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Abstract

This work treats design and fabrication issues associated with innovative tunable front—end
components which combine two different ceramic technologies, namely multilayer ceramic cir-
cuit boards (low temperature cofired ceramics or LTCC) and piezoelectric actuator technology
within a single device. The need for such components is particularly arising due to the in-
creasing number of wireless services and associated frequency bands in the range between 0.5
and 2.5 GHz. This has led in the past to the concept of software-defined radio (SDR) which
would provide a cost-efficient solution by treating signals digitally and software-controlled up
to the highest possible frequencies and as close as possible towards the transmit antenna, while
the final analogue section at the antenna comprises only few high—performing and frequency—
agile, tunable components. However, as a consequence of demanding component specifications,
SDR has not yet found noticeable application in consumer markets despite ongoing search for
suitable device concepts and fabrication technologies.

Similar to the known micro—electromechanical (MEMS) approaches for tuning and switching,
this work presents a modified parallel plate capacitor with high—permittivity dielectric and
piezoelectrically movable top electrode as a tuning element. Like in MEMS solutions, there is no
tunable dielectric material required for tuning as for example paraelectric material, which would
introduce additional losses. The proposed device therefore has the potential for a high quality
factor. Contrasting MEMS, piezoelectric actuators exhibit proven reliability and lifetime. Also
sticking of contact surfaces can be overcome by the actuator force. The size of the actuator in
the order of several millimeters is not impedimental in the present context, since it compares
well to the size of planar integrated filters in the frequency range mentioned.

The vertical movement of the electrode opens an air gap above the dielectric film which allows
for substantial lowering of the effective dielectric constant and capacitance. When applied as
a shunt capacitor in a coupled microstrip lines LTCC bandpass filter, the center frequency of
the filter is tuned from 1.1 GHz to 2.6 GHz (tunability of 135%) with 200 V control voltage
and low insertion loss of value 4 dB (at zero-bias) to 2 dB (at the maximum bias). For a more
compact size, one electrode of the piezoelectric element is simultaneously used as the center
microstrip line of a filter employing three coupled lines. Its equivalent circuit has been used to
explore the change of the capacitor parameters across the entire tuning range. The capacitor
varied from 7 pF to 1.35 pF with a quality factor between 60 and 160. The quality factor could
be improved by a factor of 7 when the metallization of the piezoelectric actuator, changes from
80 nm to 500 nm.

This thesis discusses also the effects of tuning mechanism on the overall quality factor, return
loss, insertion loss, and the relative bandwidth at the mid of the band as a function of frequency
across the entire tuning range. The analysis of the device by full-wave simulation reveals a
high potential tuning range from 0.8 GHz to 2.8 GHz when the thin—film processability of the
LTCC surface is properly controlled. The feasibility of tuning using piezoceramic varactors is
explored. A systematic approach for designing wideband tunable combline microstrip filters
is presented. The assembly and interconnect technology between LTCC microstrip structures



and piezoceramic element is important for the device performance. Control over the thin film
air—-gap capacitor on the thick film LTCC substrate requires the integration of a polishing step
into the processing sequence. Switching speed, dynamic behavior as well as power consumption
are being addressed.
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1. Introduction

With growing number of supported frequency bands, the state of art of front ends not only leads
to high cost and volume but also to poor performance due to the insertion loss of many cascaded
stages and switches in the signal paths [1]. Thus frequency agility (tunability /reconfigurability)
is the expected key feature of cost—efficient front end terminals.

Due to the urgent need for tunable filters, many design and material approaches have been
described in literature. It is directly evident that a large gap exists between the tuning range
needed from a systems point of view and those achieved by physical devices. A major research
objective is the wide band RF front end covering the frequency range from 800 MHz to 2500
MHz (tuning of 215 %) with properly scaled bandwidth and attenuation at higher frequency.
The highest tuning ratios have been reported by Tombak et al. [2] (tuning of 57 %), Yun et al.
3] (tuning of 24 % ), and Sanchez—Renedo et al. [4] (tuning of 60 %).

Tunable devices should offer services which provide flexibility and scalability that match
the system demands. For example, whatever the method of tuning may be, tunable filters
must conserve as much as possible their transmission and reflection characteristics over a given
tuning range. The tuning element plays an important role in determining the overall quality,
sensitivity, size and power consumption of the tunable device and as a consequence the overall
communication system performance.

Integrated voltage—controlled capacitors (varactors) are core components in tunable RF and
microwave devices such as voltage controlled oscillators (VCO’s), tunable filters, phase shifters,
and tunable matching networks. A varactor with high quality factor and large tuning range is
a mandatory prerequisite to meet the requirements of high tunable components specifications.
For most of the tunable devices, it is not desired to make the device configuration complicated;
other wise it will be hard to tune it from one frequency to another without perturbing the
performance.

However, the design and manufacture of analogue filters with sufficient tuning range is not
trivial and has not yet been satisfactoryly achieved to date due to the lack of a high quality
tuning element. Thus, it calls for a joint effort in materials development, processing technologies
and device concepts.

1.1. State of The Art

A variety of tuning—concepts have therefore been investigated over the years as described in
[5]. Particularly noticeable are varactor diodes [6], paraelectric capacitors [7], and micro elec-
tromechanical system (MEMS) capacitors [8]. A specific characteristics of a varactor diode is
its depletion region capacitance which can be varied by the applied bias voltage [9]. The capac-
itance is typically modeled as a parallel-plate capacitance with the depletion region serving as
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a dielectric. The depletion region varies with a corresponding change in voltage applied to the
varactor diode, thereby changing the distance between the parallel plates and resulting in vari-
able capacitance. Generally, the depletion region width is proportional to the square root of the
applied voltage; and capacitance is inversely proportional to the depletion region width. Thus,
the capacitance is inversely proportional to the square root of applied voltage. Semiconductors
are limited in their applications by performance issues. Fundamentally, the quality factor (Q)
for varactor diodes varies inversely to the tunable capacitance range of the diode. The quality
factor suffers from the high series resistance of the varactor diode junction, which results in
lower quality when the diode capacitance is increased [10]. Therefore, circuits requiring high @
values, such as wide tunable bandpass filter, do not rely on this sort of varactor. Kageyama et
al. [11] have developed a tunable active filters with multilayer LTCC structure. The tunability
was attained with the help of varactor diodes. A 13 % tuning range of frequency at center
frequency of 0.8 GHz has been achieved. To avoid the decreases of the quality factor, the RF
circuit has been adjusted to achieve low loss on the expense of the tuning range.

Paraelectric varactor [12], mainly Barium-Strontium-Titanate (BST) [13] rely on changing
the dielectric constant of the BST material. BST is a nonlinear dielectric material, whose
relative dielectric constant strongly depends on the electrical field strength in the material. The
internal dielectric polarization can be changed, applying an external voltage on the material
[14]. Due to the high electrical charge of the Ti-ion, a high dipole moment is induced, that
results in both, a substantial absolute value and a relative change of the dielectric constant
[15]. The dielectric loss tangent of BST films increases with frequency and depends on the
film quality. Dielectric varactors based on tunable BST films are quite promising alternatives
to semiconductor varactor diodes, in particular with increasing frequency [16]. Whereas the
quality factor of semiconductor varactors decrease strongly with increasing frequency due to the
dominating series resistance of the active semiconductor, the quality factor of a BST varactor
is mainly determined by the film loss tangent [17]. Different microwave devices have been
developed based on this valuable property. Examples of the applications of ferroelectric BST
films include tunable resonators, filters (Tombak et al. [12]) and phase shifters (Dongsu et al.
[18]), and variable frequency oscillator. There are also some products available by Paratek
Microwave Inc. [19].

A MEMS varactor [20] closely resembles a traditional variable capacitor. In a MEMS varac-
tor, the distance between capacitor plates is varied with a control voltage, thus changing the
capacitance [21]. The voltage across the electrodes is varied to pull down and up membrane,
which varies the distance [22]. The capacitance is tuned by varying the air gap, or the overlap
area, or both simultaneously by actuation. Compared with solid—state varactors, microma-
chined tunable capacitors have lower loss and potentially lower tuning range due to the pull-in
effect and parasitic capacitance [23]. A problem in MEMS devices is stiction [24]. However,
a significant drawback is the highly nonlinear tuning response as a function of the actuation
of the device [25]. Several driving principles which are suitable in the micro domain are used
including electrostatic [26], piezoelectric [27] and thermal [28] actuation. Each mechanism has
specific advantages with respect to deflection range, required force, power requirements, and
repones time. A wide variety of MEMS tunable capacitors have been reported in literature: An
electro—thermal actuator has been used for driving the top plate of the parallel plate capacitor
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in the work of Feng et al., [29]. The measured @ is 256 at 1 GHz and a tuning ratio of 2
to 1 has been reported. A high ) tunable micromechanical capacitor has been developed by
Yoon et al., [30], the key feature in this design based on moving the dielectric between the
capacitor plates, rather than moving the plates themselves. A measured @) of 291 at 1 GHz
with a tuning range 7.7% over 10 V has been reported. Wang et al., [31], used a suspended
plate array and bottom array to tune an interdigitated comb capacitance. A micromachined
parallel plate tunable capacitor consists of one suspended top plate and two fixed bottom plates
has been presented by Zou et al., [32], for the fabricated prototype, a maximum tuning range
of 69% has been achieved. A MEMS capacitor has been fabricated in a thin film technology
using a dual gap relay type design by Rijks et al., [33], the capacitor shows a continuous and
reversible capacitance tuning with a tuning ratio up to 17 ( the capacitance tuned roughly from
0.9 pF to 0.05 pF), while requiring an actuation voltage of only 20 V. A quality factor of 150
to 500 has been measured in the frequency range of 1 to 6 GHz. Park et al., [34], fabricated
a micromachined RF MEMS tunable capacitor using piezoelectric actuator. The fabricated
device has a tuning ratio of 3.1 to 1 at bias voltage of 6 V and a quality factor of 210 at 1 GHz.

All of these approaches come with their individual benefits and draw-backs in terms of power
consumption, speed, reliability, microwave losses or drive voltage level. These approaches are
not feasible for a broadband tuning ranges. Therefore it is fundamentally impossible to realize
a large tuning ratio combined with an appreciable quality factor.

1.2. Objective

The next generation of cellular phone terminals will require coverage of a significantly larger
number of bands. The total spectrum allocated to these services amounts to more than 2
GHz (including occasional overlap of the bands of different bandwidths). Furthermore new
approaches to spectrum disposition are prepared at regulatory agencies including dynamic
spectrum allocation and opportunistic use of spectrum which will disrupt today’s fixed one-
to-one mapping between communication standards and frequency bands [35]. Thus, frequency
agility is one of the expected key features of future terminals. Furthermore, adaptable or tunable
analogue RF front end sections within these devices could lead to fully software controlled
operation, modification and updates. The notion ”software-defined radio” (SDR) has been
coined for this idea some time ago.

If a software defined radio (SDR) could be implemented in hardware, this would allow the
wireless transmission and reception of signals of any frequency, power level, bandwidth, and
modulation technique. A multi-100Gb/s ADC/DAC connected to a suitable antenna would be
the ideal realization performing all of up/down conversion, filtering and baseband processing
in the digital regime. However, such ADC performance will not become available in the fore-
seeable future. The SDR frontend (FE) therefore has to be split into a digital section DFE
extending from the baseband processor as far as technically feasible towards the antenna, in-
cluding occasionally the intermediate frequency (IF) functions (see Fig. 1.1), and an analog RF
section AFE bridging the gap between the highest frequency digital functions and the antenna
[36]. Current agile frontend concepts achieve tunability by a multitude of tunable frequency
selective elements, e.g. matching networks, switches, power amplifier. Antenna switch modules
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(ASM) [37] and switchable filter banks [38] are more easier to realize. They are not exhibit
stepwise tuning, but also poor performance due to the insertion loss of many cascaded stages
and switches in the signal paths and they are usually not small. They are limited to a small
number of fixed transmission, Tz, and reception, Rz, bands.
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Multiband o i >(_ e | ¢ |
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receive filter
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Figure 1.1.: SDR system architecture (After Lucent Technologies).

The lack of frequency agility in the RF front—end is in fact the major technological blocking
point on the evolution towards multi—standard enabled terminals and cost effective platform
designs. For the foreseeable future, there will always be some analogue components on the
high—frequency side of the frontend. Making these adaptable to various modes and tunable to
various frequencies will pave the way for a fully software controlled or software defined radio
[39]. A single filter with wide tuning range (or frequency shift of its pass band which can be
controlled by an external voltage) would enable radio manufacturers to replace several fixed
filters covering adjacent frequencies [40]. This versatility provides RF front—end tunability in
real time applications and decreases deployment and maintenance costs through software con-
trols and reduced component count. However, the design and manufacture of analogue filters
with sufficient tuning range is not trivial and has not yet been satisfactorily achieved to date.
A number of approaches has been tested in the community, largely based on semiconductor
varactor diodes, tunable ferroelectric materials, and micro-electromechanical systems (MEMS),
but to our knowledge severe penalties always come along with moderately promising perfor-
mance. The present approach offers innovative tunability performance that combines favorable
properties with respect to tuning range, quality factor and power consumption.
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1.3. Outline

The task of the present work is to study the performance potential of piezoelectrically driven
micromechanically tuned band pass filters in the frequency range of wireless AFEs and to
assess this device concept with respect to its design reliability, technical feasibility and mass
producibility.

After the short review of the state-of-the-art in tuning in chapter one, several potentially
attractive concepts are studied with attention to a maximal tuning range by using commercial
software for circuit simulation as well as 2.5D and 3D electromagnetic device simulation.

Chapter two contains an overview of the published network synthesis techniques for filter
design theory. The design is simplified by beginning with low pass filter prototypes that are
normalized in terms of impedance and frequency. Frequency transformations are then applied
to convert the prototype designs to the desired frequency range and impedance level. Also this
chapter summarizes the design procedures for tunable combline filters as they are described in
traditional literature in order to make them applicable to the present design goal. The design
procedure starts with the specification of the desired filter characteristics over the tuning range.
The proposed method gives straightforward criteria to choose the filter design parameters that
lead to the determination of the self- and mutual capacitances per unit length of the coupled
microstrip lines. These circuits elements are used to compute the normalized coupling between
the coupled lines. Next, the filter dimension are constructed.

The technology for the fabrication and assembly issues arising from the device structure which
combines the two ceramics components, LTCC and piezoelectric actuator technologies have
been covered in chapter three. In order to guarantee optimum performance of both, the LTCC
integrated coupled line filter elements and the piezoelectric element, at hybrid assembly process
of two separately fabricated and optimized components is adopted here. The characterization of
the deflection of the cantilever glued to LTCC substrate is also presented. It has been measured
using an optical measurements setup as a function of tuning. It is based on triangulation
principle.

The study in chapter one has lead to a novel piezoelectrically driven variable capacitor
with wide tuning range. The potential of this approach is presented in chapter four. The
proposed capacitor is tuned by varying the gap width between the electrodes. In contrast to
the conventional two parallel plate capacitors, the present approach employs a piezoceramic
cantilever to move the top electrode. This varactor can be further integrated with passive
components to yield specific frequency—tunable characteristics. After the setup for the RF
measurements, the fabricated device performance is studied. The center frequency of the filter
is tuned from 1.1 GHz to 2.6 GHz with 200 V control voltage and low insertion loss value of
4 dB (at zero—bias) to 2 dB (at the maximum-bias. The present filter design focuses on the
demonstration of feasibility, tuning range, and device compactness. Although no optimization
was done for power consumption, tuning speed, drive voltage, filter attenuation, and insertion
loss. This chapter also shows the effects of tuning mechanism on the overall quality factor,
return loss, insertion loss, and the relative bandwidth at the mid of the band as a function of
frequency across the entire tuning range. As with any other filter technology, quality factor
and selectivity can be improved at the expense of insertion loss, e.g. by adding further circuit
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elements or resonators. A second order combline filter has been designed and fabricated in this
chapter. This chapter treats also the measurements and characterizations of this filter. The
filter has shown a better selectivity of 10 to 15 dB more than the first order. The quality factor
of the capacitor has been improved by a factor of 2 for a cantilever metallization of 150 nm
gold.

The measurement results have been analyzed and interpreted in chapter five. The device
shows a word record tuning range and a relative low insertion loss with respect to the tunable
filters were published. The analysis of the device by full-wave simulation reveals a potential
tuning range from 0.8 GHz to 2.8 GHz when the thin-film processability of the LTCC surface
is properly controlled. Switching speed, dynamic behaviors as well as power consumption are
being addressed in this chapter. The device outlook is also presented in this chapter.

The idea of the present approach that has been explained in the fourth chapter could be
extended to tune multiple capacitors with a single cantilever in chapter six. The filter topology
plays the most important role in doing that. The major challenge would be where to place
the capacitors with in the filter structure for optimum tunability. In higher—order version
of the present structure (combline filter) a set of cantilevers will be driven simultaneously
and individually to tune the filter. Throughout this chapter a proposed solution which looks
feasible will be studied. Also, the angular misalignment, reproducibility, reliability, and fatigue
are shortly addressed.

Chapter seven concludes this thesis by summarizing and discussing its main results.



2. Fundamentals of Tunable Filter
Theory

A microwave filter is a two-port network used to control the frequency response at a certain
point in a microwave system by providing transmission at frequencies within the passband and
attenuation in the stopband [41]. The main types of microwave filters are: waveguide filters
[42] (characterized by high power, low loss and large size), dielectric resonator filters [43] with
a quality factor @@ ~ 10.000 (low loss and small size), and filters based on planar structures,
such as microstrip lines [44]. Most of the typical microwave filters used today are summarized
in [45]. A filter design needs to take into accounts physical concerns such as size, weight, and
cost, as well as performance considerations, including isolations, loss minimization, and group
delay. Fig. 2.1 shows the amplitude response of a theoretical bandpass filter. This figure serves
fo f
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Figure 2.1.: Frequency response, theoretical bandpass filter.

to define the following parameters: the minimum passband gain A,, the maximum stopband
gain Ay, the center frequency wy, upper passband and stopband frequencies wy, and wy, and
lower passband and stopband cutoff frequencies wy; and wg. Frequency ranges where the gain is
relatively large are called passbands and those where the gain is relatively small, are stopbands.
Those in between where the gain increasing or decreasing are termed transition bands. Almost
always one parameter has to be scarified a little bit in order to improve another, such the
tradeoff of insertion loss and selectivity.
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Filters can be designed using the image parameter [46] or the insertion loss methods [47].
The image impedance and attenuation function of a filter section are defined in terms of an
infinite chain of identical filter sections connected together [48]. The image parameter method
may yield a usable filter response, but if not there is no clear cut—way to improve the design.
Derivations for the design equations and more complete discussions can be found in [49].

2.1. Network Synthesis Method

Network synthesis methods [50] start out with a completely specified frequency response. The
design is simplified by beginning with low pass filter prototypes that are normalized in terms of
impedance and frequency. Transformations are then applied to convert the prototype designs
to the desired frequency range and impedance level. The insertion loss allows filter performance
to improve in a straightforward manner, at the expense of a higher order filter.

