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NEW CONFIGURATIONS FOR RF/MICROWAVE
BANDSTOP AND LOWPASS FILTERS

1. INTRODUCTION

1.1 Background

High-speed mixed integrated circuits are playing a major role in
wireless and mobile communication devices today. The increasing clock rates,
higher packaging densities, compact geometries and the overall complexity
have been some of the major concerns for the RF, microwave design engineer.
The demand for shorter development cycles and expedited time-to-market
requires the engineer to come up with quick design solutions.

Implementation of embedded integrated passive components in
multilayer low temperature co-fired ceramics (LTCC) is one of the recent
trends in the technology [1], [2]. Some of the significant advantages of LTCC
are low dielectric losses at RF/microwave frequencies and better-controlled
dielectric properties. Multi-chip module deposition is another popular System-
on-Package (SOP) technology [3], [4] that employs high-performance
embedded passives. The deployment of embedded passives in multi-layered
media has provided an attractive alternative to the implementation of off-chip
passive components in RF and mixed signal circuits. Among passive
components, bandstop and lowpass filters are used for a variety of wireless
applications. In particular, lowpass filters with low insertion loss and high stop

band attenuation are used to suppress spurious signals and harmonics. Bandstop
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filters are employed to reject selected frequency bands. These filters find

frequent applications in mixers, oscillators, equalizers and other communication
systems.

A basic block diagram for an RF wireless transceiver for personal
communications is shown in Fig. 1.1. In the receiver mode, the signal received
by the antenna is filtered to select the RF band of interest, after which it is fed
into the Low Noise Amplifier (LNA). The signal is then usually filtered with
the help of a lowpass filter (LPF) or a bandstop filter (BSF) to remove the
unwanted frequency bands, followed by mixing directly to the baseband or
mixing to one or more intermediate frequencies (IF) . Often the last mixing
operation will separate the signal into its independent I and quadrature Q

components. Once at baseband, the signal will be converted to digital and then

processed.
Antenna

N
Mixer
' LPF/ > —
.‘ BSF || QD A/D
% L
LO

Fig. 1.1 RF Wireless Transceiver Block Diagram



1.2 Limitations of the Conventional Filter Designs

Some of the conventional filter configurations employing transmission
line sections are the stepped impedance filters, coupled line filters, filters using
coupled resonators and stub-loaded filters [5] - [8]. Stub-loaded lowpass filters
can be designed with the length of the transmission line sections being A/8,
where A is the wavelength at the specified frequency. Similarly, stub-loaded
bandstop filters can be designed with the length of the transmission line
sections being A/4.

However, in the lower microwave frequency range (1-10 GHz), the
conventional transmission line filter theory [5] - [8] results in large component
footprints, as the wavelength A is large at these frequencies. Further, some of
the conventional filter designs (for example stub-loaded bandstop and lowpass
filters) can often lead to very large/small values of the characteristic

impedances, making the physical implementation unrealizable.

1.3 Motivation for Research

The transmission line sections of the conventional filter geometries
can be folded in a multi-layer, multi-conductor environment to achieve greater
reduction in the footprint [9] - [12]. Further, the folded line designs have
convenient physical dimensions for a practical realization, thus eliminating the
problem of having very narrow or very wide line widths, as in the case of the

conventional filter configurations. Fig. 1.2 depicts some of the possible folded-
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line configurations for the filter sections. The effect of mutual coupling

between the lines, curved line sections and the interconnecting lengths of the
sections can be taken into account to obtain the network parameters of the
folded-line filter sections. These filter sections can be cascaded to give the
overall filter response.

The other motivating factors for the research include the use of one
common design methodology for designing bandstop and lowpass filters and
the use of the existing conventional filter theory in the first phase of the design

of the folded line filters.

B

Conventional Single-level folded line
lowpass/bandstop lowpass/bandstop

(a)
m—

f

Bottom metal layer

Top metal layer

Conventional Single-level folded line Multi-level folded line
lowpass/bandstop lowpass/bandstop lowpass/bandstop
(b)

Fig. 1.2 Possible configurations for the folded-line filter sections (a) Stub-
loaded (b) Gap-coupled



1.4 Organization of the Study

This research focuses on the realization of new, compact
configurations for bandstop and lowpass filters in single and multi-layer
environments. Unlike the conventional filter configurations, these new filter
configurations have convenient physical dimensions for a practical realization.

Chapter 2 provides a brief description of the conventional filter theory
for lowpass and bandstop filters. The two main methods used in filter design,
namely image parameter method and the insertion loss method, are highlighted
and the latter explained in detail. The criteria involved in the selection of the
filter response type (maximally flat/Chebyshev) are addressed. The relevance of
parameters such as the cut-off /center frequency and 3-dB bandwidth, used in
any filter design, is highlighted.

Chapter 3 presents several new, compact topologies for multiple
coupled folded line bandstop and lowpass filters in a single layer configuration.
A simple design procedure is described for designing these filters on a
microstrip platform. The reduced two-port network parameters for the filter
sections are obtained from a network representation of the folded line
structures. The effects of the mutual coupling between the transmission lines,
curved line sections and the interconnecting lengths of the sections are taken
into account for obtaining the network parameters.

Chapter 4 presents new, compact topologies for multiple coupled

folded line bandstop and lowpass filters in a multi-layer configuration. This
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chapter emphasizes the fact that the overall footprint of the filters can be greatly

reduced by folding the transmission line sections onto different layers. This also
facilitates an increased density and reduces the effect of edge coupling between
the straight and curved transmission line sections as they are now folded onto
different layers. These multi-layer filters have been implemented in a back-to-
back microstrip configuration. The ground plane sandwiched between the
dielectric layers serves to sufficiently isolate the transmission lines on either
side of the ground plane. Through-ground via models have been developed to
interconnect the top and bottom metallization layers.

Chapter 5 presents experimental validation for the bandstop and
lowpass folded line filters. The bandstop and lowpass filters on a single layer
were implemented on a conventional microstrip platform, while those on a
multi-layer configuration were implemented on a back-to-back microstrip
platform. This chapter presents the measurement results in comparison with the
theoretical results, as well as with full wave EM simulation.

Chapter 6 presents the conclusions drawn from this study and

potential avenues for further research in this field of filter synthesis and design.



2. CONVENTIONAL FILTER THEORY

2.1 Introduction

A filter is a two-port network, which controls the frequency response
by allowing transmission in the passband and attenuation in the stopband.
Filters are used for a variety of applications, including separation and addition
of signals of different frequencies, impedance matching networks, coupling
networks for microwave tubes, negative resistance amplifiers, time—delay
networks, slow-wave structures and in the general design of microwave
components. Microwave filters are usually modeled either as waveguide filters,
including cavity filters [6], [13], [14], or as microstrip or stripline filters [5] -
[8]. Some of the common transmission line filters are the stub loaded filters,
stepped impedance filters, coupled line filters, and coupled resonator filters

respectively [5],[6], [7], [13], [14].

2.2 Filter Classification

The most common classification of filters can be in terms of their type:
lowpass, highpass, bandpass and bandstop. The ideal filter responses are shown
in Fig. 2.1-2.4. The attenuation in dB is plotted as a function of frequency in
Fig. 2.1-2.4. The attenuation is zero in the passband and infinite attenuation is
observed in the stopband. The cut-off frequency is denoted by f; and the band-

edge frequencies are denoted by f; and f, respectively.



A A
% Y @ 0
g ko
= s
=1 S
5 8
= <
0 f. o0 0 f. o0
Frequency Frequency
Fig 2.1 Ideal lowpass filter Fig 2.2 Ideal highpass filter
A A
o0 —
o0
) 3
g kE
IS =
=1 =
5 g
z <
0 f1 f2 o0 0 fl f2 o0
Frequency Frequency

Fig 2.3 Ideal bandpass filter Fig 2.4 I1deal bandstop filter
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In order to suppress spurious signals or harmonics, lowpass filters

with low insertion loss and high attenuation are employed. A highpass filter is
essentially a complement of the lowpass filter. Bandstop filters are used to
reject selected frequency bands whereas bandpass filters allow selected bands
of frequencies and reject frequencies both above and below the passband. These
filters find frequent applications in mixers, oscillators, equalizers, multiplexers

and other communication systems.

2.3 Filter Design Methodology

Two primary methods used in the design of microwave filters are the
image parameter method and the insertion loss method [5] - [7]. Analogous to
the plane wave concept used for the analysis of transmission lines, the image
concept can also be viewed from a plane wave standpoint. For a uniform
transmission line, the characteristic impedance is also the same as the image
impedance. This design involves the specification of the passband and stopband
characteristics for a cascade of two-port networks. The image parameter
method is useful for simple filters and provides a link between the infinite
periodic structures and practical filter structures. The image parameter method
is not a part of this research and thus will not be considered.

