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Abstract—A Ka-band hybrid 0/180° phase switch working at
cryogenic temperature is presented. The circuit is designed on an
alumina substrate using uniplanar hybrid technology, combining
air-bridged coplanar waveguides and slotlines. Schottky diodes are
used as switching elements, taking advantage of their cryogenic be-
havior, with low equivalent series resistance and low capacitance.
Cryogenic performance at 15 K shows a phase difference response
of 177 + 2°, average insertion losses of 1 dB and amplitude imbal-
ance of less than (.2 dB between states in the frequency range from
24 to 37 GHz (40 % relative bandwidth) with a low-power consump-
tion of 10.5 mW. The low insertion loss and small phase error make
the designed phase switch suitable to be used on radioastronomy
receivers (QULJOTE experiment 26-36 GHz band) minimizing the
total system noise temperature.

Index Terms—Broadband, coplanar-to-slotline transition, cryo-
genics, millimeter wave, phase switch, Schottky diodes, uniplanar
circuit.

1. INTRODUCTION

HASE switches (0°-180°) are common devices used for
many different applications such as radioastronomy re-
ceivers, where they are required to have a broadband response
[1]-[3]. In the radiometers, these circuits switch between the
different receiver branches, thus enabling the cancelation of low
frequency fluctuations of gain and noise temperature generated
by the amplifier stages, and therefore, the reduction of the 1/f
noise, which could mask the measured signals [4], [5]. In order
to effectively achieve this reduction, the phase switches need to
be one of the first subsystems in the receiver; therefore, they are
usually cooled to cryogenic temperatures together with the low-
noise amplifiers. However, the operation under cryogenic condi-
tions imposes additional requirements that need to be taken into
account: low power consumption is required for avoiding re-
ceiver internal heating, and low transmission loss is mandatory
for minimizing its contribution to the system noise temperature.
Several types of phase switches have been implemented
for radioastronomy applications. MMIC designs in microstrip
line circuits, based on InP HBT technology, are reported in
[6], and, with InP HEMT transistors, in [7]. An alternative
design based on MEMS technology using an ohmic contact
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Fig. 1. Phase switch schematic.

single-pole-double-through (SPDT) switch in coplanar wave-
guide (CPW) structure is described in [8]. These designs show
wideband response, from 20% to 35% relative bandwidth, with
less than 10° error in ideal 180° phase shift, and around 2 dB
of insertion losses. However, their performances at cryogenic
temperature have not been individually reported.

This work presents a hybrid phase switch design using uni-
planar technology under cryogenics, showing a good electrical
performance by using Schottky diodes. The circuit designed,
aimed at using in QUIJOTE receivers [9] covering the frequency
band from 26 to 36 GHz, shows a competitive solution which
reduces manufacturing costs and time regarding the monolithic
cases, and it is suitable for other radioastronomy bandwidths
providing similar performance considering losses.

II. PHASE SWITCH DESIGN

A. Circuit Design

The circuit design is based on the use of finite ground CPW
(FGCPW) lines transitioned to slotline. This configuration
forms a uniplanar circuit with no backside metallization, and
facilitates the introduction of diodes used as switching devices
into it. To obtain the 180° phase shift, two pairs of diodes,
assembled in antiparallel configuration and controlled by a dc
signal, are used. A schematic of the phase switch is shown in
Fig. 1, where the circuit configuration and position of the diodes
are depicted. In the FGCPW lines, air-bridges eliminate their
multimodal behavior, propagating only the even CPW mode.
The circuit has reciprocal behavior. Its principle of operation
is described in [10].

Among the different available substrates, alumina was se-
lected due to some adequate characteristics. Its thermal con-
ductivity of 7 W/(m-K) at 10 K, in comparison with a thermal
conductivity of 0.1 W/(m-K) at 10 K of Teflon-based substrates
[11], made it a better option. Its 3 pm conductive layer faced
with the 17 pm thickness of Teflon-based made it more suitable
for the etching of the narrow conductors and gaps of the trans-
mission lines.

1531-1309/$26.00 © 2011 IEEE



Cp=0.020 pF
_—

Rs=8 Ohm Ls=0.27 nH

Cp=0.020 pF
11
I

Lp=0.1 nH Rs=2 Ohm Cs=0.075 pF

11
A 1r

Lp=0.1 nH
-— YY)

(@ (b)

Fig. 2. Schottky diode equivalent circuit at 15 K: (a) forward bias; (b) reverse
bias.
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Fig. 3. Measured Sy; for the Schottky diode to ground at 15 K over the fre-
quency range 1-40 GHz: measurement in dotted line, model simulation in solid
line.

B. Switching Device Characterization

Traditional switches at microwave frequencies were designed
using discrete PIN diodes, implemented on silicon technology,
as in [12]. Silicon devices show an unsuitable behavior under
cryogenics, in terms of huge dc power consumption. Moreover,
the poor reverse recovery time of these discrete devices limits
the switching frequency rate. Therefore, taking into account the
intended low-power characteristic, the switching device used to
provide the 180° phase shift in the designed circuit, at cryogenic
temperature, is a Schottky diode.

