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ABSTRACT

This thesis introduces novel integrated millimetre wave components for amplification and filtering.
The conventional coupling matrix theory for passive filters is extended to the design of ‘filter-
amplifiers’, which have both filtering and amplification functionalities. The design is based on the
coupling matrix theory, and for this approach extra elements are added to the standard coupling
matrix to represent the transistor. Based on the specification of the filter and small-signal
parameters of the transistor, the active coupling matrices for the ‘filter-amplifier’ can be
synthesised. Adopting the active coupling matrices, the resonators of the filter adjacent to the
transistor and the coupling between them are modified mathematically to provide a Chebyshev
filter response with amplification. Although the transistor has complex input and output
impedances, it can be matched to the filters by choice of coupling structure and resonance
frequency. This is particularly useful as the filter resonators can be of a different construction (e.qg.
waveguide) to the amplifier (e.g. microstrip).

An X-band waveguide filter amplifier and a microstrip filter amplifier are constructed as
examples based on the active N+3 coupling matrix. An X-band waveguide filter amplifier using
all resonators structure based on the N+4 coupling matrix is also implemented. Elements of the
matching network are replaced by waveguide resonators, reducing the integrated device’s size,
increasing the port to port isolation and providing filtering. For waveguide amplifiers, it is also
noted that high-Q waveguide resonators can be employed to offer lower loss impedance
matching/filtering functions to the active components. The design methodology is expected to be
especially useful at terahertz frequencies where waveguide is the choice of interconnection and

low loss filtering and matching are critical.
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CHAPTER 1

INTRODUCTION

1.1 Research Motivation

The terahertz (THz) frequency range covers 300 GHz to 10 THz, with the equivalent wavelength
from 1 millimetre to 30 micrometres [1], [2]. Terahertz radiation is of interest in recent academic
research as well as industry for its specific properties and wide applications, for example, in
security scanning, medical imaging, short range communications, and high-altitude earth
atmosphere observation [3], [4].

As the operating frequencies increase to the THz region, the conventional planar circuit is not
a good choice due to its high loss. Waveguide based components are of interest where the lowest
loss is required, and they are widely employed in submillimetre wave and terahertz applications
[5]-[12].

Micromachining technologies have been investigated for various terahertz components at the
University of Birmingham recently. Waveguide based THz components such as filters, mixers,
triplers have all been demonstrated using a range of micromachining technologies, such as

precision milling [5], SU-8 thick resist [6], and laser cutting [6]. Some of these structures are



presented in Fig. 1.1.
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Fig. 1.1 Waveguide components fabricated using micromachining techniques [5], [6].
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Fig. 1.2 A 300 GHz wireless link [7].

A 300 GHz communication link (Fig. 1.2), using all waveguide structures, has been proposed
at Birmingham to demonstrate THz micromachining circuits technology and a practical application
[8]. In the system design, waveguide resonators are employed to integrate the different components,

essentially removing matching networks and replacing them with filters. This combined filter



matching is applied not only to the passive components including the antenna but also to the
amplifier, multiplier and mixer. This thesis provides a detailed investigation of this novel filter
amplifier design, and here the amplifier is designed combining with the waveguide structure in
order to cascade other waveguide components in the communication system.

For a low noise amplifier, there are criteria achieving optimum performance: (i) impedance
matching of the active components, maximum power gain and optimal noise figure, or trade-off
between them, are commonly achieved by carrying out the input and output impedance matching
of the low noise amplifier. (ii) losses in the matching circuit at the input of the transistor, where
ohmic losses impair the overall system in terms of gain and noise performance.

In current amplifier designs, impedance matching circuits, such as matching stubs [1], quarter
wavelength transformers [2], coupled lines [13], are widely adopted. However, general matching
techniques for the amplifier primarily rely on planar circuits, referring to a common terminal
impedance based on the conventional 50 2 matching condition and it becomes difficult to design
waveguide amplifiers using the conventional matching methods. In the waveguide amplifier
design described in this thesis, the planner matching structures are transferred into high-Q
waveguide resonators reducing the additional losses as well as circuit complexity. There are some
filter amplifier examples using the active impedance/admittance inverters [14]-[17] or active
resonators [18]-[20], namely active microwave filters. In these design examples, filter and the
transistor are combined to form the filter amplifier. Each active inverters and active resonators are
constructed by incorporating the transistor into every resonator and inverter. These multiple
transistor-resonator structures are more likely realised in the planar circuits because it becomes
difficult to construct the active resonators or active inverters with three-dimensional waveguide

structures.



Several different types of amplifiers are summarised in Table 1.1. A substrate integrated
waveguide filter is co-designed with a power amplifier in [21], and a 90° phase shift filter is
addressed to match the output of a power amplifier in [22]. These amplifiers are designed
combining the filters, and the design approaches are based on the conventional matching/filtering
techniques. Besides, some waveguide amplifiers are also presented: coplanar waveguide lines
(CPW) [23], SIW stub line [24], and ridge gaps [25] act as matching network of the amplifiers,
respectively. In these examples, the waveguide amplifiers are constructed without a synthesised
filter, and the on-chip transistor is combined with the waveguide through planner circuit to

waveguide transitions.

TABLE 1.1
AMPLIFIER DESIGN EXAMPLES
Type Functions Matching Structure Whether using References
Technique coupling
matrix
Low noise Filtering, Active inverters | Planner circuit- No [14][15][16]
amplifier amplification MMIC [17]
Low noise Filtering, Active Planner circuit- No [18][19][20]
amplifier amplification resonators MMIC
Power amplifier Filtering, 90° phase shift Planner circuit No [22]
amplification filter Microstrip
Power amplifier Filtering, SIW filter Substrate N=+2 coupling [21]
amplification integrated matrix
waveguide
Low noise Amplification CPW stub lines Coplanar No [23]
amplifier waveguide
Low noise Amplification SIW stub lines Substrate No [24]
amplifier integrated
waveguide
Low noise Amplification Ridge gaps Rectangular No [25]
amplifier waveguide

In this thesis, we propose to include active amplifying components into waveguide filters to
construct the integrated waveguide filter amplifiers. This demands new amplifier design

methodologies suitable for various physical structures. In the thesis, we will introduce novel



waveguide amplifier design approaches which combine high-Q rectangular waveguide resonators
with a transistor designing the filter amplifiers. Design examples are discussed and demonstrated
at a lower frequency of 10 GHz, but the technique is general and is being applied to the 300 GHz
amplifier design. Furthermore, novel N+X (N is the order of the filter) coupling matrices are
synthesised to describe the filter amplifiers. The coupling matrices are used to develop the actual
physical structure of the waveguide filters and the interface to the transistor. This design
methodology is accurate enough to provide good initial values for full wave optimisation of the

structures, enabling the optimisation process to be very rapid.

1.2 Thesis Overview

This thesis is formed of 6 chapters, introducing the synthesised novel coupling matrices and
their implementation in filter-amplifiers. These chapters are organised as follows.

e Chapter 1 is the research motivation and the thesis overview.

e Chapter 2 introduces the basic concepts of microwave filters and the microwave
amplifier. The introduction to microwave filters starts from the polynomials of a filter
system, followed by the lump circuit representation of different types of filters. The NxN
and N+2 coupling matrices are introduced. A simple microwave amplifier model is
introduced using the two-port model described by scattering parameters.

e Chapter 3 synthesises three novel coupling matrices. First, an N+4 coupling is developed
to represent cascaded filters separated by transmission lines. The second coupling
matrix is the N+3 coupling matrix, describing the filter-amplifier, where the transistor
is adjacent to the last resonator of the filter. This N+3 coupling matrix is an active

coupling matrix, as the parameters of the transistor are included. The N+3 coupling



matrix characterises the integrated filter-amplifier, achieving a filtering response with
gain. The N+3 matrix only describes a filter on the input to the transistor amplifier.
Finally, the coupling matrix is generalised to N+4 coupling matrix, describing the
transistor coupling in the middle of the resonators providing filters at both input and
output. Physical implementations of using these novel coupling matrices are presented
in Chapter 4 and Chapter 5.

Chapter 4 demonstrates a microstrip bandpass filter-amplifier and an X-band waveguide
filter-amplifier. The coupling matrix description for the two filter-amplifiers is the same.
Procedures of determining the physical dimensions are developed based on the N+3
coupling matrix. The experimental measurements of the fabricated amplifiers show an
excellent filtering response with two poles and also a gain.

Chapter 5 presents the design of an X-band waveguide filter-amplifier. Two waveguide
filters are coupled at the input and the output of the transistor, achieving Chebyshev
filtering response between the two waveguide ports. This amplifier is designed based
on the N+4 coupling matrix. The process of extracting the coupling coefficients and
external Q using the N+4 coupling matrix is discussed, followed by the measurements
showing two poles in the response in the reflection coefficient at both the input and the
output port.

Chapter 6 makes a conclusion of the thesis and suggestions for future works are also

discussed.
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CHAPTER 2

MICROWAVE FILTERS AND THE AMPLIFIER CONCEPTS

This chapter introduces the theories of microwave filters and the microwave amplifier. A filter is
usually a linear time-invariant (LTI) system. A particularly important and useful class of
continuous-time LTI system are those for which the input and output satisfy a linear constant-

coefficient differential equation of the form [1]

diy(t) &, d*x(t
:O:ZW X(t) @1
k=0

N
;q tk dt*
where y(7) denotes the output signal versus time variable # and x(¢) is the input signal of the system;
M and N are the order of the derivative of the input x(¢) and output y(¢); ax and by are the constant
coefficients. Thus, a two-port network filter can be characterised by the transfer function H(jw)
according to the Fourier transformation given in (2.1), where w is the frequency variable in rad/s
and j the imaginary factor with j2=—1.

In this chapter, we look at some basic concepts related to the research in the rest of the thesis.
Here, Section 2.1 starts from the two-port network model, and the polynomials of filter transfer
function H(jw) are synthesised. This is the mathematical foundation for the filter theory. Section

2.2 introduces a physical model, the lumped circuit prototype of the lowpass filter, and some

8



important lumped elements J and K inverters are detailed. The lowpass filter prototype obtains
element impedance values of some commonly used filters instead of deriving the polynomials of
transfer functions. A general synthesis dealing with filters, that is, the coupling matrix technology
is addressed in Section 2.3. Finally, Section 2.4 discusses the transistors and the microwave

amplifiers.

2.1 Filter Characteristics

2.1.1 Filter transfer function

The two-port network model (see Fig. 2.1) plays an important role in the filter theory because
it builds the relationship between the lumped circuit components and wave variables. This enables
us to analyse or synthesise the microwave circuits more effectively as dealing with the lumped
circuit problems. For a two-port network, in the microwave frequency range, it is desirable to
characterise it in terms of scattering (S) parameters, because the S-parameters are directly
measurable and are able to describe the frequency characteristics of the two-port network
completely. Besides, S-parameters give a visualised energy flowing intuitively, i.e. the amount of

power reflected and the amount transmitted through the network.

Two- port
Network

Fig. 2.1 Two port network: ¥, and I, are the voltages and currents (n=1,2).

In Fig. 2.1, Zo1 and Zo2 are the source and load impedance; a and b stand for the incident and



reflected waves, which are defined in terms of currents and voltages through the following

equations [2], [3]

) n=1,2 (2.2)

b = n__“on'n

2,J|Re(Z,,)

The reflection coefficient S11, S22, and transmission coefficient Sz1, S12 are thereby defined by [1]

S11 = E 812 = &
& a,=0 8, a =0
(2.3)
Sy = & Sp = b_2
a1 a,=0 2 1a,=0

Note that the transfer coefficient S>21, which is a function of frequency jw, is also named as the

transfer function of a system, that is

Sy(i®)=H(jo) (2.4)
For a lossless two-port network, S-parameters must satisfy the condition of power conservation
given as

S8 +8,5, =1 2.5)
S5, +5,5, =1
Here the asterisk in term of S74, S13, S31, and S;, denote the conjugates of the S-parameters.

Another two practical parameters are insertion loss (L) and return loss (Lz) which are related and

given by [2]

L, =—20log,, (|821|) (2.6)
Le

=—-20log,, (|Sll|)

For an arbitrary two-port lossless filter network, the transfer function can be expressed as

10



1

S — (2.7)
1+ |D(s)|

[Sax(s) =

where s = 0 + jw is a complex variable and ¢ is a real number known as the ripple constant. D(s)

is defined as the characteristic function and can be expressed as a ratio of two polynomials P(s)

and F(s) [4]
D(s) _F(s) 2.8)

Together with polynomial E(s), the filter’s reflection coefficient Si1 and transfer coefficient S can

be mathematically expressed as [4]

5,.(s)=20) 5 ()= 20 (2.9)

The highest-power coefficients of these characteristic polynomials E(s), P(s) and F{(s) are assumed
to be unity. The degree of the E(s) and F{(s) is N, where N is the order of the filter. The polynomial
P(s) = Hﬁil(s — s,,) carries N: transfer function finite position transmission zeros [4], where s,
is the root of P(s). The properties of the characteristic polynomials F(s), P(s), and E(s) are
summarised as [4]:
e F{(s)is an N'" degree polynomial, where N is the order of the filter. Its coefficients are real,
and its roots lie along the imaginary axis. A root of F(s) may only be repeated at the origin.
e P(s) is a polynomial of N.™ degree. When N. is zero, there are no finite position
transmission zeros, and the response is known as all-pole. The zeros of P(s) must be either
on the imaginary axis of the s-plane or arranged in symmetrical pairs about the imaginary
axis. Roots of P(s) which do not lie on the imaginary axis are often incorporated to produce
linear phase filters.

e [E(s) is an M degree polynomial with complex coefficients. It is a strictly Hurwitz

11



polynomial, that is, all roots lie strictly in the left half of the complex plane. These roots
need not be symmetric about the real axis.
Here the ripple constant ¢ is involved in normalising £(s) and P(s) at a special frequency (s=%j),

which can be computed by the prescribed return loss [7]

N (O]
10+ -1 F(s)

P (2.10)

s=*]

It can be observed from (2.9) that the roots of F(s) correspond to the reflection zeros, where
signals all get through from input to output; the roots of P(s) correspond to transmission zeros,
where no energy is transmitted; and the roots of E(s) are referred to the transfer function’s poles.
According to (2.5) and (2.9), the relationship of F(s), E(s), and P(s) is derived as

* 1 * *
F-F'+—P.P=EE 2.11)

As a result, if F(s) and P(s) are known, E(s) can be found by an alternative pole method, which is

detailed in [7].

2.1.2 All-pole Chebysheyv filter

The prototype of the all-pole Chebyshev response gives an equal-ripple in the passband, where
the band edges are s = £j. The polynomials of Chebyshev transfer function can be derived by the
recursive procedure described in [7] and [8] and are given by

P(s)=1

F(s)=cosh [ZN: cosh™(s)

n=1

} (2.12)

As an example, a 6™ order Chebyshev filter response is presented in Fig. 2.2(a) with the

maximum reflection loss Lz of 20 dB over the passband w = —1 to 1. Note that in (2.12), F(s) is
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the Chebyshev polynomial of first kind [9], [10]. Chebyshev polynomial satisfies the recursion
formulation and its coefficients can be calculated using the recursive method detailed in [11]. Once
the coefficients F(s) are identified, the poles and the coefficients of E(s) can be found according
to their relationship in (2.11) with the help of alternative pole method [4]. The location of the poles

and zeros are shown in Fig. 2.2(b). Table 2.1 gives the coefficients of the polynomials.

TABLE 2.1
COEFFICIENTS OF THE POLYNOMIALS CORRESPOND TO THE 6™ ORDER ALL-POLE CHEBYSHEV FILTER.

", n P(w) F(w) E(w)
0 1 -0.0313 -0.3125
1 0 0 1.2988j
2 0 0.5625 2.7553
3 0 0 -3.6108j
4 0 -1.500 -3.5169
5 0 0 2.0084;
6 0 1 1
0 1:5
o
10 04
o)
% -20 .8 051
@ 2 °
[0}
® -30- 0.0
g 30 E
o c ©
o 40+ & -0.5-
n E
" © © Roots of £s)
-504 Sat R o Roots of A(s)
—S11
_60 / T T T T T -145 T T T T T ¥
-3 -2 -1 0 1 2 3 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Frequency (rad/s) Real Axiso
(a) (b)

Fig. 2.2 Six™ order Chebyshev response and polynomials roots. (a) Scatting parameters Si; and Sz1. (b) The roots of
E(s) and F{(s).
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2.2 Microwave Filter Theory

2.2.1 Lumped circuit prototype

The filter response synthesised by polynomials can be physically realised using the lumped
element circuits. Three basic lumped elements are resistors, capacitors and inductors [1], [2]. These
elements can form periodic ladder topologies, producing different types of the filter response. The
n™ order prototype all-pole lowpass filter response can be achieved by the lumped circuit ladder

topologies in Fig. 2.3 [2].

01 O3 On
90% TQZ Tgn %gnﬂ or On+1
- - nis e\;en_ - B _n is odd
(@
gZ gn
go% Tgl Tg3 %gnﬂ or On On+1
i - 'n isgw; nis odd
(b)

Fig. 2.3 Lumped element based low-pass filters with all poles responses in (a) a ladder topology and (b) its dual [2].

In Fig. 2.3, go is the source conductance or resistance and gn+1 represents the conductance or
resistance of the load. gi (i=1 to n) is the capacitance of the parallel capacitors or the inductance of
the series inductors. These two lumped circuit topologies serve as the prototype of many filters.
Some practical filters can be constructed from this lumped circuit topology through frequency and

element transformation [1]. The g values can be calculated for several types of the filter including
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Butterworth, Chebyshev, and Gaussian responses which are summarised in [2].

2.2.2 J and K inverters

An idealised immittance inverter is a frequency invariant two-port network that can convert the
input admittance or impedance as shown in Fig. 2.4. There are two types of immittance inverters,

J inverter and K inverter. The transformed impedance Z, and admittance Y5 are given by

K? J?
Z =—, Y =— 2.13
b Za b Ya ( )
o— Oo—
Z, | K Z, Yy &y J Ya
(a) (b)

Fig. 2.4 Immittance impedance transformation: (a) K inverter. (b) J inverter.

K and J are real constants and defined as the characteristic impedance and admittance of the
inverters if they are made of the quarter wavelength long transmission line. Based on the
narrowband assumption, one type of J and K inverters can be constructed in the form of capacitors
C and inductors L, as depicted in Fig. 2.5, and the value of the immittance K and J are evaluated
[2].

The properties of the J and K inverters allow us to convert the lumped circuit prototype in Fig.
2.3 which comprise both capacitors and inductors to equivalent lumped circuit ladder that use only
capacitors or only inductors. These equivalent circuits are shown in Fig. 2.6. This property is useful

because it increases the feasibility of choosing the different circuit topologies, especially with
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microwave structures.

Yo

]
L -[C
* O (o, *
K=wL K= i
oC
(@) (b)
L
C
| L . o o . | .
-L -L %-C %-C
g O (e, * *
J=— J=aC
oL
(c) (d)
Fig. 2.5 Immittance inverters formed lumped elements [2].
I—l L2 I—n
m m L m_
Koz K12 Kz3 Knn+
(a)
Jos %Cl Ji2 %Cz Jos -|—ICn Jnni
(b)

Fig. 2.6 Lumped circuit prototype of the lowpass filter with immittances [2].
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The elements’ values using the impedance inverters are given by [2]

L+
Kir =, [, k=1to n-1

k+1

(2.14)
ZO Ll Kn = ’ n+l
go g gn+1
The element’s value using the admittance inverters are given by [2]
Jisor = G “1 k=1to n-1
' (2.15)

YC n+1
01 dgogl nn+1 «’g gml

Note that there is flexibility for the lumped elements in the circuits in Fig. 2.6 as the values of the

inductor, capacitors and the terminations are totally arbitrary.

2.2.3 Bandpass ladders

The lowpass lumped filter circuits with immittance inverters can be transformed into the

bandpass lumped ladder. A prototype lowpass filter that transforms the frequency to a bandpass

one with a passband @, —@; can be expressed as [2]

w2 | 2 _% (2.16)
FBW(w, o '
FBW =2~ %
with wo 2.17)

W, =0, @,
where o is the frequency variable; @, and @, are the angular frequencies of the passband edges;

w, 1S the lowpass prototype cut-off frequency; @, denotes the centre angular frequency, and FBW
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is defined as the fractional bandwidth. Applying this frequency transformation to a parallel

capacitor C and a series inductor L of the lowpass prototype filter, we have [2]

joC = jo OC L
FBWa, . FBW
Jow
@,0,C
joL—> jo oL + L =
FBWa, * j, FBW
0,

The frequency transformation in (2.18) implies that a parallel capacitor C or a series inductor L in

the lowpass prototype is transferred to a parallel or series LC resonant circuit as illustrated in Fig.

2.7.

[, I O (e, O _ COCC

p - -
c . Cp_l__}Lp FBW - o,

T = . __FBW

o . ) o o " waC

o_f*b”l_o o_|c|s_f5*Lo ;L
* " FBW - o,

. o _ FBW

* oL

[, O (e, O

Fig. 2.7 Lowpass to bandpass element transformation [2].
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LSl Csl Csn
S e =

Zy Ko,1 K12 Knn+1 Zn+1

YO ‘]0,1 Cpl{} Lpl ‘]1,2 Cpn Lpn \]n,n+1 Yn+1

()

Fig. 2.8 Bandpass filters with immittance inverters [2].

The bandpass impedance or admittance inverter prototypes are shown in Fig. 2.8 and the circuits
are formed of immittance inverters and LC resonators. The elements’ values using the impedance

inverters are given by [2]

Ky = FBW -, /ﬂ k=1to n-1
gkgk+l

(2.19)
FBW -w,Z,L FBW -w,Z,.,L
KOl = : ! Kn,n+l = —
gogl gngn+l
The elements’ values using the admittance inverters are given by [2]
Jy i = FBW - o, /—CSkCSk“ , k=1to n-1
gk gk+l (2 20)

FBW -@,Y,C,, FBW -@,Y, C,.
‘JO,l Y ‘Jn,n+l =
gogl gngn+l

With different techniques, such lumped circuits can be converted into different forms of distributed

circuits including waveguides or microstrips [2].
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2.3 Coupling Matrix

The concept of the coupling matrix was first introduced by A. Atia and A. Williams in the 1970’s
in the application of waveguide cavity filter design [13]-[15]. Initially, an Nx/N matrix design
approach was developed based on lumped circuit elements, and ideal transformer coupling,
following which later was extended to the N+2 coupling matrix with port impedances were

extracted [4]. This section discusses the two types of coupling matrices for the filter.

2.3.1 NXN coupling matrix

Fig. 2.7 gives a bandpass filter prototype with N resonators coupled by transformers. In this
figure, every resonator is in the form of a C=1 F capacitor and an L=1 H inductor, with wy=1 rad/s

centre frequency.

I\/Il,n 1

//z \// \p“ \\

_M___l Mnln

/
L/2 L/2 { Re

(n-1) (n)

— Ny A
M2,n-1 szn

Fig. 2.7 Lumped circuit of resonators coupled by magnetic transformers [17].

Rs and R;, are the source resistor and the load resistor. M), is the coupling coefficient between the

p™ resonator and ¢ resonator. M, 4 is determined by the ratio of the mutual inductance L, , and the
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self-inductance L, given by M, ,= L, /L [2]. Note that the N loop voltage is denoted as vi, v, ...,

e, with the loop current i1, 2, ..

equations can be written in a matrix form as [2]

[ 1 . . .
JoL+——=+Rs —-JjobL, —Job 4 —Joby
JjoC
) ] 1 ] ;
—Joly, JoL+——  —Jol,, —Job, 4
jor
. . . 1 .
—Jolg, —Jols, Ja’l—+m —Jols,
) ) . ; 1
o [ —-Job, 4, o [ JoL+——
jaC
_ja)Ln,l _ja)Ln,Z _ja)Ln,S _ja)Ln,n—l

o 2][i]=[¢)

Now [Z] is normalised as

_ja)Ll,n
_jwl—z,n

_jCULs,n

—jol

n-1,n

joL +_L+ R,
jaC

[Z]=a,L-FBW [ Z |

., in. Applying the Kirhhoff’s voltage law, the complete set of loop

I 1 —es_

[ 0

5121 %@

[ 0

i, | o]
(2.22)
(2.23)

where FBW is the fractional bandwidth of the filter and is defined by the 3-dB bandwidth and Af

ratio of centre frequency fo.

FBW = AT
fO
Then [Z] decomposes into three matrices
S 0 0
qu 1
= . 0 0 - 0 0
[Z]=[al+p[]-i[m]=| . . . +p|
0 O S 00
L Qer |

0 m, my,

0] .|my; my,
-1 :

1 mn,l mn,2

(2.24)

p 1s the complex frequency variable; g.s and g, are the normalised external quality factor; [/] is
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the identity matrix; [m] is the normalised coupling matrix. They are,

.1 0w,
—j— | 2 _0 2.26
P= FBW [a)o a)j ( )
M
0 = —FBF:;/ (2.27)
Qs = FBW @ Gy = FBW @k (2.28)
Ry R,

According to [2], the S-parameters can be obtained by

S,y =———][Z]"

[ nl
qu qeL (229)

S, = 1_%65[2]1

The dual circuit model of Fig. 2.7 is resonators with electrical coupling. It is analysed in a similar

way in [2], where S-parameters can be derived from the admittance (Y) matrix,

S21 = 2 [?}_1

A Ges der
e iy

Qs

(2.30)

The normalised impedance matrix [Z] and normalised admittance matrix [Y] are the same form.

