximately 1.55 dB and 1.63
dB, respectively. The measured corresponding 3-dB bandwidths are 64.72 MHz (4.25%)
and 95.72 MHz (2.60%), respectively. The measured return loss is better than 20 dB in
both passbands. In addition, the stopband with a rejection level better than 20 dB is
extended to 9.6 GHz (6.4/0).

3.5.4 Analysis of Transmission Zeros and Performances Comparison

| B |

P-ITI @1.5GHz @3.65 GHz
(a) (b) (c)

Fig. 3-24: (a) Coupling paths of the proposed DB-BPF. (b) Simulated current distribution at 1.5

GHz. (c) Simulated current distribution at 3.65 GHz.

Six transmission zeros (TZs) are observed at 0.44, 1.19, 3.09, 3.49, 4.64, and 7.20
GHz, which are represented by TZ1, TZ», TZ3, TZ4, TZs, and TZs, respectively. These TZs
are distributed on either side of the two passbands, which not only enhanced the selectivity
of the filter, but also improved significantly the stopband property of the DB-BPF. TZ; is
the inherent transmission zero of the DB-BPF, while TZg is produced by the open-ended
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stub of the OSL-SSIR. TZ,, TZ3, TZ4, and TZs are created by transversal signal
interference of the multiple mixed electric and magnetic coupling paths [30, 31]. As
indicated in Fig. 3-24(a), there are three signal transmission paths, i.e., P-1, P-II, and P-III
for the two passbands. When the phase difference between two paths is odd times of 180°,
a TZ will be created. From the current distributions in Fig. 3-24(b) and (c), we judge that
the P-I and P-III provide electric coupling and magnetic coupling respectively for the
lower passband, while the P-II and P-III provide magnetic coupling and electric coupling
respectively for the higher passband. This judgment can also be verified by the extracted
coupling coefficient showing in Fig. 3-20.

Table 3.3 lists the phase shifts for each signal path of the designed DB-BPF. It is
observed that the two paths are out of phase at both below and above the resonance of the
lower passband (Band I). Therefore, two TZs are produced on the both sides of the lower
passband, as shown by TZ; and TZ3 in Fig. 3-23(b). Similarly, the P-II and P-III are also
out of phase at both below and above resonance of the higher passband (Band II). As a
result, TZ4 and TZs are generated on the low skirt and upper skirt of the higher passband,
respectively, as shown in Fig. 3-23(b).

Table 3.3 Phase shifts of each coupling path between the DB-BPDs in Fig. 3-24.

. Total Phase
Passband | Location | Path | R1 | M12 | R2 . i Results
Phase Shift | Difference
Below P-I | +90° | =90° | +90° +90° 180° 7
Band I Resonance | P-IIT | +90° | +90° | +90° +270° (Out Phase) 2
o Above | P-1 |-90°|—90°|-90°| -270° 180° -
Resonance | P-III | —90° | +90° | —90° -90° (Out Phase) ’
Below P-1I | +90° | +90° | +90° +270° 180° Tz
Resonance | P-III | +90° | —90° | +90° +90° (Out Phase) *
Band 11
Above P-II | —90° | +90° | —90° -90° 180° 17
Resonance | P-III | —90° | —90° | —90° —270° (Out Phase) °

A comparison of this work with previous DB-BPFs is given in Table 3.4 in terms of
their center frequencies, 3-dB FBW, insertion losses, return losses, TZs, out-band
suppression (Supp.) (which is the ratio of the highest upper stopband frequency with
rejection level better 20 dB to the center frequency of the first passband fo = 1.5 GHz),
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and circuit size. It is observed that the overall performances of the proposed DB-BPF

outperforms the others, especially in the terms of the return loss and circuit size.

Table 3.4 Comparison with previous DB-BPFs.

Ref. CF/GHz | FBW/% | IL/B | RL/B | TZs | Supp. | Size (ig¥ig)
[14] 3.32/5.32 | 27.7/19.2 | 0.62/091 | 2020 | 4 | 2.70f | 0.18x0.40
[15] 3.00/534 | 10.0/3.7 | 0.19/234 | 13/15 | 4 NA | 0.15x0.26
[16] 1.5/2.35 | 5.96/7.19 | 1.43/1.15 | 22/20 | 3 2.33f; | 0.06x0.14
[17] 2.71/5.05 | 10.3/87 | 02/09 | NA 2 701 | 0.06x0.14
[18] 3.78/4.82 | 11.3/10.7 | 1.38/1.82 | 14/30 | >13 | 10.5f | 0.16x0.31
This work | 1.51/3.68 | 4.25/2.6 | 1.55/1.63 | 28/21 | 6 6.4f | 0.05x0.13

3.6 Design of Compact Tri-Band Bandpass Filter Using Stub-

Loaded Quarter-Wavelength SIRs

In this section, a modified SL-SIR is proposed and analyzed to design a compact tri-
band BPF. With different schematics of the loaded stubs, the SL-SIR has flexibly
controllable resonance modes to construct dual-band or tri-band BPFs. As an example,
the tri-mode resonator is chosen to design a tri-band BPF. The configuration of the BPF
is devised to allow four geometrical parameters to realize flexible variation of the FBWs
of the three passbands. Two separately changeable source-load coupling paths are devised
to produce up to ten transmission zeroes, which not only enhance significantly the

selectivity of three passbands, but also widen greatly the stopband of the BPF.
3.6.1 Analysis of the Modified Stub-Loaded Stepped-Impedance Resonator

The SL-SIR has an open stub with Z; and 6, at its one end, and a short-circuited stub
with Z; and 6; at the other end, together with a loaded structure indicated by Zs. With the
different stub-loaded situation, the proposed SL-SIR have two cases of dual-mode and tri-
mode. In the tri-mode case, the loaded structure consists of two shunt open stubs with (Z;1,

0s1) and (Zs2, 052), respectively, as shown in Fig. 3-25(c). The simulated response S»1 of
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the proposed SL-SIR under week coupling is given in Fig. 3-25(d), from which, it is
clearly seen that in case 1, the proposed SL-SIR behaves as a dual-mode resonator, while

in case 2, it performs as a tri-mode resonator.

Zla 91 ; ae- e . iz £ g f3
iCase 1: Dual-Mode: 30 . 2
AZS . Zg, O
! ~ 504 . Jlrepee
; e m AN :
fate / (b) Sl
Y N A :
YU 7. ¢ Case 2: Tri-Mode; & 1Y i
S S -904 ¥
Yp W Zs1, Os1 : 3 -4} Case 1
Zs: : i Case 2
Z, 0 S 110
oo 2821 952 1 2 3 45 6
I Frequency (GHz)
(a) ©) (d)

Fig. 3-25: (a) Transmission line model of the stub-loaded A/4 SIR (SL-SIR). (b) Case 1: loaded
with one open stub. (c) Case 2: loaded with two shunt open stubs. (d) Simulated Sz; of the SL-
SIR with different loaded stubs.

By referring to Fig. 3-3(a)-(c), we can derive the input admittances of the three paths
as follows, with assumption that Z> = Z; = Zs = Zy, and R. = Z>/Z::

R, tan g, tan(6,+6,)—1

Y.Pathl — 330
" Z,[tan6,+ R, tan(6,+6,) | 3-39)
v _ 1+R, tan g, cot(8, +6.,,) (331)
Z,[R,cot(6,+6,)—tand, ]
Yi:ath 1 =YU +YD +YS
R, +R tan@,(cotd —tand., —tan @
— i z z 2( t sl 52) (332)

R,Z,(cotd, - R, tand,)
_cotg, (tand, —cot b, +tan 6, +tan &,, )
R,Z,(cotd,—R, tané,)

The resonance condition for the three modes at fi, f>, and f3, are given by the

following equations:

R, tan g, tan(6,+6,)-1=0 for fi (3.33)
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1+R, tang,cot(6,+6,)=0 for f> (3.34)

R, +R, tang,(cotf, —tan6,, —tan 6, )

, for f3 (3.35)
+cotd, (tan 6, —cot, +tan g, +tang,,) =0

From (3.33) and (3.34), it is seen that we can change the frequencies fi and f»
independently by varying the electrical length 6, and 6. Furthermore, we can change
the frequency f3 by varying the electrical length 6s; without affecting the other two

frequencies fi and f>.

