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Abstract: Preliminary results from our work on compact phase shifiers using
BaSrTiO; thin films are presented. A reflection phase shifter utilizing a lumped
clement resonator achieved 120° phase shift at 10GHz with -3.3dB insertion loss,
A synthetic transmission line true time delay phase shifter at SGHz was able to
achieve a phase shift of 60° with —1.1dB insertion loss. These results were

obtained in a process suitable for integration with conventional passive and hybrid
circuit technologies.

Introduction

There is a demand from the communications industry to produce
integrated microwave circuits that reduce size, power consumption, and
cost. There is simultaneously a demand for frequency agile circuits to
allow operation over different bands and protocols within a single device.
We demonstrate a technology that can meet both demands, by utilizing
BaSrTiO; (BST) thin films and planar spiral inductors on low cost
substrates.

We have previously demonstrated parallel plate BST capacitors on
sapphire and glass substrates [1]. These capacitors offer high tunability,
low loss, and low tuning voltages into the millimeter wave range. Spiral
inductors built on these substrates offer larger quality factors than are
possible on non-insulating substrates such as silicon. Integration of these
two technologies allows the implementation of lumped element circuits
that are compact, frequency tunable, and low cost. A number of circuits
such as phase shifters, filters, and matching networks are possible.
Integration with active devices via flip-chip or wire-bond technologies
offers fully integrated systems.

A number of different topologies for compact phase shifters have been
investigated. 10GHz reflection type phase shifters utilizing a Lange
coupler or a lumped element hybrid coupler in conjunction with lumped
LC resonators have been constructed. In addition, a SGHz true time delay
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phase shifter utilizing a lumped element synthetic transmission line has
been built,

Capacitor structure and performance

Our research focuses on the development of methods to integrate
ferroelectric materials into conventional passive and hybrid circuit
processes. A high performance capacitor structure suitable for dielectrics
with high permittivities is critical to this effort. Paraliel plate capacitors
can be operated at much lower bias voltages compared to interdigital
structures. This makes them attractive for portable applications, They
also offer a higher tunabi lity than interdigital structures since the electric
fields are better confined to the film. A new device topology has been
studied to obtain high tunability at lower voltages [2]. The device layout
minimizes conductor losses in the base electrode. The new design
simplifies the processing and overcomes the problems associated with
electrode patterning, In this study, BST thin films were grown on pre-
patterned sapphire substrates by RF magnetron sputtering.  The
thicknesses of these films range from 300nm-400nm. A typical
capacitance tuning curve is shown in Figure 1. A completed paralle] plate
capacitor is shown in Figure 2,
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Figure 1: Typical BST capacitance change with bias,
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Figure 2: Picture of a BST capacitor that uses a pre-patterned base
electrode. Thick metal contacts to the base electrode allow for
reduced series resistance.

Inductor performance

Planar spiral inductors designed for operation above a few gigahertz are
restricted in their inductance values by parasitic capacitances. The
dominant parasitic capacitance occurs between the spiral turns and the
ground plane. At higher frequencies, the capacitances resonate with the
inductance and limit the upper frequency of operation. Reduction of these
capacitances is accomplished by designing spirals with fewer turns and
smaller radii. Reducing the spiral radius limits the conductor width,
increasing the inductor’s series resistance. High frequency spiral
inductors are typically limited to a few nanohenries of inductance, The
achievable values of Q also decrease with frequency.

Resonator performance

Reflection phase shifters operate by splitting the input signal through a
quadrature hybrid coupler whose coupled and direct ports are terminated
in tunable reflective loads. These reflective loads must be low-loss
reactances if high performance is to be obtained. Ferroelectric reflection
phase shifters with purely capacitive loads are limited in phase shift
because of their small capacitance change. With 4:1 tuning, the
maximum possible phase shift is 74° [3]. Greater amounts of phase shift
are possible if LC resonator loads are used. Ferroelectric reflection phase
shifters require LC resonators to achieve large amounts of phase shift.
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Typical tuning ratios for BST films range from 2:1 to 3:1, As capacitor
tunability decreases, the required values of inductance increase. It is
desirable to minimize the inductor values to maintain larger valyes of Q.
The value of inductance required for a 180° resonator at 10GHz increases
by 50% when the capacitor tunabil ity is reduced from 3:1 to 2:1.

Our reflective loads were designed according to the guidelines presented
in [3]. The LC resonator used for the reflection phase shifters in this
study was designed for a 180° phase shift at 10GHz with a capacitance
tuning ratio of 3:1. This resulted in a L.6nH inductor and a 0.32pF
capacitor. This inductance is near the upper limit of achievable values at
10GHz. Its spiral had 2.5 turns, with an outer diameter of 300um, a
conductor width of 25um, and a conductor spacing of 12um., The
capacitor dimensions were 4um by 4um.

The actual phase shift achieved with this resonator was 100° to 120°
(Figure 3). Further investigation revealed that the film capacitance
density was approximately 9fF/um?® instead of the desired 15fF/lum? In
addition, the film tunability was somewhat lower than the designed for
3:1 ratio. The resonator exhibited a loss of ~2.5dB at resonance (Figure
4). This was larger than expected, but good enough to obtain promising
results in the phase shifter designs.
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Figure 3: Lumped LC resonator differential phase shift versus
frequency.
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Figure 4: Lumped LC resonator loss versus frequency for various
biases.

Lange phase shifter

The Lange coupler can provide a -3dB power split over wider
bandwidths than are typically achievable with branch line hybrid couplers
[4]. Itis a quarter wavelength in length, but it has a very narrow width, It
is also possible to ‘fold’ the Lange coupler to reduce its length. Our
Lange coupler was realized in a coplanar waveguide environment, Iis
center frequency was 10GHz, giving it a length of 3300um and an overall
width of 650um. The through and coupled ports of the Lange coupler
were connected to the series LC resonator described above to complete
the phase shifter design.
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Figure 5: Lange RPS differential phase shift versus frequency for
different biasing conditions,
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Figure 7: 10GHz Lange coupler phase shifter.
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The Lange reflection phase shifter gave a maximum of 120° phase shift
near 11GHz (Figure 5). At this frequency, it had less than —3.3dB
insertion loss for all biasing conditions (Figure 6). For the 10GHz to
12GHz frequency range, it was capable of over 100° phase shift with less
than -4dB insertion loss. Over the 8GHz to 12GHz range it maintained
greater than —15dB return loss.

Lumped hybrid phase shifter

Conventional branch line hybrid couplers consume large amounts of
area, especially at lower frequencies. Lumped element hybrids can
significantly reduce this area, while maintaining similar performance. It
is constructed by converting the quarter wavelength sections into the
equivalent pi or T sections. Lumped element hybrids can assume a
number of different forms.
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Figure 8: Lumped element quadrature hybrid coupler design,

The chosen topology for our lumped element hybrid minimized the
number of inductors to reduce their impact on the coupler loss (Figure 8).
The shunt capacitors to ground were eliminated in our design through
tuning of the connecting transmission lines, This increased the area of the
hybrid compared to a purely lumped element approach, but the resulting
circuit consumed only 20% of the area of a conventional branch line
hybrid coupler,