2.1.1. Synthesis Techniques

A two—port network can be synthesized from its impedance function Z(p), admittance Y (p) or
its scattering parameters S(p) [51], where p is a normalized complex frequency variable given
by

p = o+jw (2.1)

In passive network synthesis techniques it is often desirable to work with the network re-
flection coefficients rather than the input impedance. Since synthesis procedure requires the
availability of rational functions, the generating of these procedure for generating these func-
tions will be briefly discussed. Suppose that Si; (p) could be written as fractional polynomial:

N(p)

S = — 2.2
11 (p) ) (2.2)
The objective now is to determine Si; (jw) by its values along the jw axis. This done by the
determination of the numerator and denominator coefficients to meet the stated specifications.
Once this accomplished, the computation of the transfer function is processed in order to
synthesized the filter. The function in (2.2) is synthesizable into network only if it is a positive
real function [52] this means that its input impedance Z;, (p) (or the input admittance Y;, (p))

is real, thus require p to be real , mathematically

R{Z:wn(p)} > 0 for R{p}>0 (2.3)

or

R{Yin(p)} >0 for R{p}>0 (2.4)
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Since Zj, (p) (or Y, (p) ) is a positive real function, thus Sy; (p) is a bounded real function,
mathematically

I1S11(p)] < 1 for R{p}>0 (2.5)

i.e. Sy (p) is analytic function and contains no poles or zeros in the right half-plane of p. The
poles and zeros in (2.2) are either real or complex conjugate pairs. Thus, all the coefficients of
N (p), D (p) are real and positive with zeros and poles on the j-axis in the o—w plane. From
(2.3) (or(24)), Zi (p) (or Yy, (p)) has no poles or zeros in the right half-plane. Since Si; (p)
is analytic function [53] then the complex conjugate satisfies S7; (p)=9511 (p*), therefore

[S11(p) S11 (=P)lpjy = S1 () S*11 (jw) = |1 () (2.6)

This yields [Sy; (jw)|* to be function in terms of w?. Therefore

1S (jw)|? = A? (w?) (2.7)

where A? (w?) is a real polynomial in terms of w? and could be characterized by the ratio of
two polynomials in w? such as B (w?) and C (w?) where A? (w?) is given by

2 2y _ BW?
A (w?) = a0t (2.8)
Since
_ N@N(=p)
R T T 2
Therefore
(NN ()], = N (jw) N (jw) = N (j0)|* = B (+*) (2.10)
and the same for D (p)
[D(p) D (=p)l,eg = D(jw) D" (jw) = |D (jw)|* = C (w*) (2.11)

Since (2.7) requires the substitutions p — jw, one also has p? — —w?  and conversely. Thus

S (p) St (—P) = A’ (—pQ) (2'12>
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The problem now is to compute N (p), D (p) from ( 2.10) and ( 2.11) respectively. So the
problem is turn to find N (p) from N (p)N (—p), and finding D (p) from D (p) D (—p). To

illustrate this procedure, assume that |Sy; (jw) |? is given by
Sl = 2 2.13)
11 .] - 1+w6 .
From (2.7)
A2 (2 w®
= 2.14
Therefore from (2.8)
B (wz) = S 1
Cw) = 14u° 2.16)
Applying (2.12)
213
A (—p?) = P 2.17
R (247)
Therefore from (2.8)
3
B(-p*) = (-p%) (2.18)

3

C(=p) = 1+(=p)

Now, both functions N (p) and D (p) will be find by solving the next two equations simulta-
neously:

NN (=P = o = (=)’ 2.20)
(DP)D(=p)l,my = 140 =1+ (=p?)’ (2.21)
more simplifications
NN (D), = —° 2.22)
[D (p) D (=p)] =i 1—p° (2.23

the solutions are
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N(p) = +p° (2.24)

and

[D(p)D(=p)lyyy = 1-1° (2.25)

A process known as the factorization problem which yields a non—unique solution is used
to write D (p) D (—p) as a product of two functions. One of these functions D (p) is assigned
all left-hand of plane (LHS) poles while the other D (—p) is assigned all right-hand of plane
(RHS) poles.

(1-0%) = (1+2p+20°+p") (1-2p+ 20" - ") (2.26)

(1 —p®) is expanded to two polynomials multiplied with each other. The stability of the
network requires that D (p) has a real coefficients which is bigger than zero, to ensure that

D(p) = (1+2p+2p°+p°) (2.27)
Therefore
+p?
S 2.28
Since
1+ 51 (p)
Z = — = 2.29
W = e (229
(2.30)
Therefore
D (p) + N (p)
Z(p 2B TAP) 2.31
) D(p) = N (p) (281)
Finally, two possible solutions are available for Z (p), for N (p) = —p*, which is
1+ 2p + 2p?
Z 2.32
W) = oo (2:32)
and the other for N (p) = +p?, which is
1+ 2p + 2p* + 2p?
Z (p) e (2.33)

1+ 2p+ 2p?
Hence, there are two possible realization for this network.



12 2. Fundamentals of Tunable Filter Theory

2.1.2. Ladder Network

A common realization of the previous impedance functions (2.32)and (2.33) used in filter design
is the ladder network shown in Fig. 2.2. The ladder network can has four forms, beginning
with a series elements and ending with a shunt element, or beginning with a series element
and ending with a series element like in Fig. 2.2. The other two possibilities is to begins with
a shunt element and ends with series or shunt element, respectively. The input impedance of
Fig. 2.2 is given by the continued fraction expansion

_ 1
Zin (p) - pZ1 + pZot 1
pZs+

(2.34)

PZN—1+pZN

where Z; represent an inductor or capacitor. Since the impedance numerator degree of (2.32)
is less than the denominator degree, the corresponding ladder network will start with a shunt
capacitor element. The value of this capacitor is computed by evaluate the residue of Y (p) at
p = oo. Thus

Figure 2.2.: The ladder network.

1+ 2p+ 2p* + 2p°
1+ 2p+ 2p?

Y (p) (2.35)

the residue evaluate by dividing the admittance over p and taking the limit as p tends to oo,
Le.

1,2 2
Y = lim1+2p+2p2+2p3: imF+F+5+2:1 (2.36)
2 P p—oo -+ 2p% + 2p3 p—00 z% % +2

Now the shunt capacitor of value 1 F is removed from admittance function, leaving the
remaining admittance Y (p)

1+2p+2p° +2p° 1+p

S 2.37
1+ 2p+ 2p? b 1+ 2p+ 2p? (237)

Yi(p) = Y(p)—1p=
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Since the admittance numerator degree is bigger than the denominator degree in the impedance
function Y; (p) the next element will be a series inductor. Again, the residue of Y; (p) is evalu-
ated at p = oo

I 142p+2p?

Z(p) = 2.
2
[me} S ke Lk (2.39)
P lpw % pEDp

so the value of the series inductor of value 2 H will be extracted from Z; (p), leaving a
remanning impedance Z5 (p)

1
Z. = Z —2p=— 2.40
2 () 1p) =2 =1 (2.40)
now
Yo (p) = L 1+ (2.41)
Again, the residue of Y; (p) is evaluated at p = oo
Y 1
[Q@W — lim-+1=1 (2.42)
P lpe oD

Again, the shunt capacitor of value 1 F is removed from admittance function, leaving the
remaining admittance Y3 (p)

Y3(p) = Ya(p)—1p (2.43)
= 1 (2.44)

Y3 (p) represent the load resistor of value 1 Q. The complete synthesis process is shown in
Fig. 2.3(a). Also, Fig. 2.3(b) shows that one for (2.33).
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Figure 2.3.: The complete synthesis process
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2.1.3. Losses of Two—Port Network

In this subsection the definitions of insertion and return losses within a general two—port net-
work is introduced. Consider Fig. 2.4, where is the (Py,) is the incident power, (Pg) the power
reflected back to the generator, (Pr) the power absorbed by the filter, (P4) the power trans-
mitted to the load. The insertion loss (in decibels) at a particular frequency can be defined
as:

Filter

Pln_>§ R
<«

R

U

]
]
]
> ! >
]
|
Figure 2.4.: General filter network configuration.

P, = Pr+P; (2.45)

The insertion loss L, of the filter is defined by the ratio of the power available from the
source to the power delivered to the load, mathematically:

Py, 1 1
Pr 1= |Su(w)"  [Si2(jw)|
In dB the insertion loss is expressed by
[Lalyz = —20 logyy |Si2(jw)| dB (2.48)

This value represents the transfer function Sis (p) expressed in decibels. The reflection coef-
ficient S1; (p) expressed in decibels and is known as the return loss L. The return loss Lg of
the filter is defined by the ratio of the power available from the source to the power reflected
from the load, mathematically:

P 1 1
Lr = In N NP (2'49)
Pr 1— 8 (jw)l*  [Su (jw)]

In dB the return loss is expressed by
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[LR]dB = —20 logy, ‘Sll (JW>’ dB (2-50)

The insertion loss is a measure of the attenuation through the network. The return loss is
a measure of how well matched the network is. A perfectly matched lossless network would
have zero insertion loss and infinite return loss. In practice, a polynomial transfer function as
Butterworth [54], Chebyshev [55], and Bessel [56] is used to model the filter response.

2.2. Lowpass Prototype Filter

The lowpass prototype which may be of lumped or distributed realization from which real
filters may be constructed. Frequency transformation allows to derive highpass, bandpass and
bandstop from the lowpass prototype. As a result the following transformations are used [57]

(lpp <~ lp) : s—kp (2.51)
k
pp e hp) 1 s — = -
[ h » 2.52
2
(Ilpp <= bp) : s— pA_:;dO (2.53)
Awp
(lpp < bs) : s— P (2.54)

where k, Aw and wq are the scaling factor, the passband bandwidth and the center frequency,
respectively. Fig.2.5 shows how the lowpass prototype convert to other types.

2.2.1. Butterworth Filters

The butterworth filter is also known as the maximally flat due to the fact it has the most flat
passband response. This kind is useful if the signal distortion in the passband must be kept
at the minimum. The filter response is less steep compared with other filters type. Therefore,
this kind of filter is less useful for filtering signals which are located closely to each other in the
spectrum. The magnitude response of N order butterworth filter is given by

. 1
) = ——— (2.55)
Thus
NP 1
512 (jw)|” = 1T (2.56)

The order N is determine from the equation
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Figure 2.5.: Catalog of basic filter types

1

_ A, 2.57
V1 +w2N ( )

or, rearrange;

log [ﬁ — 1}

N
2log (ws)

(2.58)

The value of N is chosen to be the smallest integer greater than the expression on the
right—hand side of (2.58). The synthesis of the maximally flat filter proceeds as follows:
Since

o 2N
[S11 (jw)I" = 1o (2.59)
Therefore
‘ . W2N
SH (Ju}> SH (-Ju)) = m (260)

To construct the Sy; (p)Sii (—p), the w? is replaced by —p?
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S11 (p) Su (—p) = % (261)

Therefore from (2.8) we obtain
B(-p’) = (-»")" (2.62)
C(—p*) = 1+ ()" (2.63)

Now, both functions N (p) and D (p) will be find by solving the next two equations simulta-
neously:

NN (P = (=) (2.64)
D) D (), = 1+ (=) (2.65)

The resulting filter should be stable. This means that the poles of S1; (p) Si1 (—p) that lie
in the right-half plane must be discarded and the remaining ones assigned to Si; (p). Solving
(2.64) yields

N(p) = +p" (2.66)

Now, D (p) should be formed from the left half-plane poles, i.e. the zeros of the left half-plane
could be found as follows: since

[D(p)D(=p)l,ey = 1+ (D" (@)™ (2.67)

The problem now is merely to find all the poles of Sy (p) S11 (—p), then to sort them. These
poles are located at the zeros of the denominator in (2.9). Thus, one must solve

L+ (DY (@* = 0 (2.68)

this implies that

PN o= () =Y (2.69)

Representing p in polar coordinates by

p = pe? (2.70)
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Therefore (2.69)becomes

This has the solution

and

¢ =

pQNej2N¢ —  oim(N-D)

n(N—=1) 2rm w 7w(2r—1)

oN  ToN 27 an

where 7 is any integer. Now, since ¢/z = j and assuming that

Therefore

2r—1)=m

0, =
2N

pPr = JQJGT = —sin (97») +jCOS (07.) r = 1’ ,277,

Since

Therefore

Now since

That is;

pr = Op+ jwr
o. = —sin(6,)
w, = cos(6,)

cos® (6,) +sin® (9,) = 1

19

(2.71)

(2.72)

(2.73)

(2.74)

(2.75)

(2.76)

(2.79)

(2.80)
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(a) Projection on the o —w plane. (b) 3D view of the poles.

Figure 2.6.: Poles of the second order Butterworth transfer function.

Figure 2.7.: Poles of the second order Butterworth.
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Thus, the poles of the lowpass prototype utilizes a Butterworth functions lie on a unit circle
in the complex plane and the first n roots lie in the half-plane. For second order butterworth
the poles are shown in Fig. 2.6(b),where p; = —0.7071 + j0.7071, po = —0.7071 — j0.7071,
—p} = 4+0.7071 + j0.7071, —p; = +0.7071 + j0.7071. For the 6 order butterworth the poles
are shown in Fig. 2.7, only the left-hand poles, the right-hand poles have been discarded,
the poles are p; = —0.2588 + j0.9659,py = —0.7071 — j0.7071,p3 = —0.9959 + j0.2588,p, =
—0.9959 — j0.2588, p;s = —0.7071 + j0.7071, pg = —0.2588 — j0.9659.

Since D (p) should be all real and bigger than zero, so that the circuit could be realized.
Also, its all-roots should lie on the left-half plane. D (p) is given by

::]z

p—jexp(j0.)) (2.81)

r=1

Finally

+pV
[T, (p —jexp (i)

Su(p) = (2.82)

Thus, for a butterworth of second order

+p? +p?
Su(p) = - 2.83
N RN RS RN AR 25
Now
14 v2p + 2p? 1
Z (p) TVt ) — (2.84)
1++/2p V2p+1
or

J2H J2H
fF—|—$IQ V2F - 102

(@) ()

Figure 2.8.: Realization techniques.
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14+ v2p+2p° _Vaps L
1++/2p \fp+1

giving the two realizations shown in Fig. 2.8a, and Fig. 2.8b. Fig. 2.9 shows the Butterworth
response forn = 1,2,4,6. For Butterworth, a closed form equations can be obtained to calculate

Y (p)

(2.85)

1,0

Jo T
\

06- X&F\\

% ’ Tn=1
2] ~
9N 04 n=2 -
\\
n=4 \
0,2 N
n=6\\
~
0,0 T T . . x x .
0,0 0,2 04 0,6 0,8 1,0 1,2 14

Angular frequency (o)
Figure 2.9.: Butterworth lowpass characteristic.

the lowpass ladder circuit elements. Assume the two—element low—pass filter prototype shown
in Fig. 2.10. Assuming also a source impedance of 1 €2. The input impedance of this filter is

R(1—jwRC)

Zin(w) = Jolt e

(2.86)

L

oMo

Input C Output
O O

Figure 2.10.: Two—element lowpass prototype.

The power loss of a second—order will be

Ly = 10logy (1+w') dB (2.87)
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Thus the power loss ratio is defined as

Pp = ——— (2.88)
1— S (jw)|”
= 1+uwt (2.89)
Thus
1
Pip = (2.90)

1= ((Zin (jw) = 1) / (Zin (jw) + 1)) (Z5,, () = 1) / (25, (jw) + 1))

| Zin (jw) + 1

= 22 i) + Zi () 20

_ 1+ 2?202 L . ijR?CQ + 1} 2 + [wL - %} 2 (2.92)

_ % [R2 4 2R + 1+ w?R2C? + WL + w'R*LC? — 2 LOR?| (2.93)
= 1+ ﬁ (1 - R)*+ (R*C? + L* — 2LOR?) w* + w'R*L*C?] (2.94)
= 1+t (2.95)

Since Prp = 1 for w = 0 and R = 1. In addition the coefficient of w? must vanish, so
C?+[*—2LC = (C-L>=0 (2.96)
or L = C. Then for the coefficient of w* to be unity, thus
1 1
—C?’L* = -L'=1 2.97
1 1 (2.97)

thus

L = C=V2 (2.98)
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This procedure can be extended to find the element values for filters with an arbitrary number
of elements, N. The Butterworth prototype values for N ladder network order can be calculated
from the equations below [58]

go = 1 (2.99)

o @ -1 B
gr = 2sin [ 5N r=1,2,.N (2.100)
gny1 = 1 for all N (2.101)

These elements often expressed by tables, like in Table 2.1. Fig. 2.11 shows a filter having three
reactive elements, this elements alternate between series and shunt connections.

Table 2.1.: Element values for the Butterworth Ladder Filter with go = 1,w. = 1, and n = 1 to 9.

g1 g2 g3 g4 95 e gr gs 99 gio
2.0000 1.0

1.4142  1.4142 1.0

1.0000 2.0000 1.0000 1.0

0.7654 1.8478 1.8478 0.7654 1.0

0.6180 1.6180 2.0000 1.6180 0.6180 1.0

0.5176 1.4142 1.9318 1.9318 1.4142 0.5176 1.0

0.4450 1.2470 1.8019 2.0000 1.8019 1.2470 0.4450 1.0

0.3902 1.1111 1.6629 1.9616 1.9616 1.6629 1.1111 0.3902 1.0
0.3473 1.0000 1.5321 1.8794 2.0000 1.8794 1.5321 1.0000 0.347 3 1.0

O© 00 1 O Ol W N~ B

8 &3

MM
O

gz\‘L

O O

Input Output

Figure 2.11.: Ladder circuit for lowpass filter prototype of three order and their element definitions.

2.2.2. The Chebyshev Prototype

The Chebyshev filter is also known as equal-ripple filter due to the occurrence of ripples in the
passband. It is based on Chebyshev polynomials:

Ty (w) = cos[Ncos " (w)] (2.102)
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Table 2.2.: Chebyshev first kind polynomials

T, (w)
1
w
2w3-1
4w3-3w
8wi-8w?+1
16w3-20w3 45w
32w0-48w*+18w?-1

S UL W N = OB

where N is the order of the filter. The explicit form of the Chebyshev polynomials of the
first kind and degrees 1 to 6 is given in Table. 2.2. Fig. 2.12 shows plots of the Chebyshev
polynomials Ty (w) of degrees 1 to 5.

Chebyshev is an amplitude filter carried out via recursion (rather than convolution). It
achieves a fast roll off by allowing an equiripple in the frequency response — the more ripple,
the faster the roll off. It has a non linear phase response. The magnitude response of N order

XA
ALY
NV

-1,0 -0,5 0,0 0,5 1,0
Angular frequency (o)

,,,,, n

PN
o
Il

o
[&)]

o
[=]

. Chebyslhev Polynomial of order n
o
o

-
o

Figure 2.12.: Chebyshev polynomials curves.

. 1
HG = e (2.103)

The insertion loss at ripple level is normally expressed as

Ls = 10logy (1+&Tx (w)) dB (2.104)
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and n = 4,6,8. Now, the synthesis of the Chebyshev filter proceed as follows:

2. Fundamentals of Tunable Filter Theory

where £ is the passband level. Fig. 2.13 shows the plots of the Chebyshev lowpass for £ = 0.25

RN,

. \
| \

IS,(o)l

} I\

0,0 i

0,0 0,5 1,0
Angular frequency (o)

1,5

Figure 2.13.: Chebyshev lowpass characteristic.

1

. 2
1512 (jw)| 1172 (W)

(2.105)

To determine the transfer function by factorization, again this requires the computation of
the poles of (2.9). Thus, the poles are at those values of p for which

120, — o
and since
Ty (p) = cos|[Ncos™ (p)]
That is ,
9 _1 1
cos? [N cos™ (p)] + & =0

By solving for p, yields

cos  (jp) = sin~'(jy) + 6,

¥ = sinh {% sinh™* (%)1

where

(2.106)

(2.107)

(2.108)

(2.109)

(2.110)
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and
2r—1)m
0, = 21— 2.111
. 5N (2.111)
Thus
pr = jcos [sin™" (ji) + 6,] (2.112)

The left half-plane poles occurs for r=1...N.

pr = —sin(6,) —j(1—¢*) " cos(6,), for r= 1 .. 2N (2.113)
Now
DPr = Oy +jwr (2114)
— —ysin(6,) —j(1—¢?)Pcos(6,), for r= 1 .. 2N (2.115)
Thus,
o, = —sin(6,) (2.116)
Wy = —(1—¢2)1/QCOS(9r) (2.117)
Hence
T~ sin(6, 2.118
(&
(1_1/}2)1/2 = cos(6,) (2.119)
Now since
cos® (6,) +sin® (9,) = 1 (2.120)
Therefore

(3 () -
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That is;
o? w?
L L =1 2.122
Ty 2122

Thus, the poles of the lowpass prototype utilizes a Chebyshev functions lie on an ellipse.
Fig. 2.14(a) shows the poles of Chebyshev second order in the o — w plane. Fig. 2.14(b)
shows a 3D plot for these poles, where the poles given by: for & = 0.25, p; = —0.8836 +j0.3971,
p2 = —0.8836—j0.3971, —p7 = 4+0.8836+j0.3971, —p35 = +0.8836+]j0.3971, for £ = 0.5 the poles
will locate as follows. p; = —0.5559+j0.2701, p, = —0.5559—j0.2701, —p; = +0.5559+j0.2701,
—ph = +0.5559 +j0.2701. Fig. 2.15 shows the Chebyshev 6 order lowpass filter poles imposed
with that one for Butterworth 6t order.

