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Abstract—A new concept for tunable and reduced size mi-
crowave circuits is presented based on barium–strontium–titanate
(BST) varactors. The proposed design methodology relies on sub-
stitution of quarter-wavelength transmission line segments with
their equivalent low-pass structures. The ferroelectric BST-var-
actors are used as tuning elements and allow for a frequency
agile behavior and size reduction of the circuit. Candidates for
this methodology are quarter-wavelength based circuits such as
Wilkinson power dividers and branch-line couplers. Prototype
boards for both topologies were implemented and characterized
through scattering parameter measurements. For the imple-
mented Wilkinson divider a tuning range from 1.7 to 2.1 GHz is
achieved. The insertion loss in both output paths varies from 0.6
to 1.2 dB while maintaining a worst case amplitude- and phase
difference of 0.5 dB and 9 , respectively, for all operating cases.
The isolation between the two output ports exceeded 25 dB over
the whole tuning range. The implemented branch-line coupler
exhibits a tuning range from 1.8 to 2.3 GHz with a maximum
insertion loss of 2.7 dB while maintaining worst case amplitude-
and phase difference of 0.4 dB and 90 5 , respectively. Port
matching and isolation levels of more than 15 dB are exhibited at
all bias conditions.

Index Terms—Couplers, ferroelectric capacitors, power di-
viders, tunable circuits and devices.

I. INTRODUCTION

T HE continuously rising number of communication stan-
dards, which have to be covered by modern mobile radios,

calls for reconfigurable and frequency agile front-end compo-
nents. Already known techniques of designing microwave sys-
tems can be adapted in order to incorporate new functionalities,
e.g., tunability and thus enable new system architectures with
reduced number of functional blocks. Ferroelectric materials
have been used extensively for tuning purposes. Among the pos-
sible ferroelectric materials for such applications, barium–stron-
tium–titanate (BST) is probably the most suitable candidate due
to its relative high permittivity and well known electrical perfor-
mance. Tunable passive components based on BST, like ferro-
electric varactors, have introduced a whole new group of tunable
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subsystems, e.g., filters [1], [2], phase shifters [3], [4], matching
networks [5], [6], switches [7], [8], and baluns [9]. Furthermore,
active microwave circuits such as tunable voltage controlled os-
cillators [10], [11] and dynamically tunable power amplifiers
[12], [13] have been reported. Previously we presented a re-
duced size and tunable power divider [14] based on BST-varac-
tors. In this paper this new technique is generalized and applied
to both, the Wilkinson divider [15] and the hybrid branch-line
coupler. Additionally to frequency agility, as reported also in
[16], [17], our approach leads to size reduction. The operating
principle is discussed in Section III and is enhanced with a
new functionality by introducing the ferroelectric varactors. For
the first time, a successful implementation for transmission line
based circuits is demonstrated.

The familiar narrowband performance of based topolo-
gies is obtained for different operating frequencies. This tuning
functionality enables a frequency agile operation. At the same
time, size reduction is achieved which is a step forward to higher
integration levels in future front-end architectures. Designing
high performance circuits based on tunable components is a
challenging task and is mainly influenced by the structure of
the component, the electrical behavior, and also its assembly
within the circuit. Therefore all of these aspects are discussed in
Sections II–V. In Section II, the used ferroelectric varactors and
their electrical performance is presented, while in Section III the
technique of substitution of the segments with their equiv-
alent low-pass structures is discussed. In Section IV, this tech-
nique is applied for the Wilkinson power divider and the hy-
brid branch-line coupler. Finally, in Section V, the BST-varactor
based implemented tunable and reduced size prototype circuits
and the corresponding measurement results are shown.

II. FERROELECTRIC THIN-FILM VARACTORS

BST is a composite material, consisting of barium–titanate
and strontium–titanate forming a mixed crystal, represented as
Ba Sr TiO where the doping ratio determines the phase
transition point between ferroelectric and paraelectric phase. So
far, the potential usage of BST in microwave circuits has been
investigated mostly by academic research groups. Over the last
years noticeable effort has been done also from industrial site in
order to establish this technology for commercial high volume
applications [18], [19].

Ferroelectric BST-varactors can be processed either as a
metal–insulator–metal (MIM) parallel plate structure, as indi-
cated in Fig. 1, or as planar interdigital capacitors (IDC) [20],
[21]. For the parallel plate capacitor the ferroelectric film of
height is located between the two metal electrodes. In this
case, platinum (Pt) is the electrode metal which is covered
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Fig. 1. Typical structure of ferroelectric thin-film MIM-varactor.

