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Abstract

Design techniques used for two-port coupled resonator circuits are extended in this thesis to
multi-port coupled resonator circuits. Three-port coupled resonator power dividers and
diplexers are demonstrated in particular. The design approach is based on coupling matrix
optimization, and it allows synthesis of coupled resonator power dividers with arbitrary power
division, and diplexers with contiguous and non-contiguous bands. These components have
been synthesised with novel topologies that can achieve Chebyshev and Quasi-elliptic
filtering responses.

To verify the design methodology, some components with Chebyshev filtering response have
been designed, fabricated and tested. X-band coupled resonator devices have been realized
using waveguide cavities: 3-dB power divider, unequal power divider, 4-resonator diplexer,
and 12-resonator diplexer. An E-band 12-resonator coupled resonator diplexer has been
designed to be used as a front end component in the transceiver of a wireless communications
system. An H-band coupled resonator diplexer with embedded bends has been designed and

realized using micromachining technology.
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Chapter 1 - Introduction

Chapter 1

Introduction

1.1 Overview of Power Dividers and their Applications

Power dividers are passive components used to divide an input signal into a number of signals
with smaller amounts of power. The simplest forms of power dividers are three-port
networks, and they can be extended to N-way power dividers by forming multi-stage
structures. Power dividers are employed in many microwave and RF applications. They are
widely used in balanced power amplifiers, mixers, phase shifters, and antenna arrays.
Wilkinson power dividers [1] and T-junctions [2] are examples of power dividers that are
commonly used in many microwave circuits and subsystems. Four-port devices such as
hybrids and directional couplers are also used for power splitting with a phase shift between
the output ports of either 90° (branch-line hybrids) or an 180° (magic-T) [2].

In power amplifier systems, power dividing/combining networks are used when high output
power is required [3-5]. Figure 1.1 shows a general diagram of such systems, where the
output powers from large number of power amplifiers are required to be combined. Input
power is first divided by the power splitter to provide drive signals to the power amplifiers.
The amplifiers outputs are then combined by the power combiner into a single output with
high power. It is usually required for power dividing/combining networks in these systems to

have low loss and high inter-port isolation.
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Input

Input Output High
Power © Power Power () Output
Splitter Combiner Power

VEAYAYAY

Figure 1.1: Diagram of Amplifier System

Power dividers are also used as feeding networks in beam-steering antennas. Phased array
antennas are usually used in beam-steering applications that require changing the direction of
the beam’s main lobe with time. This is achieved by using phase shifters that vary the phases
of the signals feeding the antennas in such a way that the radiation pattern is moved in a
desired direction. Figure 1.2 depicts a phased array antenna system that consists of antenna

elements, phase shifters, and power distribution network [6].

Radiators

Phase Shifters | Og 0- 0 05 0, 0, 0, 0,

Power
Distribution |
|
|
L

Networl:

Antenna Input

Figure 1.2: Phased Array Antenna System
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There has been extensive research to develop power dividers that are compatible with the
requirements of beam forming/steering systems. Several power dividers such as Wilkinson
power divider, T-junctions, and branch-line couplers have been developed to be used in these

systems for feeding purposes [7-9].

1.2 Overview of Diplexers and their Applications

Multiplexers and diplexers are key components in a huge variety of communication systems,
including radio transmission, cellular radio, satellite-communication systems, and broadband
wireless communications. They are frequency selective components that are used to combine
or separate signals with different frequencies in multiport networks. Multiplexers are usually
formed of a set of filters, known as channel filters, and a common junction.

A diplexer is the simplest form of a multiplexer. It is a passive three-port device that connects
two networks operating at different frequencies to a common terminal. Diplexers allow two
transmitters on different frequencies to use a common antenna at the same time. Also, they
may be used as forms of duplexers, which allow a transmitter and a receiver operating on
different frequencies to share one common antenna with a minimum interaction between the
transmitted and received signals. Therefore, reduction in volume and mass is possible due to
the use of a single antenna.

Both base stations and radio handsets in cellular radio systems have driven towards various
innovations in filter/diplexer technology for numerous system standards. Figure 1.3 shows a
block diagram of the RF front end of a cellular base station [10]. The diplexer is a key
component in the overall system, and it consists of a power divider and two channel filters
with stringent requirements on selectivity and isolation. Such filters operate in different
frequency bands. Diplexers are used in cellular base stations to allow simultaneous

transmission and reception using a single antenna. Generally, the transmitter generates signals
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with relatively high power, and hence the TX filter should have high power handling

capability, and the receiver needs to detect very weak signals.

TX/RX Diplexer Pmt;er
] Amphfier

it _i Up .
TX Filter Converter X

Antenna

_ [~ | Down
RX Filter I Converter |

— RX

i-ow Noise
Amphifier

Figure 1.3: RF front end of a cellular base station

The RX filter is required to have high attenuation in the transmit band in order to protect the
low-noise amplifier in the receiver from the transmitter high power signals. Similarly, the TX
filter is required to have high level of stopband attenuation in order to reject the out-of-band
noise generated by the power amplifier. Thus, the isolation between the receive and transmit
channels is a crucial parameter in the diplexer design.

Broadband wireless access communications systems commonly employ diplexers in their
transceivers. The rapid expansion of these systems increased the demand for compact size and
low cost diplexers, which are used as front end components to separate the inbound and
outbound transmissions. Several approaches of design of diplexers have been proposed in
literature for WiIMAX systems by employing various technologies to meet the current trends
of low-cost and compactness [11-13]. The WiMAX systems provide wireless broadband
internet services within large coverage areas to the end users without needing direct line of
sight with base stations, and they have great potential in leading positions in the wireless
broadband market. Here, diplexers are employed to separate subbands in the frequency range

2-11 GHz.
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Diplexers are also used as front-end components in the transceivers of the broadband wireless
E-band systems that provide access to high data rate internet [14]. The 71-76 and 81-86 GHz
bands, known as the E-band, are allocated for gigabit-wireless point-to-point communication
systems, providing up to 10 GHz of bandwidth, and enabling transmission rates of 1 Gbps and
higher [15]. These wireless point-to-point links can be realised over distances of several
miles, and they can provide bridges for the gaps in fibre networks [14]. In this thesis, a novel

diplexer that has been designed for E-band systems will be proposed.

1.3 Thesis Motivation

There has been a tremendous increasing demand in miniaturization and reducing design
complexity of microwave components and subsystems. This thesis addresses development of
novel compact topologies for filter integrated power dividers and diplexers with reduced
complexity in the design. Conventionally, power dividers and bandpass filters are cascaded to
be used for example in image reject mixers or other circuits to produce two duplicate signals
of an input signal filtered within a desired frequency range [16-17]. Figure 1.4 shows a power
divider cascaded to two identical bandpass filters [18]. However, this configuration may
require a considerable area in implementation. Novel networks that can do the same functions
of filtering and power division are addressed in this thesis. Such networks are based on
coupled resonator structures and they may be miniaturised in comparison to the conventional
configurations.

Conventional diplexers consist of two channel filters connected to a junction for energy
distribution. Extensive work has been reported in literature on miniaturization of diplexers by
using specific types of compact resonators or using folded structures. However, the use of
external junctions in the structures of these diplexers might involve design complexity.

Design techniques for multiplexers/diplexers based on coupled resonator structures without
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external junctions have also been presented in literature. These structures are miniaturised
since there are no external junctions. Coupled resonator circuits with multiple outputs are
addressed in this thesis to synthesise compact novel topologies for diplexers with reduced

design complexity and with no practical constraints in realisation.

7

Power Divider

«

BPF

Figure 1.4: Configuration of power divider cascaded with filters

1.4 Thesis Overview

The objective of this research work is synthesis of coupled-resonator circuits with multiple
outputs by extending the design techniques used for two-port coupled resonator circuits.
Figure 1.5 (a) shows a topology for a two-port coupled resonator filter, where the black dots
represent resonators and the lines linking the resonators represent couplings. Synthesis
methods of coupled resonator filters have been extensively presented in literature. The work
in this thesis extends the theory of two-port coupled resonator filters to multi-port coupled
resonator circuits, such as the general network shown in figure 1.5 (b). This enables synthesis
of other passive microwave components made of coupled resonators such as N-way power
dividers and multiplexers. Three-port components such as coupled resonator power dividers

and diplexers are the main focus in this thesis. The design approach allows the synthesis of



Chapter 1 - Introduction

filtering power dividers with arbitrary power division, as well as diplexers with novel

topologies.

®—® @ Output m
1 2 3 4 p—@ - @ Output 1

Input
‘ I I I Input . Output 2

Cutput
8 7 6 5 .. Output 3
H . .—o Cutput n

(a) (b)

Figure 1.5: (a) two-port coupled resonator filter, (b) multi-port coupled resonator circuit

The rest of chapter 1 introduces the background theory of coupled resonator filters. The
coupling matrix of a two-port circuit with multiple coupled resonators is given, and the
scattering parameters in terms of the coupling matrix are presented. The theory presented here
will be generalised to multi-port coupled resonator circuits in the next chapters.

A detailed derivation of the coupling matrix of multiple coupled resonators with multiple
outputs is presented in Chapter 2. The relations between the scattering parameters and the
general coupling matrix are also derived. The derived equations are used as a basis to the
synthesis of three-port components such as power dividers and diplexers in the next chapters.
Chapter 3 looks into the synthesis of coupled resonator power dividers. The synthesis of
polynomial functions of the filtering dividers is presented, and a cost function that is used in
the optimisation of the coupling matrix is derived. Numerical examples of coupled resonator
power dividers with different topologies are illustrated.

The synthesis of coupled resonator diplexers using coupling matrix optimisation is presented
in Chapter 4. Novel diplexer topologies based on multiple coupled resonators are proposed.

These topologies are different from the conventional diplexers since they do not include any



Chapter 1 - Introduction

external junctions for distribution of energy. Numerical examples of diplexers with T-
topologies and canonical topologies are presented, and a comparison between the proposed
diplexers and a conventional diplexer in terms of isolation performance is carried out.

Chapter 5 presents coupled resonator power dividers and diplexers that are designed and
realised using waveguide cavity resonators to verify the new design methodology. The
devices are as follows: (1) X-band 3-dB power divider. (2) X-band unequal power divider. (3)
X-band 4-resonator diplexer. (4) X-band 12-resonator diplexer. (5) E-band 12-resonator
diplexer for a point-to-point wireless communication system that offers Gigabit Ethernet
connectivity.

In chapter 6, an H-band (220-325 GHz) coupled resonator diplexer is presented. The diplexer
structure is made of 4 layers of metal coated SU-8 using micromachining technology. An SU-
8 micromachining process using photolithography is outlined, and a novel micromachined
waveguide bend operating in the H-band is presented. The bend is designed to be integrated in
the diplexer structure, so that the measurement can be done with direct and accurate
connection with standard waveguide flanges. The measurement results of a structure of two
back-to-back bends with a straight through waveguide, and the H-band micromachined
diplexer are presented. The final chapter provides summary and conclusions drawn from this

work.

1.5 Overview of Coupled Resonator Filters

Coupled resonator filters have been extensively presented in literature for many applications.
There is a general technique for designing these filters that can be applied to any type of
resonator regardless of its physical structure [19]. Such a technique is based on coupling
matrix for coupled resonators arranged in a two-port network. It is worthwhile introducing

some fundamental concepts in coupled-resonator filter theory that relate to the current work.
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The general coupling matrix and its relation to the scattering parameters is given in the next

section.

1.5.1 Coupling matrix representation

The derivation of the general coupling matrix of a coupled resonator filter has been presented
in [19]. Electric and magnetic couplings have been considered separately in the derivation of
the coupling matrix, and a solution has been generalised for both types of coupling. In the
case of magnetically coupled resonators, using Kirchoff’s voltage law, the loop equations are
derived from the equivalent circuit shown in figure 1.6 (a), and represented in impedance
matrix form. Similarly, for electrically coupled resonators, using Kirchoff’s current law, node
equations are derived from the equivalent circuit in figure 1.6 (b), and represented in
admittance matrix form. The derivations show that the normalised admittance matrix has
identical form to the normalised impedance matrix [19]. Accordingly, regardless of the type
of coupling, a general normalised matrix [4] in terms of coupling coefficients and external

quality factors is derived as given in equation (1.1).

C,

Figure 1.6: (a) Equivalent circuit of magnetically n-coupled resonators, (b) Equivalent

circuit of electrically n-coupled resonators.
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— 0
0 . :

[4]=] . o™ L e 3 (1.1)
[0 .

where ¢.; is the scaled external quality factor (g.=Q.. FBW) of resonator i, P is the complex

0 - L

lowpass frequency variable, m;; is the normalised coupling coefficient (m;=M;/FBW), FBW is
the fractional bandwidth, and the diagonal entries m;; account for asynchronous tuning, so that
resonators can have different self-resonant frequencies.

The transmission and reflection scattering parameters are expressed in terms of the coupling

matrix and the external quality factors as follows [19],

(1.2)
Sy = i[l _i[A]l_llJ

Equations and tables have been presented in many filter design reference books for lowpass
prototype filters, which are lumped-element circuits with cut-off frequency of 1 Rad/s and
input/output impedance of 1Q [19-21]. The design equations are given for the so called g-
values that represent the circuit elements of the lowpass prototype filter, such as the
inductance, capacitance, resistance, and conductance. The g-values of lowpass prototype
filters are used to calculate the coupling coefficients and the external quality factors of
coupled resonator bandpass filters. The g-values for an Nth order Chebyshev lowpass
prototype filter with a passband ripple of Ly, dB may be extracted from the following

formulae [19],

10
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g0=1

_zsm(LJ
& y N

s =] =2

g = 1 2N 2N
8i }/2+Si112|:(l_1)ﬂ.:|
N

1 for N odd
Ene = cothz(gj for N even

} for i=23,.N (1.3)

where

LAr
ﬂ = h|:COth(WJ:|
i,

The coupling matrix values and the external quality factors for a coupled resonator bandpass
filter with centre frequency of w, and passband edges of ®; and w, may be found from the g-
values of the lowpass prototype filter as follows [19],

M :ﬂ for i=1,..,.N—-1

i,i+1 ’gigiH H (14)

:gog1 :gNgN+1
Qa FBW’ Qux FBW

where FBW is the fractional bandwidth given by [19]

o, — 0,

FBW = (1.5)

@,
1.5.2 Filter transfer and reflection functions

For a two port lossless filter composed of N coupled resonators, the transfer and reflection

functions may be defined as a ratio between two polynomials,

11
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(1.6)

where w is the real frequency variable, and ¢ is a ripple constant and it can be expressed in

terms of the prescribed return loss RL in decibels as,

R
\/10RL/10_1 ‘FN(CO)

&

(1.7)

w=%1

It is assumed that all polynomials are normalised so that their highest degree coefficients are
1. The roots of F(w) correspond to the reflection zeros, and the roots of P(w) correspond to
the prescribed transmission zeros. The number of reflection zeros is N, whereas the number of
the transmission zeros is assumed to be NZ. E(w) is Nth degree polynomial and has its roots

corresponding to the poles of the filter.

Applying the conservation of energy formula of a two-port losses system |S11|2 + |S21|2 =1, and

using equation (1.6), the transfer function can be expressed in terms of the Chebyshev

filtering function as follows,

of =g @

(1.8)

Cn(w) 1s Nth degree filtering function, and it has a form of general Chebyshev characteristic,

C, (0)= cosh(ﬁcoshl (%, )j (1.9)

k=1
where

o-1/w,
X, =—"
l-o/o,

and jow,=s; is the position of the kth transmission zero in the complex frequency domain.
In order to find the roots of Fx(w), the expression of Cy(w) in (1.9) should be rearranged in a

form of numerator and denominator, so that the numerator zeros will be equal to the roots of

12
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Fyx(w) as in (1.8). Cameron’s recursive technique [22] that is used to evaluate the coefficients
of the polynomial Fy(w) is described in Appendix A.

Since the polynomial P(w) is constructed from the prescribed transmission zeros, and the
polynomial F(w) is found using Cameron’s technique, it remains to determine the polynomial
E(w) to fully characterise the filter response. The polynomial E(w) may be derived by

applying the conservation of energy formula as follows,
F(o)F(0) +——5——=E(0)E(») (1.10)

The polynomial E(w)E(w)" is of the order 2N and it is formulated from the left hand side of
equation (1.10). Its roots are symmetric about the imaginary axis in the complex s-plane. The
roots of the polynomial E(w) must be those that lie in the left half of the s-plane since it is

strictly Hurwitz.
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Chapter 2

N-Port Coupled Resonator Circuits

2.1 Introduction

Coupled resonator circuits are the basis for the design of microwave filters. Design techniques
are extended in this thesis to multiple output circuits such as power dividers and diplexers.
The general coupling matrix of a two-port n-coupled resonator filter was outlined in chapter 1.
It is generalised in this chapter to N-port circuit with n-coupled resonators, and a detailed
derivation of the general coupling matrix and its relation to the scattering parameters is
presented in the next sections. The derived coupling matrix is fundamental to the current
work, and it will be used as a basis for the synthesis of three-port coupled resonator power

dividers in Chapter 3, and diplexers in Chapter 4.

2.2 Deriving Coupling Matrix of N-port Networks

In a coupled resonator circuit, energy may be coupled between adjacent resonators by a
magnetic field or an electric field or both. The coupling matrix can be derived from the
equivalent circuit by formulation of impedance matrix for magnetically coupled resonators or
admittance matrix for electrically coupled resonators [1]. This approach has been used to
derive the coupling matrix of coupled resonator filters, and it is adopted here in the derivation
of general coupling matrix of an N-port n-coupled resonators circuit. Magnetic coupling and
Electric coupling will be considered separately and later a solution will be generalised for

both types of couplings.

16



Chapter 2 — N-Port Coupled Resonator Circuits

2.2.1 Circuits with magnetically coupled resonators

Considering only magnetic coupling between adjacent resonators, the equivalent circuit of
magnetically coupled n-resonators with multiple ports is shown in figure 2.1, where i
represents loop current, L, C denote the inductance and capacitance, and R denotes the
resistance (represents a port). It is assumed that all the resonators are connected to ports, and
the signal source is connected to resonator 1. It is also assumed that the coupling exists
between all the resonators. This is extension of section 8.1 in [1] by considering multiple

outputs here.

Figure 2.1: Equivalent circuit of magnetically n-coupled resonators in /N-port network

Using Kirchoff’s voltage law, the loop equations are derived as follows,

(Rl +joL, +— }1 - oLy, ... ol T JOL,i, =e,
JoC,
—joL, i +| R, + joL, +— Iy... nine) —joL, i =0
joC, h
(2.1)
_ja)L(n—l)lil _ij(n71)2i2 +... _ tJjoL,  + j ]inl - ja)L(n—l)nin =0
n—1
—joL, i, — joL i, +... o T R, + joL, +— i =0
‘ JjoC,
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where L,,=L;, denotes the mutual inductance between resonators ¢ and 4. The matrix form

representation of these equations is as follows,

R+ joL +— —joL, _ja)Ll(n—l) —joL,,
JoC,
. . . . i ] [e ]
—JjoLy, R, + joL, +— —joLy, —joL,, .
joC, A 0
. . . “lo
—joL, —joL -joL, | + —joL b 0
(n-1)1 (n-1)2 n-1 ja)qu (n-1)n ] l.n | ] 0 |
_ja)Lnl _ja)LnZ A _ja)Ln(nfl) Rn + ja)Ln + .
i JjoC, |
2.2)

or equivalently [Z].[i]=[e], where [Z] is the impedance matrix. Assuming all resonators are

synchronized at the same resonant frequency @, =1/~ LC , where L=L;=L,=...=L, =L, and
C=C;=C,=...=C,.;=C,, the impedance matrix [Z] can be expressed by [Z]=a)OL.FBW.[7],

where FBW= Aw/wy is the fractional bandwidth, and [Z_] is the normalized impedance matrix,

given by,
R, cjel, 1 oLy, 1 —jol, 1]
w,L(FBW) w,L FBW o,L FBW @l FBW
—joL, 1 R . p .. —ioly,, 1 —joL,, 1
w,L FBW  w,L(FBW) w,L FBW  w,L FBW
[Z]= : : : : : (2.3)
—JoL, —JOL, ), 1 R " —JOLyy, 1
w,L(FBW) w,L  FBW w,L(FBW) w,L  FBW
—joL, 1 —joL, 1 ol | R, p
w,L FBW w,L FBW w,L FBW a,L(FBW) |
where P = #(ﬂ - &J is the complex lowpass frequency variable.
FBW\w, o
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Defining the external quality factor for resonator i as Q.= ®oL/R;, and the coupling coefficient

as M;=L;/L, and assuming @ o= 1 for narrow band approximation, [Z] is simplified to,

1 . . .
—+P ALY e T My —Jjm,
qel
: 1 ) )
— JMy —+P - = JMyy — My,
- e2
[Z]= : : : : : (2.4)
) . 1 )
=My IMG +P - M1y
qe(n-1y
. . ) 1
—Jm, —JMm,, e T My —+P

where g.; is the scaled external quality factor (g.=Q..FBW) and mj; is the normalized
coupling coefficient (m;=M;/FBW).

The network representation for the circuit in figure 2.1, considering only three-ports, is shown
in figure 2.2, where a;, b;, a,, b, and a3, b are the wave variables, V;, I;, V>, I and V3, [; are
the voltage and current variables and i is the loop current. It is assumed that port 1 is
connected to resonator 1, port 2 is connected to resonator x, and port 3 is connected to

resonator y.

1
[2 <,

i Vzl@ §Rx Port 2

3-port i

;(’)“

n-coupled resonator b,

Network [, =a;
_4_0—

V3l @ §RY Port 3

e)_

—>h

Figure 2.2: Network representation of 3-port circuit in figure 2.1.
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Three ports have been considered at this point since three-port devices such as power dividers
and diplexers are the main focus in this thesis. However, this does not lose generality, and
more ports may be considered for N-way power dividers and multiplexers.

The relationships between the voltage and current variables and the wave variables are
defined as follows [2],

Vy =R (ay+by) and 1N=#(aN ~by) (2.5)

Solving the equations (2.5) for ay and by, the wave parameters are defined as follows,

L Vy LW
aNza(ﬁ+\/§1N] and bN—2£ \/EIN) (2.6)

where N is the port number, and R corresponds to R; for port 1, R, for port 2, and Ry for port
3. It is noticed in the circuit in figure 2.2 that I;=i;, L= - I, ;= - I,, and V;=esi;R;.

Accordingly, the wave variables may be rewritten as follows,

e _e- 2i R,

a, =—= b
1 1 2\/R_1
a, =0 b, =i R, 2.7)

a, =0 by=i\R,

The S-parameters are found from the wave variables as follows,

b 2R|i

Sy = — =1- th
al a,=a;=0 es
b 2\RR.i

S, =% =N xx (2.8)
al ay=a;=0 es

o bl 2JRR i

31 -

al ay=a;=0 eS

20



Chapter 2 — N-Port Coupled Resonator Circuits

Solving (2.2) for iy, ix and iy,
e
p=—"7"—|Z
: a)OL.FBW[ by

e —-1
P s 7 2.9
8 a)OL.FBW[ L @)

e —-1
i =—"——|Z
Y w,L.FBW [ ]yl
and by substitution of equations (2.9) into equations (2.8), we have,

2R =
-——=2 [z
a)OL.FBW[ by

2«/RR —1
Sy = #[z]xl

 w,L.FBW

Sll -

(2.10)

2. JRR. —
S31 - #[z]
o,L.FBW - !

In terms of external quality factors g, = @, L.FBW /R, , the S-parameters become,

2.11)

Where g.1, gex and g,y are the normalised external quality factors at resonators 1, x, and y,

respectively. In case of asynchronously tuned coupled-resonator circuit, resonators may have
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different resonant frequencies, and extra entries m;; are added to the diagonal entries in [Z_] to

account for asynchronous tuning as follows,

1 ) . .

—+P—jm,; - ALLTE =) —Jjm,

Qel
[z]=| . 1 . . (2.12)
[ ] —JM -+ P jm, —J My,

qe(n—l)
. ) 1 .
—jm,, el =M, q_ +P—jm,

2.2.2 Circuits with electrically coupled resonators

The coupling coefficients introduced in the previous section are based on magnetic coupling.
This section presents the derivation of coupling coefficients for electrically coupled resonators
in an N-port circuit, where the electric coupling is represented by capacitors. The normalised
admittance matrix [_Y]will be derived here in an analogous way to the derivation of the [Z]
matrix in the previous section.

Shown in figure 2.3 is the equivalent circuit of electrically coupled n-resonators in an N-port
network, where i represents the source current, v; denotes the node voltage, and G represents
port conductance. This is extension to node equation formulation of electrically coupled two-

port resonator filter in [1] by considering multiple ports here.

Figure 2.3: Equivalent circuit of electrically n-coupled resonators in N-port network
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It is assumed here that all resonators are connected to ports, and the current source is
connected to resonator 1. Also, it is assumed that all resonators are coupled to each other. The
solution of this network is found by using Kirchhoff’s current law, which states that the
algebraic sum of the currents leaving a node is zero. Using this law, the node voltage

equations are formulated as follows,

1
(G1 +joC, + 7 JVI — JoC, - — jolCy, v, — joC,v, =i
|

1
— joCyv, + (Gz + joC, +— Jvz T ijZ(n—l)vn—] —joC,v,=0
JjoL

2

(2.13)

) ) ) 1 )
- ]wc(n—l)lvl - ]a)C(n—l)ZVZ teeet G(n—l) +joC,  +— v, — .]a)C(n—l)nvn =0
JoL,

n

1
- jCOCanI - ja)CnZVZ R ja)Cn(n—l)vn—l + (Gn + ]COCn + . Jvn = 0
JjoL

where C,,=C}, denotes the mutual capacitance between resonators a and b. The previous

equations are represented in matrix form as follows,

G] +ja)C1 +- _ja)clz _ja)Cl(n—l) _ja)C]n

JjoL, T

vl ls

—joCy, G, + joC, + oL, _ja)CZ(n—l) —joC,, v, 0

. . ' o . 0

- ]a)C(n—])l - Ja)C(n—])2 o Gn—] + ]a)Cn—l + T - Ja)C(n—l)n v”_l
‘]a)Lnfl
L vﬂ - _0_
- jwcnl - ijnZ o - jwcn(nfl) Gn + ]a)Cn + .
L JjoL, |
(2.14)

or equivalently [ Y].[v]=[{], where [Y] is the admittance matrix.
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Assuming all resonators are synchronized at the same resonant frequency @, =1/+/LC ,
where L=L;=L,=...=L, ;=L, and C=C;=C>=...=C,.;=C,, the admittance matrix [Y] can be
expressed by,

[Y]=w,C.FBW[Y] (2.15)

where FBW is the fractional bandwidth, and [Y] is the normalized admittance matrix, given

by,
I L.,_P LQ)CIZ; —joCy,y 1 -joC, 1 ]
o,C.FBW w,C FBW o,C  FBW o,C FBW
—JjoC, 1 G, +P .. —JOCoy 1 —joC,, 1
o o,C FBW @,C.FBW o,C  FBW o,C FBW
[Y]= : : : : :
- jwc(nfl)l 1 - ja)C(nfl)Z 1 . G, L p - ja)C(nfl)n 1
w,C  FBW o,C  FBW w,C.FBW w0,C  FBW
_ ja)Cnl 1 B jwcn2 1 . B jwcn(”_l) 1 Gn
o,C FBW w,C FBW o,C  FBW o,C.FBW |

(2.16)
where P is the complex lowpass frequency variable.
By defining the coupling coefficient as M;;=C;/C, and the external quality factor for resonator

i as Q.=woC/Gj, and assuming w ;wo =~ 1 for narrow band approximation, the normalised

admittance matrix [Y]may be simplified to,

! . . . i
—+P =], e T My, —JM,
qel

) 1 ) )
—JMmy, q_+P Ty T,
- e2
[Y]= : : : (2.17)
. . 1 .
Mgy — I M2 +P - JM 1y,
9 e(n1)
) . . 1
_.]mnl _.]ng _.]mn(n—l) q_+P
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where g.;=Q...FBW is the scaled external quality factor, and m;=M;7/FBW is the normalized
coupling coefficient.

