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Abstract

Radio frequency cryogenic switches are a critical enabling technology for quantum infor-
mation science for both calibration and high throughput testing of samples. Traditionally,
solenoid-based switches have been used [1, 2] but a transition is being made to switches
based on micro-electromechanical systems (MEMS) due to their lower power dissipation,
faster switching speed, smaller size and weight and to minimize the risk that solenoid
switches tend to produce current pulses that destroy expensive cryogenic amplifiers and can
cause electrostatic damage to devices. These MEMS switches require a 90-volt signal to be
applied to the control lines to determine the state of the switches. MEMS switches exist that
have built-in complimentary metal-oxide-semiconductor (CMOS) control electronics to drive
the 90 V, but these do not work at the cryogenic temperatures used in quantum information
science. There is no currently available room temperature control system with direct control
of the switches and the work described in this technical note addresses that need. The
instrument presented here is a 19-inch rack-mount controller for a cryogenic MEMS switch
network that allows a human operator to see the state of the switch via a row of clearly
marked indicator lights and to change the state manually via buttons on an LED-based
indicator board or automatically via Python-based serial port commands to the Arduino, an
open-source microcontroller platform available from multiple vendors. The design can also
be modified to control other switches that require either a large voltage or current to switch.

Keywords

Arduino, controller, cryogenic, MEMS, microwave switches, microwave, quantum, RF,
radio frequency.
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Figure 1: Schematic of a typical quantum information experiment. Typically, there are
about 7 orders of magnitude of attenuation to thermalize the input RF signals (left) and
about the same amount of gain on the output side (right) in order to achieve appropriate
signal-to-noise to detect the very small quantum signals.

1. Introduction

Measurements and calibrations using low power (below -60 dBm) radio frequency (RF)
signals are of increasing interest due to the growth of quantum information technology, dark
matter studies, and fundamental microwave quantum optics studies [3-6]. To observe RF
signals in the quantum regime, the circuits being measured must be cooled to temperatures
(T) well below hf/kg, where h is the Planck constant, f is the frequency, and kjp
is the Boltzmann constant. For the microwave frequency range (4-8) GHz typical in
superconducting quantum information technology, if we want hf/kgT > 10, this means
we need temperatures below 0.05 kelvin. This is generally accomplished with a dilution
refrigerator (see Figure 1).

If a circuit is to thermalize to these low temperatures, power going into the dilution
refrigerator needs to be attenuated by several orders of magnitude. To not overwhelm the
extremely small quantum signals (<1 femtowatt = -120 dBm) with noise, these circuits
generally also have cryogenic quantum-noise-limited parametric and/or high electron
mobility transistor (HEMT) amplifiers inside the dilution refrigerator, which amplify the
signals on the way out of the cryostat by several orders of magnitude in power and add to
the heat load on the system.
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If researchers want to measure large numbers of samples using a single signal path, calibrate
the noise, or calibrate the scattering parameters, they need to have the ability to switch
a single signal line between a choice of multiple lines and devices under test while the
apparatus is cold. At ambient temperatures, there are many solutions for this, but at low
temperatures, four possible solutions are 1) solenoid cryogenic electro-mechanical switches,
2) piezoelectric probe manipulators, 3) semiconductor electronic switches, and 4) MEMS
switches. The solenoid switches require large current pulses and dissipate heat that can
warm up the cryostat, requiring up to an hour after each switching event for the system
to cool back down to base temperature. Users of these switches have witnessed damage
to their cryogenic HEMT amplifiers after solenoid switching events (presumably due to
electrical overstress), costing several thousand dollars to replace with potentially long lead
times, as well as destroying Josephson junction devices and other sensitive electronics. The
piezoelectric probe manipulators are the first choice for performing precision cryogenic on-
wafer calibrations but also cause heating, are expensive, slow, and cumbersome to use, and
their large physical footprint makes them incompatible with many of the electromagnetic
interference (EMI) and magnetic shield enclosures required in quantum information science
experiments. Semiconductor switches have faster switching speeds and have been used in
cryogenic quantum information experiments [7] but typically have higher power dissipation
and insertion loss than the MEMS switches used in this work.