The insertion loss method allows a high degree of control over the
passband and stopband amplitude and phase characteristics, thereby providing a

systematic way to synthesize the desired response. When a minimum insertion
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loss is needed, a binomial response can be used (also known as maximally flat

or Butterworth response). On the other hand, when a sharp cutoff response is
needed with a possible allowable ripple, a Chebyshev response is the
appropriate choice. A better phase response while sacrificing the attenuation
rate can be obtained by using a linear phase filter design. All the above
requirements can be met by using the insertion loss method with the use of a
higher order filter.

In the insertion loss method, a filter response is defined by its
insertion loss, or power loss ratio, Prg, where the equation for the power loss

ratio is given as

Power available from the source(P,) _ P, 1
= ; inc =3 — 1—‘1—‘(60)‘2 (21)
Power delivered to the load(P, ;) load

B

Here I'(w) is defined as the reflection coefficient expressed as a
function of the angular frequency, the reflection coefficient representing the
mismatch between the source impedance and the input impedance of the filter
network. The power loss ratio is the reciprocal of | S| 2 if both the load and the
source are matched and the filter is lossless. The insertion loss (IL) in dB is
given as

IL =10 log (PrRr) (2.2)

Since |[(w)|* is an even function of o, it can therefore be expressed as

a polynomial in . It can be written as shown in equation 2.3.

2 M)
P =75 @3)
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where M and N are real polynomials in w’. Substituting equation (2.3) in

equation (2.1) gives

— 14 M@
P,=1+ N (oD (2.4)

The power loss ratio must be of a form similar to equation (2.4) for a
filter to be physically realizable. This automatically places a constraint on the
reflection coefficient I'(w). Some of the practical filter responses are the
maximally flat, equal ripple and linear phase, respectively. The maximally flat
response, also called the binomial or the Butterworth response is optimum in
the sense that it provides the flattest possible passband response for a given

filter order. For a lowpass filter, the equation is
2 2N
Pr=1+k (wl) (2.5)

where the order of the filter is represented by N and w, is the cutoff frequency.
The passband extends from w=0 to w=w.. At the band edge w=w., the power
loss ratio is 1+k% The -3 dB point is chosen here, therefore k=1. The -3 dB
point is also called the half power point. For w>w,, the attenuation increases
monotonically with frequency as shown in Fig. 2.5. For o>>w,, the insertion
loss increases at the rate of 20N dB/decade. The first (2N-1) derivatives are
zero at =0, and this is similar to the binomial response for multisection
quarter-wave transformers. For an N™ order low-pass filter, if a Chebyshev

polynomial is used to specify the insertion loss, the resulting equation is

P :1+k2TN2(w%) (2.6)
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A sharper cutoff will result although the passband response will have

ripples of amplitude 1+k* as shown in Fig. 2.5. This is because the Chebyshev
polynomial Tn(x) oscillates between +1 for [x|<1. Thus, the passband ripple

level is determined by k*. For large x, T v(x)= W so for w>>w, the insertion

)2N

loss becomes P, =% (22)* | which also increases at the rate of 20N

dB/decade. At any given frequency where w>>w,, the insertion loss for the
Chebyshev response is (2°")/4 greater than for the binomial response.

The insertion loss method of filter design starts with the low-pass
filter prototypes, which are normalized in terms of impedance and frequency.
The normalization simplifies the filter design for an arbitrary frequency,
impedance, and filter type (low-pass, high-pass, bandpass and bandstop). The
low-pass prototypes are then scaled to the desired frequency and impedance.
For implementation at microwave frequencies, the lumped element components
are replaced with the distributed elements. The process of filter design by the
insertion loss method is shown in Fig. 2.6.

Depending on the type of the response specified (Maximally flat or
Chebyshev or equal-ripple) the first step is to start with the low-pass filter
prototype. For a normalized lowpass design where the source impedance is 12
and the cutoff frequency is w.~=1 rad/sec, the element values for the ladder type
circuits are available [5], [6]. The normalized lowpass design is the starting
point for designing lowpass, highpass, bandpass and bandstop filters

respectively.



PLR A

1+k?

Equal
Ripple
\ Maximally
Flat
0 0.5 1.0 1.5 O/,

Fig. 2.5 Maximally flat and equal ripple low-pass filter responses (N=3)

Filter
specifications

_,

Low-pass
prototype
design

-

Scaling and
conversion

H|

Implementation

Fig. 2.6 Filter design procedure using the insertion loss method

As shown in Fig. 2.7, the element values are numbered from gy at the
generator impedance to gn+; at the load impedance, for a filter having N

reactive elements. The elements alternate between series and shunt connections

and gy has the following definition:
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go= {generator resistance (Fig. 2.7a)
generator conductance (Fig. 2.7b)}
gx= {inductance for series inductors (k=1 to N)
capacitance for shunt capacitors (k=1 to N)}
gn+1= {load resistance if g is a shunt capacitor
load conductance if gy is a series inductor}.

The lowpass filter prototype element values, the g’s are readily
available in literature [5], [6]. Depending on the lowpass filter prototype
(maximally flat/ Chebyshev, cut-off frequency, order of the filter etc.), the
corresponding values of the g’s can be obtained [5], [6].

The circuits of Fig 2.7 are considered dual of each other and both will
give the same response. The size or the order of the filter needs to be
determined to design the filter. The insertion loss at some frequency in the
stopband of the filter is specified for this. For an equal-ripple low-pass filter

with a cutoff frequency w.=1, the power loss ratio is given by the equation:
P, =1+k’T,(®) (2.7)

where P;r refers to the power loss ratio, k£ is the multiplication factor and Ty
refers to the Chebyshev polynomial [5] [6]. The power loss ratio was defined in
equation 2.1 and the insertion loss Sy; can be expressed in terms of the power
loss ratio as expressed in equation 2.2. The insertion loss is an important

quantity in any filter design.
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EN+1

6,
Ay
J
Ay
1

C1=m C3=g3

(a)

EH+1

(b)

Fig. 2.7 Ladder circuits for low-pass filter prototypes
a) First element is a shunt capacitor
b) First element is a series inductor

1+k? in equation 2.7 denotes the ripple level in the passband. The
Chebyshev polynomial has the following property:
Tx (0) = {0 for N odd
1 for N even}
The power loss ratio is unity at w=0 for N odd, but is equal to 1+k* at

=0 for N even. Tables exist [6], [7] for designing equal-ripple low-pass filters
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with a normalized source impedance and cutoff frequency (w.=1) and can be

applied to any of the ladder circuits of Fig. 2.7. A point to be noted is that
gn+1#1 for even N. If the stopband attenuation is specified, the necessary value
of N can be determined from the ripple values.

The low-pass prototypes, as explained earlier, are normalized designs
having a source impedance of R=1Q and a cutoff frequency of w.=1. These
designs can be scaled in terms of impedance and frequency and can then be
converted to give high-pass, bandpass or bandstop characteristics. The
prototype design has the source and load impedances of unity (the only
exception being equal-ripple filters with even N, which have non-unity load
resistance). By multiplying the impedance of the prototype design by Ry, a
source resistance of Ry can be obtained. The impedance-scaled quantities for

the new filter component denoted by primes here are given by the following

equations:
L'=R,L (2.8)
C'=% (2.9)
R,'=R, (2.10)
R,'=RR, (2.11)

where the L, C, and Ry are the component values of the original prototype. To
change the cutoff frequency of a lowpass prototype from unity to w., we have
to scale the frequency dependence of the filter by the factor 1/ w. This is done

by replacing w by w/w.. The new power loss ratio will be given by:
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Py ()= PLR(&%) (2.12)

Here w. is the new cutoff frequency, the cutoff occurring when
w/w~1, or w=w.. Replacing w by w/w,, the series reactances (Xx) and the
shunt susceptances (By) are modified as:

JX,=j&L, =jol," and jB, =j2C, = joC, (2.12a)

Therefore, the new element values are modified correspondingly

L= 2.13)
C'=a (2.14)

Combining both impedance and frequency scaling gives rise to the following

equations:
Ryl
L'= fo_ck (2.15)
C
C'= o (2.16)

Low-pass filter designs can be transformed to have the bandstop
responses. A bandstop response can be obtained by using the transformation

w = A(ﬁ—% "' where the fractional bandwidth of the passband is

represented by A. The center frequency is represented by wy. The series
inductors of the low-pass prototype are converted to parallel LC circuits having

element values given by:

L'=%k 2.17)

0
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— 1
C'= ot (2.18)

Similarly, the shunt capacitor of the low-pass prototype is converted to a series

LC circuit having the element values:

" 1
L'= (2.19)

C,'= %‘ (2.20)

The lumped elements, namely inductors and capacitors, are difficult to
implement at microwave frequencies and have to be approximated with
distributed elements. The coupling between the filter components becomes
critical at microwave frequencies. The lumped elements are converted to
transmission line sections by using Richard’s transformation [5], [6]. Further,
the filter elements can be separated by using Kuroda’s identities [5], [6]. This
method of design is the so-called redundant filter synthesis as the additional
transmission lines do not affect the filter response. Richard’s transformation is

given by the equation (2.21)

Q = tan Sl = tan( g’f) (2.21)

Where B is the propagation constant, I is the length of the transmission line, w is
the angular frequency and v, is the propagation constant.