A 3-port network with n-coupled resonators is considered here, with port 1 connected to
resonator 1, port 2 connected to resonator x, and port 3 connected to resonator y. The network
representation is shown in figure 2.4, where all wave and voltage and current variables at the

network ports are the same as those in figure 2.2.

! Gx Port 2
ay»
O——] 3-port
i, Glé ivl n-coupled resonator
i Network
Port 1 b 14_:

Figure 2.4: Network representation of 3-port circuit in figure 2.3.

By comparing the variables at the ports in the circuit in figure 2.3 and the network
representation in figure 2.4, it is identified that V;=v;, V>=v,, V3=v,, and I;,=i;-v;G;, where v
and vy are node voltages at resonators x and y, respectively. Accordingly, the wave parameters

may be expressed as follows,

a,=0 b,=v G (2.18)
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The scattering parameters are found from the wave variables as,

Sll ﬁ = 2V.IG1 -1
al a,=ay=0 lS
2{G,G
R (2.19)
al ay=a;=0 lS
g by _ 2,/GG,v,
31 .
al ay=a;=0 ls
The node voltage variables vi, v and vy are found from (2.14) and (2.15) as follows,
is [7]—1
Vy=——
' w,CFBW
— ], (2.20)
AV — .
Y @CFBW
is [7]—1
L ——
Y w,CFBW
By substitution of equations (2.20) into equations (2.19), the S-parameters are found,
2G,
S, = —I[Y]n -
a,C.FBW
2,GG, —a
n=—77——[Y], (2.21)
o,C.FBW
g 2,/GG, [7]_1
U w,C.FBW

The S-parameters can now be expressed in terms of the normalised external quality factors,

qei=woC.FBW/G; as follows,
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Sll__mll_l
qel

S, =—2 7], (2.22)
2

To account for asynchronous tuning, the normalised admittance matrix will have extra terms
m;; in the principal diagonal, and it will be identical to the normalised impedance matrix in

equation (2.12).

2.2.3 General coupling matrix

The derivations in the previous sections show that the normalized admittance matrix of
electrically coupled resonators is identical to the normalized impedance matrix of
magnetically coupled resonators. Accordingly, a unified solution may be formulated
regardless of the type of coupling. In consequence, the S parameters of a three-port coupled

resonator circuit may be generalised as,

S, = —=—[a]; (2.23)

where it is assumed that port 1 is connected to resonator 1, ports 2 and 3 are connected to

resonators x and y respectively. The matrix [4] is given below,
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y 0
.qgl ] ] ] I’l —‘ ’V n/l11 . ml
I P H

/ Ye(n-1)

0 .. / 0

The formulae in (2.23) and (2.24) will be used as a basis to synthesise 3-port coupled

resonator power dividers and diplexers in the next chapters. For completeness, the formulae of
the remaining scattering parameters S, S33, and S3; can be derived analogously to the

previous derivations, and they are given by,

Sy =1- {4l
Dx
2

S,y =1-—[4], (2.25)
qey

Sy, =-——[4];
Vit
The proposed coupled resonator components may be synthesised using different ways:
analytic solution to calculate the coupling coefficients, or full synthesis using EM simulation
tools, whereby the dimensions of the physical structure are optimized, or optimization
techniques to synthesise the coupling matrix [m]. The use of full-wave EM simulation is very
time consuming when compared to coupling matrix optimization that requires significantly
less computational time. Coupling matrix optimisation techniques similar to those used to
synthesise coupled-resonator filters will be utilised in the current work to produce the
coupling matrix entries of the proposed coupled resonator devices. The entries of the coupling

matrix [m] are modified at each iteration in the optimization process until an optimal solution
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is found such that a scalar cost function is minimised. Optimization techniques and cost

function formulation will be discussed in Chapter 3.

2.3 Conclusion

The derivation of the coupling matrix of multiple coupled resonators with multiple outputs
has been presented. A unified solution has been found for both electrically and magnetically
coupled resonators. The relationships between the scattering parameters and the coupling
matrix of a 3-port coupled resonator circuit have been formulated. The derived equations in
this chapter will be used as a basis in the synthesis of coupled resonator power dividers and

diplexers in the next chapters.
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Chapter 3

Synthesis of Coupled Resonator Power

Dividers

3.1 Introduction

Power dividers are passive microwave components used to divide input signal into two or
more signals of less power [1]. They are widely used in antenna arrays, balanced power
amplifiers, mixers, and phase shifters. Examples of widely used power dividers are T-
junctions [2], and Wilkinson power dividers [3]. These devices are three-port networks in
their simplest form, and they can be generalised to N-way power dividers by constructing
multi-stage structures. Four-port components such as directional couplers and hybrids are also
used for power division with a phase shift of either 90° (branch-line hybrids) or an 180°
(magic-T) between the output ports [2].

In this chapter, an approach to design three-port power dividers with arbitrary power division
is proposed. It is based on multiple coupled resonators arranged in a three-port structure, and
resonator realization is possible including microstrip resonators or waveguide cavities or other
types of resonators. The synthesis of the proposed power dividers employs coupling matrix
optimization techniques similar to those used to synthesise coupled resonator filters. The
equations of the scattering parameters in terms of the general coupling matrix that were
derived in chapter 2 will be utilised in the synthesis.

The general properties of a three-port network will be discussed first, and then the synthesis

of polynomial functions for the power divider will be presented. A cost function that is used
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in the optimization of the coupling matrix will be then derived. Examples of power dividers
with different topologies with Chebyshev and Quasi-Elliptic filtering responses will be finally

illustrated.

3.2 Three-Port Networks

A power divider that is represented as a three-port network will have the general scattering

matrix,

S S S
[S]: S21 Szz st (3.1)
Sy Sy Sy,

If the network is passive and contains only isotropic materials, then it must be reciprocal
(S;7=S;i). 1t 1s desired for power dividers to be lossless and matched at all ports. However, it is
impossible to create a three-port network that is reciprocal, lossless and matched at all ports,

as will be shown.

If the network is reciprocal, and if all ports are matched (5;=0), then the scattering matrix in

(3.1) is reduced to,

0 S]2 Sl3
[S]=]S, O 5, (3.2)
S13 S23 O

2
- (3.3)
2

S8, =0,  for i#]

32



Chapter 3 — Synthesis of Coupled Resonator Power Dividers

By applying the unitary condition on the scattering matrix in (3.2), the following equations

are obtained [2],

|Slz|2 +|S13|2 =1

|S12|2 "’|Szz|2 =1

|S13|2 +[S3 |2 =1 (3.4)
S,y =0

S,85, =0

S35, =0

The last three equations in (3.4) are inconsistent with the first three equations, since they show
that at least two of the three parameters S;,, Si3, Sz3 must be zero. This implies that a three-
port network can never be lossless, reciprocal and matched at all ports. However, it is possible

to physically realize the three-port component if one of these three conditions is abandoned.

3.3 Insertion and Reflection Loss

For a 3-port power divider with n coupled resonators, the insertion and reflection loss

parameters may be defined in (dB) as follows:

L, = —2010g|S21

, L,=-20 log|S31

. Ly =20log|S, | (3.5)

where La; corresponds to insertion loss between ports 1 and 2, La, corresponds to the to
insertion loss between ports 1 and 3, and Ly represents the return loss at port 1 in decibels. By

employing the conservation of energy formula, we have:
2 2
L, =10log[1-|S,,| —|S;,['] (3.6)
If the input power is to be divided between the output ports such that,

1S, =S, (3.7)
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then by substitution (3.7) into (3.6) and solving for |S,;|* and |S3,[*, we have:

and by substitution of (3.8) into (3.5), we obtain L4; and L4, as follows,
1
L, =-10log| —— |-10log(1-10""*
Al g(l+aj g( )

_ a | 1001
LAZ——IOIOg(Ej 10log(1-10°")

(3.8)

(3.9)

Note that the terms lOlog(% + a) and IOIOg(% + a) correspond to the maximum values of

S21| and [S31| in dB respectively, whereas the term 1010g(1—10°'1LR) correspond to the ripple

value in dB, as illustrated in figure 3.1.
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Figure 3.1: Insertion loss S,; (dB)
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3.4 Power Divider Polynomials

Since the proposed divider is based on filtering functions, its response can be described by
polynomial transfer functions. This section presents the synthesis of the polynomial
characteristics of a coupled-resonator power divider. An example of a power divider with 8"

order filtering function and unequal power division will be illustrated.

3.4.1 Polynomials synthesis
For a 3-port power divider consisting of n coupled resonators, the reflection and transmission
functions may be defined as ratio of two polynomials as follows:

_F(s) _ P(s)/ ¢ _ P(s)/ ¢,
Si(s) = E(s)’ S51(s) Es) S5,(s) TEG)

(3.10)

where s=jw i1s the complex frequency variable, the polynomials F(s), P(s) and E(s) are
assumed to be normalized so that their highest degree coefficients are unity. F(s) and E(s) are
N™ order polynomials, where N is the order of the filtering function, whereas P(s) has an order
equal to the number of prescribed transmission zeros. The roots of F(s) correspond to the
reflection zeros and can be found by a recursive technique [4], whereas the roots of P(s)
correspond to the frequency positions of transmission zeros. For a Chebyshev function, the
constants ¢; and &, normalize S>;(s) and S3;(s) to the specified insertion loss levels at w=+1
respectively. The polynomial E(s) has its complex roots corresponding to the filter pole
positions and can be constructed if the polynomials F{(s), P(s) and the constants ¢; and ¢; are
known. Expressions for ¢ and &; will be derived next, follows by a discussion on determining
E(s).
In a lossless 3-port system, conservation of energy formula is defined as,

S ()S,,(8) +S,,(5)Sy, () +8;,(5)Sy,(s) =1 (3.11)

By applying (3.7) into (3.11), the following equation is obtained,
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1S, ) +(1+a)|S, ()] =1 (3.12)

From (3.10) and (3.12), the constant ¢, is evaluated as:

.}D(S)§ (3.13)

when s=4j, |S11| is equal to the maximum passband reflection coefficient, whose value is
known from the specification. & can be expressed in terms of the polynomials F(s) and P(s),

and the prescribed return loss level in dB, Lg, in the passband as follows,

I+«
gl = 107LR/10_1'
o — I+«
2 a(lofLR/l() _1)'

Once the polynomials F' and P, and the constants ¢; and ¢, are known, the denominator

2(s) (3.14)

Similarly, €, can be expressed as,

P(s)| (3.15)

polynomial £ can be derived by substitution of F(s), P(s) and E(s), into the conservation of
energy formula, as follows,

F(s)(sy s+ POPO)* | POPO)*

= E(s)E(s)* (3.16)

1 82
E(s)E(s)* is constructed by polynomials multiplications in the left hand side of equation
(3.16), which must be polynomial of the order 2N with real coefficients. The roots of
E(s)E(s)* will be symmetric about the imaginary axis in the complex plane as shown in figure
3.2, and they can be found using numerical analysis software such as MATLAB. Since E(s) is
strictly Hurwitz, then its roots are those in the left half plane, whereas the roots of E(s)* are
those in the right half plane. The polynomial E(s) is then constructed by choosing the N roots

in the left half plane [5].
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Figure 3.2: Pattern of the roots of E(s)E(s)*

3.4.2 Example A: polynomials synthesis of coupled resonator power divider
The polynomials of a power divider with 8" order filtering response with finite transmission
zeros located at +1.23j Hz are synthesised here. It has a return loss of 20 dB, and an unequal
power division with a=1/3. The polynomial F is found by applying the recursive technique
presented in Appendix A. The recursive process starts by substitution of @;=1.23 into
equation (A.14), which results to

U, =-0813+w® and V, = «'(0.5823)
The recursive procedure continues to find U, and V, by using equations (A.16) for w,=-1.23
as follows,

U, =1.339@° —1 and V, =1.164500

The process continues by substitution of wi=00 for k&=3,...,8 into equations (A.17) and the

highest degree polynomials Ug and Vs are found as,

U, =80.11270° —170.8012° +116.3535" —26.3260c” +1

V =(80.11270" ~130.7448c’ +60.995200° —7.16450) o
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Normalizing the polynomial Us gives the polynomial F(w), and finding its roots yields the N
reflection zeroes, where N is the order of the filtering function. The roots of Vs are the N-1
frequency locations of the reflection maxima. The polynomial P is constructed from its
prescribed roots, and the constants ¢; and ¢; are calculated from (3.14) and (3.15) and found to
be £,=14.0658 and &,=24.3626. The polynomial £ can now be constructed as shown in section
3.4.1. Table 3.1 shows the prescribed transmission zeros, the reflection zeros, the reflection
maxima locations and the poles of the filtering power divider and figure 3.3 depicts its pole-
zero diagram. The normalised coefficients of the polynomials P(s), F(s) and E(s) are shown in
table 3.2.

The scattering parameters are constructed using equations (3.10) and they are shown in figure
3.4. The parameters L4; and L, have been calculated using equation (3.9) as L4=1.2930 and

L4,=6.0642. Figure 3.5 depicts the passband ripple and L4; and L.

Table 3.1: zero and pole locations of the filtering power divider

TZs RZs Refl. maxima Poles
-1.23;5 -0.9860; -0.9424; -0.0497 - 1.0380;
1.23j -0.8655j -0.7523j -0.1778 - 0.9340;
-0.603; -0.4218j -0.3248 - 0.6635j
-0.2171j 0j -0.4199 - 0.2407;
0.2171j 0.4218; -0.4199 +0.2407;
0.603; 0.7523j -0.3248 + 0.6635j
0.8655j 0.9424; -0.1778 + 0.9340;5
0.9860; -0.0497 +1.0380;
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Figure 3.3: Pole-zero diagram of the filtering power divider

Table 3.2: Polynomial coefficients of the filtering power divider

s",n= | P(s) F(s) E(s)

0 1.5129 0.0125 0.1248
1 0 0 0.6566
2 1 0.3286 1.8416
3 0 3.3732
4 1.4524 4.7645
5 0 4.6953
6 2.1320 4.0226
7 0 1.9445
8 1 1
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Figure 3.4: The magnitudes of S, S2; and S3; of the filtering power divider
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3.5 Power Divider Coupling Matrix Optimization

The coupling matrix of multiple coupled resonators with multiple outputs has been derived in
chapter 2. This section presents the production of the coupling matrix of a three-port coupled
resonator power divider using an optimisation technique, whereby a cost function is
minimised. An overview of optimisation techniques will be presented, and a cost function will
be formulated in this section. Examples of coupled resonator power dividers with different

topologies will be illustrated in the next sections.

3.5.1 Optimization techniques

Numerous optimisation techniques have been developed to synthesise coupled resonator
filters. These techniques can be based either on optimisation of the dimensions of the physical
structure of the filter using EM simulations [6], or on optimisation of the coupling coefficients
in a coupling matrix. A main advantage of coupling matrix optimisation approach is that it
requires significantly less computational time than full scale EM simulations to complete the
synthesis process.

Optimisation techniques, despite their diversity, generally share a common aim of
minimisation of a scalar cost function €(x), where x is a set of parameters known as control
variables. At each iteration in the optimisation process, some or all values of x are modified,
and the cost function is evaluated. This is repeated till an optimal solution is found such that
the cost function is minimised.

In case of optimisation of the coupling matrix of a coupled resonator circuit, the control
variables correspond to the values of the direct/cross coupling coefficients and external
quality factors. The control variables may be either unconstrained, so that the search space is
unbounded, or constrained by lower and upper limits to prevent the optimisation algorithm

from giving an unfeasible solution.
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In microwave coupled resonator optimisation problems, as well as real world optimisation
problems, the cost function of many variables will have several local minima, one of them is
the global minimum. Local optimisation methods are used to find an arbitrary local minimum,
which is relatively straightforward. However, finding the global minimum is more
challenging and global optimisation methods can be used.

Local optimisation algorithms strongly depend on the initial values of the control parameters.
The initial guess should be given as an input to the algorithm that will seek a local minimum
within the local neighbourhood of the initial guess. However, this local minimum is not
guaranteed to be the global minimum.

Global optimisation algorithms generally do not require initial guess for the control variables,
as they generate their own initial values, and they seek the global minimum within the entire
search space. In comparison to local methods, global optimisation methods are much slower
and may take hours or even days to find the optimal solution for problems with tens of
variables. Global algorithms tend to be utilised when the local algorithms are not adequate, or
when it is of great importance to find the global solution.

A large number of optimisation methods have been reported in the literature. Gradient based
local optimisation techniques have been reported for the design of coupled resonator filters [7-
9], where in case of optimising the coupling matrix, the gradient of the cost function is
evaluated with respect to all coupling coefficients. Genetic algorithms, inspired by the natural
biological evolution, provide a global search mechanism. They have been utilised to design
microwave circuits as reported in [10-12]. Hybrid optimisation methods that combine a
genetic algorithm with a local search method have been also reported for the synthesis of

coupled resonator filters [13-14].
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A gradient based local optimisation method has been used in the current work to produce
coupling matrices of coupled resonator power dividers. The method has been successful and
efficient for all of the examples illustrated in this chapter, and the convergence of the
algorithm was very fast. A cost function will be formulated and examples of synthesised

power dividers will be demonstrated in the next sections.

3.5.2 Cost function formulation

Several cost functions have been reported in literature for synthesis of coupling matrices of
coupled resonator filters [7-9],[13],[15]. The cost function adopted in the current work is a
modified version of that used in [8]. It has been selected since it depends on minimum set of
characteristics that fully identify the desired response, which makes the algorithm requires
less iterations and converges faster. The modification here is addition of an extra term to the
cost function given in [8] to satisfy the power division ratio requirement. The formulation of
the cost function used in the current work is presented next.

The initial cost function is written in terms of the polynomials F and P and it is evaluated at

the frequency locations of transmission and reflection zeros as follows,

Plsy) | _ | (3.17)
81E(Srj)‘ l+a

Where T is the number of transmission zeros, R 1s the number of reflection zeros, s, and s,; are

R

Q=iwmﬂ+iV@W+Z

J=

the complex lowpass prototype transmission and reflection zeros respectively. The lowpass
prototype frequency positions of reflection zeros are found using Cameron’s recursive
technique in Appendix A. The last term in the cost function is used to achieve the required
power division ratio, and is evaluated at the frequency locations of the peaks of [Syi|=|P/ €1 E]|,

which coincide with the frequency locations of reflection zeros s,. The constant a is the
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power ratio as given in equation (3.7), and /1/(1+«) is the peak value of |Sy;|. Alternatively,
the last term in the cost function can be evaluated at the frequency locations of the peaks of
S51/=|P/e2E|, with \Ja /(1+ @) is the peak value of |Ssi|. This cost function does not involve

the ripple in the optimization parameters, and hence the external quality factors have to be
calculated analytically at the desired return loss, as shown in section (1.4.1). The calculations
of the external quality factors and the right locations of the return zeros enforce the peaks of
|S11] to be at the required return loss level.

The polynomials P and F can be evaluated in terms of the coupling matrix by equating the
scattering parameters in equations (3.10) to their equivalent in equations (2.23) that relate the
scattering parameters to the matrix [4]. Recalling equations (2.23), and assuming that port 1 is

connected to resonator 1, and ports 2 and 3 are connected to resonators a and b respectively:

2 _ 2 _ 2 _
Sll =1 __[A]1:’ SZI = [A]a} > S3| = —[A]b; (3.18)

qe VY19 ea VY19

The inverse of the matrix [4] can be described in terms of the adjugate and determinant by

employing Cramer’s rule for the inverse of a matrix,

. adj([A])
[y =22
AA
where adj([A]) is the adjugate of the matrix [4], and A, is its determinant. Noting that the

. A #0 (3.19)

adjugate is the transpose of the matrix cofactors, the (x,1) element of the inverse of matrix [A4]

1S:

a4 (3.20)

where cofi([A]) is the (1,x) element of the cofactor matrix of [4]. By substitution of (3.20)

into (3.18), the following equations are obtained,
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2 cof,, ([4])

el
2 cof, ([A])
S = 3.21
” NYe1Yea A, ( :
2 cof, ([A])
NLBUE A,

by equating the S-parameters in (3.21) to their equivalent in (3.10), the polynomials F(s), P(s)

S11 =1-

S31 =

and E(s) are expressed in terms of the general matrix [A] as follows,

F(s)=A ()~ 2.cof,, ([A(S)]) ’

P(s) _ 2.cof,, ([A(s)])
& Vaud (3:22)
P(s) _ 2.cof,, ([A(S)])

& \N9e9es

E(s)=A4,(s)

The cost function in equation (3.17) can now be expressed in terms of the general matrix [A]

and the external quality factors as follows,

2

2.cof;, (LA(S D[

el

2

%;;”¢JM@N>+Z
2 cof, ((AGS,)) [

+ .
Z ﬂ/qelqea AA(SU.) |

J=1

AL(S,)-

T
Q:Z
i=1

R

(3.23)

where [A4] is the matrix derived and given in (2.24), AA(S)) is the determinant of the matrix
[A4] evaluated at the frequency variable S, and cof..([A(s=a)]) is the cofactor of matrix [4]
evaluated by removing the m” row and the n” column of [4] and finding the determinant of
the resulting matrix at the frequency variable s=a.

The cost function in (3.23) has been used in a gradient based optimization algorithm to

synthesize coupling matrices of coupled resonator power dividers. The initial values of
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control variables, which correspond to coupling coefficients, were set to 0.5 for direct
coupling, and to -0.5 for cross coupling. Alternatively, the initial coupling coefficients may be
set to values corresponding to Chebyshev response, which can be calculated from the g-values

given in section 1.5.1.

3.5.3 Optimization algorithm flowchart

The flowchart of the algorithm is given in figure 3.6. The frequency locations of the
prescribed transmission zeros and the frequency locations of the reflection zeros that are
calculated using Cameron’s technique are set at the beginning of the optimization algorithm.

Start

l

Set initial values of matrix M

A4

Calculate gradient

v

Change values of coupling matrix

No

No. of
Iterations
< Max

A 4

Calculate Cost Function

Cost < No
Tolerance

A 4

Yes Failed to converge

Coupling matrix optimized

!

Finish

Figure 3.6: Flowchart of optimization algorithm
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Also, the specified power ratio (o) and the calculated external quality factors are set at the
outset of the algorithm. The divider topology is enforced in the algorithm such that the
coupling coefficients that do not exist are set to zero. The algorithm starts with initial values
of coupling coefficients as described earlier. The cost function is calculated at every iteration
and compared to a specified tolerance value that is selected based on the desired accuracy of
the optimisation. The gradient is calculated to determine the direction of the maximum
decrease of the cost function, and the values of the coupling coefficients are changed
accordingly. The process is repeated until the value of the cost function is smaller than the
specified tolerance, or the number of iterations exceeds a specified maximum value.

The optimisation has been successful in producing coupling matrices for power dividers with
Chebyshev and Quasi-Elliptic filtering responses. The next sections present examples of

power dividers with different topologies to demonstrate the design approach.

3.6 Topology with Chebyshev Response

There are many possible topologies for n-coupled resonators that can achieve a Chebyshev
response. For example, for 8-coupled resonators, the three topologies in figure 3.7 can achieve
power division with Chebyshev filtering response. However, the order of the filtering function
at the outputs is different when these topologies are compared. For example, topology 1 can
achieve 7" order filtering function at the outputs, whereas topology 2 can achieve 6™ order,
and topology 3 can achieve 5™ order. The order of the filtering function is equal to the number
of resonators that exist in the signal path between the input and the output. Hence, topology 1
is preferred since it has more shared resonators that contribute to the filter transfer function.
Consequently, a general T-Topology for a 3-port power divider with n coupled resonators

with Chebyshev filtering response is proposed in figure 3.8.
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Figure 3.7: Topologies of power dividers with 8 coupled resonators

The topology shown has been suggested since it has large number of shared resonators, so
that the order of the filtering function at each output is equal to (n-1), where n is the total
number of resonators. This is due to the existence of two signal paths with (n-1) resonators in
each; the first contains the resonators (1,2,3,...,n-2,n-1) and the second contains the resonators
(1,2,3,...,n-2,n).

The coupling coefficients m,-2) -1y and m,-2),, will have equal values in case of 3-dB power

division, and differing values for arbitrary power division.

@ Port 2
S
o Port 3

Figure 3.8: General power divider T-topology with Chebyshev response

3.6.1 Example B: 3-dB power divider with T-Topology and Chebyshev response
A 3-dB power divider with Chebyshev filtering response and a return loss of 20 dB is

synthesised. The divider consists of 12 resonators in a T-Topology as shown in figure 3.9.
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The reflection zeros and the external quality factors have been evaluated for 11™ order filter,
which is the order of the filtering function at each output, and their values have been set in the

optimization algorithm.

Port2
o1 (1 )~(2 (3 )-(4 (5 (6 {7 )-(8 (9 -10)
PortS

Figure 3.9: Topology of power divider in example B.

The reflection zeros have been calculated using Cameron’s recursive technique as follows,
5,=0, £0.2817i, £0.5406i, £0.7557i, £0.9096i and +0.9898i Hz, and the values of normalized
external quality factors are g.1=q.11=¢.12=1.0331. The cost function in equation (3.23) has
been used in an unconstrained gradient based local optimisation algorithm, and the initial
values of coupling coefficients have been set to 0.5. The synthesised normalized coupling
coefficients are shown in table 3.3 and the power divider response is shown in figure 3.10.
The algorithm converged after 65 iterations with final error of 6.39 x 1072,

It is noticed from the coupling matrix that mo 11=m10,12=0.573. These coefficients are equal
due to the equal power division criteria (a=1). However, for unequal power division, with 0=2
for example, these coefficients are unequal and their optimised values are mo,1;=0.4679 and
mi0,12=0.6616, and the rest of the coupling coefficients m;»,...,mq 10 are the same as those in
table 3.3.

It should be noted that this power divider is not matched at all ports, i.e. matching is only
achieved at port 1, and that the output ports are not isolated (around 6 dB in the passband).

This is a typical problem of lossless reciprocal 3-port junctions, as discussed in section 3.2.
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Table 3.3: Coupling matrix of power divider in example B

1 2 3 4 5 6 7 8 9 10 11 12
1 0 0.8103 0 0 0 0 0 0 0 0 0 0
2 | 0.8103 0 0.5817 0 0 0 0 0 0 0 0 0
3 0 0.5817 0 0.5419 0 0 0 0 0 0 0 0
4 0 0 0.5419 0 0.5289 0 0 0 0 0 0 0
5 0 0 0 0.5289 0 0.5245 0 0 0 0 0 0
6 0 0 0 0 0.5245 0 0.5244 0 0 0 0 0
7 0 0 0 0 0 0.5244 0 0.5290 0 0 0 0
8 0 0 0 0 0 0 0.5290 0 0.5418 0 0 0
9 0 0 0 0 0 0 0 0.5418 0 0.5817 0 0
10 0 0 0 0 0 0 0 0 0.5817 0 0.5730 | 0.5730
11 0 0 0 0 0 0 0 0 0 0.5730 0 0
12 0 0 0 0 0 0 0 0 0 0.5730 0 0

B)

Insersion loss, Reflection loss, and Isolation (d

----- [S21]=|531]
— |31

[523]

1 1
-1.5 -1 0.5 o 0.5

1 1.4 2

Lowpass prototype frequency (Hz)

Figure 3.10: Response of Power Divider in example B
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3.7 General Topology with Quasi-Elliptic Response

Shown in figure 3.11 is a proposed topology for a 3-port power divider with n coupled
resonators with a Quasi-Elliptic filtering response. It is possible to achieve cross coupling
with the suggested structure, and hence transmission zeros can be generated in the power

divider filtering response.