This work presents a flexible, inexpensive, and remote room-temperature control system for
MEMS microwave switches from Menlo Micro (part number MM5130-03NDB-TR). These
switches have been shown to work at dilution refrigerator temperatures and commercial
products exist for cryogenic use. Compared to the cryogenic solenoid switches, these
MEMS devices have switching speeds about 1000 times faster (< 10 us versus < 15 ms)
and are very compact, available as a square surface mount package approximately 2.5 mm
on a side and can be integrated on circuit boards to make a wide range of possible systems
and products. To control the RF lines of these switches, 90 volts is required. For room
temperature systems, these signals can be provided by conventional serial communication
electronics. Our Arduino controller allows experimenters to cheaply and easily control
MEMS switches, both in a dilution refrigerator and at room temperature. We have shared
all files, the bill of materials (BOM), and build instructions on a public Github repository

[8].

Every part of the MEMSDuino system is modular and can be independently modified for
rapid prototyping of a wide range of switch control applications. The system can also
accommodate the high current pulses used to control solenoid switches, making the whole
apparatus usable for custom-built solenoid switching systems as well. MEMSDuino offers
numerous advantages, including:
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o« MEMSDuino is a flexible, inexpensive, and simple platform that can be used to
control any of a wide range of existing commercial off-the-shelf (COTS) MEMS RF
switches.

o MEMSDuino can be used for rapid prototyping of new designs of MEMS RF switch
networks.

« In addition to driving MEMS switches, the MEMSDuino can be used for building
controllers of systems of solenoid switches also used in cryogenic RF test systems.

o MEMSDuino uses a very simple method for building arbitrary control panels of
buttons and indicator lights using just one LED drive line and one analog input line.

2. Materials and Methods

The switch controller consists of a 19-inch (48.26 cm) rack mount panel just over 2U
in height or 4 inches (100 mm), with a control panel mounted on the front and a metal
enclosure and Arduino mounted to the back. The whole apparatus is mounted on a piece
of wood cut and drilled to mount in the rack, with appropriate mounting holes for 10-32
rack mount screws. The controller continuously monitors the USB port and the manual
push buttons, allowing the user to smoothly transition between automated and manual
operation.

The control panel (see Figure 2) consists of a printed circuit with buttons and programmable
multi-color LED pixels, and appropriate labeling to make the user interface clear by
inspection. The control panel can be redesigned for any switch topology or function, with
the labeling modified to indicate the function and lights and switches located to match
their position on the switch network. These boards can be redesigned and replaced in less
than one week for under $10 per board for rapid prototyping. We recommend using a
black solder mask and white silk screen to achieve maximum color contrast for the panel
and using graphics to indicate switch topology as clearly as possible for your design, as
shown in figure 2.

The metal enclosure on the back side of the wood panel isolates the 90 V from the human
operator and any other objects that might be in the vicinity (see Figure 3). This enclosure
can work for any of a variety of options for boosting the voltage from the 5 V signals
from the Arduino to the 90 V needed to drive the MEMS switches. A slot for a 25-pin
DSUB connector is machined in the lid of the enclosure, along with 4-40 threaded holes for
offset screws which are used to connect a DSUB cable to the box. The main body of the
diecast aluminum enclosure has machined in it a square array of 4-40 threaded holes that
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Figure 2: a. 9-port switch controller in a 19-inch instrument rack. b. Single-pole six-throw
(SP6T) controller for commercial off-the-shelf (COTS) switches. c¢. SP8T controller with
built in electronic calibration (to be documented elsewhere). Four knurled brass screws
mount the wood board to the rack.
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Figure 3: Diecast aluminum enclosure with 25-pin DSUB connector and hex standoffs that
thread into the lid.

are used to attach the box to the wood board, threaded holes for mounting the voltage
boost circuit board to the inside of the box, and a slot milled out of the side for cables
to connect from the Arduino board to the board inside the box . The contents of the
metal enclosure depend on whether one is using a commercial product that comes with a
DC-DC converter up to 90 V or if a custom circuit needs to be fabricated for control of
the 90 V. For completeness, we describe both a method for building custom controllers
with relays as well as building a system using the COTS DC-DC converters which ship
with commercial switch systems.