Thus, the general coupling matrix [A4] can be formulated to calculate the S-parameters [2]

2 1
S, =——|A
“ \) qu qeL [ ]nl

, (2.31)
S :i(l—E[A]Ml]
where
[A]=[a]+p[U]-i[m] (232)
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2.3.2 N+2 coupling matrix

As shown in Fig. 2.8, the source resistance Rs and load resistance R; can be normalised to unity

through the impedance inverter Ks1 and K,z [4]. The values of the impedance inverter Ks1 and K.

are \/ RsRp; and \/ R, Rp,, respectively. Thus, the source Rs and load R, can be extracted from the
1t and the, n™ resonators, replacing by Rpi and Rps, of those values are normalised to one. The
impedance matrix [Z] can be replaced by the dual network admittance matrix [Y], as depicted in
Fig. 2.8. The corresponding coupling matrix now has extra rows at the top and bottom and at both
sides surrounding the general NXN matrix, known as N+2 coupling matrix. The values of the main
inter-resonator couplings and cross couplings of the new N+2 matrix will not change.

N>N
[Z] matrix

Pure

I

I

I

|

I

' . R.

es ! Immittance

I

I

I

|

I

I

I

Network

N>N

Pure
Immittance

|
Ksi= i
E Network
|
:
|

RS RPl

N RL RPZ

Fig. 2.8 Configuration of circuits’ input and output in the representation of (a) NXN coupling matrix; (b) N+2 coupling
matrix [4].

The multiple coupling circuit model including ports couplings is shown in Fig. 2.9. In Fig. 2.9,
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M, 4 1s determined by the ratio of the mutual capacitance C, 4 and the self- capacitance C, given by
My~ Cp¢/C [2]. The process of analysing and derivations of the N+2 coupling matrix was
introduced in [4]. The normalised N+2 coupling matrix form is presented in Fig. 2.10. The
advantages of the N+2 coupling matrix are summarised by [16] as follows: first, it allows for ports
to multiple resonators couplings; second, the coupling between source and load is possible to
achieve a fully canonical filtering function. Furthermore, it fulfils the requirement of the scaling
process when filters are incorporated with some other devices (e.g. transistors), making it possible

to synthesise the coupling matrix for multiple devices, which will be introduced in Chapter 3.

[N k\
MM T B e

4

L
is Y Yy }
© My2 T My, | T Mog | | M1 Mn.1n
. /N2 SR - P - an = | e
v | 1 Lom Lop Lo LonLom Lol o Le
3G | ¢ Cl2 ==C[2 ==Cl2 ==Cl2==Cl2 ==C[2== C/2 C M| 3G
7 TL™ IT°L IT77L IJ°°L “TTL P2
@ ) (p) (@) (n-1) (n)
c — — — — — — — — —
\\ My ————" b 7
Mz 1
\ S /
Ms L
Fig. 2.9 Electrically coupled resonators model including input and output ports [4].
S 1 n-1 n L
S Ms s mg, Mg 1 ms , ms
1| My :—”Tl,l_ My Myt My
. L . . o .
| |
n-1/m s : m,_, My 10 mn—l,n: m,_,,
Nl My LMo Mg Mol My
L_mLS mg, 'Tan—1 mg, mLL_

N XN Coupling Matrix

Fig. 2.10 N+2 coupling matrix with all possible cross-couplings; the NXN coupling matrix is indicated within the
dashed line [4].
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2.3.2 Coupling matrix synthesis with Chebyshev response

The coupling matrix with Chebyshev response can be obtained directly from the g values, and

g values with Chebyshev response are given in (2.33) [2]

4Sin((2i—1)7z)_sin((2i—3)7z]
_ 1 2n 2n
01 2 o (i ’
1 for n odd

Onea = cothz(él for n even
L
=In| coth| —&—
P |: [17.37]:|
(B
=sinh| =—
y=9 (Zn

g values for other response, such as Butterworth and Elliptic, are available in [2]. In the NxN

(i=2ton)

(2.33)

coupling matrix, the normalised coupling coefficients m;:+1, and the normalised external quality

factors gs and ¢ to produce Chebyshev filter response are calculated by

Qs =Qs-FBW =g.0,, q, =Q, -FBW =¢,0,,,
M. .
m,, =—2 = 1 fori=1ton-1 (2.34)
FBW \/gigi+1

2.4 Microwave Transistor Amplifiers

Three-terminal transistors are widely employed in the solid microwave amplifiers [18]-[22].
The current at the output terminal of the transistor can be controlled in an efficient manner once

the input terminal has a small voltage applied. By this way, the weak signal comes from the input
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port is increased with the help of direct current (DC) power supply. There are various types of the
transistor such as silicon bipolar junction transistors (BJTs), silicon germanium (SiGe) and gallium
arsenide (GaAs) heterojunction bipolar transistors (HBTs), field effect transistors (MOSFETs),
GaAs metal semiconductor field effect transistors (MESFETs), and pseudomorphic high electron
mobility transistors (pHEMTs) [23]. The choice of the transistor depends on the category of the
amplifier, application, required performance, or some other conditions. In this section, we choose
the field effect transistors (FET) as our transistor example to introduce, which is also commonly
employed in the microwave amplifier design [23]. The amplifier devices which are of concern in
the following chapters primarily rely on the field effect transistors (FET). Based on two-port
network analysis, some commonly used definitions in microwave amplifier design, such as two-

port power gain, stability factor, and noise figure are discussed.

2.4.1 Two-port power gains

The most generally used gain definition of an amplifier is the transducer power gain Gr, and
the definition is given by [23], i.e

G - (2.35)

Gr 1s the ratio of the power delivered to the load P, and the power available from the source Pays.
Transducer power gain depends on the source impedance Zs and load impedance Z;. It accounts
for both source and load mismatch [23]. Consider an arbitrary two-port network model,
characterised by S-parameters, as shown in Fig. 2.11. Zsgand Z; are the source and load impedances

[23].
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7s Amplifier
[S] ZL
(Reference Zo)

[ I, Lou Ty

Fig. 2.11 An amplifier’s two-port network with arbitrary source and load impedances [23].

['s and I, are the reflection coefficients seen from the source and the load, and they are calculated

by

2.36
Z.-2, (2.36)

CZ+Z,

S

where Zy is the characteristic impedance. I';;,, and [, are the reflection coefficients seen from the

input and output of the amplifier, and they are calculated to give [23], [28], [29]

= + S128211_‘L

in 11 1_322F|_
S ST (2.37)

1—‘out :SZZ+ S

1-§, I

The transducer power gain can be calculated as [23]
2 2 2
|821| (1_|Fs| )(1_|FL| )

= (2.38)

T 8 R ol

It can be seen from (2.38) that if the source and the load are perfectly matched, i.e. [ =T, =0,

and the transducer power gain equation collapse to
G, =[S, (2.39)

Another important characteristic of the amplifier is the stability condition. Two types of stability
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conditions are defined as [23]:
e Unconditional stability: The network is unconditional stable if |T';,| < 1 and [T,y < 1
for all passive source and load impedances.
e Conditional stability: The network is conditional stable if |T';;,| < 1 and |T'py¢| < 1 only
for certain range of passive source and load impedances.

Because the input and output network of an amplifier is frequency-variant, the stability
conditions depend on frequency. So, it may be possible for an amplifier to be stable in the desired
band but oscillate at other frequencies.

The stability factor and stability circles are applied to check the stability conditions of the
amplifier. The stability factor u defines the minimum distance between the centre of the unit Smith
chart and the unstable region in the load plane [23]. Having u > 1 examines the unconditional

stability condition of the two-port network; u is calculated as

1-|S,[ N
Szz - SflA‘ + |Sz1812|

1= ‘ (2.40)

S* is the complex conjugate of the corresponding S-parameters. A is the determinant of the two-

port network S-parameters matrix.
A= |811822 - 312521| (2.41)

Having u < 1 means the potential unstable condition for the amplifier. Thus, stability circles are
used to confine the range of values for ['¢ and I, where amplifier will be stable. The detailed

process for judging stability by stability circles were introduced in [23] and [28].

2.4.2 Large signal model of the transistor

Field effect transistors have many forms, such as MESFET (metal semiconductor FET),
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MOSFET (metal oxide semiconductor), HEMT (high electron mobility transistor) and PHEMT
(pseudomorphic HEMT) [23]. The maximum operating frequencies of the FETs are hundreds of
GHz [24]-[26]. Not only do they have the broad operating frequency, but also other advantages
including small size, low noise figure, broad bandwidth and low cost, which allow for a wide range
of applications [26].

The structural model of an n-channel MOSFET is presented in Fig. 2.12, comprising three parts

i.e. source, drain and gate.

Gate

Source : Drain
Gate oxide

p-type substrate

Fig. 2.12 A simplified cross-section view of an n-channel MOSFET [27].

The circuit behaviour of a MOSFET device is discussed below. Fig. 2.13 is the large signal
circuit setup of the MOSFET with G, S, and D to represent the three terminals: gate, source and
drain. Voltages between the gate, the drain and the source are denoted as vgs, vps and the current

through drain and source is ips.

e

Vas

Fig. 2.13 Setup for observing the large signal behaviour of the MOSFET.
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Setting different values of vgs, and plotting the curves of ips versus vps, gives the illustration in
Fig. 2.14. If vgs<VT, ips will be zero all the time, in other words, the MOSFET is in the OFF state.
At this stage, MOSFET device is assumed working in a cut-off region. Here V7 is named by the
threshold voltage of the MOSFET [27]. The device operates at ON state when the vgs is beyond

the voltage V7.

Vos=Ves -,\/T
\

VGS6

!
l
| Vess

Saturation region Voss

Ves> V1 Voss

l DS

VGSZ

VGSl

— VIGs <Vr Clutc ff region

0 Vos

Fig. 2.14 Actual characteristics of MOSFET showing the triode, saturation, and cutoff-regions [27].

With the condition vgs> V7 satisfied, when the voltage vps is increased the current vps grows
approximate linearly. When vps approach the value of vgs - V7, the curve bends and begin to flatten
out. This property can be explained as the current ips saturates when vps exceeds vgs - V7. As ips
saturates, the current strength ips will also depend on the value of vgs. As shown in Fig. 2.14, we
get several curves of ips versus vps for each set of vgs, producing a family of ips versus vps curves.

When the MOSFET is working at saturation region, the value of ips mainly depends on vgs, the
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mechanism of which behaves as a voltage-controlled current source. Generally, we will constrain
amplifier designs to operate MOSFETs exclusively in their saturation region, thereby satisfying

the saturation discipline [27], [28].

2.4.3 Narrowband amplifier design for maximum power gain

A narrow band amplifier usually has a bandwidth less than 10% [29]. The circuit diagram of
the transistor with input and output matching network is shown in Fig. 2.15. In Fig. 2.15, matching
networks are employed on both sides of the transistor to transform the input and output impedances
Zy to the source and load impedances Zs and Z;. For the target of achieving maximum power gain,
the reflection coefficient of the source impedance and the reflection coefficient of the load
impedance should conjugately match the input and output of reflection coefficient of the transistor,

that is

r, =r.r,=r (2.42)

7 Input Output 20
matching | matching
network I network

I
| [ N
]

! |
S
FS Fm Fum 1—‘L

Z

in out

Fig. 2.15 The general transistor amplifier with input and output matching network [23].

The conditions of (2.42) will maximise the overall transducer gain. This maximum transducer gain

will be given by [23], [29]
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- [
1-S,T [

1

= (2.43)
1_|Fs|

2
2 |821|

T max

With this conjugate matching, the input and output of the amplifier are matched to characteristic
impedance Zy [23].

As the transistor is usually a bilateral device (S12#0), I';,, is affected by I'y,,+ and vice versa. If
the input and output of the transistor are matched simultaneously, it should satisfy the conditions
in (2.42). The reflection coefficients seen looking toward the input and the output of the transistor

can be calculated by [23]

in 11

1-S,.T',
SlZSZlFS
1-§, I

(2.44)
[ =S,+

out

Substitute (2.42) into (2.44) giving the necessary equations satisfying simultaneous matching
conditions

. S,S,,I
=g, 412 L
1-S,,I',
. S,S,T
=S, 4w s
1-§, I

(2.45)

The solutions of (2.45) are given by

. B, +/B? - 4|C,[

° 2C,

. B, £4/BZ -4|C,["

2C,

(2.46)

The variables Bi, B2, Ci, C> in (2.46) are defined as
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B, =1+S,| —|S,[ —|A"
B, :1+|822|2 _|Sll|2 _|A|2
C,=S,—-AS,,
C,=S,,—AS]

(2.47)

The solutions in (2.46) are possible only if the value within the square root is positive and it can
be shown that it is equivalent to the required stability factor 4>1 in (2.40). Therefore, the

unconditional table device can be conjugately matched for maximum gain [23].
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CHAPTER 3

COUPLING MATRICES OF THE INTEGRATED COMPONENTS

The coupling matrix technique is widely utilised in the design and synthesis of a broad range of
resonator-based structures such as filters, diplexers, and multiplexers [1], [2]. This chapter extends
the conventional coupling matrix to the novel N+X coupling matrices to describe multiple
integrated components (e.g. amplifiers, cascaded filters). Here N is the number of the resonators.
The overall performance of the integrated components can be predicted using matrix calculation
and the initial parameters of the components’ physical structure can also be extracted from the
coupling matrix. The physical implementations of the integrated components will be discussed in
Chapter 4 and Chapter 5. Both analytical and numerical methods are employed for the synthesis
of the novel coupling matrices corresponding to the filter amplifier which is extensively
investigated in the thesis.

Section 3.1 introduces the coupling matrix of cascaded filters, generalising the cascaded filters.
An active N+3 coupling matrix representing a filter amplifier is synthesised in Section 3.2. This
N+3 coupling matrix includes active elements of the transistor’s parameters, resulting in a filter

response with gain. In Section 3.3, resonators used for matching both the input and output of the
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transistor is described by an N+4 coupling matrix. In this case, the transistor is located in the middle
of the resonators, and the matrix optimisation based on a local algorithm is involved to achieve
simultaneous filter matching, eliminating the influence of the parasitic parameters of the transistor.
Appropriate initial parameters can be extracted for the physical device based on the coupling
matrix, where EM optimisation always relies on accurate starting points to improve the design

efficiency.

3.1 Coupling Matrix of the Cascade Filters

Filters are often cascaded in series to improve the performance by rejecting outside bands or
some other functionalities [3], [4]. The half-wavelength transmission line is often employed in
cascaded filters to realise non-resonance-nodes [3], [4]. Extra columns and rows are added to the
conventional coupling matrix corresponding to the non-resonance nodes, producing a novel N+4
coupling matrix [4]. However, this coupling matrix can only be applied in the filters cascaded by
a fixed length of transmission line, i.e. half-wavelength transmission line. In this section, based on
the Y matrix of the transmission line, the coupling matrix of cascaded filters with any length of
transmission line is synthesised. This discussion will help to develop the coupling matrix
corresponding to a more general situation, as well as predict the cascaded filter response with any

length of transmission line. The cascaded device is characterised as a whole entity in matrix form.

3.1.1 Y matrix of the transmission line

Fig. 3.1 shows the voltages and currents relationships at the two ports of the transmission line.

Viand I (i=1 to 2) are the voltages and currents at the two ports.
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Transmission

line
V1 .. Vv,
Characteristic

oe— | impedanceZo | oo

Fig. 3.1 The voltages and currents at the two ports of the transmission line.

The ABCD matrix for the transmission line is given by [1],

coshyl Z,sinhyl

A .
{C D}: szhyl cosh 7l 31)

0

where | is denoted as the length of the transmission line. Here, we assume the transmission is
lossless, thus y = jk. k is known as the propagation constant and is defined by k=w-/ue; its unit is
1/m. wu is the permeability and € is the permittivity. Zo is the characteristic impedance and in our
examples below, it is usually Zo=50 Q. The admittance (YY) matrix can be calculated using the

ABCD matrix to Y matrix transformation formulas provided in [1] to give

cosh 71 -1
Z,sinhyl  Z,sinhyl
Yo = ’ : (3.2)
-1 cosh I

Z,sinhyl  Z,;sinhyl

3.1.2 Coupling matrix of cascaded filters

Non-resonating-nodes (NRN) cascading two filters are schematically exhibited in Fig. 3.2(a),
where the clear circles denote the source and load, and solid circles refer to the resonators and
NRNSs.Fig. 3.2(b) is the lumped circuit of the resonators coupled by J inverters and the transmission

line. All the parallel capacitors and inductors representing the resonators are coupled by inverters.
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Here Jij, Jkin and Joutk+1 are the inverters coupling to the k™ and (k+1)" resonators to the
transmission line; the input port admittance and output admittance are denoted by Yp1 and Ypo. We
use Ve1, Ve2, Vin, and Vout With the subscript to distinguish the node voltages for resonators and ports,
respectively. The voltage at the i resonator is denoted as vi (i=1 to n), whereas the vei (i=1 to 2)
is the voltage at input and output ports. vin and voyt are the voltages at input and output ports of the

transmission line. is is the current source at port 1.

Filter 1 Filter 2
(@)
‘iS>VP1 lil Vi Vi Vin Vout Vi Vn |p2 ip2 Vpo
Yp1 EE i/m Jp11 C{}L NP C{}L Jiiin Tli?:: Joutks1 C%BL Jurria C{}L Jp2n szi% Yp2
(b)

Fig. 3.2 Topology and circuit schematic of the cascaded filter. (a) Topology. (b) Lumped circuit representation.

Appling Kirchoff’s current laws at each nodes of the circuit in Fig. 3.2(b), we can write down
the equations as
YorVey = j‘JPl,lvl =
: (1 . _
=1 pVer + (.—‘f‘ JCUC]V1 = JJ,v, =0
joL
cosh I -1

Z,sinhyl ™ Zsinhyl

-1 cosh I
Z,sinhyl " Z,sinhyl

Vour = 0

_j‘Jin,ka +
(3.3)

out J‘]out,k+lvk+l =0

—nnaVos +(.i+ ja)C]Vn — npaVe, =0
3y Ja)L ¥

—1p2nVn +YpaVp, =0
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In matrix form,

Ve ~i3p11 0
Uim (—+ja)C] -3,
joL
0 0 _j‘]in,k
0 0
0 0
0 0 0
. 0 0 0
0 0 |
0 0
~ o 0 0 0 Irv,7 [i]
COS_h /! __1 0 0 A 0
Zysinhyl  Z;sinhyl v, 0
'_EL Cos-h}/l _j‘]outk+1 0 0 _
Zyjsinyl  Z,sinhyl ' . 0
0 _j‘]k+10ut (L'FJCUCJ 0 Vout 0 (34)
' JoL : :
| Ve2 | [ O]
[—+ja)CJ — 0 p2
Jo
_j‘]PZ,Z sz i
Or
[Y]-[v]=[i] (35)

The next step is to find the relationships between the admittance matrix [Y] and the scattering

parameters. The wave variables ax and b are defined by [5]
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1 VPk 'YPk + IPk
2| 2,[[Re(v)
1| Ve 'Y;k — I

2 2, /\Re(\(F,k )

Vpk and lpx are the voltage and current at the ports of the network and Ypy is the admittance of the

(k=1to 2) (3.6)

port k (k=1 to 2), and this two ports network is illustrated in Fig. 2.1. The relationships between

the scattering parameters and the wave variables ax and b are given by [1],

S11 = E Slz E
al a,=0 3.2 a=0 (3 7)
b b '
SZl =2 S22 =2
a1 a,=0 a2 a,=0

By inspecting the lumped element circuit in Fig. 3.2, it can be recognised that Ve=vek (k=1, 2),

Ip2=-ip2, lp1=Is-Vp1 ¥p1. Considering (3.6), we have

i Ve (YPl +Y|:1)_is _ 2VP1 (|ReYPl|)_is

" IReY,,| R IReY,,| 2\||ReY,| (38)
Ve, (YPZ +Y|:2)

a,=0 b, =2 P20y, [ReY

2 2 2 |ReYP2| P2 | P2|

And therefore the relationship between the S-parameters and the wave variables can be formulated

by substituting (3.8) into (3.7), given by

o _b| _ 2vp/IRe Y| 1
1~ - -
|
e ) (3.9)
o b 2% -JIReYe,|[ReY,,|
217 - -
a1 a2=0 IS

vpk (k=1,2) are found from (3.4) as
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Vo =i [Y Joy oo (3.10)
where [Y]p4 p, is denoted as the entry in row Py and column Py of [Y]™. Replacing the node
voltages in (3.9) with those in (3.10) results in

S11 = 2|ReYP1|[Y];i,P1 -1

(3.11)
S, =2/[ReY,,[-[ReY,,|[Y I5 s

In order to get the coupling matrix, the next step is to scale the [Y] matrix in (3.4). Here each
row i and column j (i, j=1 to n) of the matrix [Y] is divided by \/w,C - FBW, where w, = 1/VLC
is the centre frequency of parallel capacitors (C) and inductors (L) circuit. FBW is the fractional
bandwidth of the network. Except for row i and column j, the rows and columns P4, P2, Pin, and
Pout (in Fig. 3.3) are divided by \/7 which Y0=0.02 S is the referred characteristic admittance.
Rows and columns Py and P2 indicate the input port and output port of the filter; Pin, and Pout
represent the input port and output port of the transmission line. The matrix scaling process is

illustrated in Fig. 3.3 and the same matrix scaling technique is described in [2].

1 ~ ~ Pin . Pmril P
E) mCFEE) B B ((mcmw ) (R
P x(‘/?”)_l_’ | Yoy 7jJP1;1 0 0 0 —|
A(JaC EBI ) |, [?Lﬂ-mc] 0 0
: jo
- . —— — — — ™~
Pon X(\/?u)l—b 0 0 7 coshyl -1 - 0 0
' | Zysinhyl  Z,sinhyl |
-1 | -1 cosh y/
1)()N Y 0 0 e T° 0 0
%) = \ Z,sinhy/  Z;sinhyl J
' ' ' Transmission line
><(q E%C-FBW)_I—P 0 0 0 ( 1L+J(9C] j‘]n,PZ
Jjo ‘
P2 x(\/?o)_l_p_ 0 0 0 _JJ 22 sz J

Fig. 3.3 Matrix operation from the [Y] to [Y].
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The resultant scaled matrix [Y] is

_ J
Y i P11
" ’ J@,C - FBW -Y,
_y ‘]l,Pl D
Jo,C-FBW -Y,
Y]- '
¥ 0 )
0 0
0 0
0 0
: I
_ ,In O
P . Jo,C-FBW -Y,
i Jink cosh 1 -1
Jo,C-FBW -Y, sinh 1 sinh 1
0 -1 cosh 1 _j Jo ot
sinh 1 sinh 1 Jo,C - FBW -Y,
J
0 i k+1,out
. Jo,C-FBW -Y, P
0 0
0 0
0 0
0
H ‘]n,PZ
P . Jo,C-FBW -Y,
J _
_j P2,n sz
Jo,C - FBW -Y, |

(3.12)
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p is the complex frequency variable, i.e.

J'wC+.i
po—JL 2O % (313
o, C-FBW "FBW|w, o '

It should be noted that the scaled matrix [Y] in (3.12) is not equivalent to the matrix [Y] in (3.4),
because the different scaling factors are operated on the rows and columns of [Y]. However, the S-
parameters response calculated by [Y] yields same results of as calculated using [Y]. This will be
proven as follows.

The inverses of [Y] and [Y] can be expressed by the ratios of their co-factors and determinants

[6]

pl- o cof (Ypi p,) (IY }0)
i,Pj !
IY_l ILj=1ton (3.14)
[\7]71- ~ cof (Y Pi pj) (l\? " 0)
Pi,Pj |?| '

where |Y]and |Y| are the determinant of [Y] and [Y]. cof (Yp; p;) and cof (¥p; p;) are the entries in
column P; and row Pj of the cofactor matrices of [Y] and [Y]. Recalling matrix [Y] in (3.4) and [Y]

in (3.12), we obtain the relationships of their determinants and cofactors as

1Y = (T FBW) (% ) IV
ot (Yo py) = (VG FBW ) (%) cof (Yourr) (i,j=1t0 2, i)

Note that in Fig. 3.3, the rows and columns P1, P2, Pin and Pout of [Y] are divided by /Y, up to

(3.15)

eight times; the row i and column j (i, j=1 to n) are scaled by vwC - FBW up to 2n times. Thus,

the exponents of \/Y, and VwC - FBW in (3.15) are 8 and 2n, respectively.

Substituting (3.15) into (3.14) yields
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Y], =—"* (3.16)

Thus, the S-parameters can be calculated by substituting (3.16) into (3.11), given by
Sy = 2[ReY el [Y Tty —1

_ _ (3.17)
S, = 2\/‘R6Y Pl‘ . ‘RGY PZ‘[Y_];IZ’pl

We add a bar on the top of Ypk to denote the normalised port admittance Y px.
Let’s continue to simplify the normalised matrix [Y]. Referring to [1] the J inverters between
resonators are formulated by

J,;=3,=0C, =aC, (3.18)

i,j ji
where Cij= C;j; represents the mutual capacitance between resonator i and j. The J inverters

coupling the ports and transmission line to the resonators (see Fig. 3.2) Jp1,1, Inp2, Jkin, aNd Jout k+1

Pl 1= 1 PL = P2 n= = /
el
a)OC Y, 3
k in k+1, out — out kel —
ek ek+1

where Qi (i=1 to n) is the external quality factor of the i"" resonator defined in [1]. In (3.19), Qex

are defined as

(3.19)

and Qex+1 are the external quality factors of the k™ and (k+1)™" resonators.