This maps the @ plane to the Q plane, with a period of wl/v,=2I1.
Here, the frequency variable w is replaced with Q. The reactance of an inductor

can be written as

JjX, = JQL = jLtan Sl (2.22)
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The susceptance of a capacitor can be written as

JjB. =jQC = jCtan fl (2.23)
Thus, an inductor can be replaced with a short-circuited stub of length
Bl and characteristic impedance L. On the other hand, a capacitor is replaced
with an open-circuited stub of length Bl and characteristic impedance of 1/C.
Since the cutoff occurs at unity frequency for a low-pass filter prototype, the
condition to obtain the same cutoff frequency for the Richard’s transformed

filter givesQQ=1=tan /. This gives a stub length of I=A/8, A being the

wavelength of the line at the cutoff frequency w.. The lines are A/4 long at a
frequency of wy=2w,. and this results in an attenuation pole. The impedance of
the stubs will not match the original lumped element impedances at frequencies
far greater than w.. The response is periodic in frequency, repeating every 4wc.

Fig. 2.8 shows the Richard’s transformations

+ L b + ASE at o 2

1

() Zp=L

B
Zp=1/C

(b)

Fig. 2.8 Richard’s transformations a) Inductor to a short-circuited stub
b) Capacitor to an open-circuited stub



20
Kuroda’s identities [5]-[8] perform the operations of physically

separating the transmission line stubs, transforming the series stubs into shunt
stubs and vice versa. They also help to change impractical characteristic
impedances into more reliable values. The additional transmission line sections
used are called unit elements and are A/8 long at w..

The procedure for designing the stub-loaded lowpass and bandstop

filters is summarized in the flowchart shown below in Fig. 2.9.

Specifications

¥

Lowpass filter prototype values g’s

v

Richard’s transformations /
Kuroda’s identities

v

Impedance and frequency scaling

}

Length=\/8 for lowpass
Length=A/4 for bandstop

'

Physical design

Fig. 2.9 Design flow for the stub-loaded filter design
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SINGLE LEVEL FOLDED LINE BANDSTOP AND
LOWPASS FILTERS

3.1 Introduction

As explained in section 1.3, the filter sections of the conventional
stub loaded bandstop and lowpass filters can be replaced by folded line filter
sections. The conventional stub loaded filters at lower RF/microwave
frequencies (1-10) GHz, suffer from the disadvantages of large component
footprints as the wavelength, A is large at these frequencies. Additionally, the
characteristic impedances of the filter sections are either very large or very
small resulting in unrealizable line widths for implementation on a microstrip
platform.

In this chapter, it will be demonstrated that the folded line filters on a
microstrip platform can have the distinct advantage of reduced overall
footprint. In addition, it will also be shown that the transmission line widths
will have realizable dimensions for easier implementation on a microstrip
platform [15] - [19]. This is demonstrated with the help of several design

examples in the following sections.

3.2 Theory
A folded line geometry can be modeled in terms of a set of N-coupled
transmission lines. A folded line can be formed by selectively interconnecting

the ports of an N-coupled line system as per the requirement of the filter
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section. The admittance matrix of an N-coupled line system, which represents

a 2N x 2N port network, can be expressed as [20] - [22].

M-y ] o

where
[v.]=[M.] [eoth(7iD)] ., [ ) [M.] (32)
[¥,]=[M,] [esch(,D)] 1Y e [M,] (33)
(Y] =[8,]" [ ¥ ][M,] (3.4)
[V |=[G]+ joolC] 5[ Z] =[R]+ jo| L] (3.5)

where, [R],[L],[G],[C] are the resistance, inductance, conductance and
capacitance matrices of the N-coupled line structure, ® is the angular
frequency, [My] represents the complex voltage eigenvector matrix associated
with the characteristic matrix [Zs][Ysu], / is the length of the coupled line
structure and yg is the propagation constant of the k™ mode. The network
representation shown in Fig. 3.1a consists of N-coupled transmission lines,
considered as a 2N-port network with interconnected ports. The folds with the
tee-junctions and the small interconnecting lengths of the transmission lines
are treated as sub-networks shown as a part of Fig. 3.1b, whose scattering
parameters can be easily determined. The reduced 2-port scattering matrix of

the folded line filter structure can be derived by selectively eliminating the
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unknown incident and reflected amplitudes at the connected ports and relating

the incident and reflected amplitudes of the input and output ports. Based on
the number of filter sections, the order of coupling, N can vary and by using
the network theory described above, a reduced 2-port scattering matrix of the
overall filter can be obtained from the equivalent network representation

shown in Fig. 3.1a.

—>
Vi — Sub
EE— IN.W
N-coupled transmission
Sub lines
N.W Sonx 2N
Sub
Vou — N.W
‘_
(a)

Sub-network

3-coupled
Transmission

(b)
Fig. 3.1 a) Network representation of an N-coupled line structure
b) Folded line filter section (N=3)
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3.3 Design Procedure

One of the main advantages of the folded line design procedure
explained here is the use of the conventional stub-loaded filter theory in the
first phase of the design. For a given set of specifications for the
bandstop/lowpass filters in terms of number of sections N, type of filter
(maximally-flat or Chebyshev), center frequency/ bandwidth/ cut-off
frequency etc., first the characteristic impedances of various sections for the
corresponding shunt-stub design [5] -[8] are calculated in terms of the low-pass
filter prototype values, g; 1=0,1,2....

Next, the filter is divided into N T-sections and each T-section is
transformed into an E-section formed by a three-coupled line as shown in Fig.
3.1b. To be able to vary the length of the center stub of the E-section without
changing the transmission line lengths, small, variable lengths of transmission
line sections are added to the shunt stubs of the folded line design.
Interconnecting lengths, corners and additional center stub length are included
in the calculations while computing the reduced two-port network parameters
of the folded line E-section. The physical parameters of each E-section can be
determined by comparing the reduced two-port admittance matrix with that of
the corresponding T-section using the procedure explained in the previous
section. This can establish a relation between the network parameters of the E-
section and the lowpass prototype values, g; i=0,1,2.... The physical parameters

of each E-section are optimized to provide the closest values for g; and
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electrical lengths for a given set of specifications. The other distinct advantage

of this procedure is its applicability for both bandstop and lowpass designs as
both designs can be realized in the conventional shunt-stub loaded
configurations. This is explained with the help of several examples in the

following section.

3.4 Results and Discussion
3.4.1 Folded line bandstop filters

To demonstrate the design feasibility of the new design procedure
explained in the earlier section, initially, a 3-section folded line bandstop filter
was designed for a maximally flat response at a center frequency of 1.5 GHz
and a fractional bandwidth, A = 0.3. The first phase of the design involves the
modeling of a 3-section conventional stub-loaded bandstop filter. The
procedure was already explained using the flow-graph in Fig. 2.9. The design
equations for the 3-section stub loaded bandstop filter [6]-[7] are summarized
in equations 3.2-3.10.

Here Z, and Zp represent the terminating impedances (50 Q lines),
Z; (j=1 to n) are the open circuit shunt stub impedances, Zij (j=1 to n) are the
interconnecting line impedances, gj(j=0 to n) are the low-pass prototype
element values and ®; and ®, are the bandstop edge frequencies. A generic
layout for the conventional stub-loaded bandstop filter is shown in Fig. 3.2.

Here all the transmission lines are of length A/4.
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Fig. 3.2 Generic layout for the conventional stub-loaded bandstop filter

Using the equations (3.2-3.10), we can obtain the characteristic
impedance values for the various bandstop filter sections. The corresponding
impedance values for this filter design (A=0.3) are provided in Table 3.1. All

the transmission lines are of length A/4 for this stub-loaded bandstop filter.

