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ABSTRACT We characterize a radio-frequency micro-electro-mechanical-systems single-pole-six-

throw switch designed for cryogenic operation to 10 GHz from room temperature to millikelvin 

temperatures. The switch contains an internal electronic calibration capability suitable for performing 

multiport vector and large-signal network analysis at room temperature and cryogenic temperatures. We 

demonstrate two calibration types, the first designed for measuring the scattering parameters of 

microwave devices connectorized with 3.5 mm coaxial connectors and the second for measuring the 

scattering parameters of microwave devices connectorized with Sub-Miniature version A (SMA) 

connectors. 

INDEX TERMS Cryogenic measurement, electronic calibration, micro-electro-mechanical-systems, 

radio frequency, vector network analysis. 
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I. INTRODUCTION 

We describe the characterization and calibration of a coaxial 

radio-frequency (RF) micro-electro-mechanical-systems 

(MEMS) single-pole-six-throw (SP6T) switch to 10 GHz and 

from room temperature to millikelvin temperatures.1 We also 

calibrate and test an internal electronic calibration capability 

integrated into the switch that greatly simplifies calibrating vector 

network analyzers (VNAs) at the switch’s output ports, especially 

at cryogenic temperatures. Finally, we develop two calibration 

types for the switch, the first designed for measuring the 

scattering parameters of devices under test (DUTs) connectorized 

with 3.5 mm coaxial connectors and the second for measuring the 

scattering parameters of DUTs connectorized with Sub-Miniature 

version A (SMA) connectors. 

The first system for performing calibrated two-port vector 

scattering parameters at millikelvin temperatures was reported by 

Ranzani, et al., in [1]. Ranzani, et al. described a thru-reflect-line 

(TRL) calibration approach in coaxial transmission lines based on 

electromechanical coaxial switches. The switches route signals 

from the VNA through flexible coaxial cables to the coaxial TRL 

calibration standards and to a coaxial DUT. Ranzani, et al. 

applied their approach to the development and characterization of 

connectorized circuits in [2, 3]. Similar TRL calibration 

approaches suitable for use at millikelvin temperatures have been 

used by Yeh, et al. to characterize superconducting resonators [4], 

Oates, et al. [5] to characterize passive filters and a low noise 

amplifier, and others [6-8] to test coaxial cables, superconducting 

resonators, circulators and qubit drive-line components. More 

recently, Stanley and others [9-15] have taken a metrological 

approach to these measurements and established traceable coaxial 

calibrations based on the coaxial TRL calibration technique 

developed by Ranzani, et al.,  in [1] at millikelvin temperatures. 

Shin, et al. applied their coaxial switch system to perform 

calibrated measurements of Josephson traveling-wave parametric 

amplifiers in [13] and Stanley, et al. extended their approach to 

characterizing devices on printed circuit boards using flexible 

coaxial cables and electromechanical switches in [12, 14]. 

The first on-wafer measurement system for performing direct 

TRL calibrations and measurements on printed circuit boards and 

integrated circuits at millikelvin temperatures was introduced by 

McEntee-Wei, et al. in [16]. This system, which is based on 

motorized positioners and commercial wafer probes, eliminates 

the need for switches and multiple electrically identical cables. 

Furthermore, the authors reported on the successful transfer of 

power and electrical phase measurements from room temperature 

to millikelvin temperatures with this system, and applied it to the 

measurement of calibrated on-wafer scattering parameters, the 

characterization of interconnects between room-temperature and 

millikelvin reference planes, the calibrated measurement of 

microwave power and the calibrated measurement of modulated 

microwave signals of the type used to control qubits. Recent as-

yet-unreported work on this system has also greatly improved the 

repeatability and reliability of its positioners since the publication 

of [16]. However, this system is restricted to the characterization 

of devices on planar media. 

 
1 We use this term to mean less than 50 mK. 

However, all the approaches described above to performing 

calibrated scattering-parameter measurements in coaxial media 

still suffer from several deficiencies at cryogenic temperatures. 