Substitute (3.18) and (3.19) into (3.12), we have
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. 1
Newo, P
V1= : :
Y] : :
0 0
0 0
0 0
p _j ;
FBW -Q,,
_j 1 cosh 71
FBW -Q,, sinh yl
0 -1
sinh #1
0

-1
sinh #1

cosh I _j 1

sinh yl FBW - Q4
B M p

FBW - Qek+1
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Note that the normalised external quality factor can be expressed as
0, =FWB-Q, (i=1to n) (3.21)

and the inter-resonator coupling coefficient M is given by

C. .
M. :%:st-mi,j (i,j=1lton, i=j) (3.22)

1]

Define the coupling coefficients between two ports of the transmission line as

-1
in,out out,in Sinh]/l ( )

The normalised external coupling coefficients between two ports and the resonators can be defined

1
M in =My = q_
ek

m

as

(3.24)
|1
k+1,out qu " !

m

out,k+1 =

where dekand Qek+1 are the normalised external quality factors of the k™ and (k+1)™ resonators. The

coupling coefficients between the transmission line and the resonators can be defined as

m =m = ’ 1
PiL — ""MP1 T4
qel
m =m = / 1
P2n — "np2 T4
' ’ qen

In order to simplify the circuit, the normalised port admittance Yp1 and Yp are assumed to be one,

(3.25)

i.e
Yri=Yp =1 (3.26)

Substitute (3.21)-(3.26) into (3.20) yielding
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1 —jmgyy 0 0 0
. -
—IMypy p -1 T2 0 0
Wy
0 0 p _jmk,in 0 0 0
vi 0 0 T _jmin k M Min out 0 0
[YJ: " sinhyl ’
cosh ¥l .
0 0 0 Moyt in ﬁ i LTS 0 0
0 0 0 _jmk+1,0ut p 0
0 0 0 p _jmn,PZ
0 0 0 =My, 1
(3.27)

Applying narrowband approximation w, = w, [Y] can be simplified to the matrix [A] as

1 — ey, 0 0 0
_jml,Pl p _jml’2 0 0

0 _jmz,l p _jm2y3 0

0 0 p _jmk,in 0 0 0

. cosh yl .
0 0 e —imy . 2 jm, 0 0
[A] _ J in,k sinh }/| J in,out
cosh 1 .

0 0 0 Jmout,in ﬁ _Jmout,k+l 0 0

0 0 0 _jmk+l,out p

0 0 0 p —jm, p
0 0 0 e =My, 1

(3.28)

Then, the S-parameters can be calculated by

S11 = Z[A];i, P1 -1

B (3.29)
821 = Z[A]Plz,m

Matrix [A] can be further decomposed into three matrices [1], given by
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[A]=[T]+p-[U]-j-[m] (3.30)

where the [T] matrix includes the filter’s port admittance and the NRNs, given by

1 0 0 --. .. ... 0O

0 0 - e .. 0 O
0 0 0 O .. ... 0 O
00 0 0 0 0 O

cosh I
0O0 - e ... 0 O
[T]= sinh 71 (3.31)
00 - 0 c9shyl 0 0
sinh 1

00 0 0 0 O 0
00 0 - e 001

In (3.30), [U] is a matrix with diagonal entries are identity except for Up1p1, Uin,in, Uoutout and

Up2p2, Which are zero.

0 0 0 0 0]
01 0 0
001 0 0 0
00 0 0 0 0
[U]=]0 o© 0 0 0 0 (3.32)
00 0 0 0 0
00 0 0 1 0 0
00 0 10
00 0 0]

The normalised coupling matrix [m] is given by
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0 m, 0 m, 0 0
0 O O mk,in 0 0 0
[m] _ 0 0 min,k 0 min,out 0 0 (333)
0 O O mout,in 0 mout,k+1
0 0 0 My out 0
0 0 0 0 m, e,
0 0 0 Mepn O

3.1.3 Example: A transmission line cascaded filter

An example of two 2" order filters cascaded using the transmission line is presented in the
section. The filter is specified with 10 GHz centre frequency, 500 MHz bandwidth (FBW=0.05),
and 20 dB return loss. These two filters are cascaded by a section of the idealised transmission line

(i.e. a=0) with Y0=0.02 S characteristic admittance.

C=0.174 pF J inverters C=2 105 fF C=0.174 pF

/’ \/ -
; N
“
N
\

Transmission line
Characteristic
impedance: 1 Q

on Ca44 c45
Port 2: ——
10 r-‘ ST T
Je 1
1 T

Tt~ 7777\ All resoantors
Resonators =0.0253 pF

L=10nH

Fig. 3.4 Lumped circuit of the cascaded filter simulated in ADS.
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A lump circuit example of the cascaded filter is constructed in ADS, as depicted in Fig. 3.4.
The resonators are in the form of parallel inductors and capacitors which are coupled via J inverters
to formulate the filters. Two identified filters are cascaded through the idealised transmission line
as shown in Fig. 3.4. The values of the lumped elements including the capacitors, inductors and
the J inverters can be calculated using (2.15) in Chapter 2. The simulated circuit response with
different lengths of the transmission line is presented in Fig. 3.5.

Referring to (3.24) and (3.33), the coupling matrix is given by

0 1224 0 0 0 0 0 0
12264 0 16621 0 0 0 0 0
0 16621 0 12264 O 0 0 0
0 0 12264 0 ) 0 0 0
[m]= syl (3.34)
0 0 o 0 12264 0 0
sinh 7l
0 0 0 0 12264 0 16621 O
0 0 0 0 0 16621 0 12264
0 0 0 0 0 0 12264 0 |

In (3.34), the couplings of the transmission line are expressed as a function of yl. The unity of
ylis radians representing the phase of the transmission line. Note that the matrix in (3.34), two
identical sub-matrices indicate the filters are cascaded by the transmission line. The couplings
between two port of the transmission line are determined by its own properties. In [3] and [4], the
couplings between the two non-resonance nodes are 1, but in our example in (3.34) they are
variables related to the length of the transmission line. The S-parameters response calculated using
the coupling matrix versus different lengths of the transmission line is illustrated in Fig. 3.5,

compared with the circuit response simulated in ADS.
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Fig. 3.5 S-parameters response using matrix formulation and circuit simulation. (a) yI=1/4xj. (b) y1=1/2zj. (c) yl=xj.
(b) y1=2zj. The transmission line works at 10 GHz centre frequency.

It can be seen from Fig. 3.5 that the responses of circuit simulation fit precisely to the S-parameters
response calculated using the matrix calculation which validates the N+4 coupling matrix
representation of the cascaded filters. Compared with [3] and [4], this newly synthesised N+4

coupling matrix can describe arbitrary lengths of the transmission line cascaded filters.
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3.2 N+3 Coupling Matrix

The conventional coupling matrix can be extended to an active N+3 matrix describing the filter
amplifiers. The device ‘filter amplifier’ is an integrated filter with the active component, which
has both filtering and amplification functionalities. Extra elements indicating the transistor’s
parameters are included to synthesise the N+3 coupling matrix. In the N+3 coupling matrix, the
self-coupling of the N resonator of the filter (adjacent to the transistor) and the coupling to the
transistor are calculated to achieve a Chebyshev (or other) filter response with gain. Three practical
examples in the form of waveguide filter amplifiers and a microstrip filter amplifier are presented

in Chapter 4 and Chapter 5. In this section, the novel N+3 active coupling matrix is synthesised.

3.2.1 Y matrix of the transistor small signal model

Before discussing the active N+3 coupling matrix, an admittance network used to represent the
simplified small signal model of the transistor is introduced. As shown in Fig. 3.6, Ygs, Yds, and Ygd
are the admittance between the transistor’s gate source and drain [7]. The transconductance gm

represents the voltage controlled current source.

Gate Ygd Drain

° 1 °
Ygs gmGD YdS
Source

Fig. 3.6 Simplified small signal lumped circuit model for the transistor.

The parameters of the transistor small signal model can be calculated from measured S-
parameters, which are usually provided in the transistor datasheet [9]. The Y parameters of the

transistor can be calculated using S-parameters to Y-parameters formulas by [1]
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Y, (1_ S11)(1"' S22 ) + 1,5, Y, _2512

{Yn le} _ (1+S,,)(1+S,)— S5, (1+S,,)(1+S,)—S,S, (3.35)
Yo Yy Y —2S, Y (1"' Sn)(l_ Sz ) +5,5, |
P(148,)(1+S,) =S,y (1+Sy)(1+S,) 5,8, |

Here Yo is the characteristic admittance. Referring to [7], the simplified Y matrix representation

of the transistor is given by

[Y ] _ |:Y11 le} _ YdS +Ygd _Ygd (3.36)
! Y21 Yzz I _Ygd Yds +Ygd

The normalised admittance matrix of the transistor can be calculated by dividing the characteristic

admittance Yo, given by

v )=l P o oo } (337)

3.2.2 N+3 coupling matrix of the filter amplifier

The topology of filter amplifier is developed by replacing the load of the last resonator in the
filter by the transistor. Fig. 3.7(a) introduces the lumped circuit representation of the N order
resonator based filter amplifier: resonators in the form of parallel capacitors (C) and inductors (L)
are coupled by the J inverters. The transistor is coupled to the N resonator by inverter Jy, and the
N resonator is in the form of capacitor Cy and L. The lumped circuit is schematically represented
in Fig. 3.7(b), with clear circles denoting the source and load and solid circles indicating the
resonators. The input port admittance of the filter is denoted by Yp:. A matching network is
employed at the output to convert the load Y. to Y, conjugately matched to drain to source
admittance Ygs. The load admittance Y. represents the measurement port at the output which is

usually 50 Q.

53



'JP1,1

(b)

Output
matching
network

Yo

Fig. 3.7 Topology and equivalent lumped circuit for coupled resonators filter amplifier circuit. (a) Lumped circuit
model. (b) Schematic representation of the circuit.

The voltage at the i" resonator is denoted as vi (i=1 to n), whereas Vp; is the voltage at the input

of the filter; Vp2 is the voltage at the gate of the transistor; Vps indicates the voltage at the drain of

the transistor. is is the current source at input port 1. Note that the N resonator, Cy is set to a value

different from C to achieve centre frequency shift allowing Chebyshev (or other) filter response.

Now Kirchoff’s current laws can be applied to the circuit in Fig. 3.7(a) giving

- j‘]n—l,nvn—l o +(

YorVer = [piaVy =1

J‘]1P1VP1+( +JC‘)CJVl 9,5V, =0

jJ21V +( + joC, jJ23V =

+ joC, j - J9yVp, =0

JJPZ" ”_<Y +Y ) N ngPSZO
(gm _Ygd )VP2 +(Y95 +Ygd +Yd:,)VP3 =0
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In matrix form,

[ Ye, —iIp1s 0 0 0 0
: 1. :
o [gewe) b : © 0 ) ]
. 1 . Vi 0
0 — o (ja)Lz + Ja’czj 0 0 0 \/'2 0
: : . .
0 0 0 [i+ ijY] -ijd, 0 Ve, | |0
JolL
. |Ves | | O]
_JJY Ygs +Ygd _Ygd
L 0 O _Ygd Yds +Ygd +Yd2_
(3.39)
Or
[Y]-{v]=[i] (3.40)
The admittance matrix [Y] can be expressed as
[ Yeu —1Jp1 0 0 0 0
—Nips (-L"'JWC] — 1 0 0 0
' JoL ’
. 1 .
0 19,5, [— + ja)Cj 0 0 0
' JoL
[v]= | 5
1 . .
0 0 0 [— + ijYj -y 0
JoL
0 0 -jJy Yoo +Yg4 Yy
0 0 0 On Yo Yo +Yy +Yy

(3.41)

The next step is to find the relationship between the admittance matrix [Y] and the scattering

parameters. By inspecting the lumped circuit in Fig. 3.7(a), it can be recognised that Vpx=vpk (k=1

to 3), Ipa=-ip2, Ip1=is-Vp1 ¥p1. Considering (3.6), we have
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i _ Ve (YPl +Y|:1) I _ 2VP1(|ReYP1|) i

2 /|ReY,| 2,/IReY,,| 2,/IReY,,| 0
Ves (Yds + de ) * .
a,=0 b, = ——=—="=v,; [ReY,
2,/[ReY.

The relationships between the scattering parameters and the wave variables ax and b are given by

[1]

Sy = %
220 (3.43)
Sy = b_2
a1 a2=0
Substitute (3.42) into (3.43) yielding
s, - b _ 2vP1|.ReYP1| 4
a1 a2=a3=0 IS (3 44)
o _b, 2V, - |JIReYs- ReY,;,
217 = :
a1 a2=a3=0 Is
vrk (k=1 to 3) is found from (3.38) as
Ve =i -[Y ], o) (3.45)

where [Y]p4 py is denoted as the entry in row Py and column Py of [Y]™. Replacing the node
voltages in (3.45) with those in (3.44) results in
Sy = 2|ReYP1|[Y]I_311,P1 -1

(3.46)
[YTosp

S, = 2,[ReY,,|-|ReY,

In order to get the coupling matrix, the next step is to scale the [Y] matrix in (3.41), and this is

similar to the matrix scaling process in Fig. 3.3. Here each row i and column j (i, j=1 to n) of the

matrix [Y] is divided by \/w,C - FBW, where w, = 1/+/LC is the centre frequency of parallel
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capacitors (C) and inductors (L) circuit. FBW is the fractional bandwidth of the network. The rows

and columns P1, P2 and Pz are divided by \/70 which Y0=0.02 S is the characteristic admittance.
Rows and columns Py indicate the input port and output port of the filter; P2 indicates input of the
transistor and Pz indicates the load with matching. The matrix scaling process is illustrated in Fig.

3.8 and the same matrix scaling technique is described in [2].

Yo _j# 0 0 0
Y, J®,C - FBW -Y,
. J
—j 1,P1 p 0 0 0
J@,C - FBW -Y,
. 1
[Y]= 0 0 o jeb _j‘]—Y 0
Jo,C - FBW J®,C - FBW -Y,
0 0 —j Jy Ygs +Ygd _Ygd
J@,C - FBW -Y, Y, Y,
0 0 0 O — Y Yoo + Yas + VY
L Y, Y,
(3.47)
P1 P2 P3

-1

(VE) x(JanC - EBW ) (oo, C-FBI (oo, € FBW ) %(JT) " x(J%)

A

P X( L )_]_> Yy ~JJp1 ee Jp1p2 ~JJpLp3
g7 T T T T T ~
-1 . . - - -
X(\/ff’oC'FBW)—P —Jp | (H"']‘@CJ —J I_J']LPZ — 1 ps
><(1 J&,C- FBW )Lb - - NxN matrix :
|
A\ . . 1 . . .
*(Je, C-FBW |—pm | —jJ, py \ M (EHQCYJ | =iy —JJ, p3
—_— e —— e — e — — — o
P2 *(\/E)I_" —JJpap1 —J/p2y —JjJy Yo, + Yo —Yeu
4 .
P3 x(\/ﬁ)—b __jJP3.P1 _jJP3.1 _-jJPB.n Em ~ Yga’ Ya’s +Ygd +Yds_

Fig. 3.8 Matrix operation from [Y] to [Y].
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It is necessary to claim here that the scaled matrix [Y] in (3.12) is not equivalent to the matrix
[Y] in (3.4), because the different scaling factors are operated on the rows and columns of [Y].
However, the S-parameters response calculated by [Y] yields same results of as calculated using
[Y]. The matrix manipulation is discussed as follows.

The inverses of [Y] and [Y] can be expressed by the ratios of their co-factors and determinants

[6]
_ cof (Ypipi)
YTy =" (¥I0
cof (Y ripj) (3.48)
-1 Pi,Pj vi
[V ]n = T'(\Y\ #0)
The relationships of their determinants and cofactors are obtained
2n 6 |—
Y|=(JerC-FBW ) - fY, Y| 009

Note that in Fig. 3.8, the rows and columns P1, P2 and P of [Y] are divided by \/70 up to six times;
the row i and column j (i, j=1 to n) are scaled by VwC - FBW up to 2n times. Thus, the exponents

of \/Y, and VwC - FBW in (3.49) are 6 and 2n, respectively.

Substitute (3.49) into (3.48) yielding

-1 1 —-1
[Y]Pi,Pj :Y_O[Y:Ipi,Pj (3:50)
According to (3.46) and (3.50), the S-parameters can be calculated by

Sy = 2[ReY m|[V Iri o, — 1

(3.51)

S, = 2\/\Re\? oi|[ReYes|[Y Tk oy
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Now we continue to simply the normalised matrix [Y]. Recalling the lumped circuit illustrated

in Fig. 3.7(a), The capacitor Cy and the J inverter Jy are given by

C, =c(1+ j (3.52)
a-qe,
a’+b?*)wC-Y,
J, =\/( )JoC Yo (3.53)
a-Q,,

a and b are the normalised real and the imaginary part of the transistor’s input admittance Yin
Y, =a+j-b (3.54)
Fig. 3.9 illustrates the equivalent lumped circuit of the transistor with output matched. Vin and lin

are the voltage and current at the gate of the transistor; Vou is the voltage at the drain of the

transistor.

Y_In = Y_m Y *
YO Vin Ygd Vout ijs
Yin I, |_> Output
L Yo In @ y,. | matching Y,
9 | network

Fig 3.9 Lumped circuit of the transistor with output matched.

Apply the Kirchoff’s current laws at the drain of the transistor, giving

(V.

out

Vip)Ygs +(Yes + Y )V,

out

+V,, 0, =0 (3.55)
Solving (3.55) to give

_ (Ygd —On )Vin

out — * (356)
' Yoo + Vg + Yo

Then, lin can be calculated by
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Y —g V.
| = [vm ——\(( o Yg"“)Y',T }Ygd +V,, Yy, (3.57)
+Y, +
gd ds ds

The input admittance of the transistor can be calculated by

Y (Y. +Y. +
Yin — gd ( ds ds ?m) +Ygs (358)
Ygd + Yy + Yy

Thus, a and b can be calculated from the normalised transistor’s Y matrix parameters and load
admittance as
Yo [am Ve ms}

a=Red—-—  J4vY,
Ygd+Yds+Yds

o (3.59)
Y gd [gm+Yds+Yds:| _
b=1Im — — — +Ygs
Yod +Yas +Yas

The J inverters coupling port 1 to the resonator and the J inverters between resonators are

w,C-Y,
'JPl,l = ‘]l,Pl = OQ 0 (3.60)
el

J, =aC., %] (3.61)

) )
where C;;j=C;j, represents the mutual capacitance between resonator i and j.

Substitute (3.52)-(3.61) into (3.47), the [Y] matrix can be simplified as
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Yo —j ! 0 0 0 0
FBW -Q,
C
S — p -t 0 0 0
FBW -Q,, FBW ,C
0 L% p 0 0
- FBW ,C
[V]= : : : : : :
2 2
0 0 0 p+j$ —j¢ 0
a-FBW -Q, a-FBW -Q,
2 2 _ _ _
0 0 0 R Voo +V oo Yoo
a FBW-Q,
0 0 0 0 0n Yo Yor+YVes+Ves
(3.62)
Note that
(3.63)

q; =FWB-Q, (i=1 to n)

Coupling coefficients M;; between two resonators is given by

., (Lj=1ton,i=j) (3.64)

Define mp1,1=m1 p1 as the couplings from the 1% resonator to the input filter as

/ 1
Mpy =Myp =, |— (3.65)
qel

and the couplings from the N™ resonator to the transistor mpz,=mnp> as

a’+b?
Myp =Mpyp = a-q (3.66)

The normalised coupling coefficients between the input and output of the transistor are defined by

Y- (3.67)

mn,n, Namely self-coupling, indicating the centre frequency shift, is given by
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b
mn,n =T (3.68)

a-Q,,

For simplification, the normalised port admittance of the filter is defined by

Yo =1 (3.69)

Substitute (3.65)-(3.69) into (3.62), yielding

1 —JMpy, 0 0 0 0
. . @
—Jm 5y p —J—m, 0 0 0
Wy
0o -i%m,  p 0 0 0
[Y]= Wy (3.70)
0 0 0 P jmn,n _jmn,PZ 0
0 0 0 _ijZ,n Y_gs +Y g _ijZ,P3
0 0 0 0 — My 0, Ygd +VYas +\7;s_

Assuming w, = w for narrow band approximation, [Y] can be simplified to the matrix [A]

1 —jme, 0 0 0 0
—jm p -jm, - 0 0 0

0 —-jm,, p e 0 0 0

0 0 0 o P jmn,n _jmn,PZ 0

0 0 0 _jmpz,n Y_gs +Y g _ijZ,PS
0 0 0 0 My, YetYe+YVe

Therefore, the S-parameters response of the filter amplifier can be calculated by

S11 = 2[A]I;ll,P1 -1
(3.72)

S, =2 ‘Re\?ds (A,

Matrix [A] can be further decomposed into three matrices, given by
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[A]=

[T]+p[U]-i[m]

(3.73)

[T] indicates the matrix including normalised filter input port admittance and the transistor’s

input and output admittance.

o O O O B+

O O O O o

0 0 0 i
0 0 0
0 0 0
0 Vgs +?gd 0
0 0 ng +Vds +?;s_

(3.74)

[U] is a matrix with diagonal entries are identity except for the position at the ports and transistor

input.

0
0

000
0
0 - 100
0
0 -

The normalised coupling matrix [m] can be expressed as

3.3 N+4 Coupling Matrix

mPl,l

0 0 0

0 0 0

n,n mn,PZ 0
mPZ,n O mP2,P3

(3.75)

(3.76)

In this section, we propose the topology of the filter amplifier with resonators matching at the

input and output of the transistor. This filter amplifier can be expressed using an N+4 coupling
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matrix. Complex values of the input and output impedances/admittances of the transistor can be
matched simultaneously, achieving Chebyshev filter response with Si1 and Sz and the Sx1
response with a gain over the passband. The N+4 active coupling matrix, which includes the

parameters of the transistor, describes the performance of the integrated filter amplifier.

3.3.1 N+4 coupling matrix of the input and output resonator matching

filter amplifier

The discussion follows closely the N+3 derivations but is included in full here. Fig. 3.10(a)
shows the small signal lumped circuit of the transistor coupled by J inverters to the resonators
based filters. This can be translated into the filter amplifier schematic topology with clear circles
representing the source and the load, and solid circles denoting the resonators, as shown in Fig.

3.10(b).

Y Yas

2 Ve, Jp11 C%:}L Jio Cm{:}L Jkiin Ygs Imn@ Iil ‘]"“"MCYZ{:}L Jevsierz C{:ﬁ'— Jp2n |Yp, 2

©000P-O000

(b)
Fig. 3.10 Lumped circuit and topology of the transistor with input and output resonators matching. (a) Lumped circuit
model. (b) Schematic representation of the circuit.

The input and output matching resonators are formed by parallel capacitors (C) and inductors
(L) and are coupled by the J inverters. The input of transistor is coupled to the k™ resonator

through the inverter Jxin, and the (k+1)™ resonator is coupled by the inverter Joutk+1. The resonator
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adjacent to the transistor’s input has capacitor Cy1 and the (k+1)" resonator adjacent to the output
of the transistor has capacitor Cyo>.

As the derivation of admittance matrix is exactly same as the example of the transmission line
coupled between resonators in Section 3.1, we directly write down the admittance matrix [Y] of

the circuit in Fig. 3.10(a), i.e.