3.6.2 Design of Tri-Band BPF

After the design as described above, two tri-mode SL-SIRs are used to construct a
tri-band BPF whose configuration is shown in Fig. 3-26(a). The coupling scheme of this
tri-band BPF is shown in Fig. 3-26(b). The resonance modes at fi, f>, and f3 of the two SL-
SIRs are used to form the first, second, and third passbands, respectively. The two
resonators are folded to reduce the circuit size and at the same time, to get four
geometrical parameters to control the coupling strength between them: the diameter d of
the ground via hole commonly used by the two resonators, the gaps go, g1 and g2, between
the other three open stubs of the two resonators. Fig. 3-27(a)-(d) show the variation of the
3-dB fractional bandwidths (FBWs) of the three passbands of the filter versus these four
parameters. From Fig. 3-27(a), (b), and (d), it is seen that the FBW of the first, second,
and third passband is significantly varied versus d, go, and g», respectively, while the
FBWs of the other two passbands varied little. Fig. 3-27(c) shows that the FBWs of all
these three passbands can be adjusted simultaneously by changing gi. Therefore, the

FBWs of the tri-band BPF can be independently controlled using these four parameters.

MSL-upper R-1 R-11
[T, o] LY
MsLlower - Unit: mm:L;=12.20 MSLupper
w;=0.15iLy =5.25

w; =0.85{L;=8.95
w, =0.30iL; =9.50

Op wel - go=1.00iL,=13.85
e 2 — g; =0.10 Ly =14.80 MsL-1ower
Lo Lo s a0 Ve

I 02 = 1.20iLy = 7.20 4 f “~: i fa s
LLqé\‘d—‘ Os = 0.15 d=0.60 “\__?."' M||| “\._:.3-"'
(@) (b)

Fig. 3-26: (a) Configuration of the tri-band BPF. (b) Coupling scheme of the tri-band BPF.
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On the other hand, source-loaded coupling between the feed lines of the filter are
made at two places to form two coupling paths, Ms;-upper and Msi-jower, as shown in Fig.
3-26. As will be shown later, by employing these two source-loaded couplings, the
number of transmission zeros (TZs) is significantly increased, which results in greatly
improved selectivity and stopband suppression of the BPF. The tri-band BPF is designed
and optimized by the EM simulator Sonnet, and its final dimensions are shown in Fig. 3-

26.

—o—-1%Passband -@-2" Passband --¢--3" Passbhand

e\iig:u NEETEN - IR - I - & - 0 ng' 0. Q... [ = [« o
=g =10-
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mn 44 / é 8_ —_—
02 04 06 08 107 1012141618 2022
d (mm) g, (Mm
| @) a )
@14‘ .. g’ 124 9 ........... [« T [~ R [« J— o
9./12__ ...... o.. bl ~ <
=10y = o.... =107 o
E g_: 8\9‘ -o L= R o E 8_ ° ’ -\O'\_
] 00— M ——0—— 0 Q-._
S 41 o 0\_2 3 6 M.
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Fig. 3-27: FBW characteristics of the proposed tri-band BPF: Variations of 3-dB FBWs for

three passbands versus (a) d, (b) go, (¢) g1, (d) g2.

3.6.3 Experimental Results and Discussion

The tri-band BPF is designed on a substrate (Rogers RO4003C) with a dielectric
constant of 3.38 and thickness of 0.813 mm. A photograph of the fabricated filter is shown

by the inset of Fig. 3-28, and it shows that the filter is compact with a size of 0.064; x

0.15/¢, where /g is the guided wavelength at the centre frequency fi of the first passband.
Moreover, the measurements were carried out using a network analyzer (E5071C,
Keysight Technologies). In Fig. 3-28, it is seen that the simulated response of the filter is
agree well with the measured one. The tri-band BPF operates at 1.28/3.65/5.20 GHz with
respective FBWs of 7.26/9.50/5.90%, respectively. The measured minimum passband
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insertion losses are 1.10/1.32/1.25 dB and return losses are better than 16/21/24 dB,
respectively. The stopband rejection of two adjacent passbands are better than 15 dB and
extend to 7.6fi. In addition, ten TZs appear at 1.19/1.47/2.28/3.98/4.72/5.50/7.58/
8.14/8.55/9.63 GHz are produced which improve significantly both the selectivity and the
stopband performance of the BPF. Most of the TZs are generated by the simultaneous use
of the upper and lower source-loaded couplings, Msi-upper and Ms;-iower, as shown in Fig.
3-26. In Fig. 3-29, the distributions of TZs with different feed configurations are
compared. It is seen that the lower S-L coupling Ms;-iower creates f-a, f2s, fz6, /-8, f-0 and fz10,
and the upper S-L coupling Msz-pper generates f22 and f23, while the open stub with 61 and
Os> produced f1 and f:7, respectively. With the simultaneous use of both the upper and
lower S-L couplings, we get finally up to ten TZs.

Magnitude (dB)

§ —— Measured

8§ 9 10
Frequency (GHz)
Fig. 3-28: FBW characteristics of the proposed tri-band BPF: Variations of 3-dB FBWs for

three passbands versus (a) d, (b) go, (¢) g1, (d) g2.
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Fig. 3-29: Distribution of TZs with different feed configurations.

3.7 Miniaturized Dual-Band Bandpass Filter Using Composite
Resonators with Flexible Frequency Ratio

In this section, a miniaturized DBPF is analyzed and realized with two cascaded the
type two dual-resonance resonators, and a flexible frequency ratio of its dual-passband is
easily achieved. Moreover, by introducing a mixed electric and magnetic coupling, a good

frequency selectivity and out-band rejection performance of the DBPF is realized.
3.7.1 Implement of the Dual-Band FPD

The configuration of the DBPF is illustrated in Fig. 3-30. It consists of two composite
resonators and a pair of side feeding lines. To realize the required coupling coefficients,
the geometrical parameters gz, gic, and Lic are determined by simulated extraction. On the
other hand, the side feeding structures with dimension Ly, L1, and go are adjusted to meet
the demanded external quality factors. Furthermore, for purpose of enhance the selectivity
of the DBPF, the common ground via-hole and interdigital capacitor structures are
introduced to form a mixed electric and magnetic coupling (MEMC), which, together with
the inherent transmission zeros of the composite resonators, results in three transmission
zeros (TZ1, TZ2, and TZ3), as shown in Fig. 3-31.
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Fig. 3-30: Configuration of the proposed DBPF.

3.7.2 Experimental Results and Discussion
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Fig. 3-31: Simulated and measured results and photograph of the fabricated DBPF.

The DBPF is fabricated on Rogers RO 4003C substrate with a relative permittivity

&r=3.38, loss tangent tand = 0.0027, and a thickness 2 = 0.813 mm, and the overall circuit
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size is 0.06 1ox0.14 A, where A is the guided wavelength at the center frequency of the
lower passband. The final dimensions of the DBPF are: Ln =6, Lp =15.2,g0=0.2, L1 =
20,L>=13.5,L3=3,Lic=3.95wo=1.8, w1 =0.5,w2=0.2,21=0.15, gic = 0.2, and d =
0.4 (Unit: mm). Its simulated by means of the commercial softwave Sonnet, and measured
with an Keysight-E5071C network analyzer. The measured results and photograph of the
DBPF are shown in Fig. 3-31. As shown in Fig. 3-31, the two passbands are centered at
near 1.5 GHz and 2.35 GHz, with a 3-dB fractional bandwidth of 5.96% and 7.19%,
respectively. The measured minimum in-band insertion losses are 1.43 dB and 1.15 dB at
the two center frequencies, respectively.

Both the return losses of the two passbands are greater than 20 dB. Moreover, the
three TZs are located at 1.25 GHz, 2.19 GHz, and 3.39 GHz, respectively, which improve
significantly the out-of-band suppression performance of the DBPF. Finally, Table 3.5
gives a comparison of the proposed DBPF with other reference works. It is seen that our

DBPF has merits like low insertion loss and very compact circuit size.