. S|
Jjcosh[; sinh™[;-]]

| sinh[£sinh™'[1]]

(a) projection on o — w plane. (b) 3D view for the Poles.

Figure 2.14.: Poles of the second order Chebyshev transfer function

Now, from the unitary condition

2T2
i Gl = 118G = g (2.12)

It may be shown that [59]

- p +J cos (6,)
Su (P H {p + jcos [sin™" (jv) + 6,] } (2.124)

r=1
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Chebyshev
Butterworth X

Figure 2.15.: Poles of the 6t order Chebyshev imposed with Butterworth of the same order.

The network can then be synthesized as a lowpass filter ladder network by formulation of
Z (p). The Chebyshev prototype values for N ladder network order can be calculated from the
equations below [58]

2
o= (2.125)
sinh [%}
40,]6046,1
g = —— for k=23, .. n (2.126)
dr—19k-1
gne1 = 1 for n odd (2.127)
Gni1 = coth®(¢/4) for n even (2.128)
(2.129)
where
2k — 1
ar = sin [(7)”] for k=1,2,3, .. n (2.130)
2n
k
d, = [sinh2 (£)+sin2 (—Wﬂ for k=1,2,3, ... n (2.131)
2n n

¢ = In [coth (%)} (2.132)

Like in Butterworth, these elements often expressed by tables, like in Tables 2.3 and 2.4.
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Table 2.3.: Element values for the Chebyshev Ladder Filter with 0.01 dB ripple with go = l,w, =1, and n =1

to 9.
n 91 g2 gs3 94 35 Je gr gs g9 g10
1 0.0960 1.0
2 0.4489 0.4078 1.1008
3 0.6292 0.9703 0.6292 1.0
4 0.7129 1.2004 1.3213 0.6476 1.1008
5 0.7563 1.3049 1.5773 1.3049 0.7563 1.0
6 0.7814 1.3600 1.6897 1.5350 1.4970 0.7098 1.1008
7 0.7970 1.3924 1.7481 1.6331 1.7481 1.3924 0.7970 1.0
8 0.8073 1.4131 1.7825 1.6833 1.8529 1.6193 1.5555 0.7334 1.1008
9 0.8145 1.4271 1.8044 1.7125 1.9058 1.7125 1.8044 1.4271 0.8145 1.0

Table 2.4.: Element values for the Chebyshev Ladder Filter with 0.1 dB ripple with g9 = 1,w, =1, and n = 1

to 9.
n g1 92 g3 94 35 Je gr gs g9 g10
1 0.3052 1.0
2 0.8431 0.6220 1.3554
3 1.0316 1.1474 1.0316 1.0
4 1.1088 1.3062 1.7704 0.8181 1.3554
5 1.1468 1.3712 1.9750 1.3712 1.1468 1.0
6 1.1681 1.4040 2.0562 1.5171 1.9029 0.8618 1.3554
7 1.1812 1.4228 2.0967 1.5734 2.0967 1.4228 1.1812 1.0
8 1.1898 1.4346 2.1199 1.6010 2.1700 1.5641 1.9445 0.8778 1.3554
9 1.1957 1.4426 2.1346 1.6167 2.2054 1.6167 2.1346 1.4426 1.1957 1.0
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2.2.3. Bessel Filters

The previous filter types specify the amplitude response, but in some applications (such as
multiplexing filters) it is important to have highly linear phase filter response with constant
group delay across the entire passband. Bessel filters based on Bessel functions are used for
such applications and they are show relatively slow attenuation in the transition-band without
ripples.

2.2.4. Impedance scaling and Frequency Transformation

To convert from a 1 € impedance level to an impedance level of Z; €2, the impedances of
the all circuit elements in the filter are scaled, the inductor L becomes ZyL and the capacitor
C becomes C'/Zy. Also the cutoff frequency of the normalized filter convert to an arbitrary
frequency w, using the following transformation

w — — (2.133)

Applying this transformation and scaling to the inductors and the capacitors yields

ZoL
L, — 22 (2.134)
We
Cr
2.1
Ck: — Zowc ( 35)

2.2.5. Poles Pattern of a Lowpass Filter

The poles of the lowpass filter is also subject to the frequency transformation and the scaling
has no influence on them. Therefore

s — — (2.136)

where s is the laplace variable.
The second order Butterworth lowpass filter with cutoff frequency 1Hz is

1

H s _ 2.137
Lo () 2 4+/2s5+1 ( )
Hence, a second order lowpass filter with cutoff frequency w. can be designed:
, 1
Hpp(s) = Hppp (é‘) = (2.138)

2] +valz] 1
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To find the poles for this filter the denominator is set to be zero,

[ir+ \/i[i} +1 =0 (2.139)

by solving for s in terms of w, this yields two poles given by

1 .
P = —wcﬁ [1+4]] (2.140)
_[1-j) (2.141)

= —W.—=
P2, \/5

Fig. 2.16 shows the poles pattern of a second—order lowpass filter after and before the fre-
quency transformation. The poles of the normalized prototype are all locate on a unit circle,
while for the transformed filter lie on a circle of a radius w,.. Fig. 2.17 shows a 3D view.

+Jjo,
_0)6 plC - ~ }":1
AR,
\ ry g
| _ 7
pZC £2 ///\
k r=m,
—Jjo,

Figure 2.16.: Transformed poles of the low prototype to w.

2.3. Bandpass Filter Design

To convert the lowpass prototype into a bandpass filter with arbitrary center frequency and
bandwidth the band—edges for the lowpass prototype at w==+1 are mapped into the band—edges
of the bandpass filter at wy, ws. Also the midband of the lowpass prototype at w=0 mapped
into the center frequency of the passband of the bandpass filter.

Thus the following transformation is used

d WO] (2.142)

w — o = —
Wo w

For w = —1 and w = +1 to map to wy, ws then
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Figure 2.17.: Transformed poles of the low prototype to w. = 1.5,w < we = 0.5, w > w, = 2.5 rads™! .

1 - a [ﬂ - @] (2.143)
wWo w1
11— a [ﬂ - @] (2.144)
Wo W2
solving the two previous equations simultaneously yields
w = (wiws)"? (2.145)
and
a = —2 (2.146)
Wo — W1

Now, applying this transformation to a series inductor of the lowpass prototype, yields

. . w wo ol j
J = L Lo |—— —| =7 |— e 2.147
wh = JLa L)O w] ] lwo} w w [1/aLw) ( )

Thus the series inductor of the lowpass prototype is converted to a series LC' circuit on the
bandpass circuit. Similar to the shunt capacitor

_ Yol el I KGN R
Y = jwC —jCa [wo w] —J{wo]w o1 /aCon] (2.148)
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Thus, the shunt capacitor of the lowpass prototype is converted to a shunt LC' circuit on the
bandpass filter. Thus, the lowpass filter elements are converted to series resonant circuits (low
impedance at resonance) in the series arms, and to parallel resonant circuits (high impedance
at resonance) in the shunt arms. Both the series and the parallel resonant elements have a
resonant frequency of wy.

Fig. 2.18 shows the resulted bandpass circuit from the transformed lowpass prototype circuit
of Fig. 2.11, where the two series elements g; and g3 are transformed to a series L,C}, L3Cs
respectively. g is transformed to a shunt L,Cs.

L3 C3
_,-yv\% |_ Output

L1 Cc1

Input —NY\%

c2 >

Figure 2.18.: Bandpass filter circuit resulted from the transformation of the lowpass prototype.

Fig. 2.19 shows the bandpass filter characteristics that have been transformed from the
lowpass prototype, Fig. 2.19(b) resulted from Butterworth prototype and Fig. 2.19(b) from
Chebyshev. The three previously mentioned types of filter with the same order have been
designed. Their elements values are shown in Table (4.4). The amplitude results for these
three filters are shown in Fig. 2.20.
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Figure 2.19.: Catalog of bandpass filter types

The major differences in output response: Chebyshev rolls off faster than the butterworth
filter. The equal ripple response has the sharpest cutoff. The maximally flat response has
a filter flatter attenuation characteristics in the passband, but slightly lower cutoff rate. A
Chebyshev filter with a ripple of 0.5% has an almost flat passband but has a much better
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Table 2.5.: Elements values for a bandpass filter for various types.
Cl Ll 02 L2 03 L3
(pF)  (@H) (F) (@©H) (F) (H)
Ripple 0.199 127 34.91 0.726 0.199 127
Flat 0.318 79.57 63.6 0.397 0.318 79.57
Phase 0.7354 34.44 33 0.763 0.1412 179.38

0 RASESN I

/l/. ) ippl

‘ ripple
W

5 /) i [

/

!

4

0, - flat
\ .
A\ - - - - linear

S, (dB)

\
\
A \
- ; v
. o
Y LN

Y Wiy

-20 -

o

oo N
/7 / N
-25 T a—— A
S \ N
A \
A \
-30 L -

N
0,825 0,900 0,975 1,050 1,125 1,200
Frequency (GHz)

Figure 2.20.: Amplitude response for the three bandpass filter types.

roll off when compared to a butterworth filter. Chebyshev has ripples in either the pass or
stop band while Butterworth is monotonic. Butterworth rolls off faster than the Bessel filter.
Finally, The linear phase filter has the worst cutoff rate.

2.3.1. Poles Pattern in the Bandpass filter

As in the transformed lowpass, the poles of the lowpass prototype are transform to that one
for the bandpass filter as follows:

2
§ o S tus (2.149)

§[wy — w1

The above equation can be written as follows

’ 52 + wg
S —
sAw

where Aw is the filter passband bandwidth. The second order Butterworth lowpass filter
with cutoff frequency 1Hz is

(2.150)

1

_ 2.151
$2+2s+1 ( )

Hprp (S)



36 2. Fundamentals of Tunable Filter Theory

Let s = p be a pole of the lowpass prototype. Then

/ 1
HBP (S) = HLLP (8) = > 212 S 2 (2152)
28]+ v2 2] + 1
To find the poles for this filter the denominator is set to be zero,
2+ w]? £+ w?
2 2l 4+1 =0 2.153
[sAw]+\/—{ sAw]+ ( )
poles at
2 2
pAw pAw pAw . pAw
_ n R e T 2.154
P 2 \/(2) RO <2w0 (2.154)
if wg >> |Aw|, as is often the case (narrow-band filter), poles are at
A
by % + jwo (2.155)
Therefore
—sin (6,) + ] 0,)A ,
p, = —Snl HQJCOS( JAY | i r=1,..2N (2.156)
Therefore
A A
P = —Tw sin (6,) + (TwCOS 6,) + wo) r=1,..,2N (2.157)

i.e. the pole pattern is reproduced at half-scale of the bandwidth, but with the origin
transferred to £jwy. Fig. 2.21 shows the poles pattern for the bandpass filter. The poles of the
lowpass p;, py, the center of the unit circle has been transformed to +jwy, while the radius of
the unit circuit has been scaled by Aw/2. Fig. 2.22 shows the corresponding 3D view. The
poles are given as: pig = —0.0353+4j1.7854, pop = —0.0353+j1.7147, p3g = —0.0353 —j1.7147,
pap = —0.0353 — j1.7854. Finally, pi;, = —0.707 + j0.707, pi, = —0.707 — j0.707.
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Figure 2.21.: Bandpass filter poles pattern.

P pyp g

Figure 2.22.: The transformed poles pattern from lowpass to bandpass filter at wg = 1.75 and Aw = 0.1.

37
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2.3.2. Filters with Distributed Elements

The lumped-element filter design generally worked well at low frequencies, but two problems
arise at microwave frequencies [60]: first lumped elements such as inductors and capacitors are
generally available for a limited range of values and are difficult to implement at microwave
frequencies. Secondly, at microwave frequencies the distance between filter components is
not negligible. For microwave applications such design should be modified to use distributed
elements consisting of transmission line sections [61].

a [ I:L \
2 A
1, I 2,412
A -
3 ’ 4
3
13 s [ |‘13
A \ \ A
; ; '
|14 ] i 4
1 1 1
, ! ! :
, ! . v,
v : I
Iy, N ! 'N I, 3
—> [ ]
VNT IVN

I

ground
Figure 2.23.: A symmetrical coupled-line N—port.

The distributed lines can be realized in any desired form such as waveguide, coaxial lines, or
planar transmission lines. Kuroda’s identities [62], allow one to realize low-pass structures using
shunt elements with identical response called unit elements and with Richards transformations
[63] one can establish the distributed line parameters. The parallel-coupled transmission lines
can be used to construct many types of filters. The design of parallel-coupled resonators line
filters was formulated in [64]. Terminal characteristic parameters for a uniform coupled-line
N-port for the general case of a symmetric, inhomogeneous system, as shown in Fig. 2.23, are
derived in [65]. A two-port network can be formed from the coupled line section by terminating
the ports in either open or short circuits.

Assuming only a TEM mode (microstrip lines topology) of propagation and assigning the
currents and voltages to each line. The admittance matrix can be described by [66]

(1B
—((1- t[z)nl/z) [ ] (7] [Ln]] A% (2.158)

~ | =

where

t = tanh(ap) (2.159)

a = - (2.160)
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and
1] v
[2 L/Q
Iy V3
Iy Vn
I = d V = 2.161
I J4 an A% v, ( )
I v,
I Vy
| Iy | | Vx|

where [ n } is an NV x N matrix called the characteristic admittance matrix of the line. This
matrix is related to the static capacitance matrix of the N—wire line in a similar way to the
relationship between capacitance per unit length and characteristic admittance of a single line.
Thus

Yiin, Yo —Yis
—Yio Y Y
—Yiz —Yas Vi3

[n]= - (2.162)

Yn_inv-1 —Ynoan
—Ynoinv Yan

This equation gives a complete description of the coupled line structure in terms of its static
capacitance matrix.

I =vC V (2.163)

where v = % denotes the phase velocity of the mode. Therefore

C
— = 75347 (2.164)
€

where C is the static capacitance matrix of the line given by
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Figure 2.24.: Mutual and self-capacitances of periodic array of interdigitated microstrip conductors.

[ Ci1 —Ci2 —Cis ]
—Cip Oy —Co3
—Ci3 —Ca  Csg
c = ' (2.165)
Cn-in-1 —Cnoan
i —Cynoin COnn
where
Cii = Ci+Cia+Cou+ ... (2.166)
C, = C,.+Cy +Cy + ... (2.167)

(2.168)

where the capacitances C, Cy, Cs,..., C, are the capacitances per unit length to ground for
each of the N lines. (5, Cy3 etc. are the coupling capacitances per unit length between pairs
of lines.

2.3.3. The Combline Filters

The typical microstrip combline filter of n'* order is shown in Fig. 2.25. The structure consists
of quasi transverse electromagnetic TEM—mode transmission lines that are short—circuited at
one end and have a lumped capacitance, Cp;, between the other end of each resonator line
element and ground [67]. The principle of operation of the combline filter is as follows. First,
if the lumped capacitors were removed then the shunt lines would resonate at their quarter
wave frequency. However, the couplings would resonate at this frequency, producing an all-
stop network. As the capacitors are increased the shunt lines behave as inductive elements and
resonate with the capacitors at a frequency below the quarter wave frequency. By applying the
boundary condition at the nodes 1, 2, 3',..., N are all short circuited then

Vi = Vo=V,=V,=..=Vy=0 (2.169)
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Figure 2.25.: General structure of a microstrip combline bandpass filter.

Adding the lumped capacitances and rearranging the matrix elements, the N—port matrix
may be written as

L) [ 0 0 17 %]

0 " %—FCW % g V,

0 s Vs

0 P Oyap | Vi
Iy | | oLy W || V|
(2.170)

The two—port network impedance could be expressed as follow

HEREE IS
Iy Yoo Yo [V

where Y], Y{,, Yy, and Y, are founded by solving for V,, Vi, V..., V.x_, in terms of V,
KN, 11; lN

(2.171)

2.3.4. Tunability

It is desirable in some system applications to shift the pass/rejection band, i.e. to tune the filter.
The ability to shift the frequency characteristics of a filter relative to the center frequency
of untuned case is called tunability (Fig. 2.26). Tuning of a lumped bandpass filter can be
established by changing the value of L’s or/and C’s. Tuning of microwave distributed filters
can be accomplished by varying either the length or the inductive or the capacitive loading of
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Figure 2.26.: Tunability, tunable frequency response.

the resonators, thus changing the the relationships between the impedances and phases inside
the filter structure, this defined as system impedance.

The performance of a passive filter is strongly dependent on the system impedance. The
system impedance depends on the distribution network configuration and the loads. Therefore,
the design of tunable filters involves through system analysis in order to obtain adequate filtering
performance of the filter. Not every bandpass filter structure is suited for tuning, and if yes
the tunability is topology-dependent. To make a tunable filter care should be taken so that:

e The tuning should be done by a minimum number of tuning elements.
e The filter structure should be simple to be tuned over a broad tuning range.

e Identification of a strategic point within the device structure for optimum tunability.

To have the maximum absolute tuning range (see (Fig. 2.26)), the stopband between first
passband (desired) and second passband (unwanted) should be as wide as possible. Thus, it
would be possible to shift the filter characteristics at the fundamental frequency as maximum
as possible before it overlaps with the frequency characteristics of the first-harmonic passband
(Fig. 2.26).

2.3.5. Center Frequency of a Varactor Loaded Resonator

A varactor loaded resonator is shown in Fig. 2.27. In order to achieve resonance, the reactance
of the transmission line and the varactor must cancel. The input impedance of a transmission
line terminated with a load Z, is found to be [68]

Zp+jZt [
2y = z,2LTi%tan (5D (2.172)
Zo +jZp tan (BI)
where a sinusoidal excitation is assumed. Here [ is the length of the line and Zj is its charac-
teristic impedance. (3 is the propagation constant of the line where
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g = = (2.173)

and

Figure 2.27.: Varactor loaded resonator.

gl = 0 (2.174)

where 0 is the electrical length of the line.
thus, Z;, becomes

ZL —+ JZO tan (0)

Zin . 2.175
*Zo + jZy tan (6) ( )
by short—circuited this line its input impedance becomes
let 6 to be equal to aw,
Therefore
Zin (jw) = jZytan (aw) (2.177)

Richard’s transformation is used to describe the distributed network in terms of complex
frequency as follow:

p — « tanh (ap) (2.178)
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or

w — «a tan(aw) (2.179)

Therefore

71 (p) = Zytanh(ap) (2.180)

The impedance of a lumped capacitor is

Zco(p) = Cip (2.181)

Thus the input impedance of the resonator line n'* for loaded resonator with a lumped
capacitor is

Z = Zgtanh — 2.182
(p) otanh(ap) + =~ (2.182)
therefore, the reactance function X (w)
X() = Z(w) = Zotan (aw) — — (2.183)
w) = w) = an (aw) — — .
J 0 wC
at resonance, X (w)=0, thus the necessary capacitance is given by
C = ! (2.184)
- Zywtan (aw) '
Hence
f o= ! (2.185)
~ Zy27C'tan () '

Thus it is possible to adjust the resonance frequency of the resonator by changing the ca-
pacitance of the loaded varactor. The tuning of this resonator is limited by its physical length,
the internal impedance, the electrical length, and the range of the capacitance of the capacitive
load. From the above (2.185) it is quite evident that the smallest capacitance tunes the highest
tunable frequency, f..., and the largest capacitance the lowest one, fin-
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2.4. Tunable Combline Filter

This section summarize the design procedures for combline filters as they are described in
traditional literature in order to make them applicable to the present design goal. The design
procedure starts with the specification of the desired filter characteristics over the tuning range.
Three main advantages make the combline filter a good candidate to be used as tunable filter:

e Compact size because of the lumped capacitor: with lumped capacitance, resonator length
become less than A/4, the larger the capacitance, the shorter length of the resonator. The
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(b) Upper tuning range at fo.