Yoo —iden 0 0 0 0 0 0 0
. _LL+ joC 0 0 0 0 0 0 0
w
: 0 0 0 0 0
0 0 'LL+ joCy; =i 0 0 0 0 0
Jo ’
0 0 _j‘]in,k Ygs +Ygd _Ygd 0 0 0 0
[Y] B 0 0 0 0 Om _Ygd Yds +Ygd _j‘Jout,k+1 0 0
. 1 .
0 O O O 0 —J\]kJrlyout m"r _I&)CY2 0 0
0 0 0 0 0
0 0 0 0 0 0 0 _JC:I(-)L + joC _j‘]n,PZ
| 0 0 0 0 0 0 0 _j‘]PZ,n YPZ |
3.77)

The next step is to scale the [Y] matrix in (3.77). The scaling process is exactly same as the

scaling process in Fig.3.3 in Section 3.1. Here each row i and column j of the matrix [Y] are divided
by \Jw,C - FBW, where w, = 1/V/LC is the centre frequency of parallel capacitors (C) and
inductors (L) circuit. FBW is the fractional bandwidth of the network. The rows and columns P,
P2, Pin, and Pou are divided by /Yy, which Y0=0.02 S is the characteristic admittance. Rows and

columns P1 and Pz indicate the input port and output port of the filter; Pin, and Pout represent the

input port and output port of the transistor.
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Y_ J P11
P1

-]
Jo,C - FBW -Y,0

[V]= 0
0
0 0
0 0
0 0
0 0
I 0 0
0 0 0 0 0 ]
0 0 0 0 0
0 0 0
joCy +—
J, -
= kin 0 0 0 0
Jo,C - FBW JooC - FBW -Y,
. Jink v vi vi
N Ygs +Ygd —Ygd 0 0 0
Jo,C - FBW -Y,
- - J
0 ~Y g Vs +Y g Sy S 0
=T Y VT -FeW v,
jaC, +_i
0 0 O ‘]k+1,out joL 0
Jo,C - FBW -Y, Jo,C - FBW
0 0
J
0 0 0 0 PR i —
Jo,C - FBW -Y,
0 0 0 0 Yo, |
(3.78)

The derivations of the S-parameters are exactly same as these describe in Section 3.1, and the S-

parameters response can be calculated by
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Su= Z‘RGVM‘W];’M -1

S, = 2\/‘R6?P1‘ . ‘REVPZ‘[Y_]:LZ’M
o (3.79)
S, = 2|ReY ea|[Y 55 5, —1

S, = 2\/‘R9?P2‘ . ‘RGVM‘[Y_]BILPZ

Let’s continue to simplify the normalised matrix [Y]. J inverters which couple the resonators

to the transistor’s input and output are given by

] 3 (Rez(?gs)'F |m2(Vgs))a)0C'Yo
k,in — Yink — Re(?gs) 'Qek

_ _ (3.80)
(Rez(Yds) + |m2(Yds))a)oc Y,
‘]out,k+1 = ‘]k+1,0ut = v
RE(Y dS) ° Qek+l
The capacitor Cy: and Cy2 are given by
\/(Rez (Vgs) + |m2(?gs))a)oc 'YO
Y1~ Vi
Re(Y ¢s)- o
(Y 0s) - Qu (3.81)

. (Re?(Yas) +Im? (Y ) ) 0, C -,
e Re(Vds) 'Qek+l

Substitute (3.19) (3.22) (3.80) and (3.81) into (3.78) yielding
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Y 0 °
—j ; 0 0
FBW -Q,
2y 2
0 p+J b —j Re (_Ygs)+|m (YQS)
a . FBW . Qel Re(Y gs) . FBW * Qek
V1= "W ) MY - .5
0 _j\/Re (_Ygs)+ Im (Ygs) Ygs +Ygd
Re(Y gs) - FBW - Q,
0 0 0 §m _VQd
0 0 0 0
0 0 0 0
0 0 0 0
I 0 0 0 0
0 0 0 0 |
—?gd 0 0 0
Yoas +Y g —j\/se(?(Y;S);B'\:Vn ((;gs) 0
e(Ygs)- : +
_ _ el (3.82)
_j [REAY ) + ImP(Y ) A 0
Re(Yss) - FBW - Qy. a-FBW -Qy
. 0 St
FBW -Q,,
0 0 Y_Pz m

The couplings between the resonators to the transistor myin= Minx and Mi+1,0ut= Moutk+1 are defined

by

0 _m - [RE(Y ) +Im* (V)
. " Re(Y ) - e

Re?(Y ¢s) + Im2 (Y o)
mk+1,out = mout,k+1 = v/
Re(Y dS) ° q€k+1

(3.83)

68



The normalised coupling coefficients between the input and output of the transistor are defined by

Y Ya—g
min,out = _gd’mout,in = gd—gm (384)
J J
mkk and mk+1k+1 Namely self-coupling, indicating the centre frequency shift, are given by
Im(Y Im(Y
nn &’ k+1,k+1 :_# (385)
' Re(Y gS) * qek ' RE(Y dS) * qek+1
Substitute (3.26) (3.63) (3.64) (3.83) (3.84) and (3.85) into (3.82) yielding
1 —jMey, 0 : 0 0 0 0 : 0 0
—im, oy p —iZm, 0 0 0 0 C0 0
0
0o -j%m, p 0 0 0 0 0 0
2
[VJ = 0 0 0 P—My,  —imy, 0 0 0 0
0 0 0 _jmin,k Ygs +Ygd _jmin,out 0 0 0
0 0 0 0 _jmout,in Yds +Ygs _jmout,k+l 0 0
0 0 0 0 0 _jmk+l,out p - mk+l,k+l 0 0
0 0 0 : 0 0 0 0 : [ 11
| 0 0 0 : 0 0 0 0 Po—img,, 1
(3.86)

Assuming w, = w for narrow band approximation, [Y] can be simplified to [A]
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1 —jm,, 0 0 0 0 0 : 0 0
—jm p -jm, 0 0 0 0 : 0 0
0 —jm,, p : 0 0 0 0 : 0 0
0 0 0 p—m .,  —im., 0 0 0 0
[A]=] O 0 0 =My Y+ Yy —iMp o 0 0 0
0 0 0 0 _jmout,in Yds +Ygs _jmout,k+1 0 0
0 0 0 0 0 _jmk+l,0ut p - mk+1,k+1 0 0
0 0 0 : 0 0 0 0 : p o LU
0 0 0 : 0 0 0 0 L1 1
(3.87)
Therefore, the S-parameters response of the filter amplifier can be calculated by
Sy = Z[A]l_:ll,m -1 §,= Z[A];]i,PZ (3.88)
Sy = Z[A];lz,m Sy = Z[A];lz,Pz -1
Matrix [A] can be further decomposed into three matrices, given by
[Al=[T]+p[V]-i[m] (3.89)

[T] represents the matrix including the normalised filter’s input port, the normalised transistor’s

input and output, and the normalised filter’s output port.

1 00 : 0 0 0 0 i 00
00 0 i 0 0 0o 0 i 00
0 0 0 : 0 0 0 0 i 00
0 0 0 0 0 VR 0 0
[T]=|0 0 o 0 Ye+Y 0 0 0 0 (3.90)

0 0 0 0 0 Yu+Yge O 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

(0 0 O 0 0 0 0 0 1
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[U] is a matrix with diagonal entries identity except for the position at the ports and transistor’s

input and output.

0 0 ¢ 0 0 0
0 1 0 0 0
0 10 0 0
000 ! 1 00
[U]=l0 0 0 ¢ 0 0 O
000 ¢ 0 0 0
000 ¢ 0 00
000 ¢ 0 00
000 ! 00 O

0 m,, 0 :
ml,Pl 0 m1,2 0
o m, 0 ! 0 0 0
o 0 0 ¢ 0 m, O
[m] = 0 0 0 min,k 0 min,out
o 0 0 : 0 my,, O
0 0 0 i 0 0 My
0 0 0 : 0 0 0
i 0 0 0 : 0 0 0

3.3.2 N+4 coupling matrix optimisation

o

. O O O

m

out,k+1

0

o

o O O o

o O O O o

o

o O O

o O O o

o O O

o O o o

(3.91)

(3.92)

Section 3.3.1 introduces the circuit model of the transistor integrated with filters and an N+4

active coupling matrix which is proposed to characterise the topology and calculate the response.
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Resonator based bandpass filters act as matching network both at the input and the output of the
transistor, which are expected to achieve filtering response simultaneously. However, the parasitic
parameter Yqq provides feedback between gate and drain of the transistor [7], [8]. This presents a
difficulty because the input impedance/admittance of the transistor is also influenced by the output
matching network. The synthesised N+4 matrix produces standard Chebyshev responses at the
input and output of the amplifier without Ygq4, whereas mismatching can be caused if there exists
feedback. The difference of the S-parameters responses with or without feedback will be discussed
later in an example.

In order to make a filter amplifier with Chebyshev response of return loss looking into both
input and output of the transistor. A local optimisation based on the gradient algorithm can be
applied to find a more accurate matrix [m] in order to produce the target response. The goal of the
optimisation is to minimise a scalar Cost Function (CF), by modifying the values of x, a set of
independent parameters known as control variables. The cost function is formulated to quantify
the difference between the optimised results and the desired response. Some critical characteristic
points are chosen to form the cost function, including the Reflection Zeros (RZ), the Reflection
Poles within the pass-band (RP), and the equal-ripple pass-Band Edges (BE). The cost function is
formulated by

k 2 k-2
CF = zai |Sll(QRZi)| + Zbi Hsll(QBEi)| - 5‘ + Zci Hsll(QRPi)| - 5‘
i=1 i=1 i=1 (3.93)

N—-k-2
> f[82(Qe)| ]

k—
i=1

Nk 2
+ Z d |Szz (QRZi)| + Zei HSZZ(QBEi)| - 5‘ +
i1 i1

where a;, bi, ci, di and e; are the weights of each term, € represents the maximum value of return

loss in the passband. The critical points are illustrated using a 2" order filter with Chebyshev
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response in Fig. 3.11. The cost-function in (3.93) is a general case, that is, a k™ order filter is

matched at the transistor’s input and an (N-k)™ order filter is coupled at the transistor’s output.

S-parameter (dB)

Frequency (Rad/s)
Fig. 3.11 The critical points of a filter having Chebyshev response.

The gradient algorithm is based on a local optimisation, which can be fast and effective for
finding a solution given an initial point sufficiently close to a local minimum. Local methods will
seek the minimum points within the local neighbourhood of points; however, this minimum is not
guaranteed to have the lowest value of all points within the feasible region. This local optimisation
algorithm succeeds to generate a vector x producing Chebyshev filter response Si1 and S22
simultaneously and also gain in Si.

The flowchart of the optimisation algorithm is illustrated in Fig. 3.12. First, a vector is given as
an input. The positions of the reflection zeros, transmission zeros, and bandwidth edges are
generated according to the prescribed specification of the filter. Then, the S-parameters are
calculated using the input vector, following by the evaluation of the cost-function. Then, a local

optimisation algorithm based on the gradient method is applied, which similar matrix optimisation
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approaches can be found in [10] and [11]. Appropriate vector x can be returned once the cost-

function constrains.

> Start

!

| Input a set of
control variables x

!

S Calculate the points
Adjust initial value of x RZs. BEs. and RPs

‘ '
Calculate the S-
Yes parameters response

'

Calculate the cost

{

Local optimisation
algrithm funmin applies

v

No
Cost constrain? Yes

No

No. of iterations < Max

Return the best fitted x

Fig. 3.12 Flowchart of the local optimisation algorithm.

3.3.3 Example: A filter amplifier using matrix optimisation

An example of N=4, k=2 matching filter amplifier is discussed. Two 2" order bandpass filters
are implemented both at input and output of the transistor, with a centre frequency fo of 10 GHz, a

bandwidth of 500 MHz (fractional bandwidth FBW=0.05) and a passband return loss of 20 dB.
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The transistor used is the NE310S01 with Y matrix parameters summarised in Table 3.1 [9]. It

should be noted that the Y matrix parameters employed here are calculated, assuming the transistor

operates at 10 GHz centre frequency. The corresponding normalised parameters of the transistor

are presented in Table 3.1.

TABLE 3.1
VALUES OF TRANSISTOR’S Y MATRIX PARAMETERS
Y parameters Value Normalised ¥ Value
parameters
Om 0.0696- 0.1350j O 3.4812-6.7500j
Ygd 0.0003+ 0.0033j Yo 0.0164+ 0.16298j
Yas 0.0055+ 0.0127j Yas 0.2752+ 0.6367]
Ygs 0.0051+ 0.0276j Vs 0.2528+ 1.3799j
a 2.4093 b 1.7238

All parameters are calculated from the datasheet as the transistor operating at 10 GHz.

The normalised coupling coefficient [m] can be calculated using (2.34) and (3.92), given by

0  1.2264
12264 0
0  1.6621
0 0
M=l 5 &
0 0
0 0
0 0

0
1.6621
-8.2104
3.4219
0

0
0
0

0

0
3.4219

0

6.75+3.4812]

0

0
0
0
0.1629—0.0164 |
0
1.6216
0
0

0 0

0 0

0 0

0 0
1.6216 0
-3.4800 1.6621
1.6621 0

0 1.2264

o O O O O

0
1.2264
0

(3.94)

According to the normalised Y parameters of the transistor in Table 3.1, matrix [T] is given by
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0
0
0
0.2692+1.5428]
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O O O O O o o o

0
0
0

o O O

0
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0
0
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The S-parameters response calculated using (3.88) is presented in Fig. 3.13.
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Fig. 3.13 Calculated filter amplifier S-parameters response using N+4 coupling matrix formulas. (a) Scattering
parameters Si1 and Szi. (b) Scattering parameters Sz, and Siz.
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It can be seen from Fig. 3.13 that the return loss Si1 and Sy2 (solid line) are not a standard

Chebyshev filter response because the transistor is usually a bilateral component and the input

impedance is influent by the output matching network. The dashed line in Fig. 3.13 represents the

S-parameters response with Ygq=0. It is readily seen that Si; and S show Chebyshev response,

and this is the idealised situation of a unilateral device. It can also be observed that the gain shown

in Sy1 is larger and S12=0. In practice, an amplifier can be assumed no feedback and designed

separately [8]. The N+4 coupling matrix can predict the S-parameters of these two situations.
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The S-parameters response with feedback in Fig. 3.13 resembles the desired filter response.
Thus, the coupling coefficients in matrix [m] can be optimised to obtain the desired S-parameters
response, where the coupling matrix [m] in (3.94) can be regarded as the initial value. The control

variable x is given by

m, M, m my, m,, m,

P11

:[1.2264 1.6621 3.4219 1.6216 1.6621 -8.2104 —3.4800]

2,in out,3 3,4

x=[m -

(3.96)
Note that the couplings between the transistor’s gate and drain (Min,out Mout,in) Which calculated from
the transistor’s parameters is taken as a fixed constant.

The optimisation is performed according to the methedology discussed above. The optimised x

are shown in Table 3.2.

TABLE 3.2
INITIAL AND OPTIMISED VALUES OF PARAMETERS IN THE COUPLING MATRIX
Mp1, 1 Ma2 Min,2 M3,out M34 Ma,p2 mz,2 Ms;3
mi, p1 Mm2,1 M2,in Mout,3 Ma3 Mp2,4
Initial 1.2264 1.6621 3.4219 1.6216 1.6621 1.2264 -8.2104 -3.4800
Optimised 1.1632 1.5260 3.2642 3.3534 2.9880 1.7030 -4.1620 -5.8360

Substitute x into (3.92), the corresponding coupling matrix [mept] is given by

0 11632 0 0 0 0 0 0 ]
11632 0  1.5260 0 0 0 0 0
0 15260 —4.1620 3.2642 0 0 0 0
mo1-| © 0  3.2642 0 0.1629-0.0164] 0 0 0
ot 0 0 0  6.9129+3.4658] 0 33534 0 0
0 0 0 0 3.3534 58360 2.9880 0
0 0 0 0 0 29880 0  1.7030
0 0 0 0 0 0 17030 0 |
(3.97)
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The calculated S-parameters response is presented in Fig. 3.14, compared with the unoptimised S-
parameters response calculated using (3.94). The S-parameters response using optimised matrix is
shown in solid line; the S-parameters response produced by the unoptimised matrix is represented
by dashed line. It can be observed from Fig. 3.14 that the scattering parameters S11 and Sy2 display
Chebyshev filtering response simultaneously, and about 15 dB gain in Sz: indicating amplification.
The maximum insertion losses seen from the input and the output of the transistor are below -20

dB over the passband. Not only the insertion losses are optimised, but the gain has also increased

about 3.8 dB in the passband.

20 0
104 S e T
s > 7 e — -10 n
o 0 7 m
=) 1 o
() o 204
@ -10 - @
2 £
-20-
-30
:
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Fig. 3.14 Calculated S-parameters response using initial coupling matrix [m] and optimised coupling matrix [Mop].
(a) Scattering parameters S11 and Sz1. (b) Scattering parameters Si12 and Sp.

3.4 Summary

In Chapter 3, three novel N+X matrices have been developed based on conventional coupling

matrix synthesis and the simplified small signal transistor model. With the extra elements
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introduced, the S-parameters response of the integrated topologies can be produced, enabling the
prediction of the performance of multiple integrated components.

The coupling matrix of the cascaded filters is generalised to an arbitrary length of the
transmission line to describe cascaded filters with any phase shift of the transmission line. The
N+3 coupling matrix is synthesised in Section 3.2 to describe the filter amplifier, which has both
filtering and amplification functionalities. Coupling strength between the transistor and the N'
resonator, and mn indicating the centre frequency shift are modified to achieve standard filtering
response, is Chebyshev response in our case. This approach can be generalised to match other
components with the complex input impedance, e.g. mixers, triplers and antennas. The resonator
matching approach is applied simultaneously at both input and output of the transistor as discussed
in Section 3.3 with the synthesised N+4 coupling matrix. As the transistor is a bilateral device, a
numerical optimisation approach is used to compensate the error caused by the feedback of the
transistor. The matrix optimisation based on the local gradient algorithm is involved to work out
the coupling matrix generating the desired filtering response including a gain.

The coupling matrices providing initial values in the design of integrated devices will be
introduced in Chapter 4 and Chapter 5 where a microstrip filter amplifier and two waveguide filter

amplifiers are implemented as the demonstration.
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CHAPTER 4

N+3 COUPLING MATRIX BASED FILTER AMPLIFIERS

Amplifiers are commonly employed in communication systems to increase the incoming signal
strength. There is always a demand of various design approaches for the amplifiers in the sense
that it has to meet the electrical, thermal, physical, and cost requirements [1]-[3]. Several design
examples have been reported for various fabrication processes and design technologies depending
on the categories of the amplifier and their applications [4], [5]. MMIC with impedance matching
technology applied in designing X-band power amplifiers is investigated in [4] and [5]. In
waveguide amplifier design, connection to planar circuits often uses waveguide to planar circuit
transitions. A Ku-band low noise waveguide amplifier is presented in [6], where step ridges act as
the transition interconnecting the waveguide with the on-chip amplifier. In [7], the antipodal finline
arrays have been combined with a coaxial waveguide for the design of a GaAs MMIC amplifier.
CPW lines act as single stubs to match the transistor’s input and output in [8]. The matching
networks in [6]-[8] give the bandpass filter characteristics, allowing the transistor to operate at
certain frequencies. However, the independent design of the transitions and the matching networks

leads to additional losses and circuit complexity.
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Some filters and the transistor are combined via impedance/admittance transformation referring
to a common terminal impedance, usually 50 Q; examples are in [9]-[11]. Compared with the
waveguide co-design approach described here, the additional planar matching structure adds losses
as well as circuit complexity and also the cost is more expense on size and weight. In this chapter,
we propose combining the matching network and transition into the (low loss) waveguide
resonators of the adjoining filter thereby minimising losses. This approach also leads to a reduction
in the overall size of the combined component.

Based on the N+3 active coupling matrix synthesis, this chapter introduces the filter amplifiers,
which transfer the matching network into resonators achieving filter functionality as well as
amplification. By eliminating the intermediate planar matching network, the filter and the
transistor can be combined in a compact manner, where the lowest loss is required. This is
especially essential when frequencies rise to THz frequencies. The co-design approach proposed
in this chapter is demonstrated by the examples of a microstrip amplifier and a waveguide amplifier.

Although the physical constructions are different, the coupling matrix used is exactly the same.

4.1 Coupling Matrix applied in Design of Filter Amplifiers

The N+3 coupling matrix introduced in Chapter 3 is based on normalised admittance
(impedance) parameters, and the provided the normalised admittance stays consistent from the
input to output, this works well and is able to predict of the circuit response. However, when we
have waveguide and microstrip combined, with a transition, and a transistor is matched to a 50 Q
output impedance, we no longer have a consistent normalising impedance/admittance throughout.

The matrix [A], scaled from the admittance matrix [Y], enables us to ignore the matching and
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impedance conditions and to concern ourselves only with the coupling coefficients in coupling

matrix [m].
0 mg, 0 0 0 |
Me O 0 0 0
ml = . . . . . . 41
[ ] O 0 mn,n mn,P2 0 ( )
O O mP2,n 0 mPZ,PB
0 0 - 0 Mgy, 0 |

In practice, the geometries of the filter and the coupling structure of the N™ resonator to the
input of the transistor can be determined from the coupling matrix [m] in (4.1). The process and
equations follow closely from those of simple filters [12], but with differences associated with the

new N+3 matrix. This process is discussed below.

Centre

frequency £, External quality External quality Centre

factor O, factor Q.;  frequency fr

Yin
Yies
Jpi1 | C L Cy L| Jy

YPI

Coupling Centre
cofficient M;; frequency fy

Fig. 4.1 Topology of the resonator based filter amplifier and the equivalent lumped circuit.
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Fig. 4.1 presents the topology of the filter amplifier and some equivalent lumped circuits: the
1% resonator coupling to the source, the i and j" resonators coupled by the J inverter; the N™
resonator coupling to transistor’s input.

The first step is to determine the inter-resonator coupling coefficient. As with just a
conventional filter, the coupling coefficient M;j=M;,i between the two resonators can be calculated
by scaling with the fractional bandwidth (FBW)

M;;=FBW-m; i,j=1 to n 4.2)

The next step is to determinate the external coupling from port 1 to the 1% resonator. This can
be done by extracting the external quality factor of the 1 resonator (Qe1) as illustrated in Fig. 4.1.
In the N+3 coupling matrix, Qe is related to the external couplings mpz1,1= mp11.

1 1

%= raw .M, FBW.-mZ,

(4.3)

From (4.3) the required external quality factor Qe1 can be found.

Then, we need to consider the mp2n=mnp2 corresponding to the coupling strength between the
resonator and the transistor as well as the self-coupling mnn representing resonator centre
frequency. In practical design, the external coupling mpza=mnp2 and self-coupling mn, can be
determined by extracting the external quality factor (Qer) and frequency (fr) of the N resonator
incorporating the input of the transistor. The whole structure includes the resonator itself and the
complex input admittance of the transistor. The equivalent circuit of the N resonator coupled to
the complex admittance Yin is illustrated in Fig. 4.1, where Yin is the input admittance of the

transistor and calculated by
Y, =(a+ jb)Y, (4.4)

Referring (3.52) and (3.53), the capacitor Cy and the inverter Jy can be expressed in terms of self-
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coupling my» and external coupling mp2n=mnp2 by

C,=C(1-FBW-m,,) (4.5)

3, = JFBW@,C-Y, ‘M, », =[FBW@,C Y, -M,, (4.6)

where C is the capacitance of the 1% to the (N-1)" resonators and Yo is the characteristic admittance.
The input admittance (Yres) of the corresponding circuit in Fig. 4.1 can now be calculated and
compared with the standard equation for the admittance of a loaded resonant circuit. This enables
the extraction of the frequency (fr) and quality factor (Qet). The centre frequency fr and the external
quality factor Qer are calculated as follows.

As the equivalent lumped circuit shown in Fig. 4.1, the N resonator is coupled to Yin via

inverter Jy. The input admittance (Yres) of the N resonator incorporating Yin can be expressed as

: 1 J7
Yies = JOCy +——+ L (4.7)
" joL Y,(a+b-j)
Substitute (4.5) and (4.6) into (4.7), we have
. b-FBWa, -m; a-FBW@,C-m}
Yres _ Ja)C 1_ FBW . mnyn _ a)o P2,n + 1 0 P2,n (48)

(a2+b2)~a) ij+ (a2+b2)

At the centre frequency (wr = 2zfr), where for the narrowband approximation (w = wr), Yres

satisfies
Im(Yres)w:ak =0 (4.9
Substitute (4.8) into (4.9), yielding
2 . . 2
&] +%(&J—(1— FBW-m,,)=0 (4.10)
@ (a +b ) @ ’

Then, (4.10) can be solved to give
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_DFBW mp,, , | b-FBW m,,
[&j: (a®+b%) (a®+b?)

o 2

J +4(1-FBW -m, )
(4.11)

Because the ratio of w; and w, should be positive, only the positive root is used. Substitute wy =

2nfr and w, = 21 f, into (4.11), the centre frequency fr can be calculated as
2(a® +b?)- f
- (2 +0%)- (4.12)
4(1-m,,-FBW)(a?+b?)
b2-m’,, FBW? -

n,P2

b- FBW -m?,, \/1+

As the admittance Yres is given in (4.8), the external quality factor Qet can be calculated by [12]

P2,n

b-FBW , - m?
&,C|1-FBW -m_, —

(a2+b2)-a) (4.13)
Qur = a-FBW®,C-mZ, '
(a®+b?)
(4.13) can be simplified to give
2 2 A 2 2
o, = (a +b) om, (a +b) b (4.14)
“ | a-FBWmMZ,, a-ma,, a

or

2 2 2 2
QTzi (a%+b?) _mn,n-(a +b?) b (4.15)
° f,| a-FBWm;,, a-ma,, a

Using (4.12) and (4.15), the external Q of the Resonator N coupled with Yi, can be calculated at
its resonant frequency fr.
Recall mp2n=mnp2 and my nare defined in (3.66) and (3.68). The final step is to substitute (3.66)

and (3.68) into (4.15) and (4.12) to give the simple solutions

fo=f, (4.16)

86



qen
= e 4.17
Qer FBW (4.17)

It can be seen from (4.16) and (4.17) that the external Q and centre frequency of the resonator
coupling with the active component are exactly the same as for conventional filter synthesis [12]
with Qet=Qe1. This fact allows the method of designing the filter amplifier to much more closely

resembling the design of a standard filter [12].

4.2 Coupling Matrix Example of a Filter Amplifier

The elements of the N+3 coupling matrix [m] are calculated from the standard expressions for
the desired filter response. In our demonstration, we will use an example of a 2-pole Chebyshev
filter, N=2, with a centre frequency fo of 10 GHz, a bandwidth of 500 MHz (fractional bandwidth
FBW=0.05) and a passband return loss of 20 dB. The g values for its lowpass prototype Chebyshev

filter are given in Table 4.1.

TABLE 4.1
g VALUES FOR THE PROTOTYPE OF LOWPASS CHEBYSHEV FILTER
go 01 92 g3
1 0.6648 0.5445 1.2210

Filter specification: 2-pole Chebyshev filter response with 20 dB return loss

The transistor used is the NE310S01 with normalised and unnormalised Y matrix parameters
summarised in Table 4.2 [14]. It should be noted that the Y matrix parameters employed here are

calculated, assuming the transistor operates at 10 GHz centre frequency.
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TABLE 4.2

VALUES OF TRANSISTOR’S Y MATRIX PARAMETERS

Y parameters Value Normalised ¥ Value
parameters
Om 0.0696- 0.1350j O 3.4812-6.7500j
Ygd 0.0003+ 0.0033j Yo 0.0164+ 0.16298j
Yas 0.0055+ 0.0127j Yas 0.2752+ 0.6367]
Yos 0.0051+ 0.0276j Y 0.2528+ 1.3799j

All parameters are calculated from the datasheet as the transistor operating at 10 GHz.

The filter and transistor specifications can be translated into elements of the coupling matrix

using the (2.34) and (4.1). The active coupling matrix [m] is

[m]-

0
1.2264
0
0
0

1.2264
0
1.6621
0
0

0
1.6621
-1.0762
2.3407
0

0
0
2.3407
0
6.9129 + 3.46578 |

0
0
0
0.1629 — 0.0164 ]
0

(4.18)

Note that m2,p2 and mp22 in representing the couplings between the resonator and the transistor’s

input. The my in (4.18) indicates the self-coupling of the 2" resonator. According to (3.74), the

[T] matrix which represents the filter input admittance, the transistor’s input admittance and the

output admittance with matching, is given by

0
0
0

[T]=

Matrix [U] is

O O O O -

O O O o o

O O O o o

0.2692 +1.5428 ]
0
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0
0
0
0

0.5668+0.1630] |

(4.19)



(4.20)

[U]=

o O O O O
o O O r» O
o O O O
O O O o o
o O O O o

Using (3.72) and (3.73), the resultant scattering parameters can be calculated from the
asymmetrical active matrix [A] and are presented in Fig. 4.2. The novel active coupling matrix

produces a standard Chebyshev filter response (FBW=0.05) with amplification.

