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Abstma - Two prototype phase shifters operating at 220 
GHz and bared on planar integrated Schottky harrier diodes 
have been designed, fabricated, and tested. A 180° reflection- 
coefficient phase shifter has demonstrated a measured 
phase shift of 1840f220 over the 216221 GHz band with 
return lass no greater than 6 dB. A quadrature (909 
branchline-coupler phase shifter has given a measured 
phase shift of 8S”zt100 over the 219-225 GHz band with 
insertion loss no geater than 8.5 dB. The phase shifters 
presented in this work can be used as modulators for RF 
front-ends as well 8s for sideband generation. 

1. INTRODUCTION 

Phase shifters are important components used as 
modulators in the RF front-ends of wireless comnunication 
systems based upon phase-shift-keying techniques. 
Quadrature (90’) shifters ax especially useful for 
communication systems that utilize QPSK modulation 
schemes. 180” phase shifters are used for BPSK systems as 
well as sideband generation [I]. Phase shifters operating at 
millimeter and submillimeter wavelengths require switching 
devices capable of broadband performance and low 
insertion loss. GaAs Schottky barrier diodes are well- 
suited to these applications and have demonstrated state- 
of-the-art performance in phasemodulated sideband 
generators operating to 1.6 THz [l]. In this paper, two new 
prototype phase shifters are presented. These proof-of- 
concept circuits, which are designed to operate at 220 GHz, 
utilize planar GaAs Schottky barrier diodes as impedance 
switches. A 180” reflectionxoefficient phase shifter for 
sideband generation and BPSK modulation is presented as 
well as a 90’ (quadratire) branchlinecoupler phase shifter. 

II. BACKGROUND 

A large variety of RF and microwave phase-shifters are 
based on semiconductor switching devices. Among the 
more common types are reflection-coeff~cient phase 

shifters (often used as sideband generators) [l, 21, 
switched-line phase-shifters, 3dEhybrid phase shifters [Z, 
3, 41, loaded-line phase-shiftee [5, 61 and switched-filter 
phase shifters [7]. The design of loaded-line or switched- 
filter phase shifters at millimeter-wave frequencies can be 
very challenging because their performance is strongly 
influenced by the parastics of the switching devices, 
which are notoriously difficult to model [S, 71. For 
switched-line phase shifters, shunt capacitances 
associated with the switching devices degrade the 
isolation of the two paths-a problem that becomes more 
acute as the operating frequency approaches the 
millimeter-wave band. Barker has proposed and 
demonstrated a class of distributed phase shifters capable 
of operating up to 110 GHz with low loss (insertion loss 
estimated less than 2.6 dB) based on capacitive MEMS 
bridges [6]. However, the modulation speed of MEMS 
phase shifters is limited to approximately 10 kHz due to the 
mechanical parameters ofthe bridges 181. 

Reflectioneoefficient and 3dEhybrid phase shifters are 
both based upon using diode switches to modulate the 
reflection or transmission coefficient presented to a carrier 
signal [Z]. They have been studied for years and, because 
of the potentially fast switching speeds, offer a sound and 
attractive approach for frequencies approaching the 
submillimeter region. They are also attractive because they 
can be designed to operate over a relatively large 
bandwidth [4]. Their primary drawback, is the ohmic loss 
arising from diode series resistance. However, with proper 
attention to design, these losses can be mitigated to some 
extent or compensated for through the use of amplifiers 
(which are becoming more common in the 20&300 GHz 
range). This paper explores the design and performance of 
these types of phase shifters for the millimeter-wave band 
and focuses on two basic 
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Fig. I Photograph of the reflection-coefficient phase shifter. 
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Fig. 2 Scanning electron muograph of a UVA SC4Tl diode. 

Fig. 3 Photograph of the branchline-coupler phase shifter 

transmission medium. The phase shifter consists of two 
microstrip circuits fabricated on quartz substrates. The 
primary circuit is composed of a waveguide probe, an 
impedance transformer, and a SC4Tl planar Schottky 
barrier diode fabricated at the University of Virginia (UVA). 
This circuit lies in a waveguide channel that is 19.mils wide 
and 1 IO-mils long and is fabricated on a 5.m&thick, IS-mil- 
wide quartz substrate. Electrically, the diode lies between 
ground (the waveguide block) and the impedance 
transformer. The transformer is designed to maximize the 
diode’s impedance swing and achieve a phase shift of 180” 
in the reflection coefficient presented to the millimeter- 
wave carrier. The impedance transformer consists of two 
cascaded 90” microstrip lines of high impedance (Z,=l 11 
a) and low impedance (2,=65.7 n ). The impedance seen 
looking into the transformer is given by: 

where 4 is the impedance that the diode presents to the 
transformer. Equation (I) shows that the impedance 
transformer can significantly increase the impedance swing 
the diode presents to an incident millimeter-wave carrier. 

The second microstrip circuit is a low pass filter that 
accommod&s the diode’s DC bias. A lo-m&long 0.8-m& 
diameter bonding wire IS used to feed the DC bias to the 
diode. The microstrip circuits lie in waveguide channels 
perpendicular to one another as seen in Fig 1. The 
impedance that the diode presents to the incident 220 GHz 
carrier is varied with the applied DC bias. The channel for 
the low pass filter is 12-mils wide and ‘IO-mils long. The 
UVA SC4Tl diode used as the switching element has an 
anode diameter of 5 pm, a series resistance of 
approximately 3 Q, a zero-bias junction capacitance of 33 
fF, and a junction capacitance of 17 tF when reversed bias 
to 10 V. Fig. 2 shows an SEM picture ofthe diode. 