Inside the diecast aluminum enclosure, there is a circuit board called “DB25-relay-HV-
control” with a set of 20 relays that can be used to connect a shared power line to any of
20 different pins on the 25-pin DSUB connector. These relays are Comus part number
3570.1331.053 relays which are actuated with a 5 V output from the Arduino (drawing
about 10 mA) and allow up to 150 V and 1 A. Note that the part number 3570.1331.053
with a “3" at the end as opposed to a “1" specifies that there is a diode included in the
package, which is important to protect the Arduino from driving an inductive load that
can create a back electromotive force and damage the Arduino. This board could be
redesigned for up to 24 relays and control lines (utilizing all 24 standard DC lines that go
into many dilution refrigerators) if needed for some future application; the board could
also be expanded to have two DSUB connectors, doubling the number of lines.
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The Arduino UNO board (the UNO is a specific model of Arduino board produced by
multiple vendors) is mounted to the wood front panel using a three-dimensional (3D)
printed bracket called “Arduino-bracket,” which has clearance holes for a pair of #6 wood
screws and a set of three 4-40 thread inserts for attaching the Arduino UNO. The same
hole pattern and bracket work for mounting the Arduino Mega, which is needed for systems
with more than 16 control lines. An Arduino shield board called “Arduino-to-headers-shield”
plugs into the Arduino board via 4 headers, according to the standard header layout of
Arduino UNO-like boards. Another set of headers on the top of that board connects to the
relay board in the metal enclosure by means of a set of short cables that feed through the
slot in the side of the metal box. The shield board also has a 100 k2 pull-down resistor
for the resistor ladder, which connects to the buttons, and a 330 2 series resistor and
1000 pF capacitor for driving the programmable LEDs.

The control buttons connect a single analog input on the Arduino to different voltage
levels, which vary from 5.5 V to ground, by using a ladder of 10 k2 resistors (see Figure 4).
The Arduino code measures the voltage on the analog input twice, with a short delay in
between, to verify that a button is indeed being held down and to not respond to transient
voltages. This technique of using a resistor ladder to allow many buttons to be read with a
single pin can be scaled up or down for as many buttons as needed, up to the uncertainty
of the resistor values.

Like the control buttons, the indicator lights all share a single pin on the Arduino. Each
LED is mounted to a small circular circuit board 0.5 inches (12.5 mm) in diameter. These
boards are daisy-chained together and can be arranged in whatever scheme is most useful
for communicating switch topology to a human operator. The LEDs are programmed in
the Arduino code using the NeoPixel open-source libraries available from Adafruit) and
can be downloaded from inside the Arduino IDE software.

3. Build Instructions

The build begins by constructing the wood panel. Hardwood (White Oak) boards are
purchased in 24" x 4" x 0.5" pieces, which are cut to 19 inches. This cut should be precise
enough to fit in a 19-inch rack and have room for the 10-32 mounting holes. Print out the
templates from the .pdf of the wood panel layout, cut them out, then tape the two halves
together to make one unified template that is exactly the size of the 19x4 inch board. Use
this template to punch dimples into the wood where holes will be drilled, then drill small
pilot holes and then larger holes, using the dimensions specified in the template (see Figure
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Figure 4. Wiring schematic for SP9T MEMSDuino system. Buttons on the control panel
connect the analog input pin A4 on the Arduino UNO to different voltages on a voltage
ladder built from a series of 10 k(2 resistors from ground to 5 volts. A 100 k2 pull-down
resistor keeps the analog pin tied to zero when no button is pressed. One Arduino digital
output line is used to control the sequence of nine programmable LEDs which are all
connected in series, with the output of each pixel going to the input of the next. The 5
volt power supply on the Arduino drives a sequence of two COTS DC-DC converters which
step up first to 12 then to 90 volts. The 90 volt line is connected to up to 20 pins on the
DSUB which connects to the cable which goes into the dilution refrigerator through the
relays which select which lines are energized. The SP6T version using the DC-DC step
up board provided by Cryo-Elec replaces both the relays and the step up boards with one
piece of integrated electronics which is driven by the Arduino. The ladder has 6 instead of
9 resistors, and there are 6 instead of 9 LED pixels, but otherwise the structure of the
system is the same.
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Figure 5: Components of the SP6T switch controller system showing how all the elements
go together. This shows how the fasteners attach the various components to one another
and what they all look like.
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Figure 7: The panel hole layouts for both the SP9T and SP6T controllers are traced with
a sharp tool using printouts from the drawings printed in 1 to 1 scale, cut out, and taped
together over the wood. This method of transferring hole positions and cuts to wood
requires only simple hand tools, tape, scissors and a sharp implement.