20
10 4
] S21 showing
o 01 Amplification
E 1
o 10+
g
5 ]
® -20 4
ks ]
0 -30 4
40' S11
B — S21
-50 T T T T T T T
9.0 9.5 10.0 10.5 11.0

Frequency (GHz)

Fig. 4.2 Calculated S-parameters response of filter amplifier using matrix formulations.

The coupling matrix in (4.18) can be applied to the design of filter amplifiers. The fractional
bandwidth FBW=0.05. Referring (4.3) and (4.18), the external Q of the 1% resonator can be
calculated to give Qe1=13.297. The coupling coefficient between Resonator 1 and Resonator 2
(M12) can be computed using (4.2) and (4.18) to give M1 ,=0.0831. The external Q of the 2"
resonator incorporating the transistor’s input (Qer) and its centre frequency (fr) can be calculated

using (4.16) (4.17) and (4.18). The results are Qe7=13.297 and fr=10 GHz.
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4.3 Example A: A Microstrip Filter Amplifier Design

Based on the coupling matrix in (4.18), a hairpin resonator based microstrip filter amplifier

design is introduced in this section. The layout of the hairpin resonator filter amplifier is illustrated

in Fig. 4.3.
Cd Res 2
\ W » T
h H I c2 Ynm 50 Q
S0 Q ' Output
Input s
I5) 3 -7 — f
l ' Yin T
cl .
v Tansistor l
W »
Res 1 \J

Fig 4.3 Layout illustration of the microstrip filter amplifier.

In practice, geometries of the coupling gaps and the transition from the resonator to the
transistor’s gate can be determined by the external quality factor Qe and the coupling coefficients
M. For a single hairpin microstrip resonator, the resonant frequency is mainly determined by the
dimensions of s, w, l1 and l>. The external quality factor of the Resonator 1 (Qe1) is primarily
controlled by the tapped position c1 of the transmission line. At the transistor input, the external
quality factor of the Resonator 2 (Qer) is determinate by the tapped position t2 and the length of
the transition d> and the width ws. In the bandpass microstrip filter design, the extraction of the
external quality factor Qe1 and coupling coefficient My,» are same as the conventional filter design
approach [12], while the extraction of the external quality factor (Qet) is different because it

includes the transistor. The detailed design procedure is discussed in the following sections.
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4.3.1 Extraction of the external quality factor Qe:

The first step is to determine the size of c to fulfil the required Qe:. The configuration of the
extraction structure is shown in Fig. 4.4(a), where a single hairpin resonator is simulated in ADS
[17] resulting in the response of a single resonance curve. Qe1 can be extracted by observing the
curve shown in Fig. 4.4(b) and calculated by the ratio of the centre frequency and the 3 dB

bandwidth.
Q=— (4.21)

In the setup of the hairpin resonator, there is weak coupling from the narrow gap at port 1. The
lengths of s and w are kept constant, and the required external quality factor Qe can be found by
altering the length of ci. Fig. 4.5 shows the relationship of the tapped position c1 and external
quality factor Qe, thus the length of c; that decides the external quality factor can be read off as
indicated in the figure. Note that the centre frequency of the resonator shifts as the length of ¢,

alters. Thus, I can be adjusted to keep the resonance at 10 GHz centre frequency.

m1
m2 freq=10.00GHz
freq=8.634GHz _ [ldB(S(2,1))=-27.868
dB(S(2.1))=-30.858| \Max
=25
-26 T
h 2 /0 £ s
o8]
Narrow gap . m2 m3 l 2
Port 1 s 1 Y& - —X -
'32—_ 3-dB bandwidth
) 34—
Cl A m3
> w6 Q,=0, =" [freq=10.84GHz
Yo Port 2 o A dB(S(2,1)=-30.815
Hairpin S S S
Resonator 8.0 8.5 9.0 9.5 100 10.5 1.0 1.5 12.0
(a) (b)

Fig. 4.4 (a) Single microstrip hairpin resonator to extract the external quality factor Qe:. (b) EM simulation result of
the hairpin resonator.
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Fig. 4.5 External quality factor Q. versus c¢i. All points are at 10 GHz.

External quality factor Qe

4.3.2 Extraction of the coupling coefficient

The configuration for the extraction of the coupling coefficient M1 2 is shown in Fig. 4.6: a pair
of hairpin resonators are coupled through gap d, and weak coupling is stimulated from port 1 and

port 2 via the narrow gap.

m1 m2
freq=9.665GHz freq=10.34GHz
- dB(S(2,1))=-30.186 dB(S(2,1))=-30.325
d Res 2 Peak Peak
W =20
Weak \ 1 1
1, I Weak 30— n m?2
couplin .
pimneg coupling 1
N s 40—
S = i
i o 50—
8] w
Port 1 { Port 2 %3- | s s
60— — f; B fz
J 1.2 2 2
;{-M’-l 0] ﬁ +j;
€S r i
-80 I\Ill\l\\Ilf\\‘I\|[|\II||IIII|IIII|III\
8.0 85 9.0 95 100 105 110 115 120
freq, GHz
(a) (b)

Fig. 4.6 (a) A pair of microstrip hairpin resonators to extract the coupling coefficient. (b) EM simulation result of the
coupled hairpin resonators.
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Two identical resonators have the same centre frequency 10 GHz. The coupled resonators
structure is simulated in ADS [17], and the S-parameter response is given in Fig. 4.6(b) showing
the resonance with two peaks. The coupling strength between the two resonators is determined by
the size of d, and the length of the hairpin arm | influences the centre frequency. The coupling

coefficient M;; can be extracted from the S-parameters response and is calculated by

f2- f2

L 4.22
2+ sz (422)

i.j

where fi and fj are the frequencies of the peaks in S21. The coupling coefficient M;;j can be altered
by varying d and a graph of the coupling coefficient M1 > versus dimension d is plotted in Fig. 4.7.
The requited Mz,» can be located according to the relationship of d and Ma> in Fig. 4.7 and hence

a d can be found as shown.

0.12

0114 N\,

0.104 \

5.08 \ Chosen

\2‘1,2 0.0831

0.08
N
0.07 1 ~

Coupling coefficient M

0.06 + -

0.05
0.15 020 025 030 035 040 045

d (mm)
Fig. 4.7 Coupling coefficient ki versus d. All points are at 10 GHz.
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4.3.3 Extraction of the external quality factor Qer

The next step is to extract the external quality factor (Qet) of the Resonator 2 incorporating the
input of the transistor. Because the resonator is connected to the transistor which has a complex
input impedance (admittance), the process of extracting Qer is different. The whole structure
includes the parameters of the transistor. The circuit configuration is schematically illustrated in
Fig. 4.8(a): a single resonator is coupled with port 1 via a narrow gap and is connected to the
complex impedance port 2 (the complex value Zi, is the input impedance of the transistor). The
circuit simulation is performed in ADS [17] and a resonance frequency S-parameters response
curve is shown in Fig. 4.8(c).

For the structure in Fig. 4.8(b), the resonance of the centre frequency is mainly determinate by
the length of the hairpin arms (I2and s). In the simulation, the hairpin width (w) is kept constant.
The tapped position distance cz is changed. I, is adjusted to maintain the resonant frequency at 10
GHz. The simulation result of Qe versus ¢ is shown in Fig. 4.9, where the appropriate size of ¢

can be read off.

Complex
value port 2
+ Term + Term
Term1 . X
Num=3 3D v1cw\ § Numes
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Fig. 4.8 Configuration to extract the external quality factor. (a) The circuit of the hairpin resonator with the transistor’s
input impedance simulated in ADS. (b) Layout of the hairpin resonator integrated with the transistor. (c) S-parameters
response of single resonator incorporating the input impedance of the transistor.
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Fig. 4.9 External quality factor Q. versus tapping position c,. All points are at 10 GHz.

4.3.4 Output matching using single stub

We assumed that the output of the transistor is conjugately matched to the drain to source

admittance Yags, as in the lumped circuit shown in Fig. 3.7(a). The single stub is employed to match

the drain to source complex admittance Ygs to 50 Q transmission line. According to Table 4.2, the
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normalised admittance Yg¢s is 0.2752+0.6367j, and thus the normalised impedance is Zgs is given
by 0.5720-1.3234;.

As the Smith chart shows in Fig 4.10, the normalised impedance Z4s=0.5720-1.3234j. The SWR
circle, which intersects the 1+jx circle at two points, denoted as Z1 and Z» as shown. The shortest
distance from Zgs to the stub Ty is 0.321A. Thus, the normalised impedance at the point Z; is 1+1.7A.
This requires a stub with the reactance of -j1.7. The length of the stub that offers this reactance can
be found on the Smith chart by moving from the z=co point towards the generator  -j1.7. This

gives the stub length of 0.3314.

VA

T

22

st

\- 1>

Fig. 4.10 Smith chart for the series-stub tuner.

The next step is to simulate the theoretically calculated stub dimensions in the ADS [17] to
check and optimise the matching circuit. The corresponding lengths are given by T:=9.63mm,

T>=9.93 mm. As shown in Fig. 10.11(a), the single stub is employed at the output of the transistor,
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with the transistor in the form of an S2P file dataset. The dataset is provided by the transistor
manufacture in [14]. We use the microstrip line with open-end, and ADS offers an accurate model
for the single microstrip stub. As shown in Fig. 4.11(b), the matched centre frequency simulated
using the theoretically calculated dimensions is around 12.8 GHz. We apply the tuning tool in the

ADS simulator and adjust the length of T1 and Ty, thereby finding the more accurate dimensions,

i.e. T1=3.8 mm, T>=3.1 mm.

- . [— B 1
R1 MLIN L] MLIN * E'rm 1
R=50 Ohm TL10 - TL13
Subst="MSub1" 'TV;I}EE [ADS Subst="MSub1" ;lu?o:éh
= = = m
[ Subst="Msubt” [ _
= mm Wi=wlmm =1 mm
W2=wmm
— —— W3=wmm
MLEF =
TL12
Subst="MSub1"
W=w mm
T L=T2 mm
(@

Tuned S22 "
- - = Initial S22
'20 v T T T T T T T T
6 8 10 12 14 16
Frequency (GHz)
(b)

Fig. 4.11 Single stub to match the output of the transistor. (a) Schematic of the matching circuit in ADS. (b) Scattering
parameter Sy,
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4.3.5 Full EM simulation and optimisation

After the all the parameters are determined, full wave EM simulation is implemented for the
entire filter amplifier. As illustrated in Fig. 4.12(a), the resonator based filter amplifier is simulated
in ADS [17]. Note that bias connection is not included. The S-parameters response simulated using
initial values is presented in Fig. 4.12(b). The S-parameters response shows a filter response with
gain, which proves that the extraction procedures can provide good initial values for further

optimisation.
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Temn?
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20
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Fig. 4.12 EM simulation and S-parameters response. (a) Layout of the microstrip filter amplifier. (b) S-parameters
response of EM simulation using initial values.
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Before further optimisation, we have to consider the bias. The complete layout of the filter
amplifier is presented in Fig. 4.13(a), and Fig. 4.13(b) showing a three-dimensional view. b; and
bz are quarter-wavelength long bias tees at 10 GHz centre frequency. Quarter-wavelength long
sectors are designed at the end of the bias arms providing short circuit conditions. Soldering pads
are connected through bz and b, offering DC voltages. Two pins of the transistor are grounded via
through-holes. The substrate used is Rogers RT/5870 with 0.254 mm thick and the dielectric
constant of 2.33.

Now optimisation is performed for the whole structure. Optimisation goals, in this case, are set
to be: from 9.75 GHz to 10.25 GHz, S11 under is -20 dB; from 9.75 GHz to 10.25 GHz Sz2 is under

-10 dB; critical points 9.725 GHz and 10.178 GHz are under -40 dB.
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(b)
Fig. 4.13 Layout of the microstrip filter amplifier. (a) Layout Diagram. (b) Three-dimensional view.

TABLE 4.3

VALUES OF INITIAL AND NORMALISED MICROSTRIP FILTER AMPLIFIER PARAMETERS

Initial (mm) Optimised (mm)

Initial (mm) Optimised (mm)

Iy 4.10
I 3.88
C1 0.43
C2 0.38
S 3.15
d 0.25
R 0.50
a 3.32
e 1.10
W» 0.78
W3 1.20

414
3.71
0.81
1.30
3.07
0.15
0.50
3.32
1.16
0.30
0.78
1.67

0
o]
b
bs
b4
ai
T1
Tz

70(deg)

6.50
2.20
5.50
2.20
1.20
3.80
3.10

70(deg)
6.32
2.20
4.95
2.20
1.20
3.66
2.25

The initial and optimised parameters are given in Table 4.3. Fig. 4.14 shows the optimised S-

parameters response corresponding to the optimised values in Table 4.3. It can be observed from

Fig. 4.14(a) that the two-pole Chebyshev response is achieved in Si1 and Sy1 shows a filtering

response with gain over the passband.
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The noise figure and stability factor are also simulated and are shown in Fig. 4.14(b) and (c).

The stability factor is above 1 from 0 GHz to 22 GHz indicating the transistor is stable. The noise

figure is about 1.02 dB to 2 dB over the passband with a minimum value of 1.02 dB at 9.88 GHz.
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Fig. 4.14 EM simulation response with optimised values. (a) Scattering parameters. (b) Stability factor. (c) Noise

figure.
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4.3.6 Microstrip filter amplifier measurement

The circuit is fabricated using a standard printed circuit board fabrication process. DC wires
and the transistor are mounted manually. The material used with 0.25 oz. copper cladding. Fig.
4.15 gives a photo of the fabricated microstrip filter amplifier. The measurement is performed on
the Agilent VNA E8362B vector network analyser where input and output are referred to 50 Q
port impedance.

The measured S-parameters response is displayed by solid line in Fig. 4.16 and the dotted line
is the simulated response as a comparison. Two reflection poles of the S11 and the gain of Sy; over
the passband show that both filtering and amplification functionalities have been achieved,

indicating the validity of the design approach.

Drain bias
wire

Filter
structure

\

Tansistor

Gate bias

- WIiIe

Fig. 4.15 Photograph of the fabricated microstrip filter amplf‘ier device.
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Fig. 4.16 Circuit simulation and measurement results. (a) Scattering parameters Si1 and S1. (b) Scattering parameters
S22 and Sy,

As shown in Fig. 4.16, the disagreement between the measured results and simulated ones may
be caused by the fabrication tolerance. The error of the dielectric constant that provided by the
datasheet could lead to the electric length of the resonator, resulting in a shift of the centre
frequency and the bandwidth [12]. Additionally, the DC wires assembly can influence the

performance of the amplifier, and the circuit soldering could introduce losses [15].

4.4 Example B: An X-band Waveguide Filter Amplifier Design

Based on the N+3 coupling matrix discussed in Section 4.2, physical design of an X-band
rectangular waveguide filter amplifier is introduced here. Fig. 4.17 illustrates the physical structure
of the waveguide filter amplifier. Port 1 is assigned to the waveguide port, and Port 2 refers to the
50 Q microstrip connecting to the SMA port. The 2-pole waveguide filter is made of Resonator 1
and Resonator 2, which are waveguide TE101 cavities coupled via asymmetrical capacitive irises.
Resonator 2 is comprised of a waveguide cavity and the transistor coupling probe, interconnecting

transmission line and the transistor. A section of waveguide is formed by a platform on which the
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microstrip substrate sites. The substrate has the probe and transmission lines, and also the transistor
with bias connection placed on it. It can be seen from Fig 4.17 that the dimension of the iris d>
determines the external quality factor of Resonator 1 (Qe1). The iris size di which coupling
Resonator 1 and Resonator 2 decides the coupling coefficient of the two resonators ki1 2. The length
of the transition interconnection s and the probe | influence the coupling strength from the
Resonator 2 to the input of the transistor. Resonator lengths L: and L» determinate the centre

frequency of the resonators.
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Fig. 4.17 The layout of waveguide filter amplifier. (a) Three-dimensional view of the internal waveguide and the
transistor microstrip circuit. (b) Sectional view of the filter and platform for the transistor circuit.
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4.4.1 Extraction of the external quality factor Qe

The external quality factor of the Resonator 1 (Qe1) can be extracted from the simulation of the
single waveguide cavity. As illustrated in Fig. 4.18(a), with narrow coupling gap set up at port 1,
capacitive iris with the length of d; is at port 2, and the length of the waveguide resonator cavity
is L1. A resonance curve is simulated in CST as shown in Fig. 4.18(b), where external quality
factor Qe1 can be extracted from the ratio of centre frequency and the 3 dB bandwidth by (4.21)

[12].

Waveguide

Narrow port 2

coupling gap

3-dB
bandwidth

e/
Qll - Qf - Af
9.0 95 100 105 11.0
Frequency (GHz)
(a) (b)

Fig. 4.18 Extraction of the external quality factor of Resonator 1. (a) Structure of single waveguide cavity. (b) S-
parameter response of an individual waveguide resonator.

Sa1 (dB)

Waveguide
port 1

40 4
35 -

30 4
Chosen 0-=13.297
254

" ¥
151 a A
10+ X

External quality factor Qe:

T T T T

26 30 35 40 45 50 55

di1(mm)
Fig. 4.19 External quality factors Q. versus dimension di. All points are at 10 GHz.
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As discussed in Section 4.2, the required Qe1 i1513.297. The size of the coupling iris d; is altered
resulting in various external quality factor Qe. During the extraction process, the length of the
resonator L is adjusted to keep the resonance at 10 GHz centre frequency. The value of the Qe is
plotted corresponding to different dy in Fig. 4.19 and from this graph we can find the d; for the

input iris of the waveguide filter.

4.4.2 Extraction of the coupling coefficient

As discussed in Section 4.2, ki2=M1,=0.0831. The construction to extract the coupling
coefficient between Resonator 1 and Resonator 2 is shown in Fig. 4.20(a): a pair of the waveguide
cavities coupled via the capacitive gaps (d2). There is weak coupling at the two ports through the
narrow gaps. The simulation result with two resonance peaks is presented in Fig. 4.20(b), which

coupling coefficient ki 2 can be extracted using (4.22).
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coupling ga
Narrow phng gap 0-
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z
&
-20
Waveguide
ort 2 -30 ; p y
Waveguide P 9 10 "
port 1 Frequency (GHz)
(a) (1)

Fig. 4.20 Extraction of the coupling coefficient. (a) Structure of coupled waveguide cavities. (b) S-parameter response
of the coupled waveguide resonators.
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Changing the size of the iris d> can give different coupling coefficients between the two
resonators. The relationship between d> and the corresponding coupling coefficient My is
presented in Fig. 4.21, where the required size of d> can be found to fulfil the required M1 . During
the extraction process, the lengths of the resonators L; and L are adjusted to keep the centre

frequency at 10 GHz frequency.
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Fig. 4.21 Coupling coefficient M 2 versus dimension dy. All points are at 10 GHz.

4.4.3 Extraction of the external quality factor Qer

Now let’s consider the structure of the Resonator 2 which includes the waveguide cavity and
part of the microstrip element. As depicted in Fig. 4.22(a), Resonator 2 is directly coupled to the
input of the transistor via the E-field probe and the interconnecting transmission line. The
combination of the waveguide and microstrip structure is treated as a whole resonance entity and
the external Qer=13.297 and centre frequency fr=10 GHz are required. This mixed resonator-
microstrip construction can be simulated in CST [16] and the appropriate dimensions found to

fulfil this requirement.
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The geometries of the mixed structure, mainly including the length of the resonator L» and the
dimensions of the probe | and interconnection transmission line length s, will determine the
external quality factor Qer. Of course, Qer is also influenced by other parameters, but these three
parameters are found to be the most convenient to adjust. Note that the input impedance of the
transistor also affects the external quality factor Qer. Thus the transistor’s parameters are
incorporated during the extraction rather than a single physical structure. In the setup depicted in
Fig. 4.22(b), the microstrip port is connected the port 2 in CST [16], with port 2 set to be the input
admittance of the transistor Yin. Yin can be calculated using (4.4) and the parameters of the transistor.

Port 1 is set to be the waveguide impedance, and then the whole structure is simulated.
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Fig. 4.22 Setup to extract external quality factor for resonator 2 incorporating the transistor’s input. (a) Structure for
extracting external quality factor of resonator 2 interconnecting the input of the transistor. (b) Qer extraction setup in
CST. (c) S-parameter response of the waveguide resonator connected to a complex load.
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The EM simulation of one single waveguide cavity with one port coupling to the transistor’s
input is performed in CST [16] as shown in Fig. 4.22(a) with a resonance plot displayed in
Fig. 4.22(c), and hence the external quality factor Qer can be determined. As discussed above, the
centre frequency and resonance curve are mainly influenced by the lengths of the resonator L, the
length of the probe | and interconnection transmission line length s. Other parameters such as the
width of the probe and transmission line wz and w are kept constant during the simulations. The
interconnection transmission line s and probe length | are tuned, and external Q is recorded for
different values of s and I. To help with simulation process, L2 is adjusted to keep the resonance at
10 GHz centre frequency. The external quality factor Qer versus interconnection transmission line
s and probe length | are shown in Fig. 4.23 and the target Qer=13.297 can be achieved with

dimensions of I.

External quality factor: Qe

Chosen Qe=13.297

10 T T - T .
12 13 14 15

Interconnection length: s (mm)
Fig. 4.23 External quality factor Qer versus interconnection length s. All points are at 10 GHz.

4.4.4 Microstrip part design

The microstrip part of the waveguide filter amplifier comprises the probe, feed transmission

line, transistor, bias circuits and output matching stub. The layout of the microstrip circuit is
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illustrated in Fig. 4.24: b1+b2 and bs+bs are quarter-wavelength long bias tees at 10 GHz centre
frequency. 100 pf capacitors are mounted on the end of the quarter-wavelength long bias arms,
providing short circuit condition. The ground footprints of the transistor are connected to the
ground via holes R1 and R.. Two square pads shown in Fig. 4.24(a) are soldered with DC wires,

offering DC voltages at the gate and the drain.
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Fig. 4.24 Microstrip part of the filter amplifier. (a) Layout of microstrip with the transistor. (b) Backside.

Length t2 is the length of a single stub matching the transistor to 50 Q transmission line. The
design of the single stub is exactly the same as the design in Section 4.3.4. The dimensions of the

microstrip are given later in Table 4.4.
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4.4.5 Full EM simulation and optimisation

After all the necessary parameters to form the waveguide filter amplifier have been determined
above, the whole construction of the device can be simulated. The on-chip transistor and the
waveguide filter are assembled as depicted in Fig. 4.25. The on-chip transistor with bias connection
is located on the platform of the waveguide and sandwiched between two half-cut waveguide

blocks.

Waveguide-Platform

Waveguide /Line

Input

E Field

'

Microstrip
Output

Capacitive
Gaps
Transistor

Fig. 4.25 Complete construction of the waveguide filter amplifier.

This simulation is combined in CST with the waveguide model and microstrip part of the
transistor. As illustrated in Fig. 4.26, the microstrip part in the form of an S2P touchstone file is
combined with 3D waveguide structure and simulated in CST. This S2P file is generated by EM

simulation in ADS. Note that in the simulation setup depicted in Fig. 4.26, the embedded port
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model is applied at the input of the transistor: the embedded section of the transmission line is
excluded in CST because this section belongs to the microstrip part and has been simulated
producing the S2P touchstone file.

The parameters used for the simulation are given in Table 4.4. The simulated S-parameters
using initial values are presented in Fig. 4.27. It shows about 13 dB gain in Sz; and 2 poles in S11
around -10 dB. The simulated operating conditions of the transistor are drain to source voltage of

Vgs=2 V and drain to source current of 1gs=10 mA.
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Fig. 4.26 Co-simulation of waveguide filter amplifier.
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TABLE 4.4
VALUES OF INITIAL AND OPTIMISED WAVEGUIDE FILTER AMPLIFIER PARAMETERS

Initial (mm) Optimised (mm) Initial (mm) Optimised (mm)
L 23.00 23.76 w 1.2 1.2
L. 17.80 18.71 b1 2.96 2.96
ds 4.85 6.39 b2 1.33 1.33
d: 2.65 3.22 bs 2.50 2.50
I 4.9 4.83 D4 2.00 2.00
s 13.30 12.99 C1 1.50 1.50
R: 0.30 0.30 C2 1.10 1.10
R2 0.30 0.30 C3 5.00 5.00
Rs 0.30 0.30 C4 5.00 5.00
Wy 1.20 1.20 t1 3.22 3.22
W2 0.72 0.72 t2 3.18 3.18
W3 2.00 2.00
20
10 |
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Fig. 4.27 S-parameters of EM simulation using initial values.

The optimisation is carried out by employing the optimiser tool in the CST [16]. The microstrip
part is simulated in ADS [17] and the result is loaded in the CST in the form of a touchstone. The
dimensions of the microstrip part are kept fixed. In this filter amplifier example, we set the
optimised goals as: from 9.75 GHz to 10.25 GHz, Si1 is under -20 dB; from 9.75 GHz to 10.25

GHz Sy is under -10 dB; critical points 9.725 GHz and 10.178 GHz are under -40 dB.
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The optimised dimensions of the component are also presented in Table 4.4. The optimised S-
parameters response is presented in Fig. 4.28(a) and (b) and is compared with initial response using
dotted lines. The optimised result in Fig. 4.28(a) and (b) shows that over the passband S11 is below
-20 dB, Sz1 is around 13 dB; and S22 is below -10 dB. The generally good agreement of the initial
and optimised responses demonstrates the validity of the coupling matrix technique in providing
starting values for the filter amplifier design process. The amplifier circuit is unconditionally stable
as the stability factor is larger than 1 from 0 GHz to 22 GHz as shown in Fig. 4.28(c). For
completeness, Fig. 4.28(d) shows noise figure is about 1.10 dB over the passband and the NFmin

(minimum noise figure) for the device is 1.02 dB at 9.85 GHz.
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Fig. 4.28 Co-simulation results of waveguide filter integrated with the transistor. (a) Scattering parameters S;1 and
S21. (b) Scattering parameters Sz and Siz. () Stability factor. (d) Noise figure.