The diode must exhibit a low series resistance in for-
ward bias, whereas having a low capacitance in reverse. The
Schottky diode model MA4E2037 from MACOM is chosen
as the switching component. Since the manufacturer did not
provide data about its cryogenic behavior, it was characterized
at cryogenic temperature in order to obtain its circuit model,
and simple resistor-inductor and resistor-capacitor models were
used for the Schottky junction, based on previous experience
with diodes.

The diode was measured in a cryogenic probe station, using a
dedicated TRL kit with CPWG-to-microstrip transitions. Fig. 2
shows the ON-OFF equivalent model for the diode including its
parasitic elements (L, C,), fitting the measurement in the fre-
quency range from 1 GHz up to 40 GHz shown in Fig. 3 at 15 K.
The diode was biased under cryogenic conditions with a current
of 5 mA, having the phase switch a total current consumption
of 10 mA in each state.

III. MODULE DESIGN AND ASSEMBLY

The circuit was assembled in a metallic chassis with coaxial
connectors. The chassis was manufactured in brass, which has
a thermal conductivity of 10 W/(m-K) at 10 K, and it was gold
plated. For the temperature characterization during the test cam-
paign, a temperature sensor is attached to the chassis, where
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Fig. 4. Detailed schematic of the assembly and the bias circuitry.

Fig.5. General view of the phase switch assembly inside the module. Alumina
dimensions: 5.93 mm x 4.58 mm.

a negligible temperature gradient between the circuit and the
sensor is assured by its high thermal conductivity.

An empty cavity, larger than twice the substrate thickness
deep, was machined under most of the substrate in order not to
degenerate the slotline mode in the circuit. A reference plane
under the 10 mil thick substrate would do the slotline trans-
mission line works improperly. In order to avoid cracks during
thermal cycles, an indium-based solder paste, which produces
a soft joint by its high thermal conductance at cryogenics [13],
and sliding contacts in the coaxial-to-CPW transition were used
in the assembly.

The assembly was completed with the bias circuitry, which
enables the modulation of the diode operation point (forward or
reverse state), and previously tested under cryogenic conditions.
The connection of the bias circuit is done through a quarter-
wavelength bonding wire. Fig. 4 shows a detailed schematic of
the bias network and bridges in the junctions. A view of the
assembly of the whole circuit is shown in Fig. 5.

IV. CIRCUIT CHARACTERIZATION

Phase switch characterization was carried out both at room
and cryogenic temperatures. Outstanding performance was
achieved working at cryogenic temperatures.

A precise cryogenic S-parameters measurement inside the
cryostat is difficult to perform because there is no direct ac-
cess to the device under test ports, so the setup used established
the reference plane outside the cryostat and, then, the insertion
losses of the 2.4 mm cryostat coaxial accesses were deducted,
which were previously characterized in a cool-down cycle in a
back-to-back configuration, connecting a short coaxial line be-
tween them, whose losses were negligible. Then, by a standard
de-embedding procedure, the insertion losses of the circuit were
calculated. The phase response was obtained without applying
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Fig. 6. Transmission losses for both circuit states.
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Fig. 7. Amplitude imbalance (left axis, solid line) and phase shift (right axis,
dotted line).

TABLE 1
PHASE SWITCHES PERFORMANCE

Reference Frzengon)cy ]f?,sszr&(g) Phas(i)Shlft Technology
[6] 30/44/70/100  2/2/3/5 180+1/£1/+  MMIC InP
(20%) @RT 4/+5 HBT
[7] 26-36 (32%)  3.5@RT 170£10 — MMIC InP
HEMT
8] 14-20 (35%) 2 @RT 180+5 MEMS
This work 24-37 (40%) 2.1 @RT 17742@  Schottky
1@CT RT.CT diodes

RT=Room temperature (300 K); CT=Cryogenic Temperature (15 K).

de-embedding technique, since it is a relative measurement be-
tween states.

Phase switch losses in both states are shown in Fig. 6, whereas
Fig. 7 shows the amplitude imbalance and phase shift between
states. The total power consumption of the circuit at 15 K was
10.5 mW.

Finally, Table I shows a comparison between results achieved
in this work and other phase switches found in the literature.
The design in this work shows a higher fractional operating
bandwidth than referenced works, whereas insertion loss level
is around 1 dB at cryogenic temperature using a hybrid tech-
nology; the circuit provides a very flat phase shift response at
cryogenic temperatures.

V. CONCLUSION

A 180° phase switch designed in hybrid technology and
working at cryogenic temperatures with Schottky diodes is pre-
sented. Its cryogenic performance was tested at 15 K showing
a phase difference of 177 & 2° and average insertion losses of
1 dB with amplitude imbalance of less than 0.2 dB between
states in a frequency band from 24 to 37 GHz (more than
40% relative bandwidth). The 180° phase shift response of the
circuit can be extended to cover the band from 16 to 38 GHz
(80% relative bandwidth) with balanced insertion losses of less
than 3 dB. These results validate the use of the Schottky diode
MAA4E2037 as a switching device at cryogenic temperatures,
due to its low power consumption, low series resistance in
forward bias and low capacitance in reverse bias.
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