7). Drill out a slot as shown on the template; this can be done by drilling a series of % in
holes. We recommend using sandpaper and/or a file to remove splinters from all edges.

Purchase the Bud Industries AN-1304-A diecast aluminum enclosure and either order the
modifications or make them yourself if you have access to a machine shop with a milling
machine. To get it machined by an outside shop, send them the .STEP file and the
.pdf included in the repository for this paper. The original SolidWorks drawings are also
included in the repository so that the design can be modified as needed. Note that the 3D
files include only the pre-tapped hole sizes for the tapped holes. Place the DB25 board
mount connector (Assmann WSW Components A-DF 25 PP/Z) from the outside of the
D-cutout in the box lid and screw the threaded 4-40 hex offsets into the holes on the edges
of the connector. This must be done before soldering the relay board to the connector! If
this is soldered to the board first, it will no longer be possible to mount the connector in
the D-cutout in the lid.

To fully assemble all the 3D printed components, print out one each of Arduino-bracket.STL,
and HV-DCDC-bracket.STL, and two each of front-panel-center-bracket.STL and front-
panel-edge-bracket.STL. Note that for the SP6T switch configuration, one can print out
just the edge panel brackets (see Figure 10) and skip the center brackets; this is somewhat
a matter of preference, to decide how much mechanical support you want the control
panel circuit board to have. All these 3D printed components, other than the optional
center brackets, require the insertion of 4-40 brass thread inserts. The insertion process is
accomplished by setting a soldering iron to about 250 C and manually pressing vertically on
the insert although it is easier if you have a vertical press that can also hold the soldering
iron in place. A pair of pliers can be useful to remove the soldering iron if it gets stuck
in the insert. Thread inserts can be purchased from both Amazon and from 3D printer
suppliers and they are critical for making 3D printed brackets with threads for small screws.

10
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Figure 8: Cutout in the wood board for the connector on the 4-wire cable, which connects
the control panel with the Arduino Shield board. Although a milling machine could be
used, a few holes drilled with a hand drill and connected manually work well enough.

With the 3D printed parts printed and the brass thread inserts added, we can screw the
Arduino bracket, the inner and outer front panel mounting brackets, and the diecast
aluminum box to the wood board. The mounting bracket for the DC-DC converter is also
then screwed into place inside the aluminum box.

The room temperature controller has three circuit boards, all of which can be fabricated
from the most cost-effective circuit boards. We note that it is possible to get any color
for both solder mask and silk screen now, and that using a black solder mask with white
silk screen gives the maximum color contrast for the control panel board. To order circuit
boards without changing the files, simply use the .ZIP files which contain the Gerber files
used by printed circuit board (PCB) manufacturers to make boards. Be sure to specify the
color of both the solder mask (black) and the silk screen (white), and to select “lead free”,
and to set the sizes of the boards when generating the quote. The sizes of the boards are
specified in the list of board files and bill of materials.

To build the control panel circuit board, we remove the pins from header strips using a
pair of needle nose pliers, then place those into the holes between the NeoPixel boards
and the control panel board, being careful to orient the arrow on the two circuit boards
which indicates signal direction and ensure plus and minus power leads connect correctly.
When these are gently placed in the right position, carefully solder them into place, taking

11
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Figure 9: Arduino shield board assembly, showing the components before assembly (left)
and the full assembly with the Arduino UNO board and all cables connected (right).

care not to disturb the somewhat delicate surface mount WS2812 LEDs on the NeoPixel
daughter boards. Add all the 10 k€2 resistors and buttons to the board and solder them.
Finally, to connect that board to the rest of the system cut off one end of a 4-wire header
cable and solder the 4 wires into the row of 4 plated holes at the side of the board.
Alternatively, this can have a header soldered to it and the cable can be plugged in and
out of that connector. This can be more mechanically robust but adds a protruding object
to the front panel which may be undesirable.