4.4.6 Waveguide filter amplifier measurement

The waveguide structure is fabricated from aluminium (AL5083) on a CNC machine. It is cut
in two halves cut along the E-plane. The microstrip circuit is made of RT5870 substrate having
the 0.254 mm thick and the dielectric constant of 2.33. The connection wires are mounted on the
pads providing DC voltages at the gate and the drain of the transistor. The output of the microstrip
is connected to the 50 Q measurement port through the SMA adapter. Fig. 4.29 shows two
photographs of the device.

The measurement is carried out employing the Agilent vector network analyser PNA E8362B
with two measurement ports. A WR-90 coaxial to waveguide adapter is used at port 1, calibrated

to the waveguide flange.

115



Screws

Transistor - 7.

(b)
Fig. 4.29 Photographs of the fabricated device. (a) Sectional view of cut along E-plane. (b) Microstrip with DC wires
connection.

The measurement result is displayed in Fig. 4.30 in solid lines, compared with the optimised
simulation response using dotted lines. Bias condition of the transistor is provided by a gate to
source voltage of Vgs=-0.52 V and a drain to source voltage of V¢s=2.2 V. The two poles in S11
shown in Fig. 4.30(a) provide evidence of resonator-based filter operating well. The Sz1 shows
around 11 dB gain indicating the amplification function of the transistor. The Sz> showing around

-10 dB over the passband indicating a good output match of the transistor. The generally good
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agreement between the measurement and the simulation validates the methodology of this

integrated waveguide filter amplifier design.

20 20 —— Measured Siz
—— Measured S22
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g 10 g 10 "
® E \
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N 404 Measured S21 404 -
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85 90 95 100 105 110 115 85 90 95 100 105 110 115
Frequency (GHz) Frequency (GHz)
(a) (b)

Fig. 4.30 Circuit simulation and measurement results. (a) Scattering parameters Si1and Si. (b) Scattering parameters
S22 and Sy,

The disagreement between the measured results and simulated ones is reasonable. The
roughness of the waveguide cavity surface and the poor contact of two half-cut waveguides can
lead to additional insertion loss in the measurement [18]. As the microstrip board is placed on the
platform of the waveguide by pressure, the contact between them could also influence the results.
The circuits soldering including the transistor and the surface mount components would also have
an effect on the S-parameters response. It also can be observed in Fig. 4.30(a) that there exists a
slop of Sz1 within the passband. In the filter amplifier design, we assume the transistor operating
at 10 GHz centre frequency, but the impedance of the transistor changes to some extent within the
bandwidth. In addition, the bias circuit may also influence the transistor performance. It is believed
that with precisely fabricated waveguide and micsrostrip circuit, the measured results would agree

better with the EM simulation results in terms of insertion loss and gain.
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4.5 Summary

In this chapter, the N+3 coupling matrix is applied in the co-design of filter amplifiers. We
introduced two examples: the microstrip amplifier and the waveguide amplifier. Both of them are
designed using a resonator-based filter, achieving both filtering and amplification functionalities.
With the specification of the filter and the transistor’s parameters, the coupling matrix is
synthesised and then is employed to extract the physical geometries of the device. The design
process of the filter part is based on the general extraction procedures of the external quality factor
and coupling coefficient [12]. In the simulated S-parameters response, illustrated in Fig. 4.14 and
Fig. 4.28, initial values can be found for the geometries through the extraction processes, which
can be used for further optimisation.

Although the two amplifiers introduced in this chapter are different in physical construction,
they are designed based on the same circuit topology and same coupling matrix. The design
processes are similar, which combine the conventional filter design synthesis with the transistor.
The microstrip amplifier is a planner circuit and designed in the ADS, whereas the waveguide
amplifier is constructed and co-simulated with the help of ADS and CST. Although the structure
of the waveguide amplifier is more complicated than the microstrip one, the technique is more
likely to be applied in higher frequencies where waveguide components are more commonplace.

The good measured results shown in Fig. 4.16 and Fig. 4.30, validate the integrated design of
filter amplifiers using the N+3 coupling matrix synthesis. The topology proposed in this chapter
makes it possible to extend this methodology to amplifier circuits which resonators matched at

both the input and the output ports, and this will be described in Chapter 5.
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CHAPTER 5

N+4 COUPLING MATRIX BASED FILTER AMPLIFIERS

The waveguide filter amplifier with the resonator matching the transistor’s input has been
introduced in Chapter 4. Based on the N+3 coupling matrix, filter response (in our case, Chebyshev)
is achieved, and the gain of the amplifier can also be predicted using the matrix calculation. The
coupling matrix based design methodology offers a co-design approach in designing amplifiers for
X-band or higher frequencies.

However, the design examples in Chapter 4 can be categorised as input filter matching
amplifiers, and the output is conventionally matched to a traditional 50 Q transmission line. The
N+3 coupling matrix is able to describe the topology of the transistor coupling to the end of the
filter. As the rectangular waveguide is used throughout the systems and the assembled ports of
devices are made with waveguide end to end, particularly in THz applications [1]-[3], the
waveguide amplifiers with input and output waveguide are necessary for the sub-millimetre
components. In this chapter, all waveguide resonator structure is implemented in designing
waveguide amplifiers.

Here, we apply the N+4 coupling matrix with the transistor coupling in the middle of the

resonators as deduced in Chapter 3. Filter matching can be achieved simultaneously, i.e. both the
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return loss seen from the input S11 and the output S>> behave Chebyshev filter response. In this
chapter, an X-band waveguide amplifier is introduced with two filters coupled at the drain and the
gate of the transistor. This waveguide filter amplifier can be regarded as the physical
implementation of the N+4 coupling matrix, and it also serves as the low frequency demonstrator
for THz waveguide amplifiers.

In this chapter, circuit representation of the filter amplifier and the N+4 coupling matrix are
reviewed at the beginning. Then, the physical design procedure including the waveguide part and
on-chip transistor microstrip part is discussed in Section 5.3, followed by the co-simulation and
the optimisation in Section 5.4. Finally, the fabrication of the device and its measurement are

presented with further discussions and suggestions summarised in Section 5.5.

5.1 Coupling Matrix applied in Design of Filter Amplifiers

The active N+4 coupling matrix representing the filter amplifier has been synthesised in Chapter

3.

[0 my, O 0 0 0 0 0 0 ]

ml,Pl O m12 0 0 0 0 O 0
0 m, O 0 0 0 0 0 0
0 0 0 0 m, 0 0 0

[m] = O O 0 min,k 0 in,out 0 O 0 (51)

O O 0 0 mout,in 0 mout,k+1 O 0
0 0 0 0 0 Muouw O 0 0
O O O mn P2

L 0 O mPZ,n 0 i
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In practice, the geometries of the resonators and the transition from the resonators to the
transistor can be determined by the coupling matrix [m] in (5.1). The physical construction

resembles the input waveguide filter design in Section 4.1.

Centre External quality Coupling Centre External quality ~ Centre
frequency /o factor Q. cofficient M, frequency fy factor Q,,  frequency fo
Yp

Yp

External quality Centre Centre External quality
factor QO,n frequency fn frequency fn factor Q.n

Ym "out

L‘EE N P

Fig. 5.1 Topology of the resonator based filter amplifier and the equivalent lumped circuit.

Fig. 5.1 presents the topology of the filter amplifier and the equivalent lumped circuits: (i) the
1% resonator coupling to the source; (ii) the k'™ resonator coupling to the transistor’s input; (iii) the
(k+1)™" resonator coupling to the transistor’s output; (iv) the N resonator coupling to the load; (v)
the i and the j™ resonators coupled by the J inverter. The centre frequency of the 1 to the n™"
resonator is fo.

As with just a conventional simple filter [4] the coupling coefficient M;j=M;j; between the two

resonators are scaled by the fractional bandwidth from the coupling matrix [m]

M,,=FBW-m, i,j=1 to n (5.2)
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According to (5.2) the coupling coefficient between Resonator i and Resonator j can be calculated
using the normalised coupling matrix [m].

The next step is to determinate the coupling from port 1 to the Resonator 1 and the coupling
from the port 2 to the Resonator n. This can be done by extracting the external quality factor of
Resonator 1 (Qe1) and the external quality factor of Resonator N (Qen) as illustrated in Fig. 5.1. In
the N+4 coupling matrix, Qe is related to the external couplings mp1,1= mp1,1, and Qen is related to

the external couplings mp2,n=mp2 .

1 1
Q= 2 2
FBW -m,, FBW.-m;,
o - 1 ) 1 (5.3)
' FBW -mS’PZ FBW .ményz

From (5.3) the required external quality factor Qe1 and Qen can be found.

The external couplings mink=mkin and self-coupling myk can be determined by extracting the
external quality factor (Qet1) of the Resonator k incorporating the input of the transistor. The
external couplings Moutk+1=Mk+1,0ut and self-coupling my+1k+1 can be determined by extracting the
external quality factor (Qer2) of the Resonator k+1 incorporating the output of the transistor. The
centre frequency of the k" resonator incorporating the transistor input admittance Yin is fr1; the
centre frequency of the (k+1)™ resonator incorporating the transistor output admittance Yout is frz.
Yinand Yout can be complex value. We regard one filter is coupled at the gate of the transistor, and
another filter is coupled at the drain of the transistor. The reflection coefficients seen from the
input and output are expected to produce filter response, in our case, are Chebyshev response. The
derivations of Qer1, fr1, Qet2, fr2 are exactly same as the for Qer and fr in Section 4.1. Here we

directly write down resultant equations

qek QeTz — qek+1 (54)

Qe =y FBW
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fo=f, f,=f (5.5)

5.2 Coupling Matrix Example of a Filter Amplifier

In our filter amplifier example, we use two 2" Chebyshev filters at the input and output of the
transistor. The filter has a centre frequency fo of 10 GHz, a bandwidth of 500 MHz (fractional
bandwidth FBW=0.05) and a passband return loss of 20 dB. The filter specification is the same as
the filter in Chapter 4, and the g values for its lowpass prototype Chebyshev filter are given in

Table 4.1

TABLES.1
VALUES OF TRANSISTOR’S Y MATRIX PARAMETERS
Y parameters Value Normalised ¥ Value
parameters
gm 0.0696- 0.1350j Om 3.4812-6.7500j
Yas 0.0055+ 0.0127j Yas 0.2752+ 0.6367j
Ygs 0.0051+ 0.0276j Ygs 0.2528+ 1.3799j

All parameters are calculated from the datasheet as the transistor operating at 10 GHz.

The transistor used is the NE310S01 with Y matrix parameters summarised in Table 5.1. Note
that we use the same transistor (NE310S01) as in Chapter 4. But in Table 5.1, the admittance
between the gate and the drain of the transistor (Yqq) is assumed to be zero in order to simplify the
design procedure. In the practical design, the feedback between the transistor’s gate and drain are
often ignored [5]-[10], because its value is usually relatively small [11]. The advantage of the
regardless of the feedback is that the filter amplifier can be constructed separately which make it
easier in practical design. Also, if Yg=0 the N+4 coupling matrix that produces standard
Chebyshev filter responses can be directly synthesised as described in Section 3.3.3. The effect of
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the feedback can be cancelled by further optimisation. Therefore, the corresponding coupling from

the drain to gate minout IS zero but taken into account in the final optimisation.

The filter and transistor specifications can be translated into elements of the coupling matrix

using the (2.34) and (5.1). The active coupling matrix [m] is

0
1.2264
0

o O O o O

0

1.2264

1.6621

0

o O o o

0 0 0
1.6621 0 0
-8.2104 3.4219 0
3.4219 0 0

0 6.75+3.4812j 0

0 0 1.6216

0 0 0

0 0 0

0 0

0 0

0 0

0 0
1.6216 0
-3.4800 1.6621
1.6621 0

0 1.2264

O O O o o

0
1.2264
0

(5.6)

According to the (3.90), the [T] matrix representing the normalised port admittances is

calculated to give

[T]

Matrix [U] is

O O O O O o o Bk

O O O O O o o o

O O O O O o o o

0
0
0

0.2528+1.3799;

0

0
0
0
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0

0.2752+0.6367

0
0
0

O O O O O o o o

O O O O O o o o

P O O O O O O o
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[U]=

O O O O O O o o

O O O O O o +— O

O O O O O+ O O
O O O O O o o o
O O O O O o o o

O O kP O O O O O

O B O O O O O O

O O O O O O o o

(5.8)

The S-parameters response can be calculated using (3.88) and (3.89), and is presented in Fig. 5.2.

This newly introduced N+4 coupling matrix produces the standard Chebyshev filter response in

return loss S11 and Sz2, and also gain about 22 dB across the passband. Recalling the S-parameters

calculated for the same filter in Fig. 3.14, the gain (S21) in Fig. 5.2 is larger than the optimised one

in Fig. 3.14 by about 7.3 dB. This is because the transistor is approximately assumed as a unilateral

device (S12=0).
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Fig. 5.2 Calculated filter amplifier responses using the coupling matrix formulation. (a) Scattering parameters S, and

S21. (b) Scattering parameters Sy and Si2.

This coupling matrix can be used in the design of the filter amplifier. Referring to (5.3) and

(5.6), the external Q of the 1% resonator and external Q of the N* resonator can be calculated, given
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by Qe1=Qen=13.297. The coupling coefficient between Resonator 1 and Resonator 2 (My,2) can be
calculated using (5.2) and (5.6) to give M1=0.0831. The coupling coefficient between Resonator
3 and Resonator 3 (Ms.4) can be calculated using (5.2) and (5.6) to give M34=0.0831. The external
Q of the 2" resonator incorporating the transistor’s input (Qer1) and the external Q of the 3%
resonator incorporating the transistor’s output (Qer2) can be calculated using (5.4) (5.5) and (5.6)

to give Qer1=Qer2=13.297 at the resonator frequencies are fr1= fr>=10 GHz.

5.3 Example: A Waveguide Filter Amplifier Design

Based on the N+4 coupling matrix in (5.7), two 2" Chebyshev filters are implemented to match
the input and the output of the transistor. The physical design process of an X-band waveguide
filter amplifier is discussed below.

The physical structure is comprised of the waveguide resonators, and the transistor mounted on
a printed circuit board (PCB) and is illustrated in Fig. 5.3. The transistor PCB is placed on the
platform in the middle of the waveguide. The feeding structures on the PCB, coupling Resonator
2 and Resonator 3 to the transistors’ gate and drain, are probes of length I1 and |2 on the end of
feed lines of lengths s1 and s. The waveguide filters are formed of four TE101 waveguide cavities.
It can be seen from Fig 5.3 that the iris di determines the external quality factor of Resonator 1,
Qe1 and the iris d4 determines the external quality factor of Resonator 4, Qes. The iris size d2 which
couples Resonator 1 and Resonator 2 decides the coupling coefficient of the two resonators My ».
Similarly, the iris ds which couples Resonator 3 and Resonator 4 decides the coupling coefficient
of the two resonators Ms 4. The length of the transition interconnection s; and the probe |1 influence

the coupling strength from the Resonator 2 to the input of the resonator, and the transition s, and
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the probe I> influence the coupling strength from the Resonator 3 to the output of the resonator.

Resonator lengths L1, L2, L3 and L4 determine the centre frequency of the resonators.
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Fig. 5.3 Illustration diagrams of waveguide filter amplifier. (a) Three-dimensional view of the internal waveguide
with the microstrip circuit. (b) Sectional view of the filter and platform for the transistor circuit.

5.3.1 Extraction of the external quality factors Qe1 and Qes

Qe1and Qes can be extracted from the simulation of the single waveguide cavity. As illustrated
in Fig. 5.4(a), there is a narrow coupling gap at port 1and capacitive iris with length of di is at port
2 and the length of the waveguide resonator cavity is L. A resonance response with centre
frequency at 10 GHz is simulated using CST [4], where the external quality factor can be extracted

with the help of the formula in Fig. 5.4(b).
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Fig. 5.4 Extraction of the external quality factor of the resonator. (a) Structure of single waveguide cavity. (b) S-
parameter response of the waveguide resonator.

11.0

The length of the capacitive gap di is adjusted, corresponding different external quality factors
Qe. The Qe versus the size of the gap di is plotted, which is the same curve in Fig. 4.19, where
appreciate di can be found for the required Qe1=13.297. As discussed above Qe1=Qes=13.297, and
thus di=d1=d>=4.85 mm. During the simulation process, the length of the resonator L is adjusted

to keep the resonance at 10 GHz centre frequency.

5.3.2 Extraction of the coupling coefficients
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Fig. 5.5 Extraction of the coupling coefficient. (a) Structure of coupled waveguide cavities. (b) S-parameter response
of the coupled waveguide resonators.
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Fig. 5.5 illustrates the configuration of extract the coupling coefficient from the coupled
resonators. Two the waveguide cavities are coupled via the capacitive gaps d;j (j=2 or 3). There is
weak coupling at the two ports through the narrow gap. The simulated S-parameters response
displays two peaks of Sy is present in Fig. 5.5(b), where coupling coefficients M j can be extracted
according to

f2-f?
f2+ sz

i

(5.9)

Adjust the size of the gap dj and a series of corresponding coupling coefficients M;; can be
extracted. The relationship of coupling coefficient M;; versus different d; is the same as shown in
Fig. 4.21, where the target M1,,=M34=0.0831 can be found with specified iris size dj=d>=d3=2.65
mm. During the extraction process, the length of the resonator L is adjusted to keep the resonance

at 10 GHz centre frequency.

5.3.3 Extraction of the external quality factors Qer1 and Qer2

The next step is to determine the mixed structure around Resonator 2 and Resonator 3. It can
be seen from Fig. 5.3(a) that the construction of Resonator 2 and Resonator 3 are similar, and the
only difference is the dimensions. The extraction procedure is very close to that in Section 4.4.3.

The configuration of extracting the quality factors Qer1 and Qer2 is shown in Fig. 5.6(a) and (b).
The microstrip port is connected the port 2 in CST (see Fig. 5.6(b)) [12], with the load of port 2
set to be the input (output) admittance of the transistor Yin(Yout). Yin and Yout are the input and output
admittances of the transistor, respectively. It should be noted that, in this case, we assume Ygq=0
and the transistor is a unilateral device. Thus, Yin and Yout can be easily got referring to the transistor’

circuit in Fig. 3.6, i.e. Yin=Ygs and Yout=Yas. In Fig. 5.6, port 1 is set to be the value of the waveguide
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impedance. The whole structure is simulated in CST [12], and the Sz1 shows a resonance curve as
presented in Fig. 5.6(c). The external quality factor can be extracted using the formulas in

Fig. 5.6(c): the ratio of centre frequency and 3 dB bandwidth.
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Fig. 5.6 Simulations to extract external quality factor of Resonator 1 and Resonator 3. (a) Structure for extracting
eternal quality factor of the resonator with coupling structure. (b) Qeri extraction setup in CST. (c) S-parameter
response of the waveguide resonator connected to a complex load.

We choose the length of the probe and transition line I;, si as our variables. Although some other
parameters also affect the external Q, these two dimensions are found to be more sensitive. Adjust
the length of the transition line si and the probe I, and the corresponding quality factors are

calculated. Here i=1, 2, which indicates external quality factors Qer1 changes corresponding to sz

and Iy; external quality factors Qer2 changes corresponding to sz and l>. The external Q versus

131



transition line sj with various li is plotted in Fig. 5.7, where dimensions s;, li can be found to achieve

Qet1=13.297 and Qe12=13.297, respectively. During the process, Li is adjusted to keep the

resonance at 10 GHz centre frequency.
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Fig. 5.7 (a) External quality factor Q1 versus interconnection length s;. (b) External quality factor Qer2 versus
interconnection length s,. All points are at 10 GHz.

5.3.4 Microstrip part design

The microstrip part of the waveguide filter amplifier is made of the probes, feed transmission

lines, the transistor, and bias circuits. Fig. 5.8 illustrates the layout of the microstrip transistor. As

shown in Fig. 5.8(a), bi+b2 and bs+bs are quarter-wavelength long bias tees at 10 GHz centre

frequency. 100 pF capacitors are mounted on the end of the quarter-wavelength long bias arms,

providing open-end circuit condition. The ground pins of the transistor are connected to the ground

via cut-through holes R and R>. Surface mount components such as resistors and capacitors are

mounted on the bias tees ensuring transistor operating with unconditional stable. Two square pads
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at the end of the bias are soldered with wires, offering DC voltages. Note that the middle part of

the microstrip is designed to be wider to fix the PCB board on the platform.
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Fig. 5.8 Microstrip part of the filter amplifier. (2) Layout of microstrip with the transistor. (b) Back side.

5.3.5 Full EM simulation and optimisation

After all necessary dimensions of the waveguide filter amplifier have been determined above,

the whole construction is co-simulated using the CST [12] and the ADS [13]. The assembled

133



model of waveguide filter amplifier is shown in Fig. 5.9. It can be seen from Fig. 5.9 that the
waveguide part is cut along the E-plane of the waveguide flange. The microstrip transistor sits on
the platform of the waveguide and sandwiched by two split waveguide blocks. The input and the
output of the amplifier are the TE101 waveguide ports. The probes with part of the transition lines

are suspended in the cavities, coupling the resonators to the transistor.

Waveguide
input

Waveguide-platform
line

Capacitive gaps

Capacitive gaps

Waveguide-platform
line _
Transistor

Waveguide
ouput
Fig. 5.9 Construction of the waveguide filter amplifier.

The setup of the simulation is schematically illustrated in Fig. 5.10. The waveguide and part of
the microstrip (the probe and the transition line) are constructed in CST [12], combined with the
S2P touchstone file of the microstrip transistor [11]. The S2P file is generated by simulating the
microstrip part of the on-chip transistor in ADS, and the layout of the microstrip transistor is shown

in Fig. 5.10. It is readily seen that the bias connection of the transistor is included in the ADS
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simulation because the bias circuit also influences the performance of the transistor to some extent.
Note that there are short sections of transition lines at the two ports of the transistor simulated in
ADS, and during the simulation in CST, these section of transmission lines are removed by
employing the embedded port mode in the CST [12]. As shown in Fig. 5.10, port 1 and port 2 are

assigned to be waveguide port impedance. Port 3 and port 4 are connected to the gate and the drain

of the transistor.
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Fig. 5.10 Co-simulation of waveguide filter amplifier using CST and ADS.

The initial parameters used for the simulations are given in Table 5.2 and are the same as the

values extracted from the design graphs in Fig. 4.19, Fig. 4.21 and Fig. 5.6. Table 5.2 also presents
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the optimised values. Optimisation goals, in this case, are set to be: from 9.75 GHz to 10.25 GHz
S11 is under -20 dB; from 9.75 GHz to 10.25 GHz Sz is under -20 dB; at critical points 9.725 GHz
and 10.178 GHz, the S11 and Sz are under -40 dB.

Both the initial response and the optimised response, using the parameters in Table 5.2, are
shown in Fig. 5.11. The optimised results in Fig. 5.11(a) and (b) show that over the passband Si1
is below -20 dB; Sz: is around 13 dB; and Sz is below -20 dB over the passband. The good
correlation between the initial and optimised responses demonstrates the validity of the coupling
matrix technique in providing starting parameters for the filter amplifier design. Note that the gain
of Sz1 is different from that calculated using the coupling matrix in Fig. 5.2. This is because in the
coupling matrix in (5.6), we regard the transistor as a unilateral component and there is no feedback.
The gain is reduced once we use the physical model of the transistor. The stability factor illustrated
in Fig. 5.11(c) is above 1 from 0 GHz to 22 GHz, indicating the transistor circuit is unconditional
stable over these frequencies. Fig. 5.11(d) shows noise figure which is about 1.10 dB from 9.57

GHz to 10.25 GHz and NFmin (minimum noise figure) for the device is 1.12 dB at 9.85 GHz.

20
04
104
) @ -10-
° 0+ S 10
[ 0
& 197 & -20-
] [
E -201 €
e ® 30
a =0 & S12 Optimised
) - = =521 Initial 12 Optimise
-40 4~ - - St1Initial D -40- S22 Optimised ‘\
—— S11 Optimised — = = S12 Initial \
50 —821i Oplimis?d ‘ : : 50 — - — S22z Initial
8.5 9.0 9.5 100 105 11.0 115 8.5 9.0 95 100 105 11.0 11.5
Frequency (GHz) Frequency (GHz)
(a) (b)

136



10 10

94 Noise Figure|
8 84
. —_
S 7 2
o ~ g6
© g )
L; 5 Passband
= 54 ey
o L 44 NFmin=
44 Q _
S @ 1.12dB \ -
wn 3] ) ~ I }
Z 24 | ‘
2 4
| |
|
1 T T T T T T T T T T T T 0 T T T L7\77 T T T
0 2 4 6 8 10 12 14 16 18 20 80 85 90 95 10.0 105 11.0 115 12.0
Frequency (GHz) Frequency (GHz)
(c) (d

Fig. 5.11 Co-simulation results of waveguide filter integrated amplifier. (a) Scattering parameters Si; and Szi. (b)
Scattering parameters Sz, and Si2. (¢) Stability factor. (d) Noise figure.

