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Digital Reflection-Type Phase Shifter Based on a
Ferroelectric Planar Capacitor
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S. Hoffmann-Eifert, U. Böttger, and R. Waser

Abstract—Novel design of an integrated digital refelction-type
phase shifter based on a Barium Strontium Titanate thin-film ca-
pacitor is presented. Measured characteristics of the phase shifter
are compared with the theoretically predicted ones.

Index Terms—Ferroelectrics, microwaves, phase shifter.

I. INTRODUCTION

USING ferroelectric thin films for microwave phase shifter
design gives the possibility to improve characteristics of

the phase shifters and to decrease their cost in comparison with
p-i-n diode or transistor phase shifters. Small switching time,
low phase noises, and integrated technology are the main ad-
vantages of the ferroelectric phase shifters.

The ferroelectric film is characterized by a tunability
determined as the ratio of the dielectric constants

and loss factor under biasing
voltage and correspondingly. Having
the ferroelectric film of a high quality (i.e., and

), microwave engineers can design an integrated
analog phase shifter as a section of a planar line based on
the ferroelectric layer [1], [2]. Another solution is to use the
ferroelectric flip-chip capacitors instead of the p-i-n diodes
in refelction-type phase shifters [3]. The theory of digital
refelction-type phase shifters based on lumped switching
components (like pin-diodes and FETs) is well developed [4],
[5] and can be adopted for the design of the phase shifters
using tunable ferroelectric capacitors. This approach allows
designing the phase shifter with optimized characteristics:
minimal insertion loss in both states and a stable phase shift in
a desired frequency band.

The refelction-type phase shifter can be converted into the
transmission one by using well known methods [4].
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II. FIGURE OF MERIT OF THE FERROELECTRICDIGITAL

REFLECTION TYPE PHASE SHIFTER

The main characteristic of the phase shifter is the figure of
merit, which is determined as a ratio of the phase shiftand
average loss

deg

dB dB
(1)

where and are the losses of the phase shifter in two dif-
ferent states.

The figure of merit of the phase shifter is strongly dependent
on the commutation quality factor of a switchable component
used in the phase shifter [6], [7] and for one-bit phase shifter
can be determined as

(2)

where is the commutation quality factor (CQF) of the switch-
able component. For a ferroelectric capacitor with the capaci-
tance and and loss tangent and in two dif-
ferent states, the CQF is

(3)

where is the tunability of the capacitor under the
bias voltage.

Equation (2) gives the theoretical limitation of the figure of
merit of the digital phase shifter. In practice, the value of the
figure of merit is less, due to additional loss contribution pro-
vided by conductors and connectors.

III. PHASE SHIFTER SIMULATION AND DESIGN

The main idea of an optimal design of refelction-type phase
shifters based on switchable lumped component is formulated
in [5]. The desired phase shift with equal and minimal in-
sertion loss in both states of the switchable component (ferro-
electric capacitor) can be provided by using a lossless reciprocal
2-port network, which should be designed as the matching cir-
cuit for a characteristic load impedance dependent on the
tunable capacitor impedance in the two
states and on the needed phase shift. For the 180phase shift,

has been found as follows

(4)
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(b)

Fig. 1. (a) Equivalent electrical circuit and (b) layout of 180reflection-type
integrated phase shifter based on bi-layered sapphire-BSTO substrate.

As an example, the 180reflection-type phase shifter was
designed using the ferroelectric capacitor with pF,

pF, . The impedance
was found as at 5.4 GHz. The matching
network was designed as an inductance T-circuit [Fig. 1(a)].

A coplanar line structure based on the multi-layered (sap-
phire-BSTO film) substrate with strip lumped inductances was
proposed for the one-bit phase shifter.

The phase shifter was realized on the bi-layered substrate.
The 0.5 m thick BSTO film was obtained on the 0.5 mm thick
sapphire substrate using CSD technique. A copper layer of 4m
thickness was patterned by wet photolithography. The layout of
the phase shifter is presented in Fig. 1(b). The tunable capac-
itor was realized as a short section of a coplanar line of 100m
width with 20 m gaps. The central electrode of the capacitor
is connected with the matching circuit. The coplanar input of
the phase shifter was specially designed to minimize losses in
the near-by-connector region. To apply dc control voltage, the
ground electrode of the coplanar capacitor was connected with
the common coplanar ground through nontunable SMD capac-
itors (5.1 pF).

The simulation of the phase shifter was performed by HPADS
software. To decrease the simulation time, the phase shifter was
simulated separately for each state using different mesh setup.

The simulated performance of the phase shifter (Fig. 2) shows
equal losses and the 180phase shift at 5.38 GHz. The evalu-

Fig. 2. Simulated performance of the phase shifter for two values of loss
tangent:tan � = 0:06 andtan � = 0:02.

(a)

(b)

Fig. 3. (a) Experimental loss-frequency and (b) phase shift-frequency
characteristics of 180reflection-type phase shifter in comparison with the
simulated ones fortan � = 0:06. In the experiment, the phase shifter was
controlled by dc bias voltage (U = 0 V andU = 350 V).
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ated figure of merit of the phase shifter is about 180 deg/dB for
and 70 deg/dB for .

IV. M EASUREMENTS

The SMD blocking capacitors were soldered onto the contact
pads. dc bias voltage (up to 350 V) was applied to the phase
shifter through the protecting 1 Mresistor.

Measurements of the phase shifter were done using the mi-
crowave coplanar probe station of HP8720 Network Analyzer.

The measured loss of the phase shifter (Fig. 3) is similar to
the simulated characteristic of the phase shifter based on the
capacitor with . The CQF of the capacitor is 90 and
the corresponding figure of merit of the phase shifter is about 60
deg/dB.

V. CONCLUSION

The reflection-type one-bit ferroelectric phase shifter has
been designed, fabricated, and tested. The developed theory
of the ferroelectric phase shifter allows designing the phase
shifters with optimized characteristics. Integration of the
strip matching circuit into the coplanar line structure gives a
possibility to design the optimized digital phase shifter as an
integrated circuit. The cost of such an integrated circuit is much

less, than the cost of the FET phase shifter based on GaAs
integrated circuit. As compared to the p-i-n diode phase shifter,
the ferroelectric phase shifter is preferable due to extremely
small power in dc control circuits.
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