They are based on electro-mechanical switches that are slow 

compared to many other technologies (including the switch we 

 

 

 

FIGURE 1.   The cryogenic MM4250 SP6T RF coaxial 

switch. (a) Photograph of the 4.5 cm by 4.5 cm by 3.6 cm 

MM4250. (b) High-level functional diagram with 

measurement reference planes marked in green. (c) 

Cross-section of a MEMS switch in an MM5130 integrated 

circuit (after [20]). 
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describe here), commonly generate electrical pulses at their 

outputs that can destroy sensitive low-noise amplifiers used in 

performing network analysis at millikelvin temperatures and 

Josephson-junction-based devices, and can generate enough heat 

to be significant at millikelvin temperatures (although some 

progress has been made to improve the switching efficiency of 

electro-mechanical switches at cryogenic temperatures [17], most 

heating seems to be due to the dissipation of mechanical energy 

in the switches). Also, they often use difficult-to-characterize 

flexible coaxial cables to connect thru-reflect-line (TRL) 

calibration standards and DUTs to the switch and rely on 

symmetry in the switches and flexible cables to obtain accurate 

calibrations. 

In this work, we characterize and calibrate a Menlo 

Microsystems2 MM4250 SP6T RF coaxial switch shown in Fig. 

1a. The MM4250 is based on Menlo’s Ideal Switch® technology, 

which is a MEMS process technology. The Ideal Switch® 

technology uses micromachined electrostatically controlled 

cantilevers to route RF signals with a 16 μs switching time and 

low energy dissipation. The MM4250 is designed to be a direct 

replacement for RF electro-mechanical switches currently in use 

at cryogenic temperatures. 

The internal electronic calibration capability of the MM4250 

switch greatly simplifies calibrations for the user. Unlike a 

standard electronic calibration unit [18, 19], which would 

calibrate a VNA to the switch’s input port, we set the calibration 

reference planes in our experiments to the output ports of the 

switch. This allows use of the switch’s internal electronic 

calibration standards to calibrate a VNA connected to the input 

port of the switch to any of the switch’s six output ports over a 

wide range of temperatures with a calibration adapted to 

characterizing either 3.5 mm-connectorized DUTs or SMA-

connectorized DUTs. 

II. CRYOGENIC SP6T RF SWITCH 

Figure 1 shows a photograph and high-level functional block 

diagram of the MM4250 RF switch that we characterized. The 

switch’s SMA input port can be seen in Fig. 1a in the center of 

the switch face surrounded by its six SMA output ports near the 

periphery of the switch.  

The MM4250 has a 3 dB bandwidth of approximately 8 GHz. 

The transmission coefficients of the six paths between the input 

port and the six output ports of the switch we tested had a standard 

deviation of less than ±0.2 dB and ±4 degrees over the switch’s 8 

GHz bandwidth. 

The MM4250 is built using a series of Menlo Microsystems 

MM5130 SP4T RF MEMS integrated-circuit switches that were 

put into production on November 18, 2020 [20]. The MM5130 

are based on small micromachined and electrostatically actuated 

cantilevered beams, as shown in the cross-sectional sketch in Fig. 

1c. The electrostatic force applied to the cantilevered beam when 

a voltage of approximately 90 V is applied to the gate is enough 

to pull the cantilever beam down until it makes contact with the 

contact pad printed on the glass substrate, closing the switch [21, 

 
2 We use brand names only to clarify the experimental configuration. The 
National Institute of Standards and Technology does not endorse commercial 

products. Other products may work as well or better. 

22]. Additional information regarding switch operation can be 

found in [20-24]. 

The MM5130s are fabricated using a 14-layer glass-based 

integrated-circuit fabrication technology. The switches 

themselves are fabricated on a glass substrate, as shown in the 

cross-sectional sketch in Fig. 1c. The individual switches are only 

about 50 μm by 50 μm in size and multiple switches are usually 

fabricated on each die. The low-resistance contacts are rated for 

billions of operations. Finally, a micromachined glass cover with 

through vias is bonded on top of each die to compete the 

assembly, which, after dicing, is then ready to be soldered to a 

printed circuit board. Some additional fabrication information can 

be found in [20].  