26
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A @ |Z@ |2, |2 @ |Z2,@ |2@ |z @
03 50 258 62 104 62 258 50
0.2 50 365.7 57.9 157.8 57.9 365.7 50

Table 3.1 Characteristic impedance values for the various bandstop filter
sections (Maximally flat response, fi=1.5 GHz, A=0.3)

The individual sections of this stub-loaded filter are replaced with
folded line E-sections as explained in section 3.3. Each section of the folded
line bandstop filter is optimized separately to match the response of the
corresponding section of the conventional stub-loaded filter. The
Random/Quasi-Newton optimizer combination is employed for this purpose
and required the use of Agilent EDA software [24]. The optimization band was
0.5-2.5 GHz with the center frequency of the bandstop filter being 1.5 GHz.
The folded line filter was constructed by combining all three E-sections. The
design parameters for the individual optimization of each E-section are the
widths w;, wa, ws of the three coupled lines, the spacings between the coupled
lines s1, s2, and the lengths of the coupled lines. Additionally thin transmission
lines were added to the open-circuit shunt stubs of the first and third sections
of the filter. The width wy and length of this line were also included as the
design parameters for the optimization of the individual filter sections. The

design flow for the folded line bandstop filter is summarized in Fig. 3.3.
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(d)
Fig. 3.3 Design flow for the folded line bandstop filter (f)=1.5 GHz, A=0.3)

(a) Lumped-element low-pass prototype (b) Richard’s transformations/
Kuroda’s identities (¢) Conventional stub-loaded filter after impedance
and frequency scaling (d) Folded line filter
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The individual responses of each folded line filter section, optimized

with reference to the corresponding section of the conventional stub-loaded
bandstop filter are shown in Fig. 3.4. The folded line filter sections were
implemented on a microstrip platform with €=2.2 and a substrate height h=31
mil. Section 3 is essentially the same as section 1 with the port locations
interchanged. By cascading these folded line filter sections, the overall
response of the folded line bandstop filter can be obtained.

The disadvantage of the conventional stub-loaded bandstop filter lies
in the fact that transmission lines with impedances of the order of 258 Q would
have a line width of about 1 mil, which makes it impossible for a physical
realization. Fig. 3.5 shows the layouts for the designed 3-section folded line
bandstop and the conventional stub-loaded filter designs. Sections 1 and 2 are
shown in Fig. 3.5. Section 3 is the same as section 1 and is not shown. The
corresponding physical dimensions are shown in Table 3.2. The line widths of
the OC shunt stubs of the first and third sections of the conventional bandstop
filter are very small (0.02 mm); hence the layout comparison as shown in Fig.
3.5 is not to scale. The overall footprint in the case of the folded line bandstop
filter is only 34 % of the overall footprint of the conventional design. Table 3.3
gives a comparison of the smallest normalized width (w/h) of the conventional
design and the folded-line design. It can be seen that the normalized conductor

widths for the new folded design are much larger (0.5 versus 0.032). This
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allows practical realization of the folded line filter with less stringent

dimensional tolerances thus facilitating a relatively easy fabrication.
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Fig. 3.4 Optimization results for the folded line bandstop filter sections
(A=0.3) (a) Section 1 response comparison (b) Section 2 response
comparison
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Fig. 3.5 Physical layout comparison for the bandstop filter (A=0.3)
(a) Conventional stub-loaded filter (b) New folded line design

Parameter Conventional Bandstop | Folded Line Bandstop
Widlh(rrr) wl=2.4, w2=1.7 wl=2.4, w2=1.7, w304
w3=0.02; wd=0.6 wd=2.3;, w5=04, wb=1.6,
w06, w814
Length(mm) | 11=10; 12=36.7 11=10.0; 12=2.0, 13=10.0;
13=38.7, 14=37.6 14=29.9;, 15=29.9;, 16=29.9,
17=38.3, 18=2.0
Spacing(mm) NA 81=0.6,82=1.0

Table 3.2 Physical dimensions for the conventional stub-loaded bandstop
filter and the new folded line design (A=0.3)
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Conventional Folded line
A=0.3 Bandstop Bandstop
Smallest normalized 0.032 05
width (w/h)
Overall footprint 2948.2 sq mm 1015.1 sq mm
Foaotprint comparison 100 % 34 %

Table 3.3 Footprint and critical conductor width comparison for the
single-level folded line bandstop filter (A=0.3).

full-wave EM simulation using CST Microwave Studio® [23] and Agilent
Momentum [24] for the folded line bandstop filter. A time-domain solver was
used in the case of CST Microwave Studio® and a frequency domain solver in
the case of Agilent Momentum. In general, there is a good agreement in the
insertion loss response. A slight deterioration in the return loss characteristics
is noticed in the upper pass band and this can be attributed to the mutual
coupling between the filter sections of the folded line bandstop filter which
was only taken into account in the full wave EM simulation. The mutual
coupling between the filter sections plays a predominant role in the design of
the folded transmission line filters and it increases as the frequency range is

increased.
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Fig. 3.6 Folded line bandstop filter response (fp=1.5 GHz, A=0.3)

To further validate this new methodology for designing folded line
filters, a folded line bandstop filter was designed for a maximally flat response
at a center frequency of 1.5 GHz and a fractional bandwidth, A=0.2. The
design procedure is the same as that explained above. The first step involves
the design of the conventional stub-loaded filter. The characteristic impedance
values of the transmission lines for the conventional filter are shown in Table
3.1. Impedances of the order of 365 Q would have a line width of 0.1 mil,
which makes it impossible for practical implementation. This folded line filter
was implemented on a microstrip platform with €=2.2 and a substrate height

h=31 mil.
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Fig. 3.7 Physical layout comparison for the bandstop filter (A=0.2)
(a) Conventional stub loaded filter (b) New folded line design

Parurneler Convenlional Bandslop | Folded Line Bandslop
Width(mm) wl=2.4;,w2=1.9 wl=24, w2=1.0, w3=0.3,
w3=0.002; w4=0.2 wi=2.3, w503, w6=18,
w7=0.3, wB=l.4
Length(imm) 11=10; 12=36.6 11=10.0; 12=0.07, 13=9.0;
13=38.9; 14=38.2 14=31.1; 15=31.1; 16=31.1,
17=38.3, 18=2.0
Spacing(mum) NA 51-0.6; 82-0.6

Table 3.4 Physical dimensions for the conventional stub-loaded bandstop
filter and the new folded line design (A=0.2)

The physical layout comparison of the folded line bandstop filter and

its conventional counterpart is shown in Fig. 3.7. Sections 1 and 2 are shown in
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Fig. 3.7. Section 3 is the same as section 1 and is not shown. The line widths of

the OC shunt stubs of the first and third sections of the conventional bandstop
filter are very small (0.002 mm); hence the layout comparison as shown in Fig.
3.7 is not to scale. The physical dimensions of the corresponding designs are
shown in Table 3.4. The overall footprint in the case of the folded line
bandstop filter is only 26 % of the overall footprint of the conventional design.
Table 3.5 gives a comparison of the smallest normalized width (w/h) of the
conventional design and the stub-loaded design. It can be seen that the
normalized conductor widths of the folded line design are much larger (0.26
versus 0.0032). This allows a physical realization of the folded line filter with
less stringent dimensional tolerances. Fig. 3.8 shows the circuit simulation
results of the folded line filter as well as the conventional stub- loaded filter
using Agilent EDA software [24]. These results are further validated in the
case of the folded line design by using full wave EM simulation using Agilent
Momentum [24]. Once again there is a good agreement in the insertion loss
response, the return loss in the lower and upper passbands being lesser than -20
dB. The slight deterioration in the results can be attributed to the mutual
coupling between the folded line filter sections, which was only considered in
the case of full wave EM simulation. The mutual coupling between the filter

sections increases with the increase in the frequency range.



Conventional Folded line
A=02 Bandstop Bandstop
8mallest normallzed 0.0032 0.26
width (w/h)
Overall footprint 2848.2 s mm 788.5 sq mm
Footprint comparison 100 % 28 %
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Table 3.5 Footprint and critical conductor width comparison for the
single-level folded line bandstop filter (A=0.2)
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Fig.3.8 Folded line bandstop filter response (fp=1.5 GHz, A=0.2)

3.4.2 Folded line lowpass filters

A 3-section lowpass filter was designed for a maximally flat response

with a cut-off frequency of 1.5 GHz, and with the substrate specifications

remaining the same as mentioned above. The conventional stub-loaded filter
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can be derived starting with the lowpass prototype values g;, i=0,1,2... and

following the procedure described in the flow graph in Fig. 2.9. The lengths of
the transmission lines are A/8 in the case of the stub-loaded lowpass filter. The
characteristic impedance values of the lowpass filter sections of the
conventional stub-loaded filter are provided in Table 3.6. From the
conventional stub-loaded filter, the design procedure for the folded line
lowpass filter is similar to that of the folded line bandstop filter explained

earlier in 3.4.1.

o,=1.5 GHz 50 100 100 25 100 100 50

Table 3.6 Characteristic impedance values for the various lowpass filter
sections (Maximally flat response, f.=1.5 GHz).