Figure 2.28.: Combline filter characteristic
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minimum resonator line length could be limited by the decrease of the unloaded quality
factor of the resonator and a requirement for heavy capacitive loading

e A wider stopband between first passband (desired) and second passband (unwanted): if
the resonator lines of A/8 long centered at frequency of fy, the second-harmonic unwanted
passband will be centered over 4f,. Thus, more than 300% tuning range is possible
before the upper range spectrum overlaps with the first second passband spectrum (see
Fig. 2.28(b) and Fig. 2.28(a)).

e The attenuation will be high above the primary passband and steep rate of cutoff at the
upper sideband. The higher the order, the sharper the attenuation.

2.4.1. Filter Equivalent Circuit

Hunter and Rhodes [69] propose a three steps transformation of the filter equivalent circuit
consisting of

1. The formulation of the admittance inverter equivalent circuit of the filter.
2. Scaling the entire network admittance by tan (¢) / tan (6y).

3. Transforming the previous network to the lowpass prototype with admittance inverters
by the inverse of a bandpass transformation.

The coupled line array consists of shunt resonators circuited stubs coupled via series circuited
stubs as shown in Fig. 2.29(a). By adding shunt capacitor C, to ground at r** node the
equivalent circuit of the filter is obtained, see Fig. 2.29(b).

Y., ¥ Y,

(a) The coupled short circuited lines. (b) The combline filter.

Figure 2.29.: Equivalent circuit of stubs representations

The lowpass prototype in common is a ladder network. By applying Kuroda’s identities,
the unit element acted as an impedance inverter by converting a series impedance to a parallel
admittance and vice versa. Assume that the admittance inverters have been applied to the
ladder network, then all the series impedances can be represented by parallel admittance,
therefore the general lowpass prototype is shown in Fig. 2.30, where C7, is elements value of
the prototype, which may represents a capacitor or an inductor.



2.4. Tunable Combline Filter 47

CLI X K12 CLZ:[ CLr:[ Kr,r+1 :[ Lr+l

Figure 2.30.: The corresponding lowpass prototype filter of a ladder network.

The filter equivalent circuit will be transformed back to the previous lowpass prototype with
admittance inverters and using the inverse of a bandpass transformation. This done as follows:
The combline filter equivalent circuit between the two nodes r* and (r + 1) is shown in
Fig. 2.31(a). The resonators are composed of short circuited stubs in parallel with lumped
capacitors. If the series coupling stubs Y, ,.; are now shunted by identical elements but with
opposite sign, as shown in Fig. 2.31(b) It can be seen that the transfer matrix of the 7—network
of stubs between the dotted lines is given by

1 0| [ ite® 1 0
T = Yir Yrri1 Yy, (2.186)
L JtaLn(g)1 1 ] [ 0 1 Jtan(g)1 1
i 0 jtan(0)
= | e (2.187)
L tan(0)
i 0 J/Kr r+1
_ . : 2.188
L JKT,T-l-l 0 ( )
which is the transfer matrix of an admittance inverter of admittance.
Y.,
Ko = — 5 (2.189)

tan ()

Hence, the m—network is equivalent to admittance inverter. Thus the m—network is replaced
by an impedance inverter as shown in Fig. 2.31(c). The equivalent circuit of the filter is shown
in Fig. 2.32 where Y, is given by

YV‘T‘ = K‘ + }/7”—1,7’ + K‘,T—f—l (2190)

Now, the admittance of the r*" resonator is given by

4 .Yrr
Y = jwe, — 2

g ) (2.191)

By comparing the equivalent circuit of the filter with its lowpass prototype (Fig. 2.30 with
Fig. 2.32) one can conclude that a shunt capacitor in the prototype has been transformed to
shunt capacitor of value C, and shunt short circuited admittance Y,, as follow
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Yvr,r+1
r r+l
}Ir C'r I’r+1 Cr+1
(a)
Yr,r+1 Yr+1 + Yr,r+1
1w
LC / Cr+1
ASANI -4 AN R A T
(b)
l Yt Y.
Yr + Yr,r+1 erT Kr,r+l j 'l' Cr+1
()

Figure 2.31.: Formulation of inverters in the combline filter.

K12

Kr,r+1 yal

Figure 2.32.: Combline Filter equivalent circuit.
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Y,,

Cor = G w tan (6)

(2.192)

where Cy, is the r'* capacitor in the lowpass prototype.
Y, 11 is frequency dependent, so for an octave tuning this will result in a 3.3 : 1 (that is of
around 70%) deviation. Thus the filter performance will not be kept along the tuning range.
To remove the frequency dependency from the inverters, the entire network admittance in-
cluding the source and the load is scaled by a factor tan (#) / tan (6y) where 6 is the electrical
length of the resonators at the center frequency wy of the filter at zero—bias. Thus

Y;"r+1
K = — 2.1
e+l tan (6o) (2.193)
and
/ J
Y = -Y, 2.194
f tan (G0) [wC, tan (6) ] (2.194)

The new transformation from lowpass to bandpass is now given by

wC, tan (0) Y.,
wCp, — [ tan (6))  tan (90)} (2195)
Thus
wC, tan (0) Yo
B - 2.1
v |:CL7” tan (90) CLT‘ tan (90):| ( 96)
Let
Yer
_ Y. 2.1
@ Cr-tan (6p) (2187)
C.
_ 2.1
- & (2.198)
Therefore

w — «alfwtan(0) — 1] (2.199)
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The w=0 is the lowpass prototype maps to wy in the combline filter. Thus

1
e — 2.200
ﬁ Wo tan (‘90) ( )
As yet, the frequency dependance of the admittance inverters has not been removed from
the filter but merely scaled into the terminating resistors of the source/load which now have a

conductance of value

tan (awp)

G, = Gg= (2.201)

tan (aw)
where G, Gg are the conductance of values of the source and the load respectively.
Thus, to solve this problem the internal nodal admittance of the filter are scaled. This could
be done by introducing an non-resonating transformer element at the input and the output
of the filter. Now, the input/output coupling network is shown in Fig. 2.33 it will now be
assumed, for simplicity, that the network is symmetrical, i.e. Yy = Y.

_ 1
~ cos@,)

[ ] I

01

Y, =1- 1 Y =1- 1
cos,) j c0s@,)

Figure 2.33.: Input—output network.

Evaluating the input admittance of this network, looking back into the load via Y; and after
scaling by the factor tan (aw) / tan (awp), thus

O [ E T I

t t

hence real and imaginary part of the effective admittance are given

R tan (aw)
R{Yin (jw)} tan (o) [+ Yo/ You]? + tan? (aw) /Y2 (2.203)
%{Kn (Jw)} _ [[Yb [1 + YE)/Y(HH [2 + Yb/ybl] + tan’ (aw) [[1 + %/}/01] /Ybl]] (2‘204)

tan (awo) [[1 + Yo/ Yo1)* + tan? (aw) /Y]

For a perfect match at w = wy it requires that
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R{Yin (jw)} = 1 (2.205)
S{Yin (jw)} = 0 (2.206)
From (2.203) and (2.204),
(14 Yy/Yo]* + tan® (awo) /YZ = 1 (2.207)
Y + 2Yy Yo + tan? (awy) = 0 (2.208)
Substituting (2.208) into (2.203)
, tan (aw)
%{Y;n (Jw>} - tan? (aw) tan? (awo) (2209)
tan (awp) [1 ) + vz ]

with aw = #, and after simple manipulation
Y2 sin (6) cos (6) cos® ()
sin (0p) [Yi& cos? () cos? (6y) 4 cos? (6y) — cos? (0)]

Now, if the denominator is forced to be frequency invariant, R{Y;, (jw)} will vary slowly over
as a function of frequency. Thus the best choice by inspection for Yj, is

R{Yin (jw)} = (2.210)

Yo = 2.211
o cos (6p) ( )

and

_ sin (26
RV () = o ((2 90)) (2.219)
Substituting (2.211) in (2.208) yields
Y, = Y, ! (2.213)
o cos (6y) ‘

and

S{Yi (i)} = cos (260) — cos (26)) (2.214)

sin (26))

Under these conditions, the load admittance looking back from the filter in Y;, and after
scaling by tan (aw) / tan (awp) is given by
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Figure 2.34.: Real part of the input admittance as a function of the electrical length.
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Figure 2.35.: Input port of the filter after scaling.
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sin (20)  jcos (20) — cos (26y)
sin (290) sin (260)
In the next lines the derivation of the passband bandwidth will be performed as follows:

The band—edges at +1 in the lowpass prototype map into the band—edges at w; and wy in the
combline filter, i.e.

Yin (0) (2.215)

-1 — «|fwtan () — 1] (2.216)
+1 — «[fwytan(6y) — 1] (2.217)

Let
0 = aw (2.218)

where Aw is the passband bandwidth.
Inserting equations (2.219), (2.219), (2.220) into equations (2.216), (2.217) yields

-1 = « {ﬂ {wo = %} tan (60 - aéw) - 1] (2.221)
41 = «a ﬁ[wo n %} tan (90 + aé”) _ 1] (2.222)

For narrow bandwidth Awy << wp and by using the approximation for the trigonometric
function yields

alAw tan (f) + 25
tan ( 6y + = : 2.223
an ( 0 2 ) 1-— (“AT“’) tan (6p) ( )
From equations 2.221, 2.222 and 2.223 hence,

A A
1 = a [ﬁ [wo . 7“’} {tan (60) — % 1+ tan’ (90)}} . 1} (2.224)

A A
41 = a lﬁ {wg + Tw} {tan (60) + - 2w 1+ tan? (90)}} - 1] (2.225)

Solving equations 2.224, 2.225 simultaneously, yields

2

Aw = o tan (6) (2.226)

o {tan (6y) + 6y [1 + tan? (6y)]}
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2.4.2. Narrowband Filter Design

For a narrow percentage bandwidth, « will be large

_ 2w tan ()
o = Aw {tan (6y) + 0y [1 + tan? (6y)]} (2.227)

and since

Y,, = aCp,tan (6y) (2.228)

a high values for the shunt admittances would be obtained. To solve this problem the admit-
tance level of the filter is now scaled at each internal node in order to achieve realizable element
values for narrow passband bandwidths. After scaling the r'* internal node by a factor n? a
typical coupling network is obtained between the nodes r» and r 4 1 shown in Fig. 2.36 with the
following transfer matrix

l:n n :1

r r

r,r+1

Figure 2.36.: Coupling network between internal nodes of the filter.

_ 1/”7’ 0 0 j/KT,T+1 Ny 0
T = { 0 n ] { iKeppr 1 0 1/n, (2229)
0 j/nr~nr+1Kr r+1
= ) ’ 2.230
|i Jnr-nr+1Kr,r+1 0 ( )
Thus
Kr,r-{—l - nr-nr-i—lKT’,?"-‘rl (2231)
or
Kr,r—l—l = nr.nrHYT,TH/tan (90) (2232)

The scaling constant becomes
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nf Y, + Y1, + Y]
Crrtan (6y)

o =

95

(2.233)

Now the ideal transformers which remain at the input and the output of the filter must
be absorbed into the input and output coupling. To achieve this and to preserve the correct

frequency variation of Y7, The new values of the Yp, Y7, Y51 must be

1
Yo = 1———— 2.234
0 ny cos (0y) ( )
1
v o 9.935
o1 ny cos (6p) ( )
1 1
Y, = —_ - 2.236
! n?  nycos(6p) ( )
Now the admittance matrix of the combline filter in (2.237) becomes
rol -1
?1 . t;os(&o) 8 0
tc;s(eo) it %;"" pCh v o 8
t12 52 _|’_ pCQ t2.3
Y = ' (2.237)
ta 0y s
—YN,N+1 YNi1,N+1

t

t

2.4.3. Filter Parameters Selection

The filter tunable parameters will be now selected to ensure a broadband tunability keeping
the filter performance in a good shape.

Center Frequency

The variation of coupling and other filter parameters over the entire tuning range well be
optimized when the filter is designed at the midband of the tuning range. Moreover, since
the tuning element exhibits a low quality factor at low frequency tuning range the rejection
requirements are harder to attain, thus the filter should be designed as close as possible to the
lower tuning range. The frequency fy is selected to be

fo = VS

where f; and f; are the tuning bandwidth lower and upper limits. A smaller value of f; may
be chosen on the assumption that requirements at the highest part of the tuning range will be
met without problems.

(2.238)
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Passband Bandwidth

The next important parameter in tuning a bandpass filter is its passband bandwidth. Some
applications required to have a tunable passband, the other requires to keep it constant over the
tuning. Since it depends on the coupling between the lines, the passband bandwidth is expected
to be change in the same manner. The frequency dependency of the passband bandwidth is
shown in Fig. 2.37. It can be seen that the bandwidth posses a turning point for a value of 6

0,7

Passband bandwidth (o Aw)
o o o o 9
P 9@

o
N
1

o
[=]

10 20 30 40 50 60 70 80
Electrical length (6)

o

Figure 2.37.: The passband bandwidth as a function of the operating frequency.

between 0 and 90°. The turning point occurs roughly at 6 = 52°. This value of 6 corresponds
to the frequency at which bandwidth is maximized. Thus, to have less than 20% bandwidth
deviation in a tunable combline filter, its resonator should be designed to be 52°. Torregrosa—
Penalva et al. have proposed in [70] the possible range of the resonators electrical length to be
designed at. They have defined the normalized instantaneous bandwidth Aw, as follows:

0 tan (0)

{tan (0) + 6 [1 + tan? (0)]} (2.240)

Equation (2.240) is depicted in Fig. 2.38. Due to the linear relationship between electrical
length and frequency, this equation also shows the instantaneous bandwidth dependence on the
tuning frequency.

To find the electrical length which is required for a specific return loss, one has to determine
Omin, and O, as they define graphically in Fig. 2.38. Now let

(2.241)

and
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Figure 2.38.: Normalized instantaneous bandwidth.

{‘gminp szng} - F_l [F (Qmax) -

Then

Omin, < 01 < 0y < 0y < Opnin,

This constraint can be written as follows

Hminl S @ S eming
S Jo f2

or

Jo fo

eminlf_ S 90 S gming_
1

f2

70

80

AT]

90

o7

(2.242)

(2.243)

(2.244)

(2.245)

(2.245) gives the possible ranges of 6, for a certain return loss. In the same way, the bandwidth

can be written as

Awn (90)

< Aw(by) < Aw (Ornaz)

Awn (90)
AWn (Qmax)

(2.246) gives the possible ranges of Aw (6y) for a certain return loss.

(2.246)
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Capacitance Range

It is also important to know how much difference between the capacitances of the tuning
elements could be. Given

1
= —— 2.24
¢ Zow tan (aw) (2.247)

According to ( 2.247) the smallest capacitance C,;;, tunes the highest tunable frequency fs,
and the largest capacitance C,,,, tunes the lowest one, f;. Moreover,
C(f)Zywtan (aw) = 1 (2.248)

Now, The possible values of the Cy where the center frequency of the filter is f; is bounded
by

Chiay, < Co < Chiay (2.249)
It is evident that
Ji < fo<fa (2.250)
0o f1 Oo fo
— <y < —= 2.251
f S (2.251)
Hence
tan (90_f1) < tan (fy) < tan (M> (2.252)
Jo fo

According to (2.250), (2.252) can be written as

f1tan (%) < fotan (6y) < fotan (%) (2.253)
0 0

dividing (2.253) by fo tan (6y) yields

f1tan (%) ) fotan (%)

fo tan (90) < < fo tan (90) (2254)
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Now since

Cmin S CO S Cma:v (2255)

(2.254) can be written as follows

. fitan (%) o fotan (%) .

mazx min 2256
f() tan (90) fo tan (00) ( )
Thus, (2.256) gives the possible ranges of Cj for a certain tuning range.

Insertion and Return Losses

sin(20) . cos(260) — cos(26)
Yin (0 . . 2.257
(6) sin(26) ) sin(26y) ( )
Yin (jw) = RA{Yin (jw)} + S {Vin (jw) } (2.258)
Now, the reflection coefficient can be computed as follows
: 1 — Y (jw)
S 2.259
and from the unitary relation, the transmission coefficient is given by
[S12 (j)* = 1 =[S (jw)|’ (2.260)

To compute for the turn point in the return and the insertion losses the first derivatives of
both the real and the imaginary part of the admittance function with respect to § = aw are
performed and then set to zero, and solve for optimality.

Form (2.205)

dR {Yi.} (0)

_ 2.261
10 0 (2.261)

This yields

sin (260) .0 — sin (26)) .2 cos (26)
sin? (26,)

0 (2.262)
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Hence

sin (20y) .2cos (20) = 0 (2.263)

Thus one can conclude that

cos(20) = 0 (2.264)

Therefor and since 6 is bounded between [0, 7/2] yields

0 = = (2.265)

At 6 = 7 The load will be perfectly matched and will consists of a unity real part. Mathe-
matically;

Yin (00) = R{Yin (60)} +iS{Yin (00)} (2.266)
= 14j0 (2.267)
=1 (2.268)

The reflection and the transmission coefficients are

S (6) = 1 (2.269)
Siz (0o) (2.270)

I
o

Passband Ripple

Consider a lowpass prototype (LPP) factorized transfer function Hypp (s) with n poles s, , sp,,
Spgse - - Sp, and M zeros s,,, S.,, Sz, - - S, given by

K(l —5/8,) (1 —5/s,,) (1 —5s/s,,)...(1—s/s,,)
(L —8/8p) (1 = 8/sp,) (1= 8/8py) ... (1 = 8/5p,,)

This function is scaled to any filter types using the Laplace transformation in equations (2.51)
to (2.54. Hence, the poles and zeros will be subject to the same transformation and will be
tuned simultaneously in the same manner. It can be seen from substituting (2.54)into (2.271)
that the bandpass transfer function has twice as many poles and zeros as the LPP transfer
function. In addition it has (n — m) zeros at the origin. For a narrowband, the zeros and
the poles patterns have been reproduced at half scale of the bandwidth at +jw, in case of a
narrowband bandpass filter.

Hrrp (s) (2.271)
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Passband ripple

Figure 2.39.: Chebyshev ripple over tuning.

Fig. 2.39 shows the zero’s behaviour over the tuning. The filter passband has been kept
constant along the tuning, it has been assumed to be narrowband 0.1. The wy corresponds
to zero-bias. It has been chosen to be 0.75 rads™'. wi, wy denotes the lower and the upper
tuning limits. They have been chosen to be 0.5 rads™!, 1 rads™!, respectively. Assume that
the filter has an order N which is equal to the number of the ripples in the passband. When
the filter is tuned to the maximum limit the distance between the zeros becomes longer than
that one for the unbiased. The number of the ripple thus decreases in the shown window. The
opposite happened at the lower limit, where the zeros starched together, causing their numbers
to increase, which yields more ripples.
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2.5. Example

To illustrate the described design method, assume a first and second order Butterworth lowpass
filter prototype.