GNE
SIEORON @3@
00

Port 3

Figure 3.11: General power divider topology with Quasi-Elliptic response.

The order of the filtering function at each output is equal to (n-2), where # is the total number
of resonators. There are two signal paths with (n-2) resonators in each; the first contains the
resonators (1,2, ...,n-5,n-4, n-3,n-2) and the second contains the resonators (1,2, ...,n-5,n-
4,n,n-1).

The coupled-resonator filtering power dividers proposed in this thesis may be used to replace
the configuration of cascaded power divider and two identical filters in figure 1.4, and thus
miniaturization can be achieved. However, unlike the cascaded structure, the order of the
filtering function in the proposed filtering power dividers is less than the number of resonators
n, and it depends on the topology. For example, the general T-topology in figure 3.8 can
achieve filtering functions of order of (n-1), whereas the general topology in figure 3.11 can
achieve filtering function of order (n-2). Thus, the proposed filter integrated power dividers

exhibit a trade-off between the reduction in size and the order of the filtering function.
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3.7.1 Example C: 3-dB power divider with Quasi-Elliptic response

A 3-dB (0=1) power divider with a 20 dB return loss and a Quasi-Elliptic response with finite
transmission zeros located at +1.23; Hz is synthesized. The structure of the divider is shown
in figure 3.12. The frequency locations of return zeros have been evaluated using Cameron’s
technique for 5" order filtering function as follows, s,~=0, £0.6221i, and +0.9591i Hz, and the

values of the normalized external quality factors are calculated as follows: g.1=¢.11=¢.12=0.99.

Port 3

Figure 3.12: Topology for divider in example C

The normalized coupling matrix is shown below and the corresponding response is shown in
figure 3.13. The algorithm converged after 45 iterations with final error of 1.202 x 10™'°. The
negative coupling between resonators 2 and 3 generates two transmission zeros in the

response at both output ports. It is noticed that the isolation between ports 2 and 3 within the

passband is around 6 dB.
0 0.8483 0 0 0 0 0
0.8483 0 —-0.5978 0 0.1168 0.1168 0
0 —-0.5978 0 0.5149 0 0 0.5149
M = 0 0 0.5149 0 0.8321 0 0
0 0.1168 0 0.8321 0 0 0
0 0.1168 0 0 0 0 0.8321
| 0 0 0.5149 0 0 0.8321 0 |
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Figure 3.13: Response of Power Divider in example C

3.7.2 Example D: Unequal power divider with Quasi-Elliptic response

An unequal power divider (a=1/3) that has 8" order filtering function with two transmission
zeros located at +1.23j Hz, and a return loss of 20 dB, is synthesized here. These
specifications are recalled from power divider in example A, whereby the power divider
polynomials have been synthesised. In this example, a coupling matrix will be optimized so
that the given specifications are met. The structure of the divider has 10 resonators and it is
shown in figure 3.14. The locations of reflection zeros are found in example A (section 3.4.2)
as s5,~+0.9860i, +0.8655i, £0.6037, £0.2171i and the values of the normalized external quality
factors are evaluated as: g.1=q.s=¢.o=1.029. The normalized coupling matrix is given below
and the corresponding response is shown in figure 3.15. The algorithm converged after 84

iterations with final error of 3.152 x 107'°,
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Port 1

Figure 3.14: Topology for divider in example D
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Figure 3.15: Response of Power Divider in example C
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3.8 Conclusion

Coupled resonator power dividers have been proposed. The design procedure is based on
optimisation of the coupling matrix of a 3-port circuit with multiple coupled resonators. The
realisation of the dividers is possible using waveguide cavities, microstrip resonators or other
types of resonators. The synthesis of the polynomial characteristics of the filtering power
divider has been presented. A cost function has been formulated to be minimised in the
optimisation algorithm, and a gradient based local optimisation search method has been
utilised to synthesise the coupled resonator dividers. The optimisation has been successful in
the synthesis of dividers with arbitrary power division with both Chebyshev and Quasi-
Elliptic filtering responses.

The proposed divider is not matched at all ports, and the output ports are not isolated, which
is a typical problem of lossless reciprocal 3-port junctions. The design, fabrication, and

measurement of 3-dB and unequal power dividers will be presented in Chapter 5.
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Chapter 4

Synthesis of Coupled Resonator Diplexers

4.1 Introduction

This chapter presents the synthesis of coupled resonator diplexers using coupling matrix
optimization. The synthesis employs the theory presented in chapter 2 for multiple coupled
resonators with multiple outputs.

A general review about conventional multiplexers and diplexers will be firstly presented, and
then diplexers with novel topologies based on multiple coupled resonators will be proposed.
These novel diplexers can be implemented using any type of resonators and they can be
miniaturised in comparison to the conventional ones.

The synthesis of the proposed diplexers employs a similar coupling matrix optimization
technique to that of coupled resonator filters. A cost function that is used in optimization will
be derived, and examples of diplexers with different topologies will be illustrated throughout
this chapter. A comparison between three diplexers with the same specification and different

topologies in terms of isolation performance will be carried out.

4.2 Multiplexers

Multiplexers are generally used in communications systems to selectively separate a
wideband signal into narrowband signals, for example, or to combine a number of
narrowband signals into a wideband signal to be transmitted via a common antenna [1]. This
is conventionally achieved by using a set of bandpass filters (usually known as channel

filters), and an energy distribution network. The channel filters pass frequencies within a
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specified range, and reject frequencies outside the specified boundaries, and the distribution
network divides the signal going into the filters, or combines the signals coming from the
filters [2]. The most commonly used distribution configurations are E- or H-plane n-furcated
power dividers [3,4], circulators [5] and manifold structures [6-9].

Figure 4.1 shows the configuration of n-channel multiplexer with a 1:n divider multiplexing
network, and figure 4.2 depicts a circulator configuration, where each channel consists of a
bandpass filter and a channel-dropping circulator [1]. In manifold configurations, channel
filters are connected by transmission lines: microstrip, coaxial, waveguide, etc. and T-

junctions. The configuration of the manifold multiplexer is shown in figure 4.3 [1].

flafz,---a_f“

1:n Power Divider

Ch1 Ch2 senee Chn
! l !
fl fz _fll

Figure 4.1: Configuration of multiplexer with a 1:n divider multiplexing network.

flafZa---a_fn

Chl1 Ch 2 Chn
| ! !
fl fz Ll

Figure 4.2: Configuration of circulator-coupled multiplexer.
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Figure 4.3: Configuration of manifold-coupled multiplexer.

The power divider configurations can be designed for multiplexers with wideband channels or
large channel separation [3]. The circulator configurations have no interaction between
channel filters and they are simple to tune. They provide flexibility in adding new channels or
replacing the channel filters by different filters without disrupting the whole design. However,
they exhibit relatively higher losses since signals pass through the circulators in succession,
causing extra loss per trip. Manifold configurations provide low insertion loss and high power
handling capability. However, they have complex design, and they do not have the flexibility
in adding channels to an existing multiplexer, or changing a channel since this requires a new
design. Also, tuning the whole multiplexer can be time consuming [1].

Multiplexers without distribution networks have been reported in literature [10]-[13]. These
multiplexers/diplexers are based on inter-coupled resonators with multiple outputs, without
using the distribution networks mentioned earlier. In [10], some coupled resonator circuits
with multiple outputs were patented. In [11]-[12], the design of multiport microwave coupled-
resonator networks based on coupling matrix synthesis has been presented. In [13], the design
and implementation of a novel Ku-Band dielectric resonator triplexer without external

junctions has been presented.
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4.3 Conventional Diplexers

Conventional diplexers consist of two channel filters connected to an energy distribution
network. Such a network can be a waveguide manifold [14,15], a T-junction [16]-[18], a Y-
junction [19], or a circulator [20]. An approach for the diplexer synthesis is based on firstly
designing the channel filters independently of the diplexer, and then using numerical
optimization for the whole diplexer structure. This approach can be very time consuming for
large diplexer structures and the convergence of the cost function might be problematic. In
[21,22], an approach to the synthesis of diplexers that takes into account a three-port junction
in the initial synthesis of the two channel filters was presented. This approach provides a very
good starting point for the optimization of the whole structure, so the convergence can be
achieved with very few iterations.

Miniaturised diplexers have been reported extensively in literature. Compact microstrip
diplexers have been designed using specific types of compact resonators such as stepped
impedance resonators [23,24], dual loop resonators [25], and hybrid resonators [26]. Compact

waveguide diplexers have been also realised using folded structures as reported in [27,28].

4.3.1 Configuration of a conventional diplexer

This section presents equivalent circuit and design equations of a conventional diplexer, that
will be used later in this chapter for comparison with the proposed coupled-resonator
diplexers.

The equivalent circuit of a diplexer consisting of two bandpass filters with a rectangular H-
Plane waveguide T-junction is shown in figure 4.4 [21], where the transformer ratio » and the

susceptance by can be calculated using formulas in [29].
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X

Figure 4.4: Architecture of diplexer with H-plane waveguide T-junction

The diplexer in figure 4.4 has input admittance at port 1 as follows [21],
=1 (b +yi + i) (4.1)
Where y'* is the admittance at input port of the TX filter with the other port terminated with

the reference load, and similarly, y** is the admittance at the input port of the RX filter with

the other port matched. These admittances are expressed in terms of S;; parameters of the

individual TX and RX filters as follows,

4.2
"1+ S8 “2)
e § S 4.3

The S, parameter of the diplexer is expressed in terms of the input admittance yj, as follows,

-y
—1 4.4
" 1+yin ( )

The transmission parameters S>; and S3; of the diplexer are expressed as follows [21],

Sy (1+ 2,
S, T ” - (4.5)
—+ jnb, +n.y,” +n.y,
n
Sy (1+y
S, = ( ) (4.6)

1 . X RX
; + jnb,+n.y,” +n.y,
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4.4 Coupled Resonator Diplexer Design

The synthesis procedure of the proposed diplexer in this thesis is based on optimization of
coupling matrix of multiple coupled resonators representing a three-port network, and it is
performed in the normalized frequency domain. The proposed diplexers do not contain any of
the energy distribution junctions presented earlier, and hence the structure can be miniaturised
in comparison to conventional diplexers.

In this section, formulas for frequency transformation from bandpass to lowpass frequency
domain will be derived, and a cost function will be formulated to be used in the optimization
algorithm. The next sections will present examples of diplexers with different topologies,

synthesised using coupling matrix optimization.

4.4.1 Frequency transformation

The specifications of a diplexer are usually given in the bandpass frequency domain, in which
the real diplexer operates. As mentioned earlier, the design of the proposed diplexers takes
place in the normalized frequency domain as a lowpass prototype. Therefore, a frequency
transformation from bandpass frequency domain to normalized frequency domain is needed.
This section presents frequency transformation formulas of bandpass diplexer with given
specification to a lowpass prototype. This enables finding critical lowpass prototype
parameters such as inner edges xi, x, and bandwidth BW,p that are used in the synthesis of the
lowpass prototype diplexer. An illustration of the frequency mapping is shown in figure 4.5.
The frequency edges of the bands of the diplexer are (w1, w,) and (ws, 7). These frequencies
are mapped into lowpass prototype frequencies (€2) using the following transformation

formula [30],

62



Chapter 4 — Synthesis of Coupled Resonator Diplexers

\
|
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-Q Xy 0

»

Lowpass Bandpass

Figure 4.5: Lowpass to bandpass transformation

Q- a(ﬁ - &j (4.7)

w, o

To map the band edges Q= - to w= w;, and Q= Q. to w-w,,

—Q = 0{& _ &] (4.8)
W,

Q = a(& - &] (4.9)
W, o,

Solving equations (4.8) and (4.9) yields,

W, = /W, (4.10)

a=—2_ here FBW=2"% (4.11)
FBW @,
To map the inner edge Q= x| to w= w,, and the edge Q= x; to w= wy,
X =a &—&j (4.12)
a)O a)a
X, =a &—&J (4.13)
W, o,

The value of the lowpass cutoff frequency €. is normally taken as 2m radian/sec, and the
values of xj, x, can now be found from equations (4.12) and (4.13) since all other variables

are known from the diplexer bandpass specification.
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4.4.2 Derivation of cost function
A cost function that is used in the optimization of the coupling matrix of coupled resonator
diplexer is formulated here. For a coupled resonator diplexer, the reflection and transmission

functions may be defined in terms of polynomials as follows,

F(s)

P(s)/ e S (S):Pz(s)/g
E(S)’ 31

Suls) = Es) E(s)

Sy (s) =

(4.14)

where the roots of F(s) correspond to the reflection zeros, the roots of P,(s), and P,(s)
correspond to the transmission zeros of the filter frequency response at ports 2, and 3
respectively, € is a ripple constant, and E(s) roots correspond to the pole positions of the
filtering function. The initial cost function may be written in terms of the characteristic

polynomials as follows,

2 R
+2.

v=1

F(s,)
E(s,,)

Ly
_ 10%

(4.15)

7 S 2 R
Q=Y |R(s)| +2 Bl +2|F(s,)
i=1 k=1 Jj=1

where sy, sy are the frequency locations of transmission zeros of Sy, S3; respectively, 71, T,
are the numbers of the transmission zeros of S;, S3; respectively, R is the total number of
resonators in the diplexer, L is the desired return loss in dB (Lz<0), and s,; and s, are the
frequency locations of the reflection zeros and the peaks’ frequency values of |S;;| in the
passband. The last term in the cost function is used to set the peaks of |Sii|=|F/E| to the
required return loss level. It is assumed here that both channels of the diplexer have the same
return loss level.

Recall from section (3.5.2), that for a 3-port network of multiple coupled resonators, the
scattering parameters are expressed the in terms of the general matrix [A4] (equation (2.24)) as

follows,
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2 cofyy ([A])

el
2 cof, ([A])
S, = 4.16
Y Jaad. s 10
2 cof, ([A])
NY9e19es A,

S11 =1-

S31 =

where it is assumed that the common port is connected to resonator 1, port 2 is connected to
resonator a, and port 3 is connected to resonator b.
By equating (4.14) and (4.16), the polynomials P;(s), Pa(s), F(s) and E(s) are expressed in

terms of the general matrix [A4] as follows,

B(s) 2.cof,, ([A(s)])

¢ Jqud.
P,(s) _ 2.cof,, ([A(s)])

£ \/m (4.17)
2.cof,, ([A(s)])

el

F(s)=A,(s)-

E(s)=A4,(s)

By substitution of the polynomials in equation (4.17) into equation (4.15), the cost function is
now expressed in terms of determinants and cofactors of the matrix [A4] and the external

quality factors as follows,

2

5L
2

k=1

2

\/ﬁ cof, ([A(s,)])
|2 R-2

2.cof} ([A(s,)])
9. ‘ : Z

7
Q=2

i=1

qel qeb

2
——=2.cof,, ([A(s,)])
v (4.18)

2

| 20 (LAGs, D)
UBEAY (Spv)

Ly
A, (s,) - 1020

R
2
j=1

v=1

where g.1, ges, and g, are the external quality factors at ports 1, 2 and 3 respectively, Aa(S=x)

is the determinant of the matrix [A4] evaluated at the frequency variable x, and cof,..([A(s=v)])
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is the cofactor of matrix [4] evaluated by removing the m" row and the n” column of [4] and
finding the determinant of the resulting matrix at the frequency variable s=v.

The first two terms in the cost function are used if the diplexer characteristics contain
transmission zeros. However, for a Chebyshev response, these terms may be used to minimize
the transmission of each channel at the passband of the other channel, thus increasing the
isolation between channel ports. Consequently, the frequency locations s;; are chosen to be the
band edges of the channel at port 3, and similarly the frequency locations sy are chosen to be
the band edges of the channel at port 2.

The lowpass frequency positions of the reflection zeros of the diplexer are initially set to be
equally spaced in the optimization algorithm, and later these positions are moved until
equiripple level at specified insertion loss is achieved. Alternatively, the initial values of the
frequency locations of reflection zeros may be scaled from standard low-pass prototype
Chebysheyv filters, but these locations still need to be moved until equiripple is achieved. The
frequency locations of the peaks of |S;;| are found using numerical differentiation at each
iteration in the optimization algorithm. The values of the external quality factors are
numerically calculated, as will be shown in the next section, and their values are set at the
beginning of the algorithm. This reduces the optimization parameters set and improves the
convergence time. The variables that need to be optimized in the optimization algorithm are
the coupling coefficients and also the frequency locations of the reflection zeros. The initial
values of the coefficients of the coupling matrix can be set to 0.5 for the coupling coefficients
between adjacent resonators (m;j) and for the coefficients that represent positive frequency
offsets (m;>0), and to -0.5 for the coefficients that represent negative frequency offsets
(m;i<0). The optimization usually converges with these initial values. However, in some cases,

the initial values are changed to obtain a better starting point for the optimization algorithm to
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converge. Moreover, it has been found useful for optimization to weight the third term in the
cost function in equation (4.18) that is used to minimise the cost function at the frequency
locations of the reflection zeros.

Coupling matrices of symmetrical diplexers have been successfully optimized using gradient
based technique. Two general diplexer topologies are proposed in the next sections, the first is
a T-Topology that can achieve a Chebyshev response at both channels, and the second is a
general canonical topology that can achieve a Quasi-Elliptic filtering response. Numerical

examples for both topologies will be presented and isolation comparison will be discussed.

4.4.3 Calculation of external quality factor

The responses of two lowpass prototype filters with the same order and filtering function but
different bandwidth are shown in figure 4.6. The first is with frequency edges of £1 Hz and a
bandwidth of BW.,, and the second is with frequency edges of x and 1 Hz and a bandwidth of

BWy.

.
S5 Sa1

BIV., B

» £(Hz) 0 x 1; f(Hz)
(a) )
Figure 4.6: Lowpass prototype filters (a) passband edges of £1 Hz, (b) passband edges of

x and 1 Hz.

The normalised external quality factors of these filters are related by,

BW,, 2

= o =—q,. 4.19
qexl Ble qe,l 1 —x qe,l ( )
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where ¢q.,; is the normalized external quality factor of the filter with edges of x and +1, and
¢ex1 1s the normalized external quality factor of the filter with edges of £1, that can be
calculated from the g-values as shown in section (1.5.1).

Accordingly, for a symmetrical diplexer with channel edges of (-1,-x) and (x,1), the
normalised external quality factors at ports 2 and 3 are calculated from equation (4.19), and
the normalized external quality factor at the common port is equal to g.,1/2. This works for all

the examples of symmetrical diplexers presented throughout this chapter.

4.4.4 Initial spacing of reflection zeros

The initial guess of the locations of reflection zeros within a diplexer channel is presented
here. For a diplexer channel with edges of (x, /) Hz, the leftmost reflection zero is located at
(x+0.02)i Hz, and the rightmost reflection zero is located at (f.-0.02)i Hz. The other reflection
zeros are equally spaced between (x+0.02)i and (f.-0.02)i with frequency spacing as follows,

(f. —x—0.04)
m—1
Where m is the total number of reflection zeros within a diplexer channel. Consider, for

example, a symmetrical diplexer with m=5, x=0.333 Hz, f.=1 Hz, will have equally spaced

initial values of reflection zeros as follows,
+0.3533i, +0.510i, £0.6667i, +0.8234i, +0.98i

Figure 4.7 shows the diplexer response produced using the initial guess of the reflection zeros
and with a target of return loss of -20 dB. It is noticed that the peaks of |S;;| deviate from -20
dB. Hence, the locations of the reflection zeros should be moved throughout the optimization

so that the peaks are level at -20 dB.
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Figure 4.7: Response of diplexer with initial equal spacing of reflection zeros.

4.5 Diplexers with T-Topology

A proposed general T-Topology for a symmetrical diplexer is shown in figure 4.8, where n is
the total number of resonators, +x define the inner edges of the two channels, and 7 is the
number of resonators located between either output port, and the junction resonator.
Resonators in each arm should have different self-resonant frequencies to separate the
diplexer channels from each other.

In this particular T-topology, the resonators are directly coupled (no cross coupling), and
hence only Chebyshev response can be obtained. The resonators in the vertical branch, apart
from the junction resonator, should have different self-resonant frequencies; this is to achieve
disjoint frequency bands at the ports 2 and 3. Consequently, for the high frequency channel to
be at port 2, the resonators above the junction resonator should have positive frequency
offsets (M;>0), and for the low frequency channel to be at port 3, the resonators below the

Jjunction resonator should have negative frequency offsets (14;<0).
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Figure 4.8: Diplexer T-Topology

It should be noted that the work on novel diplexer topologies started from a simple 4-
resonator structure, with n=4 and =1, followed by many experiments on adding resonators to
the horizontal and vertical branches until arriving to the generalised topology given in figure
4.8. The junction resonator takes important part in power distribution and also it contributes to
the filter transfer function.

The topology of the diplexer has been enforced in the optimization algorithm, and the
following conditions for coupling coefficients have been applied to simplify the optimization

problem,

m)172r,n72r+l = mn72r,nfr+l LR mnfrfl,nfr = mnfl,n

mn7r+l,n7r+l = _mn72r+1,1172r+l LR mnfl,nfl = _mnfrfl,nfrfl s> nn n—r,n—r

4.5.1 Examples of diplexers with T-Topology

Examples of diplexers with symmetrical Chebyshev response will be shown in this section.
Diplexers A-E have the T-topology shown in figure 4.8, with different values of n, x and r,
and diplexer F is a conventional diplexer synthesised for the purpose of comparison with the

proposed coupled resonator diplexers, as will be discussed later in this chapter.
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4.5.1.1 Example A: Non-contiguous band diplexer with n=8, x=0.5, and r=2

A non-contiguous diplexer, where the channels are separated in frequency by a guard band, is
synthesised with symmetrical Chebyshev response. The diplexer has a total number of
resonators of n=8, a return loss of 20 dB for both channels, and inner edges for both channels
of £0.5 Hz. The value of r is taken as 2 in this example, which means 2 resonators should be
located between the junction resonator and either of the output ports. The diplexer topology is
shown in figure 4.9.

The normalized external quality factors are numerically calculated using equation (4.19) as

qe6=qe3=3.726 and g.1=1.863.

(6) ron2
5
ot (121(3) (&
7
(8)pons

Figure.4.9: Topology of Diplexer A

The coupling coefficients between any adjacent resonators are initially set to 0.5 in the initial
coupling matrix, and the couplings that do not exist between resonators are set to zero. The
coefficients my;; that represent frequency offsets are initially set to 0.5 for resonators 5 and 6,
and to -0.5 for resonators 7 and 8. Since the desired response of the diplexer has symmetrical
frequency bands, the coupling coefficients m4; and m7s are set equal to the coefficients muas
and mse respectively. Furthermore, m77 is set equal to —mss, and similarly, msgs is set equal to —
mee. An unconstrained local optimization algorithm using the cost function in equation (4.18)
has been utilized. The cost function is evaluated at the return zeros locations s,;, S1; peaks’

frequency locations s,,, and the locations of transmission coefficients at passband edges s;= [-
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0.51, -i], and su= [0.54, i]. The initial values of return zeros locations s,; have been set with
equal spacing as explained in section (4.4.4), with lower channel edges of -1 and -0.5 Hz, and
upper channel edges of 0.5 and 1 Hz, as follows: £0.52i, £0.6733i, £0.8267i, +£0.98i. These
values are then allowed to be moved in the optimization algorithm until the peaks of |Si;| in
the passband are equal to the specified return loss. The final locations of return zeros are:
+0.523i, +0.673i, +0.862i, £0.984i. The optimized normalized coupling matrix is shown
below, and the response of diplexer A is shown in figure 4.10. The algorithm converged after

50 iterations with final error of 6.267 x 107,

0 0.8218 0 0 0 0 0 0
0.8218 0 0.4224 0 0 0 0 0
0 0.4224 0 0.7117 0 0 0 0
M= 0 0 0.7117 0 0.2553 0 0.2553 0
0 0 0 0.2553 0.7112 0.2315 0 0
0 0 0 0 0.2315 0.7414 0 0

0 0 0 0.2553 0 0 -0.7112  0.2315

| 0 0 0 0 0 0 0.2315 -0.7414 |

Insersion loss, Reflection loss, and |solation (dB)

53]

70 1 1 1 1 1 1 1
-2 -1.5 -1 0.5 0 0.5 1 1.5 2
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Figure 4.10: Response of Diplexer A
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4.5.1.2 Example B: Non-contiguous band diplexer with n=8, x=0.5, and r=3

A non-contiguous symmetrical diplexer that has the T-Topology in figure 4.8 with »=3 1is
synthesised. The diplexer has a Chebyshev response with a return loss of 20 dB at both
channels, a total number of resonators of n=8, and inner edges for both channels of +0.5 Hz.
The diplexer topology is shown in figure 4.11. A comparison between this diplexer and

diplexer 4 will be shown later.

o o Port 2

e o Port 3

Figure 4.11: Topology of Diplexer B

The normalized external quality factors are found using equation (4.19) as g.s=¢.s=3.726 and
q.1=1.863. The following conditions for coupling coefficients have been set in the
optimization algorithm to achieve symmetrical channels: mas=m>3, me7=msa, ms=mas, Mec=-
mss, my7=-Mmaas, Mgg=-mss. The initial values of the coupling coefficients between adjacent
resonators are set to 0.5, and to 0.7 for coefficients ms3, mas and mss, and the initial values of
return zeros s;; and the locations of transmission coefficients s,; and sy are the same as those of
diplexer A. The optimization has been done in two stages. In the first stage, the optimization
was carried out by using the cost function in (4.18) without the last term, and with equally
spaced reflection zeros. In the second stage, the full cost function in (4.18) was used, and the
resulting coupling coefficients from the first stage are used as initial values, and the locations

of the reflections zeros are allowed to move until the peaks of |S};| in the passband are equal
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to the desired return loss. An unconstrained local optimization algorithm has been used in

both stages, and the final locations of return zeros are,
+0.521i, +0.663i, +0.854i, +0.982i

The optimized normalized coupling matrix is shown below, and the response of diplexer B is
shown in figure 4.12. The algorithm converged after 63 iterations with final error of 2.434 x

10" in the first stage and after 93 iterations with final error of 6.438 x 10® in the second stage.

0 0.8256 0 0 0 0 0 0 |
0.8256 0 0.2981 0 0 0.2981 0 0
0 0.2981 0.6963 0.1786 0 0 0 0
o = 0 0 0.1786 0.7428 0.2284 0 0 0
0 0 0 0.2284 0.7462 0 0 0
0 0.2981 0 0 0 —0.6963 0.1786 0

0 0 0 0 0 0.1786  —-0.7428 0.2284
. 0 0 0 0 0 0 0.2284 —0.7462 |

Insersion loss, Reflection loss, and Isolation (dB)

| | |
-1.5 -1 05 a 0.4 1 1.5 2
Lowpass prototype frequency (Hz)

_?’D 1 1
-2

Figure 4.12: Response of Diplexer B
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4.5.1.3 Example C: Non-contiguous band diplexer with »=10, x=0.333, and r=4

Diplexer C has non-contiguous symmetrical bands and a Chebyshev response. It has the
topology in figure 4.8 with =4, a total number of resonators of #=10, inner edges for both
channels of £0.333 Hz, and a return loss of 20 dB for both channels. The diplexer topology is

shown in figure 4.13.