TABLE 3.5. Comparison with previous works

Refs Cer(';eu:)req' 3 dEzo/i ;3 Wsl \L@B) | RL(@B) | TPs/TZS C(';Zu':;;)z ¢
[19] 2.4/5.2 64/58 | 14/176 | 1519 | 84 | 021x035
[20] 2.4/52 92005 | 1227 | 1511 44 | 0.18x0.18
R | 163273 | 7551 | 15215 | 1723 87 | 0.25%0.25
[22] 2.4/5.8 46336 | 135197 | 1715 | 42 | 039x0.25
This

o | 18235 | 596719 | 143115 | 2220 | 453 | 0.06x0.14

3.8 Conclusion

In this chapter, two type of multi-mode resonators are proposed and utilized to design
four dual-band bandpass filters and a tri-band bandpass filter, respectively. The bandpass
filters using stub-loaded stepped-impedance resonators have independently controllable
frequencies, and the bandwidths also can be controlled by adopting multiple signal paths.
Moreover, mixed electric and magnetic coupling and source and loaded coupling are

introduced to produce transmission zeros to improve the selectivity and upper stopband
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performance. The dual-band BPF using dual-resonance resonators has more compact size

compare with other previous works. Thanks to the controllable resonance mode of the

DRR, the proposed dual-band BPF has a flexible frequency ratio, which can meet

different demands of communication services. Therefore, the proposed two type multi-

mode resonators and a series of multi-band BPF are good candidate for high integration

and low cost intelligent terminal devices.
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Chapter 4
Dual-Band Filtering Power Divider Using

Dual-Resonance Resonators with Ultra-Wide

Stopband

4.1 Overview

In modern wireless communication systems, power dividers (PDs) and bandpass
filters (BPFs) are essential passive components. Recently, to meet the high integration and
low loss requirements, filtering power dividers (FPDs) and other composite function
components are attracting great attention. Most of the previously reported works tried to
achieve high frequency selectivity [4], [9] and harmonic suppression [3], [5]
performances in a single-band or a wideband, yet there are a few papers on dual-band
FPDs (DB-FPDs) [1], [2], [6] - [8]. These DB-FPDs exhibited good frequency selectivity
and power division. However, their harmonic suppression property needs to be improved.

In this chapter, we propose a novel DB-FPD with ultrawide stopband and good
isolation. It consists of a small U-shaped Wilkinson power divider, two pairs of dual-
resonance resonators (DRRs), and a pair of spur-lines. With the simultaneous use and
appropriate design of the coupled feedlines, mixed electric and magnetic couplings
between the DRRs, and spur-lines with different lengths, multiple TZs are produced
which result in two passbands with desired power division, high frequency selectivity,
good isolation, and an ultrawide stopband. A prototype DB-FPD operating at 2.3 and 3.5
GHz with 3-dB fractional bandwidths of 8% and 6% is designed, fabricated and measured.
The measured responses agree well with the design simulations, exhibiting a stopband up
to 13.8 GHz (6fo) with 20-dB rejection level. This is the widest stopband of DB-FPDs

reported thus far, as shown by the comparison in the following part.
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4.2 Analysis of the Stepped-Impedance DRR

The microstrip configuration of the proposed DRR is given in Fig. 4-3, and Fig. 4-
1(a) depicts its transmission line model. The simplified even-mode and odd-mode circuits
of the DRR are drawn in Fig. 4-1(b) and (c), respectively. The DRR is open-circuited at
one end and short-circuited at the opposite end. The even-mode and odd-mode surface

current distributions of the microstrip DRR are shown in Fig. 4-1(d) which revel that:
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92 Zz 02 Zz ,94 02 ZZ ,04 % E § E E
}%93{ b I |

Zz Us ZZ Zz — ! o N

93 93 (93 \/ ° Ll 264
TET = - @fe @f,
(a) (b) (©) (d)

Fig. 4-1: (a) Transmission line model of the proposed DRR. (b) Even-mode model. (¢) Odd-

mode model. (d) Even-mode and odd-mode current distributions under week excitations.

(1) The even-mode resonance fe is basically the quarter- wavelength resonance
occurred at the line with an electrical length of 81 + 6> + 83, and the line 65 has little effect
on fe.

(2) The odd-mode resonance f, is basically the half- wavelength resonance occurred
at the folded line with an electrical length of 61+ 0> + 204 + 6> + 61, and the line 63 has
little effect on fo.

So, the analysis of the even-mode and odd-mode circuits in Fig. 4-1(b) and (c) are
simplified when we neglect the line 64 in Fig. 4-1(b) and neglect the line 6 in Fig. 4-1(c).
Then, the input admittance, Yine and Yino as shown in Fig. 4-1(b) and (c), of the even- and
odd-mode equivalent circuits can be derived as:

v - R—tand, tan(6, +6,)
" JRZ,[Rtand, +tan(6,+6,)]

(4.1)
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_ R-tang tan(6,+6,)
" JRZ,[Rtand, +tan(6,+6,)]

(4.2)

where the impedance ratio R = Z1/Z>, Z1, Z», and 6; (i =1, 2, 3, 4) are the characteristic
impedances and electrical lengths of the corresponding line sections of the DRR,
respectively. When Yine = 0 Or Yino = 0, we get the equation for determining the resonant

frequency of the even- or odd-mode as follows
tan[ (1-a,)6;, tan(a,6;,) =R @ fe (4.3)
tan[ (1-a,)6;, |tan(a,f0;,) =R @ fo (4.4)

where 11 =01+ O + O3, O = 6 + G2 + O4. a1 = 01/011 and a2 = 01/01, are electrical

length ratios of the even-mode and odd-mode, respectively.

1.0 1.0
0.8 0.8
0.6- < 0.6
S <
d‘— 0.41 ?? 0.41
3
0.2 0.2
0.0 — 0.0 . : :
1 2 3 4 5 6 1.0 15 20 25 3.C
1:ellfe’ follfo fo / fe
(@) (b)

Fig. 4-2: (a) Normalized ratios of the first spurious mode frequency to the fundamental
resonant frequency (f.1/f. & foi/f,) with different electrical lengths and impedance ratios. (b)

The frequency ratio f,/f. with different a.

From (4.3) and (4.4), it is obvious that the resonant frequencies of the even- and odd-
modes vary with the impedance ratio R and the electrical length ratios a1 and a.. Fig. 4-
2(a) depicts the variation of the first harmonic mode fe1 and fo1 normalized by the
fundamental mode fe and fo under various combinations of R and a1 or a2. The curves

show that with appropriate choose of R, a1, and a2, we can get the maximum values of
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fer/fe and fo1/fo, meaning the maximally widened upper stopband [10].

It is worth to note that (4.3) and (4.4) also reveal that the two resonant frequencies fe
and f, can be controlled independently by varying s and 6s, respectively. Fig. 4-2(b)
illustrates the frequency ratio fo/fe of the two fundamental modes of the DRR versus the
electrical length ratio a = 62 / (62 + 8s), from which it is seen that the frequency ratio fo/fe

can be designed flexibly with a value ranging from 1 to 3.

4.3 Dual-Band Filtering Power Divider Design

Fig. 4-3 shows the configuration of the proposed FPD, which consists of a small
WPD with its two U-shaped quarter-wavelength arms connected with two pairs of DRRs.
The fundamental even- and odd-mode of the DRRs, as will be discussed later, are used to
form two passbands of the dual-band FPD. The signal transmitting paths of the DB-FPD
is shown in Fig. 4-4. Mixed electric and magnetic coupling between the DRRs are
introduced to produce transmission zeros (TZs) around the two passbands and improve
thereby their frequency selectivity. Moreover, a pair of spur-lines with different lengths
are embedded into the U-shaped quarter-wavelength transmission lines, as shown in Fig.
4-3, to enhance the harmonic suppression and widen the stopband of the DB-FPD.

Detailed analysis is given below.

DRR-1+-® Teyz DRR-2
3 | W2

)J4ATL [
4 3 L »H*W3
Lf 1
‘ 93 Port 2
le 1
J b
Port 1, * ENEEE
Jogs
] fe
Port 3
i H L
Spur-line Gy i
v L4 L
MATL *"*g

DRR-1--#7 &~ DRR-2

Fig. 4-3: Configuration of the proposed DB-FPD.
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Fig. 4-4: Signal transmitting paths of the proposed DB-FPD.

4.3.1 Design Procedure of the Dual-Band FPD

Based on the above analysis, the design procedure of the proposed DB-FPD is
summarized as follows.

(1) Specify the resonant frequencies fe and fo, the fractional bandwidths 41 and 4>,
and the harmonic frequencies fe1 and fos.

(2) Determine the impedance ratio R, the electrical length ratio a1 and a», and the
total electrical lengths 6r1 and 6r2, using the equation (4.3) and (4.4).

(3) From the center frequencies fe, fo, and the fractional bandwidths 41, 4>, determine
the corresponding external quality factors Qe1, Qez, and coupling coefficients Mi, My, of
the two passbands, using the well-known classic BPF design formulas.

(4) Refer [11] to design a traditional WPD, which bandwidth should be cover the
two passbands of the dual-band BPF. And then, add two extension feedlines (Lt.) at the
two output ports of WPD to exciting the DRRs to achieve frequency selectivity.