TABLE 5.2
VALUES OF INITIAL AND NORMALISED WAVEGUIDE-AMPLIFIER PARAMETERS
Initial (mm) Optimised (mm) Initial (mm) Optimised (mm)
L 23.00 23.76 R3 1.2 1.2
L. 17.80 18.71 R4 2.96 2.96
L3 4.85 6.39 b1 1.33 1.33
La 2.65 3.22 b2 2.50 2.50
I1 4.9 4.83 bs 2.00 2.00
I2 13.30 12.99 b4 1.50 1.50
S1 0.30 0.30 C1 1.10 1.10
S2 0.30 0.30 C2 5.00 5.00
W1 0.30 0.30 C3 5.00 5.00
W2 1.20 1.20 Cs 3.22 3.22
R1 0.72 0.72 Cs 3.18 3.18

R2 2.00 2.00

5.4 Waveguide Filter Amplifier Measurement

The waveguide structure is fabricated from aluminium (AL5083) on a CNC machine. The
microstrip circuit is made of RT5870 substrate having the 0.254 mm thickness and the dielectric

constant of 2.33. The surface mount components are soldered on the PCB board manually. The
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connection wires are mounted on the pads providing DC voltages at the gate and the drain of the
transistor. Both input and output are connected to the 50  measurement ports via two WR-90
waveguide adapters. Fig. 5.12 presents two photographs of the device. Several pinholes are drilled

to help aline the building blocks, and the screws are used to fix the waveguide.

Pin holes

Waveguide

Screw ~ output

holes

Waveguide

: Transistor
mput

(@)

Transistor
Connected

_#10DE

Connected
to DC

(b)
Fig. 5.12 Photographs of the fabricated device. (a) Waveguide filter amplifier device. (b) On-chip transistor PCB
board.

The Agilent vector network analyser PNA E8362B is employed to in the S-parameters response
measurement. The bias conditions of the amplifier are Vgs=2.3 V, Vgs=-0.56 V, provided by the
DC power source.
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The measurement results are shown in Fig 5.13 and are compared with the simulated responses.
Two poles are displayed in both S11 and Sz2 of the response, indicating the resonators at input and
output of the transistor works well. Sz; shows about 11 dB gain over the passband. The measured
input and output insertion are around 13.3 dB and 11.62 dB respectively, over the passband. The

measurement results agree well to the simulated response validate the approach of co-design of

waveguide filter amplifier.
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Fig. 5.13 Circuit simulation and measurement results. (a) Scattering parameters Si1 and S:. (b) Scattering parameters
Sz and Si»

The disagreement between the measured results and simulated response may be caused by
roughness of the waveguide cavity surface and the fabrication tolerance. The poor contacts
between the splited waveguides and between the waveguide and microstrip board also have an
effect on the measured results. Circuit soldering can add losses and degrade the gain of the
transistor, and DC wires also have influence on the performance of the transistor. The components
including the transistor and the surface mount capacitors and resistors can also be taken into

account for the disagreement as they are soldered on the PCB board manually. It is suggested that
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the pads which connect the DC wires should stay a certain distance from the transistor as the DC

wires are found to affect the transistor’s performance to some extent when they are nearby.

5.5 Summary

Following the input waveguide filter amplifier design in Chapter 4, this chapter has extended
the design of resonator matching methodology to both the input and the output of the transistor.
The hybrid structure is implemented to realise the easy impedance conversion from the rectangular
waveguide to the on-chip active component. Compared to the waveguide amplifier with input
resonator matching in Chapter 4, both the input and output are configurated standard waveguide
port. The waveguide-microstrip-waveguide conversion is more complicated but with wider and
more commonplace utilisation, especially at higher frequencies.

The novel N+4 active coupling matrix has been described in Chapter 3, but in the practical
design, we assumed the feedback of the transistor is small and neglected [6] and designed the input
and output matching filters separately. The whole structure simulation has accounted for all
parameters of the transistor leading to an accurate simulation of the physical structure including
the microstrip and waveguide. With the help of the N+4 coupling matrix, the dimension-extraction
process results in good initial values for the filter amplifier as illustrated in Fig. 5.13. The general
good measurement result validates the integration of waveguide filters with the active component.

The X-band filter amplifier is implemented as an example, but the technique is general.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

6.1 Conclusions

The main subjects presented in this thesis can be classified into two categories: (a) The N+X
coupling matrix synthesis. (b) The filter amplifier constructions based on these coupling matrices.

The first part of the thesis considers the coupling matrices in Chapter 3. Three novel coupling
matrices are synthesised: (i) The N+4 coupling matrix of cascaded filters with a transmission line
between filters; (i1) The N+3 coupling matrix of filter amplifiers, useful when the filter is only on
the input to the transistor.; (iii) The N+4 coupling matrix of filter amplifiers representing transistor
in the middle of the resonators providing filtering and matching on both input and output.

The N+4 coupling matrix of cascaded filters with transmission lines is developed based on the
Y matrix of the transmission line and the lumped circuit of cascaded filters. Matrix manipulation
and scaling process are applied to eliminate the admittance/impedance elements in the Y/Z matrix
to synthesise the coupling matrix. This enable us to ignore the matching and impedance conditions
and to concern ourselves only with the coupling coefficients in coupling matrix. The same matrix

manipulating technique is also used in [1] and [2]. The newly introduced N+4 coupling matrix can

142



produce S-parameters response of cascaded filters with any length of the transmission line. Similar
topologies and the cascaded coupling matrix are also presented in [3] and [4], but the length and
the transmission line is fixed. The novel N+4 coupling matrix representation allows us to formulate
the cascaded filters more flexible and predict the performance of a broader range. Significantly it
provides an introduction to the concepts for the filter amplifier coupling matrices to follow.

The N+3 active coupling matrix introduced in Chapter 3 is formulated based on the lumped
filter topology [5] and small signal lumped circuit of the transistor. With the matrix manipulation
and a scaling process, the N+3 coupling matrix is synthesised. This N+3 coupling matrix allows
us to describe the filters and transistor component in a single matrix and also make prediction of
the overall performance showing filtering and gain.

The N+4 active coupling matrix is developed by generalising the filter amplifier with resonators
coupled at both the input and output of the transistor. Using the N+4 coupling matrix, filter
response can be produced to achieve filtering response both in S11 and S22. However, feedback in
the transistor affects the input and output impedance of the transistor and precludes a simple
analytical formulation of the N+4 coupling matrix. A matrix optimisation algorithm is therefore
introduced to modify an estimated N+4 coupling matrix taking the feedback into account. A cost-
function i1s employed to estimate the difference between the responses to be optimised and the
desired ones.

To summarise the N+3 and N+4 coupling matrices, additional elements (transistor’ parameters)
are included to the conventional coupling matrix for filters, and this leads to the overall circuit
performance including return loss and amplification theoretically predicted. This thesis presents
these new ideas for the first time.

The second part of the thesis is primarily concerned with the physical designs of the filter
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amplifiers using the newly introduced coupling matrices. The filter amplifier design methodology
is general and implemented using three examples, i.e. a microstrip amplifier and two waveguide
amplifiers. The physical structures are specified using coupling coefficients and external quality
factors, which are calculated using the coupling matrix, and then appropriate initial dimensions of
the structure are found and used for further optimisation. This co-design approach much more
closely resembles the design of a standard filter [5], and the coupling coefficients and the external
Q calculated by the novel coupling matrices are exactly the same as these using conventional filter
coupling matrix. The only difference is the extraction process of the quality factors of the
resonators adjacent to the transistor. In extracting these resonators’ external quality factors, the
transistor’s input or output admittances are included.

Compared to the conventional waveguide amplifiers [6]-[8] summarised in Table 1.1, the
waveguide-microtrip transition is integrated into a resonator, achieving Chebyshev (or other)
filtering response. The novel coupling matrix offers initial values of the waveguide and the
coupling structures, which improves the dimensional design procedure in terms of accuracy, time
and complexity. Compared to the microstrip amplifiers [9]-[17], high-Q waveguide resonator itself
1s a more appropriate choice at higher frequencies due to its low loss. Also, the conventional
amplifier matching technologies for planner circuit cannot be applied in waveguide amplifiers
design directly.

There are some limitations of the work in the thesis. As the coupling matrix is synthesised for
narrow band approximation, it cannot be used to design wideband amplifiers. In our narrowband
amplifier examples, the transistor is assumed a fixed input and output admittance. This design
approach is validated when the transistor’s input and output impedances/admittances do not

change a lot near the centre frequency. As the wideband filter is synthesised in [18]-[20], they are
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expected to combine with the amplifier operating at wider frequencies.

In chapter 5, the waveguide amplifier is designed according to the N+4 coupling matrix in (5.6).
However, the S-parameters response produced by (5.6) is not accurate because the feedback is
neglected. Recalling the optimised N+4 matrix in (3.97), this matrix could be applied in designing
the waveguide amplifiers, which is expected to offer more accurate initial values.

As the measured results are shown in Fig. 4.16, Fig. 4.30 and Fig. 5.13, there is disagreement
between the simulated and the measured responses. Following the possible reasons discussed in
Chapter 4 and Chapter 5, the performance can be improved with more accurate fabrication and
high-quality soldering. The transistor can also be pre-measured, of which the data can be applied
in the design instead of the datasheet provided by the manufacture. Moreover, the bias circuits can
be furtherly optimised to reduce the effects of the DC wires.

In general, this design methodology is particularly advantageous in waveguide amplifier
designs because it is difficult to determine waveguide-microstrip structure using traditional planar
circuit matching methods. Instead, the external quality factor of the resonator can be determined
by EM simulation. Impedance/admittance conversion (waveguide to microstrip) can be easily
realised by the waveguide and microstrip coupling structures. Moreover, conventional planar
matching networks can be transferred to the high-Q waveguide resonators, reducing the size of the
device and minimising losses. As waveguide technology is widely utilised in terahertz systems,
where on-chip losses can be substantial, the technique is expected to be of advantage at these
higher frequencies and is currently being exploited in the 300 GHz communication work at the

University of Birmingham.
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6.2 Future Work

Possible future developments based on the work in the thesis are given:

Coupling Matrix Synthesis including Noise Figure.

In the design examples, the noise performance is simulated after formulating the filters
and is not further optimised. The aim of our work is to match the transistor to achieve
Chebyshev filter response, demonstrating the synthesised coupling matrix. However, in
practice, designers are more likely to be concerned with the noise figure rather than
gain, particularly for low noise amplifiers. It is believed that the coupling matrix can be
synthesised to achieve a better trade-off between noise performance and gain by

choosing optimal transistor impedance.

. Coupling Matrix for Communication or other Systems

Conventional coupling matrix synthesis is mainly applied in the design of passive
microwave components [1], [5]. The active coupling matrix synthesised in this thesis
enables us to develop filter amplifiers indicating that transistors with complex port
impedance/admittance can be matched with resonator based filters. Therefore, the
coupling matrix technique can be generalised to deal with a wide range of components
with complex ports, e.g. antennas, mixers and triplers. All these components can be
assembled to form a communication system, and therefore the coupling matrix concept
is expected to characterise the whole communication system.

Terahertz Components

A circuit with microstrip port configurations is difficult to measure at higher frequencies,
particularly over 100 GHz frequency and waveguide flanges are commonly employed

for THz frequencies measurement [21]-[23]. As active components are widely utilised
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at higher frequencies [24]-[26], THz waveguide amplifiers are expected to be more
commonplace. A THz waveguide filter amplifier can be implemented following the
amplifier layout presented in Chapter 5. The coupling matrix synthesised filter amplifier

design approach is currently being used in the 300 GHz amplifier design.
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Coupling Matrix based Design of Waveguide
Filter Amplifiers
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Abstract—This paper extends the conventional coupling matrix
theory for passive filters to the design of ‘filter-amplifiers’, which
have both filtering and amplification functionality. For this
approach, extra elements are added to the standard coupling
matrix to represent the transistor. Based on the specification of the
filter and small-signal parameters of the transistor, the active N+3
coupling matrix for the ‘filter-amplifier’ can be synthesized.
Adopting the active coupling matrix, the last resonator of the filter
(adjacent to the transistor) and the coupling between them are
modified mathematically to provide a Chebyshev response with
amplification. Although the transistor has a complex impedance,
it can be matched to the filter input by the choice of coupling
structure and resonator frequency. This is particularly useful as
the filter resonators can be of a different construction (e.g.
waveguide) to the amplifier (e.g. microstrip). Here an X-band
filter-amplifier is implemented as an example, but the technique is
general.

Index Terms—active coupling matrix, amplifier, resonator,
waveguide filter.

I. INTRODUCTION

MPLIFIERS are employed in, for example,
communication systems to increase the incoming signal
strength. The initial amplifier is ordinarily preceded by filtering
to select desired bands of frequencies and reject others for
channel selection and compliance. Combining the amplifier and
filter in a compact manner can improve performance, through
removing intermediate impedance matching, but also in terms
of component size and weight. High Q-factor waveguide based
components are of interest where the lowest loss is required and
they are widely employed in submillimetre wave or terahertz
applications. As active components become more
commonplace at hundreds of GHz, where planar circuit losses
are significant, the technology of choice for interconnects and
filters are high-Q waveguides [1]-[3]. Waveguides components
operating at more than 200 GHz have been demonstrated using
such as precision milling [4], SU-8 [5], and DRIE process [6]
techniques. In addition, silicon micromachining techniques [7]
and MMIC membrane Schottky process [8] have been
employed to realize millimeter wave components which offer
the potential for lithographically defined feature precision

This work was supported in part by the UK Engineering and Physical
Science Research Council (EPSRC) under Contract EP/M016269/1. The
authors are with the Department of Electronic, Electrical and Systems
Engineering, University of Birmingham, Birmingham, B15 2TT, UK (Email:
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typical for Monolithic Microwave Integrated Circuits.

In waveguide amplifier design, connection to planar circuits
often uses waveguide to planar circuit transitions [9]-[13].
Various forms of structures including SIW [10], step ridges
[11], antipodal finline arrays [12], and CPW lines [13] are
employed as the interconnecting transition to the on-chip active
components. However, the independent design of the
transitions and the matching networks results in additional
losses and circuit complexity. In this paper, we propose
combining the matching network and transition into the (low
loss) waveguide resonators of the adjoining filter thereby
minimizing losses. This approach also leads to a reduction in
the overall size of the combined component.

Several filter-amplifier examples have been reported
previously, some of which filters and the transistor are
combined via impedance/admittance transformation referring
to a common terminal impedance, based on the conventional
50 Q matching condition, examples are in [14] and [15]. An
equivalent A impedance transformer is employed to transform
the impedance of the transistor in [14] and coupled-lines are
modeled according to the equivalent transmission line network
to match the transistor in [15]. Compared with the waveguide
co-design approach described here, the additional planar
matching structure adds losses as well as circuit complexity.
Another type of filter-amplifier design approach uses the
concept of actively coupled resonators or active
impedance/admittance inverters to design the filter-amplifier
[16]-[19]. There are also some examples of active microwave
filters implementing negative-resistance, which incorporates
the active components into the resonators in [20]-[22]. However,
these design approaches of the active filters usually need
multiple active components to construct every active resonator
or active inverter, and noise and nonlinear problems have to be
investigated carefully. They are more likely applied in the
planar amplifier circuits because it becomes difficult to
construct the active resonators or active inverters with three-
dimensional waveguide structures.

This paper develops the N+3 (N is the order of the filter)
coupling matrix for the first time, which allows the prediction
of the filter-amplifier response including gain since the
transistor’s parameters are included into the coupling matrix. A



complete method to synthesize the matrix is given. We consider
the transistor and the filter as one entity, and the N+3 active
coupling matrix predicts the overall performance of the
component characterized by scattering parameters. The matrix
is then used to facilitate the full component design with the
example of an X band filter-amplifier.

This paper is organized as follows. In Section Il the novel
active N+3 coupling matrix, including a transistor, is
introduced. Section I11 describes the design and construction of
an X-band filter-amplifier circuit demonstrator. Experimental
results for the circuit are given in Section IV, after which
conclusions and suggestions for further developments are
summarized in Section V.

Il. THE ACTIVE COUPLING MATRIX

A transistor is, in practice, a bilateral device where the output
load influences the input port impedance. Before deriving the
active N+3 coupling matrix below, a simplified admittance
network, used to represent the transistor in small signal
operation, is introduced in Fig. 1, [23].

The Y matrix describing the transistor is given by [23],

Yd
[ i} @

Yes 1O Yas

@ L ]
Fig. 1 Equivalent lumped circuit of small signal model for a transistor.
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Ygs, Ygd, and Ygs are the admittances between the source, drain

and gate; gm is the voltage-controlled current source
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Fig. 2 Topology and equivalent lumped circuit for coupled resonators filter-
amplifier circuit. (a) Lumped circuit model. (b) Schematic representation of the
circuit.

representing the transconductance.

Fig. 2(a) shows a circuit of an N™ order filter using lumped
element representations of the resonators based on parallel
capacitors and inductors coupled by J inverters. The load of the
filter in this case is the transistor. The circuit shown in Fig. 2(a)
is represented schematically in Fig. 2(b); where the resonators
are represented by black filled circles, the clear circles denote
the source and the load.

The input port admittance of the filter is denoted by Yp;. The
N™ resonator is directly coupled to the transistor by the inverter
Jv. A matching network is employed at the output to transfer

Fig. 3 Matrix [A] showing the general NxN coupling matrix surrounded by extra columns and rows.

Yp1 —1Jp1a 0

—-jJ L+ joC —-jJ

P | ol 12
0 —jJs [L+ ja)Cj
' joL
[Y]=

0 0 0
0 0 0
0 0 0

0 0 0

0 0 0

0 0 0

: @)
1 + joC —jJ 0
joL Y Y

- j‘]Y Ygs +Ygd _Ygd
0 Om—Yoa Yo +Yos +Vga
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the load Y. to Y, conjugately matched to drain to source
admittance Ygs. The load admittance Y, represents the
measurement port at the output which is usually 50 Q.

We recall that the aim of formulating this topology is to
demonstrate a filter response with gain; and for our
demonstrator a Chebyshev response will be synthesized.
Kirchoff’s laws can be applied to the circuit in Fig. 2(a) to write
down the equations at each circuit node. The resulting Y matrix
is given in (2). Following the matrix scaling process described
in [24] and [25], this N+3 matrix [Y] in (2) can now be
manipulated to derive matrix [A] shown in Fig. 3. This N+3
matrix has the rows and columns P, Py, and P3 for the filter’s
input, the transistor’s input and the load with matching,
surrounding the conventional N>N general coupling matrix.
The diagonal entries, Ap1,p1, Ap2,p2, and Apspz indicate the input
admittance of the filter, the input admittance of the transistor
and the transistor’s load admittance with matching network
included.

Matrix [A], shown in Fig. 3, can be further decomposed into
three matrices [26],

[A]=[T]+p-[U]-]-[m] )

where the [T] matrix, expanded later in (14), includes the
filter’s port admittance, the input admittance of the transistor
and the load admittance. In (3), [U] is the identity matrix except
for entries Upi1p1, Upzp2 and Upsps, Which are zero. p is the
complex frequency variable defined in [26] as

.1 TONENON
=j— - 4
P JFBW((()O a)] )

Here FBW is the fractional bandwidth and w, is the center
frequency. The matrix [m] in (3) is the coupling matrix, of
which m;; denotes the inter-resonator coupling and mpyi=mi pk
are the coupling between ports and resonators (i =1 to N; k=1
to 3). The terms mpy pzand mpsp, are the couplings between the
transistor’s input and load. For the matrix [A], shown in Fig. 3,
as the common factor -j is extracted as -j[m], the normalized
coupling coefficients in the transistor become

Y gd Yga—g
Tg-]:mpa,Pz =% 5)

Mpj p3 =

Compared with the general coupling matrix, three more

entries of the [m] matrix are modified to achieve a Chebyshev

input matching; namely the self-coupling my,, and the external

couplings from the N™ resonator to the transistor, myp; and
Mp2,n. The value of mppn, Mpz,n, and my pz are given by

mn,n = (6)

2 . 12
a“+b

My p2 = Mpy :’}—a 09 (1)
"YnYn+l

gn and gn+1 are the standard g values that are defined and
calculated in [26]. a and b are the normalized real and the
imaginary part of the transistor’s input admittance Yi, and can
be calculated from the transistor’s Y matrix parameters

?gd |:§m +Vds +?;s:| _
a=Re — — — +Ygs (8)
Ygd +Yas +Yas
Voo G #Ve 470 |
b: Im — — — +Ygs (9)
Ygd +Yas +Yas
Yin=a+jb (10)

Note the term jmn, visible at the bottom right corner of the
N <N matrix shown within the red dotted line in Fig. 3
represents a frequency shift of the last resonator in the filter.
This has been observed before for the case of transistors, mixers
and antennas, and is described in [27]. The shift in frequency is
described by my, in (6), allowing the Chebyshev (or other)
filtering response to be maintained independent of the nature of
the complex input impedance of the transistor.

The following relationships can be used to calculate the S-
parameters for the complete circuit [24], [26], [28].

S11 = Z[A];:ll,Pl -1 (11)

S, =2,/Re (VZS )[A];ls,m (12)

I1l. FILTER-AMPLIFIER DESIGN USING COUPLING MATRIX
APPROACH

In this section the design procedure and simulation results for
an X-band rectangular waveguide filter-amplifier are described.
Before discussing the design procedure, it is informative to
illustrate the completed filter-amplifier components, which are
shown in the Fig. 4.

Port 1 is assigned to the waveguide port, and Port 2 refers to
the 50 Q microstrip output port. As shown in Fig. 4, the 2-pole
waveguide filter is comprised of Resonator 1 and Resonator 2,
which are waveguide TE101 cavities coupled via asymmetrical
capacitive irises. Resonator 2 is formed by a waveguide cavity
and the transistor coupling probe, interconnecting transmission
line and the transistor. A reduced height section of waveguide
forms a platform on which the microstrip substrate is located.
The substrate has the probe and transmission line, and also the
transistor with bias connections placed on it.
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Fig. 4 The layout of waveguide filter-amplifier. () Three-dimensional view of
the internal waveguide and the microstrip circuit. (b) Sectional view of the filter

and platform for the transistor circuit.

A. Circuit Response Calculation using the Coupling Matrix

The values of the coupling coefficients are given by the
standard expressions for the desired filter response except for
the couplings mnn, Mp2;n, and my,pz,.  The filter and transistor
specifications can be translated into elements of the N+3
coupling matrix in Fig. 3 using standard tables or formulas [25],
[26]. Here we will use an example of a 2-pole Chebyshev filter
with a center frequency fo of 10 GHz, a bandwidth of 500 MHz
(fractional bandwidth FBW=0.05) and a passband return loss of
20 dB. The transistor used is an NE310S01 with unnormalized
parameters Y and normalized parameters Y (i.e. scaled by
Y0=0.02 S) summarized in Table 1 [23], [29]. It should be noted
that the Y matrix parameters employed here are calculated,
assuming the transistor operates at 10 GHz center frequency.

Based on the prototype Chebyshev lowpass filter and the
normalized transistor’s Y matrix parameters, the active
coupling matrix [m] can be calculated according to (6), (8) and
(9) to give

TABLE |
VALUES OF AMPLIFIER’S Y MATRIX PARAMETERS

Y Value Normalized Value
parameters Y parameters
Om 0.0696- am 3.4812-

0.1350j 6.7500j
Ygd 0.0003+ Y 0.0164+

0.0033j 0.16298j
Yas 0.0055+ Vs 0.2752+

0.0127j 0.6367j
Ygs 0.0051+ Vs 0.2528+

0.0276j 1.3799j

All parameters are calculated from the data sheet as the transistor operating at
10 GHz.

0 1.2264 0 0 0

12264 0 16621 0 0

[m]=| 0 16621 -1.0762 2.3407 0
0 0 23407 0 0.1629-0.0164 |
0 0 0 6.9129+3.46578] 0

(13)
This coupling matrix is asymmetric because of the active
element. The matrix [T], used to describe the filter ports
admittance as well as the transistor’s input and output is given

by

100 0 0
000 0 0

[T]=/0 0 0 0 0 (14)
0 0 0 0.2692+15428] 0
000 0 0.5668+0.1630 |

Using (11) and (12), the resultant scattering parameters can
be calculated from the active coupling matrix and are presented
in Fig. 5. The novel active coupling matrix produces a standard
Chebyshev response with amplification.

104
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Fig. 5 Calculated filter-amplifier response using the coupling matrix
formulation.

B. Physical Design of the Waveguide Filter-Amplifier.

The coupling matrix in the previous section was based on
normalized admittance parameters, and assumed the
normalized admittance stayed consistent from the input to
output, this works well and results in good prediction of the
circuit response as shown in Fig. 5. Matrix [A] scaled from
admittance matrix [Y] enables us to ignore the matching and
impedance conditions and to concern ourselves with the
coupling coefficients in coupling matrix [m].

Hence, in practice the geometries of the coupling gaps in the
input waveguide filter and the physical structure of the
transition from the waveguide to the microstrip input of the
transistor can be determined from the coupling matrix [m] in
(13). The process and equations follow closely from just a
simple filter [26], but with differences associated with new N+3
matrix. This process is discussed below.

The first step is to determine the inter-resonator coupling
strength. As with just a conventional simple filter the coupling

153



©
N

Waveguide = Mi2=0.0831 d
: € 0.10 M 2=0.08: 09"
port 1 Waveguide .2 l s’
— port 2 % 0.08 ~
.‘ L1~/ 1o = S 006 il
dh - 2 -
Narrow B.0.04 / =
coupling gap Narrow s i
2 s}
coupling gap 0992

05 10 15 20 25 3.0 35
d (mm)

(a) (b)
Fig. 6 Coupled waveguide cavities and the process to extract the coupling
coefficients. (a) Structure to determine the physical dimension of the coupling
aperture. (b) Coupling coefficients versus dimension d;. All points are at 10
GHz.

coefficient my2=m, 1 between the two resonators are scaled by
the fractional bandwidth from the coupling matrix [m] in (13).