Figure 4.13: Topology of Diplexer C

The values of normalized external quality factors are calculated using equation (4.19) as
qe6—=qe10=2.914 and ¢g.;=1.457. The following conditions for coupling coefficients have been
forced in the optimization algorithm to achieve symmetrical channels: ma7= mys3, ms= msa,
Mgo= Mas, Moy 10= Mse, M77= -M33, Mgs= -Mas, and moo= -mss, Mo 10= -Mes. 1 he initial values of
the coupling coefficients between adjacent resonators are set to 0.5, and those of the
coefficients ms3, maa, mss, mee are set to 0.6. The cost function in equation (4.18) has been
used and the optimization has been done in two stages as described earlier with an
unconstrained gradient-based local optimization method. The frequency locations s, and sy in
the first two terms in the cost function have been taken as s,= [-0.3337, -i, 0], and s4= [0.3331,
i, 0].

The initial values of return zeros locations s,; are equally spaced as follows,

+0.3533i, +0.510i, £0.6667i, +0.8234i, +0.98i

75



Chapter 4 — Synthesis of Coupled Resonator Diplexers

The final locations of return zeros are
+0.351i, +0.482i, +0.682i, +0.872i, +0.985;

The optimized normalized coupling matrix is given below, and the response of diplexer C is
shown in figure 4.14. The algorithm converged after 23 iterations with final error of 3.160 x

107 in the first stage and after 200 iterations with final error of 4.757 x 10 in the second

stage.
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0 0.3536 0 0 0 0 —-0.5928 0.2179 0 0
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Figure 4.14: Response of diplexer C
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4.5.1.4 Example D: Non-contiguous band diplexer with n=12, x=0.3, and =3

A symmetrical diplexer with non-contiguous bands and a Chebyshev response is synthesised.
It has a total number of resonators of n=12, inner edges for both channels of +0.3 Hz, and a
return loss of 20 dB for both channels. The number of resonators between the junction
resonator and either of the output ports is taken as »=3. The diplexer topology is shown in
figure 4.15.

The values of normalized external quality factors are calculated using equation (4.19) as
qeo=qe12=2.84 and g.1=1.42. The initial values of the coupling coefficients between adjacent
resonators are set to 0.8 for mj, and to 0.5 for other coefficients, and the coefficients m;; that
represent frequency offsets are initially set to 0.6 for resonators 7, 8 and 9, and to -0.6 for

resonators 10, 11, and 12.

Figure 4.15: Topology of Diplexer D

To achieve symmetrical channels, the following conditions for coupling coefficients have
been forced in the optimization algorithm: me 10= me7, m10.11= M78, M1112= Ms9, M9 10= -M77,

miy,11= -Mgg, and mi2 12= -mo.
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The optimization has been done in two stages as explained earlier with unconstrained local
optimization in the first stage and with constrained optimization in the second stage. The
frequency locations s; and sy in the first two terms in the cost function (4.18) are s,~= [-0.3i, -
i] and su= [0.34, i]. The values of return zeros locations s,; have been initially equally spaced
between lower channel edges of -1 and -0.3 Hz, and upper channel edges of 0.3 and 1 Hz, as

follows,
+0.32i, +0.4520i, +0.5840i, +0.7160i, +0.8480i, +0.98i

In the second stage, some constraints have been applied on the control variables to prevent
the optimization algorithm from giving an unfeasible solution for the coupling coefficients,
and also to prevent the locations of reflection zeros from moving outside the passband. The

variables in the optimization algorithm are:

{mIZ’ M35 My Mys s Mg, Mgy Mgy Mg, Mg, Mgy s Mgg 5S,155,555,355,455,55 Sr6}

The last 6 variables represent the reflection zeros of the upper band, and the reflection zeros

of the lower band are equal to -s,;. The lower and upper bounds of the variables are as follows,

0.6, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.5, 0.5, 0.5, 0.300, 0.402, 0.544, 0.686, 0.808, 0.940,  lower bounds
1.5,15,1.5,1.5,1.5,15,1.5,1.5, 1.5, 1.5, 1.5, 0.360, 0.492, 0.614, 0.756, 0.888, 0.980, upper bounds

The final locations of return zeros are
+0.316i, +0.432i, +0.606i, +0.78;, +£0.917:, +0.99;

The optimized normalized coupling matrix is shown in table 4.1, and the response of diplexer
D is shown in figure 4.16. The algorithm converged after 97 iterations with final error of
1.218 x 107 in the first stage. In the second stage, the third term in the cost function (4.18) has

been weighted and the algorithm converged after 50 iterations.
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Table 4.1: Coupling matrix of diplexer D

1 2 3 4 5 6 7 8 9 10 11 12
1 0 0.7927 0 0 0 0 0 0 0 0 0 0
2 | 0.7927 0 0.5062 0 0 0 0 0 0 0 0 0
3 0 0.5062 0 0.6114 0 0 0 0 0 0 0 0
4 0 0 0.6114 0 0.4408 0 0 0 0 0 0 0
5 0 0 0 0.4408 0 0.6176 0 0 0 0 0 0
6 0 0 0 0 0.6176 0 0.2989 0 0 0.2989 0 0
7 0 0 0 0 0 0.2989 | 0.5935 | 0.2212 0 0 0 0
8 0 0 0 0 0 0 0.2212 | 0.6376 | 0.2975 0 0 0
9 0 0 0 0 0 0 0 0.2975 | 0.6407 0 0 0
10 0 0 0 0 0 0.2989 0 0 0 -0.5935 0.2212 0
11 0 0 0 0 0 0 0 0 0 0.2212 | -0.6376 0.2975
12 0 0 0 0 0 0 0 0 0 0 0.2975 | -0.6407

Insersion loss, Reflection loss, and |salation (dB)

/

|53

|
-1 0.5 1l

|
0.5 1

Lowpass prototype frequency (Hz)

Figure 4.16: Response of Diplexer D
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4.5.1.5 Example E: Contiguous band diplexer with =12, x=0.1, and r=5
Diplexer E has symmetrical bands with x=0.1 Hz, =5, and a return loss of 20 dB at both
channels. The response of the diplexer is Chebyshev and it consists of 12 resonators directly

coupled together. The diplexer topology is shown in figure 4.17.

Figure 4.17: Topology of diplexer E

The normalized external quality factors are calculated using equation (4.19) as ge7=¢c12=2.209
and ¢g.=1.1045. To obtain symmetrical bands as specified, The following conditions for
coupling coefficients have been set in the optimization algorithm: mas= mas3, mgo= ms4, mo 10=
Mas, M10,11= Mse, Mi112= Me7, Mg= -M33, Moo= -Maa, and myg,10= -Mss, M11,11= -Me6, M12,12= -
m77. The initial values of the coupling coefficients for adjacent resonators are set to 0.6 for
mi2, and to 0.5 for other coefficients, and the initial values of the coefficients m; (i=3,...7)
have been set to 0.6. The cost function in equation (4.18) has been used and the optimization
has been done in two stages as explained earlier with an unconstrained local optimization

technique. The initial values of return zeros locations s,; are set with equal spacing as follows,
+0.12i, £0.292i, +0.464i, +0.636i, +0.808i, +0.98i

The realised locations of return zeros are
+0.118i, £0.248i, +0.46i, +0.69i, +0.88i, £0.986i

The optimized normalized coupling matrix is shown in table 4.2, and the response of diplexer

E is shown in figure 4.18.

80



Chapter 4 — Synthesis of Coupled Resonator Diplexers

It has been found useful for optimization in the first stage to weight the first two terms in the
cost function (4.18) by 100, and the algorithm converged after 70 iterations with final error of
1.171 x 107 In the second stage, the third term in the cost function (4.18) has been weighted

by 100 and the algorithm converged after 192 iterations.

Table 4.2: Coupling matrix of diplexer E

1 2 3 4 5 6 7 8 9 10 11 12
1 0 0.8052 0 0 0 0 0 0 0 0 0 0
2 0.8052 0 0.4051 0 0 0 0 0.4051 0 0 0 0
3 0 0.4051 0.4827 | 0.2757 0 0 0 0 0 0 0 0
4 0 0 0.2757 | 0.5396 | 0.2623 0 0 0 0 0 0 0
5 0 0 0 0.2623 | 0.5440 | 0.2759 0 0 0 0 0 0
6 0 0 0 0 0.2759 | 0.5447 | 0.3806 0 0 0 0 0
7 0 0 0 0 0 0.3806 | 0.5459 0 0 0 0 0
8 0 0.4051 0 0 0 0 0 -0.4827 | 0.2757 0 0 0
9 0 0 0 0 0 0 0 0.2757 | -0.5396 | 0.2623 0 0
10 0 0 0 0 0 0 0 0 0.2623 | -0.5440 | 0.2759 0
11 0 0 0 0 0 0 0 0 0 0.2759 | -0.5447 | 0.3806
12 0 0 0 0 0 0 0 0 0 0 0.3806 | -0.5459

/

i

Insersion loss, Reflection loss, and Isolation (dB)

| | |
-1.5 -1 05 0 0.5 1 1.5
Lowpass prototype frequency (Hz)

Figure 4.18: Response of diplexer E
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4.5.1.6 Example F: Non-contiguous band diplexer with n=8, x=0.5

Example F is the conventional diplexer in figure 4.4 without a three port junction, so the
common port is composed by shunt connection of the inputs of the two bandpass filters
forming the diplexer. The synthesis of diplexer F is presented in this section and its
performance will be compared with other coupled-resonator diplexers with T-topologies in
the next section.

Diplexer F has a total number of resonators of n=8, inner edges for both channels of 0.5 Hz,
and a return loss of 20 dB for both channels. The topology of the diplexer is shown in figure

4.19.

Figure 4.19: Response of diplexer F

The synthesis starts by firstly finding the coupling matrices of the individual bandpass filters
formed from the resonators (1,2,3,4) and (5,6,7,8), then using the resulting matrices as initial
values in the synthesis of the whole diplexer, so that the common port is integrated in the
design.

The normalized external quality factors of the filters are calculated using equation (4.19) as
ge1=qes= qes=qes=3.726. The locations of the reflection zeros were initially equally spaced,
and the coupling matrices of the individual filters have been found using a filter optimization
technique presented in [31]. The algorithm converged after 46 iterations with final error of

6.247 x 1072,

82



Chapter 4 — Synthesis of Coupled Resonator Diplexers

The resulting normalized coupling matrices of the filters are as follows,

0.750 02239 0 0 —-0.750 0.2239 0 0

v 0.2239 0.750 0.1748 0 V- 0.2239 —0.750 0.1748 0

: 0 01748 0.750 0.2239( ? 0 0.1748 —0.750 0.2239
0 0 02239 0.750 0 0 0.2239  —0.750

where M, is that for the filter consisting of resonators (1,2,3,4) and M, is that for the filter
consisting of resonators (5,6,7,8). The coupling matrix of the diplexer has been synthesised by
unconstrained optimization with the coefficients of the matrices M; and M, used as initial

values. The cost function that has been used in optimization is as follows,

L |?

5, (s, ] - 1020 (4.20)

where R is the total number of return zeros, s,; are the frequency locations of return zeros, Lg

is the desired return loss in dB (Lz<0), and s, are the peaks’ frequency values of |Si;| in the
passband. Si; is evaluated from equations (4.1)-(4.4), where S| and S|** are as follows,

ST o1- 2[4l s =1- 2[4 @.21)

qe4 qe8
The normalized optimized coupling matrix of the diplexer is shown below, and the response
of the diplexer is shown in figure 4.20. The algorithm converged after 34 iterations with final

error 0f9.766 x 107,

[0.7500 0.2279 0 0 0 0 0 0
0.2279 0.7500 0.1750 0 0 0 0 0
0 0.1750 0.7511 0.2242 0 0 0 0
A = 0 0 0.2242 0.7976 0 0 0 0
0 0 0 0 —-0.7500  0.2279 0 0
0 0 0 0 0.2279  -0.7500 0.1750 0
0 0 0 0 0 0.1750 —0.7511 0.2242
0 0 0 0 0 0 0.2242  —-0.7976 |
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Figure 4.20: Response of diplexer F

4.6 Comparison between Diplexers
In the T-topology in figure 4.8, different values of » make it possible to realise many
topologies with n coupled resonators. It has been found from optimization results that possible

solutions for r that achieve a non-distorted diplexer response are between r = !_%—‘ and

= (2 —1). These solutions have been demonstrated in the examples of diplexers A-E.

In this section, a comparison between three diplexers with the same number of resonators and
different topologies is presented. The diplexers under comparison are those in examples A (T-
topology, n=8, r=2), B (T-topology, n=8, r=3) and F (conventional diplexer, n=8), which
were synthesized in this chapter, and their topologies are shown in figure 4.21. These

diplexers were synthesised with non-contiguous bands with #=8 and x=0.5 and a return loss of

20 dB at both bands for all diplexers.
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o o Port 2
e o Port 2
(8 ) por @) &
i (D2HE @) (DA s
e o Port 3 o o
e oPort 3
e o Port 3
Diplexer A Diplexer B Diplexer F

Figure 4.21: Diplexers A, B, and F topologies

The responses of the diplexers in figure 4.21 are shown in figure 4.22 for comparison. It is
noticed that diplexer F has better isolation than diplexer B, and that diplexer B has better
isolation than diplexer A. In other words, the higher the number of resonators between ports 2
and 3, the better the isolation. However, far out of band, the response is better for diplexers A

and B.

Insersion loss, Reflection loss (dE)

----- Diplexer F
—— Diplexer B
— Diplexer A

_BD | | | | |
-2 -1.5 -1 0.5 a 0.5 1 1.4 2

Lowpass prototype frequency (Hz)

Figure 4.22: Responses of diplexers in figure 4.21
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Accordingly, in the proposed general T-topology in figure 4.8, the value of r that gives the

best isolation performance is r = (% - 1), where 7 is the total number of resonators. This is due

to existence of (n-1) resonators between the output ports.

4.7 Diplexers with Canonical Topology

A proposed general canonical topology for a symmetrical diplexer is shown in figure 4.23,
where 7 is the total number of resonators and +x define the inner edges of the two channels. In
this topology, solid lines represent direct coupling, and dashed lines represent cross coupling,
and Quasi-Elliptic filter responses can be achieved. The resonators (3,4,..., n/2+1) should
have positive frequency offsets (M;>0) for the upper channel to be at port 2, and the
resonators (n/2+2, n/2+3,..., n) should have negative frequency offsets (;<0) for the lower

channel to be at port 3.

[S21]

F
r
-

0 X 1 Hz)

4 pf
I S S || {Hz)

Figure 4.23: Diplexer canonical topology

To achieve symmetrical channels, the following conditions for coupling coefficients should

apply,
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m2,%+2 =My3, m%+2,g+3 =M. Loomy

m"+2,L2’+2 = _n/L_’::‘s’ m%+3,%+3 = _m44’ o o = _mn,n s mn,n = _mﬂ+1’ﬂ+1

2

Enforcing the topology of the symmetrical diplexer in the optimization algorithm along with
the conditions given above simplifies the synthesis of the coupling matrix and reduces the

convergence time.

4.7.1 Examples of diplexers with canonical topology
This section presents examples of diplexers with the proposed canonical topology with Quasi-
Elliptic responses. Both non-contiguous and contiguous bands have been successfully

achieved.

4.7.1.1 Example G: Non-contiguous band diplexer with n=12, x=0.3

Diplexer G has non-contiguous symmetrical bands and a Quasi-Elliptic response. It has the
topology in figure 4.23 with a total number of resonators of »=12 and inner edges of +0.3 Hz.
The specified lowpass prototype transmission zeros are -0.2i Hz and -1.1i Hz for the lower
channel, and 0.2i Hz and 1.17 Hz for the upper channel, and the return loss for both channels

is 20 dB. The diplexer topology is shown in figure 4.24.

Figure 4.24: Topology of diplexers G and H
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The normalized external quality factors and the initial values of the reflection zeros are the
same as those of diplexer D, since both diplexers D and G have the same order of filtering
functions (n=12) and the same inner edges (0.3 Hz). In a similar way to the previous
examples, some conditions for coupling coefficients have been forced in the optimization
algorithm to achieve symmetrical channels. These conditions are: mas= my3, msgo= msa, Mo 10=
Mys, M10,11= Mse, M11,12= Me7, M 11— M36, M= ~M33, M99= -M44, and myo,10= -mss, M11,11= -Mee,
mi2,12= -M77.

The optimization has been done in two stages. In the first stage, an unconstrained
optimization is carried out by using the first three terms in the cost function in (4.18) without
cross coupling and with equally spaced reflection zeros. The initial values of the coupling
coefficients m;j are set to 0.5, and to 0.6 for the coefficients m;; (i=3....,7). In the second stage,
the locations of reflections zeros are allowed to move, and the resulting coupling coefficients
from the first stage are used as initial values, and the initial values of the cross couplings i3
and mg 1 are set to 0. A constrained optimization technique has been used in the second stage,

and the variables in the optimization algorithm are:

{mIZ’m23’m34’m45’m56’m67’m36’m33’m44’m55’m66’m77’s SVZ’Sr3’Sr4’Sr5’Sr6}

rl»
where s,1,...,5,6 represent the reflection zeros of the upper band, and the reflection zeros of
the lower band are equal to -s,1,...,-5,6. The lower and upper bounds of the variables are set as
follows,

0.5, 0.0, 0.0, 0.0, 0.0, 0.0, —, 0.5, 0.5, 0.5, 0.5, 0.5, 0.300, 0.382, 0.534, 0.676, 0.798, 0.940, lower bounds
1.0,1.0,1.0,1.0, 1.0, 1.0, «,1.0,1.0,1.0, 1.0, 1.0, 0.380, 0.502, 0.634, 0.776, 0.938, 0.990, upper bounds

The optimized normalized coupling matrix is given in table 4.3, and the response of diplexer
G is shown in figure 4.25. The algorithm converged after 117 iterations with final error of

5.115 x 10™ in the first stage. In the second stage, it has been found useful for optimization to
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weight the first three terms in the cost function (4.18), and the algorithm converged after 37
iterations. The realised reflection zeros are £0.314, £0.394i, £0.565i, £0.766i, £0.92i, +£0.992;

Hz, and realised transmission zeros are +1.1/ and +0.19; Hz.

Table 4.3: Coupling matrix of diplexer G

1 2 3 4 5 6 7 8 9 10 11 12
1 0 0.7932 0 0 0 0 0 0 0 0 0 0
2 0.7932 0 0.3538 0 0 0 0 0.3538 0 0 0 0
3 0 0.3538 | 0.5757 | 0.2015 0 -0.0748 0 0 0 0 0 0
4 0 0 0.2015 | 0.6384 | 0.2618 0 0 0 0 0 0 0
5 0 0 0 0.2618 | 0.6514 | 0.1964 0 0 0 0 0 0
6 0 0 -0.0748 0 0.1964 | 0.6475 | 0.2921 0 0 0 0 0
7 0 0 0 0 0 0.2921 0.6482 0 0 0 0 0
8 0 0.3538 0 0 0 0 0 -0.5757 | 0.2015 0 -0.0748 0
9 0 0 0 0 0 0 0 0.2015 | -0.6384 | 0.2618 0 0
10 0 0 0 0 0 0 0 0 0.2618 | -0.6514 | 0.1964 0
11 0 0 0 0 0 0 0 -0.0748 0 0.1964 | -0.6475 | 0.2921
12 0 0 0 0 0 0 0 0 0 0 0.2921 | -0.6482

Insersion loss, Reflection loss, and I=olation (dB)

o
&
1

|;:;32|/ ]

| | |
-1.48 -1 -0.5 a 0.5 1 1.5
Lowpass prototype frequency (Hz)

Figure 4.25: Response of diplexer G

89



Chapter 4 — Synthesis of Coupled Resonator Diplexers

4.7.1.2 Example H: Contiguous band diplexer with n=12

Diplexer H has contiguous symmetrical bands with x=0.03 Hz and a Quasi-Elliptic response.
The specified lowpass prototype transmission zeros are -1.24; Hz and 0.2i Hz for the lower
channel, and 1.24i Hz and -0.2/ Hz for the upper channel and the specified reflection loss is
20 dB for both channels. The diplexer topology is the same as diplexer G, which is shown in
figure 4.24.

The normalized external quality factors are evaluated using equation (4.19) as ge7=¢e12=2.05
and g.;=1.025. The same conditions for coupling coefficients that were applied in diplexer G
to achieve symmetrical channels are used in this example, since both diplexers G and H have

the same topology. The variables in the optimization algorithm are:

{mIZ’m23’m34’m45’m56’m67’m36’m33’m44’m55’m66’m77’s SVZ’Sr3’Sr4’Sr5’Sr6}

r1s
where s,1,...,5,6 are the frequency locations of the return zeros of the upper channel, and those
of the lower channel are equal to -s,,...,-s,6. The optimized coupling coefficients of diplexer
E have been used as initial values in this example, and the initial values of the cross couplings
mse and mg ;1 have been set to 0. The initial values of the frequency locations of reflection

zeros are as follows,
+0.05i, +£0.236i, +0.422i, +0.608i, +0.794i, +0.98i

The cost function in (4.18) has been used in a constrained optimization technique with the

lower and upper bounds of the variables are as follows,

0.6, 0.0, 0.0, 0.0, 0.0, 0.0, —, 0.4, 0.4, 0.4, 0.4, 0.4, 0.01, 0.14, 0.32, 0.52, 0.71, 0.93, lower bounds
1.0,1.0,1.0,1.0, 1.0, 1.0, «, 1.0,1.0,1.0, 1.0, 1.0, 0.10, 0.30, 0.50, 0.66, 0.92, 0.996, upper bounds

The optimized normalized coupling matrix is shown in table 4.4, and the response of diplexer
H is given in figure 4.26. The algorithm converged after 31 iterations with final error of 6.109

x 107
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The realised reflection zeros are: +0.036i, £0.168i, £0.414i, £0.684i, £0.89:, £0.989; Hz, and

realised transmission zeros are £1.244; and +£0.2137 Hz.

Table 4.4: Coupling matrix of diplexer H

1 2 3 4 5 6 7 8 9 10 11 12
1 0 0.8143 0 0 0 0 0 0 0 0 0 0
2 0.8143 0 0.4132 0 0 0 0 0.4132 0 0 0 0
3 0 0.4132 0.4612 0.2768 0 -0.0623 0 0 0 0 0 0
4 0 0 0.2768 0.5140 0.3293 0 0 0 0 0 0 0
5 0 0 0 0.3293 0.5169 0.2882 0 0 0 0 0 0
6 0 0 -0.0623 0 0.2882 0.5145 0.4081 0 0 0 0 0
7 0 0 0 0 0 0.4081 0.5144 0 0 0 0 0
8 0 0.4132 0 0 0 0 0 -0.4612 | 0.2768 0 -0.0623 0
9 0 0 0 0 0 0 0 0.2768 | -0.5140 | 0.3293 0 0
10 0 0 0 0 0 0 0 0 0.3293 -0.5169 | 0.2882 0
11 0 0 0 0 0 0 0 -0.0623 0 0.2882 | -0.5145 0.4081
12 0 0 0 0 0 0 0 0 0 0 0.4081 -0.5144
I:I T T i) T T
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Figure 4.26: Response of diplexer H
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4.8 Conclusion

Diplexers with novel topologies have been proposed. The design procedure is based on
optimization of coupling matrix for multiple coupled resonators in a three-port network.
These diplexers can be implemented using any type of resonators, and they do not involve
energy distribution networks in their structures, unlike the conventional diplexers. This
enables miniaturizing the diplexer structure.

A cost function has been formulated to be minimized in the optimization algorithm, and
diplexers with different topologies with both contiguous and non-contiguous bands have been
successfully synthesised. A comparison between diplexers with the same specification and
different topologies has been presented. It has been found that the higher the number of
resonators between output ports, the better the isolation. The implementation of coupled-

resonator diplexers using waveguide cavity resonators will be presented in Chapters 5 and 6.
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Chapter 5

Implementation of Power Dividers and

Diplexers

5.1 Introduction

In the previous Chapters, a design methodology of coupled resonator power dividers and
diplexers has been presented with numerical examples. This Chapter exhibits design,
realization and measurement of some components with bandpass Chebyshev filtering
response: X-band 3-dB power divider, X-band unequal power divider, X-band 4-resonator
diplexer, X-band 12-resonator diplexer, and E-band 12-resonator diplexer. The
implementation of these devices has been done using waveguide cavity resonators that are
suitable for low-cost mass fabrication. Also, they have advantages in microwave frequencies
due to their high unloaded quality factors and their ability to handle large amounts of power.

The theory of rectangular waveguide cavities relevant to the design process of waveguide
cavity components is first discussed in this chapter. The calculation of the unloaded quality
factor and the frequencies of resonant modes of a rectangular cavity will be presented, as well
as the effect of finite unloaded quality factors on the insertion loss of the filtering response.
The extraction of coupling coefficients and external quality factors from physical structure
will be discussed. Different coupling structures involving inductive/capacitive irises will be
shown. Design, fabrication and measurement of the proposed devices will be discussed

throughout this chapter.

95



Chapter 5 — Implementation of Power Dividers and Diplexers

5.2 Rectangular Cavity
A rectangular cavity may be considered as a section of a rectangular waveguide terminated at
both sides with conducting plates. Figure 5.1 depicts a rectangular cavity of width a, height b,

and length d.

N\

d

Figure 5.1: A Rectangular Cavity

For a rectangular waveguide, the transverse Electric fields (Ex,Ey) of the TEn, or TM,, mode

can be written as [1],

E (x,,2) =é(x, y)[ A" e " + A7e""] (5.1)

where é(x, y) represents the transverse variations in the x and y directions, A" and A4~ are the

arbitrary amplitudes of the travelling waves in the +z and —z directions. The propagation

constant f3,,, is given by

e 2 )
a b

where k =27f,./pe , and p and € are the permeability and permittivity of the material filling

the waveguide.
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The boundary conditions of the waveguide cavity at z=(0,d) require that E(x,y,z)=0.
Applying the condition E, = 0at z=0 to equation (5.1) yields 4" =—4", and applying the
condition E, = 0 at z=d yields S, ,d = Iz , where [=1,2,3... This means that the cavity length

must be an integer multiple of a half-guide wavelength at the resonant frequency. The cut-off

wavenumber of the rectangular cavity can be defined as

K, = \/ (@j + [%)2 + (%f (5.3)
a

where the indices m,n,/ correspond to the number of half wavelength variations in the x,y,z

directions, respectively. The TE,,,; or the TM,,,; mode will have a resonant frequency,

ck

mnl

B c m_ﬂ' 2 M 2 l_ﬂ' 2
2mme, 2\ ue, J( a ) +( b) {dj G4

where c is the velocity of light. If b < a < d, the mode with the lowest resonant frequency,

fmnl =

known as the dominant mode, will be TE,y; mode. The field configuration of the dominant
TE o1 mode is shown in figure 5.2, where the dashed lines represent the magnetic field, and

the solid lines and the circles represent the electric field [2].
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Figure 5.2: Field configuration of dominant TEy; mode
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5.2.1 Unloaded quality factor

The unloaded quality factor Q, is a figure of merit for a resonator. It describes the quality of
the resonator in terms of losses and energy storage. For example, a high Q resonator implies
low energy loss and good energy storage, whereas a low Q cavity implies higher losses. A
general definition for the Q, that applies to any type of resonator is [3],

0 - a)Time -average energy stored in the resonator (5.5)

Average power lost in the resonator

The losses in a resonator can generally be associated with the conductor, dielectric material,
and radiation. The total Q, may be defined by adding these losses together as follows [3],

L S (5.6)

0000
where Q., O; and O, are the quality factors associated with losses from conductor and
dielectric making up the cavity and radiation from the cavity. The loaded quality factor O,
may be defined in terms of the unloaded quality factor O, and the external quality factor Q. as
follows [1],

1 _t.1 (5.7)
o, 9, 0O

where Q. is the quality factor associated with effective losses through the external coupling
circuit, and it is defined as the ratio of the energy stored in the resonator to the energy coupled
to the external circuit. The extraction of the external quality factor from the physical structure
will be described in the next section.