2.5.1. First—Order Filter

The bandpass filter is designed to have a bandwidth Awsy of 0.78 at the maximum tunable
frequency fy = 2.6 GHz. The lower tuning part is set at the frequency f; = 1.1 GHz with Aw,
of 0.165. First of all, the midband tuning frequency is chosen according to be the geometric
means of the two limits, therefore

fo = Vfif2=16912 GH:z (2.272)

Now, the electrical length will be computed as follows: assume that the return loss of the
passband wished to vary by 10 dB across the entire tuning range, thus

Ty — AT = 10 dB (2.273)

From Fig. 2.38, The values of
Opmin, = 12° (2.274)
Omin, = 85° (2.275)

are calculated and substituted in (2.245) to find the possible ranges of Aw (6y), the lower and
the upper limits are found to be

0, = 120?:0.3220 rad (2.276)
1

by = 85°$:O.9650 rad (2.277)
2

Again the best choice for  is the geometric means of the extremes design. Hence

90 = \/9L0U20.5574 rad (2278)

Now, the calculation is proceed to find the possible range for the capacitance, from (2.256)
the lower and the upper limits of the possible range of Cj are

tan (90%)
= ———2 (5 =3.84 F 2.2
CL f2 fO tan (90) CQ 3.8439 Y% ( 79)
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tan (90%)

Like 6y, the geometric means is taken, therefore

Co = \/OUCL:3.2635 pF (2281)

To compute the internal filter impedance Z

1
Z = =47 Q 2.282
C()Qﬂ'fo tan (90) ( )

Now, it is possible to compute the electrical length which corresponds to the minimum and
the maximum tuning ranges. Thus

1
0, = tan ' | ———— | =0.4202 rad 2.283
! an (C'127Tf1Z> e ( )
b, — tan'(—— ) —0.7754 rad (2.284)
2 0227TfQZ e ’

The computation of Aw,, carried out by using (2.239), which is found to be

Awn, = 0.2487 (2.285)
Also,

Aw,, = 0.1974 (2.286)

Aw,, = 0.3039 (2.287)

To compute for Awy, from (2.246), the lower and the upper limits are

Awn,

ni

Awy, = Aw; = 0.2078 rad (2.288)

Awn,
Awn,

Awp, = Aws = 0.6381 rad (2.289)
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Finally, by taken the geometric means yields

Awy = +/Awy, Awp, = 0.3641 rad (2.290)

As yet, the parameters selections have been. Next, the filter will be design for the following
set of specifications:

fo = 16912 GH:z (2.291)
6y = 0.5574 rad (2.292)
Awyg = 0.3641 GH:z (2.293)
Co = 3.2635 pF (2.294)
The filter of order n = 1, from Table 2.1, the prototype elements values are
g = 2 (2.295)
g = 1 (2.296)
computing for o using (2.227)
a = 6.5085 (2.297)
Now, Cj is normalized to 12, as follows
C, = 50xCy=16318x107"" F (2.298)
Now, from (2.191) and (2.228)yield the following
Y;«T = Yi + }/01 + }/12 = Cou)o tan (60) = 1.0808 mhos (2299)
Hence from (2.233)
n, = 2.7400 (2.300)

Now, the elements of the input output coupling circuit will be performed and represented as
stubs, from (2.234) to (2.236),

Yo = 0.5699 mhos (2.301)
You = 0.4301 mhos (2.302)
Y1 = —0.2969 mhos (2.303)
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Figure 2.40.: Example: filter equivalent circuit.

The whole filter circuit is shown in Fig. 2.40. Y;=1.0808 mhos, this must increased to remove
the negative Y; which resulted from the equivalent circuit, thus, Y; = 0.6507 — 0.1817 = 0.7839
mhos.

The transfer matrix of the filter is computed as follows:

= Y, . Y; Y, =
Tan@ | 0 1 Cojw 1 Tan@) L 0 1 Tan@ | ¢ D

(2.304)
since it is matched , therefore
A+ B
Zin (0) = 2.305
0 = 57 (2.305)
Hence, the input reflection coefficient is
Zin (0) — 1
S (0) = 2.306
in decibel
Ly = —20log,, (1S (6)) (2.307)
and from the unitary condition (A.19)
1S12 (0)]° = 1—1Su () (2.308)
La = —20logy (|S12 (0)]) (2.309)

The computed performance is shown in Fig. 2.41. The matching varied with less than 10 dB
across the whole tuning range. The bandwidth of the passband increased constantly as the

|
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Figure 2.41.: First order computed tuned filter performance, Aw;= 6;/a = 168 MHz, thus, a = 1.17, hence,

Awo= 382 MHz and Awy= 719 MHz.

frequency goes up. The selectivity of the filter getting poor as the filter tuned for the upper
limit, because of the DC pole at the zero frequency, which is present on the lower side.

To compute the static self and mutual capacitances between the parallel coupled lines, the
admittance are converted to impedance and matched to 50 €2 by using the following equations:

1
Z = — x50 2.310
-~ x (2:310)
therefor
Zy = 87.7299 (2.311)
Zor = 116.2604 € (2.312)
Z1 = 63.7796 (2.313)

C01 C01
] I

C, == == ==¢,

Figure 2.42.: self and mutual static capacitance definitions for the first order filter.

and the capacitance are calculated by

_ 20 (2.314)
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Va Gy oor3 (2.315)
€

e

P (2.316)
€

Va O 5 o110 (2.317)

The definitions of these capacitances are shown in Fig. 2.42.

2.5.2. Second—Order Filter

In this sub—section a second order version of the previous specification will be designed. The
parameters that have been selected in the first order are not subject to any change because
they are order independent. Hence,

fo = 16912 GHz (2.318)
0o = 0.5574 rad ( )
Awy = 0.3641 GHz (2.320)
Co = 3.2635 pF (2.321)

The filter equivalent circuit is shown in Fig. 2.43

, | ¢ Jyca=7= v ]y,

Figure 2.43.: Example: second—order filter equivalent circuit.

The filter of order n = 2, from Table 2.1, the prototype elements values are

g = 1.4142 (2.322)
g = 1.4142 (2.323)
g5 = 1 (2.324)
Ky = 1 (2.325)
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Now, « stay the same, and the new values for the coupling ratios are

n, = 2.304 (2.326)
n, = 2.304 (2.327)

Now, the elements of the input output coupling circuit will be performed and represented as
stubs,

Yy = 0.4886 mhos ( )
You = 0.5114 mhos ( )
Yy = —0.3231 mhos (2.330)
Y, = 0.1174 mhos ( )
Y,, = 1.0808 mhos ( )

By using (2.191) and (2.228)

forr=1
Yi+Yy +Ys = 1.0808 mhos (2.333)
forr =2
Yo+ Yo +Yes = 1.0808 mhos (2.334)
thus,
Y, = Y, =0.6403 mhos (2.335)

The negative admittance in (2.330) has been absorbed in (2.335). The filter performance has
been computed in the same procedure like that for the first order, the result of the calculated
response is shown in Fig. 2.44. The two capacitor C and () are the tuning elements as shown in
the equivalent circuit (Fig. 2.43), these two elements have to be identical for the best matching
and the lowest insertion loss. A better selectivity has been gained by increasing the filter order,
compared with the first order. Also the matching has been varied with less than 10 dB across
the entire tuning range. The lower side attenuation has been improved because of the existence
of a non—zero pole in the lower side of the frequency skirt.

To compute the static self and mutual capacitances between the parallel coupled lines, the
admittance are converted to impedance and matched to 50 €2, therefor
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Figure 2.44.: Second order computed tuned filter performance, Awy= 6;/a = 171 MHz, thus, Awy= 394 MHz
and Aws= 744 MHz.

Zy = 102.343 Q (2.336)
Zy = 97.2625 Q (2.337)
Z, = 78.0853 Q (2.338)
Zip = 425.8023 Q (2.339)

COI C'12 COI

1l 1l 1l

] ] ]

Com== (C\=—= (== = C,

Figure 2.45.: self and mutual static capacitance definitions for the second order filter.

Hence
ﬁ;c‘) = 3.6837 (2.340)
\/56001 — 3.8563 (2.341)
ﬁ;cl — 4.8281 (2.342)
Ve Gz ggsy (2.343)
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The definitions of these capacitances are shown in Fig. 2.45. Now, the two tuning capacitances
have been deviated from each other by changing one of them from 0...0.5 pF. As the difference
increased the matching is lost dramatically, a valley has been developed inside the insertion loss,
which is concave up curve as well as the return loss, which is concave down. As the difference
increase the the depth of the valley increase causing a two peaks on both curves. The coupling
between the resonator is getting poor. Thus the shape of the filter is destroyed. Fig. 2.46 shows
this.

10r

351

26 28 30 32 34 36 38 40
Electrical length

Figure 2.46.: Capacitances deviation, the numbers represent the difference AC between the two capacitors Cy
and Cs.

2.6. Summary

The fundamentals of tunable filters have been reviewed. The design procedure utilize the
insertion loss synthesis techniques. Thus, starting from the specifications. Then, the elements
value of the corresponding lowpass prototype are obtained. The selection of the filter parameters
for the untuned state is chosen at the geometric means of the extremes value which corresponds
to the lower and the upper tuning range. The value of the lumped tuning varactors and then the
admittances of the filters are chosen. Finally the admittance of the input and output coupling
elements are obtained. The admittance matric of the combline filter is then computed. The
filter performance is calculated. Now the resulted filter could be build in different technologies
as well as dimensions. Now, these capacitances depend on the geometrical structure as well
as the substrate material properties. In this work, the filter will be build using the LTCC
technology. Hence, the dimension will be adopted to that.



3. Technology

This chapter treats the fabrication and assembly issues arising from the device structure which
combines the two ceramics components, LTCC and piezoelectric actuator technologies.

The fabrication employs regular thick film LTCC processing of DuPont 951 tape with a permit-
tivity of 7.8, a loss tangent of 0.002 and a sintered tape thickness of 100 ym. Filled vias of 150
pm diameter and 250 pm patch, provide vertical through—contacts for second-level assembly.
A 1x1 mm? cavity with ground metallization on its stepped side wall accepts conductive epoxy
adhesive in the final assembly process of the piezoceramic part.

In [71] a PZT thick film has been cofired on LTCC substrate, the green LTCC 951 (DuPont)
was used as a substrate. The LTCC/Silver/PZT has been cofired together, the electrical charac-
teristics of this structure have deteriorated due to the interactions between the LTCC substrate
and the PZT layer during the firing process. In order to guarantee optimum performance of
both, the LTCC integrated coupled line filter elements and the piezoelectric element, at hybrid
assembly process of two separately fabricated and optimized components is adopted here.

3.1. Piezoelectric Bimorph Cantilever

Piezoelectric bendable actuators are frequently used, when large displacements are required.
They are used in a wide range of applications, particularly smart structures and systems,
like shape-controlled radar and satellite antennas, and MEMS switches. In the present case,
the bending actuator exhibits the additional favorable property that its fits into the filter
structure without increasing its size excessively. As the central driver for the tuned capacitor,
its basic performance principles will be summarized in the following from the data sheet of the
manufacturer [72].

The model describing the deflection of a piezoelectric bimorph structure can be derived
by applying basic mechanical principles of static equilibrium and strain continuity between
successive layers in the device [73]. The deflection of the bimorph is found to be

N 2
5z, V) = 3d31<?> Vv (3.1)
where d3; is the piezoelectric charge constant, V' the voltage applied, x the distance from the
clamping point, and t the thickness of a single piezoelectric layer. Accordingly, the tip of a
cantilever of dimensions L x W x T exhibits a displacement (according to Equation 3.1)

don(V) = 3dsy (;) B (3.2)
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which should ideally be just the air gap width.

Figure 3.1.: Piezoelectric bimorph cantilever with dimension 7mm x Imm x 0.48mm.

Fig. 3.1 shows the commercially available a piezoelectric bimorph cantilever employed for
this work [74]. The material has a d3; of 230 pm/V, which results in a 50xm nominal deflection
for 200 V bias.

The piezoelectric cantilever has a size of 7 mm in length, 1 mm in width, and 0.48 mm
in thickness with composition of lead-zirconate-titanate (PZT) and has a bimorph structure.
As shown in Fig. 3.2, the bimorph design comprises a gold electrode on top, a piezoelectric
ceramic layer, an intermediate electrode, a second piezoelectric layer, and a gold electrode at
the bottom. A fixed bias voltage of 200 V is applied between the top and bottom electrode
parallel to the predefined polarization of the material. The drive or tuning voltage lies in
between and is applied to the center electrode. By this, the lower and upper piezoelectric
layers can be made to contract differently, resulting in a macroscopic bending of the bimorph
structure. The bending is not always linear or uniform due to the characteristics of the material.

v,

top Active piezoceramic

\ Passive layers

S

bottom Active piezoceramic

Vmiddle

Figure 3.2.: Piezoelectric bimorph cantilever cross section.

Depolarization of the ceramics is avoided when operation is below 100°C i.e. with sufficient
margin to the Curie temperature 200°C which describes the ferroelectric-to- paraelectric phase
transition. The chemical composition of the piezoelectric material limits its operation for
temperature, and voltage. Operating the PZT material outside of these limitations may cause
partial or total depolarization of the material. Consequently, a diminishing or loss of the
piezoelectric properties occurs. When the PZT is heated above the Curie temperature, all
piezoelectric properties are lost. For a strong electric filed the PZT material can be depolarized
with polarity opposite to the original poling voltage. Such a process will cause the ceramic to
behave in unpredictable way which causes the relationship between the applied voltage and the
displacement of the cantilever to change. Thus, the relationship between the applied voltage
and the center frequency of the filter will change. For the present design care is also taken not



3.2. Standard LTCC Process 73

to apply the bias in a direction opposed to the predefined polarization since the electric field
(typically > 500V /mm) would then destroy the performance even below Curie temperature.

3.2. Standard LTCC Process

LTCC is a multilayer ceramic process that can be used to fabricate low cost, high perfor-
mance RF and microwave components. Its versatility is suited for a wide range of components
from simple passive filter structures and packages to complex sub—system assemblies contain-
ing discrete SMT (Surface Mount Technology) components, bare die and printed passives.
Excellent microwave properties of the dielectric glass ceramic tapes in conjunction with good
conductor materials like silver, gold, palladium or platinum and thick—film resistors permit
three-dimensionally embedded, hermetically sealed RF circuits of high integration density and
small footprint. The ceramic layers are tape-cast in their pre—fired ”green—state” and the tape
is cut to the required size. Registration holes, via holes and cavities are then punched or drilled
into the different tape layers. The via holes are normally filled, often with silver, and then

ceramic .
green -~ ) aaa) viafill
slurry # 7 tape cut -

integrated
ceramic
module

L _eeeevssesseeveRe -

Figure 3.3.: LTCC process flow chart, Siemens CT MM2 Application Notes.

thick film processing is used to print metallization patterns on each, or selected tapes. When
thick film processing is used, the minimum line width/gap is around 100 pm [75]. The different
layers are then inspected, registered and laminated and then co—fired at around 850°C. Post
fired processing of the top layer is also an option. A typical LTCC process flow chart is shown
in Fig. 3.3. The assembly and interconnect technology between LTCC microstrip structures
and piezoceramic element is important for the device performance. Control over the thin film
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air-gap capacitor on the thick film LTCC substrate requires the integration of a polishing step
into the processing sequence.

3.3. The Assembly Process

Since the tunable capacitor is formed between the LTCC and the piezoelectric element, the
assembly process of the two components is crucial. The following issues were particularly
observed during the present development:

e A suitable two—component commercial epoxy [76] with sufficient processing time, low
curing temperature, low shrinkage and good electrical conductivity is chosen.

e A special assembly tool was designed and used as shown in Fig. 3.4. The cantilever and
the LTCC substrate are placed on a metal plate in correct relative position and fixed by
a screw such, that they touch each other as close as possible. The plate is then turned
upside down, now standing on its four legs.

Cantilever

LTCC
Substrate

Figure 3.4.: Structure used to fix the cantilever to the LTCC substrate during the assembly process.

e The glue is subsequently injected through an opening into the LTCC cavity (Fig. 3.5).
The amount is adjusted to just fill this cavity down to the electrode of the cantilever and
assure a conductive connection of this end of the cantilever with the integrated LTCC
electrode while the other end remains freely movable.

e Finally, curing the glue is done for 4 h at 85 °C.
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Figure 3.5.: Assembly process: glue.

3.4. PZT Cantilever Characterization

To measure the deflection, the cantilever and the LTCC substrate were glued together (see
4.6: 7 Device—Specific Fabrication Process”). The deflection was measured in an existing setup
shown in Fig. 3.6 as a function of tuning voltage. It is based on Triangulation principle [77].

Reflected laser Incident laser

Laser Laser
detector source
.
7 /

beam

Variable
electrode

Bottom

Figure 3.6.: Experiment Setup.

The device under test (DUT) has three electrodes: top, middle and bottom as described before.
The top and the bottom electrodes were connected to a constant bias DC voltages of 200V and
0V, respectively, while the middle one is connected to a variable voltage source, which can be
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varied from 0 to 200V. The voltages at both the top and the middle were applied by using of DC
needles. The bottom electrode is formed by the bottom metallization of the LTCC substrate
making contact to the chuck (table carrying the sample). A laser optical source creates a light

Laser - diode
A1/ PSD
[ |

Target s

Figure 3.7.: Triangulation calculation.

spot on the cantilever tip which is observed by a position sensitive device (photodiode array,
PSD) under an oblique angle (Fig. 3.7). The PSD element supplies a position dependent,
analog output voltage proportional to the geometric shift. A diffuse reflection is necessary for
the triangulation principle. A calibration is done first to see if there is a target in the measuring
range and if the amount of light is sufficient for the PSD. The measurement accuracy can be
affected by the angular relationship of the sensor to the target surface.

The distance between the laser source and the PSD detector is h. d represents the reference
distance that result from the calibration. From the self test, both dy and 6y are known for the
initial state. A deflection, D, of the cantilever causes dy and 6y to change into d and 6 from
which D can be calculated according to

~ hsin(0 — 0y)
b= sin(0)sin(6y) (3:3)

positive values correspond to upward, negative to downward deflection
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3.5. Measurements and Analysis

The voltage pulse which is shown in Fig. 3.8(a) has been applied to the middle electrode of the
cantilever. The applied voltage has four regimes, the first, increasing the voltage from 0 to 200
V over 3.5 s, the voltage has been kept constant at 200 V for 2 s in the second regime. It has
been decreased form 200 V back to 0 V over 3.5 s in the third one and finally it kept at 0 V over
6 s. At zero bias, a zero difference voltage exists between the middle electrode and the bottom

200 [
180 [
160 [
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8o |
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8
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(a) The applied voltage pulse versus time.

Upward deflection
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——
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R Increasing
10 Voltage @

Downward deflection

(b) Mechanical deflection measurements versus voltage.

Figure 3.8.: Characterization of piezoelectric actuator glued to LTCC substrate
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electrode and of 200 V between the middle electrode and the top electrode which causes the
cantilever to deflect maximally upwards away from the LTCC substrate. When the voltage is
increased and reaches 100 V, the electric field is equal in both layers and no deflection results.
Finally, towards 200V, the role of the two layers is reversed and the cantilever bends down.
This behaviour is reflected by the measurement in Fig. 3.8(b). Since the electric field causes
both, a polarization and a contraction of the material, the deflection is subject to hysteresis.
Furthermore, there is asymmetry between up and down movement, which is attributed to the
existence of the substrate and the glue on the bottom side. After bending 8 pym down the
cantilever is blocked on this sample by the substrate. The finite extension of the glue also
limits the maximum upward deflection to 32 pum.



4. Design of Tunable LTCC Bandpass
Filters

The design for a piezoelectrically driven variable capacitor with wide tuning range is presented.
The proposed capacitor is tuned by varying the gap width between the electrodes. In contrast
to the conventional two parallel plate capacitors, the present approach employs a piezoceramic
cantilever to move the top electrode. This varactor can be further integrated with passive
components to yield specific frequency—tunable characteristics.