M, =FBW-m;, M,; =FBW-m,, (15)

For this example, M12=0.0831. The coupling coefficients can
be realized by a suitable gap in the wall between waveguide
resonators. A pair of waveguide coupled resonators, shown in
Fig. 6(a), are simulated in a full wave simulator; CST [30] was
used here. This is in order to find the target coupling coefficient
Mz [26]. There is weak coupling to the input and output via a
narrow capacitive gap as shown in Fig. 6(a). The coupling
coefficient My, between the two resonators can be altered by
varying the iris gap di. A graph of the coupling coefficient My ,,
as shown in Fig. 6(b), can be plotted [26]. The coupling
coefficient given in (15) can now be located and is shown in
Fig. 6(b) and hence a di of 2.65 mm can be found.

The next step is to determine the iris size at port 1 of the
waveguide filter. This can be done by extracting the external
quality factor of Resonator 1 (Qe1). In the N+3 coupling matrix,
Qe is related to the external couplings mp1,1= Mp1,1.

(16)

From (13) and (16) it is found that the external quality factor
required is Qe1=13.297. Fig. 7 shows the set up for determining
Qe i.e. the quality factor at the input to the waveguide filter.
The S-parameter response generated by simulating the single
waveguide resonator in Fig. 7(a) is a single resonance curve and
Qe1 is extracted by calculating its quality factor. Changing the
iris length d; alters the values of Qe1, and this is shown in Fig.
7(b). As shown in the graph, for the example, we can find a
value of d>=4.85 mm for the input iris to the filter. Note both
the inter resonator coupling (Fig. 6(b)) and the external quality
factor (Fig. 7(b)) are evaluated at 10 GHz, the centre frequency
of the filter amplifier.

Now we need to consider the connection to the transistor via
Resonator 2 as shown in Fig. 4. This comprises a combination
of the waveguide cavity and planar circuit elements including
the transistor itself. This is depicted in Fig. 8(a). Through an E-
field probe, Resonator 2 is directly coupled to the transistor’s
input, which is a complex value impedance.
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Fig. 7 Waveguide structure to extract quality factor for Resonator 1. (a)
Structure to determine physical dimension for waveguide cavity with quality
factor. (b) External quality factors Q. versus dimension d,. All points are at 10
GHz.

The coupling strength from the resonator to the transistor is
related to mpoo=myp=2.3407, and the self-coupling
my,=-1.0762, and all these couplings can be achieved by
constructing appropriate geometries of the structure shown in
Fig. 8(a). The external coupling mp22=myp2 mainly depends on
the coupling structure; that is the probe length | and the
interconnecting transition length s. The self-coupling ma>
depends upon the resonant center frequency.

In the practical design, the external coupling mpz2=m;r, and
self-coupling my> can be determined by extracting the external
quality factor (Qer) and the resonant frequency (fr) of Resonator
2 incorporating the input of the transistor. The derivations of
the frequency (fr) and quality factor (Qer) are given in the
Appendix and fr and Qer can be calculated using the external
coupling mpzn=mnp2 and self-coupling mn,. Significantly
appendix also shows that fr=f and Qer=Qe1, and this fact now
allows the design procedure to continue in exactly the same way
as for a conventional filter. That is the same as for the input port
described above.

The whole structure includes the resonator itself and the
complex input impedance of the transistor as well as the
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GHz.
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transition from waveguide to microstrip. This mixed resonator-
microstrip construction can be simulated in CST and the
appropriate dimensions found to fulfil the requirement of, in
this case, Qer=13.297 at the center frequency fr=10 GHz.

The simulation of the single resonator, shown in Fig. 8(b),
was performed in CST and a resonance frequency and external
quality factor determined. As the setup schematically depicts in
Fig. 8(b), the microstrip port is connected the port 2 in CST [30],
with port 2 load set to be the input admittance of the transistor
Yin. Port 1 is set to be the value of waveguide impedance, then
the whole structure is simulated. The center frequency is mainly
determined by the length of the resonator (L), the length of the
E-field probe (I) and the length of the feed transmission line (s).
In the simulation, the width of the feed line and probe (wi, w3)
are kept constant and only the dimensions of | and s are
changed. During this tuning process, L, is adjusted to keep the
center frequency at 10 GHz. The simulation results are shown
in Fig. 8(c) from which the appropriate lengths of Ly, | and s,
can be chosen to achieve the target Q.1=13.297.
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Fig. 9 Layout of microstrip transistor part. Length t; is a single stub matching

for the output of the transistor to 50 € transmission line.

via DC

To complete the discussion, here we briefly consider the
microstrip transistor circuit design. The microstrip part of the
device consists of the probe, feed transmission line, transistor,
bias circuits and output matching stub. The output matching
network is assumed to conjugately match to Ygs as shown in Fig.
2(a). The characteristic impedance of the output transmission
line of width w- is 50 Q. The lengths oft; and t, are found using
the single stub matching method in [23]. The lengths b;+b, and
bs+bs are quarter-wavelength long bias tees at 10 GHz center
frequency, and are connected to the via-ground holes through
100 pf surface mount capacitors. Square pads are located at the
end of the bias tees to connect the DC power. The ground of the
PCB is connected to the base of the platform by pressure. The
simulated operating conditions of the transistor are drain to
source voltage Vg=2 V and drain current I3=10 mA, [29]. The
layout of the microstrip circuit is illustrated in Fig. 9.

The simulated noise performance for the matched amplifier
is illustrated in Fig. 10. In the Smith chart (Fig. 10(b)), the
impedance synthesized at the transistor input port is
superimposed over the device noise and gain contours. The
reflection coefficient looking into the source (see Fig. 10(a))
has been calculated [26] as I's, as shown on the Smith chart
(Fig. 10(b)), where 14.3 dB gain circle and 0.78 dB noise figure
circle intersect. As the aim of our work is to demonstrate the
filter-amplifier with Chebyshev response using the N+3

0.5/

0.5 a0

-1.05
Lumpled Circuit Gain circle; Noise circle
(a) (b)
Fig. 10 Circuit design for the transistor amplifier. (a) Equivalent lumped circuit
of the matching filter. (b) Constant-gain and constant—noise figure circles.

coupling matrix, this noise figure has not been optimized.

All the parameters necessary to form the filter-amplifier have
been determined as discussed above, therefore the complete
component can be simulated. The microstrip part including the
transistor model is simulated in ADS to generate an S2P file
[31]. Then, this co-simulation is combined in CST with the
waveguide model and microstrip part for the complete filter-
amplifier structure. The parameters used for the simulations are
given in bold in Table I, and are the same as the values shown
on the design graphs in Fig. 6(b), Fig. 7(b), and Fig. 8(c).
Table Il shows the initial values and optimized values.
Optimization goals in this case are set to be: from 9.75 GHz to
10.25 GHz, Sy1 is under -20 dB; from 9.75 GHz to 10.25 GHz
Sy, is under -10 dB; critical points 9.725 GHz and 10.178 GHz
are under -40 dB.

Both the initial response and an optimized response, using
the sizes specified in Table Il, are shown in Fig. 11. The
optimized results in Fig. 11(a) and (b) show that over the
passband Si1 is below -20 dB, S21 shows gain around 13 dB, and
Sz is below -10 dB. The good correlation of the initial and
optimized responses demonstrates the validity of the coupling
matrix technique in providing starting values for the waveguide
filter-amplifier design process. Fig. 11(c) shows noise figure
which is about 1.10 dB over the passband and the NFmin for
the device is 1.02 dB at 9.85 GHz. The real and imaginary parts
of the input impedance of the transistor are shown in Fig. 11(d).

TABLE Il
VALUES OF INITIAL AND NORMALIZED FILTER-AMPLIFIER PARAMETERS
Initial Optimized Initial Optimized
(mm) (mm) (mm) (mm)
L 23.00 23.76 w 1.2 1.2
L, 17.80 18.71 by 2.96 2.96
dy 2.65 6.39 b, 1.33 1.33
d> 4.85 3.22 bs 2.50 2.50
| 49 4.83 by 2.00 2.00
S 13.30 12.99 [} 1.50 1.50
R1 0.30 0.30 [ 1.10 1.10
R2 0.30 0.30 C3 5.00 5.00
R3 0.30 0.30 C4 5.00 5.00
Wy 1.20 1.20 ty 3.22 3.22
W) 0.72 0.72 t2 3.18 3.18
W3 2.00 2.00
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Fig. 11 Co-simulation results of waveguide filter integrated with amplifier. (a)
Scattering parameters S;; and S,;. (b) Scattering parameters S, and Si,. (€)
Noise figure. (d) The input impedance of the transistor.

IV. FABRICATION AND MEASUREMENTS

The waveguide structure is made in two halves cut along the
E-plane and are machined from aluminum (AL5083) ona CNC
machine. The microstrip circuit is fabricated on the 0.254 mm
thick RT/5870 substrate. Fig. 12 shows a photograph of the
device.

The measurement is performed using an Agilent PNA
E8362B vector network analyzer referenced to the input and
output ports. As the picture in Fig. 13(a) shows, a WR-90
coaxial to waveguide adapter is used at port 1, calibrated to the
waveguide flange and the 50 Q microstrip output is connected
to the other port of the analyzer through an SMA connector.
Bias condition of the transistor is provided by a gate to source
voltage of Vg=-0.52 V and drain to source voltage of Vgs=2.2 V.
The measured S-parameters responses are compared with the
simulation in Fig. 12(b) and (c) and display a good agreement
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Fig. 12 Photograph for the fabricated device.
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Fig. 13 Circuit simulation and measurement results. (a) Measurement setup. (b)
Scattering parameters Si1, S;. (C) Scattering parameters Sy, Sio (d) P1dB
measurement.

with the 2-pole Chebyshev filtering characteristic and also a
gain. The measured in-band small signal gain is within
11.0.740.46 dB from 9.75 GHz to 10.25 GHz. The measured
input and output return loss are around 13.8 dB and 10.62 dB
respectively, over the passband. The 1 dB compression point
examined at 10 GHz is about -2.9 dBm as shown in Fig. 13(d).

V. CONCLUSION

This paper described a novel active coupling matrix with
transistor parameters included, it is used to synthesize a
specified filter response including gain. The extended N+3
active coupling matrix builds on the general N+2 coupling
matrix formulation. The resulting N+3 active coupling matrix
can be used to generate the necessary matrix elements from
which circuit optimization is performed. This allows the
prediction of the response for the filter-amplifier and provides
initial values of the waveguide filter structure. Semi empirical
simulation trials can be used to realize the physical geometries
corresponding to the matrix values for a given circuit
technology. Further applications of matching a complex port
through the resonator circuit can be generalized to other
components e.g. mixers, antennas, etc.

The topology proposed here makes it possible to extend this
methodology to amplifier circuits resonator matched both at the
input and output ports. Although in this example only input
resonators matching circuits are employed, this approach is
currently being extended for matrix descriptions which
incorporate both input, inter-stage and output resonators
matching, for multistage amplifiers.

For this demonstrator, a microstrip circuit containing the
transistor is combined with a WR-90 rectangular waveguide.
Combining the filter design with the active element can allow
for more compact components. Elements of the matching
network have been transferred to waveguide resonators,
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shrinking the overall size of the device and also increasing the
port to port isolation. It is also noted that waveguide high-Q
filter structures can be employed to offer lower loss impedance
matching/filtering functions to the active devices. This latter
effect will become more significant as the operating frequency,
and therefore planar circuit losses, increase.

APPENDIX

Here we calculate the center frequency fr and the external
quality factor Qer of the last resonator in the filter when it is
connected to the transistor input.

External quality
factor: Qer

Resonant
frequency: /7

L (j}r% %L Jy | I Y

Fig. 14 Equivalent lumped circuit the N resonator coupled to the input
admittance of the transistor.

The equivalent lumped circuit of the N resonator coupled to
the input admittance of the transistor (Yi) is illustrated in
Fig. 14. The input admittance of the transistor Yi,, which is a
complex value, is coupled through the inverter Jy. Referring
[24] and [25], the capacitor Cy and the inverter Jy can be
expressed in terms of self-coupling m,, and external couplings
Mp2,n=Mnp2 DY

C, =C(1-FBW-m,,) (17)

3, =JFBWa,C Y, -m, o, = JFBW@,C-Y, -m,, . (18)

where C is the capacitance of the 1% to the (N-1)" resonators in
Fig. 2. The value of transistor’s admittance Yin is given by

Y, =(a+ jb)-Y, (19)

The input admittance of the circuit in Fig. 14 can now be
calculated and compared with the standard equation for the
admittance of a loaded resonant circuit. The input admittance
(Yres) Of N™ the resonator incorporating Yi, can be expressed as

Y,es = joCy + JL +Y (20)

Substitute (17), (18) and (19) into (20), we have
b-FBW @y M3y,
(a2 +b? ) ‘o

1 a-FBW@,C-m3,,
(a2 +b2)

Yoo = jOC| 1~ FBW -m,
(21)

+

— +
joL

At the center frequency, (wy), where for the narrowband
approximation (w = wy) as Yres satisfies

Im(Y,)

=0 22)

o=0r

Substitute (21) into (22), yielding

(=]

Then, (23) can be solved to give

2
b' FBW 'mpzvn (ﬂ

—(1-FBW - =0 (23
o) -a-rew )0 @

_b-FBW-mg,, . [b-FBW.m,%Zn
2 2 - 2 2
@) _ (a +b ) (a +b )
wr 2
24)
Because the ratio of w; and w, should be positive, only the

positive root is used. Substitute wy = 2nf; and wy = 27 f,
into (24), the center frequency fr can be calculated as

2
J +4(1-FBW -m, )

2(a® +b?)- f,

fr =

2
4(1-m_-FBW )(a? +b?
b-FBW -mZp, 1+< bZ”’”A F)(Bw2 )—1
'mn,PZ'

(25)
As the admittance Yres is given in (21), the external quality
factor Qer can be calculated by [26],

0 i (a2+b2) _mn’n~(a2+b2) b
eT — a

f0 a- Fmegz,n a'mgz,n

(26)

It is interesting to substitute mp22=mp;y»=2.3407 and
m,,=—1.0762 in the coupling matrix (13) into (25) and (26),
the external Q of the Resonator 2 coupled with Yi, can be
calculated to give Qer=13.297 and the resonant frequency is
calculated as fr=10 GHz.

Now, recalling mpz,s=mnp2 and my,» which are defined in (6)
and (7). The final step is to substitute (6) and (7) into (25) and
(26), respectively, to give the simple solutions

@7)

_ gn gn+1 —
QeT EBW Qel

(28)
It can be seen from (27) and (28) that the external Q and center
frequency of the resonator coupled with the active component
are the same as the case for conventional filter [26]. That is
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Qer=Qe¢1 even though the load is complex. This fact allows the
method of designing the filter amplifier to much more closely
resemble the design of a standard filter [26].
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Waveguide Filter Amplifier Integration using
Coupling Matrix Technique

Yang Gao, Jeff Powell, Xiaobang Shang, IEEE, Member, Michael J. Lancaster, IEEE, Senior Member

Abstract—This letter introduces a novel integrated waveguide
filter-amplifier component. The component is a combined filter
and amplifier using a novel resonator based input and output
matching structure. An N+4 active coupling matrix is proposed for
the first time to describe the topology mathematically. To illustrate
the concept, high-Q waveguide resonators are featured in the
design of an X-band filter-amplifier, achieving simultaneous
matching at both input and output. Easy integration of the
transistor with waveguide resonators is carried out through filter
synthesis, where a hybrid waveguide/microstrip structure is
implemented for the impedance conversion. An X-band
waveguide filter-amplifier is constructed as a demonstrator, but
the technique is more valuable at higher terahertz frequencies
where waveguide is widely utilized for its low loss.

Index Terms—Active coupling matrix, transistor, resonator,
waveguide filter amplifier.

V1. INTRODUCTION

Filters and amplifiers are often designed separately with a
common 50-Q impedance and then assembled. Planar
matching circuits are required with a microstrip amplifier in
order to attain the 50-Q impedance. If a waveguide system is
ultimately the goal, then a conversion from the waveguide to
50-Q impedance of a coaxial connector or microstrip is
required. Clearly, there is loss in these circuits, which can be
significant when frequencies rise to submillimetre-wave. Thus,
a co-design approach is proposed here where the waveguide
filter is integrated as closely as possible to the amplifier using
resonators directly coupled to the transistor’s input, removing
the restriction of having to translate to the common impedance
via matching networks. This yields minimized losses and
reduced circuit size and complexity.

Here, we propose the structure of a filter-amplifier with
resonators matching at both the input and output ports with the
whole structure being expressed using an N+4 coupling matrix.
Complex valued input and output impedances of the transistor
are matched simultaneously, achieving specified Si1 and Sy, as
well as an Sy response with gain over the passband. A
Chebyshev filtering response is used as an example. Novelty
also lies in the use of waveguide resonators coupled to a
microstrip based transistor amplifier using the inherent low loss

This work was supported in part by the UK Engineering and Physical
Science Research Council (EPSRC) under Contract EP/M016269/1. The
authors are with the Department of Electronic, Electrical and Systems
Engineering, University of Birmingham, Birmingham, B15 2TT, UK (Email:
yxg311@bham.ac.uk).

of the waveguide resonators.
Fig. 1 (a) shows the circuit schematically with clear circles
representing the source and the load, and solid black circles

- B
C%}L | 36

On | Yes
C{}L Jiz C%L Jin Yo [i Jouwa C%}L Jaa
Fig. 1 Lumped circuit and topology of the transistor with input and output

L L]
(b)
resonators matching. (a) Schematic representation of the circuit. (b) Lumped
circuit model. Gs and G are the source and load conductance; Ygs, Yga, and Yas
are the admittances between transistor’s gate, source and drain; gn is the
transconductance.

Gs Js1

denoting the resonators. This can be translated into the small
signal lumped circuit with the transistor coupled by J inverters
to the resonator based filters at the gate and the drain as shown
in Fig. 1 (b).

An N+4 active coupling matrix, which factors include the
parameters of the transistor, is introduced to characterize the
performance of the filter-amplifier. Here N is the number of the
resonators. Given the filter specification and the transistor’s
parameters, the S-parameters response with gain can be
predicted using the N+4 matrix.

VII.

Based on the N+2 coupling matrix theory described in [25],
and the active N+3 coupling matrix synthesized in [2], the N+4
active coupling matrix representing the integrated filter
amplifier is given by,

THE ACTIVE N+4 COUPLING MATRIX

[0 ms; 0 0 0 0 0 0

ms 0 my, 0 0 0 0 0
0 my my, My, 0 0 0 0

[m] _ 0 0 Min,2 0 Min,out 0 0 0 (]_)

0 0 0 mout,in 0 mout,3 0 0
0 0 0 0 Mo Mgz Mgy O
0 0 0 0 0 mgs 0 my
0 0 0 0 0 0o m, O
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Here we use N=4 representing the circuit shown in Fig. 1, but
obviously this can be changed to any value of N. In (1) m;; is
the inter-resonator coupling; msi1=mys and mys=ms, are the
external couplings from the resonators to the source and load;
M2,in=Min.2 and Moyt 3=M3 out are the couplings from the resonators
to the transistor’s gate and drain. Minou and Moytin are the
couplings between the transistor’s input and output and are
given in terms of the transistors parameters as [2], [3]

Y —
Yid »Moytin = gdfgm )
The bar on the variable is used to indicate that the transistor’s
parameters have been normalized to and identity port
impedance of 1 Q. Here the coupling from the drain to gate
Min,out IS @ssigned to be zero, as the parasitic parameters between
the transistor’s gate and drain are usually very small [3], [4].
The terms my,2, and ma 3, in (1) correspond to a frequency shift
of the resonators adjacent to the transistor, allowing Chebyshev
(or other) filter response to be maintained despite the complex
impedance of the transistor. Here my,2 and ms 3 are calculated by
Im(\?gs) Im(\?ds)
mZ2 =—_—,m&3 = (3)
Re(Ye) 0, Re(Ve ).

Qei is the i resonator normalized external quality factor [26].
Couplings between the transistor and the resonators are given

by

inout =

Re? (Vgs)+ Im? (Vgs)
Re(Ye:)-
Re? (?ds ) +1m? (?ds)
Re (?ds ) “Oes
The other elements in [m] can be calculated in the normal way
from the standard filter g values according to [26].

As an example, 2-pole Chebyshev filters are implemented
before and after the transistor. A center frequency f, of 10 GHz,

My =My, =

(4)

= m3,out =

TABLE Il
VALUES OF THE NORMALIZED TRANSISTOR’S SMALL SIGNAL PARAMETERS
Y Value Normalized Value

parameters Y parameters
Vs 0.2752+ O 3.4812-

0.6367j 6.7500j
Vs 0.2528+ Yo 0

1.3799j

All parameters are calculated from the data sheet [29] as the transistor operating
at 10 GHz.
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Fig. 2 Calculated filter-amplifier responses using the coupling matrix
formulation. (a) Si and Sor. (b) S» and Sio.
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a bandwidth of 500 MHz (fractional bandwidth FBW=0.05) and
a passband return loss of 20 dB is used. According to the filter
specification and the normalized transistor’s parameters in
Table 1, the normalized N+4 coupling matrix [m] can be
calculated as

0 12264 0 0 o 0 0 0
12264 0 16621 0 o 0 0 0
0 16621 82104 3429 0 0 0 0
me O 0 aes 0 o 0 0 0
0 0 0 675348150 0 1626 0 0
o 0 0 0 16216 -34800 16621 O
o 0 0 0 0 16621 0 12264
Lo 0 0 0 0 0 1264 0 |
®)

Referring to [25] and [2], the S-parameters response calculated
using the coupling matrix in (5) as shown in Fig. 2, which
shows Chebyshev responses for Si1 and Sz, with Sz, showing a
gain as expected.

VIII.

The design of the physical structure is comprised of the
waveguide resonators and the transistor mounted on a printed
circuit board (PCB) and is illustrated in Fig. 3. The transistor
PCB is placed on a platform in the middle of the waveguide
which is reduced in height and beyond cut-off. The feeding
structures on the PCB, coupling Resonator 2 and Resonator 3
to the transistors’ gate and drain, are probes of length l; and I,
on the end of feed lines of lengths s; and s,. The waveguide
filters are formed of four TE101 waveguide cavities. value of this
external Q of Resonator 1 and Resonator 4, are calculated from
the couplings matrix (5) by

PHYSICAL DESIGN OF WAVEGUIDE FILTER-AMPLIFIER

1 1
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Fig. 3 Illustration diagrams of waveguide filter-amplifier. (a) 3D view of the
internal waveguide with the microstrip circuit. (b) Sectional view of the
waveguide filter and on-chip transistor circuit.



The gaps di and ds4, which determine external couplings can
be determined by extracting the external Q [26]. In this case
Qe1=Qe4=13.297, and sizes of d1, d4 can be found from the graph
of di, ds versus Qe shown in Fig. 4 (a).

The length of Iy, 12, s1 and s, can be determined by extracted
external Q of the resonator coupled to transistor’s input and
output impedances. This assembles to the design of a
conventional filter [2]. The external Q of the Resonator 2
coupled with transistor input and Resonator 3 coupled with
transistor output are given by Qe=Qe=13.297 and
Qes=Qe1=13.297 [2]. The design requires that the resonators 2
and 3 are kept at the 10 GHz center frequency of the filter, and
this is done by adjusting the lengths of the resonator L, and La.
The appreciated lengths of Iy, I, s1, and s, can be found from
the graph of Q. versus interconnection length sy, sz in Fig. 4(b).

The couplings between Resonators 1 and 2 and Resonators 2
and 3 are determined the by sizes of irises, where the
dimensions can be extracted from the graph of d., ds; versus
coupling coefficient M shown in Fig. 4(a).

The whole structure is simulated in CST using the initial
value extracted above. Then, the optimization is performed by
the EM simulator, and the results are shown Fig. 4(c) and (d).
It should be noted that the optimized results are close to the
initial results showing the accuracy of the technique.
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Fig. 4 (a) External quality factor Q. versus dimension d;, ds; Coupling
coefficient versus dimension d,, ds. (b) External quality factor Q. versus
dimension sy, S,. (€) Simulation response with initial and optimized values Si;
and 821. (b) Szz and 812.

IX. FABRICATION AND MEASUREMENTS

The waveguide parts are made of aluminum (AL5400), and
Duroid RT/5870 is utilized as the PCB substrate for the
microstrip. Fig. 5 shows the photo of microstrip sandwiched by
the two split-block waveguides. Measurement results are
presented in Fig. 6, together with the CST EM simulations. The
measurement result shows two reflection poles in both Si1; and
Sy responses providing evidence of the two pole filter designs
operating well. The measured Sy; shows a filtering response
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Fig. 5 Photograph of the fabricated waveguide filter-amplifier device.
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Fig. 6 Simulation (dashed lines) and measurement (solid lines) results. (a)
Scattering parameters S1, S (b) Scattering parameters Sz, Sio.

with a gain of around 10 dB across the passband. The generally
good agreement between measurement and simulation validates
the methodology of the co-design of the filter-amplifier.

X. CONCLUSION

This letter introduces a novel active N+4 coupling matrix
describing the entire filter-amplifier component. The N+4
matrix describes complex impedance conversion and the active
elements as well as achieving the Chebyshev response at the
two ports including gain. Appropriate initial dimensions of the
physical structure are found from the coupling matrix and can
be used for final optimization. By the co-design approach, the
conventional planar matching network, to a common
impedance, can be eliminated by the waveguide resonators,
shrink the overall size of the device and remove additional loss.
As waveguide technology is widely utilized in terahertz
systems, where on-chip losses can be substantial, the technique
is expected to be of advantage at these higher frequencies.
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