Fig. 2. On-wafer measured capacitance of a 5 pF varactor for different temper-
ature conditions. Data from [14].

by an additional aluminum (Al) layer. The active area of the
parallel plate capacitor is furthermore covered with a protecting
isolating layer. The whole material stack is based on a ceramic
alumina Al O substrate. Different electrode materials and
layer configurations have been reported as well [22], [23]. An
electrical field is built by applying a bias voltage on the
electrodes. This field, which is straightforward related to the
bias voltage as , alters the permittivity of the BST-film and
can be described in a mathematical manner [24].

The voltage dependence of the BST-varactors is shown in
Fig. 2 for a capacitor of 5 pF nominal capacitance. The mea-
surements were taken with an Agilent E4991A RF-impedance
analyzer for frequencies up to 3 GHz by an on-wafer procedure
and after the appropriate short open load (SOL) calibration. The
capacitance value as well as the varactor quality factor were
extracted from the measured input admittance according to
(1) and (2), respectively, as follows, where in the frequency re-
gion of interest the measured quality factor values were around
40:

(1)

(2)

The maximum capacitance is always obtained at zero bias.
For higher temperatures the relative permittivity is de-
creasing, as predicted by the Ginzburg–Landau theory [25],
since the temperature in the crystal moves far away from the

Fig. 3. Quarter-wavelength transmission line segment and its equivalent low-
pass structure.

phase transition point. Therefore the obtained capacitance
is reduced since where is the effective
electrode area. At low temperatures a tunability, defined as

, of more than 60% is achievable at
a bias voltage of 20 V. An additional phenomenon that takes
place when a bias voltage is applied are the induced acoustic
resonances. The perovskite-type BST crystal is symmetric in
absence of an electrical field. By applying a bias voltage the
crystall becomes asymmetric, thus piezoelectric, and introduces
a parasitic resonance to the layered structure [26], [27]. The
overall electrical behavior of BST thin-film varactors can be
described by equivalent models [28], thus allowing accurate
linear and nonlinear simulations during the circuit design
procedure.

III. EQUIVALENT QUARTER-WAVELENGTH SEGMENTS

The proposed methodology is based on the principle of sub-
stituting transmission line segments of initial characteristic
impedance with equivalent low-pass structures [29]. The re-
sulting new transmission line segments can be made signifi-
cantly shorter by raising their characteristic impedance level to

and add shunt capacitors at the ends, as depicted in Fig. 3.
The capacitance value for the equivalent low-pass structure

can be calculated by comparing the network parameter matrix
of the quarter-wavelength segment with the corresponding ma-
trix of the low-pass structure. For the general transmission line
segment of characteristic impedance and electrical length ,
the matrix is given as

(3)

For the case where , the matrix is reduced to

(4)

The overall matrix of the equivalent low-pass struc-
ture can be calculated by multiplying the individual chain ma-
trices of the two shunt capacitors and the reduced length trans-
mission line segment. Thus, , where

(5)

(6)

Authorized licensed use limited to: Universitatsbibliothek Erlangen Nurnberg. Downloaded on March 9, 2009 at 05:37 from IEEE Xplore.  Restrictions apply.



LOURANDAKIS et al.: REDUCED SIZE FREQUENCY AGILE MICROWAVE CIRCUITS USING FERROELECTRIC THIN-FILM VARACTORS 3095

The resulting overall matrix is then given as

(7)
Comparing (4) and (7) results in a single solution for

(8)

By presenting a closed formula in (8) it is possible to de-
sign fully scalable equivalent quarter-wavelength transmission
line segments. For each starting impedance and resonance
frequency a single capacitance value is calculated. On
the other hand, it is evident that by changing the capacitance
value the resonance frequency is altered. Limiting fac-
tors could be only the resulting impedance values for real imple-
mentations, e.g., in microstrip technology and the varying line
impedance for different frequencies. Nevertheless, by using tun-
able capacitors, such as BST-varactors, a tuning functionality
is achieved. Understanding this operational principle yields to
designs of more complex topologies which are based on
segments.