(5) The feed lines (Ls1, gr) and coupling gaps (g1, g2) control the external quality
factor and coupling coefficients of the dual-band BPF, respectively. In step (3), the
corresponding external quality factors Qe1, Qe2, and coupling coefficients M, My of the

two passbands are calculated. And then used simulation method to extract the different
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external quality factors of two passbands with varying the physical size of feed lines (L1,
0r), according to formula (4.5) [12]. After that, we obtain extracted external quality factor
graph with different Lr, and gr. With this graph, we can choose appropriate Ls and gr to
meet the Qe1 and Qe at the same time. In a similarly, the value of coupling gaps can be

determined based on formula (4.6).

1:0
= 45
Qe Afigo" ( )
f2 —f2
M = i—pzz p21 (4'6)
fp2 + fpl

(6) Finally, simulate the frequency response of the finally obtained DB-FPD using
an electromagnetic simulator.

Summarizing above design procedure, firstly, we used coupling matrix to synthesize
the dual-band bandpass filter in Fig. 4-5, which simulation result is shown in Fig. 4-6.
Secondly, we design a wideband Wilkinson power divider, which bandwidth should be
covering the two passbands of the dual-band bandpass filter. Finally, the dual-band
bandpass filters are inserted into the two output arms of the Wilkinson power divider, and

then optimize the design of the final filtering power divider.

Port 1 Port 2

Fig. 4-5: The layout of the dual-band bandpass filter.
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Fig. 4-6: The simulated response of the dual-band bandpass filter.

4.3.2 Analysis of the Ultrawide Stopband Performance

5. Passband
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Fig. 4-7: Simulated responses of different parts of the proposed DB-FPD. (a) S1: the Wilkinson
PD. (b) S21 of the DRRs under weak coupling. (c) S21 and S31 of the DB-FPD excluding the

DRRs. (d) S21 of the spur-line with a length of L, (solid line) and a length of L, (broken line).

Fig. 4-7 illustrates the simulated responses of different parts of the proposed DB-
FPD. Fig. 4-7(a) is the Sz1 the Wilkinson PD, and Fig. 4-7 (b) is the Sz1 of the DRRs under
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weak coupling. The spurious resonances of the DRRs occur at frequencies above 10 GHz,
which are located at the stopband of Wilkinson PD. On the other hand, the Sy; and Ss; of
the DB-FPD excluding the DRRs is given in Fig. 4-7(c), which exhibit extra resonances
at about 8 GHz. In order to suppress these resonances and obtain a good notch
performance, a pair of spur-lines with unequal length of Ls and Ls: is embedded into the
U-shaped quarter-wavelength lines of the WPD as shown in Fig. 4-3(a). These spur-lines
with different lengths are designed to create two transmission zeros around 8 GHz, as
shown in Fig. 4-7(d), to suppress the aforementioned extra resonances around 8 GHz in
Fig. 4-7(c).

4.3.3 Experimental Results and Discussion

g
g RERRES
— N ‘-f' —

Fig. 4-8: Photograph of the proposed dual-band FPD.

To verify the design method, a DB-FPD is developed on a Rogers RO4003 substrate,
with a relative dielectric constant of 3.38 and a thickness of 0.813 mm. The dimensions
of the circuit are given in Fig. 4-11 with Rs = 100 Q. The photograph of the fabricated
DB-FPD is shown by the inset of Fig. 4-8. In addition, measurements were done using a
network analyzer of Keysight-E5071C.

The simulated and measured results in Fig. 4-11(a) and (b) show a good agreement.
The measured center frequencies of the two passbands are 2.3 and 3.5 GHz with 3-dB

FBWs of 9.0% and 7.1%, respectively. In the two passbands, the measured insertion loss
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(IL) is less than 4.2 dB and 4.5 dB, and the return loss (RL) is larger than 17.6 dB and
21.4 dB, respectively. The measured isolation between Port 2 and Port 3 (Iso.) of the two
passbands are higher 19.2 dB and 18.6 dB, respectively. Four transmission zeros (TZs)
are produced at 0.9, 2.8, 4.2, and 5.8 GHz, respectively, resulting in a very high frequency
selectivity. Because of the coexistence of the mixed electric and magnetic couplings can
also build up a pair of opposite coupling paths, which can produce a transmission zero. In
Fig. 4-10 the inner mixed electric and magnetic couplings of DRR in Fig. 4-9(a), generate
the third transmission zeros. The first transmission zero produced by the coupling between
sources and loaded, which is built by the DRR act as coupling “bridge”. Moreover, the
mixed electric and magnetic couplings between two DRRs in Fig. 4-9(b) is generate the
second transmission zero. The fourth transmission zero is produced by the Wilkinson PD
with folded coupled feed lines, as shown by Fig. 4-7(c). The proposed DB-FPD with
appropriately designed DRRs but without the spur-lines exhibited harmonic suppression
larger than 20 dB over a wide frequency range from 0.5 to 7.5 GHz (3.3 f;). By adding
the spur-lines, the upper stopband with 20 dB rejection level is widened to 13.8 GHz (6f,)
in Fig. 4-11(b).

Electric Coupling Electric Coupling
\ Magnetic s Magnetic
Coupling Coupling
o oo

() (b)
Fig. 4-9: The mixed electric and magnetic couplings of the (a) Inner of DRR, (b) Between two

DRRs.
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Fig. 4-10: The responses of coupling of two DRRs and single DRR under weak coupling

excitation.
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Fig. 4-11: Simulated and measured results of the DB-FPD: (a) Magnitude of S11, S21, $31, and
832. (b) Ultrawide stopband performance of the proposed FPD. Dimensions of the circuit are L,
=4.0,L,=6.5,L3=21,L4=0.2,Ly=17.2, Ly =12.3,L;=6.0, Ls1 = 6.5, wo = 1.8, w1 = 1.6, w, =
0.2, w3=0.2, w;=0.2,20=0.2,21=0.3,2.=0.9, gr= 0.2, and d = 0.4. (Unit: mm).
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TABLE 4.1. Comparison with previous works

Iso. irclit i

Refs. | fu/f2(GHz) | IL(dB) | Stopband | TZs Cireut size

(dB) (g xh)

[1] 1.8/2.96 3.83.9 | ~2.67 3 26/20 | 0.43x0.49

2] 0.9/2.1 3234 | ~3.4f 2 35/25 | 0.26x0.20

[6] 1572890 | 3.9/4.1 | ~3.89% 5 2125 | 0.52x0.28

[8] 2.3/3.64 3842 | ~2.6fp 3 18/18 | 0.54x0.38
Thi

'S 2.3/3.5 4.2/4.5 ~6f0 4 19/19 | 0.37x0.28
work

In the end, a performance comparison of the proposed DB-FPD with other reported
DB-FPDs is shown in Table 4.1. It indicates that the current DB-FPD exhibits not only

good isolation and compact size but also an ultrawide stopband.

4.4 Conclusion

A novel DB-FPD with compact size and high performance was developed by
cascading a Wilkinson PD with two pairs of well-designed DRRs. The simultaneous use
and appropriate design of the coupled feedlines, mixed electric and magnetic couplings
between DRRs, and spur-lines with different lengths produced multiple TZs which result
in two passbands with desired power division, high frequency selectivity, good isolation,

and an ultrawide stopband.
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Chapter 5
Balanced-to-Unbalanced Filtering Power

Dividers Using Multi-Mode Resonators with
Variable Bandwidth

5.1 Overview

Balanced-to-unbalanced (BTU) circuits are widely utilized to connect the balanced
port and single-ended ports with common-mode noise suppression, in modern wireless
communication systems. To meet the requirements of conversion between balanced signal
and unbalanced signal, high immunity to environment, and integrate multifunction design,
many attentions have been focused on the BTU and balun microwave components, such
as balun filters [1-3], BTU diplexers [4-6], and BTU power dividers (PDs) [7-21].

For BTU PD, there are integration balun and power divider in one component to
combine single-end signals from receiving antenna array (Rx antenna array) into
differential signals for differential low noise amplifiers (DLNAS), or vice versa. Over the
past several years, BTU PDs have been studied based on square ring network as shown
in Fig. 5-1 [7-14]. In [7], shorted-ended four-wire coupled-line and T-shaped structure
were used to design a BTU PD with operating bandwidth of 25% for the first time. In
order to enhance the operating bandwidth, three pairs of cascaded coupled-lines replaces
the shorted-ended four-wire coupled-line, T-shaped structure and other transmission lines.
Thus, the operating bandwidths are broadened to 37.2% [8] and 30% [11]. Moreover,
those designs also realize a miniaturized circuit size. In [13], a multilayer structure was
adopted to further enhance the bandwidth of BTU PD. Despite the power division
response with the bandwidth of 63% was achieved, the multilayer structure is difficult to
fabricate. A wideband BTU FD using symmetrical transmission lines was presented in
[14], and the bandwidth can be raised to 89.1%. All of these previous works payed
attention to BTU PDs design, which still need to connect filters in system applications.