Thus, the physical dimensions of the folded line lowpass filter are
obtained by optimizing each section of the folded line filter to match the
response of the corresponding section of the conventional lowpass filter. The
Random/Quasi-Newton optimizer combination is employed for this purpose
and required the use of Agilent EDA software [24]. The optimization band was
0.5-2.5 GHz with the cut-off frequency of the lowpass filter being 1.5 GHz.
The central stub of the conventional lowpass filter has a characteristic

impedance of 25 ohms. Fig. 3.9 shows the design flow for the folded line filter.
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Fig. 3.9 Design flow for the folded line lowpass filter response (f-=1.5 GHz)
(a) Lumped-element low-pass prototype (b) Richard’s transformations/
Kuroda’s identities (c) Conventional stub-loaded filter after impedance
and frequency scaling (d) Folded line filter



39
When the conventional filter is implemented on a microstrip platform

with €=2.2 and substrate height h=31 mil, this stub is extremely wide (w/b
~8). This has been replaced by two parallel coupled stubs shown as section 2 in
Fig. 3.9 (d) in the case of the folded line lowpass filter. The widths and central
spacing of the parallel-coupled stubs were optimized to provide a close match
in response with that of the single stub, shown as section 2 in Fig. 3.9 (c). Fig
3.10 shows the optimization results for Sections 1 and 2 of the folded line
filter. Section 3 is the same as Section 1 and it has not been shown in Fig. 3.10.
The footprint comparison of the folded line configuration and the conventional
lowpass filter is shown in Fig. 3.11. Sections 1 and 2 are shown in Fig. 3.11.
Section 3 is the same as section 1 and is not shown. The layouts as shown in
Fig. 3.11 are to scale. The physical dimensions of the corresponding designs
are shown in Table 3.7. The overall footprint of the folded line lowpass filter is
only 71% of the overall footprint of the conventional filter. Table 3.8 gives a
comparison of the largest normalized width (w/h) of the conventional design
and the folded-line design. From Table 3.8, it can be seen that the normalized
conductor widths for the new folded line lowpass design are much smaller
(3.63 versus 7.9). Fig. 3.12 shows the theoretical results in comparison with
the full wave EM simulation using CST Microwave Studio® [23] and Agilent
Momentum [24] for the folded line lowpass filter. A time domain solver was

used in the case of CST Microwave Studio® and a frequency domain solver in
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the case of Agilent Momentum. The insertion loss and return loss responses

show good agreement between theory and full wave EM simulation.
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Fig. 3.10 Optimization results for the folded line lowpass filter sections
(f=1.5 GHz) (a) Section 1 response comparison (b) Section 2 response
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Fig. 3.11 Physical layout comparison for the lowpass filter (f.=1.5 GHz)
(a) Conventional stub-loaded filter (b) New folded line design

Parameter Conventional Lowpass Polded Line Lowpass
Width(mm) wl=2.4, w2=0.7 wl=24, w2=1.7, w312,
w3=0.7, wd-6.1 wi=2.1, w513, w6=0.5,
wi=2.8, wB8=1.0, wOo=28
Longth(mm) | 11=10; 12=18.2 11=10.0; [12=0.07, 13=5.7,
13=18.2; 1=17.6 =142, 15=11.2;, 16=14.2,
17=178, 18=2.0; 19=0.6
Spacing(imm) NA 81=0.5,82=1.0

Table 3.7 Physical dimensions for the conventional stub-loaded lowpass
filter and the new folded line design (f=1.5 GHz)



f=1.5GHz CONVENTIONAL LOWPASS | FOLDED LINE LOWPASS
Lurgesl normaliasd widlh 79 363
(w/h)
Overall footprint 754.9 3q. mm 534.8¢ sg.mm
Tootprint comparison 100 % 1%

Table 3.8 Footprint and critical conductor width comparison

single-level folded line lowpass filter
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Fig. 3.12 Folded line lowpass filter response (f=1.5 GHz)

42

for the



43
4. MULTI-LEVEL BANDSTOP AND LOWPASS FILTERS
ON BACK-TO-BACK MICROSTRIP

4.1 Introduction

As explained in chapter 3, folding the transmission lines on a single-
level geometry can lead to compact footprint. Further compactness can be
achieved by folding the transmission lines in a multi-layer, multi-conductor
environment [9]-[11] [19] [25] [31]-[33]. The cross-section of a multi-layer
transmission line model is shown in Fig. 4.1a. Vias are used to interconnect the
top and bottom metallization layers. One of the main problems in this type of
geometry is that the broadside coupling between the transmission lines can
have a negative influence in the design of multi-level filters. The dielectric
layers have to be made especially thick in order to minimize this effect. On the
other hand, if the vias are electrically very long they can exhibit more
distributed behavior and in certain cases, the EM simulations may not be
accurate. Furthermore, the top and bottom metal layers have to be aligned
exactly on top of each other and any misalignment would result in an incorrect
filter response.

To minimize the associated disadvantages with the multi-level
geometry shown in Fig. 4.1a, a back-to-back (BTB) microstrip platform is
proposed as shown in Fig 4.1b. Here, the top and bottom dielectric layers are

isolated by an intermediate ground plane. This ensures that the top and bottom
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metallization layers are sufficiently isolated thus aiding in the design of the

multi-level filters.

Through-ground vias can be developed easily using full wave EM

simulation to interconnect the metallization layers. The through-ground vias

will have realizable physical dimensions. Further, any slight misalignment of

the top and bottom metallization layers would not adversely affect the filter

response due to the presence of the intermediate ground plane.

Top metal layer

Ground Plane

Bottom metal layer

(a)

Top metal layer
Via

Ground Plane

Bottom metal layer

Fig. 4.1 Cross-sectional view of multi-level transmission line models
(a) With no intermediate ground plane (b) With an intermediate ground

plane (BTB microstrip) geometry.
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4.2 Theory

Multi-level folded line geometry can be modeled as a set of N-coupled
transmission lines interconnected by vias as shown in Fig. 4.2. An N-coupled
line system, which represents a 2N x 2N port network, can be expressed as
[20] - [22]. The equation for the admittance matrix for such an N-coupled line
system was already shown in equation (3.1). The length I of the N-coupled line
system will be much smaller than in the case of a single-level geometry as the
transmission lines have now been folded onto different layers.

A reduced two-port scattering matrix of the overall filter can be
obtained from the equivalent network representation shown in Fig. 4.2.
Analysis of the structure can be carried out by considering the overall structure
as a cascade of three separate networks, as shown in Fig 4.2. The coupling
between the networks has been taken into account for this analysis.

On a back-to-back microstrip configuration as shown in Fig 4.1b, the
top and bottom dielectric layers are isolated by an intermediate ground plane.
The two metallization layers shown as top metal layer and bottom metal layers
are connected by through-hole vias in the ground plane. This is shown in Fig.
4.3. The top metal layer consists of N-parallel multiple coupled lines which
are connected to N-parallel multiple coupled lines on the bottom metal layer
through N-through-hole vias as shown in Fig. 4.4. The mutual coupling
between the vias is taken into consideration for this analysis. The through-

ground via model extraction is explained later in section 4.3.
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Fig. 4.2 Network representation of a multi-level folded line geometry

Top metal layer

Through-hole vias

Ground Plane

Bottom metal layer

Fig. 4.3 A back-to-back microstrip geometry
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Through hole vias

Ground Plane Top metal layer

ottom metal layer

Fig 4.4 Top and bottom metal layers modeled as N multiple coupled
transmission lines

The presence of an intermediate ground plane enables the coupled line
structures above and below the ground plane to be sufficiently isolated so that
they can be modeled as two sets of single-level multiple coupled parallel lines
using the available analytical techniques[10] [20]-[22] [26]. The interaction
between the various lines in a multiple coupled line system can be modeled in
terms of the normal-mode parameters [20] [21], or with the use of the
inductance and capacitance matrices of the coupled-line system. Expressions
similar to equation (3.1) can be derived for the admittance matrices in terms of
the inductance and capacitance matrices for inhomogeneous media like
microstrip applications. Once the admittance matrices have been determined

for the multiple coupled lines in the top and the bottom layers, the next step is
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to obtain a suitable model for the via through a ground plane, which is shown

in Fig 4.5a.