4.1. Principle of Operation

In this section I present the operating principle of the device using a specifically designed
and fabricated low temperature cofired ceramics (LTCC) substrate to which a commercial
piezoelectric actuator is mounted. A schematic cross—sectional view is shown in Fig. 4.1. Similar
to the known micro—electromechanical (MEMS) approaches for tuning and switching, a modified
parallel plate capacitor with a solid state high—permittivity dielectric layer and piezoelectrically
movable top—electrode is proposed as a promising and versatile tuning element. Similar to
MEMS devices, the capacitance variation is due to the movement of the electrodes and not
due to the change in material parameters such as paraelectric material in BST varactor. This
component therefore has the potential for a high quality factor. The vertical movement of the

Piezoelectric
Upper-movable actuator  Applied
electrode / voltage

High-K

material >,

s
o e
o e

Bottom-fixed
electrode

Figure 4.1.: Schematic of the piezoelectric LTCC varactor.

top electrode opens an air gap which together with the high-K (an insulating material with
a high dielectric constant) film forms an effective dielectric material between the electrodes.
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For sufficiently different dielectric properties of the film and the air gap the capacitance of the
device can be tuned in a wide range even for small electrode movements.

In MEMS capacitors the bottom electrode is often covered by a dielectric layer with a thick-
ness of 100-200 nm and a relative low dielectric constant between 3 to 8 to prevent a short
circuit between the top and the bottom plates. In this approach, the high—K layer is of thick-
ness 10 pm and a high dielectric constant of 65 achieve a sufficiently strong capacitance change
upon opening of the air gap.

4.2. DC Design

The capacitor design must consider the following figures—of-merit: frequency of operation,
self-resonance frequency, maximum-to—minimum capacitance ratio and quality factor. The
specifications depend on the intended application of the variable capacitor. The motivating
application of the research is the tunable capacitor for RF voltage-controlled oscillator , tunable
bandpass filter, matching circuits. The self-resonance frequency (SRF) for these applications
should be at least twice the desired operating frequency. The design approach of a high-Q)
tunable capacitor must focus on the thickness of the high—K film and the control of the air gap.
In zero-bias state, the air gap width becomes theoretically zero and the capacitance assumes its
maximum value. In this case, the electrodes are separated by a high-K dielectric layer. Only
with bias, the upper electrode is raised and the capacitance decreases due to the air gap. The
approximate capacitance value is calculated by the parallel plate formula [78]

EOETBA
Cc = 4.1
: (1)
d d
— = duy + — (4.2)
€re €K
d = duy +dy (4.3)
L
dair - 3d31(T)2V (44)

where
€o : the vacuum permittivity of 8.85x107? (pF/m).
€re - the effective permittivity of the air plus the high—K dielectric layer.
A: the area of the capacitor.
d.ir: the effective air gap inside the capacitor at the tip of the cantilever.
di: the thickness of the high-K dielectric layer.
ek - the effective permittivity of the high—K dielectric layer.
d31: the piezoelectric constant of the material of 230 pm/V.
V: the actuation applied voltage.
L: the length of the piezoelectric cantilever of 7 mm.
T': the thickness the piezoelectric cantilever of 0.13 mm.

The tuned capacitor varies between its maximum value as determined by the electrode area as
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well as the thickness and dielectric constant of the high-k material, and its minimum value as
determined by a larger air gap (dg; > dg). So we have

A coer A Crae  (di + doir)ex
— (< = = 4.5
(dK + dair) o - dK szn dK ( )

Fig. 4.2 demonstrates the wide tuning range of the capacitance for the case of a 10 um thick
dielectric layer with a permittivity of 65 between 2 and 60 pF/mm?.
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Figure 4.2.: Tuning of a multilayer capacitor by adjusting the width of the air gap.
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Figure 4.3.: Typical cantilever deflection of a commercially available piezoelectric actuator.
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As a part of this approach, it is suggested that the movement is realized by a piezoelectric
actuator which is capable of moving the electrode accurately on a micrometer scale. A typical
case (dz;= 0.23 nm/V, free effective-length L of 6 mm and PZT thickness of T" of 0.28 mm ) is
shown in Fig. 4.3. Combining Figs. 4.2 and 4.3 it can be observed that a few volts are sufficient
to tune the capacitance by a factor of 43. This is about an order of magnitude better than in
the case of traditional semiconducting or paraelectric varactors or other MEMS varactors.

4.3. Tunable Bandpass Filter

With a tunable circuit, the tuning can be accomplished by varying either the length, the
inductive or capacitive loading of the transmission line. When the value of a capacitor in a
circuit is changed, the impedance and phase relationships in this circuit affected in predictable
ways. This change can be exploited to yield an analogue active or passive front end components
with wide bandwidth or tuning range, respectively. A microstrip combline filter structure has
been chosen as a demonstrator, Fig. 4.4 . One of the two sections of the center line is identical
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Figure 4.4.: One—pole microstrip combline bandpass filter.

with the bottom metallization of the piezoelectric cantilever (RF1), which is shortened to
ground at one end, and on the other end it forms the upper—-movable electrode of the variable
capacitor. The second section of the line (RF2) is on the LTCC substrate (see Fig. 4.5), thus
forming the bottom-fixed electrode of the capacitor. The variable capacitor is formed by the
overlapping area of the two lines (RF1 & RF2).

By splitting the center line into two sections and inserting the capacitor at the middle of this
line, the following advantages are gained:

1. Elimination of the cantilever inductance.
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Figure 4.5.: Schematic of the tunable piezoelectric LTCC combline filter.

2. Infinite self-resonance frequency.

3. Expansion the frequency of operation.

4. Increasing of the quality factor.

5. Maintenance of a compact size, no extra space is required for the tuning function.

6. Reduction of the losses in the device that introduced by the metallization of the bottom
side of the long piezo electric actuator.

7. Expansion of the tuning range.

4.4. Filter Synthesis Design

Since the width of the interior lines is predefined, because it is commercial available and not
customized to this application, actually it is used for hearing—aid and not for tunable filter. The
filter dimension will be adopted accordingly. The filter shall be realized on LTCC substrate of
permittivity 7.8, loss tangent 0.002, and 1.2 mm thickness. The proposed filter schematic is
shown in Fig. 4.4, and its cross—section is shown is Fig. 4.6. Since the predefined width is 1
mm, which is equal to the width of the center coupled line, hence the shape ratio W/H is equal
to 1/1.2 = 0.8333. Wheeler’s [79] synthesis formula may be used to calculate the internal filter
impedance Z;.

(3) =em@-n-emnei-+ D (-1 02-22) o)

H TE, €,

(4.7)
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w < > Wm < > w l
T
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Figure 4.6.: Designed filter cross section, w is the width of the input/out put lines, T is the metallization
thickness, H is the thickness of the substrate, € is the dielectric constant of the substrate, S is the
spacing between the lines, and w,, is the width of the internal line, it is predefined by the width of
the cantilever

Now, solving (4.6) for Z, give 70 2.

The self- and mutual capacitance per length have been previously computed, they are: Cj
= 4.2973, C} = 5.9110, and Cy; = 3.2427, these values are normalized with the free space
permittivity and scaled by ,/€,. The normalized coupling coefficients M;;, in terms of these
coefficients could be found as follow [80]:

My = (45)

JCiC;

Therefore, My; is the coupling between the input/output line and the internal line, which is
equal to 0.643. The determination of the spacing is done as follows: Figure 9.11 on [80] shows
the measured coupling coefficients as a function of the S/H for a substrate of 9.8 dielectric
constant. This figure is used to find the corresponds value to the computed My, which is 0.19.
Another possibility is to used Milligan algorithm [81]. Hence, the spacing S is 0.25 mm. Now,
The length of the resonator is 32° at 1.69 GHz. The effect of the via hole ground on frequency
shift has to be taken into account for determining the actual length. The actual length is 11.45
mm (calculate the theoretical length and subtract the via length). Finally, the width of input
and output line has been chosen to be 0.5 mm. Table 4.1 summarize all filter dimensions.

Table 4.1.: Filter physical dimensions

Widths of lines the input & output (w) || 0.5 mm
Width of the center coupled line (W;,) || 1.0 mm
Spacing between the lines (S) 0.25 mm
Lengths of lines (1) 11.4 mm
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4.5. Device Simulation

Like MEMS, the computational analysis of piezoelectrically tunable microwave filter (PTF)
poses distinctive challenges, particularly for the modelling the thin air gap of only a few mi-
crometers height but large lateral extension. An integrated variable air gap piezoelectric filter
consists of both mechanical and electronic parts. Since the bottom metallization of the actu-
ator has been utilized as a part of the device, its parabolic bending will create a nonuniform
air gap that varies from zero at the clamping point to several microns at the tip which result
in very high aspect ratios and inadequately large if not prohibitive number of cells for correct
simulations. The time required to simulate these large simulation can be. As a solution, the
bottom side of the cantilever is replaced by a straight line while the air gap inside the structure
is replaced by an effective uniform layer.

4.5.1. Simulation Tools

The most popular techniques with a wide range of applications are Finite Difference Method
[82], Finite Element Method [83], Transmission Line Matrix Method [84], and Method of Mo-
ments [85] Technique. The schematic representation of the structure is shown in Fig. 4.7(a).
Sonnet em is a full-wave simulation tool. Since it was available for the present work, it has been
used to simulate the PTF. Its method-of-moments based electromagnetic simulator solving the
current distribution on 3D and multilayer structures of mostly planar structures like microstrip
and striplines. It has been widely used in the design of LTCC circuits, microwave/millimeter-
wave circuits. Sonnet simulations of the PTF yield good agreement with the measurements
when the model in Fig. 4.7(b) is used.

Air
Air gap
7 3 Metal 1
. mom — ayer
orryyyl i Metal 2
High-K Layer 2
Metal 3
e
LIcC Layer 1
__________________________| Metal 4
(a) Structure cross—section. (b) Sonnet model.

Figure 4.7.: Simulation model

The specifications of the dielectric layers and of the metallization are shown in Table. 4.2
and Table. 4.3, respectively. Layer 3 represents the air gap. By changing the thickness of this
layer, the effect of the tuned air gap is modelled.
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Table 4.2.: Dielectric layers.

Layer 1 | Layer 2 | Layer 3
Thickness (pm) variable | 10 1000
Material Air High-k | LTCC
Permittivity 1 65 7.8
Dielectric loss tangent | 0 0.002 0.002

Table 4.3.: Metal types.

Thickness | conductivity (S/m) | Material
Metal 1 | 80 (nm) | 4x107 gold
Metal 2 | 10 (um) | 4x107 silver
Metal 3 | 10 (um) | 4x107 silver
Metal 4 | 10 (um) | 4x107 silver

The first order combline filter designed in the pervious section has been simulated by sonnet
em (Fig. 4.8).
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Figure 4.8.: Simulated tuning of the bandpass filter by the variable capacitor.

Small air gaps cause large frequency shift. Therefor a smooth surface is required. To achieve
this, the fabrication has to fulfil requirements in substrate polishing and cantilever assembly.
The minimum frequency at zero bias will otherwise be shifted up, thus reducing the tuning
range.
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4.6. Device—Specific Fabrication Process

The fixed lower electrode of the tunable capacitor is printed on top of the 1.2 mm thick substrate
(Fig. 4.9a). Proprietary high—K tape is used to provide the highly dielectric layer between the
capacitor electrodes (Fig. 4.9b). To balance shrinkage and thermal stress during sintering, a
symmetric stack of tapes is added on top, which also provides sacrificial material for the pol-
ishing step (Fig. 4.9¢). Subsequently the bottom surface is slightly polished for the planarity
of the top surface. The sacrificial material at the top is removed completely, and the polishing
process is proceeded until the desired thickness of the high-K tape (8 pm, permittivity 65, loss
tangent 0.002) and a smooth flat surface is reached (Fig. 4.9d). The microstrip coupled lines 1
& 3 (w=0.5mm,s = 0.25 mm, L = 11 mm) and the ground metallization are screen printed
on both top and bottom surfaces. The movable part of the center line (RF1) is identical with
the cantilever bottom metal (w = 1 mm, L. = 7 mm). It overlaps with the thick-film section
(RF2) on the LTCC substrate to form a capacitor area of 1x1 mm? (Fig. 4.9e).

(@) (@)
[ —
() ()

I e

(C) ()

Figure 4.9.: Fabrication process.
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4.6.1. The Fabricated Device

Fig. 4.10 shows a photograph of the final device. Above the high-K tape, the input and
the output lines (1 & 2) ended with via pads from one-end and on the other—end form the
input/output GSG pads. The design uses 800 um GSG pads. The bottom electrode of the
used piezoelectric actuator has been used as one of center coupled line sections (RF1). It is
shown that one-end of the cantilever is fixed to the LTCC substrate by glue, and the other
one left free. The other section of the center coupled line (RF2) is embedded between the
high-K tape and the LTCC substrate, it is invisible. The variable capacitor is formed by the
overlapping area between the sections of the center line. The angular misalignments between
the fixed lines (1 & 2) and RF2 with respect to the cantilever electrode (RF1) could be noticed.
The overall size is approximately 12x7 mm?.

Piezoelectric Variable
actuator capacitor
(RF1) Line 1

In

WMENR

Fixed L—-—-& Emb[%g%? line
side . e e

a'n |

Out Hig-k

dielctric tape Line 3

Figure 4.10.: The fabricated tunable bandpass filter.

4.7. RF Measurements

After the measurement set—up briefly explained, experimental results for the filter are presented.
The center frequency of the filter is tuned from 1.1 GHz to 2.6 GHz with 200 V control voltage
and low insertion loss of value 4 dB (at zero-bias) to 2 dB (at the maximum-bias). The
resulting continuous decrease in capacitance causes a large shift of the center frequency by
1.5 GHz of the bandpass filter. The present filter design focuses on the demonstration of
feasibility, tuning range, and device compactness. Although no optimization was done for power
consumption, tuning speed, drive voltage, filter attenuation, and insertion loss, the approach
already demonstrates low insertion loss due to the absence of lossy materials. This chapter also
shows the effects of tuning mechanism on the overall quality factor, return loss, insertion loss,
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and the relative bandwidth at the mid of the band as a function of frequency across the entire
tuning range.

4.7.1. Measurements Setup

L

DC Block

Figure 4.11.: RF measurements setup.

To measure the performance of the fabricated device a DC block capacitors are added at
the input and the output port of the Network Analyzer. These capacitors will prevent the
DC voltage (0...200 V) from going inside the Network Analyzer and will just allow to the RF
signal to pass through. The Network Analyzer that has been used for the measuring of the S
parameters is Agilent 8753.

Where the setup uses external DC Bock capacitors (see Fig. 4.11):

1. Connect the DC Block capacitors to the Network Analyzer.

2. Calibrate the Network Analyzer together with the DC Block capacitors.
3. Connect the RF input and output ports to the filter.

4. Connect the DC voltage source to the cantilever electrodes.

5. Finally, change the applying bias, and measure the S-parameters.
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4.7.2. Tunability

The measured response of the filter showed a 135 % tuning range bandwidth from 1.1 GHz
to 2.6 GHz with 200 volts control voltage. The filter frequency response was measured under
different bias conditions. The measured performance is depicted in Fig. 4.12.

S, and S,, dB

-15

-20

Figure 4.12.: Set of measured insertion loss and return loss responses for various control voltages.

The measured and calculated insertion loss (|S2;]) of the filter is shown in Fig. 4.13. Sim-
ulations are fitted to the measurements by adjusting the effective air gap. The air gap value
has been obtained from the sonnet simulation model by changing the thickness of the air layer
until the simulation matches the measurements curve. Fig. 4.13 shows also that the absolute
bandwidth increases over the tuning range in a manner consistent with constant relative band-
width, as expected. With a bias voltage up to 200 V the air gap increases continuously from
2.2 pm to 24 pm. These values were determined by fitting simulated frequency characteristics
to measured ones as in Fig. 4.13.

Fig. 4.14 shows the variation of the measured center frequency and of the corresponding air
gap as a function of applied DC bias.

4.7.3. Tunable Filter Parameters

Fig. 4.15 shows the return loss of the filter as a function of the tuned midband frequency. The
filter input matching is good with a return loss of better than -11 dB over the tuning range up
to 2.6 GHz.

The insertion loss reduced over the entire tuning range. The insertion loss is relatively low
due to the absence of lossy material. The unloaded quality factor can be found from [86]
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Figure 4.13.: Tuned bandpass filter with variable capacitor.
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Figure 4.14.: Measured frequency and the calculated corresponding air gap versus applied DC bias.
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Qloaded

(1= Sa21(fo))

where (joudeq 18 the loaded quality factor, which can be obtained from measuring the 3 dB
bandwidth of the insertion loss. So1(fp) is the transmission coefficient of the filter at the mid-
band frequency fy. The variation of the midband center frequency and the relative bandwidth
are shown in Fig. 4.17

Qunloaded (49)

28

® Tuned frequency
—— Fitting curve for tuned frequency
i ; i ; i

B Instantaneous relative bandwidth

Tuned mid-band frequency (GHZ)

Bias voltage (V)

Figure 4.17.: Measured mid-band center frequency and the relative bandwidth as a function of the control bias
voltage.

The mid-band frequency is determined by the lengths of the lines which is tuned by the
piezoelectric variable capacitor. The bandwidth of the filter depend on the width and the
separation of the lines, and not determined by the tuned frequency.

4.7.4. Lumped Element Representations

The equivalent circuit of the first—order filter is shown in Fig. 4.18. The filter lines are modeled
by the inductors. Spacing between the lines has been modeled by a mutual coupling, K15, K3
and K3 are the mutual-coupling between lines 0 & 1, 1 & 2, 0 & 2, respectively. The ohmic
and the dielectric losses of the filter are represented by the resistance R,. The capacitor is
described by the lower two elements R,, C'. Table 4.4 shows the equivalent circuit parameters
that are not subject to a change during the tuning process. C, Kjs, K3 are the tunable
parameters. These parameters have been founded by fitting the equivalents circuit performance
to the measurements. The length of the transmission lines have been converted into equivalent
lumped inductor elements Ly, Lo, and Ls. Their values have been computed from the general
relation between the distributed and the lumped elements. Since they are of the same length,
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Figure 4.18.: Equivalent circuit of the first order.

their values are identical and are founded to be 3 nH each. Now, the tuned capacitor value has
been adjusted by matching the measured S—parameters over the frequency range by varying the
effective air gap. The matching was in the tuned center frequency. The coupling between the
lines has been computed by adjusting the coupling coefficients K5 and Ks3 until the measured
and the performance of the equivalent circuit is pretty matched. To account for the dielectric
and ohmic losses, numbers of simulations have been run for the case that corresponds to the
measured zero—bias voltage. First, the whole setup has been simulated including all the losses of

Table 4.4.: Equivalent circuit fixed parameters of the first order

L= Ly= L3 3 nH
K3 0.36
R, 1.95 ohm
R, for 80 nm 0.35 ohm
R, for 500 nm || 0.05 ohm

dielectric and metallizations of the structure except for the metallization of the bottom electrode
of the cantilever which was lossless. The losses in this case counts for the dielectric losses of
the LTCC substrate and the high-K, in addition to the LTCC silver paste metallizations. On
the second one, all losses were included, which include the metallization loss of the cantilever.
Finally, apart of the metallization of the cantilever that forms the top-movable electrode of area
1x1 mm? of the capacitor has been simulated as a lossless metal while the rest of the line as a
lossy metallization. The all three simulations have been compared with the measured zero—bias
case:

e For the first run, the dielectrics losses as well as the LTCC silver paste have been com-
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puted. It is equal to 0.2.
e For the second run, the losses produced by the cantilever metallization found to be 1.75.

e For the third run, the electrode loss of the capacitor has been computed and is found to
be 0.35.