Therefore, BTU filtering power divider (FPD) with higher integration had been proposed
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based on branch-lines with several open-stubs [15], which is used to implement lower
insertion loss and smaller circuit size. A pair of coupled-lines are utilized to realize
filtering response with wideband performance [16]. Moreover, open/shorted coupled-
lines and half-wavelength open stubs were applied to introduce two transmission zeros
near the passband, which enhance the selectivity of the proposed BTU FPD, while the in-
band isolation also need to further improve. In [17], the in-band isolation better than 20
dB is realized based on branch lines and the modified two-port coupled-lines with short-
and open-circuit stubs. For widening the frequency range of common mode (CM)
suppression, hybrid microstrip/slotline structure was used to design a filtering BTU PD
(BTU FPD) with wider differential mode (DM) matching bandwidth and wider CM
suppression bandwidth [19]. Despite this structure can achieve a better CM suppression,
it is relatively difficult and expensive to process. Note that all the aforementioned works
focus on how to design wideband BTU PDs more or less, and only limited works have
been done on the designs of variable bandwidth [15], [16] or narrowband [18].

In this chapter, the stub-loaded dual-mode resonator (SL-DMR) with controllable
resonant frequency and an intrinsic transmission zero is adopted to design BTU FPDs for
the first time. The designs of this chapter not only achieved controllable operating
frequency and high selectivity, but also have a big variable range of the bandwidth from
narrowband to wideband. The remainder of this chapter is organized as follows. The
mixed-mode scattering matrix is analyzed, thus the final condition of better DM matching,
high isolation and deeper CM suppression are obtained. Secondly, based on even-mode
and odd-mode analysis method, the closed-form analytical equations, detail design
procedure and key parameters study is synthetically analyzed. Then, to realize the
characteristic of variable bandwidth, two situations of bandwidth controllability are
provided. Next, in order to demonstrate the design method of BTU FPD, a BTU FPD with
one transmission zero is implemented and their responses are also discussed. Moreover,
for enhancing the selectivity of the proposed BTU FPD, another BTU FPD structure based
on a coupled-line branch line (CBL), which can generate multiple transmission zeros
distributing on the both sides of the passband, is implemented. Finally, a conclusion is

given at the end of this chapter.
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5.2 Analysis of the Mixed-Mode Scattering Matrix of Balanced-to-

Unbalanced Network

Z

A® 90°

Z,11180° 90°|| Z,

P -e=—{i-- P
R
90°|| Z4
o) 90°
2 OA—I—!:|—I—O 4
Z,

Fig. 5-1: Circuit model of the typical four-port balanced-to-unbalanced power divider.

Fig. 5-1 depicts the typical circuit model of the balanced-to-unbalanced filtering power
divider. It is a four ports reciprocal network which is including a pair of differential input
ports A®) and A©) (port 1 and port 2), two-single ended ports 3 and 4, four microstrip branch
lines, and a resistor. In this section, theoretical and simulation analysis are given out to
explore the operating principle of the proposed three structures, respectively. Finally, the
design procedure is summarized.

The ideal standard matrix (Sstg) of the four ports reciprocal network exhibited in Fig.

5-1, can be defined as

S, S5 S, S, I SA(*)A(+J S A3 SA(*)A(‘) SA(*) 4

S, = Sai Si Siu Sy _ SsA(” S33 SsAH Sy (5.1)
Sy Su Sy Sy S a0 S,0s S,oa0 S0,
Si Si S Sy S4A(*) Sis S4A(*) Su

The mixed-mode scattering matrix (Smm) Of the proposed balanced-to-unbalanced
filtering power divider can be derived from the standard matrix (Ssw) using the matrix

transformation as bellow [22]
S,,=MS_ ,M™ (5.2a)

where
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-1

M = (5.2b)

0
0
J2
0 2

Combining (5.1) and (5.2), the mixed-mode scattering matrix (Smm) can be derived

0
0
0

1
L)1 1
J200 0
0 0

as:
dell SdslS Sd(:ll Sdsl4
S Ssd31 55533 Ssc3l Sss34 (5 3)
™ls S.s S.u S '
cd1l cs13 ccll csl4
Ssd 41 Sss43 Ssc4l Sss44
S . = l Sam = (SA“’A‘*’ B SA‘*’s N SSA‘*’ + 833) Sw = (SA(”A(” B SA‘*’4 N SsA"’ + 834)
dd —
2 _de 2~ (SAHA‘*’ N SA")s - S4A<*) + 843) de?? - (SA"’A(” - SA(’)4 - S4A"’ + 844 )_

(5.4a)

1 Sdcll = (SA(+)A(+) + SA<+)3 - S3A<+) - S33) Sdclz = (SAMAH + SA(+)4 - S3A(f) - S34)
2 _SdCZl - (SAHAM + SA")3 B S4A“’ B 843) Sd°22 - (SA(’)A") + SA"’4 B S4A"’ ~Su )_
(5.4b)

33
2| Sez :(S =S . T S4A<+> S43) Scaze :(SA<—>A<—> _SA<—>4 +S4A(—) _544)

A A AL

cd

1 SCdll - (SA(*)A‘” B SA‘*)z + SsA“’ -S ) Scdlz = (SA<+>A<—> - SA<+>4 + SgAH - 334)

(5.4c)
1] Ses =(S,00,00 + 8,00, + S0 +55)  Sess =(S,00,00 + S0, +S,,00 + S )
Scc22 = (SA(f)AH + SA(7)4 + S4A(7) + S44)

(5.4d)

The elements value of the mixed-mode matrix (Smm) can be calculate by (5.4). For

T o2|s = (SA(—>A<+> +3

cc2l 3 + S4A(+) + S43)

AC)

the requirement of impedance matching, isolation, equal power division under
differential-mode excitation, and common-mode suppression, the mixed-mode matrix

(Smm) should be satisfied the following conditions
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Seanr = Seens = Sscal = Ssc4l =0
Sezs = Sss44 Seeazs = S4as =0

1 (5.5)
| sd31| sd 4l| /

~|Sccll| -

As shown in Fig. 5-1 the circuit model of the typical balanced-to-unbalanced power
divider is a symmetric structure along the center of the balanced ports (dash dot line). For
simplify, the odd-/even-mode equivalent circuits can be applied to the analysis, and the

individual S-parameter of the odd-/even-mode equivalent circuit can be expressed as [23]

S° = i Si,n+j (5-6a)

S¢, =S, ~Sin, (5-6b)

where i, j =1, 2, n =2, and S; j, and Si n+j are the elements of the standard matrix (Sstd).
Combining (5.4) and (5.5) and according to the symmetrically of the of the proposed

four-ports balanced-to-unbalanced filter power divider, these formulas can be obtained as

bellow
7833 =353 =5,;=5,=0
S12 = SZl = S4z = S24 = _814 = _841 =b
e o o o _ (5.7)
Sll - S13 - S31 - S33 =a
SEIEA
Therefore, the standard matrix (Ssta) can be simplified as
a b a —b
b 0 —b O
S., = 5.8
std a _b a b ( )
—b O b 0

Furthermore, combining (5.6) and (5.8), the odd-/ even-mode S parameter scattering

matrices can be derived as

S—-O 20 (5.93)
°12b 0 '
s =2 0 (5.9b)
10 0 '
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5.3 Narrowband Balanced-to-Unbalanced Filtering Power Divider

5.3.1 Analysis of the Equivalent Circuits With the DM and CM Excitations

Fig. 5-2: Transmission line circuit model of the proposed BTU FPD.

Fig. 5-2 exhibits the transmission line circuit model of the proposed BTU FPD. It
consists of a pair of stub-loaded dual-mode resonators (SL-DMRs), a pair of differential
input ports A® and A©) (ports 1 and 2), two branch lines ((Z1, 61) and (Zs, 61)), two pairs
of coupled-line feeding structures (Zoe, Zoo, 62), a resistor (R), and two single-ended output
ports (port 3 and 4). Moreover, the ideal transmission line model of the proposed BTU
FPD is a symmetrical structure along the dash dot line PP’, therefore, odd-/even-mode
method can be used to analyze their operating principle.