Typical controllers used with the MM5130 are described in 

[20] and [24]. However, in these experiments we used a soon-to-

be-commercially-available controller under development at 

Menlo Microsystems that is optimized for the standard 25 pin 

Micro-D connectors and wiring installed in BlueFors Dilution 

Refrigerators and used in the MM4250 SP6T switches we tested.  

To construct a single MM4250 SP6T switch, nine MM5130 

die are soldered on a multilevel printed circuit board and arranged 

in three levels. The first level of the SP6T switch design consists 

of a single MM5130 MEMS integrated circuit, which is used to 

select between either a) a set of internally selectable open, short 

and load calibration standards or b) allowing the signal to pass 

through to the second switching level, which selects between the 

main RF measurement paths. 

The second-level SP4T switches fan out to the six output 

paths. The design employs a special triple-throw mode of the 

SP4T switches called the “super-port mode”, which greatly 

improves return loss and insertion loss for applications requiring 

many cascaded switches [21]. Finally, for the third level, another 

set of switches are employed in the super-port mode for the 

purpose of increasing the channel to channel and off-state 

isolation to over 50 dB across the usable bandwidth, which is 

critical for making sensitive RF measurements at cryogenic 

temperatures. 

Another key attribute of RF MEMS switches that makes 

them particularly useful for use in cryogenic applications is the 

extremely low joule-heating created during the switching 

operation.  Typically, with RF MEMS switches, the closing 

operation is accomplished with the application of an electrostatic 

force to a micromachined cantilevered beam to close the circuit, 

which dissipates very little energy. In the case of the MM4250, 

we found that we could open and close the three levels of switches 

needed to connect an individual throw on the device at a rate of 5 

kHz without changing the 25 mK base temperature in our dilution 

refrigerator by more than 2 mK [25]. As a result, there is no need 

to wait for the dilution refrigerator to cool-down after switching, 

as was required in [1], drastically increasing the number of 

measurements which can be performed in a given timeframe.  
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III. ROOM-TEMPERATURE CALIBRATION 

Our ultimate goal is to calibrate the MM4250 switch for use 

at both room temperature and cryogenic environments. We start 

with a conventional room-temperature calibration to calibrate the 

switch’s internal open, short and load states using a manufacturer-

supplied 3.5 mm calibration kit and illustrate the calibration 

procedure without introducing complications encountered at 

lower temperatures. While we analyzed our measurements with 

the NIST Microwave Uncertainty Framework (MUF) [26], this 

room-temperature procedure is quite straight forward and could 

have been accomplished with a manufacturer-supplied 3.5 mm 

calibration kit and the built-in software of a standard VNA. 

Electronic calibration units are typically used to reproduce a 

calibration at the end of a cable connected to a VNA [18, 19]. The 

calibration electronic calibration unit is straightforward. First, the 

manufacturer or a national metrology institute (NMI) calibrates a 

VNA at the end of a cable in their laboratory and connects that 

cable to the input of an electronic calibration unit. Then, the 

manufacturer or NMI measures the reflection coefficients of the 

internal states of the electronic calibration unit at a reference 

plane at the end of the cable, which coincides with the input port 

of the electronic calibration unit. 

Later, the user can reproduce the manufacturer’s calibration, 

which is often traceable, in their laboratory at the end of a cable 

attached to their VNA simply by 1) connecting the electronic 

calibration unit to the cable on their VNA and 2) using the 

manufacturer or NMI calibrated measurements of the internal 

states of the electronic calibration unit as definitions for the user’s 

measurements of those same internal states in their laboratory to 

calibrate the VNA. Now, the user’s VNA is calibrated to a 

reference plane at the end of the cable that they attached to the 

electronic calibration unit provided by the manufacturer or NMI. 

However, in our use case, the user of the MM4250 coaxial 

switch will typically want to connect the switch to the VNA and 

perform calibrated measurements at the output ports of the switch. 