Thus shows that the metallization of the cantilever is the major contributor to the filter
losses. By fitting the model to the measured S—parameters under various biasing voltage the
capacitance value changed till the center frequency of the model matched the measured center
frequency. The coupling coefficients are varying with the applied voltage. The model shows a
broadband fitting across the entire tuning range. The performance of the equivalent circuit of
the first order compare to the measurements for at zero—bias is shown in Fig. 4.19.
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Figure 4.19.: The performance of the equivalent circuit of the first order.

The tuned capacitance and the tuned coupling are shown in Fig. 4.20, and Fig. 4.21, respec-
tively.

4.7.5. Piezoelectric LTCC Varactor Parameters

The equivalent circuit of the fabricated filter has been used to explore the change of the capacitor
parameters across the entire tuning range. The effective €, decreases rapidly due to the change
in the air gap as shown in Fig. 4.22. The permittivity of the high—K has been dropped from its
maximum value 65 at zero air gap to 4.4 at air gap of 2.2 um for zero bias. At the maximum
applied voltage a capacitance density of 0.36 pF/mm? has been measured correspond to an
effective air gap of 24 pum of 200 V. The maximum capacitance density at zero bias is 3.8
pF/mm? resulting in a tuning ration of 11:1 (Fig. 4.23).

Effective air gap has been founded by using the simulation model that has been developed in
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Figure 4.21.: Measured tunable coupling as a function of the deflection.
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Figure 4.22.: Effective permittivity and the corresponding air gap versus actuation voltage.

section xx. From Fig. 4.23 it can be seen that as the air gap increases inside the capacitor the
frequency goes up. This relationship is not linear. It also could be seen that when the air gap
is small, the amount of frequency variation is large compare to the big air gap. The real air

gap depends mainly on the assembly procedure which might reduce the effective free-length of
the cantilever.

Capacitance density
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nF———7—————————
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Figure 4.23.: Capacitance density versus actuation voltage.

The quality factor of the capacitor at mid band frequency has been determined from the
equivalent circuit and the relation [80]:
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Figure 4.24.: Measured tunable frequency and the quality factor versus capacitance variation.
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2n R, fC
The DC resistance of the cantilever electrode with 80 nm gold is found to be 2.2 ohm, and 0.35
ohm for 500 nm gold. Fig. 4.24 shows the measured tuned filter center frequency, the measured
quality factor at 80 nm gold, and the calculated quality factor for 500 nm gold.

4.8. Higher Order Filters

As with any other filter technology, quality factor and selectivity can be improved at the expense
of insertion loss, e.g. by adding further circuit elements or resonators. The higher the order is,
the sharper the attenuation of the filter. A two-poles ”second—order” combline filter has been
designed and fabricated. This chapter treats the measurements and characterizations of this
filter. The filter has shown a better selectivity of 10 to 15 dB than the first order. The quality
factor of the capacitor has been improved by a factor of 2 for a cantilever metallization of 150
nm gold thickness.

4.8.1. Filter layout

The layout of the two-poles filter consists of four coupled microstrip lines is shown in Fig. 4.25.
The increasing in the order has been done to improve the selectivity, the quality factor, and the
attenuation. As in the first order filter, the two interior lines have been divided into two sections
each. One of the two sections of the interior lines (RF1A/RF1B) is identical to the bottom
metallization of the piezoelectric cantilever (A & B, respectively), which each is shortened to
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Figure 4.25.: Layout of the 2-pole tunable filter.

ground at one end, and on the other end it forms the upper-movable electrodes of the two
variable capacitors. The second sections of the lines (RF2A/RF2B) are comprised on the top
of the LTCC substrate, thus each forming the bottom—fixed electrodes of the capacitors. The
filter has been designed using the developed theory of chapter four. Table 4.5 summarize all
filter dimensions.

Table 4.5.: Filter physical dimensions of the second order

Widths of lines the input & output (w) || 0.5 mm
Width of the center coupled line (W,,) || 1.0 mm

Spacing between the lines (S) 0.25 mm
Lengths of lines (1) 11.4 mm
Spacing between the cantilevers (.S,,) 1 mm
Filter size 12x9 mm?

4.8.2. The Fabrication of the Filter

The filter has been fabricated using the same fabrication process (see 4.6: ”Device-Specific
Fabrication Process”) as in the first order. The simplified fabrication process is shown in
Fig. 4.26. The metallization of the bottom side of the cantilevers have a 150 nm gold thickness.

1. The fixed two sections of the interior lines (RF2A & RF2B), which forms the lower
electrodes of the tunable capacitors at one of their ends are printed on top of the 1.2 mm
thick substrate (Fig. 4.26a).
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Figure 4.26.: Simplified fabrication process for the second order.

. As in the first order fabrication process a proprietary high-K tape is used to provide

the highly dielectric layer between the capacitors electrodes (Fig. 4.26b). To balance
shrinkage and thermal stress during sintering, a symmetric stack of tapes is added on
top, which also provides sacrificial material for the polishing step (Fig. 4.26¢).

. The whole layers are then laminated and then cofired at around 850°C.

. After the sintering process, the bottom surface is slightly polished for the planarity of the

top surface. The sacrificial material at the top is removed completely, and the polishing
process is proceeded until the desired thickness of the high-K tape (10 pm, permittivity
65, loss tangent 0.002) and a smooth flat surface is reached (Fig. 4.26d).

. The microstrip coupled lines 1 & 2 (w = 0.5 mm, s = 0.25 mm, L = 11 mm) and the

ground metallization are screen printed on both top and bottom surfaces (Fig. 4.26e).

. The movable part of the interior lines (RF1A & RF2B) are identical with the cantilever

bottom metal (w = 1 mm, L = 7 mm). They overlap with the thick-film section (RF2A
& RF2B, respectively) on the high-K material to form a capacitors area of 1x1 mm?
(Fig. 4.26f).

Finally, the same assembly procedure of the first order has been used for the second order.
The cantilevers fixed one after one.
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The Fabricated device

Fig. 4.27 shows a photograph of the final device. Above the high-K tape, the input and
the output lines (1 & 2) ended with via pads from one—end and on the other—end form the
input/output GSG pads. The design uses 800 pm GSG pads, the same in the first order. The
bottom electrode of the used piezoelectric actuators have been used as one of interior coupled
line sections (RF1A & RF1B). It is shown that one-end of the cantilevers is fixed to the LTCC
substrate by glue, and the other end left free. The other sections of the interior coupled lines
(RF2A & RF2B) are embedded in between the high-K tape and the LTCC substrate, they
are invisible. The variable capacitors are formed by the overlapping area between the sections
of the interior lines each. The angular misalignments between the fixed lines (1 & 2) and the
movable lines (RF1A & RF1B) could be noticed. The overall size is approximately 12x9 mm?.

Capcitor B
High K

RF2B
Fixed
sides
Output lne2  RF2A
Capacitor A

Figure 4.27.: The fabricated second order filter.

4.8.3. RF Measurements

The two cantilevers (A & B) have been driven individually and simultaneously in order to make
the two capacitances values identical to each other. The measurements of the performance of
the filter are shown in Fig. 4.28. It has been possible to adjust the values of the two capacitors
(A & B ) identical to each other in the frequency window of width 0.57 GHz, between 1.23
GHz and 1.8 GHz. The filter shows a 46% tuning range. The filter has been simulated and
compared successfully to the measurements as shown in Fig. 4.29. The simulations have been
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Filter tuned performance
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Figure 4.28.: Measured tuning curves for the second order filter.

carried by using sonnet tools by adjusting the effective air gap. The deviations is due to the
angular misalignments of the two cantilevers in both the vertical and the horizontal planes.
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Figure 4.29.: Measurements and simulations of the second order.

Tunability in the Second—Order

After the connection of the voltage sources to the electrodes of the two cantilevers, the filter
performance for zero bias is shown in Fig. 4.30. The bias on the cantilever B has been increased
to shift the return loss Sss down to match Si;, the matching case is the lower tuning curve of
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Figure 4.30.: The most lower tuning range could be achieved within this sample.

Fig. 4.28. At this case, cantilever B has been blocked to move further down because of the
roughnesses of the LTCC surface, so the tuning has been blocked in the lower-range. The
two cantilevers have been adjusted to reach the upper—tuning curve of Fig. 4.28. Then the
cantilever A has been blocked by the assembly process, thus the upper—tuning range has been
blocked, while cantilever B still going further up, the result of the maximum deflection is show

in Fig. 4.31.
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Figure 4.31.: The most upper tuning range could be achieved within this sample.

The device performance under different bias voltages has been measured. At first, the voltage
has been applied to cantilever A from 0 to 200 V, while B is kept at zero bias. The measured
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tuned frequency for the input (S1;) has been taken and shown on the left axis of Fig. 4.32. The
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Figure 4.32.: The tuned frequency for the input (S11) and the output (S22) reflection loss versus the actuation
voltage.

zero—voltage has been fixed to zero on cantilever A, and changed from 0 to 200 V at cantilever
B. The tuned frequency of the output (Sss) reflection loss has been taken and is shown at the
left curve and right axis of Fig. 4.32.

4.8.4. Attenuation

The attenuation of the filter has been improved by 10 to 15 dB. Fig. 4.33 compared the insertion
loss for both the first and the second order. A better selectivity has been achieved. From the
measured filter, the performance of frequency skirt enhances the isolation.
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Figure 4.33.: Comparison: measured attenuation for the first and the second orders.



4.8. Higher Order Filters 105

4.8.5. Equivalent circuit

The equivalent circuit of the filter is shown in Fig. 4.34. The input and the output lines has
been modelled by the inductors L1, L4, respectively. The two interior lines have been modelled
by the inductors L& L3. The two capacitors which formed by the overlapping areas of the
cantilevers A & B have been modelled by C4, Cy, respectively. The mutual couplings between
the line which modelled as L; and the other lines (Ls, L3& L,) are modelled by K9, K13, Kig4,
respectively. Ko3, Koy, the mutual couplings between lines Lo, L3, respectively. K34, the mutual
coupling between lines L3 & L,. The ohmic and the dielectric losses of the filter are represented

Figure 4.34.: Equivalent circuit of the second order filter.

by the resistance R. Table I shows the equivalent circuit parameters that are not subject to a
change during the tuning process. C, Ki5, Ks3 are the tunable parameters that we are going
to explore.

Table 4.6.: Equivalent circuit fixed parameters of the second order filter

L= Ly= L3 =1L, || 3nH
Ky 0.08
R 1 ohm
Koy= K3 0.1
Kos 0.11

As in the first order, the length of the transmission lines have been converted into their
corresponding lumped inductor elements Ly, Ly, L3, and Ls. Their values have been computed
from the general relation between the distributed and the lumped elements. Since they are of
the same length, their values are identical and are founded to be 3 nH each. Now, the tuned
capacitors values have been adjusted by matching the measured S—parameters over the fre-
quency range by varying the effective air gap. The matching was in the tuned center frequency.
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The coupling between the lines has been computed by adjusting the coupling coefficients K4,
K3, Koy, and K3 until the measured and the performance of the equivalent circuit is pretty
matched. To account for the dielectric and ohmic losses, numbers of simulations have been run
for the case that corresponds to the measured zero—bias voltage. First, the whole setup has
been simulated including all the losses of dielectric and metallizations of the structure except
for the metallization of the bottom electrode of the cantilever which was lossless. The losses in
this case counts for the dielectric losses of the LTCC substrate and the high-K, in addition to
the LTCC silver paste metallizations. On the second one, all losses were included, which include
the metallization loss of the cantilever. Finally, apart of the metallization of the cantilever that
forms the top-movable electrode of area 1x1 mm? of the capacitor has been simulated as a
lossless metal while the rest of the line as a lossy metallization. The all three simulations have
been compared with the measured zero—bias case:

e For the first run, the dielectrics losses as well as the LTCC silver paste have been com-
puted. It is equal to 0.2.

e For the second run, the losses produced by the cantilever metallization found to be 0.68.

e For the third run, the electrode loss of the capacitor has been computed and is found to
be 0.11.

The performance of the equivalent circuit is superimposed with the measurements in Fig. 4.35.
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Figure 4.35.: Equivalent circuit and measurements.

Thus shows that the metallization of the cantilever is the major contributor to the filter
losses. By fitting the model to the measured S—parameters under various biasing voltage the
capacitance value changed till the center frequency of the model matched the measured center
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frequency. The coupling coefficients are varying with the applied voltage. The model shows a

broadband fitting across the entire tuning range.
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Figure 4.36.: Tuned capacitance and quality factor versus variable air gap of the second order filter.
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Figure 4.37.:

The tuned capacitance and the corresponding quality factor are shown in Fig. 4.36. The
capacitance has been tuned from 5.75 pF to 2.65 pF with a high quality factor between 200
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and 300, in the tuning window. The tuned mutual couplings, K;» and K34 are shown in
Fig. 4.37.



5. Interpretation

The measurement results are analyzed and interpreted in this chapter. The device shows a
word record tuning range and a relative low insertion loss with respect to the tunable filters
were published. The analysis of the device by full-wave simulation reveals a potential tuning
range from 0.8 GHz to 2.8 GHz when the thin-film processability of the LTCC surface is
properly controlled. Switching speed, dynamic behaviors as well as power consumption are
being addressed in this chapter.

5.1. Performance Analysis

In this section the measured device performance is going to be analyzed and to be compared with
the state of the art. Since the complete filter is exhibits tunable capacitances, filter performance,
such as return loss, will degrade when the passband frequency is tuned away from the center
passband frequency for which the filter has been designed. Moreover, this design depends on
the electromagnetic coupling between resonators to provide the required impedance inverting
elements. Such coupling is frequency dependent and thus the designed impedance inverters
only operate correctly over narrow bandwidths. Hence, tuning over a broad range produces
deterioration in passband return loss.

mechanical movement

This is a novel tunable bandpass filter joining for the first time on the level of functional devices
two ceramic technologies, LTCC piezoelectric actuator technology. In lieu of Hrovat et al. [71]:
the LTCC and the PZT components has been cofired separately and then glued together. A
mechanical movement occurred for the first time in this type of devices. The used cantilever has
the ability to bend both upwards and downwards by proper biasing. In one of the fabricated
samples, it shows a bending of 8 um towards the LTCC substrate, and maximum upward
deflection of 32 ym. In the downward the cantilever is blocked on this sample by the substrate.
The finite extension of the glue also limits the maximum upward deflection far away from the
LTCC substrate, in the free space.

tunable frequency range

The center frequency of the filter has be tuned from 1.1 GHz (zero-bias) to 2.6 GHz (200 V-bias)
resulting in (135%) tunability, which is slightly larger than the demonstrated by current para-
electrically tuned filters [87]. The measurements show that the tuning range is center on the
corner of the application range. This is resulted-in by the short and long surface non-planarities
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which is impact the capacity of the piezoelectric actuator significantly. Nevertheless, the rep-
resented tunable filter shows successfully a broad band application, i. e.: tunable frequency
range of 1.5 GHz with the application of 200 V control voltage.

measurements & simulations

Deviations between measured and simulated characteristics are attributed to a slight angular
misalignment of the cantilever in the plane of the LTCC surface. With values 4 to 2 dB
the insertion loss at center frequency is relatively low due to the absence of lossy paraelectric
material. The increase in the insertion loss at the lower end of tuning range, is due to the
decrease in the overall resonator quality factor as the electrical length of the transmission line
portion becomes shorter.

The simulations include resistive and dielectric losses; they particularly reveal resistive losses
in the thin cantilever metallization as a major contribution. The predicted tuning range is from
0.8 GHz to 2.5 GHz, tunability of (250%). The different with the measured tunability range
(135%) can be attributed to the unintentional air gap (of 2.2 pm) in the capacitor present at
zero bias where ideally the top electrode should touch the high-K dielectric layer. Due to that
the effective dielectric constant between the capacitor electrodes has been dropped from its
maximum value of 65 to 4.4 at zero-bias. Such an air gap likely arises due to the roughness
and non-planarity of both LTCC and the piezoelectric actuator surfaces.

Like in MEMS devices, the capacitance variation is due to movement of the electrodes and
not due to change in material parameters. Like in MEMS devices also, piezoelectrically tuned
capacitors exhibit a high quality factor.

roughnesses & biasing capacitors

The tuning range achievable with the present concept depends on several factors, particularly
short and long range surface nonplanarities, i.e. roughness and warpage. As a practical design
rule we found a minimum effective air gap of 1 um to account for residual surface roughness
effects after polishing. The analysis of the device by electromagnetic simulation reveals a
potential for 250% tuning range if roughness and warpage could be eliminated. The need for
a large capacitors that allow biasing like what has been done in [88] which reduced the tuning
range is not needed in this type of filter, since the applied bias is not affecting the RF behaviour
of the device.

attenuation

However, lower side band attenuation deteriorates due to the lower pole of the filter remaining
at fixed frequency since it is a zero frequency pole. This transmission zero is an inherent
characteristic of this type of filter. It can be observed that the passband frequency response is
flat and the frequency skirts are not sharp. This is attributed to the absence of a multipoles in
the vicinity of the midband.

In the fabricated second—order filter, the attenuation has been improved by 10 to 15 dB. A
better selectivity has been achieved. From the measured filter, the performance of frequency
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skirt enhances the isolation.

For better attenuation, another pair of extra transmission zeros that can be easily tuned could
be added by using other filter topology. The attenuation characteristics could be improved by
inserting several poles in the lower /upper band of the center frequency of the filter by using a
capacitive coupling between the resonators.

stiction & pull-in

In [3] a piezoelectric—transducer (PET) controlled tunable bandpass filter has been demon-
strated. A dielectric perturber has been attached to the PET. The movement of the PET
perturbs the electromagnetic fields of the filter resonator line. This change the line capacitance
and consequently the center frequency of the filter. A wide tuning range of 24% was achieved
near 10 GHz with little performance degradations. Contrasting that, the tuning ratio was not
limited due to the so—called pull-in effect. Piezoelectric actuators exhibit proven reliability and
life time. Sticking of the contact surfaces is not an issue due to the piezoelectric force.

actuation voltage

Although the current piezoceramic bimorph design with its capability to enforce downwards
bending under reversed bias is already useful to compensate for both, the piezoceramic hystere-
sis and an unintentional air gap due to imperfect assembly, the response to bias voltage may be
further improved by using more complex actuators like multilayer piezoceramic versions. Two
multilayer bending actuators are available at [72] the first actuator has the following specifica-
tions: layer thickness of 48 um and operating voltage of 92 volts for the maximum deflection
of 300 um. The second has a layer thickness of 17 ym and operating voltage of 30 volts for the
maximum deflection of 0.7 mm.

future work

Suggestions on how to further develop and improve the device are also given, concerning in
particular:

1. the power handling capability for base station applications,

2. the linearity at higher signal amplitudes (IP3) and performance in an RF circuit,
3. the tuning speed and hysteresis,

4. the production feasibility and assembly process of the two ceramics,

5. yield, lifetime and fatigue.
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5.2. Piezoelectric Tuning Properties

After the successfully demonstrated a compact tunable filter using integrated piezoelectric
LTCC varactor. These initial results show the potential of this new filter technology to produce
low loss wide—tunable components. The mechanical properties of the piezoelectric actuator
affects the performance of such type of tunable components. In the following sub—sections
the tunable coupling, hysteresis behaviour, tuning sensitivity, power consumptions, and tuning
speed are discussed.

5.2.1. Tunable Coupling

The movement of the piezoelectric actuator changes the spacing between the lines (Fig. 5.1).
This change yields a tunable coupling. The spacing between the lines is /.S? + d?, where S is
the spacing between the lines at zero bias (in the ideal case, d = 0). With increasing the air

Figure 5.1.: Device cross—section.

gap the spacing between the lines increased, thus resulting in a more weaker coupling. Weak
couplings between resonators are required for narrow-band filters while maintaining relatively
small spacings between resonators. This is important because in the case of many microstrip
resonator structures, in order to achieve narrow bandwidth, quite large spacings between res-
onators are required. By tunable coupling the isolation band has been improved at higher
frequencies relative to that generated from the fixed, like in [2]. Also, it is one of the means for
maintaining nearly constant bandwidth and passband shape since it is desired for the tunable
filters over a very sizable range.