4.3 Via model extraction

A lossless model for the through ground via structure was previously
reported by Bahl [27], which can be modified to include metallic and dielectric
losses. The resulting pi-model for the via through the ground plane is shown in
Fig 4.6b. The equivalent circuit parameters of the via model can be extracted
from the two-port network parameters of the via structure, which in turn are
determined from full wave EM simulations. For a given strip width, substrate
thickness and dielectric constant, the extracted model can be used for the
realization of a wide range of passive geometries.

The complete network model of the multi-layer folded line filter as
shown in Fig. 4.2 can then be analyzed with the top metal layer and bottom
metal layers interconnected by the through-ground via equivalent circuit. The
through-ground vias are used to interconnect the top and bottom metal layers.
The lumped equivalent circuit of the via model is shown in Fig 4.6b where the
R, L, C values have been expressed as functions of the line width w in
equations (4.2-4.4). Here R refers to the resistance, L the inductance and C the
capacitance. The 3D EM model for the via is shown in Fig. 4.5a and the
equivalent circuit model is shown in Fig. 4.5b. In Fig. 4.5a the reference planes

have been de-embedded to calculate the scattering parameters for the via only.



L(w) = 0.5054* exp(~1.7014* w*$%) + 0.4298
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(4.2)
C(w) = 0.2209 * exp(0.2564 * w***°) ~ 0.1918
(4.3)
R(w) = —0.0026* exp(1.6083 * ") + 0.0911 (4.4)
Port 1 de-embed point
Hole in ground plane
\ Ground plane
Through hole via
Port 2 de-embed point
(a)
B
P Lermj R - s Term2 P2
Murn=1 urn=1 e R=r1 Ohm L=I1 nH 2 Mum=z  Mum=2
Z=a0 Ohm\“— 31 - R= ~~ C=c1pF 7250 Ohm
5 = C=tlp =
-é_ e
(b)

Fig 4.5 Via through ground plane (a) 3-D view (b) Equivalent circuit
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These are derived by a direct comparison of the scattering parameters

of the via model as shown in Fig. 4.5a obtained from full wave EM simulation
using CST Microwave Studio® [23] with the scattering parameters obtained
from the lumped network model for the via as shown in Fig 4.5b. The
optimization setup to determine the R, L, C values is shown in Fig 4.6. The via
model, the 3-D view of which is shown in Fig 4.5a has been implemented with
the diameter of the via chosen as w/2, where w is the line width and the
diameter of the hole in the ground plane chosen to be 0.4 mm larger than w/2.
The diameter of the hole in the ground plane also known as the antipad
diameter has been so chosen to ensure that the via does not touch the ground
plane. Further, this optimum value of 0.4 mm ensures that physical realization
is possible and the capacitance to the ground is not too large due to the
proximity of the ground plane.

The line width w was varied from 0.1 mm to 3.0 mm and for each
value of w; the optimization gives a new set of R, L, C values. The
Random/Quasi-Newton optimizer combination is employed for this purpose
and required the use of Agilent EDA software [24]. The optimization band was
0.5-2.5 GHz. The R, L, C data thus obtained was curve fitted to result in the
closed form expressions shown in equations (4.2-4.4). The specific form of
closed form expressions as shown in equations (4.2-4.4) was so chosen to
minimize the error between the transfer function of the EM-based via model as

shown in Fig 4.5a and the transfer function of the network model of the via as
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shown in Fig 4.5b. About 30 values of the line width w were taken between 0.1

mm and 3.0 mm for the curve fitting process.

Fnrt
P1

Mum=1

3D EM model for the via
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Fig 4.6 Optimization setup for the through-ground via model extraction

The via model was implemented on a back-to-back microstrip

platform with €=2.2 and a substrate height h=31 mil for both dielectric layers

The thickness of the metallization is considered to be 0.7 mils. A time domain

solver was used for simulation [23].

The resistance,

inductance and

capacitance variation versus the line width for the via model is shown in Fig

4.7. The dielectric losses have not been considered for this analysis. Metallic

losses have been taken into account and consequently the lumped equivalent
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circuit of the via model as shown in Fig. 4.5b contains resistances, inductances

and capacitances.

0,9 T

V-] L ___ ....... U O SUUTRR 4
: : EM simulation _ ;

07k A — Closed. form expressions.......:

L(nH), C(pF), R(ohms)

Line width w (mm)

Fig 4.7 Inductance, capacitance and resistance vs. line width

As shown in Fig. 4.7, the R, L, C values obtained from the EM-based

via models match very closely with those obtained from the closed form design

equations (4.2-4.4).

4.4 Filter Design Procedure
The first step involves modeling of multiple coupled folded line
bandstop and lowpass filters on a single layer microstrip platform. This

procedure has already been explained in section 3.3. The next step involves
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folding the single level folded line filter in one half along the width of it onto

the bottom layer. Since the intermediate ground plane sufficiently isolates the
top and the bottom metal layers, individual multiple-coupled sections on the
same layer can be characterized to include only the coupling between various
lines on the same layer. The top and bottom metal layers are interconnected by
through-ground vias in terms of equivalent circuit models extracted from full-
wave EM simulation. The folded line filter design carried out on a single layer
provides an approximate range of line widths and separation between lines for
various sections. The next step involves integration of the via models with the
multiple coupled transmission line models as shown in Fig. 4.2 to get the
reduced two-port network parameters of each multilayer folded line section.
For a given set of specifications for the bandstop/lowpass filters in
terms of number of sections N, type of filter (maximally-flat or Chebyshev or
equal-ripple), center frequency/ bandwidth/ cut-off frequency etc., the multi-
layer folded line filter can be constructed by cascading the folded line filter
sections, where each filter section includes a network model similar to that
shown in Fig 4.2. Interconnecting lengths, corners and additional center stub
lengths are included in the calculations while computing the reduced two-port
network parameters of the folded line filter sections. The design flow for the
multi-level folded line filters is summarized in Fig. 4.8. The overall footprint is
greatly reduced in the case of the multi-level folded line lowpass/bandstop

filters in comparison with the single level folded line filters which were shown
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Fig 4.8 Design flow for the multi-level folded line filters
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in sections 3.4.7 and 3.4.2. This is explained with the help of several examples

in the following section.

4.5 Results and Discussion
4.5.1 BTB Microstrip bandstop filter

To demonstrate the design feasibility of this new design procedure
explained in the earlier section, a 3-section multi-level folded line bandstop
filter was designed for a maximally flat response at a center frequency of 1.5
GHz and a fractional bandwidth, A=0.3. The folded line filter was
implemented on a back-to-back microstrip platform with £~=2.2 and a substrate
height h=31 mil for both dielectric layers. The thickness of the metallization is
considered to be 0.7 mils.

The first phase of the design involves the modeling of a 3-section
stub-loaded bandstop filter, the procedure for which was already explained
earlier in chapter 2. All the transmission lines are of length A/4 at the center
frequency for this conventional stub-loaded bandstop filter. From the
conventional stub-loaded filter, the design procedure for obtaining the single-
level folded line filter was described in 3.4./. The individual sections of this
single-level folded line filter are replaced with multi-level folded line filter
sections as explained in section 4.4 of this chapter. The through-ground vias
connect the top and bottom metal layers of the multi-level folded line filter

sections. For each section of the multi-level folded line bandstop filter, the new
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Fig 4.9 Optimization setup for the multi-level folded line filter sections with
the through-ground via models included (a) Section 1 (b) Section 2
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network model as shown in Fig 4.2 has been optimized separately to match the

response of the corresponding section of the conventional stub-loaded filter.
The optimization setup for the sections 1 and 2 of the multi-level folded line
bandstop filter is shown in Fig. 4.9. Section 3 is the same as section 1 and has
not been shown.

The design parameters for the individual optimization of each section
are the widths w;, w,, ws of the three coupled lines, the spacings s, s, between
the coupled lines, and the lengths of the coupled lines. Additionally, thin
transmission lines were added to the open circuit shunt stubs of the first and
third sections of the filter to be able to vary their lengths without changing the
transmission line lengths as shown in Fig. 4.9a. The width wy and length 1y of
this line were also included as the design parameters for the optimization of the
individual filter sections. The middle folded line filter section has been
implemented as a serpentine line as shown in Fig. 4.9b to reduce the overall
footprint. The Random/Quasi-Newton optimizer combination is employed for
this purpose and required the use of Agilent EDA software [24]. The
optimization band was 0.5-2.5 GHz with the center frequency of the bandstop
filter being 1.5 GHz. The multi-level folded line filter was realized by
combining all three individual filter sections.