Then the user will be able to measure up to six DUTs at a time in 

inaccessible locations due to cryogenic temperatures and vacuum 

enclosures. To address this use case, we calibrated the switch at 

its output ports, rather than its input port, before measuring the 

internal open, short and load states of the switch. The procedure 

we used in our dry run is shown in Fig. 2a and consisted of the 

following steps: 

1. First, we connected our VNA to the input of the Menlo 

switch and set the switch to route signals from its SMA 

input port to its first SMA output port (labeled “Output-

Port Reference Plane” in Fig. 2a), where we connected, 

one at a time, a coaxial open, short and load in a 

manufacturer-supplied calibration kit. 

2. We then measured the internal open, short and load 

states of the switch. 

3. We then repeated this procedure for the other five output 

ports of the switch. 

4. Finally, using the MUF, we performed a calibration to a 

reference plane at each output port of the switch and 

applied that calibration to the internal open, short and 

load states measured at that same output port.  

 

In practice, the measurements of the internal open, short and 

load states of the switch, with each set calibrated to a different 

output port of the switch, are all that users need to recalibrate their 

VNA to any one of the output ports of the switch. This “user 

procedure” is illustrated in Fig. 2b and can easily be performed 

with the built-in software of a standard VNA. 

1. The user connects their VNA to the input port of the 

switch. 

2. The user selects a calibration on their VNA that uses 

open, short and load definitions set equal to the 

measurements of the internal open, short and load switch 

states calibrated by the manufacturer or NMI with the 

procedure described above or in Section IV C at the 

desired output port of the switch. 

3. The user then follows the prompts from the built-in 

VNA calibration software, selecting and measuring the 

switch’s internal open, short and load states. The VNA 

software will now calibrate the user’s VNA to the 

desired output port of the switch (labeled “Output-Port 

Reference Plane” in Fig. 2b). 

 

 

FIGURE 2.   Coaxial switch calibration and application. 

(a) Manufacturer or NMI calibrates switch. (b) User 

applies switch to calibrate DUTs at switch output port. 

The calibration reference-plane locations marked in 

green in this figure correspond to the physical reference-

plane locations shown in green in Fig. 1b. 
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The user procedure can be thought of as forcing the 

calibration on the user’s VNA to map the internal states of the 

switch it measures to those that were recorded earlier when the 

manufacturer’s or NMI’s VNA was calibrated at a reference plane 

located at the desired output port of the switch. Because a one-

port calibration is uniquely defined by three one-port calibration 

standards, this, in turn, forces the VNA to replicate measurements 

corrected by the earlier calibration when the switch was calibrated 

at that output port of the switch. 

IV. CRYOGENIC CALIBRATION 

Cryogenic calibration of the MM4250 presents several 

challenges. First, robust coaxial calibration standards must be 

modeled at both room temperature and cryogenic temperatures. 

Second, because we can only access the switches between 

cooldowns, we must develop a procedure that allows all 

calibration standards to be tested on each port while minimizing 

the impact of drift, cable bending and other changes in the setup 

between cooldowns. Finally, to improve accuracy, we try to avoid 

connecting our calibration standards to the switch with flexible 

cables, which are difficult to characterize at cryogenic 

temperatures. We now describe how we addressed these 

concerns. 

A. Calibration Standards 

For cryogenic calibrations, we used 3.5 mm offset shorts and 

a 3.5 mm offset open fabricated by Maury Microwave. The 

calibrations standards consisted of a 360B 834047 flat short, an 

8047F6 833986 offset short of length 5.00 mm, an 8047P1.08 

834105 offset short of length 10.08 mm, an 8047P1.8 834106 of 

length 18 mm, an 8047A6 816648 offset short of length 29.98 

mm, and an 8048B6 838985 offset open of equivalent length 5.23 

mm. 

These gold-plated beryllium-copper offset shorts and an 

offset open offer a straightforward traceability path via 

dimensional measurements and circumvent the need to 

characterize dielectrics and use EM simulations used by 

Shokrolahzade, et al. [27]. These calibration standards also 

eliminate the need to connect them to the switch with difficult-to-

characterize cables, as is usually done during cryogenic TRL 

calibrations, which are particularly sensitive to errors caused by 

cable repeatability and other small hardware inconsistencies. 