B. Branchline-Coupler Phase Shifter 

approaches: (1) a reflect~onsoeffcient phase shifter and 
(2) a branchline-coupler phase shifter. 

Ill. DESIGN 

A. Reflection-Co@icienf Phase Shjfter 
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Fig. 1 shows a photograph of the reflection-coefficient 
phase shifter investigated in this work. A WR-04 
waveguide (dimensions of 21Smil x 43mil and single-mode 
propagation over the 170-2.60 GHz band) is used as the 

Fig. 3 shows a photograph of the branchline-xmpler 
phase shifter. Its circuit architecture is based on the well- 
known 3dEhybrid phase-shifter described by White [Z]. 
The same waveguide block is used as that shown in Fig. 1. 
This phase shifter also consists of two microstrip circuits 
lying in perpendicular channels and connected by a 
bonding wire. The primary microstrip circuit is composed 
of two (input and output) waveguide probes, a quadrature 
(branch-line) coupler and two UVA SC4Tl Schottky 
diodes. The diodes lie at the coupler’s two output ports, as 
shown in Fig. 3. The second microstrip circuit, as with the 
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reflection~oefticient phase shifter, is a low pass filter that 
accommodates the DC bias of the diodes. 

Ansoft’s HFSS’ and Agilent’s ADS* are used to model 
the passive part of the phase-shifter circuits. The diode 
junctions are modeled as two-port passive elements within 
HFSS. By adjusting the material parameters beneath the 
finger contacts from a conducting material (to represent 
the diode’s “on”-state) to a lossless dielectric (to represent 
the diode’s “off’-state) the two impedance states of the 
diode can be simulated. The s-parameter models generated 
by HFSS are imported into Agilent’s ADS and the circuit 
parameters are optimized to minimize loss and maximize the 
operating bandwidth. 
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Fig. 4 Return loss vs. frequency for the retlectlon-coeff%xnt 
phase shifter. 
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Fig. 5 Phase shift vs. frequency for the reflection-coeflicient 
phase shifter. 

IV. FABRICATION AND ASSEMBLY 

The waveguide block was fabricated by Custom 
Microwave Inc.’ as a split-block assembly. The microstrip 

circuits were fabricated in the Semiconductor Device 
Laboratory at the University of Virginia using a standard 
plating process that begins with the deposition of a gold 
seed layer by electron beam evaporation. The microstrip 
circuits are patterned with photoresist and gold is 
electrochemically plated to a thickness of 3pm through the 
patterned resist. The resist is stripped away and the excess 
seed layer is removed by a wet chemical etch. Finally, the 
circuits are diced to the desired dimensions. 

The diodes are mounted onto the quartz circuits using 
indium solder. The final circuits are then bonded to the 
waveguide block using a UV-cured optical adhesive. 

V. MEASUREMENTS 

The phase shifters arc characterized using an HP8510C 
vector network analyzer with millimeter wave VNA 
extensions manufactured by Oleson Microwave Labs4. 
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Fig. 6 Insertion loss vs. frequency for the branchlme-coupler 
phase shifter. 
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Fig. 7 Phase shift vs. frequency for the branchline-coupler 
phase shifter. 

Figures 4 and 5 show the return loss and phase shift of 
the 180’ reflectioncoefticient phase shifter. The measured 

2243 



return loss does not exceed 6 dB over the frequency range 
21&221 GHz. Over this range, the phase shift is 184Oi22O. 
Two of the major factors contributing to loss are the diode 
junction resistance (which is responsible for approximately 
2.5 dB of loss) and ohmic loss of the microstrip 
transmission lines (which contributes approximately 1.9 dB 
of loss). Another factor that contributes to the return loss 
is the conductivity associated with the indium solder. This 
quantity, however, is difficult to quantify. 

Figures 6 and 7 show the insertion loss and phase shift 
performance of the branchlinexoupler phase shifter. The 
measured insertion loss is less than 8.5 dB and the phase 
shift is 8S0+100 over the frequency range 218-226 GHz. In 
this case, the phase shifter operates near resonance to 
yield the desired phase shift. However, the resonance also 
gives rise to significant loss as power is dissipated in the 
diodes series resistance (estimated to be approximately 
2.u.5 dB from circuit simulations). Port mismatches and 
microstrip losses also contribute to the insertion loss. 

The bandwidth for both phaseshifters is limited 
primarily by the diodes’ relatively small capacitance swing, 
which necessitates the use of narrow-banded tuning 
circuitry for the diodes. The discrepancies between 
measurement and theory can be attributed primarily to 
uncertainties associated with manual assembly of the 
circuit, including the bonding wire length and diode 
alignment. 

m. SUMMARY 

Two prototype millimeter-wave phase shifters operating 
at 220 GHz and utilizing Schottky barrier diodes as 
switching devices have been presented in this paper. The 
measured performance of these circuits is in good 
agreement with that predicted from theory. The major 
contributor to circuit loss is the diodes’ series resistances. 
In addition, the operating bandwidth of the phaseshifters 
is limited by the diodes’ relatively small capacitance swing. 
Improved performance in terms of loss and bandwidth can 
be achieved by designing devices that have a larger 
capacitance modulation ratio and reduced parasitics. This 
can be achieved, to a large extent, by fully integrating the 
devices with the microstrip circuits during the device 
fabrication process. Furthermore, such an approach will 
eliminate variations due to alignment and mounting, 
thereby improving the performance of these circuits. 
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