IV. REDUCED SIZE MICROWAVE CIRCUITS

A. Wilkinson Divider

The power divider proposed by Wilkinson is based on
quarter-wavelength transmission line segments and is presented
in Fig. 4(a). The input and output port impedances are
while the segments have a characteristic impedance of

. The output branches are connected through a resistor
with , thus enabling impedance matching at all ports
and isolation between them at the resonance frequency.
Symmetric power splitting is achieved with no phase differ-
ence, , for the two transmission paths. The reduced
size topology is presented in Fig. 4(b). The new transmission
line segments have a shorter electrical length and a higher
characteristic impedance. Lumped capacitors are used in order
to compensate for the shorter propagation path. The trans-
mission line segment of impedance can be substituted
by an equivalent segment of length with an impedance of

by adding two lumped capacitors to the transmission line
with a capacitance value of

(9)

B. Branch-Line Coupler

The branch-line coupler consists also of transmission
line segments which form a four-port network. The inserted
power at port 1 is equally divided at the output ports 2 and 3 at
the resonance frequency. At this point port 4 is isolated as
well. The output signals have a phase difference of .

Fig. 4. Power divider topologies.

Fig. 5. Branch-line coupler topologies.

The characteristic impedance of the series branches is ,
whereas the parallel branches have a characteristic impedance
of , as presented in Fig. 5(a).

The reduced size topology in Fig. 5(b) uses the same prin-
ciple as before. The series branches with are sub-
stituted by low-pass segments with and shunt capacitors

. The parallel segments with are sub-
stituted by low-pass segments with and shunt capacitors

. In order to reduce the overall complexity
the shunt capacitors at the transmission line ends were combined
into the value

(10)
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Fig. 6. Fabricated prototype boards.

This equivalent capacitance serves as a shunt element for both
transmission line segments that meet at each port, thus allowing
for a more compact design with reduced complexity.

V. PROTOTYPE IMPLEMENTATION AND RESULTS

Both previously discussed reduced size topologies use fixed
capacitors in order to achieve the targeted narrowband perfor-
mance at the circuit resonance frequency. As mentioned be-
fore, there is a possibility of introducing a tuning functionality
by changing the capacitor value . Ferroelectric BST-varac-
tors can serve as such tuning elements. Prototype boards of the
proposed tunable microwave circuits were implemented on a
Rogers RO3010 substrate with height mm and di-
electric constant .

The circuit traces of the fabricated prototypes are depicted
in Fig. 6. Additional biasing components such as dc-block
capacitors , at all RF-ports, and RF-choke inductors are
used in order to establish the proper biasing conditions for
the BST-varactors. The dc-block capacitors behave at these
frequencies nearly as a through connection while the choke
inductors present a high impedance path to the RF signal
traveling on the microstrip lines. Therefore, the impact of the
biasing elements can be almost neglected. It is worth men-
tioning that by using the proposed design it is possible to tune
simultaneously all varactors. The bias circuitry is simplified
since a single tuning voltage is needed.

All BST-varactors were assembled in a flip-chip procedure
in order to eliminate the resulting parasitic wire inductance and
the associated loss mechanisms of conventional ball-wedge
or wedge-wedge assemblies. These interconnection parasitics
are especially troublesome for higher operating frequencies
and broadband applications since the feeding wire inductance
causes a rapidly rising effective capacitance. Furthermore
flip-chip interconnections lead to smaller footprints compared
to wire assemblies since there is no need for large gaps between
the metal traces. Gold stud bumps were placed on the varactor
chip pads and connected to the metal traces of the board via
a conductive adhesive. The prototypes were characterized
through -parameter measurements which were taken with a
Rohde & Schwarz ZVB8 vector network analyzer.

A. Wilkinson Divider

The measured transmission and reflection parameters of
the tunable and reduced size power divider are presented for
three discrete bias states in Figs. 7–9. From (9), the varactor
values for the targeted frequency region are calculated. For

Fig. 7. Measured transmission and reflection �-parameters for tunable
Wilkinson divider prototype at bias state � � � V. Data from [14].

Fig. 8. Measured transmission and reflection �-parameters for tunable
Wilkinson divider prototype at bias state � � � V. Data from [14].

Fig. 9. Measured transmission and reflection �-parameters for tunable
Wilkinson divider prototype at bias state � � �� V. Data from [14].

the implemented prototype varactors with nominal capaci-
tance pF serve as tuning elements. As demonstrated
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Fig. 10. Measured amplitude (top) and phase difference (bottom) for the trans-
mission paths of the power divider.

in [14] excellent agreement between simulation and measure-
ments is obtained by using the equivalent varactor models
from [28].