Considering an air-filled waveguide cavity resonator, for the TE;y; mode, the unloaded

quality factor due to the losses in the conducting walls is given by [1],

_ (kIOIad)3b77
27°R,(2a°b + 2bd’ + a*d + ad”)

0, (5.8)
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where 7 =,/u/ ¢ is the wave impedance, and R, is the surface resistance of the conductive

walls (with conductivity of 6), and it is calculated by [1]:

R, = \/% (5.9)

In coupled-resonator circuits with a filtering response, resonators with finite unloaded quality
factors result in passband insertion loss. As the O, values of the resonators decrease, not only
the passband insertion loss of the filtering response increases, but also the selectivity becomes
worse. Hence, it is crucial for the designer to choose resonators with high O, values so that
insertion loss specification is met. Generally, the insertion loss is proportional to the number
of resonators, and inversely proportional to the fractional bandwidth FBW of the bandpass
filter. The increase in (dB) in insertion loss A/L at the centre frequency of the filtering
response is given by [3],

AIL = 4.343ZL g dB (5.10)
~ FBW .Q,,

where Q. is the lowpass cut-off frequency, and g; represents the lowpass prototype element

value of resonator i, as in equation (1.3).

5.3 Coupling in Physical Terms

After determining the normalised coupling matrix [m] for a coupled resonator topology, the
actual coupling matrix [M] of a coupled resonator device with given specification can be
calculated by prototype de-normalisation of the matrix [m] at a desired bandwidth and a
centre frequency, as follows,

M, =m, - FBW (5.11)

where FBW is the fractional bandwidth. The actual external quality factor Q. is related to the

normalised quality factor g. by,
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Q, =—L_ (5.12)

The next step is to construct a structure of coupled resonators and implement the required
coupling coefficients of the matrix [M] physically. The extraction of the coupling coefficient
M;; of two coupled resonators and the external quality factor Q. from the physical structure is

presented in the next subsections.

5.3.1 Extraction of coupling coefficient from physical structure

In coupled resonator circuits, the coupling coefficient for a selected resonator pair can be
obtained from the physical structure using EM simulation. To extract the coupling coefficient
of two asynchronously coupled resonators, a general formula that applies to any type of

resonators is used [4],

2 2

2 2
1( @y, Wy, — Wy,

M=+— +

Wy, @ — o
_ X - —
2\ o , > + w’ 2 + @

01 02 2 1 02 01

(5.13)

where wg; and wy; are the resonant frequencies of the two coupled resonators, w; and w; are
the lower and higher frequencies in the magnitude of S»; response of the two coupled
resonator structure with the ports are very weakly coupled to the resonators. The characteristic
parameters wg1, @p, @1 and w, can be determined using full-wave EM simulations. Figure 5.3
shows an example of a structure of two inductively coupled waveguide cavities that are
weakly coupled to the ports, and figure 5.4 depicts the simulated |S>;| response showing the

frequency peaks @ and w,.
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Inductive ~ Weak Coupling
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Figure 5.3: Two inductively coupled waveguide cavity resonators
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Figure 5.4: |S31| of two coupled resonators showing two frequency peaks.

The formula in equation (5.13) is applicable for synchronously coupled resonators, and in this

case it is simplified to [4],

2 2

, —
M=+—— (5.14)

W, + o,

The coupling coefficient usually corresponds to a magnetic coupling or an electric coupling.

These two types of coupling exhibit opposite signs for the coupling coefficient.
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The self-coupling coefficient M;; in the principal diagonal in the coupling matrix [M] that
accounts for asynchronous tuning is related to the self-resonant frequency of resonator i by,
2 2
Wy, — @
M, =2x| 23— (5.15)
Wy; + @,
where @ is the desired centre frequency of the coupled-resonator device and wy; is the

resonant frequency of resonator i.

5.3.2 Extraction of external quality factor from physical structure

The external quality factor of a single resonator can be found by simulating |S,| response with
one port weakly coupled. Figure 5.5 shows an example of a waveguide cavity that is
externally coupled to the output port via inductive iris, and weakly coupled to the input port.
The external quality factor O, can then be calculated from the simulated |S,;| response using

the following formula [3],

Wy

Qe_

= (5.16)
A® 3

where w is the resonant frequency of the loaded resonator and Aw-.34g is the 3 dB bandwidth,

as shown in figure 5.6.

External ¢
Coupling

Output
Port

Weak
coupling

Input

Figure 5.5: Externally coupled waveguide cavity resonator

102



Chapter 5 — Implementation of Power Dividers and Diplexers
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Aw . 39 —

Figure 5.6: Response of |S2;| for loaded resonator.

5.4 Implementation of Power dividers and Diplexers

Coupled resonator power dividers and diplexers have been implemented using waveguide
cavity resonators. The first step in the design of these components is to synthesize a lowpass
prototype by determining an appropriate coupling matrix using optimization, as presented in
the previous Chapters. The next step is to construct a structure of cavity resonators coupled
together by inductive or capacitive irises or both, depending on the required response. The
cavities used in all the devices presented in this work operate in the fundamental mode, the
TE 01 mode, in which its resonant frequency can be calculated from equation (5.4). Figure 5.7
shows different coupling structures for two waveguide cavities coupled together using
capacitive or inductive irises. Half wavelength cavities that resonate at the fundamental TE ;¢
mode are commonly used in rectangular waveguide filters. In cross-coupled filters, where the
coupling matrix contains positive and negative coupling coefficients, inductive irises may be
employed to implement the positive couplings, and capacitive irises may be used to
implement negative couplings. This has been reported in literature to produce an
elliptic/quasi-elliptic filtering response [5-7]. Elliptic function responses have also been

realised by waveguide cavity structures that exclusively exhibit inductive iris couplings as
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reported in [8]. This has been achieved by using configurations combining TEo; cavities with
higher order mode (overmoded) cavities. The overmoded cavities also provide higher
unloaded quality factors in comparison to the TE;p; mode cavities which may result to
improvement in the insertion loss of the filtering response [9].

The initial dimensions of the coupling irises can be determined for the required coupling

coefficients by following the procedure explained in section 5.3.

Capacitive Iris

Inductive Iris

Capacitive Iris

Figure 5.7: Different coupling structures for inductive and capacitive irises

Once the initial geometries of the structure are known, a full-wave EM simulator such as CST
[10] is then used to obtain the optimum dimensions of the structure to meet the target
response.

H-plane and E-plane power dividers and H-plane diplexers have been implemented in the X-
band frequency range to verify the proposed design methodology presented in Chapters 3 and
4, and also an E-band diplexer has been designed for the use in a wireless point-to-point

communications system. The X-band devices have been made of copper, with two mirror-
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image blocks joined together using screws. Tuning screws have been used to compensate for
the degradation of performance resulted from manufacturing errors, and the cavity rounded-
corners cased by the finite radius of the milling tool. Metal screws have been used to finely
tune both the resonant frequencies of the cavity resonators, as well as the coupling
coefficients and external quality factors. The tuning screws are located at the centres of the

cavities where the electric field is maximum and the current density is minimum.

5.4.1 X-band 3-dB power divider

5.4.1.1 Power divider design

A 4 resonator 3-dB power divider has been designed, fabricated and tested. The divider has
been designed according to the coupled-resonator design methodology proposed in Chapter 3.
It is designed at the X-band with a centre frequency of 10 GHz, bandwidth of 570 MHz, and
reflection loss of 20 dB at the passband. The divider topology and the synthesized normalized
coupling matrix are shown in figure 5.8, and the prototype response of the power divider is
shown in figure 5.9. The input and output external quality factors and the coupling
coefficients are computed for FBW=5.7% and found to be M,= 0.0590, M>3=M>4= 0.0417,
and 0.=14.94. The divider has been implemented using waveguide cavity resonators, and its

3D structure is shown in figure 5.10.

e Port2 [ 0 1035 0 0 |

03 7323 0.73

Port 1 o e 0 07323 0 0
0 07323 0 0
o Port3 4. —0.8516

(a) (b)
Figure 5.8: 3-dB power divider (a) Divider topology, (b) Normalized coupling matrix
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Figure 5.9: Prototype response of power divider
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Figure 5.10: (a) 3-dB Power divider 3D structure, (b) Top View
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CST has been utilised to find the initial dimensions of the cavities and the coupling irises.
Each pair of coupled resonators has been simulated separately to find the dimensions of the
coupling iris corresponding to the required coupling coefficient by following the procedure in
section 5.3.1. The dimensions of coupling irises corresponding to external quality factors have
been found from EM simulation by following the procedure in section 5.3.2. The whole
structure of the power divider is initially designed with the obtained initial values, and the
CST simulation response of the initial structure is depicted in figure 5.11. Starting from the
initial response, the power divider has been tuned using CST frequency domain solver to
satisfy the required specifications. The lengths of the cavity resonators and the widths of the

coupling irises have been tuned to arrive to the final simulated response given in figure 5.11.

’
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Figure 5.11: Simulated initial and final response of power divider

5.4.1.2 Fabrication and measurement

The power divider has been implemented using waveguide cavity resonators coupled together
using inductive apertures. A photograph of the divider is shown in figure 5.12. A 2 mm radius
milling tool has been used in manufacturing and this resulted in forming round corners in the
rectangular waveguide cavities. However, the effect of these corners on the performance is

small. The device has been made of two mirror-image pieces of copper; the top piece has
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extra threaded holes for tuning screws. Metal screws of 1.6 mm diameter have been used to
tune both the resonant frequencies of the cavity resonators and the internal and external
coupling coefficients. The screws are located at the centres of the cavity resonators and the

apertures.

Figure 5.12: Photograph of the 3-dB power divider

A cross sectional view of the power divider with parameters for the dimensions of cavities
and coupling irises is shown in figure 5.13. The dimensions of cavities and irises of both
copper pieces forming the device have been measured using a microscope, and they are
shown in table 5.1 along with design values. The measured dimensions show that the
maximum fabrication error is around 416 pm. The device has been measured firstly without
tuning, and the response exhibited a return loss of around 15 dB, and then it has been tuned
using the metal screws. The simulated and measured results of the power divider are depicted
in figure 5.14 for |Sii|, |S21| and |S3;] and in figure 5.15 for the isolation |S>3|. The measured
response is in good agreement with the simulated response. The experimental results show
that the maximum return loss within the passband is 20 dB and the minimum insertion loss is
3.3 dB. The bandwidth of the measured response is slightly narrower than the simulated
response. This might have been caused since the irises in the fabricated device are smaller
than the design, as indicated in table 5.1. The measurements also show that the isolation |S»3]

within the passband is around 6 dB.
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Figure 5.13: Cross sectional top view of the power divider

Table 5.1: Power divider dimensions corresponding to the parameters in figure 5.13

Parameter | Design (mm) | Top block (mm) | Bottom block (mm)
W, 22.860 22.822 22.812
W, 22.860 22.807 22.805
W3 22.860 22.803 22.807
Wy 22.860 22.803 22.822
Win 22.860 22.816 22.828
Wi 22.860 22.810 22.823
Waz 22.860 22.818 22.829
L, 14.315 14.267 14.261
L, 16.158 16.112 16.127
L; 14.331 14.299 14.305
Ly 14.331 14.332 14.303
Ci2 9.944 9.920 9911
Cas 10.124 10.077 10.084
Cos 10.124 10.074 10.080
Cel 13.384 13.335 13.357
Ce 13.384 12.968 12.977
Ce 13.384 12.991 12.984
T, 3 3.034 3.041
T, 3 3.005 3.005
T; 3 3.019 3.008
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5.4.2 X-band unequal power divider

5.4.2.1 Power divider design

A 5 resonator unequal power divider has been designed, fabricated and tested. The divider has

been designed according to the coupled-resonator design procedure presented in Chapter 3. It

is designed at the X-band with a centre frequency of 10.15 GHz, bandwidth of 925 MHz, a

reflection loss of 20 dB at the passband, and a=1.5. The divider topology and the normalized

optimized coupling matrix are shown in figure 5.16, and the prototype response of the divider

is shown in figure 5.17. The 3D structure of the unequal power divider is shown in figure

5.18.

Figure 5.16: Unequal power divider topology and normalized coupling matrix
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Figure 5.17: Prototype response of unequal power divider
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Figure 5.18: (a) Unequal Power divider 3D structure, (b) Top View

5.4.2.2 Fabrication and measurement

The power divider has been implemented using waveguide cavity resonators coupled together
using capacitive irises. A photograph of the divider is shown in figure 5.19. The device has
been made of two mirror image pieces of copper, and metal screws of 1.6 mm diameter have

been used to tune its response.

Figure 5.19: Photograph of the unequal power divider
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The simulated and measured results of the power divider are depicted in figure 5.20. The
measured response has been tuned using metal screws and it is in good agreement with the
simulated response. The experimental results show that the maximum return loss within the
passband is 20 dB and the minimum insertion loss is 2.28 dB for |S31| and 4.29 dB for |S2|.

The measured isolation between the output ports is more than 4.4 dB in the passband.
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Figure 5.20: (a) Measured and simulated results of the divider, (b) Isolation
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5.4.3 X-band 4-resonator diplexer

5.4.3.1 Diplexer design

A simple X-band non-contiguous diplexer has been designed using the new methodology
presented in Chapter 4 and has been implemented using waveguide cavity resonators. The
following specifications have been selected to implement the diplexer: passband centre
frequency of 9.5 GHz for channel 1 and 10.5 GHz passband centre frequency for channel 2,
bandwidth of each channel is 52 MHz, and desired return loss at the passband of each channel
is 20 dB.

The diplexer topology is the same as the power divider T-topology in figure 5.8(a). The
optimized normalized coupling matrix is shown below and the prototype response of the

diplexer is shown in figure 5.21.

0 13044 0 0
13044 0 0.1666 0.1666
0 01666 12894 0
| 0 01666 0  -1.2894]

g, =465,  q,=q,, =9.302

The coupling matrix of the diplexer is computed by multiplying the normalized coupling
coefficients by (FBW/Q.), where FBW is the fractional bandwidth and Q. is the low-pass
prototype cut-off frequency. The coupling coefficients and the external quality factors are
computed for FBW=10.52% and Q.=1.3711 and found to be M,= 0.1, M>3=M>»4=0.0128,
M33= -M14=0.0989, 0.1=60.62 and Q.;= Q.4=121.24. The 3D structure of the diplexer is

shown in figure 5.22.
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Figure 5.22: (a) Diplexer 3D structure, (b) Top View

115



Chapter 5 — Implementation of Power Dividers and Diplexers

5.4.3.2 Fabrication and measurement

The diplexer has been implemented using waveguide cavity resonators. A photograph of the
physical diplexer is shown in figure 5.23. It consists of two pieces of copper and metal screws
similar to those used in the power divider. The metal screws are used to tune both the resonant
frequencies of the cavities and the coupling coefficients.

The simulated (CST) and measured results of the diplexer are depicted in figure 5.24. The
tuned measured response is in very good agreement with the simulated response. The
measurements show that the passband of channel 1 has maximum return loss of 22 dB and
minimum insertion loss of 0.38 dB, and that the passband of channel 2 has maximum return

loss of 22 dB and minimum insertion loss of 0.43 dB.

Figure 5.23: Photograph of the diplexer
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Figure 5.24: (a) Measured and simulated results of the diplexer, (b) Diplexer isolation

5.4.4 X-band 12-resonator diplexer

5.4.4.1 Diplexer design

An X-band 12-resonator non-contiguous diplexer has been designed and implemented using
waveguide cavity resonators. The diplexer has passband centre frequency of 10 GHz for
channel 1 and 11.35 GHz for channel 2, and a desired return loss at the passband of each
channel of 20 dB. The diplexer topology is shown in figure 5.25, and the optimized

normalized coupling matrix is shown in table 5.2.
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The normalized external quality factors are ¢.1=1.4903, g.7= ¢.12=2.9806, and the diplexer
coupling matrix [M] has been computed from the normalized matrix [m] for a fractional
bandwidth of FBW=18%. The prototype response of the diplexer is shown in figure 5.26, and
the 3D structure of the diplexer is shown in figure 5.27. The diplexer has been designed with
waveguide cavity resonators coupled together using inductive irises, and its structure is folded

for miniaturization.

Figure 5.25: Diplexer topology

Table 5.2: Normalized coupling matrix of 12-resonator diplexer

1 2 3 4 5 6 7 8 9 10 11 12
1 0 0.7963 0 0 0 0 0 0 0 0 0 0
2 0.7963 0 0.3466 0 0 0 0 0.3466 0 0 0 0
3 0 0.3466 | 0.5942 | 0.2101 0 0 0 0 0 0 0 0
4 0 0 0.2101 0.6552 | 0.1956 0 0 0 0 0 0 0
5 0 0 0 0.1956 | 0.6635 | 0.2035 0 0 0 0 0 0
6 0 0 0 0 0.2035 | 0.6652 | 0.2814 0 0 0 0 0
7 0 0 0 0 0 0.2814 | 0.6643 0 0 0 0 0
8 0 0.3466 0 0 0 0 0 -0.5942 | 0.2101 0 0 0
9 0 0 0 0 0 0 0 0.2101 | -0.6552 | 0.1956 0 0
10 0 0 0 0 0 0 0 0 0.1956 | -0.6635 | 0.2035 0
11 0 0 0 0 0 0 0 0 0 0.2035 | -0.6652 | 0.2814
12 0 0 0 0 0 0 0 0 0 0 0.2814 | -0.6643
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Figure 5.27: (a) Diplexer 3D structure, (b) Top view
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5.4.4.2 Fabrication and measurement
The diplexer has been implemented of two mirror-image pieces of copper, and a photograph
of the physical structure of the diplexer is shown in figure 5.28. Metal screws have been used

to tune both the resonant frequencies of the cavities and the coupling coefficients.

Figure 5.28: Photograph of the 12-resonator diplexer

The simulated and measured results of the diplexer are depicted in figures 5.29 and 5.30. The
tuned measured response is in very good agreement with the simulated response. The
measurements show that the passband of channel 1 has maximum return loss of ~18 dB and
minimum insertion loss of 0.42 dB, and that the passband of channel 2 has maximum return
loss of 22 dB and minimum insertion loss of 0.4 dB. The measured isolation within the

passbands is 64 dB or better.

120



Chapter 5 — Implementation of Power Dividers and Diplexers

-20

1
fou
=

S-Parameters (dB)
&
[ ]

-80

-100

184

1S111

Measurad
i ¢ [Fem=NaEeEs simulated
i ] !
10.5 11 11.4 12
Frequency (GHz)

Figure 5.29: Measured and simulated results of the 12-resonator diplexer

|S23| (dB)

-60

-7a

-a0

-40

-100

-110

Frequency (GHz)

Figure 5.30: Measured and simulated |S,;|

| | | |
] | =
N | I'
f | |
[~ |i . (! .. -
‘ | |
i 1 I .
& :l | ' ':
; el | E I
. : ‘
— 523 Measured
--------- 523 Simulated
2] 9.4 10 104 11 114 12

121



Chapter 5 — Implementation of Power Dividers and Diplexers

5.4.5 E-band 12-resonator diplexer

An E-band diplexer has been designed to be used as a front-end component in the transceiver
of a point-to-point broadband wireless communications system that offers Gigabit Ethernet
connectivity over a distance of a mile or more. It is specified to work at the frequency bands
71-76 GHz and 81-86 GHz. The full specifications of the diplexer are given in table 5.3.

The synthesis procedure of diplexers proposed in Chapter 4 has been adopted here. A
structure of 12 resonators, with the topology shown in figure 5.25, has been chosen to meet

the required specifications of sharp transitions and high isolation.

Table 5.3: Specification of the E-band diplexer

Band Frequency Range Specification

Low Guard Band 0-69.5 GHz Rejection 20 dB Minimum
Insertion Loss | 0.5 dB Maximum

Channel 1 71-76 GHz Reflection Loss | 14 dB Minimum
Isolation 60 dB Minimum

Mid Guard Band 77.5-79.5 GHz Rejection 20 dB Minimum
Insertion Loss 0.5 dB Maximum

Channel 2 81-86 GHz Reflection Loss | 14 dB Minimum
Isolation 60 dB Minimum

High Guard Band 87.5-96.7 GHz Rejection 20 dB Minimum

The normalised optimised coupling matrix is that shown in table 5.2 and the lowpass
prototype response is that shown in figure 5.26. The normalized external quality factors are
qe1=1.4903, q.7= q.12=2.9806.

A structure of 12 waveguide cavity resonators coupled together using inductive apertures has

been designed. The 3D structure of the designed diplexer is shown in figure 5.31, and the
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simulated response is shown in figure 5.32. The diplexer does not involve any external
junctions for distribution of energy, and the cavity resonators have been arranged so that the
whole device is miniaturised. The overall dimensions of the designed device are 19.05 mm x
19.05 mm x 20 mm. In comparison to a conventional E-band diplexer currently in the market,
the proposed design provides a compact structure, since there is no T-junction, in addition to
its folded structure. The overall length of the proposed diplexer is miniaturised by 59% when
compared to an E-band diplexer made by K&L Microwave Company [11] that has an overall
size of 19.05 mm x 19.05 mm x 48.77 mm. The datasheet of K&L Microwave Company

diplexer is given in Appendix B.

Port 2

Waveguide Cavity

Port 3
Inductive Aperture

Port 1

Figure 5.31: E-band diplexer structure
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Figure 5.32: Simulated response of the E-band diplexer

5.5 Conclusion

The implementation of coupled-resonator power dividers and diplexers using waveguide
cavity resonators has been presented. The devices are: X-band 3-dB power divider, X-band
unequal power divider, X-band 4-resonator diplexer, X-band 12-resonator diplexer, and E-
band diplexer. The X-band devices have been designed, fabricated, and tested. Metal screws
have been used for tuning the filtering response of these devices, and the measurements
showed a good agreement with the simulation results. The design of E-band diplexer has been
presented for the use as a front-end component in the transceiver of a wireless point-to-point
communications system for Ethernet connectivity. 12 resonators were needed in the E-band

diplexer to fulfil the requirements of selectivity and high isolation.
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Chapter 6

Micromachined H-band (220-325 GHz)
Diplexer with Embedded Bends

6.1 Introduction

The design methodology of coupled resonator diplexers has been presented in Chapter 4, and
the implementation of diplexers at the X-band has been presented in Chapter 5. In this
Chapter, a coupled-resonator diplexer working in the H-band (220-325 GHz) frequency range
is exhibited. The diplexer has been constructed with innovative structure using
micromachining technology that achieves good dimensional accuracy in the micron scale. It is
formed by bonding four layers of metal coated SU-8 photoresist fabricated using
photolithography technique. The diplexer configuration has been designed so that it is
compatible with layered structures formed by micromachining technology. It consists of
waveguide cavity resonators coupled together using capacitive irises, and its structure
contains relatively long waveguides and embedded matched right-angle bends. The long
waveguides allow fair separation between the test flanges that have relatively large size, and
the bends have been integrated in the structure to satisfy the measurement requirement of
secure and accurate connection between the device and the test ports’ flanges.

Figure 6.1 depicts a measurement configuration for micromachined waveguide devices.
Bends are utilized to allow the flange to be in the same plane of the SU-8 layers, and hence,
the connection between the flange and the micromachined device can be secured by screws.
Moreover, the configuration allows precise alignment between the test flange and the

micromachined device by alignment pins. The alignment pin holes in the micromachined
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structure are defined by photolithography, and hence, the accuracy of alignment is controlled
by micromachining. The locations of the holes in the micromachined device match those in

the standard UG-387 test flange.

- Flange Wavegunde device
SU-B Layer
/
Screw Be"d Allgnment
Hole Hole

Figure 6.1: measurement setup for a micromachined waveguide device

A literature review about micromachined waveguide components working in the frequency
range (220-325 GHz) will be presented first, and then a standard SU-8 micromachining
process will be outlined. The design of a micromachined bend that is matched over the H-
band will be presented. The design, fabrication, and measurement of a micromachined
structure of two back-to-back matched bends with a straight through WR-3 (220-325 GHz)
waveguide section are presented. Finally, design, realization and testing of the H-band
micromachined diplexer with embedded matched bends are presented. It has to be mentioned
that the author has been involved in the design and measurement stages, and that Dr. Mao Ke

has been involved in fabricating the components using micromachining technology.

6.2 Review of H-band waveguide components

The growing demand for higher bandwidths in communications systems and for higher
resolution imaging has increased the interest in components working in the millimetre (30
GHz to 300 GHz) and the terahertz (300 GHz to 3 THz) frequency ranges. Rectangular

waveguides are popular transmission media at these high frequencies due to their low loss and
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their ability to handle high power. Waveguide components that operate at the H-band
frequency range (220 GHz — 325 GHz) are of interest in the current work. Conventional
machining techniques are typically utilised to fabricate waveguides from metals such as brass
and copper. However, at frequencies higher than a few hundred GHz, the fabrication of high
precision waveguide components using standard metal machining is very expensive.
Alternatively, micromachining can be used to produce millimetre/sub-millimetre wave
components with good dimensional accuracy, high performance and reduced cost. For
example, silicon and SU-8 micromachining techniques can be utilised to produce waveguides
with critical dimensions defined through photolithography.

Micromachining techniques have been reported in literature as practical means of producing
H-band waveguide components. The fabrication of various SU-8 based waveguide sections
and the measurement using a specially designed metal block have been demonstrated in [1].
The measured WR-3 waveguide showed an insertion loss between 0.625 dB/mm and 1.125
dB/mm over the range 220-325 GHz. A straight SU-8 based WR-3 waveguide has also been
reported in [2]. The waveguide exhibited normalized insertion loss between 0.09 dB/mm and
0.44 dB/mm over the range 220-325 GHz, and reflection response with many undesirable
spikes. This was attributed to a loose connection between the test port flange and the device
under test. In [3], an SU-8 micromachined WR-3 waveguide has been reported, and a
photonic bandgap structure that is patterned on the test flange face has been proposed to
mitigate the loss resulting from loose connection between the SU-8 micromachined
waveguide and the standard test flange. The configuration proposed in figure 6.1 provides a

good solution for a secure connection between the test flange and the micromachined device.
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6.3 Fabrication Process

An SU-8 micromachining technique has been utilised in the fabrication of the proposed
waveguide structures. SU-8 photoresist is a very attractive material for MEMS and
micromachined circuits. It is highly sensitive to UV light and suitable for construction of high
aspect ratio structures [4]. Since SU-8 is a photosensitive material, standard photolithography
process can be utilized to define prescribed micro-patterns accurately by selective exposure to
UV radiation through a mask. The basic steps of the fabrication process involve [5]: spin
coating, soft bake, exposure, post-exposure baking, development, hard baking, substrate
removal, and metallization. Once the SU-8 is processed by these steps, it becomes a strong

and resilient structural material. The fabrication steps are detailed in the subsections below.