To assemble the Arduino shield board, first break off the headers from the 0.1 in (0.254
cm) header strips with a pair of pliers into 1 section with 6 pins, one with 10 pins, and
two with 8 pins (see Figure 7). Insert those headers into the header socket strips on the
Arduino UNQO, then place the board face up on the header strips, and solder all of them
into place, being careful to check that no pins have been missed. It is easy to miss a pin
here and end up with a bad connection later. Add the headers that are on the top of the
board as shown in figure 7, and solder in the two resistors and the capacitor. Be careful to
note the polarity on the capacitor; if mounted backwards, it will not work and can catch
fire or explode.

To assemble the relay board (see Figure 8), be sure to solder it to the captive 25-pin
DSUB connector last after the rest of the board has been assembled. Start the assembly
by soldering the surface mount resistors to the top of the board by putting a solder blob
on one side first, then, holding the resistor with tweezers in one hand and the soldering
iron in the other, melt the blob and place the resistor. Then with one end anchored, you

12
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Figure 10: Circuit board DB25-relay-HV-control connecting the DSUB connector on the
lid of the aluminum enclosure to a set of relays all connected to the 90 V line. The solder
joint between the board and the DSUB must be made last, after everything else has been
assembled. Once completed, the board is captive on the metal box lid.

can use the soldering iron and a piece of solder to solder the other end of the resistor. Be
sure to check all resistors to make sure you did not miss one of the second solder joints
when you're done. These resistors are needed to pull the outputs of the lines down when
they're not connected to the high voltage by a relay. When the resistors are mounted,
solder in the relays on the back side, being careful to note which end is pin 1 on the relay
and on the board. Solder in the headers also on the back side, the same side as the relays.
With all these parts together, finally, you can solder the board into a secured position on
the lid of the aluminum enclosure.

Note that this is only for the custom-built switch matrices. For COTS switches, which
are shipped with step-up power supplies (see Figure 11), a 25-pin DSUB connector with
solder cups should be used to which jumper wires are soldered. In this case, the step-up
board is placed inside the aluminum enclosure with double-sided sticky tape, and jumpers
are screwed into the screw terminals and connected to the Arduino output on one side
and the DSUB connector on the other side.

For the custom-built switch systems, we must also supply the 90 V power supply line which
connects to all the relays. This can be done with two step-up converters, one from 5 V to

13
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Figure 11: COTS 5V to 90 V boost board in diecast aluminum enclosure. A combination
of COTS jumpers can be used to connect this board with the DSUB on the output side
and to the Arduino UNO shield board on the other side.

12 V and one from 12 V to a variable voltage up to 350 V. We assemble this system by
purchasing the two DC-DC step-up converters and connecting them together in series with
a set of 2-wire header cables with solder joints and heat shrink tubing. Carefully check
the output voltage with a voltmeter with range over 90 V as you turn the adjustment
potentiometer with a small flat head screwdriver until you get close to 90 V. Carefully
verify that black is minus and red is plus and connect the power between the Arduino
shield and the relay boards. Connect the 8-wire header cables, carefully making sure the
orientation matches the pin numbers on the silk screens of the two boards.

With all the physical parts assembled, connect a USB A to USB B cable to a computer
running the Arduino IDE. Be sure that the Adafruit NeoPixel library is installed, searching
for the library and installing it using the menus in the IDE. Program and test the system.
Push all the buttons and check that the switches operate. Next, copy and paste the
Python or Matlab code snippets to control over the serial port in whatever language you
use for taking data in the rest of your quantum RF systems.
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Figure 12: Finding the COM port for the Arduino circuit board connected over USB using
the Arduino IDE

4. Operation Instructions

To use the MEMSDuino controller, connect the controller to the dilution refrigerator
(cryostat) using a cable that converts from the DSUB on the MEMSDuino box to the
appropriate connector on the cryostat. Connect the MEMS switch matrix to the cryostat
by means of a breakout board or adapter cable, typically to a 25-pin micro-D connector.