Then, in the strategy we adopted, later in the measurement 

process any cables that must be de-embedded from measurements 

can be characterized directly with a two-port switch calibration 

based on an “unknown” thru [28], which is less sensitive to 

repeatability and other hardware inconsistencies. 

To assess accuracy at cryogenic temperatures and allow the 

use of the standards at low frequencies, we built temperature-

dependent models of our calibration standards in the MUF using 

the dimensions and other quantities listed in Table 1. Given that 

the calibration standards were all built by the same manufacturer 

using the same materials and processes, we assumed the same 

material properties for all of them. Finally, we verified the models 

at room temperature with traceable sliding-load calibrations. 

Because we used physical models, they extend well to DC and 

could also be used with an uncharacterized auxiliary load and a 

one-port analogy of the calibration method described in [29] to 

extend the scattering-parameter calibrations to very low 

frequencies. 

We estimated the effective conductivity of the gold-plated 

beryllium-copper calibration standards from measurements of the 

electrical loss of the longest offset short with a calibrated VNA. 

As explained in note c of Table 1, we constrained the range by 

which we expected the effective electrical conductivity of the 

calibration standards to increase to a factor between 2 and 10 

below 4 K, where we expect the electrical conductivity to be flat 

[30-32]. However, the conductivity of these calibration standards 

is quite high and the corresponding electrical loss so low that even 

this very large range of conductivities has little impact on the 

overall uncertainty evaluation we performed. 

We used NIST Monograph 177 [32] to estimate the fractional 

change in the length of the calibration standards with temperature. 

Finally, we evaluated uncertainty due to repeatability, drift, and 

imperfect calibration-standard definitions using the regression 

residuals in the overdetermined offset-short/open calibration with 

the methods described in [33, 34], which are supported by the 

MUF. 
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TABLE 1.  Calibration-Standard Characteristics 

Quantity Value 
Standard 

Uncertainty 

Inner-conductor diameter (mm) 1.52 0.006 

Outer-conductor diameter (mm) 3.5 0.006 

Outer-conductor lengths (mm) - 0.015 

Conductor eccentricity (mm) 0 0.06 

Pin diameter (mm) 0.9 0.12 

Pin-depth gap (mm) 0.045 0.018 

Temperature coefficient of 

expansion 
a
 

- - 

Gold conductivity 295 K (S/M)
 b

 1.2  107 0.5  107 

Gold conductivity 4 K (S/M)
 c

 7.2  107 2.8  107 

Offset-open equivalent length 

(mm)
 b

 

5.23 0.015 

Excess outer-conductor 

discontinuity capacitance (pF)
 d

  

0.009 0.0026 

Values and standard uncertainties in this table were provided by the 

manufacturer unless otherwise noted. 
aFor Beryllium Copper C17300 M25 Alloy from formula 14-

4 on page 14-8 of NIST Monograph 177 [32]. 
bEstimated from room-temperature measurements performed 

with calibrated VNA. 
cWe estimated the effective metal conductivity to increase by 

a factor of 2 to 10 with rectangular distribution based on [30, 31]. 

Estimating the effective conductivity of the calibration standards 

at low temperatures was complicated by skin-depth 

considerations and the fact that the electrical conductivity of thick 

pure plated gold can have a “residual resistivity ratio” (RRR), the 

ratio of room-temperature and 4 K resistivities, of up to 100 [30]. 

However, the manufacturer specified that the beryllium-copper 

calibration standards were plated with a 0.125 μm to 0.25 μm 

thick copper layer per AMS2418 followed by a 0.25 μm to 0.50 

μm thick gold layer per MIL-DTL-45204, Type II, Grade D, 

Knoop Hardness 201 minimum. Based on the relatively thin 0.25 

μm to 0.50 μm gold layer with only a 99.0 % minimum gold 

content and the discussions in [30, 31], it seemed possible that the 

conductivity of the gold layer might only increase by a factor of 

two at cryogenic temperatures, which would be similar to the 

increase of the conductivity of the copper layer and underlying 

beryllium-copper, suggesting a minimum factor of two increase 

of the effective conductivity of calibration standard at 4 K. On the 

high end, the conductivity of the gold plate could conceivably 

increase by a factor of up to 10 at 4 K, despite its thickness and 

impurities [30, 31], leading to a reduction of the skin depth and a 

greater concentration current at microwave frequencies. 
dStandard uncertainty of 0.0026 pF reflects the difficulty of 

reading the graph in Fig. 9 of [35]. 