6.3.1 Spin coating

Spin coating process is commonly used to distribute a photoresist with a required thickness on
a flat silicon substrate. A measured amount of the SU-8 resist is dispensed onto the centre of
the Si substrate that is mounted to the chuck of a spinner. The thickness of SU-8 films
normally depends on viscosity, solids concentration, spinner speed and time of the spinning
process. The resist thickness is inversely proportional to the square root of the spin rate [6],
and spin speed curves provide a useful guide about the appropriate speed required to achieve
the desired film thickness. The layer thickness required for the micromachined waveguide
devices in this thesis is 432 um. Spin coating is carried out here by uniformly dispersing an
amount of SU-8 2050 photoresist onto a silicon wafer, and precision weight control has been

employed in order to have more accurate control on the final thickness.
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6.3.2 Pre-baking

A soft bake, or a pre-exposure bake, is used to evaporate the solvents from resist and to
improve resist-substrate adhesion. It is typically performed on either an oven or a level hot
plate with good thermal control. The Plate is levelled in order for the SU-8 layer to have a
uniform thickness. The SU-8 is baked above the glass transition temperature (Tg) of the
unexposed resist. The mobility of the SU-8 at temperatures higher than its Tg, and the force of
gravity and surface tension allow the SU-8 to self-planarize to a film with good flatness. The
solvent contained in the SU-8 evaporates during the pre-bake process, and this causes the
viscosity of the SU-8 to increase. The pre-bake process is carried out here on a level hotplate
in a two-step temperature ramp, as the resist is initially baked at 65° C for 30 min and then the

temperature is raised to 95° C for 4-5 h.

6.3.3 Exposure

After soft baking, the resist-coated substrate is moved to an exposure system (a mask aligner),
where the photoresist is exposed to UV light through a photomask. The mask is usually made
of glass that is transparent to UV light, with a chromium pattern applied on the glass that is
opaque to UV light [7]. A mask aligner is used to shine UV light on the photoresist through
the mask. It contains an UV lamp that is used to deliver light to the photoresist film with the
proper exposure dose. The dose, or incident energy (J/em?), is defined by the incident light
intensity (in W/cm?) multiplied by the exposure time (in seconds) [8]. The optimal exposure
dose depends on the required thickness of the photoresist film [9]. There are two basic types
of photoresists: positive resists and negative resists. In positive resists, when exposed to light,
the chemical bonds are weakened and the exposed parts become more soluble in the
development stage. In negative resists, the chemical bonds are strengthened when exposed to

light, and the exposed areas become insoluble [7,10]. Hence, positive resists will have a
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positive image of the mask after development, whereas negative resists will have a negative
image of the mask. SU-8 is a negative photoresist, and it has a photoacid produced upon
exposure to light. This photoacid acts as a catalyst in the cross-linking reactions taking place

during the postbake stage [11].

6.3.4 Postbake

After exposure of the SU-8, a post-bake process is carried out to enhance the cross-linking of
the exposed areas and stabilize them against the solvents action in the development stage.
Although the catalyst formed during the exposure process induces reactions at room
temperature, the rate of these reactions increases by post-exposure bake at 60-100° C [8], and
therefore increases the cross-linking degree. The bake can be performed in a convention oven
or on a hot plate. Precise control of the post-bake times is crucial for the quality of the final
structure, as extended bake times introduce large amounts of stress in the resist that is likely
to cause bending of the structure and peeling form the substrate. Moreover, reduced bake
times result to structures that are not fully cross-linked with higher chance of being attacked
by solvents in the development step [8]. Post-bake has been carried out here on a two-step
temperature ramp process. Initially, the resist is baked at temperature of 65° C for 5 minutes,
and then the temperature is ramped up to 95° C for 30 minutes, and then the hotplate is

switched off and the resist is cooled down naturally to room temperature.

6.3.5 Development

The resist is then developed with Ethyl lactate solvent to remove the non-cross-linked SU-8
regions. The development is performed by immersing the resist-coated substrate in the
developer solution at room temperature. Development rate can be increased by stirring the

developer solution that enhances diffusion of developer molecules into the non-cross linked
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SU-8 areas [12]. The time of development can vary based on temperature and agitation rate
during development, geometry of the pattern, and resist processing parameters. The
development is carried out here for about 30 minutes, followed by rinsing with isopropanol
and drying with a stream of air or nitrogen. After the completion of this stage, a negative

image of the mask is produced, and the pattern of the waveguide device is formed.

6.3.6 Hardbake and substrate removal

After development, a hard-bake step is useful to further strengthen the cross-linking bonds.
This makes the resist strong and resistant to most known acids and alkalis, and also resilient
to subsequent processing such as metal evaporation that would subject the SU-8 to
temperatures higher than 100° C. Skipping the hardbake step makes the SU-8 layers
susceptible to bending during metallization [13]. The hardbaking is carried out here on a hot
plate at 150° C for 30 minutes. The hotplate is then switched off and the substrate is left on
the hotplate to allow gradual cooling down to reduce the stress.

To release the SU-8 from silicon substrate, the resist-coated substrate is immersed in a 10%

sodium hydroxide solution at 60° C for more than 7 hours to etch the silicon away.

6.3.7 SU-8 Metallization

Evaporation and sputtering are common types of physical vapour deposition (PVD) that are
used to add a metal to the surface of the substrate to be coated [9]. In evaporation, a material
is vaporized from a source by heating and the vapour is transported in vacuum to condense on
the surface of the substrate to be coated. In sputtering, argon ions from plasma hit the
sputtering material and the ejected atoms from the material are transported in vacuum to the
surface of the substrate to be coated [10]. Adhesion intermediate layers are commonly used

when depositing PVD films to form strong chemical bonds at the interfaces [9]. Chromium
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(Cr) and Titanium (Ti) are commonly used as adhesion layers. The metal coating is carried
out here by firstly sputtering 5 nm of Cr adhesion layer, then evaporating just over 1um thick
silver and a thin protection layer of 20 nm gold. The coating is carried out here on all the
surfaces of the SU-8 pieces, including the inner walls. The evaporation is done in an
evaporator that can continuously rotate the substrate holder at any required angle in order to

make sure the walls of the waveguide structure are well coated.

6.4 Micromachined WR-3 Waveguide with Bends

The design, fabrication and measurement of a structure of WR-3 rectangular waveguide
section with two back-to-back matched right angle bends are presented (see figure 6.1). The
device is made of four layers of metal coated SU-8 using photolithography to produce the
micromachined circuit. A theoretical review about a rectangular waveguide and its conductor
loss will be presented first in this section, followed by the design of a micromachined

waveguide and a right angle bend, and then the measured results will be shown.

6.4.1 Rectangular waveguide review

A rectangular waveguide with width a and height b is illustrated in figure 6.2, where it is
assumed that the material filling the waveguide has a permittivity of &€ and permeability p.
This guide can propagate TM and TE modes that have cut-off frequencies in which
propagation is not possible below.

The fields of the TE modes are characterised by £.=0 and Hz(x,y,z)th(x,y)e'jBZ, where B is the

propagation constant, given by [14],

B=k -k’ (6.1)
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a

A

Figure 6.2: Rectangular waveguide geometry

where k = w,/ ue 1s the wavenumber and £, is the cut-off number, given by,

- m_ﬂ_Z ﬂZ
=T

The cut-off frequency f., ., of the mnth mode is given by,

P S PN o
c,mn 2}[\/; 272_ ,ug a b .

Assuming a>b, the dominant mode occurs for the TE;p mode, and it has a cut-off frequency

ﬁ,lo;

fc,lo =T T (6.4)

The guided wavelength of the TE;p) mode in a rectangular waveguide is a function of
frequency and it is calculated by,

A =2F 27 (6.5)

(2]
o pE —| —

The group velocity (v,) in which the energy propagates within a rectangular waveguide is

given by,
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w3
o pe—| —
v, = a (6.6)

The attenuation due to conductor loss for the dominant TE;y mode in (Np/m) is given by,

0, =2 (br*+ak?)  Npm (6.7)
a*bkn

where 7 =./u/¢ 1s the intrinsic impedance of the material that fills the waveguide, and

R, =, ou/20 1s the surface resistance of the waveguide walls (with conductivity ).

6.4.2 Micromachined waveguide structure

A cross section of the micromachined waveguide is shown in figure 6.3. It is composed of
four layers of metal coated SU-8, each of a thickness of 432 um. Two split blocks are formed,
with layers 1 and 2 bonded together using conducting glue to make half of the split blocks,
and layers 3 and 4 bonded to form the other half. To minimize the resistive losses, and to
avoid any gaps between the SU-8 layers, a second metal evaporation is done on each of the

two halves.
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g Layer 2
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)
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Figure 6.3: Cross sectional view of the micromachined waveguide structure.
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The attenuation due to conductor loss for a section of a rectangular waveguide has been
calculated using equation (6.7) in the frequency range 220-325 GHz. The insertion loss of a
16 mm waveguide is shown in figure 6.4 for different values of metal conductivity. The metal
used in coating the SU-8 layers is silver, that has a conductivity of 6=6.3 x 10" S/m. Figure

6.4 shows the effect of imperfection of conductivity on the insertion loss over the H-band

frequency range.
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Figure 6.4: Effect of imperfection of conductivity on insertion loss

6.4.3 Bend design

Waveguide right-angle corners exhibit narrowband and mismatched response. Conventionally,
a broadband matching is achieved by using a smooth transition such as multi-stepped or
multi-mitred corners [15,16]. However, these configurations are not compatible with the
layered structures proposed here. A modified waveguide bend that can be fabricated using the
micromachining technology is therefore presented here. The bend has two ridges at the

junction region; each contributes a resonance into the desired frequency band and broadens
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the matched bandwidth. The bend structure, with the optimized dimensions is shown in figure
6.5, and the simulated response is given in figure 6.6. The geometries of the ridges have been
adjusted by EM optimization [17] to achieve matching in the range between 250-320 GHz
with a return loss of -20 dB or better. A more complicated structure would be required to

achieve matching over the whole WR-3 band (220-325 GHz).

S11 and 521 (dB)

220 240 260 280 300 3z0

Frequency (GHz)

Figure 6.6: Simulated response of the bend.
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To measure the bend, a structure of two back-to-back bends and a straight waveguide section
is constructed. It is formed of four micromachined layers; each contains holes to allow
alignment pins and screws of the test flanges to pass through. The locations and diameters of
these holes match those in the standard UG-387 waveguide flange. Figure 6.7 depicts the
back-to-back structure and the top view of layer 2. The waveguide length is around 16 mm
excluding the bends; this is made sufficiently long to permit fair separation between the
flanges so that pins and screws are not blocked from the other side. The size of each SU-8
layer is 432 pm x 48 mm x 24 mm. The bends allow the waveguide to be in the same plane as
the SU-8 layers. This is distinct from the previous work [1,2] where the waveguide flange was
connected laterally to the SU-8 layers. The structure in figure 6.7 allows other waveguide
components such as filters to be interconnected between the bends. Moreover, it can be
extended to include multiport components such as waveguide diplexers, as will be shown later

in section 6.5.

k 15.950 mm

Layer
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Figure 6.7: Side view of back-to-back structure and top view of layer 2.
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6.4.4 Fabrication and assembly

SU-8 photolithography process has been utilized to produce the four layers of the device. The
fabrication process is presented in section 6.3. Once the four metal-coated SU-8 layers were
ready for assembly, layers 1 and 2 were aligned and bonded together using conducting glue,
and then a second metal coating was performed to fill any gaps in the interface between the
layers, as mentioned earlier. The same process was done for layers 3 and 4. Finally, the device
was assembled and the pieces were aligned using pins, and then clamped together using
conventionally machined metal plates made from brass. It should be noted that these brass
plates bear no function for alignment, considering their inferior fabrication accuracy as
compared with micromachining. A secure connection between the standard flange and the
SU-8 device is realised since the flanges are directly connected to the first and the fourth

layers using screws. A photograph of the assembled device is shown in figure 6.8.

Clamping Metal Plates

Figure 6.8: Assembled device

6.4.5 Measurement results

An Agilent E§361A network analyser with OML extension modules VO3VNA2-T/R and
VO3VNA2-T (220-325 GHz) have been used to take measurements. The T-module is a
“receive-only” and cannot provide stimulus to the device under test. Hence, a full two-port

calibration is not possible, and only one transmission measurement (S;;) and one reflection
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measurement (S;;) are possible by using one T/R module and one T module. The device has
to be reversed to measure the parameters (Si2) and (Sx). Moreover, the return loss at any port
has been measured by connecting the device to the test port of the T/R module, and
connecting the other port of the device to a matched load. This is due to the poor match of the
T-module (6 dB match), as the signal entering the T-module faces a mixer that has poor
matching. An Enhanced-Response calibration is the most accurate for the T/T-R configuration
[18,19]. It combines a one-port calibration for port-1 and a thru response calibration between
ports 1 and 2. A photograph of the measurement setup showing the SU-8 device clamped

between the metal plates and connected to the test ports is depicted in figure 6.9.

Figure 6.9: Photograph of the measurement setup

Figure 6.10 displays the simulated and the measured S-parameters of the back-to-back
structure. The metal used in the lossy simulation in figure 6.10 (b) is silver, which has a
conductivity of 6.3x10” S/m. The measured results show a return loss of better than -16 dB
and insertion loss of 2.5 - 3 dB in the frequency range 240-312 GHz. The guided wavelength
(Ag) of the TE o mode of the waveguide is calculated using equation (6.5) at 300 GHz, and

found to be 1.224 mm. A total length of 18.542 mm (waveguide and bends) corresponds to
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15.15 wavelengths, and the insertion loss per wavelength at 300 GHz is approximately 0.165

dB/Ag (0.134 dB/mm). This is higher than the nominal value of a commercial metallic

waveguide, that has insertion loss of ~0.02 dB/mm. The losses in the micromachined device

could be attributed to the imperfection of metal conductivity, and also the possibility of

existence of gaps in the interface between the layers, which caused the higher-than-simulated

insertion loss.
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Figure 6.10: (a) Measured and simulated results, (b) passband details
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The multiple nulls in the S;; response are due to signal reflections at the end of the waveguide
sections. Using equation (6.6), the group velocity (v,) is 1.8441 x 10°® m/s at 220 GHz, and
2.5342 x 10® m/s at 325 GHz. The group delay for a wave to make one trip between the ends
of the 16 mm long waveguide varies from 63 ps at 325 GHz to 87 ps at 220 GHz.

The measurements have shown good repeatability. This, together with the measured low

return loss, indicates a reliable flange connection.

6.5 Micromachined H-band Diplexer

6.5.1 Diplexer design

A micromachined 8-resonator non-contiguous diplexer that works at the H-band has been
designed, fabricated and tested. The diplexer channels have passband centre frequencies of
265 GHz and 300 GHz, and a desired reflection loss of 20 dB. It has been synthesized
according to the procedure presneted in Chapter 4 for T-topology diplexers. The diplexer
topology is shown in figure 6.11, and the optimised normalised coupling matrix is given next.
The normalised external quality factors are ¢.;1=1.63, @.s=q.s=3.26, and the fractional
bandwidth is FBW=17%. The prototype response of the synthesized diplexer is shown in

figure 6.12.

Port 1

0
(8762345

Port 3 Port 2

Figure 6.11: H-band Diplexer topology
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Figure 6.12: Prototype response of H-band diplexer.
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The diplexer has been implemented using waveguide cavity resonators coupled together using
capacitive irises. A top view of the diplexer structure is depicted in figure 6.13. The diplexer
configuration has been designed so that it is compatible with layered structures produced by

micromachining technology.

Port3| WR-3 8 H 7 H [ ( 1 3 H 4 H 5 WR-3 |Port2

o
z

Port 1

Figure 6.13: Top view of the diplexer structure

For measurement purposes, it is necessary to design the diplexer in a way that allows three
test port flanges to be securely and accurately connected to the device considering their
relatively large size. This is achieved by constructing the structure shown in figure 6.14. It
consists of the 8-resonator diplexer, 4 matched bends, and relatively long waveguides to allow
fair separation between the test flanges. The bends at the terminals of the device generally
have the structure depicted in figure 6.5, with some dimensions optimized to improve
matching over certain frequency bands. The right-band bend has been individually optimized
so that matching is achieved at the higher frequency channel, which is centered at 300 GHz.
Similarly, the left-band bend has been optimized to achieve matching at the lower frequency
channel that is centered at 265 GHz. The input bend has been separately optimized so that

matching is achieved over the largest possible range of frequencies in the H-band.
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Right-Band Bend

Input Bend
Curved Bend

8-Resonator

Diplexer

Left-Band Bend

Figure 6.14: Diplexer structure

The additional curved bend is employed in the structure in order for the waveguide at the
common port to have the same orientation as the waveguides at the other ports. This is
necessary since the test ports have the same waveguide orientation. Figure 6.15 shows the
simulation performance of |S};| of the optimized bends. The 8-resonator diplexer and the
bends have been designed individually and then they were interconnected together. The
addition of the bends to the diplexer resulted in small degradation in its performance, and
hence final optimization for the whole structure has been carried out to improve the
performance. This has been done for all the bends without altering the dimensions of the
diplexer. Figure 6.16 depicts the simulation results of the diplexer before adding the bends,
and the performance after optimizing the whole structure with the bends. CST has been used
for simulation and it took around 29 minutes on a computer that has 3.47 GHz processor (4
CPUs) and 24 GB RAM. It is noticed that the addition of the bends has affected the

smoothness of the transitions in the low guard band (below 260 GHz) and the high guard band
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(above 315 GHz). This may have been caused due to the imperfection in matching

performance of the input bend below 260 GHz and above 315 GHz.
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Figure 6.15: simulations results of the bends
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Figure 6.16: Simulation results of the diplexer with and without the bends
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6.5.2 Fabrication and assembly

The device has been fabricated using the SU-8 micromachining technique presented in section
6.3. Four layers of metal coated SU-8, each of thickness of 432 um, have been made to form
the diplexer structure. The size of each layer is 50.224 mm x 43.9 mm x 432 pum, and the
layouts of the top views of the layers forming the device are shown in figure 6.17. The holes
in each layer match those in the standard UG-387 waveguide flanges to allow alignment pins

and screws to pass through.

50224mm ————————————|

43.9 mm

Layer 1 Layer 2
Laver 3 Layer 4

Figure 6.17: Layers layouts of the micromachined diplexer.
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Figure 6.18 depicts a microscope photo of the centre part of the diplexer. It proves that good
dimensional accuracy has achieved for the thickness of the irises, where the measured
dimensions of iris thickness of 103.7 um and 100.3 um are in good agreement with the
designed values of 100 um. However, the measured dimensions of the gaps corresponding to
the couplings between the cavities have shown inferior accuracy, where the measured values
of 225.8 um, 103.7 um, and 133.8 are smaller than the designed values of 242 pm, 112 pum,

and 144 pm respectively.

Figure 6.18: Microscope photo for layer 3 at the centre part of the diplexer.

Two split blocks have been made of the metalized layers; the first was formed by aligning and
bonding layers 1 and 2 using conducting glue, and similarly, the second split block was
formed from layers 3 and 4. Second metal evaporation has been done for each of the split

blocks to fill any gaps between the SU-8 layers. Finally, the two blocks have been aligned
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using pins, and clamped together using conventionally made brass plates. A photograph of the

assembled device is shown in figure 6.19.

Figure 6.19: Assembled diplexer.

6.5.3 Measurement

The device has been measured using an Agilent E8361A network analyser with OML
extension modules VO3VNA2-T/R and VO03VNA2-T (220-325 GHz). It is the same
measurement equipment used to test the back-to-back bends presented earlier. Since 2-port
network analyser is used here to test a 3-port device, a matched load is used in the
measurement of the transmission parameters S»; and S3;. Consequently, S, is measured by
connecting the test ports of the T/R and T modules with ports 1 and 2 of the diplexer,
respectively, and connecting a matched load to port 3. Similarly, S3; is measured with the test
ports of T/R and T modules connected to ports 1 and 3 of the diplexer, respectively, and a
matched load connected to port 2. Due to the poor match of the T-module (6 dB match), the

reflection parameters at any particular port of the diplexer are measured by connecting that
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port to the test port of the T/R module, and loading the other ports of the diplexer by matched
loads.

An enhanced response calibration has been performed first. The measurement setup is
depicted in figure 6.20 showing the micromachined device clamped between the two brass
plates. The connection of a 6 dB attenuator between the device under test and the T-module
reduces the reflection from port-2 (T-module) back to port-1 (T-R Module), since the
reflected signal from the poorly matched T-module is damped by the attenuator. Moreover,
the use of the attenuator has been found useful to reduce the periodical ripples in transmission

measurements.

Figure 6.20: Measurement setup.

Figure 6.21 depicts the measured and simulated S»; and S3; of the diplexer, and figure 6.22
shows the measured and simulated reflection parameters S»» and S33. The measured response

of S11 presented unwanted ripple in the guard bands and it is depicted in figure 6.23.
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Figure 6.21: Measured and simulated S,; and 3,
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Figure 6.22: Measured and simulated 5>, and S33
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Figure 6.23: Measured and simulated S,

The measured results show that the average insertion loss is 7.6 dB for |S,;| and 8 dB for |S34],
and that the maximum return loss at ports 2 and 3 is 10 dB and 13.4 dB, respectively. The
high losses could have been attributed to the imperfection in coating the walls, especially at
the narrow gaps corresponding to couplings between cavities. It is particularly difficult to
access the walls at these gaps through metal evaporation even with rotating the SU-8 layers.
The possibility of existence of air gaps in the interface between the SU-8 layers could have
also caused more losses.

The effect of the finite conductivity of the metal walls on the insertion loss can be evaluated
by considering the conductor losses of the waveguide sections, the bends, and the coupled
resonator diplexer. Table 6.1 shows the insertion loss at different values of metal conductivity
for the coupled resonator diplexer, the waveguide sections, and the bends. The insertion loss
of the diplexer has been found from simulation results at 265 GHz and 300 GHz, and the
conductor loss of the waveguide sections has been calculated using equation (6.7) at 265 GHz
and 300 GHz for an overall length of waveguide sections of 29 mm. The conductor losses
associated with the bends have been obtained from simulation results of each bend

individually at 265 GHz and 300 GHz. Assuming that the degradation in the insertion loss is
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mainly due to conductor losses in the whole structure, the calculations indicate that the
effective conductivity that has been achieved is around 1% osiver. The quality of metal coating
may be improved by carrying out the evaporation process several times to increase the

thickness of the evaporated silver.

Table 6.1: Insertion loss at different conductivities

Waveguide Bends loss
Diplexer IL (dB) Total loss (dB)
sections (dB) (dB)
Conductivity ™65 T 399 265 300 265 300 265 300

GHz GHz GHz GHz GHz GHz GHz GHz

Gsiver=6.3x10" | 0.23 0.23 0.377 | 0.347 | 0.144 0.186 0.751 0.763

10% osilver 0.727 | 0.756 | 1.192 | 1.097 | 0.426 0.568 2.345 2.421

1% Gsitver 2.26 2.34 3.768 | 3.471 1.312 1.79 7.34 7.601

0.5% osilver 3.18 3.29 5.329 4.9 1.854 2.571 10.363 | 10.761

The measured results also show that the bandwidth of each channel is narrower than the
simulated results. This has been caused due to the significant insertion loss, and also due to
the reduction in size of the coupling irises in the fabricated device in comparison to the design

as shown earlier in section 6.5.2.

6.6 Conclusion

An SU-8 micromachined waveguide bend working in the H-band frequency range (220-325
GHz) has been presented. Such a bend provides a direct and accurate connection interface
with standard waveguide flanges and allows interconnecting waveguide components such as
cavity filters and diplexers. A 4-layer SU-8 structure of two back-to-back bends and straight
WR-3 waveguide has been fabricated and tested and the measured results show better

performance than micromachined SU-8 waveguides elsewhere in literature. The
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measurements showed a return loss of -20 dB and a normalized insertion loss of 0.134 dB/mm
at 300 GHz. Two brass plates have been used to clamp the metal coated SU-8 pieces together.
An H-band micromachined diplexer has also been designed, fabricated and tested. The
diplexer structure consists of waveguide cavity resonators, relatively long waveguides, and
matched bends, and it has been made of four layers of metal coated SU-8. Second metal
evaporation has been done to fill any gaps in the interface between the layers and minimize
the losses, and two brass plates have been used to clamp the SU-8 layers together. The
measured response of the diplexer exhibited an average insertion loss of 7.6 dB for |S;| and 8
dB for |S3;1], and a bandwidth narrower that the desired. The imperfection of metal coating
could have caused the high losses, in addition to the possibility of existence of gaps between
the SU-8 layers. The coupling irises in the fabricated device are smaller than the design. This,
in addition to the significant insertion loss, may have caused the bandwidth of each channel to

be narrower than the specified bandwidth.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The thesis has looked into coupled resonator circuits with multiple outputs. Design techniques
used for coupled resonator filters have been extended here to multiple output circuits, and
three-port coupled resonator power dividers and diplexers have been demonstrated in
particular. The design approach allows synthesis of power dividers with arbitrary power
division, as well as diplexers with novel topologies, and the realization of these components is

possible using waveguide cavities, microstrip resonators or other types of resonators.

The coupling matrix of a multiport circuit with multiple coupled resonators has been derived.
Magnetic and Electric couplings have been considered separately in the derivation, and then a
unified solution has been generalized for both types of coupling. Transmission and reflection
scattering parameters of a three-port coupled resonator circuit have been found in terms of the
derived coupling matrix. The derived equations have been fundamental to the work in this
thesis and they have formed a basis for the synthesis procedure. A gradient based optimization
technique has been employed here to produce coupling matrices for the coupled resonator

power dividers and diplexers.

Starting with power dividers, optimization has been successful in producing coupling matrices
for power dividers with Chebyshev and Quasi-Elliptic filtering responses and with different
power division ratios. Different topologies have been demonstrated, with large number of

resonators shared in the signal paths between the input and output ports. Three-port n-coupled
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resonator structures without cross-coupling have produced Chebysheyv filtering responses with
order of (n-1). Moreover, topologies of n-coupled resonators with cross coupling have
produced Quasi-Elliptic filtering responses with order of (n-2). Polynomial characteristics
have been formulated for the filtering coupled resonator power dividers. The proposed divider
is not matched at output ports, and also the output ports are not isolated. This is a known
drawback of 3-port junctions that can never be lossless, reciprocal, and matched at all ports at

the same time.

Coupled resonator diplexers with novel topologies have been successfully synthesised using
optimization. Unlike conventional diplexers, the proposed diplexers do not involve any
external junctions for distribution of energy, such as waveguide manifolds, or T-junctions, or
circulators. Thus, the proposed diplexers can be miniaturized, and the space of the external
junction can be used to add resonator/resonators that contribute to the filter transfer function.
However, the avoidance of the external junction is traded against reduction in isolation
between diplexer channels. T-topologies that produce Chebyshev response and canonical
topologies that produce Quasi-Elliptic response have been proposed. Both constrained and
unconstrained local optimization techniques have been utilised to synthesise the coupling
matrix, and a formula has been introduced to calculate the external quality factors of diplexers
with symmetrical channels. Setting the values of the external quality factors at the outset of
the optimization algorithm enhances the convergence time. It has been found that by using
local optimisation techniques for relatively large structures, the optimisation algorithm may
converge to a local minimum. To solve this problem, the optimisation has been done in two
stages. The first stage assumed equally spaced reflection zeros and the resulting coupling
coefficients have been used as initial values for the second stage. The frequency locations of

the reflection zeros are then allowed to move in the second stage until equiripple level at the
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specified insertion loss is achieved. Moreover, assigning different weights to the terms of the
cost function has been found useful for convergence, especially for large structures.