Use a USB A to USB B cable to connect the MEMSDuino to the same computer used
for taking data. Once it has power, push buttons and observe lights to make sure that
the manual control works. To test the software control, open the Arduino IDE, make sure
the Arduino is visible, and take note of which COM port it is on. This can sometimes
involve unplugging and replugging in the Arduino to make sure it is clear which port it is
on and that it is being recognized. Once the Arduino has been recognized by the IDE and
selected in the menu (see Figure 12), you can open the serial monitor in the Arduino IDE
and try sending commands to the device. The commands are numbers corresponding to
the port selected, so 1 through 9 for the SP9T and 1 through 6 for the SP6T. Be sure to
set the serial monitor to 9600 baud to match the baud rate of the Arduino code (this can
be changed if you wish, but you must change it in both the Arduino code and also in the
control code.)

To control the switches with Python, use the following code

import serial
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import serial.tools.list_ports
ports = serial.tools.list_ports.comports()

for port, desc, hwid in sorted(ports):
print("{}: {} [{}]".format(port, desc, hwid))

to get a list of com ports available.

When the COM port for the Arduino has been determined, open the port with the following
command:

SP9T_serial = serial.Serial('COM18', 9600) # open serial port
Then to select, for example, port 2 on the switch, use the following command in Python:
SP9T_serial.write(bytes(str(2), encoding='utf-8'))

Replace the number 2 with desired port number to be switched. With that code snippet, it
is possible to then integrate switch control into the rest of your RF quantum experiments.

5. Results

Our group at NIST has fabricated several of these instruments to control both custom-built
switch boards that we have designed as well as two different COTS switch packages. We
are developing more fully integrated systems for cryogenic calibration and characterization
of devices, measuring all 4 parameters in the scattering matrix for two terminal devices in
a dilution refrigerator. For prototyping a new configuration, an existing front panel control
board is used, and paper, pen and tape are used to change the labels of the buttons and
lights on-the-fly. We have found that the ability to immediately push buttons and see
lights for controlling new switch configurations aids in the development process.

This instrument has been used in our group to drive the custom SP9T switches we had
built for calibration measurements on PCB RF standards. The MEMSDuino controller
was essential for this work because there was not a commercially available product with
the unique wiring topology and control logic required. A video demonstrating the SP9T
controller operating a prototype switch network at room temperature is available online[9].
We have also adapted the SP6T controller, with modified code and labels, for use with the
COTS SP3T switches, which we also used for calibration measurements. These switches
come with 5V to 90 V step-up boards but have no controller to drive the 5 V, so our
controller fills a need that no existing product fills. Finally, we have created another version
for controlling an SP8T switch with built in on-board calibration that we had fabricated
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for a project to disseminate measurements of RF calibration standards. The SP8T switch
is also a fully custom system with custom topology and logic and no commercial controller
available. All controllers have been used now in measurements in dilution refrigerators in
several cooldowns at NIST.

In summary:

o We have demonstrated the MEMSDuino controller with both SP6T and SP3T COTS
switches.

o We have demonstrated the MEMSDuino controller with both our custom-built SP8T
switches and our dual SP9T switches that we built for making high throughput
measurements of quantum devices and for performing cryogenic calibrations.

6. Conclusion

This work presented the design, construction, and demonstration of a novel, flexible, and
inexpensive open-source instrument for controlling MEMS radio-frequency switches, a class
of devices which is just starting to see its utility realized in quantum information science
and technology. The real advantage of MEMS switches in quantum information will come
from its versatility as a tool for creating a wide range of complex systems with in situ
switching. As more and more complex systems are built into dilution refrigerators, there
will be more and more complex switching needs both for calibration and for multiplexing
large numbers of lines. It is the authors’ hope that an open-source controller that can
be quickly and easily adapted by researchers to new applications will aid in the overall
development of novel quantum RF devices.
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