Under the differential-mode (DM) excitation from A® and A®) in Fig. 5-2, a virtual
shorted face PP’ will appear along the dash dot line. The odd-mode equivalent circuit

model is shown in Fig. 5-3(a). When the electric lengths of the two shunted shorted stubs
are equal to 90°, the input impedances are both equal to infinity at fo (The fundamental

resonance frequency), therefore, the equivalent circuit in Fig. 5-3(a) can be simplified as
in Fig. 5-3(b). Based on the even-/ and odd-mode analysis method, the circuit model can
be further simplified as shown in Figs. 5-3(c) and (d), which input impedances of the two

equivalent circuits can be calculated by
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Fig. 5-3: (a) Differential-mode equivalent circuit model of the proposed BTU FPD. (b) The

simplified equivalent circuit of the differential -mode of the BTU FPD. (¢) The odd-mode

equivalent circuit of (b). (d) The even-mode equivalent circuit of (b).

Z.Z
Zinoo = le + —
Zino_1 - 233
Zino_l = JZZ tan 92
Z.Z
Zinoe = le +
Zine_2 - 233
Z.,+]JZ,tané,
Zine 2 T &2 —
- Z,+ )2, tané,
Zine_l =-2 JZ3 cot 93

and the Z-matrix elements of the coupled-lines are [24, eq. (8.99)]
lyn=2yp=Ly=2y= _7] Zoe +2,, cOO,

—J
Z,=2,= 34:Z43:7 Ly, —Z,, coto,

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

(5.15a)

(5.15h)
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Zy= =Zy=2,= _7] Ly, — 2Ly, CSCO, (5.15¢)

2,=2,=2,=2,= _7‘ Z,. +2,, csco, (5.15d)

When 6, = 45°, and 03 = 90°, the input impedances of the odd-mode and even-mode

can be simplified and calculated by combine equations (5.10) - (5.15). Thus

.2PZ, - P?+8M
Zinoo = Zinoe =—] 2 +8 (516)
47,+2P
and
P=2,+Z, (5.17a)
M = ZOeZOO (517b)

The reflect coefficient of the odd-mode equivalent of the circuit So11 shown in Fig.

5-3(b) can be calculated using the reflection coefficients of the odd-mode and even-mode

as below
S = L+l (5.18)
2
where
_ Zinoe _ZO r = Zinoo _ZO
) Zinoe + ZO , ’ Zinoo + Z0

By solving So11 = 0 with (5.9a), the following equation can be easily derived as

follows

=27; (5.19)

inoo “inee

Combining (5.16) and (5.19), the relationship of (5.20) can be obtained
(1625 +4P?)Z; +(16PZ; —4P° +32MP)Z, 5.20)
+(4P?Z¢ + P* ~16MP* +64M*) =0

For common-mode (CM) excitation, a virtual open-circuited face will appear in the
symmetrical face along the dash-dot line in Fig. 5-2. The even-mode equivalent circuit
model of the BTU FPD is shown in Fig. 5-4(a). When the electrical length ;1 of left
shunted branch line is 90°, the input impedance Zin1 is equal to zero at fo (i. e., short
circuited), thus the port 1 is short-circuited, the even-mode equivalent circuit in Fig. 5-

4(a) can be simplified into the circuit shown in Fig. 5-4(b). Moreover, the loaded position
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of the open-stub equivalent to a short-circuited when the electrical length of the open-stub
03 equal to 90° at fo. Hence, the circuit model in Fig. 5-4(b) can be simplified as in Fig. 5-

4(c). From the circuit model in Fig. 5-4(c), the input impedance Zine can be expressed as

1 1

, 1.1 5.21
ine ZinL ZinR ( )
_RZ,+JZN0, g, _ZE (5.22)
"7, + j2Rtan, 2R |

Linn =Ly + Lutu (5:23)

ZinL_l - Zzz
Z, .= JZ,tané, (5.24)

With calculating the input impedance Zine of the circuit mode in Fig. 5-4(c), S11 of

the even-mode can be calculated by the following equation

Zin _ZO

e

Zine _ZO

|Sew|= (5.25)

From (5-9b), with Se11 = 1, the following relationship can be obtained by combining

(5.21)—(5.25)
2RP? —4RZ,P -16RM — j(4Z,+2P)Z;

:(222P—P(2+8M)z)ozj (520

In order to obtain good power division, filtering, isolation and common-mode
suppression performances, the designed BTU FPD should be satisfied the conditions of
(5.20) and (5.26), simultaneously. The odd-mode impedance Zo, and even-mode
impedance Zoe of the parallel coupled-line can be obtained according to the specification
of bandwidth, which will introduce in the next section. Once the Zo, and Zoe are
determined, we can calculate the value of the characteristic impedance Z, by equation
(5.20). And then, the relationship between the characteristic impedance Z4 of the branch-
line and isolation resistor R can be established. Finally, the optimized values of Zs and R

can be decided by parameter sweep analyzing.
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Zoe,Zoo 23 Zy, Zoe, Zoo
0 0.
"'__02 2 (|7, ¥
03
(b)
3

-+

ZinL_l ZinL ZinR
(©
Fig. 5-4: (a) Common-mode equivalent circuit model of the proposed BTU FPD. (b) The
simplified equivalent circuit of the common-mode of the BTU FPD. (c) The final simplified

equivalent circuit of the even-mode of the BTU FPD.

5.3.2 Parameters Study

For studying the key design parameters, we assume that the initial values of the ideal

transmission line model in Fig. 5-2 are Z1 =74=24.9Q, 2, =156 Q, Z3 =72 Q, Zo. = 196
Q, Z0o=115Q, R=200 Q, 61 =05 =90°, and 6> = 45°, respectively. The simulated results

of the BTU FPD for Fig. 5-2 with parameters analysis by Advanced Design System
software are shown in Figs. 5-5(a)—(f). In Figs. 5-5(a) and (d), it can be found that with
Z or (and) Z4 decreasing, the CM responses become better, while the in-band return loss
of DM responses is worse away from the matching point, and there are both little effect

on the isolation performances. Fig. 5-5(b) exhibits the responses with different Z, (152,
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Fig. 5-5: Simulated responses of the proposed BTU FPD with parameters study. (a) DM

responses, CM responses, and isolation performances versus Z;; (b) DM responses, CM

responses, and isolation performances versus Z; (c) DM responses, CM responses, and isolation

performances versus Z3; (d) DM responses, CM responses, and isolation performances versus Z;;

(e) DM responses, and CM responses versus R; and (f) Isolation performances versus R.

156, and 160 Q). It is seen that the bandwidth and resonance frequency can be controlled

by Z,. With Z; increasing, the bandwidth becomes wider and the resonance frequencies

of the DM and CM excitation are shift to lower, while the isolation performance has little
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influence. From Fig. 5-5(c), Z3 can be used to slightly adjust the bandwidth of the DM
condition. Moreover, the CM suppression and isolation performance can be controlled by
adjusting the isolation resistor R without having effect on DM response, as shown in Figs.
5-5(e) and (f), respectively. By increasing R, the CM suppression performance becomes
better, but the isolation performance becomes worse, illustrated in Figs. 5-5(e) and ().
Therefore, the CM suppression and isolation performances should be both take in account

at the same time when the value of R decided.

5.3.3 Analysis of the Controllability of Bandwidth
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(b)
Fig. 5-6: Differential responses of the proposed BTUB-FPD with different values of (a) 6; and

(b) coupling coefficient £.
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According to the methods of bandwidth broaden, the variation of bandwidth is
divided into two situations. For the first situation, the bandwidth can be varied by
separating the odd-mode and even-mode resonant frequencies (fods and feven), as shown in
Fig. 5-6(a). With 65 decreasing, the frequency of the second crossing point (CP, fcpr2)
between reflect curve (|Sqs11]) and transfer curve (|Ssq31|) of the proposed BTU FPD, which
is positively correlated with the even-mode resonant frequency, shifts to higher frequency
range. At the same, the frequency of the first crossing point (CP, fcpi), which is positively
correlated with the odd-mode resonant frequency;, is fixed. Thus, the fractional bandwidth
(4 = (fcr2 — fcr1) / 0.5(fcr2 + fcp1)) becomes wider when 63 decreases. However, the
minimum in-band attenuation of S11 will becomes worse when 63 changes while other
electric parameters are fixed. Therefore, in order to ensure a good in-band attenuation,
this situation is only suitable for bandwidth adjustment in a small range.