 
3 The data in the plots in Figs. 3, 5 and 6 can be found at 
https://doi.org/10.18434/mds2-3967 and the GitHub repository 

https://github.com/lafefspietz/nist_MM4250_calibration_data_2025/. 

 

 

B. 3.5 mm and SMA Calibration Reference Planes 

Even though the MM4250 has SMA output ports and is 

physically compatible with both SMA-connectorized and 3.5 mm 

connectorized DUTs, our calibration kit is comprised of 3.5 mm 

calibration standards. As a result, our calibrations are, by design, 

most appropriate for characterizing 3.5 mm connectorized 

DUTs.3  

However, most users of the switch will be testing SMA-

connectorized DUTs. To better accommodate these users, we 

developed a correction to the calibration to better adapt our 

calibration to SMA-connectorized DUTs. Following [35] and 

[36], we note that the primary difference between 3.5 mm male 

connectors on a user’s DUT and the female SMA connectors on 

the switch is a step in the outer conductor of the SMA and 3.5 mm 

connectors, which can be modeled accurately in coaxial 

transmission lines as an excess shunt capacitance. 

We used [35] to calculate the excess shunt capacitance of the 

step between the SMA and 3.5 mm connectors. From Fig. 7b of 

[35] and the standard internal dimensions of 3.5 mm and SMA 

connectors, r1 = 0.65 mm, r2 = 1.75 mm, r3 = 2.3 mm, a = 1.1 mm, 

b = 1.65 mm, α = a/b = 0.67, r = r3/r1 = 3.54 and εr = 2.1. From 

Fig. 9 of [35], the per-unit-length excess capacitance C’d2 due to 

the step in the outer conductors is approximately 0.0105 pF/cm 

and the total excess capacitance due to the step in the outer 

conductors Cd is, therefore, approximately 0.009 pF. 

Based on this calculation and following [36], we were then 

able to augment our 3.5 mm calibration-standard definitions with 

a second set of modified calibration-standard definitions adapted 

for use with SMA-connectorized DUTs. This second set of 

modified calibration-standard definitions cancels the excess 

capacitance in the 3.5 mm calibration due to the step in the outer 

conductors formed when the 3.5 mm calibration standards are 

 

FIGURE 3.   Comparison of two-port thru measurements 

performed with 3.5 mm and SMA test ports and corrected 

with 3.5 mm calibration and the modified 3.5 mm 

calibration adapted to SMA DUTs. Both S11 and S22 of 

each two-port measurement are plotted on the graph.3 

https://doi.org/10.18434/mds2-3967
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connected to the SMA ports of the switch by incorporating a 

0.009 pF capacitance into the 3.5 mm models of our calibration 

standards we use as standard definitions in the MUF. 

We tested our new modified calibration definitions adapted 

for SMA-connectorized DUTs by performing a calibration on a 

VNA with female SMA test ports in our laboratory. We then 

calibrated the VNA with our 3.5 mm calibration kit and tested 

both a 3.5 mm thru and an SMA thru as DUTs. For comparison, 

we also calibrated a VNA with 3.5 mm test ports with our 3.5 mm 

calibration kit and used a 3.5 mm thru as a DUT.   

Figure 3 compares the reflection coefficients of the 3.5 mm 

and SMA thrus we measured with our 3.5 mm calibration kit 

using the two test ports and calibration definitions. The 

measurements of the SMA thru shows that the new calibration 

definitions adapted for SMA measurements (blue marked with 

circles) significantly outperforms the conventional 3.5 mm 

calibration (red marked with squares) above 4 GHz and is 

comparable to the measurement of the 3.5 mm thru measured with 

a 3.5 mm calibration on a 3.5 mm test port (black marked with 

triangles).   