A comparison between diplexers with the same specification (channels bandwidth, channels
separation, return loss) and different topologies has been carried out. A conventional diplexer
has been included in the comparison with the proposed diplexers in this thesis. It has been
found that the higher the number of resonators in the path between output ports, the better the
isolation. In consequence, the isolation performance of the proposed coupled resonator
diplexers degrades in comparison to the conventional diplexers. However, an advantage of the
proposed diplexers is that the source is directly coupled to the input resonator in the diplexer
structure. This is distinct from the diplexers reported in the literature, since there is no need to
use an external junction (T-junction, manifold, etc...) as in conventional diplexers, or to add a
resonant junction (an extra resonator in addition to the channel filters) or to directly connect
the common port to one terminal of each of the channel filters, which may have practical
difficulties in implementation. Thus, the proposed coupled resonator diplexers exhibit a trade-

off between design complexity and isolation performance.

Coupled resonator power dividers and diplexers have been implemented to verify the design
approach. They have been realized using waveguide cavity resonators coupled together using
either capacitive or inductive irises. The devices are: X-band 3-dB power divider, X-band
unequal power divider, X-band 4-resonator diplexer, X-band 12-resonator diplexer, and E-
band diplexer. The X-band devices have been made of two mirror-image blocks of copper,
and metal screws have been used to tune the filtering response of these devices. The measured
results are in good agreement with the simulated results. The E-band diplexer has been
designed to be used as a front end component in the transceiver of a wireless point-to-point

communication system that offers Ethernet gigabit connectivity. It is specified to work at the
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frequency bands 71-76 GHz and 81-86 GHz. The diplexer has been designed with twelve
resonators to fulfil the stringent requirements of selectivity and high isolation. In comparison
to the conventional E-band diplexers currently in the market, the proposed diplexer is
miniaturised since it is designed of a folded structure of coupled resonators without any

external junctions.

A micromachined coupled resonator diplexer with embedded bends working in the H-band
(220-325 GHz) has also been designed, fabricated and tested. The micromachining work
started with the design of a structure of two back-to-back matched bends with a 16 mm
straight through WR-3 (220-325 GHz) waveguide. The bend is matched over the H-band, and
it has been designed to be interconnected with waveguide components (filters, diplexers...etc)
to provide secure and accurate connection between the device and the test ports’ flanges. The
back-to-back bends structure has been constructed by bonding four layers of metal coated SU-
8 photoresist that were fabricated using a micromachining technique. It has been tested and
the measurements showed a return loss of -20 dB and a normalized insertion loss of 0.134
dB/mm at 300 GHz. The device has been measured many times and the results were
repeatable.

The designed bend has then been integrated in the design of the structure of the
micromachined coupled resonator diplexer. The diplexer structure consists of waveguide
cavity resonators, relatively long waveguides, and matched bends. The whole structure has
been made of four layers of metalized SU-8. Second metal evaporation was a necessary step
to minimize the losses by filling the gaps in the interface between the aligned and bonded
layers. Two brass plates have been used to clamp the SU-8 pieces together. The diplexer has
been tested, and the measurement showed an average insertion loss of 7.6 dB for |Sy| and 8

dB for |S31|. The possibility of existence of gaps between the SU-8 layers, and the
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imperfection of metal coating could have caused the high losses. The measurement also
showed that the achieved bandwidth is narrower than the desired. This has been caused due to
the significant insertion loss and also since the coupling irises in the fabricated device were

smaller than the design.

7.2 Future Work

The work on coupled resonator diplexers can be further developed for more complicated
coupling structures. Increasing the number of cross-couplings between resonators in the
structure of the diplexer results to more transmission zeros, and hence selectivity can be
improved. Further work can also be conducted on coupled resonator diplexers with
asymmetrical channels, so that channels bandwidths are different, or channels have different
filtering functions. This, together with the symmetrical channel diplexers presented in this
thesis, would provide a general solution of coupled resonator diplexers that satisfies the
specifications of many practical applications. Further work can also be conducted to improve
the isolation between the diplexer channels, as it has been shown that the isolation
performance of the proposed coupled resonator diplexers degrades in comparison with the
conventional diplexers. This may be tried by adding couplings between non-adjacent
resonators.

An analytic solution may be sought to find the coupling matrix entries of the proposed
coupled resonator power dividers and diplexers. This would provide an alternative way to
using optimization techniques in the synthesis process, and would give an insight and better
understanding of the synthesis.

The synthesis of coupled resonator circuits with multiple outputs can be pursued further for

more output ports. This enables more passive components to be made of coupled resonators
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such as N-way power dividers, hybrid couplers and multiplexers, which are key devices in
microwave communication systems. The design procedure presented in this thesis for coupled
resonator three-port power dividers and diplexers can be generalised to multi-port coupled
resonator components, and the general coupling matrix derived in this thesis can be employed
as a basis for the synthesis. The level of complexity of synthesis increases for coupled
resonator structures if the number of coupled resonators and the number of output ports
increase. Hence, efficient optimisation techniques are required to produce the coupling

matrices.
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Appendix A

Cameron’s Recursive Technique

For a two port lossless filter composed of N coupled resonators, the Nth degree filtering

function is defined as a ratio between two polynomials,
Cy ()= 20 (@) (A1)

where the roots of F(w) correspond to the reflection zeros, and the roots of P(w) correspond
to the prescribed transmission zeros. The polynomial P(w) is constructed from the prescribed
transmission zeros, and the polynomial F(w) is found using Cameron’s technique that is
presented here.

The filtering function Cy(w) has a form of general Chebyshev characteristic,

C, (0)= cosh(ﬁcoshl (%, )j (A2)

k=1
where

o-1/w,
X, =——"
l-o/o,

and jwi=s; 1s the position of the kth transmission zero in the complex frequency domain. If all

the transmission zeros are at infinity, the filtering function Cy degenerates to the pure

Chebyshev function,

Cy (o) = cosh (Ncoshfl (a))) (A.3)

Wy —>0
In order to find the roots of Fx(w), the expression of Cy(w) in (A.2) will be rearranged in a
form of numerator and denominator, so that the numerator zeros will be equal to the roots of

Fy(w) as in (A.1).
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The synthesis proceeds by replacing the cosh” in equation (A.2) with its identity, that

iscosh™'(x)=In (x +/x? — 1), which yields to,

C, (@)= cosh{ﬁln(ak +b, )} (A.4)

k=1
where a, =x,, and b, =+/x; —1. Using the identity cosh(x):%(e)r +e*") , equation (A.4)

may be re-written as,

C, ()= %[exp(gln(ak b, )j+exp[—gln(ak +b, )ﬂ (A5)

Thus

N
=—[1(a +b, )+ +— ! (A.6)
k=t H(ak+bk)

k=1

)=1
2

Multiplying the numerator and denominator of the second term in equation (A.6) by

N
H . ) yields,

k=1

{lﬂ[ ak +b, +ﬁ(ak -b, )} (A.7)

Equation (A.7) may be rewritten in its final form by substitution of ax, b, and x; as follows,

ﬁ( _w] (A.8)

2
Where ¢, = a)—L , d, = a)’(l — sz ,and @ =+’ —1, atransformed frequency variable.
2 Wy
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Comparing equations (A.8) and (A.l), it is noticed that the numerator of Cy(w) is Fpw),
whose zeros correspond to the reflection zeros, and that the denominator of Cy(w) is P(w),

whose zeros correspond to the prescribed transmission zeros.

The numerator in equation (A.8) can be rewritten as follows,

num| Cy, (@) |= %[GN (@)+Gy (w)]=Fy (o) (A.9)
Where

GN(w)f[[ck+dk]lﬁ[_[a)—i}ua}'(l—%jz_ (A.10)

28

G, (@)= Tle. 1= [w-ij_w'(l_izj; (A1D)

28 28

The polynomial Gy(w) can be rearranged as a sum of two polynomials _UN(a)) and Vap(w),
Gy (a)) =Uy (a)) +Vy (a))
where Un(w) polynomial has its coefficients in terms of @ only, whereas Vy(w) polynomial

has its coefficients multiplied by the transformed variable o' as follows,
Uy(0)=u, +uo+u,0® +-- (A.12)
VN(a))=a)'(vO+v1a)+v2a)2+--- ) ) (A.13)

The coefficients of these polynomials are found through a recursive process. It starts by
setting k=1 into equation (A.10), which corresponds to the first prescribed transmission zero

w1, as follows,

1 (o1 :
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The recursive process continues with k=2, which corresponds to the second prescribed

transmission zero w», by multiplying G(w) from the previous iteration by [c2+d>], as follows,

6.(0)=G1(0) e 4] |
[ o- o1 L 19
:[Uz(“’)”/z(w)]

The formulae for U(w) and V>(w) are,

(A.16)

The process continues for &=3,...,N (including the zeros at infinity) by multiplying [ci+di] by
Gr-1(w), found in the previous iteration, to find Gy(w) =U(w) +Vi(w).

The general formulae for Ui(w) and Vi(w) are,

0, 0) =00, o) Lo, <w>+[1—2];-w'vk1<w>

1 (A.17)
1 |ER
Vi, (0)=oV,_, (a))—[;JVkl ((0)+[1——2j ‘0'U,_ (o)
k
Repeating the same process for G} (0)= U/ (@)+ 7V} (@), it is found that U}, (w)=U, (), and

V) (@)= -V, (@). Substitution the results into equation (A.9) shows that the numerator of

Cyv(w) is Up(w), and the reflection zeros can be found by rooting Up(w). The roots of Va(w)

correspond to the N-1 in-band reflection maxima.
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Coupled-Resonator 3-dB Power Divider

Talal Skaik, Michael Lancaster, Frederick Huang
School of Electronic, Electrical and Computer Engineering, University of Birmingham, B15 2TT, U.K
Email: tfs655@bham.ac.uk, m.j.lancaster@bham.ac.uk, fhuang@bham.ac.uk

Power dividers are passive devices used to divide an input signal into two or more signals of
lower power. T-junctions and Wilkinson dividers are examples of widely used power dividers. Here
we present a technique to synthesise a coupled-resonator power divider. The synthesis of multiport
microwave coupled-resonator networks has been presented in [1]. N-port devices formed from
magneto-inductive waveguides based on coupled loop resonators have been reported in [2]. The
design of the power divider proposed here is based on coupling matrix optimization for multiple
coupled resonators with multiple outputs. The synthesis employs coupling matrix optimisation
techniques similar to those developed for coupled resonator filters. The realisation of such dividers
is possible using microstrip resonators, waveguide cavities, or other types of resonators.

Fig. 1 (a) depicts a proposed structure of the power divider. It consists of n coupled resonators
arranged in a T-topology; it is a 3-port network and will be designed with a Chebyshev filter
response for Sy, and Sq3. The order of the filtering function at each output is equal to (n-1), where n
is the total number of resonators. The coupling coefficients m,.) -1y and m, , determine the
power division ratio. These coefficients will have equal values in case of 3-dB power division, and
different values for arbitrary power division. An X-band 3-dB power divider has been realized using
4 waveguide cavity resonators to demonstrate the approach.

The coupling matrix of n coupled resonators in an N-port network has been derived from the
equivalent circuit by formulation of impedance matrix for magnetically coupled resonators or
admittance matrix for electrically coupled resonators in a similar way to the two port formulation in
[3]. Each type of coupling has been considered separately and then a solution has been generalized
for both types of coupling. A general normalized coupling matrix [4] in terms of coupling
coefficients, and external quality factors, for any coupled resonator structure with multiple outputs,
has been derived as shown in equation (1).

O I B I

4] = » Lplto y : : : :
o / Ye(n-1) 0 {O J [mwm T mey Mg,
o ...

0o .. y

where ¢.; is the scaled external quality factor of resonator i, P is the complex lowpass frequency
variable, m;; is the normalized coupling coefficient between resonators i and j, and the diagonal
entries m;; represent the self coupling coefficients for asynchronously tuned filter. The scattering
parameters have been also derived as a function of the general coupling matrix as shown in (2).

_1_ i -1 _ 2 - _ # -1 (2)
Su =1 9 [A]H & '\,qaqe(;z—l) [A]()H)l > N9e9en [A]n]
The synthesis procedure of coupling matrices of the proposed coupled-resonator power divider using
optimization is based on minimization of a cost function that is evaluated at frequency locations of
reflection zeros. The derived equations (1) and (2) have been utilized in the optimization algorithm.
A gradient-based local optimization technique that is used in coupled resonator filters synthesis has
been employed here similar to the two port method described in [4].
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A 4 resonator 3-dB power divider has been designed, fabricated and tested to evaluate the
techniques. It is designed at X-band with a centre frequency of 10 GHz, a bandwidth of 570 MHz,
and a reflection loss of 20 dB at the passband using waveguide cavity resonators coupled together
using inductive irises. Fig. 1 (b) shows the synthesized coupling matrix (normalized), and Fig. 1(c)
depicts the divider structure. The input and output external quality factors (Q.i=q./FBW) and the
coupling coefficients (M;=m;. FBW), where FBW is the fractional bandwidth, are computed for a
FBW =5.7% and found to be M12: 00590, M23:M24: 00417, and Qe]: Qe3: Qe4:14.94.

@ Port2 0 1.0356 0 0

1.0356 0 0.7323  0.7323

s (D@~ e o o T

0 0.7323 0 0
o Port 3 Q= log = Upy=0:8516

(@) (b) (c)
Fig. 1 (a) Resonator topology, (b) Normalized coupling matrix, n=4, (c) Divider structure, n=4.

The simulated and measured results of the power divider are given in Fig. 2. The measured response
has been tuned using the metal screws and the result is in good agreement with the simulated
response. The experimental results show that the maximum return loss within the passband is 20 dB
and the minimum insertion loss is 3.3 dB. The bandwidth of the measured response is 1.23%
narrower than the simulated response and the measured isolation S>3 within the passband is around 6
dB as expected. The proposed divider is not matched at all ports, and the output ports are not
isolated, which is typical for lossless reciprocal 3-port junctions.
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Fig. 2. Measured and Simulated results, (a) S11, S21, S31 (dB), (b) S»3 (dB).

To conclude, a Coupled-Resonator 3-dB power divider has been synthesised using coupling matrix
optimization. An X-band power divider has been designed, fabricated and tested to demonstrate the
new approach.
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Abstract— A novel micromachined waveguide bend
operating in the frequency range 220-325 GHz is presented.
It provides for a direct and accurate connection with
standard waveguide flanges. A structure of two back-to-back
right angle bends and a straight 16mm long WR-3
rectangular waveguide has been fabricated and tested using a
UG-387 flange. The structure is made of four layers of
metallised SU-8 pieces using a micromachining technique.
The measurements show a return loss of -20dB and a
normalized insertion loss of 0.134 dB/mm at 300 GHz.

I. INTRODUCTION

The growing demand for higher bandwidths in
communications systems and for higher resolution
imaging has increased the interest in components working
in the millimetre and the terahertz frequency ranges. The
fabrication of high precision waveguide components
operating at these frequencies using standard metal
machining is  very expensive. Alternatively,
micromachining can be used to produce millimetre wave
components with good dimensional accuracy, high
performance and reduced cost. Here we use SU-8 as the
micromachining technology.

The fabrication of various SU-8 based waveguide
sections and the measurement using a specially designed
metal block have been demonstrated in [1]. The measured
WR-3 waveguide showed an insertion loss between 0.625
dB/mm and 1.125 dB/mm over the range 220-325 GHz. A
straight SU-8 based WR-3 waveguide has also been
reported in [2]. The waveguide exhibited normalized
insertion loss between 0.09 dB/mm and 0.44 dB/mm over
the range 220-325 GHz, and reflection response with
many undesirable spikes. This was attributed to a loose
connection between the test port flange and the device
under test. It is particularly difficult to accurately connect
to such tiny waveguides, and here we investigate one
solution to the problem.

This paper presents the fabrication and measurement of
a WR-3 rectangular waveguide section with two back-to-
back matched bends enabling accurate positioning of the
flange alignment pins and waveguide. The device is made
of four layers of metal coated SU-8 wusing
photolithography to produce the micromachined circuit.

The proposed structure provides accurate and repeatable
connection between the micromachined device and the
flanges, and the measured results exhibit normalized
insertion loss of 0.134 dB/mm at 300 GHz. To the best of
the authors’ knowledge, the measured results represent the
best performance ever demonstrated on any
micromachined waveguides at the same frequency range.

A cross section of the waveguide is shown in Fig. 1. It
is composed of four layers of metal coated SU-8, each of a
thickness of 432 um. Layer 1 and 2 are bonded together
using conducting glue to make half of the split blocks, and
layer 3 and 4 are bonded to form the other half. To
minimize the resistive losses, and to avoid any gaps
between the SU-8 layers, a second metal evaporation has
been done on each of the two halves.
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Fig. 1 Cross sectional view of the micromachined
waveguide structure.

II. BEND DESIGN

Waveguide right-angle corners exhibit narrowband and
mismatched response. Conventionally, a broadband
matching is achieved by using a smooth transition such as
multi-stepped or multi-mitred corners [3], [4]. However,
these configurations are not compatible with the layered
structures proposed in this paper. A modified waveguide
bend that can be fabricated using the micromachining
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technology is therefore presented here. The bend has two
ridges at the junction region; each contributes a resonance
into the desired frequency band and broadens the matched
bandwidth. The bend structure, with the optimized
dimensions is shown in Fig. 2, and the simulated response
is given in Fig. 3. The geometries of the ridges have been
adjusted by EM optimization [5] to achieve matching in
the range between 250-320 GHz with a return loss of -
20dB or better. A more complicated structure would be
required to achieve matching over the whole WR-3 band
(220-325 GHz).
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Fig. 3 Simulated response of the bend.

To measure the bend, a structure of two back-to-back
bends and a straight waveguide section is constructed. It is
formed of four micromachined layers; each contains holes
to allow alignment pins and screws of the test flanges to
pass through. The locations and diameters of these holes

match those in the standard UG-387 waveguide flange. Fig.
4 depicts the back-to-back structure and the top view of
layer 2. The waveguide length is around 16mm excluding
the bends; this is made sufficiently long to permit fair
separation between the flanges so that pins and screws are
not blocked from the other side. The size of each SU-8
layer is 432 pm x 48 mm x 24 mm. Crucially the
alignment pin holes and waveguide are now formed by the
micromachining process, this enables the micromachining
process to control the accuracy of the alignment. The
bends allow the waveguide to be in the same plane as the
SU-8 layers. This is distinct from the previous work [1, 2]
where the waveguide flange was connected laterally to the
SU-8 layers. The proposed structure will eventually allow
other waveguide components such as filters to be
interconnected between the bends. Moreover, it may be
extended to include multiport components such as
waveguide multiplexers.
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Fig. 4 Side view of back-to-back structure and top view of
layer 2.

II1. FABRICATION AND ASSEMBLY

SU-8 photolithography process has been utilized to
produce the device. A more detailed description can be
found in [6], [7]. Firstly, an amount of SU-8 was dispersed
onto a 4-in silicon wafer for spinning, then the resist was
pre-baked to evaporate the solvents, then the sample was
exposed under UV light to define the right patterns by
photolithography. Post-baking was then carried out to
strongly cross-link the defined patterns, and then the wafer
was developed in Ethyl lactate solvent and hard baked.
The SU8 pieces were then released from silicon and
metallised. The metal coating was done by firstly
sputtering 5 nm of Cr adhesion layer, then evaporating just
over lum thick silver and a thin protection layer of 20nm
gold. The evaporation was done using an off-axis rotation
in order to make sure the metal walls of the waveguide
were well coated.

Once the four SU-8 layers were ready for assembly,
layers 1 and 2 were aligned and bonded together using
conducting glue, and then a second metal coating was
performed to fill any gaps in the interface between the
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layers, as mentioned earlier. The same process was done
for layers 3 and 4. Finally, the device was assembled and
the pieces were aligned using pins, and then clamped
together using conventionally machined metal plates made
from brass. It should be noted that these brass plates bear
no function for alignment, considering their inferior
fabrication accuracy as compared with micromachining.
A secure connection between the standard flange and the
SU-8 device is realised since the flanges are directly
connected to the first and the fourth layers using screws. A
photograph of the assembled device is shown in Fig. 5.

Clamping Metal Plates

Fig 5 Assembled device

IV.MEASUREMENT RESULTS

An Agilent E8361A Network Analyser with OML
extension modules VO3VNA2-T/R and VO03VNA2-T
(220-325 GHz) have been used to take measurements.
Only one transmission measurement (S,;) and one
reflection measurement (S;;) are possible by using one
T/R module and one T module. The device has to be
reversed to measure the parameters (Si;) and (Sy).
Moreover, the return loss at any port has been measured
with the other port connected to load. An Enhanced-
Response calibration that combines a one-port calibration
and a response calibration was performed first. A
photograph of the measurement setup showing the SU-8
device clamped between the metal plates and connected to
the test ports is depicted in Fig. 6.

Fig. 6 Photograph of the measurement setup

Fig. 7 displays the simulated and the measured S-
parameters of the back-to-back structure. The metal used
in the lossy simulation in Fig.7 (b) is silver, which has a
conductivity of 6.3x10" S/m. The measured results show a
return loss of better than -16dB and insertion loss of 2.5 -

3 dB in the frequency range 240-312 GHz. We believe that
the imperfection of metal conductivity, and also the
possibility of existence of gaps in the interface between
the layers may have caused the higher-than-simulated
insertion loss.

The measurements have shown good repeatability. This,
together with the measured low return loss, indicates a
reliable flange connection. The multiple nulls in the Sy,
response are due to signal reflections at the end of the
waveguide sections.
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Fig. 7 (a) Measured and simulated results, (b) passband

details

V. CONCLUSIONS

An SU-8 micromachined waveguide bend has been
presented. Such a bend provides a direct and accurate
connection interface with standard waveguide flanges and
will allow interconnecting waveguide components such as
cavity filters. A 4-layer SU-8 structure of two back-to-
back bends and straight WR-3 waveguide has been
fabricated and tested and the measured results show better
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performance than micromachined SU-8 waveguides
elsewhere in literature. Two brass plates have been used to
clamp the metal coated SU-8 pieces together. In the near
future, 300 GHz devices such as filters and diplexers will
be fabricated and tested by employing the designed
waveguide bends in the measurement.
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Abstract: Coupled resonator circuits are the basis for the design of many bandpass microwave
filters. Design techniques used for two port coupled resonator circuits are extended here to multiple
output circuits such as power dividers and diplexers. The design approach is based on synthesis of
coupling matrix for multiple coupled resonators with multiple outputs using gradient based
optimization. It allows the synthesis of power dividers with arbitrary power division, as well as
diplexers and multiplexers with novel topologies. Since there is no need to use separate energy
distribution networks such as circulators, manifolds or other junctions, the components can be
miniaturised. An X-band unequal power divider and diplexer have been designed and realised using

waveguide cavity resonators to confirm the new design methodology.

Keywords: Coupling matrix optimization, coupled resonator circuits, diplexers, power dividers.

1 Introduction
In communications systems, microwave filters are used as individual components, as well as parts of
multiplexers [1]. Coupled resonator filters have been extensively presented in literature for many

applications. There is a general technique for designing these filters that can be applied to any type
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of resonator regardless of its physical structure [2]. Such a technique is based on coupling
coefficients for coupled resonators arranged in a topology representing a two-port network.
Optimization techniques are employed to synthesise the coupling matrix by minimisation of a scalar
cost function [3]-[5].

Coupled resonator circuits with multiple ports were first presented in [6]. The synthesis of multiport
microwave coupled-resonator networks using a procedure analogous to filters has been presented in
[7] and [8]. N-port devices such as power splitters and directional couplers formed from magneto-
inductive waveguides based on coupled loop resonators have been reported in [9].

In the current work, a general coupling matrix for n coupled resonators with multiple ports is
presented. Three-port microwave components such as power dividers with arbitrary power division
and diplexers with novel topologies are demonstrated in particular. The synthesis of these devices
employs similar coupling matrix optimization techniques to those of coupled resonator filters.

Power dividers are passive microwave components used to divide an input signal into two or more
signals of less power [10]. Examples of widely used power dividers are T-junctions [10], and
Wilkinson divider [11]. An approach to design 3-port filtering power dividers with arbitrary power
division is proposed here. It is based on coupled resonator T-topology, and realisation is possible
using microstrip resonators or waveguide cavities or other types of resonators. The synthesis of
polynomials and coupling matrices of the proposed power divider are presented. In [12], we
presented a 3-dB power divider, and here we present an unequal power divider realised using
waveguide cavity resonators to demonstrate the approach.

The common approach to synthesise multiplexers is to design each channel filter individually and
then to design a distribution network. The most commonly used distribution configurations are
multiple-way or cascaded dividers, circulators [13] and manifold structures [14]. These

configurations have drawbacks of large volume and footprints, high cost, and time-consuming
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optimization. Diplexers without distribution networks have also been reported in [7], [15], and [16].
In [7], a diplexer is designed with the common port directly connected to two resonators. However,
this may have practical difficulties in implementation. In [15], miniaturised microstrip diplexers
designed using stepped impedance resonators by integrating two bandpass filters with common
resonator sections have been proposed. In [16], the synthesis of diplexers employing a resonant
junction (an extra resonator in addition to the channel filters) has been reported.

In this paper, we present diplexers with novel topologies that can be implemented using any type of
resonators. The synthesis of the diplexers is based on optimization of coupling matrices for
topologies without using any external junctions for distribution of energy. This gets rid of the
drawbacks mentioned earlier. A simple X-band waveguide diplexer has been designed, fabricated,

and tested to verify the proposed approach.

2 General Coupling matrix for multiple coupled resonators with multiple outputs

A similar approach to the derivation of coupling matrix of coupled resonator filters in [2] has been
adopted in the current work to derive general coupling matrix of n coupled resonators circuit with
multiple ports. Both electric and magnetic coupling have been considered separately and later a
solution has been generalised for both types of coupling.

The equivalent circuit considered for each type of coupling assumes each resonator can be
connected to one port, with the input port connected to resonator 1. In the case of magnetically
coupled resonators, using Kirchoff’s voltage law, the loop equations are derived and represented in
impedance matrix form. Similarly, for electrically coupled resonators, using Kirchoff’s current law,
node equations are derived and represented in admittance matrix form. The derivations show that the
normalised admittance matrix has identical form to the normalised impedance matrix [2].
Accordingly, regardless of the type of coupling, a general normalised matrix [4] in terms of

coupling coefficients and external quality factors is derived as shown in (1).
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where ¢.; 1s the scaled external quality factor (g.;=Q... FBW) of resonator i, P is the complex lowpass

frequency variable, m;; is the normalised coupling coefficient (m;=M;7/FBW), FBW is the fractional

bandwidth, and the diagonal entries m;; account for asynchronous tuning, so that resonators can have

different self-resonant frequencies. Considering a 3-port network with n coupled resonators, with

port 1 at resonator 1, port 2 at resonator a and port 3 at resonator b, the S-parameters will have the

form:

2 - 2
Su:l__[A]llla Sy =

qel ‘\/ qelqea

2 _
S :—[A]ml

Neer

-1

[4]

al

3 Power Divider Synthesis

3.1 Power Divider Polynomials Synthesis

2)

Since the proposed divider is based on filtering functions, its response can be described by

polynomial transfer functions. Therefore, for a 3-port power divider consisting of n coupled

resonators, the reflection and transmission functions may be defined as ratio of two polynomials as

follows:

Sn(a)):%’ SZI(w):%, Sy () =

P(w)/e,

€)
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where w is the real frequency variable, the polynomials F(w), P(w) and E(w) are assumed to be
normalised so that their highest degree coefficients are unity. F(w) and E(w) are N™ order
polynomials, where N is the order of the filtering function, whereas P(w) has an order equal to the
number of prescribed transmission zeros. The maximum number of transmission zeros that can be
realised in the suggested network is N-2. The roots of F(w) correspond to the reflection zeros of the
filtering function and can be found by a recursive technique [17], whereas the roots of P(w)
correspond to the positions of transmission zeros of the filtering function. For a Chebyshev function,
the constants €; and €, normalise S>;(@) and S31(w) respectively to the specified insertion loss levels
at w==1. The polynomial E(w) has its complex roots corresponding to the filter pole positions and
can be constructed if the polynomials F(w), P(w) and the constants €; and &, are known.