In the second situation, the electrical lengths (62 and s) of the determined odd-mode
resonant frequency fodda and even-mode resonant frequency feven are fixed to check
bandwidth variation with the coupling coefficient k. The coupling coefficient k is
equivalent as external coupling in filter design, which is effect on the bandwidth of the

designed filter directly. In this design, the coupling coefficient k can be calculated as

Z -7
k=—te 0o (5.27)
ZOe + ZOo

In order to determine the influence of the parameter & on the bandwidth

controllability, a circuit model with Z1 =Z4=249 Q, Z3 =72 Q, R=100 Q, 61 = 63 =90°,

and 6> = 45° is used to analyze the bandwidth controllability varies with k. As shown in

Fig. 5-6 (b), the fractional bandwidth changed from 0.38% to 14.28% with the coupling
coefficient £ increasing from 0.1 to 0.5. Theoretically, the stronger the coupling
coefficient, the wider the bandwidth, but it is difficult to fabricate in practice when & larger
than 0.5. Moreover, it is worth mentioning that the characteristic impedance Z; is also
adjusted to remain a good impedance matching with k changing. Fig. 5-6(b) illustrates
that the minimum in-band attenuations of Si; are better than 27dB. Therefore, the
bandwidth of the BTU FPD can be controlled by the even-mode impedance Zo. and odd-

mode impedance Zo, of the coupled-line sections in this situation. Table 5.1 gives the
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corresponding values of bandwidth (BW = fcp» — fcp1), 1solation of DM condition (Iso.|pu),
and common-mode suppression (Supp.|cu) of the proposed BTU FPD. It shows that the
isolations and CM suppressions are both lower than 25 dB. Therefore, the proposed BTU
FPD has a good bandwidth variable ability, which can meet different bandwidth

requirements with high isolation and CM suppression performances.

TABLE 5.1. Four group values of the bandwidth, center frequency, in-band attenuation, and
common-mode suppression of the proposed BTUB-FPD

Characteristic impedances (Q) " BW 1S0.|om Supp.|cm
Zoe Zoo Z, (MHz) (dB) (dB)
190 155.46 172.7 0.10 6 25.36 54.34
192 141.93 167.0 0.15 15 25.71 47.09
194 129.33 162.0 0.20 27 25.59 42.21
196 117.60 157.7 0.25 44 25.64 35.8
198 106.62 154.2 0.30 65 25.75 34.91
200 96.30 151.3 0.35 91 25.89 31.88
202 86.57 148.5 0.40 123 26.56 29.69
204 77.38 1455 0.45 157 27.62 27.43
206 68.67 140.6 0.50 192 28.82 25.23

5.3.4 Implement of the Narrowband BTU FPD

.23
% =14.97~{ JUnit: mm

(a) (b)

Fig. 5-7: Structure I: (a) Configuration of the BTU FPD without the coupled branch line
(CBL); (b) Photograph of the BTU FPD without the coupled branch line (CBL).
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To demonstrate the aforementioned design theory, a BTU FPD prototype with center
frequency of fo = 1.57 GHz, fractional bandwidth of 2.6% is designed with good filtering

and high CM suppression responses. Firstly, based on the odd-mode theory analysis, the

electric lengths 61 = 63 = 90°, and 6, = 45° at fo = 1.57 GHz are readily selected. Then,

according to the above analysis about the bandwidth controllability in Fig. 5-6 and the
limitation of the printed circuit broad (PCB) fabrication technology [24, Fig. 7.29], the
even-mode impedance Zo. and odd-mode impedance Zy, of the coupled-line section can
be determined. Once the even-mode and odd-mode impedances of the coupled-line
section Zo. and Zo, are determined, the characteristic impedance Z> can be calculated by
(5.20). Finally, we can derive the relationship between the branch line characteristic
impedance Z4 and the isolation resistor R using (5.26). In order to obtain a high isolation
and CM suppression performances at the same time, the values of Z4 and R can be
determined under the compromise choice. The final configuration of the proposed BTU
FPD is constructed as shown in Fig. 5-7(a). The circuit is fabricated on a Rogers
RO4003C substrate with a dielectric constant of 3.38, a thickness of 0.813 mm, and a loss
tangent of 0.0027, which physical sizes are illustrated in Fig. 5-7(a). The photograph of
the proposed BTU FPD with overall circuit size of 61.88 mm x 80 mm is shown in Fig.
5-7(b).

5.3.5 Experimental Results and Discussion

The fabricated BTU FPD is measured using a four-port network analyzer CETC-41
Ceyear 3672E. The theoretical, simulated and the measured results are compared as
shown in Fig. 5-8 and Fig. 5-9. In Fig. 5-8, the proposed BTU FPD operate at 1.528 GHz,
with fractional bandwidth is 2.02% for the DM. The minimum input-power-matching
|Saar1| is lower than 20 dB within the frequency range 1.52 GHz to 1.54 GHz, and the
measured minimum in-band power insertion loss |[Ss31| 1s 1.14 dB (ignore the 3-dB power
division factor). In addition, the power isolation |Ss34| between the two single-ended
output ports is better than —15 dB at the center frequency of the proposed BTU FPD, and
also better than —8 dB from DC to 6 GHz, as shown in Fig. 5-8(b). Fig. 5-8(b) shows that
the upper stopband performance of proposed BTU FPD without CBL is only 1.83f: with
lower than —10 dB (where f. is the center frequency of the proposed BTU FPD). From
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Fig. 5-9, the measured CM suppression is better than 23 dB from DC to 2.5 GHz.
Moreover, a transmission zero is generated at the upper stopband of 1.57 GHz by the
open-circuited stub (Z3, 63), which exists in both DM and CM responses in Fig. 5-8(b)
and Fig. 5-9.
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Fig. 5-8: The theory, simulation and measurement of DM responses the BTUB-FPD without

coupled branch line (CBL) (Structure I).
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Fig. 5-9: The theory, simulation and measurement CM responses of the BTUB-FPD without

coupled branch line (CBL) (Structure I).

5.4 High-Selectivity Narrowband Balanced-to-Unbalanced
Filtering Power Divider

It shows that the proposed BTU FPD (Structure I) has only one transmission zero
(fz1) in Fig. 5-8, in above section. In order to enhance the selectivity of passband, a
coupled line is used to replace the microstrip branch line (Z1, 61), as shown in Fig. 5-10.
The coupled branch line (CBL) structure can generate a pair of additional transmission

zeros (fz2 and f73) locate at both sides of the passband.
5.4.1 Analysis of the Multiple Transmission Zeros

From Fig. 5-11, the circuit model simulated DM response of structure 11 shows that
there are six transmission zeros located at the both side of the DM passband. Comparing
with the structure I, the additional DM transmission zeros (fz2, fz3, fzs and fz) are
generated by the CBL. Under the DM excitation, the equivalent circuit of CBL is a short-
circuited coupled-line structure shown in Fig. 5-10. The frequencies of the additional DM
transmission zeros (fz2, fz3, fzs and fze) can be calculated by setting the input impedance

Zin_ceL of the short-circuited CBL equal to zero. The input impedance Zin ceL can be
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derived as
_ Z22244 — Zz4z42

in_CBL —
- Z

z

44
2 .
— (ZOel + Z001) sz QCBL _4ZOe12001
2(Z ey + Z gy )SiN O €OS O

(5.28)

Zin_CBL

Fig. 5-10: Short-circuited coupled branch line (CBL).

@3f (-13 dB)

Magnitude (dB)

Without CBL (Structure 1)
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'80 - T — T

3
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Fig. 5-11: The theoretical DM responses of the proposed structure I and II.

The frequencies of the transmission zeros can be derived when the input impedance

Zin ceL = 0.

f,. =1, (3=90° @fo) (5.29)
f,,= 2—foarcsin _Aoalon > (5.29b)
7 (ZOel + ZOol)
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f,=2f -1, (5.29¢)
f,, = 2f, (5.29d)
fo=4f, - f,, (5.29)
f,, =3f, (5.297)

In Fig. 5-11, it is can be seen that the structure Il not only has a better selectivity, but
also a wider upper stopband performance. Moreover, the structure Il have six transmission
zeros are located at 1.24, 1.57, 1.90, 3.14, 4.38, and 4.71 GHz, respectively.

5.4.2 Experimental Results and Discussion

(b)

Fig. 5-12: Structure II: (a) Configuration of the BTU FPD with the coupled branch line (CBL);

(b) Photograph of the BTU FPD with the coupled branch line (CBL).