C. Cryogenic Calibration Procedure 

Calibrating the MM4250 at cryogenic temperatures with our 

calibration kit required six cooldowns, one for each calibration 

standard. We used a 0.5 W Gifford-McMahon 3 K cryocooler that 

cools much more quickly than the dilution refrigerators required 

to reach millikelvin temperatures and allowed us to achieve these 

six cooldowns in only about a week, rotating the calibration 

standards on the switch after each cooldown. Cable losses in this 

cryocooler were also low enough that we were able to simply run 

cables from the VNA ports directly through the cryocooler to the 

switch. However, we recognize that the wiring configurations 

used in [1] and [16] might improve our repeatability and reduce 

drift.  

We expect every experimental setup to suffer in varying 

degrees from repeatability errors due to connection repeatability, 

VNA drift, cable drift and switch repeatability. With this in mind, 

we developed and tested an approach to harmonize the 

measurements we performed at each temperature during the six 

cooldowns to reduce VNA and cable drift at the expense of some 

increase in errors due to switch repeatability. We accomplished 

this with the procedure illustrated in Fig. 4 by using the internal 

open, short and load states in the switch itself to recalibrate the 

VNA to a constant “virtual” reference plane inside the switch to 

minimize the impact of repeatability, drift and temperature 

changes in the calibration process.  Then, for each set of 

measurements at 295 K and 3 K, we measured the internal open, 

short and load states of the switch and the six calibration 

standards connected to the six output ports of the switch. 

The procedure we used to analyze this data is illustrated in 

Fig. 4 and consisted of the following steps: 

1. As shown in Fig. 4a, after each temperature change, we 

used the measurements of the internal open, short and 

load states of the switch to perform a virtual first-tier 

calibration at our virtual internal reference plane 

(labeled in green in Fig. 4a) inside the switch. We then 

used this virtual calibration to correct the measurements 

of the calibration standards on each of the six output 

ports of the switch in that set. This virtual calibration 

simply defined the internal open, short and load states of 

the switch as ideal (i.e. a reflection coefficient of 1 for 

the open, -1 for the short and 0 for the load). This virtual 

first tier calibration corrects both the offset standards and 

the internal SOL, aligning all measurements to a new 

common reference plane that minimizes drift and other 

changes in the VNA and cables during the 

measurements. The second-tier calibration then uses 

these virtual drift-corrected offset standards, so that the 

internal short, open and load definitions that the user 

receives are also drift corrected. 

2. Using these virtually calibrated first-tier measurements 

of our six calibration standards at one of the outputs of 

the switch, we performed a second-tier calibration 

illustrated in Fig. 4b at each temperature and switch 

output port.  

 

 

FIGURE 4.   Manufacturer/NMI cryogenic coaxial switch 

calibration. (a) First-tier measurement harmonization. (b) 

Second-tier switch calibration. The calibration reference-

plane locations marked in green in this figure 

correspond to the physical reference-plane locations 

shown in green in Fig. 1b. 
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3. Finally, we used this second-tier calibration to calibrate 

the now ideal4 virtually calibrated internal open, short 

and load measurements performed at that temperature 

and switch output port. These are now the internal open, 

short and load states of the switch calibrated at the output 

port of the switch that we were looking for and can be 

used directly in the user procedure of Fig. 2b.  

D. Cryogenic Calibration Results 

After performing two week-long sets of cooldowns and 

measuring each of the Maury calibration standards on each of the 

six ports on the MM4250, we calculated the switch’s calibration 

coefficients and evaluated our measurement uncertainties. Figure 

5 compares the uncertainty in the elements S21, S11 and S22 of the 

two-port calibration error boxes of the switch determined by the 

second-tier calibration algorithm of Fig. 4b from the 

measurements performed at 295 K and 3 K. Curves labeled 

“Week 1” were taken during the first set of cooldowns, while 

curves labeled “Week 2” and “Week 2 Repeat” were taken during 

the second set of cooldowns.  