Fig 4.10 shows the layouts for the designed 3-section multi-level
folded line bandstop and the conventional stub-loaded filter design. The

overhead view of the multi-level folded line bandstop filter is shown in Fig
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4.10 and the 3-D view is shown in Fig 4.11. The line widths of the OC shunt

stubs of the first and third sections of the conventional bandstop filter are very
small (0.02 mm); hence the layout comparison as shown in Fig. 4.10 is not to

scale. The overall footprint observed in the case of the multi-level folded line

Smallest normalized width (w/h) =0.032

*GﬂA

Top metal layer ————> Smallest normalized width
(w/h) =0.4
’l ;r- |
Bottom metal layer
(b)

Fig 4.10 Physical layout comparison of the bandstop filters (A=0.3)

(a) Conventional stub-loaded filter (b) New multi-level folded line design
bandstop filter is only 18% of the overall footprint of the conventional design
and 52 % of the overall footprint of the single-level folded line bandstop filter

which was shown in section 3.4. /. Table 4.1 gives a comparison of the smallest
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normalized width (w/h) of the conventional design and the multi-level folded-

line design. It can be seen that the normalized conductor widths for the new

multi-level folded design are much larger (0.4 versus 0.032). This allows

practical realization of the multi-level folded line filters with less stringent

dimensional tolerances.

Conventional | Single Level | Multi Level
A=03 Bandstop Folded Line | Folded Line
Bandstop Bandstop
Smalicst normalized
width {vh) 0.032 0.s 04
Overall footprini | 29482 sqmm 1015.1 sq mam 5318 squm
Footpeint 100% 3% 18%
cmmpariasn

Table 4.1 Footprint and critical conductor width comparison for the folded

line bandstop filters (A

Fig 4.11 3-D view of the new multi-level folded line design (A=0.3) with the

=0.3)

Through-ground Vias

ground plane hidden for better visibility

L1, Tl OHUVYD U VULLPULISULL UL UV LIVULVUIVAL LTUDUIL VY ILUL UV iU~ ywavey Jis

EM simulation [23]. There is a good agreement in the insertion loss response,

Top Metal Layer

Bottom Metal Layer
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the return loss values were observed to be below -20 dB in the lower and upper

passbands. The slight deterioration in the results can be attributed to the mutual
coupling between the multi-level folded line filter sections which was only

taken into account in the full wave EM simulation.

S]l(dB), Szl(dB)

Frequency (GHz)

Fig 4.12 Multi-level folded line bandstop filter response (f)=1.5 GHz, A=0.3)

4.5.2 BTB Microstrip lowpass filter

Next, a 3-section lowpass filter was designed for a maximally flat
response with a cut-off frequency of 1.5 GHz, and with the substrate
specifications remaining the same as mentioned above. The conventional stub-
loaded filter can be derived starting with the lowpass prototype values
gi 1=0,1,2.., following the procedure described in chapter 2. The length of the

transmission lines in the case of the conventional stub-loaded lowpass filter
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being A/8 at the cut-off frequency. From the conventional stub-loaded filter, the

design procedure for the multi-level folded line lowpass filter is similar to that
of the multi-level folded-line bandstop filter. Thus, the physical dimensions of
the folded line filter sections are obtained and then these are cascaded to give
the overall filter response.

The characteristic impedance values of the lowpass filter sections of
the conventional stub-loaded filter are provided in Table 3.6. The central stub
has a characteristic impedance of 25 ohms. When the filter is implemented on
a microstrip platform with &=2.2 and substrate height h=31 mil, this stub is
extremely wide (w/b ~8). This has been replaced by two parallel coupled stubs
on each layer and interconnected by through-ground vias in the case of the
multi-level folded line lowpass filter, implemented in a back-to-back
microstrip platform. The widths and central spacing of the parallel-coupled
stubs were optimized to provide a close agreement in response with that of the
conventional single stub design shown as section 2 in Fig 4.13b. The
optimization setup for the sections 1 and 2 of the multi-level folded line
lowpass filter is shown in Fig. 4.13. Section 3 is the same as section 1 and has
not been shown. The Random/Quasi-Newton optimizers were used in that
order for the optimizations. For this purpose, Agilent EDA [24] software was

used.
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The footprint comparison of the multi-level folded line configuration

and the conventional lowpass filter is shown in Fig 4.14. The overhead view of
the multi-level lowpass filter is shown in Fig 4.14 and the 3-D view is shown
in Fig 4.15. The physical layout comparison as shown in Fig 4.14 is to scale.
The overall footprint of the multi-level folded line lowpass filter is only 31%
of the overall footprint of the conventional stub-loaded lowpass filter and 44%
of the overall footprint of the single-level folded line lowpass filter which was
shown in section 3.4.2.

Table 4.2 gives a comparison of the largest normalized width (w/h) of
the conventional design and the multi-level folded-line design. From Table 4.2,
it can be seen that the normalized conductor widths for the new multi-level
folded line design are much smaller (3.21 versus 7.9).

Fig 4.16 shows the circuit simulation results in comparison with the
full wave 3D EM simulation results [23] for the multi-level folded line lowpass
filter. The return loss response shows a good agreement between the circuit
and full wave EM simulations. The insertion loss is in good agreement up to
the cutoff frequency (f. =1.5 GHz). The slight deterioration in the insertion loss
response above the cut-off frequency can be attributed to the mutual coupling
between the multi-level folded line filter sections which were only taken into
account in the full wave EM simulation and are more predominant at

frequencies higher than the cut-off frequency of 1.5 GHz.
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Largest normalized width (w/h) =7.9

(a)

Largest normalized width (w/h) =3.2
Top metal layer —> 475

. .

Bottom metal layer

(b)

Fig 4.14 Physical layout comparison of the lowpass filters (f=1.5 GHz)
(a) Conventional stub-loaded filter (b) New multi-level folded line design

Through-ground Vias Top Metal Layer

Bottom Metal Layer

Fig 4.15 3-D view of the new multi-level folded line design (f-=1.5 GHz)
with the ground plane hidden for better visibility



Conventional | Single Level | Multi Level
f.=1.5GHz Lowpass Folded Line | Folded Line
Lowpass Lowpass
Largest
normalizec width 7.0 3.8 3.2
(wih}
Owerall footprint 764 9 sq mm £34.68 sg mm 234 8 sq mm
Foolprint 100 % 1% M%
comparison

Table 4.2 Footprint and critical conductor width comparison for the
folded line lowpass filters (f. =1.5 GHz)

S11(dB), S2:1(dB)
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Fig 4.13 Multi-level folded line lowpass filter response (f=1.5 GHz)
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5. EXPERIMENTAL VALIDATION

5.1 Introduction

In this chapter, the proposed folded line bandstop and lowpass filter
configurations have been validated with the measurement results. We shall
demonstrate that the measured responses of the folded line filters in single and
multi-layer environment match closely with the corresponding theoretical
responses as well as with the full wave EM simulation results. All the
fabrications have been carried out in-house and the slight discrepancies in the
measurement results can be attributed to the fabrication tolerances of the PCB

based milling and drilling processes.

5.2 Experimental Results for Single-Level Filters

The 3-section single-level folded line bandstop filter (fo=1.5GHz,
A=0.3) described in section 3.4./ was fabricated on Roger’s RT Duroid 5880
substrate of 31 mil thickness. The structure was fabricated using an in-house
milling machine facility and was tested on an HP 8722C vector network
analyzer. A photograph of the fabricated folded line bandstop filter is shown in
Fig 5.1.

Fig 5.2 shows the measurement results in comparison to the
theoretical results, as well as with full wave EM simulation using CST

Microwave Studio® [23] and Agilent Momentum [24]. The measured results



67
are in good agreement with the theory as well as with full-wave EM simulation

[15] [16]. The slight discrepancies in the measurement results can be attributed

to the fabrication tolerances of the PCB based milling and drilling processes.

RT Duroid 5880

&= 2.2, 31mil

Microstrip Platform

Fabricated Filter

Fig 5.1 Cross-section and photograph of the fabricated single level folded li-
ne bandstop filter (fy =1.5 GHz, A=0.3)
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Fig 5.2 Measurement results for the fabricated single-level folded line
bandstop filter shown in Fig. 5.1

The 3-section single-level folded line lowpass filter (fe=1.5GHz)
described in section 3.4.2 was also fabricated on Roger’s RT Duroid 5880
substrate of 31 mil thickness. The structure was fabricated using the in-house
milling machine facility and was tested on a HP 8722C vector network
analyzer. A photograph of the fabricated folded line lowpass filter is shown in
Fig 5.3. All the fabrications which include the drilling and milling processes
and the measurements were done in-house. The vector network analyzer was
calibrated in order to give the correct network parameters i.e the scattering
parameters. The most popular methods of calibration are the Thru-Reflect-Line

(TRL) and the Short-Open-Load-Reciprocal (SOLT) respectively.
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RT Duroid 5880
/ 47 ;
I g=22, 31mil ‘ /

Microstrip Platform

Fabricated Filter

Fig 5.3 Cross-section and photograph of the fabricated single-level folded
line lowpass filter (f. =1.5 GHz)

Fig 5.4 shows the measurement results in comparison to the theoretical
results, as well as with full wave EM simulation using CST Microwave
Studio® [23] and Agilent Momentum [24]. The measured results are in good

agreement with the theory as well as with full-wave EM simulation.