With the similar design procedure, the BTU FPD with CBL (Structure II) is
fabricated and measured with final physical sizes illustration in Fig. 5-12(a). The
photograph of the proposed BTU FPD with CBL is shown in Fig. 5-12(b), and the overall
circuit size is 61.96 mm x 80 mm. Fig. 5-13 shows the results of the proposed BTU FPD
with CBL. It can be seen from Fig. 5-13(a) that the measured center frequency of 1.528
GHz, fractional bandwidth 4 = 2.43% and the minimum input-power-matching |Saa11| 1s
lower than 20 dB within the frequency range 1.52 GHz to 1.54 GHz. Moreover, the

measured minimum in-band power insertion loss |[Sss31| is 1.01 dB (ignore the 3-dB power

Advanced Microwave Labs. Saitama University September 2019



Chapter 5: Balanced-to-Unbalanced Filtering Power Dividers Using Multi-Mode Resonators with | 125

division factor). The power isolation |Sss34| between the two single-ended output ports is

better than —20 dB at the center frequency 1.528 GHz, and also better than —10 dB from

DC to 6 GHz, as shown in Fig. 5-13(b). Moreover, the proposed BTU FPD with CBL has

good performance of upper stopband from DC to 6 GHz (about 3.9/, where f. is the center

frequency of the proposed BTU FPD) better than -10dB, as shown in Fig. 5-13(b). Under

the CM excitation, the measured CM suppression is better than 32 dB in DM passband

from 1.52 GHz to 1.54 GHz, as illustrated in Fig. 5-14.
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Fig. 5-13: The theory, simulation and measurement DM responses of the BTUB-FPD with

coupled branch line (CBL) (Structure II).
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Fig. 5-14: The theory, simulation and measurement CM responses of the BTUB-FPD with

coupled branch line (CBL) (Structure II).

5.5 Conclusion

In this chapter, two narrowband BTU FPDs with composite functions of power
division, frequency selectivity, isolation between single output ports, and common-mode
suppression have been proposed by stub-loaded dual-mode resonators and parallel coupled-
line feeding structure. Mixed-mode S-parameters matrix and odd-/even-mode input
impedances are derived to reveal the operation principle. The bandwidth of the proposed
BTU FPDs can be varied and controlled. The measured results of the two prototypes are
agree well with the simulation results with good DM transmission under CM noise
suppression and high isolation between two single ended output ports. Moreover, multiple
transmission zeros were produced to enhance frequency selectivity and stopband
performance in the Structure Il. Therefore, the proposed BTU FPDs are good candidate for

balanced-to-unbalanced wireless system with satisfying different bandwidth requirements.
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Chapter 6

Conclusion and Future Work

6.1 Conclusions

In the development of multi-band and multi-function RF/microwave devices, there
are still many challenging issues. As described in Chapter 1, the circuit size, insertion loss,
and the controllability of the frequencies and bandwidths are difficult to overcome in
multi-band BPF design. Moreover, high integration and multi-function microwave device
is the development tendency of the future RF/microwave communication systems.

The basic design theory of the bandpass filters, power dividers, and differential
circuits have been introduced in Chapter 2. Those topics are summarized from open
literatures to guide the design of subsequent chapters. The general definitions of filters
and the lowpass prototype filters have been introduced to guide the multiband BPFs. And
then, the microwave network analysis method has been exhibited. With the impedance,
scattering, and ABCD matrices of the microwave network, most of the microwave devices
can be represented as two-port or n-port network to analysis. Lastly, the differential circuit
mixed-mode S-parameters have been introduced to design and analysis the balanced-to-
unbalanced filter power divider circuits.

In Chapter 3, two types of MMRs are proposed and used to design a number of
multiband BPFs. One is the stub-loaded stepped impedance resonator (SL-SIR), which
has flexible resonant modes and controllable resonance frequencies. The other one is a
dual-resonance resonator (also called H-shaped resonator), which have two resonance
modes and two potential transmission zeros. With the two multi-mode resonators, the
following designs are implemented:

m An open-circuited stub-loaded quarter-wavelength steeped impedance resonator is
adopted to design a compact bandpass filter with high selectivity performance. Moreover,
mixed electric and magnetic coupling is introduced between two SLSIRs to produce
multiple transmission zeros located at the two side of each passband, resulting in high

passband selectivity and large isolation in-between the two passbands.
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m Dual-feed line structure is proposed and adopted to design dual-band BPF to
realize independent controllable bandwidths of the two passbands

. A compact dual-band BPF is developed by using a new stub-loaded shorted SIR.
The obtained results and related discussions reveal that with appropriate design of the
geometrical parameters of the proposed structure, a dual-band BPF with individually
controllable mid-band frequencies, passband bandwidths, and transmission zeros, can be
designed with great flexibility.

m A compact second-order DB-BPF with individually controllable passbands and
wide stopband is proposed and fabricated using two OSL-SSIRs. The resonance
mechanism and frequency variation of the resonator were analyzed in detail. By taking
advantages of the OSL-SSIR and multiple mixed electric and magnetic coupling paths,
flexible control of the center frequencies and bandwidths of the DB-BPF is achieved, and
high selectivity of the passbands and wide stopband are realized.

m Separate geometrical parameters are devised to implement independent control of
the centre frequencies and FBWs of the three passbands. Two source-loaded couplings
are employed to produce a significantly increased number of TZs and achieve thereby
high selectivity and stopband suppression of filter.

m A miniaturized dual-band bandpass filter using composite resonators with flexible
frequency ratio is developed. Three transmission zeros are produced by introduced a
mixed electric and magnetic coupling, which improves significantly the selectivity and
out-band rejection performance. With the features of compactness, flexible design, and
high performance, the proposed dual-band filter is attractive for dual-band wireless
communication applications, such as the GPS and the TD-LTE system.

A novel dual-band filtering power divider with ultrawide stopband and good
isolation is proposed in Chapter 4. The measured responses exhibits a stopband up to 13.8
GHz (6/0) with 20-dB rejection level. This is the widest stopband of DB-FPDs reported
thus far, with the following contributions:

m The modified dual-resonance resonator (DRR) with stepped-impedance are
adopted to realize the dual-band frequencies selectivity. Moreover, the proposed modified
DRR have compact circuit size.

m A pair of unequal length spurlines have been inserted into the U-shaped feedline
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to suppression the harmonic frequencies, which are produced by the U-shaped feedline
structure. Moreover, the spurious frequencies of the DRR are adjusted to the stopband of
the Wilkinson power divider to further enhance the stopband performance.

m The coexistence of the mixed electric and magnetic couplings has been used to
build up a pair of opposite coupling paths, which can produce a transmission zero, which
is enhanced the isolation between the two passbands.

In Chapter 5, the stub-loaded dual-mode resonator (SL-DMR) with controllable
resonant frequency and an intrinsic transmission zero is adopted to design BTU FPDs for
the first time. The designs of this chapter not only achieved controllable operating
frequency and high selectivity, but also have a big variable range of the bandwidth from
narrowband to wideband, which can be summarized as below:

m The mixed-mode scattering matrix is analyzed, and the final conditions of better
DM matching, high isolation, and deeper CM suppression are obtained.

m Based on even-mode and odd-mode analysis method, the closed-form analytical
equations, detail design procedure and key parameters study is synthetically analyzed.

m Two cases of the bandwidth controllable BTU FPDs are proposed and analyzed.
The first case is adjusting the even-mode frequency to realize the bandwidth control at
the minimum range. In the second case, the bandwidth can be varied in a relatively large
range by controlling the coupling coefficient of the parallel-coupled lines.

m To realize high selectivity of the proposed balanced-to-unbalanced filter power
divider, a coupling branch line is used to replace the traditional one to generate extra two

transmission zeros.

6.2 Future Work

As indicted in Fig. 1-2, the transceiver systems include phase shifter, power divider,
circulator, bandpass filter and other active devices, which are complicated and large size.
Although numbers of multi-band bandpass filters, dual-band filtering power dividers, and
balanced-to-unbalanced filtering power divider have been proposed and designed, novel
components with compact size, lower cost, higher integration, and more functions are still
strongly demanded for future wireless communication systems.

The short-term future work for the multi-band, multi-function, and compact
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microwave components can be carried out in the following areas:

m The bandwidth of the two passbands of the proposed filtering power divider is still
not controllable. It is probable to design multiple signal paths to improve the
controllability of the bandwidths as we have done in Chapter 3 when designing the multi-
band BPFs.

m Based on the multi-mode concept, we can design compact multi-band balanced-
to-unbalanced filtering power dividers to replace conventional systems with separate
baluns, bandpass filters, and power dividers to save the circuit size and cost.

m As shown in Chapter 5, the insertion loss of the multi-function component is still
large, because the structure of circuit is too complex. Therefore, we can use the extremely
low-loss material, such as high temperature superconductors, to design the multifunction
components.

m Research an active filtering antenna array as a single component to realize the
function of RF-front of the current receiver or transmitter. If it is accomplished, the RF-

front system will become smaller, cheaper, and more flexible.
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