5.2.2. Hysteresis Behaviour

In general the dielectric hysteresis is an effect in a dielectric material similar to the hysteresis
found in a magnetic material. It is the result of changes in orientation of electron orbits in the
dielectric because of the rapid reversals of the polarity of the line voltage. The hysteresis in the
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Figure 5.2.: Hysteresis in capacitance as a function of the applied voltage.

piezoelectric LTCC varactor is due to the dielectric-hysteresis of the PZT material from which
the piezoelectric cantilever has been made. This could be controlled by driving the cantilever
with a control circuit. Based on the mechanical measurements of the piezoelectric actuator
glued to the LTCC, the hysteresis effect in the capacitance has been computed directly, and is
shown in Fig. 5.2.

5.2.3. Tuning Sensitivity

To explore the tuning sensitivity of the fabricated device, we must analyze whether it is possible
to pull the center frequency of the filter with the variable piezoelectric capacitor.

In order to achieve resonance, the reactance of the transmission line and the varactor must
cancel. In the lumped equivalent circuit, the resonance occurs when the reactance of the
inductor balances the reactance of the capacitor. The resonance frequency for the series LC—
tank is,

1
= 5.1
f 271'\/ LQC ( )
To explore the change of frequency as a function capacitance, the partial differential equation
is found to be:

o _ I
oC 2C
The tuning of this device is mainly limited by the range of the capacitance variation of the

loaded varactor. From the equation (5) it is evident that the absolute tuning frequency range
is proportional to the v/C.

(5.2)
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For this topology, the tuning sensitivity versus the bias voltage is determined by

of af oC
- - L= 5.3
ov oCc ov (5:3)
and the change in the capacitance in terms of voltage change is:
- dair
oc _ _o_o ”
ov (dair + &) OV
where
dair L
a@V = 3d31(?)2 = constant. (5.5)
Finally the tuning sensitivity is
0 adair
9 _ ! (5.6)
ov 2(dair + %) OV
since dk /€, is small it could be ignored. Equation (10) become
0 GH
of _ f < (5.7)

oV 2V Volts

Fig. 5.3 shows the measured tuning sensitivity versus the applied DC voltage. The sensitivity
decreases parabolically with increasing bias. A better sensitivity of tuning could be achieved by
employing a multilayer actuator technology where a low bias voltages are needed verifying the
fact that maximum sensitivity is achieved for minimum bias voltage. The sensitivity parameter
is important for fine tuning the filter for the required center frequency with as minimal an
applied electric filed/bias as possible. Since the PZT are nonlinear dielectric materials, the
sensitivity factor will also be varying in a nonlinear fashion. Knowing the center frequency
or the frequency shift versus the maximum applied electric filed would help in fine tuning the
filter’s operation.

5.2.4. Power Consumptions

Piezo—actuators operate as capacitive loads. Since the current leakage rate of the ceramic
material is very low (resistance typically 10 M), piezo actuators consume almost no energy in a
static application and therefore produce virtually no heat. As in electrostatically driven MEMS,
an ideal piezoceramic element exchanges energy with the external circuit when mechanical
movements occurs. This energy is not dissipated but an amount %C’V2 is stored in the electric
field in the ceramic layer (capacitance C, applied voltage V). In a bimorph design there are
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Figure 5.3.: Tuning sensitivity in frequency versus control voltage.

two piezoceramic layers with two outer electrodes and one inner electrode. The outer ones are
kept on ground potential and maximum operation voltage V,,.., while the inner potential V;
is tuned between these two values to control the bending. For V; = V,,,,,./2 the voltage drop
across both piezoceramic layers is equal and no bending occurs. The maximum deflection in
either direction is consequently induced for V;= 0 and V,= V.., respectively.

The electrostatic energy can be expressed by

1 1
E = ZCVQ + C(‘/t - _Vmax)2 (58)

max 2
where C is the capacitance of each of the two layers. The maximal change per tuning step is
given by

-1 1
TCVT,%M <AE < Ecv,?m (5.9)
where the sign denotes whether energy is stored or released. With an average permittivity of
3500 for the piezoelectric material VIBIRT 1334 [72], C amounts to 1.7 nF and AE < 3 uJ,
which is comparable to MEMS switches [89]. Additional dissipative losses in conducting and
ceramic materials are more difficult to assess and necessitate further experiments.

5.2.5. Tuning Speed

The size of the cantilever result in a small capacitance and relatively slow response time. The
switching time depends on the sound velocity of the piezo material [90]. For the piezoelectric
material VIBIRT 1334 the time response amounts to 2.43 ms, to reach the fully open position,
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which is much slower than the switching speed of a semiconductor switch which is in the order
of nanoseconds. The ferroelectric can be tuned rather fast 1 ps. Smaller size can be used to
make more compact filter and improve the tuning time. Typical piezoelectric actuator can
work up to about 1 billion cycles. Comparing this with the almost infinite working cycle for a
semiconductor switch, piezo—actuators have shorter lifetimes.

5.3. Competing Technologies

Finally, to show the capabilities and the potential of tunable devices based on integrated piezo-
electric LTCC varactor, it is important to compare the present approach with the compet-
ing technologies. Particularly the semiconductor varactor diodes, paraelectric capacitors, and
MEMS capacitors. York et al. have compared the above mentioned continuously variable

Table 5.1.: Comparison of varactor technologies.

GaAs | BST MEMS Piezoceramic
(This work)
Tuning Range 4:1 3:1 < 1.5:1 5:1
Quality Factor | < 60 < 60 < 200 < 150
Control Voltage | <20V | <30V | < 50-100 V | < 200 V
Tuning Speed Fast Fast Slow Slow

varactor technologies in [7]. Including the present approach, four technologies for integrated
microwave varactors exist. Some important features are summarized in Table 5.1.



6. Outlook—Future work

This chapter presents an outlook for the PTF. The idea of the present approach that has
been explained in the third chapter could be extended to tune multiple capacitors with a single
cantilever. The filter topology plays the most important role in doing that. The major challenge
would be where to place the capacitors with in the filter structure for optimum tunability. In
higher—order version of the present structure (combline filter) a set of cantilevers will be driven
simultaneously and individually to tune the filter. Thus, a complex control circuit design is
required. The wish is to have a minimum number of cantilevers that can tune the maximum
possible number of capacitors. Throughout this chapter a proposed solution which looks feasible
will be demonstrated in simulations. Also, the angular misalignment, reproducibility, reliability,
and fatigue are shortly addressed.

6.1. Multiple tuned capacitances

The present approach can be extended to tune more than only one capacitor simultaneously
with one movable cantilever. As shown in Fig. 6.1, the configuration consists of a set of fixed

Upper-movable
electrode
High-K High-K High-K
material 3 material 2 material 1

\WWW
SSEESERRSm e e

ﬁﬁ—

Bottom-fixed
electrode 1

Bottom-fixed  Bottom-fixed
electrode 3 electrode 2

Figure 6.1.: Schematic of the piezoelectric tuned multi capacitors.

electrodes which are comprised in the top of a LTCC surface. Above each, a high-K material
of different thicknesses with different dielectric constants may be used to form the intermediate
layers. The whole set of the capacitors could be tuned by changing the distance between theses
fixed electrodes by a single upper-movable electrode which could be raised by a piezoelectric
actuator. Thus, the whole setup could be tuned by a single driving voltage.
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Figure 6.2.: 3D-view of the proposed—configuration.

The 3D-view of the proposed—configuration is shown in Fig. 6.2. The tuning device is composed
of three capacitors which are simultaneously tuned by one movable electrode. The set of the
fixed bottom electrodes 1,2 and 3 are located on the top of LTCC substrate. A high-K dielec-
tric layer is sitting on the top of these electrodes. This three capacitor tuning method could
be tuned with one applied voltage. The parasitics due to the coupling within this arrangement
have to be taken in the design consideration. This setup has replaced multiple piezoelectric
actuators with only one, as a result low insertion loss is to be expected.
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Figure 6.3.: Device outlook circuit.
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To illustrates the present concept, a proposed circuit is shown in Fig. 6.3 is chosen as demon-
strator. The circuit employing three coupled lines. The two exterior lines used as input and
output lines. The center coupled line is identical to the bottom metallization of the cantilever.
The lower three capacitors C, Cy, C'3 are tunable. Fig. 6.4 shows the proposed cross—section for

Piezoelectric electorde High-K material

AN

¢, = \cz

Boftom 1
m \Boﬁom 2
LICC
Cs Via to ground

Bottom 3

Figure 6.4.: Multi-tuned capacitors with single cantilever.

this structure where a single cantilever could be used to tune them all by single action (applied
voltage). The bottom electrodes are set on the top of LTCC substrate. The distance between
these electrodes could be adjusted as small as possible to make sure that the whole set will be
covered by the width the cantilever. A high—K dielectric tape set on the top of these electrodes.
The movement of the cantilever change the air gap inside the three capacitors simultaneously,
consequently the capacitors varied and the filter characteristic is tuned. The circuit simulation
using ADS is shown in Fig. 6.5. Where the three capacitors are identical to each other and were
they tuned from 15 pF to 1 pF. Fig. 6.5 shows that the attenuation on both the upper and the

0

1pF

1
-
(3]

Filter Performnace
1)
—

20 \
25 \\~ /
0,0 1,0 15 2,0
Frequency (GHz)

Figure 6.5.: Outlook: device performance.
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lower side has been improved. The two capacitors C; and C; which are terminating the input
and the output resonators, respectively, introduce poles at the lower side of the transmission
curve. These poles moved up in frequency as the two capacitors values decrease. These capac-
itors also change the cross—coupling between the coupled lines as consequent the bandwidth of
the filter decreases with frequency goes up. There is no optimization has been done in terms
of matching or losses.

6.2. Angular Misalignment

Since the misalignment of the cantilever horizontally and vertically is a critical issue, the can-
tilevers could be aligned parallel to the other lines by using a mask. Fig. 6.6 shows a schematic

P

Top cover

LTCC part

antilevers

Figure 6.6.: Schematic of the fixing procedure using mask.

view for that, a U-shaped box is used to hold the LTCC-part of the device, an upper movable
mask which might has a number of windows depending on the order of the filter used to hold
the cantilevers inside. A top—cover is used to fix the cantilevers after flipping the whole chock
for injecting the glue from the other side.

6.3. Reproducibility, Reliability, and Fatigue

This solution with mechanical tuning of a capacitor driven by piezoelectric effect looks feasible,
however, the question of the reproducibility of the tuning characteristics and long—term stability
of those characteristics has to be considered. The development and the fabrication may require
considerable technological effort.
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Knowledge of mechanical properties is essential for the successful modeling and design of
Electro Mechanical Systems. Fatigue behavior, for instance, may ultimately limit product
lifetime in certain applications such as tunable components. Fatigue is of particular interest
in tunable filters which operate under cyclic loading at high frequencies (GHz). Failure under
cyclic loading will depend on the magnitude of the applied strain. Like in MEMS structures
which have been cycled billions of times without showing fatigue failure, I expect the same for
this case.

The reliability, efficiency and improvement of such a device strongly depend on the charac-
teristics of the thick film layer of the PZT material. The integration of piezoelectric actuator
and LTCC technologies is emerging for the next wireless generation components, since the huge
movement /displacement that could be achieved by a piezo—actuator is the key for a huge range
of tunability.






7.

Conclusion

Integrated piezoelectrically tuned LTCC bandpass filters based on coupled microstrip lines
have been investigated. Filter tuning is achieved by surface—mounted piezoceramic cantilevers.
This work describes design, fabrication and experimental investigation of the tunable LTCC
filters. The present approach offers innovative tunability performance that combines favorable
properties with respect to tuning range, quality factor and power consumption.

Similar to the known micro—electromechanical (MEMS) approaches for tuning and switch-
ing, in this work a modified parallel plate capacitor with high—permittivity dielectric and
piezoelectrically movable top electrode is proposed as a promising and versatile tuning
element. The vertical movement of the electrode controls the width of an air gap above
the dielectric film. By this way the use of lossy dielectric material in the tuning element
is avoided.

This varactor has been integrated with the bandpass filter structure employing three
coupled microstrip lines. One electrode of the piezoelectric element replaces one section
of the center coupled resonator line of the conventional untuned filter so that the tuning
function consumes no extra space. By splitting the center line into two sections and
inserting the capacitor at the center of this line, the optimum tunability has been achieved.

A systematic design procedure to design wideband tunable microstrip combline filters has
been presented. The proposed method yields minimum change in the filter specification
over the tuning range. This is achieved by considering the effects of tuning in the filter
design.

Since the bottom metallization of the actuator has been utilized as a part of the device, its
parabolic bending will create a nonuniform air gap that varies from zero at the clamping
point to several microns at the tip which result in very high aspect ratios and inadequately
large if not prohibitive number of cells for correct simulations. To simplify the simulation,
the bottom side of the cantilever is replaced by a straight line while the air gap inside the
structure is replaced by an effective uniform layer.

Small air gaps cause large frequency shift. Therefor a smooth surface is required. To
achieve this, the fabrication has to fulfil requirements in substrate polishing and can-
tilever assembly. The minimum frequency at zero bias will otherwise be shifted up, thus
reducing the tuning range. In order to guarantee optimum performance of both, the
LTCC integrated coupled line filter elements and the piezoelectric element, at hybrid as-
sembly process of two separately fabricated and optimized components is adopted here. A
hybrid integration and assembly of the two components has been used, a conductive epoxy
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7. Conclusion

has been used to fix the cantilever in its position. The glue must have good mechanical
properties and to provide a good electrical conductivity

A preliminary demonstrator exhibits a wide tuning range from 1.1 to 2.6 GHz with low
insertion loss values of 3+1 dB throughout the tuning range. These promise further
reduced insertion losses by thicker metallizations as well as even wider tuning range with
tighter control of the surface roughness inside the capacitor. The tuning voltage of up to
200 V may be reduced in future versions by using multilayer actuators. The capacitor
exhibits a wide tuning range from 7 pF to 1.35 pF with a quality factor between 60
and 160. A second-order filter has been fabricated to improve the selectivity and the
attenuation. The filter has shown a better selectivity of 10 to 15 dB more than the
first-order. The quality factor of the capacitor has been improved by a factor of 2 for a
cantilever metallization of 150 nm gold.

Like in MEMS devices, the capacitance variation is due to movement of the electrodes
and not due to change in material parameters. It is useful for a broadband of operation
from 0.1 GHz to 100 GHz. Piezoelectric actuators exhibit proven reliability and life time.
Sticking of the contact surfaces is not an issue due to the piezoelectric force. The tuning
ratio was not limited due to the so—called pull-in effect.

To reduce the size and weight of the filter, a high dielectric constant could be used as
a substrate and more thinner PZT layer in the piezoelectric actuator. Another filter
topology might be used to improve the selectivity and higher the quality factor of the
filter, i.e., tapped input/output combline filter, where a two extra zeros can be added to
over come the lower—side attenuation which is caused by the fixed zero—pole.

The tuning range achievable with the present concept depends on several factors, par-
ticularly short and long range surface nonplanarities, i.e. roughness and warpage. As a
practical design rule we found a minimum effective air gap of 1 um to account for residual
surface roughness effects after polishing. The analysis of the device by electromagnetic
simulation reveals a potential for 250% tuning range if roughness and warpage could be
eliminated.

The sensitivity parameter is important for fine tuning the filter for the required center
frequency with as minimal an applied electric filed/bias as possible. Since the PZT are
nonlinear dielectric materials, the sensitivity factor will also be varying in a nonlinear
fashion. Knowing the center frequency or the frequency shift versus the maximum applied
electric filed would help in fine tuning the filter’s operation. The size of the cantilever
result in a small capacitance and relatively slow response time. The switching time
depends on the sound velocity of the piezo material. For the piezoelectric material VIBIRT
1334 the time response amounts to 2.43 ms, to reach the fully open position, which is
much slower than the switching speed of a semiconductor switch which is in the order
of nanoseconds. The power consumption AE < 3 uJ, which is comparable to MEMS
switches. Additional dissipative losses in conducting and ceramic materials are more
difficult to assess and necessitate further experiments.



125

e The present approach can be extended to tune more than only one capacitor simulta-
neously with single movable cantilever. The tuning device might be composed of a set
of fixed bottom electrodes which are located on the top of LTCC substrate. A high-K
dielectric layer is sitting on the top of these electrodes. The whole set could be tuned
with one applied voltage. The parasitics due to the coupling within this arrangement have
to be taken in the design consideration. This setup has replaced multiple piezoelectric
actuators with only one, and a low loss is to be expected.

This tunable device can be successfully used in applications where the large tuning range and
the very effective integration of the 3D LTCC packages are much more important than the very
slow speed.






A. Two—Port Parameters

Consider the 2—port shown in Fig. A.1. In the impedance matrix representation, the voltage at
each port is related to the currents at the different ports as follow:

V o= 21 (A1)

I 2
—¢—
— 2-Port <
b network | b,
_4__

_ | _| 4
v - |g] 1-[2] (82)
and
1 ZH Z12 211 212
- — A3
z 2 [ Zo Iy 21 %2 (4-3)

where 7 is the characteristic impedance. A very popular method of representing microwave
networks is by the scattering matrix. The scattering matrix is generally represented in a
normalized form. In this representation, the normalized reflected voltage at each port of the
network is related to the normalized incident voltages at the ports of the networks. The
scattering matrix of the two port network relates the reflected waves b; , by and the incident
waves a; , ap at the input and the output ports. It is defined as follow:

b = S a (A.4)

where
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and
Sll 512
s A6
[521 522} (4.6)

where Si; and Sy are called the input and the output reflection coefficients, respectively. Sio
is the reverse transmission coefficient and Sy, is the forward transmission coefficient. The
relationships between the voltage and current with incident and reflected waves at the input
output ports are defined as follow:

V = a+b (A7)

I = a—-b (A.8)

Substituting the voltage and current in terms of incident and reflected waves in the impedance
matrix yields

a+b = za->b (A.9)

since b = S a, this implies that

g—i—Sg:z[g—Sg} (A.10)
that results in
z = [1-S] "1+ S] (A.11)
where
10
1 = {0 11 (A.12)

The input impedance at the input port can be computed as follow:

Vl a1—|—b1
T = o= = Zy—= = A3
AT (A1)
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with
h = Su a (A.14)
SO
14+ 5,
91— 5, (A.15)

Since the two—port network is passive one can obtain

0< S (jw)l* <1, |9 (w)| <1 (A.16)

this stating conservation of energy, that a passive device cannot reflect more energy than the
incident upon it. If the network is lossless then all the incident energy must be reflected from
the network, i.e.

In general the elements of a normalized scattering matrix satisfy the following equation,
which results from the law of conservation of power [91]
ST S = 1 (A.18)

where T denotes the Hermitian conjugate. Thus, [1] is called a unitary matrix. For two—port
networks this yields the following identities

1S (w)[* + |82 ()P = 1 (A.19)
|2 (jw)* + |Sh2 (jw)|* = 1 (A.20)
St (jw) Si2” (jw) + Si2 (jw) Sa2™ (jw) =0 (A.21)

The solution of the above set of equations leads to the following conclusions:

1S (jw)| = [ (jw)] (A.22)
S12 (jw)| = [S21 (jw) (A.23)
(A.24)
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In general and for N—port network, the following two equations relate the scattering matrix
in terms of the impedance matrix, and vice versa are

S =[z+U]|"'[2z-U] (A.25)

and

z = [ U-8S ][ U+S8] (A.26)

where U is the unit, or identity matrix defined as

1 0 0]

010 0
u= 001 (A.27)

1 0

000 1
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