5.3 Experimental Results for Multi-Level Filters

The 3-section multi-level folded line bandstop filter (fo=1.5GHz,
A=0.3) described in section 4.5./ was fabricated on two back-to-back layers of
Roger’s RT Duroid 5880 substrate of 31 mil thickness. The structure was
fabricated using the in-house milling machine facility. The transmission line

widths for this design were 2.1 mm, 0.4 mm, 1.5 mm and 0.7 mm respectively.
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Fig 5.4 Measurement results for the fabricated single-level folded line
lowpass filter shown in Fig. 5.3

The via diameters were chosen to be approximately one half of the
above line widths. The ground plane holes were chosen to be 0.4 mm larger in
diameter than the via holes for all widths. Using the in-house drilling facility,
the ground plane holes were first created. The diameters of the drilling bits used
were approximately equal to the diameters of the corresponding holes in the
ground plane. To interconnect the top and bottom metallization layers, copper
wires with diameters equal to the via diameters were chosen. For this purpose,
18, 30, 22 and 28 gauge wires with the insulation removed were used. Copper
guage wires with even numbered wire gauges are readily available and were

thus preferred over odd numbered wire gauges.
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&= 2.2, 31mil

&= 22, 31mil

RT Duroid 5880

vV

BTB microstrip platform

Top metal layer

Bottom metal layer

Fig 5.5 Cross-section and photograph of the fabricated multi-level folded line
bandstop filter (fy =1.5 GHz, A=0.3)

The fabricated multi-level folded line bandstop filter was tested on an

HP 8722C vector network analyzer. A photograph of the fabricated folded line

bandstop filter is shown in Fig 5.5. Both the top and bottom metallization layers

are shown in the figure.
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Fig 5.6 shows the measurement results in comparison to the

theoretical results, as well as with full wave 3D EM simulation using CST
Microwave Studio® [23]. The measured results are in good agreement with the
theory as well as with full-wave EM simulation. The slight discrepancy in the
insertion loss and return loss responses can be attributed to the fabrication

tolerance of the PCB based milling and drilling processes respectively.

-10
-15
-20 L L

_75 ; L ............... ...................

s1z(dE) S11(dE)

11 ) Frrey A ................ __...é..— .................. i

-35

-4

ashoo o Wl & - — .. Meagurement \
; i Circhit Simulati§s

-50 1 ai ]
1] 1 18 z 20

Frequency in GHz

Fig 5.6 Measurement results for the fabricated multi-level folded line
bandstop filter shown in Fig. 5.5

The 3-section multi-level folded line lowpass filter (f=1.5GHz)
described in section 4.5.2 was also fabricated on two back-to-back layers of
Roger’s RT Duroid 5880 substrate of 31 mil thickness. The transmission line

widths for this design were 1.8 mm, 1.1 mm, 0.4 mm and 2.5 mm respectively.
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The structure was fabricated using a similar procedure described for the multi-

level bandstop filter with the help of the in-house milling machine facility and
was tested on an HP 8722C vector network analyzer. A photograph of the
fabricated folded line lowpass filter is shown in Fig 5.7.

Fig. 5.8 shows the measurement results in comparison to the
theoretical results, as well as with full wave 3D EM simulation using CST
Microwave Studio® [23]. The measured results are in good agreement with the

theory as well as with full-wave EM simulation.

Z/

€= 22, 31mil

T Duroid 5880

&= 22, 31mil

vV

BTB microstrip platform

Top metal layer Bottom metal layer

Fig 5.7 Cross-section and photograph of the fabricated multi-level folded
line lowpass filter (f. =1.5 GHz)
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Fig 5.8 Measurement results for the fabricated multi-level folded line
lowpass filter shown in Fig. 5.7
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6. CONCLUSIONS

6.1 Conclusions

Compact single-level folded line bandstop and lowpass filters have
been reported. A common design procedure was employed for designing both
bandstop and lowpass folded line filters. The transmission line and stub
sections of the conventional design were replaced by the folded line filter
sections to achieve compact footprint. For a given set of filter specifications,
physical parameters of each folded line E-section were obtained by comparing
the reduced two-port network parameters with those obtained from the lowpass
filter prototype design. Bandstop and lowpass filters were designed at 1.5 GHz
with a maximally flat response and have been fabricated on a microstrip
platform with &~2.2 and substrate height h=31 mil. The overall footprint of the
folded line bandstop filter is only 34% of the overall footprint of its
conventional counterpart; the overall footprint of the folded line lowpass filter
is 71% of its conventional counterpart. The normalized conductor widths for
the new folded line bandstop design are much larger (0.5 versus 0.032) and the
conductor widths for the new folded line lowpass design are much smaller (3.63
versus 7.9). Thus, the folded line designs have practical dimensions for a
physical realization, thereby eliminating the problem of having very narrow or
very wide line widths as in the case of the conventional filter configurations.

The measurement results are in good agreement with the theoretical results, as
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well as full wave EM simulation using CST Microwave Studio® [23] and

Agilent Momentum [24].

Compact multi-level folded line bandstop and lowpass filters have
also been developed. A simple design methodology for designing these filters
has been presented. The transmission line and stub sections of the conventional
design were replaced by multi-level folded line filter sections to achieve greater
reduction in the footprint in comparison with the single-level folded line filters.
An equivalent network model consisting of the interconnection of multiple
coupled lines on each layer using through -ground vias has been used to realize
the multi-level filter configurations. A back-to-back microstrip was considered
for this purpose. The ground plane sandwiched between the dielectric layers
serves to sufficiently isolate the top and bottom metal layers and thus aids in the
design of these filters. Any slight misalignment of the top and bottom
metallization layers would not adversely affect the filter response because of
the presence of the ground plane. The through-ground vias used to interconnect
the top and bottom metallization layers have been obtained from full wave EM
simulation. The corresponding equivalent circuit model parameters for the
through-ground via models have been determined by a direct comparison of the
scattering parameters of the via model results obtained from EM simulation
with the network parameters of the via model.

Bandstop and lowpass filters were designed at 1.5 GHz with a

maximally flat response and have been fabricated on a back-to-back microstrip
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platform with &=2.2 and substrate height h=31 mil for both dielectric layers.

The overall footprint of the multi-level folded line bandstop filter is only 18%
of the overall footprint of its conventional counterpart and 52% of the overall
footprint of the single-level folded line bandstop filter. The normalized
conductor widths for the new multi-level folded line bandstop design are much
larger (0.4 versus 0.032) when compared to the conventional design. The
overall footprint of the multi-level folded line lowpass filter is only 34% of the
overall footprint of its conventional counterpart and 44% of the overall
footprint of the single-level folded line lowpass filter. The conductor widths for
the new multi-level folded line lowpass design are much smaller (3.21 versus
7.9) when compared to the conventional design. Thus, the multi-level folded
line designs have practical dimensions for a physical realization, thereby
eliminating the problem of having very narrow or very wide line widths as in
the case of the conventional filter configurations. The measurement results are
in good agreement with the theoretical results, as well as full wave 3D EM
simulation using CST Microwave Studio® [23]. The new filter designs

presented are useful for RF wireless applications in the 1-10 GHz range.

6.2 Further Research
Potential avenues for further research in this area of filter synthesis
and design are as follows. Closed form design equations can be developed for

the line widths, spacing and length of the coupled lines of the folded line filter
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sections in terms of the lowpass prototype values. This would eliminate the

need for performing optimizations to match the response of the conventional
stub loaded designs.

Alternatively, Artificial Neural Network models (ANN) can be
developed. Artificial neural networks are emerging as a fast and powerful
alternative to time-consuming EM computation [28] - [30]. They are used for
RF and microwave characterization, modeling and design. From the microwave
data available, the neural network model is trained and used to further enhance
the microwave design. Artificial neural networks are best used in scenarios
where EM computations are expensive, in modeling new components where
closed form expressions are unavailable. This method is particularly useful in
optimizations and parameter sweeps which are otherwise very time consuming.
The results from the artificial neural network models can be used in the
synthesis of the bandstop and lowpass microwave filters.

Finally, the design methodology used in the case of the multi-level
folded line bandstop and lowpass filters using the through-ground vias can be
extended to other passive microwave structures like toroidal inductors,

directional couplers, power dividers etc.
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