As can be seen the well known narrowband performance of
the original Wilkinson divider is obtained for different frequen-
cies. Tuning the varactor value leads to different resonance
frequencies for the equivalent transmission line segments.
A continuous tuning range from 1.7 to 2.1 GHz is obtained.
The insertion loss of the circuit, compared to the ideal 3 dB
power splitting, varies from 0.6 to 1.2 dB within the operating
bandwidth of each state. The resulting amplitude and phase
difference for the two transmission paths is depicted in Fig. 10.
Symmetrical power splitting is achieved, in both amplitude and
phase, thus fulfilling the divider operation. The indicated small
differences are mainly due to varactor value tolerances. The
worst case amplitude- and phase difference is 0.5 dB and 9 ,
respectively.

The advantage provided by the tuning functionality concerns
mainly the isolation between the output ports. The input re-
turn loss of the implemented prototype does not behave the
same way due to possible varactor tolerances and some de-
tuning of the transmission lines. In this frequency region there
are several communication bands allocated, thus frequency se-
lectivity is desired. As discussed in [14], compared to a reduced
size power divider with fixed capacitors improved isolation is
achieved at the other operating bias states. All figures reveal
the inherent low-pass behavior, thus harmonic radiation would
be suppressed significantly when considering an operation in a
transceiver front-end system.

B. Branch-Line Coupler

For the branch-line coupler varactors with nominal capaci-
tance pF serve as tuning elements, according to (10).
Similar to the Wilkinson divider prototype, excellent agreement
between simulation and measurements is obtained, as indicated
in Fig. 11. All designs and simulations were carried out with
Agilent’s ADS 2008 and Momentum tools. Minor deviations
are caused by varactor value tolerances and mismatches. The

-parameter response for three discrete bias states is presented

Fig. 11. Measured �-parameters at � � �� V (green in online version)
and simulated data (black) for the tunable branch-line coupler prototype.

Fig. 12. Measured transmission and reflection �-parameters for tunable
branch-line coupler prototype at bias state � � � V.

in Figs. 12–14. All transmission and reflection parameters ex-
hibit the well known branch-line coupler performance which
achieves symmetric power splitting for two ports with simul-
taneous matching and isolation for all other ports. A continuous
tuning region from 1.8 to 2.3 GHz is obtained. Similar to the im-
plemented power divider the circuit indicates its low-pass char-
acteristic, since higher order harmonics are suppressed in the
transmission paths. Operating these couplers along with multi
band power amplifiers, e.g., in a Doherty topology [30], would
result in frequency agile transmitter stages with suppressed har-
monic radiation and thus improved spectrum purity.

Additional to the ideal 3 dB coupling, the insertion loss varies
from 2 to 2.7 dB depending on the applied bias state. The am-
plitude and phase difference between the two transmission paths
is shown in Fig. 15. The worst case deviation from the nominal
phase difference of 90 is 5 . Similar low differences are ob-
served for the amplitude were the maximum difference for each
bias state is 0.4 dB. Thus, the coupler operation is fulfilled at
different operating frequencies.
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Fig. 13. Measured transmission and reflection �-parameters for tunable
branch-line coupler prototype at bias state � � � V.

Fig. 14. Measured transmission and reflection �-parameters for tunable
branch-line coupler prototype at bias state � � �� V.

Fig. 15. Measured amplitude (top) and phase difference (bottom) for the trans-
mission paths of the branch-line coupler.

VI. CONCLUSION

A novel design approach for tunable and reduced size mi-
crowave circuits is presented based on ferroelectric thin-film
varactors. To our knowledge, this is the first successfully imple-
mented tunable and reduced size power divider and branch-line
coupler design based on a transmission line approach. The de-
sign methodology applies for quarter-wavelength based circuits
and is fully scalable for different impedances and frequency re-
gions. The operating principle is based on the substitution of
the transmission line segments with their equivalent low-
pass structures. Ferroelectric varactors are used as tuning el-
ements. Besides size reduction the novel functionality of tun-
ability enabling frequency agile subsystems is achieved. The
proposed methodology is verified by two prototype boards. The
implemented Wilkinson power divider can be tuned continu-
ously from 1.7 to 2.1 GHz. While the narrowband behavior
of the original Wilkinson divider topology is retained, an im-
proved isolation between the two output ports is achieved over
a broad frequency region. The implemented branch-line coupler
achieves a tuning region from 1.8 to 2.3 GHz while exhibiting
symmetrical power coupling and the desired phase difference
for the transmission paths. Additionally, the inherent low-pass
characteristic for all transmission paths is beneficial in terms
of higher order harmonics suppression. Further improvement
of the varactor quality factors would result in implementations
with performance improvement in terms of losses. Both fre-
quency agile topologies are suitable for multi band operation
in reconfigurable front-end systems.
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