Expressions for € and &, will be derived next, followed by a discussion on determining E(w). If the

input power is to be divided such that |S3(w)|*=0|S21(w)[*, then for a lossless system,
2 2
S (@) +(1+a)|[S, (@) =1 (4)

From (3) and (4), the constant ¢ is evaluated as:

. Sn(a))|. P(w)LM‘Sn(a))‘ P(a))|
1 SZI(CO)‘ F(a))‘ 1 ‘Sll(a))‘z F(a))‘

When o=£1, |S11(w)| is equal to the maximum passband reflection coefficient, whose value is
known from the specification. &; can be expressed in terms of the polynomials F(w) and P(w), and

the prescribed return loss level in dB, RL, in the passband as follows,

l+a P(a))|
= . 5
Tz Flo)| )
Similarly, €, can be expressed as,
l+a P(a))|
_ . 6
&, a(IORL/IO _1) F(a)) - ( )
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Once the polynomials F and P, and the constants ¢; and &; are known, the denominator polynomial £
can be derived by substitution of F(s), P(s) and E(s), where s=jw is the complex frequency variable,
into the conservation of energy formula, as follows:

P(s)P(s)* N P(s)P(s)*

F(s)F(s)*+ = E(s)E(s)* (7

1 2
E(s)E(s)* 1s constructed by polynomials multiplications in the left hand side of (7), which must be
polynomial of the order 2N with real coefficients. The roots of E(s)E(s)* will be symmetric about
the imaginary axis in the complex plane, and they can be found using numerical analysis software
such as MATLAB [18]. Since E(s) is strictly Hurwitz, then its roots are those in the left half plane,
whereas the roots of E(s)* are those in the right half plane. The polynomial E(s) is then constructed

by choosing the N roots in the left half plane.

3.2 Power Divider Coupling Matrix Synthesis

The synthesis procedure of the coupling matrix of the proposed power divider is similar to that of a
filter with n coupled resonators. It is based on minimisation of a cost function that is evaluated at
frequency locations of reflection and transmission zeros. The formulation of the cost function used
here is similar in principle to that in [5], that is used to optimise coupling matrices for coupled
resonator filters. Here the cost function has an extra term to satisfy the power division ratio

requirement. The initial cost function is written in terms of the polynomials F and P and is evaluated

P(s | 1 ’
£,E(s ,/)\ \/1+a] ®)

where T is the number of transmission zeros, R is the number of reflection zeros, s; and s,; are the

at critical frequencies as follows,

Q= Z|P(sn | +Z‘F(sr]

il

complex lowpass prototype transmission and reflection zeros respectively. The lowpass prototype

frequency positions of reflection zeros are found using Cameron’s recursive technique [17]. The last
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term in the cost function is used to achieve the required power division ratio, and is evaluated at the
peaks of [S»1], where a is the power ratio as given earlier. This cost function does not involve the
ripple in the optimization parameters, and hence the external quality factors have to be calculated
analytically at the desired return loss. The calculations of the external quality factors and the right
locations of the return zeros enforce the peaks of |S;;| to be at the required return loss level.

The polynomials P and F' can be evaluated in terms of the coupling matrix by equating the scattering
parameters in equations (2) to their equivalent in equations (3). In (2), the inverse of the matrix [A4]
can be described in terms of the adjoint and determinant as [4]'=adj(4)/44, where adj(4) is the
adjoint of the matrix [A4], and 4, is its determinant. Using this, and noting that the adjoint is the
transpose of the matrix cofactors, the cost function can be re-written as given in (9), where [A4] is the
matrix derived and given in (1), 44(S,) is the determinant of the matrix [A4] evaluated at the
frequency variable S,;, and cofi([A(s=x)]) is the cofactor of matrix [4] evaluated by removing the K"
row and the 42" column of [4] and finding the determinant of the resulting matrix at the frequency

variable s=x.

2

T
Q=2
i=1

2
——cof,,([A(S,)])
. i 2.cof, ([A(S,)])

2 o (AGS)) [

\l qelqea . AA (Srj) 1 ta

The external quality factors are analytically evaluated at specific order and ripple using the

|2

| )

AL(S,)-

D)

J=1

equations of a coupled resonator filter [2], and their values are set at the outset of optimization.
A gradient based optimization technique has been used to synthesise the coupling matrix of the
proposed power divider, whereby the coupling matrix elements are the optimization variables. A

proposed topology for a 3-port power divider with n coupled resonators with Chebyshev filtering
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response is shown in figure 1. Although there are many possible topologies, the topology shown has
been suggested since it has large number of shared resonators, so that the order of the filtering
function at each output is equal to (n-1), where # is the total number of resonators. This is due to the
existence of two signal paths with (n-1) resonators in each; the first contains the resonators
(1,2,3,...,n-2,n-1) and the second contains the resonators (1,2,3,...,n-2,n). The coupling coefficients
M-2),n-1) and m,2),» will have equal values in case of 3-dB power division, and differing values for
arbitrary power division. The initial guess of all coupling coefficients that exist in the divider
topology was 0.5, and those that do not exist were set to zero.

It should be noted that the proposed divider is not matched at all ports, and the output ports are not
isolated. In consequence, matching is only achieved at port 1, and the output return loss |S»,| and |Ss3]
and the isolation |S»3| are around 6 dB in the passband. This is a typical problem of lossless

reciprocal 3-port junctions [19].

3.3 Power divider example

Power dividers with different power division ratios and different number of resonators have been
synthesised successfully with the proposed method. An example of 3-dB power divider is presented
here. The divider has a return loss of 20 dB and it has the topology in figure 1 with n=12. Both the
reflection zeros and the external quality factors have been evaluated for 11™ order filter, which is the
order of the filtering function at each output, and their values have been set in the optimization
algorithm. The reflection zeros have been calculated using Cameron’s recursive technique as
follows, s,=0, £0.2817j, £0.5406/, +0.7557;, £0.9096; and +0.9898; Hz. The values of external
quality factors are g.i=q¢e.11=¢.12=1.0331. The synthesised normalised coupling coefficients are
m»=0.8103, m»3=0.5817, m34=0.5419, m45=0.5289, msc=0.5245, me;=0.5244, m73=0.5290,

mgo=0.5418, mo 10=0.5817, and m o 11=m10,12=0.5730, and the power divider ideal response is shown
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in figure 2. The response shows that the output ports are not isolated as expected, with |S,3| of 5.3

dB or better in the passband.

4 Diplexer Synthesis

4.1 Coupling Matrix Synthesis of Diplexer

A similar approach to the power divider cost function formulation has been followed to derive a cost
function for diplexers. Assuming that the polynomials F(s), P;(s), P:(s), and E(s) along with ripple
constant € completely define the response of the diplexer, where the roots of F{(s) correspond to the
reflection zeros, the roots of and P;(s), P2(s) correspond to the transmission zeros of the filter
frequency response at ports 2, and 3 respectively, and the roots of E(s) correspond to the pole
positions of the filtering function, the initial cost function may be written in terms of the
characteristic polynomials as follows,

2

7 2 5 2 R
Q=3|R(s,)| +2Rs,)] + 2 |F(s,)
i=1 k=1 =1
. zj (10)
Y

where sy, s4 are the frequency locations of transmission zeros of Sy, S31 respectively, 71, T are the
numbers of the transmission zeros of S»1, S31 respectively, R is the total number of resonators in the
diplexer, L is the desired return loss in dB (Lz<0), and s,;and s,, are the reflection zeros and the
peaks’ frequency values of |S;;| in the passband. The last term in the cost function is used to set the
peaks of |Si1| to the required return loss level.

Assuming the common port of the diplexer is connected to resonator 1, port 2 is connected to
resonator a, and port 3 is connected to resonator b, the cost function in (10) may be re-written in
terms of determinants and cofactors of the matrix [4] in a similar way to the cost function of power

divider as follows,
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where g.1, geq, and g.p are the external quality factors at ports 1, 2 and 3 respectively. The first two
terms in the cost function are used if the diplexer characteristics contain transmission zeros.
However, for a Chebyshev response, these terms may be used to minimise the transmission of each
channel at the passband of the other channel, thus increasing the isolation between channel ports.
The frequency locations s, are chosen to be the band edges of the channel at port 3, and similarly the
frequency locations sy are chosen to be the band edges of the channel at port 2.

The lowpass frequency positions of the reflection zeros of the diplexer are initially set to be equally
spaced in the optimization algorithm, and later these positions are moved until equiripple level at
specified insertion loss is achieved. The variables in the optimization algorithm are the coupling
matrix elements and the frequency locations of the reflection zeros.

The external quality factors are numerically calculated, and their values are set at the beginning of
the algorithm. This reduces the optimization parameters set and decreases the convergence time. To
find the normalised external quality factors of the proposed diplexer, assume we have two lowpass
prototype filters with the same order and filtering function but different bandwidth, the first with
frequency edges of £1 Hz and a bandwidth of BW.,, and the second with frequency edges of x and 1
Hz and a bandwidth of BW,. The normalised external quality factors of these filters are related by:

BW., —_ 2
BW QGil 1 —x qul

x1

qexl = ( 12)
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where ¢q.,; is the normalised external quality factor of the second filter, and g..; is the normalised
external quality factor of the first filter, which is known for lowpass prototype filters [2].
Accordingly, for a symmetrical diplexer with channel edges of (-1,-x) and (x,1), the normalised
external quality factors at ports 2 and 3 are calculated from equation (12), and the normalised
external quality factor at the common port is equal to g.,1/2. This works for all the examples of
symmetrical diplexers presented throughout this paper.

Coupling matrices of symmetrical diplexers have been successfully optimised using gradient based
technique for possible topologies shown in figure 3, where #n is the total number of resonators, and
+x define the inner edges of the two channels.

In the T-Topology in figure 3(a), r is the number of resonators located between either output port,
and the junction resonator (n-2r). These resonators should have different self-resonant frequencies to
separate the diplexer channels from each other. Different values of » make it possible to realise

many topologies with n coupled resonators. The optimization algorithm has been successful in

producing non-distorted diplexer responses for the T-topology in figure 3(a) with rzl_ﬂ and

r= (% —1). A comparison between diplexers with T-topology, with the same number of resonators 7,

and different value of » will be shown in the next section.

All the resonators in the T-topology shown in figure 3(a) are directly coupled (no cross coupling),
and hence only Chebyshev response can be obtained. The resonators in the vertical branch apart
from the junction resonator should have different self-resonant frequencies; this is to achieve
disjoint frequency bands at the ports 2 and 3. Consequently, for the high frequency channel to be at
port 2, the resonators above the junction resonator should have positive frequency offsets (M;>0),
and for the low frequency channel to be at port 3, the resonators below the junction resonator should

have negative frequency offsets (/;;<0).
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In the canonical topology shown in figure 3(b), solid lines represent direct coupling, and dashed
lines represent cross coupling, and a Quasi-Elliptic filter response can be achieved. The resonators
(3.4,..., n/2+1) have positive frequency offsets (M;>0), and the resonators (n/2+2, n/2+3,..., n) have
negative frequency offsets (14,<0).

It has been found that by using local optimization techniques for relatively large structures, the
optimization algorithm may converge to a local minimum. To solve this problem, the optimization
has been done in two stages. In the first stage, the optimization is carried out by using the cost
function in (11) without the last term, and with equally spaced reflection zeros. In the second stage,
the full cost function in (11) is used, and the resulting coupling coefficients from the first stage are
used as initial values, and the locations of the reflections zeros are allowed to move until equiripple
insertion loss is achieved. This has been successful for symmetrical diplexer topologies up to 12
resonators. Moreover, assigning different weights to the terms of the cost function has been found

useful for convergence, especially for large structures.

4.2 Diplexer examples

Coupling matrices of diplexers with the same specification and different topologies have been
synthesised. Shown in figure 4 are three topologies for diplexers with non-contiguous bands with
n=8, x=0.5. The structures in figures 4(a) and 4(b) are examples of the general T-topology in figure
3(a) with =2 and =3, respectively, and the structure in figure 4(c) is a conventional diplexer with
the common port assumed as a shunt connection of the inputs of the two filters composing the
diplexer (the addition of a frequency-invariant susceptance representing three-port junction is
possible). The synthesis of the third diplexer is presented in [16].

In both examples in figure 4 (a) and figure 4 (b), the initial values of the lowpass prototype
frequency locations of the zeros of |S);| have been set with equal spacing, and the required return

loss has been taken to be 20 dB. The external quality factors are numerically calculated as
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previously described and the frequency locations of |S),| peaks at the passbands are evaluated by
numerical differentiation at each iteration in the optimization algorithm. The initial reflection zeros
are s,,= +0.52j, £0.6733/, £0.8267j, and +0.98;, and the external quality factors are 1.863 at port 1,
and 3.726 at both ports 2 and 3. The optimised normalised coupling coefficients for the structure in
figure 4(a) are: m2=0.8218, m»3=0.4224, m34=0.7117, mas=m47;=0.2553, mse=m73=0.2315, mss= -
m77=0.7112 and mee= -mgg=0.7414, whereas the optimised normalised coupling coefficients for the
structure in figure 4(b) are: m,=0.8256, ma3= m26=0.2981, m3s= me7=0.1786, mas=m73=0.2284, ms;=
-me6=0.6963, mas= -m77=0.7428 and mss= -msz=0.7462.

In the example in figure 4(c), the return loss is set to 20 dB, and each channel filter is initially
designed individually, and then the full coupling matrix of the diplexer is synthesised by integrating
the common port in the optimization. The optimised normalised coupling coefficients for the
structure in figure 4(c) are: ge1=¢ea= Ges=qes=3.7258, mi12=msc=0.2279, ma3=me7=0.1750, ms4=
m78=0.2242, m11=my= -mss= -mec=0.75, ms3= -m77=0.7511 and m44= -mgs=0.7976.

The responses of the diplexers in figure 4 are shown in figure 5. Comparing these responses, it is
noticed that the diplexer in figure 4(c) has better isolation than the diplexer in figure 4(b), and that
the diplexer in figure 4(b) has better isolation than the diplexer in figure 4(a). In other words, the
higher the number of resonators between ports 2 and 3, the better the isolation is. However, far out
of band, the response is better for structures in figure 4(a) and figure 4(b). Accordingly, in the

proposed general T-topology in figure 3(a), the value of r that gives the best isolation performance is
r =(§—1), where 7 is the total number of resonators. This is due to existence of more resonators
between the output ports.

Although the isolation performance degrades in comparison to the conventional diplexers, an

advantage of the proposed diplexers is that the source is directly coupled to the input resonator

(number 1). This is distinct from the diplexers reported in the literature, since there is no need to use
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an external junction (T-junction, manifold, etc...) as in conventional diplexers, or to add a resonant
junction (an extra resonator in addition to the channel filters) as in [16], or to directly connect the
common port to one terminal of each of the channel filters, which may have practical constraints in
implementation, as in [7]. Thus, the proposed diplexer exhibits a trade-off between design
complexity and isolation performance.

A contiguous band diplexer has also been synthesised. The structure of the diplexer is shown in
figure 6 and it is an example of the general topology in figure 3(b) with cross coupling, n=12, and
x=0. The cross coupling (dashed line) between resonators 3 and 6, and resonators 8 and 11 generate
transmission zeros to obtain a quasi-elliptic response.

The optimised normalised coupling coefficients are: m1,=0.8224, my3=m13=0.4150, m34=mg9=0.2785,
Mas=mo 10=0.3304, mse=mi011=0.2865, me7=m11,12=0.4136, mze=ms 1= -0.0652, ms3= -msz=0.4638
and mas= -mg9=0.5148, mss= -my0,10=0.5154, mee= -m11,11=0.5088, m77= -mi21,=0.5024, and the
normalised external quality factors are 0.994 at port 1 and 1.9881 at both ports 2 and 3. The

response of the diplexer is shown in figure 7.

5 Implementation of Unequal Power Divider

5.1 Power Divider Design and Fabrication

A 5 resonator unequal power divider has been designed, fabricated and tested. The divider has been
designed according to the coupled-resonator design methodology proposed here. It is designed at the
X-band with a centre frequency of 10.15 GHz, bandwidth of 925 MHz, a reflection loss of 20 dB at
the passband, and o=1.5. The divider topology is that shown in figure 1 with »=5, and the
synthesised normalised coupling coefficients using optimization are as follows: m;,=0.9116,

I’I’Z23:0.7005, WI34:0.5766, m35=O.7061 and (]eIZQe4ZQe5:O-931-
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The power divider has been implemented using waveguide cavity resonators coupled together using
capacitive irises. A photograph of the divider is shown in figure 9 (a). The device has been made of

two mirror image pieces of copper, and metal screws have been used to tune its response.

5.2 Power Divider Measurement

The simulated and measured results of the power divider are depicted in figure 8. The measured
response has been tuned using metal screws and it is in good agreement with the simulated response.
The experimental results show that the maximum return loss within the passband is 20 dB and the
minimum insertion loss is 2.28 dB for S3; and 4.29 dB for S,;. The measured isolation between the

output ports is more than 4.4 dB in the passband.

6 Implementation of X-band Diplexer

6.1 Diplexer Design and Fabrication

An X-band non-contiguous diplexer has been designed using the new methodology presented with
the following specifications: passband centre frequency of 9.5 GHz for channel 1 and 10.5 GHz
passband centre frequency for channel 2, bandwidth of each channel is 52 MHz, and desired return
loss at the passband of each channel is 20 dB.

The diplexer topology is that given in figure 3 (a) with n=4 and r=1. The optimised normalised
coupling coefficients are: m;=1.3044, my3=m»4=0.1666, ms3=-m44=1.2894 and the calculated
normalised external quality factors are g.1=4.651, g.3=q.4=9.302.

The diplexer has been implemented using waveguide cavity resonators coupled together using

inductive apertures. A photograph of the physical diplexer is shown in figure 9(b).

6.2 Diplexer Measurement
The simulated and measured results of the diplexer are depicted in figure 10. The tuned measured

response is in very good agreement with the simulated response. The measurements show that the
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passband of channel 1 has maximum return loss of 22 dB and minimum insertion loss of 0.38 dB,
and that the passband of channel 2 has maximum return loss of 22 dB and minimum insertion loss of
0.43 dB. The losses in diplexer channels are mainly due to the conductor loss in small fractional

bandwidth of each channel.

7 Conclusion

The synthesis of multiple output coupled resonator circuits is presented in this study. Coupled
resonator power dividers with arbitrary power division and diplexers with novel topologies have
been synthesised using coupling matrix optimization technique. An X-band unequal power divider
and diplexer have been designed, fabricated and tested to verify the design approach. More devices

like triplexers and multiplexers will be designed in the future using the same methodology.
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Figure 2: Filtering power divider response
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Figure 4: Topologies for diplexers
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Figure 5: Responses of diplexers in figure 4.

Figure 6: 12-resonator diplexer structure
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Figure 7: Response of contiguous diplexer.
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Figure 8: (a) Measured and simulated results of the power divider, (b) Power divider isolation

195



Appendix C — Publications

(@) (b)

Figure 9: (a) Unequal Power Divider, (b) Diplexer
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Figure 10: (a) Measured and simulated results of the diplexer, (b) Diplexer isolation
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Coupled Resonator Diplexer without External
Junctions

Talal F. Skaik and Michael J. Lancaster

Abstract—aA coupled resonator diplexer has been designed,
fabricated, and tested. The design is based on synthesis of
coupling matrix of a 3-port coupled resonator circuit using
optimization. Unlike conventional diplexers, the presented
diplexer configuration does not include any separate junctions
for distribution of energy. The diplexer has been implemented
at X-band with waveguide cavity resonators, and its measured
response is in good agreement with the simulated response.

Index Terms—coupling matrix, diplexer, optimization.

I. INTRODUCTION

Microwave diplexers are widely used in
communication systems to connect two networks
operating at different frequencies to a common port.
Conventional diplexers consist of two channel filters
connected to an energy distribution network. Such a
network can be a waveguide manifold [1], a T-junction [2],
a Y-junction [3], or a circulator [4]. A common approach
for the diplexer synthesis is based on firstly designing the
channel filters independently of the diplexer, and then
using numerical optimization for the whole diplexer
structure. This approach can be very time consuming for
large diplexer structures and the convergence of the cost
function might be problematic. In [5,6], an approach to the
synthesis of diplexers that takes into account a three-port
junction in the initial synthesis of the two channel filters
was presented. This approach provides a very good starting
point for the optimization of the whole structure, so the
convergence can be achieved with few iterations. Diplexers
employing resonant junctions (an extra resonator in
addition to the resonators of the channel filters) have also
been reported in [5].

Multiplexers/diplexers based on coupled resonator circuits
with multiple outputs have been reported in [7-9]. In [7],
coupled resonator circuits with multiple outputs were first
patented. In [8,9], the synthesis of multiport coupled
resonator networks based on a procedure analogous to
filters has been reported. The proposed configurations in
these papers do not employ any external junctions for
distribution of energy, and hence, the components can be
miniaturized. The diplexer proposed in [8], however, may
present difficulties in implementation, since the common
port is directly coupled to two resonators.

In [10], we presented a design procedure for coupled
resonator diplexers that do not employ any external
junctions. The proposed diplexers have novel topologies

that can be implemented by any type of resonators, and
their synthesis is based on coupling matrix optimization. In
this paper, we present a coupled resonator diplexer that has
been synthesized using coupling matrix optimization. The
diplexer has non-contiguous bands with symmetrical
channels, and it is implemented at X-band using twelve
waveguide cavity resonators to verify our design approach
in [10]. The proposed diplexer is miniaturized when
compared to the conventional diplexers, since it does not
contain external junctions. In addition, miniaturization is
improved by using a folded structure.

II. DIPLEXER SYNTHESIS USING OPTIMIZATION

The synthesis is based on optimization of the coupling
matrix for multiple coupled resonators arranged in a 3-port
network. A general matrix [A4], derived for a multiport
coupled-resonator circuit, in terms of the -coupling
coefficients and the external quality factors is given by
[10,11],

At e

[4]= o ... 7
/ Ye(n-1)

my, o)

-J
My " o men Mgy,

m

nl Tttt e -1) nn

(1

where ¢, is the normalized external quality factor of
resonator i, P is the complex lowpass frequency variable,
my is the normalized coupling coefficient between
resonators i and j, and the diagonal entries m;; account for
asynchronous tuning. Considering a 3-port coupled-
resonator network, and assuming that port 1 is coupled to
resonator 1, port 2 is coupled to resonator a and port 3 is
coupled to resonator b, the scattering parameters are related
to the matrix [4] by [10]:
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The optimization of the coupling matrix [m] is based on
minimization of a cost function that is evaluated at the
frequency locations of the reflection and transmission
zeros. The cost function used here is given as [10],

S21 = (2)

2

T,
Q=3
i=1

Jﬁwﬁa([asﬁ)l)

2

(€))

; \/qezl_qd’.lcofib([/l(stk)])

2

+i AA(SU-)—MJGIEI[/KS,,)])

. 2.c0f11([A(S,w)])‘ B 10%
qerAA(spv) ‘

R=2

Where cofy([A(s=x)]) is the cofactor of matrix [A]
evaluated by removing the k-row and the /-column of [A]
and calculating the determinant of the resulting matrix at
s=x. A, is the determinant of the matrix [A4]. s;, sy are the
frequency locations of transmission zeros of Sy, Sj
respectively. 7|, T, are the numbers of the transmission
zeros of Sy, S3; respectively, and R is the total number of
resonators. Ly is the specified return loss in dB (Lz<0), and
s,; and s, are the frequency locations of the return zeros
and the peaks’ frequency values of |Sy;| in the passband.
The last term in the cost function is used to set |S|| peaks
to the specified value of Lg.

III. DIPLEXER DESIGN

An X-band 12-resonator non-contiguous diplexer with
symmetrical channels has been designed and implemented
using waveguide cavity resonators. The diplexer has a
Chebyshev response with passband centre frequency of 10
GHz for channel 1 and 11.35 GHz for channel 2, minimum
isolation of 60 dB, and a desired return loss at the passband
of each channel is 20 dB. The diplexer topology is shown
in Fig.1. The proposed diplexer is formed of only coupled
resonators, without using any external junctions for energy
distribution, and the structure is folded for miniaturization.
A gradient based constrained optimization technique has
been utilized to synthesize the coupling coefficients, and
the cost function in equation (3) has been used. To avoid
convergence to a local minimum, the optimization has been
carried out in two stages. In the first stage, the cost function
in (3) has been used without the last term, and with equally

spaced reflection zeros. In the second stage, the full cost
function in (3) has been used, and the output coupling
coefficients from the first stage are used as initial values,
and the frequency locations of the return zeros are allowed
to move until |Sy;| peaks in the passbands are equal to -20
dB. Moreover, the third term in the cost function was
assigned more weight than the other terms. Although a
Chebyshev response is required, the first two terms in the
cost function have been used to increase the isolation
between diplexer channels by minimizing the transmission
of each channel at the passband of the other channel.

The optimized normalized coupling coefficients are as
follows: l’}’l|2:0.7963, m23=ng=0.3466, m34=m39=0.2101,
l’}’l45:l’)’l9,10:0.1956, 7}’l56:n/l|o’||:0.2035, m57=m1uz=0.2814,
ms3= —mgg=0.5942, Mys= —WL99:0.6552, Mss= —m]ow|o:0.6635,
Mee=— -l’}’l||,||:0.6652, my7= —WL|27|2:0.6643. The fractional
bandwidth is FBW=18%, and the normalized external
quality factors are numerically calculated as in [10] and
found to be g¢,= 1.4903 and ¢.~q.>=2.9806. The
prototype response of the diplexer is shown in Fig.2.

Port 1

Port 3 Port 2

Fig.1. Diplexer Topology

Insersion loss, Reflection loss, and Isolation (dB)

Frequency (Hz)
Fig.2. Diplexer ideal prototype response

The diplexer has been implemented using inductively
coupled waveguide cavity resonators, and a top view of
diplexer structure is shown in Fig.3.
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Fig.3. Top view of diplexer structure

IV. FABRICATION AND MEASUREMENT

The diplexer has been made of two mirror-image pieces of
copper, and a photograph of the physical structure of the
diplexer is shown in Fig.4. Metal screws have been used to
tune both the resonant frequencies of the cavities and the
coupling coefficients. The simulated and measured results
of the diplexer are depicted in Fig.5. The tuned measured
response is in very good agreement with the simulated
response. The measurements show that the passband of
channel 1 has maximum return loss of ~18 dB and
minimum insertion loss of 0.42 dB, and that the passband
of channel 2 has maximum return loss of 22 dB and
minimum insertion loss of 0.4 dB.

Fig.4. Phbtograph of the diplexer

V. CONCLUSION

An X-band coupled resonator diplexer has been presented,
and its synthesis is based on coupling matrix optimization.
The diplexer structure consists of resonators coupled
together, and it does not involve any external junctions for
distribution of energy. This enables miniaturization in
comparison to the conventional diplexers. The diplexer has
been implemented with waveguide cavity resonators, and
the measured results showed a good agreement with the
simulated results.
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Fig.5. Measured and simulated results of the diplexer
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