The continuous brown curves marked with filled triangles in 

Fig. 5 show the systematic uncertainties we evaluated due to the 

uncertainty mechanisms listed in Table 1 of Section IV A. The 

total uncertainties of the elements of the error boxes at 295 K are 

shown in continuous red curves, while the uncertainties at 3 K are 

plotted in dashed blue lines. These curves add the uncertainty due 

to calibration residuals from the overdetermined offset open and 

offset shorts by the algorithm illustrated in Fig. 4b, which we 

evaluated using the methods described in [33, 34]. 

While our uncertainties are reasonable, the very small size of 

the systematic uncertainties plotted in continuous brown curves 

marked with filled triangles compared to the total uncertainties 

plotted in Fig. 5 indicates that repeatability errors of the cryogenic 

calibration performed over the six cool-down cycles dominated 

measurement uncertainties at both room temperature and 

cryogenic temperatures. 

While difficult to see in the figures, our repeatability was 

significantly better during the measurement we performed at 295 

K on week 1. This raises the possibility that we may be able to 

significantly lower our overall measurement uncertainty if we can 

identify and eliminate the sources of measurement repeatability 

errors in our experiments.  

The cryogenic calibration we developed corrects for 

variations in the VNA and cables, and we can measure the actual 

temperature quite accurately. Furthermore, the repeatability 

errors shown in Fig. 5 are lower than those obtained when we 

applied the room-temperature calibration algorithm of Section III 

to our cryogenic data, as we would expect. So, we do not believe 

that variations in the VNA, cables or temperatures significantly 

impacted our measurement repeatability. However, factors that 

may have contributed to repeatability error during our 

experiments include the following: 

1. SMA connectors generally have much lower 

repeatability than the precision 3.5 mm connectors on 

our calibration standards and are usually not considered 

suitable for precision metrology [37]. In particular, the 

 
4 The virtually calibrated internal switch states are now ideal because we used 
ideal open, short and load definitions for those states in the virtual calibration 

described in the prior step. This calibration maps the internal measured states 

outer conductors of our precision male 3.5 mm 

calibration standards are chamfered slightly where they 

mate with the thin mating surface on the SMA 

connectors used in the switches. Using precision 3.5 mm 

connectors on the switches would likely improve the 

repeatability of the connections to precision 3.5 mm 

calibration standards. 

2. Degradation of repeatability at DC and RF in the 

underlying RF MEMS switches observed by Sorenson, 

et al. [38] and by Lee, et al. [39] at cryogenic 

temperatures. These observations could be related to 

mechanical stress, condensing gasses in the packaging 

and increased charge storage at cryogenic temperatures. 

It is likely that averaging repeated measurements 

performed during each cooldown would reduce these 

errors. 

into their definitions. We used the ideal definitions in this step to simplify book 
keeping, but using the calibrated internal states found in the previous step of this 

cryogenic calibration procedure (step 3) gives the same result. 
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V. MILLIKELVIN MEASUREMENTS 

We tested the user procedure discussed in Section III and 

illustrated in Fig. 2b with a single cooldown in a dilution 

refrigerator on the same switch that we previously characterized 

in our fast-cooling 3 K cryostat in Section IV. This refrigerator 

was equipped with a VNA manufactured by a different vendor, 

discrete attenuators on the drive lines located at various 

temperature stated of the refrigerator, cryogenic amplifiers for the 

reflected signals and an external 0.3 GHz - 14 GHz coupler 

located on the mixing chamber in a way similar to that described 

in [1] and shown in Fig. 2 of [16]. This results in approximately -

52 dBm of power at the DUT, which reduces noise in the 

measurements without appreciably impacting the base 

temperature of the refrigerator. 

As the cool down progressed, we used the internal open, 

short and load states of the MM4250 to calibrate the VNA to the 

six output ports of the switch and perform measurements at each 

of those ports when the temperature on the mixing chamber 

reached 3 K, 1 K, 100 mK and 25 mK. We used our offset-shorts 

and offset-open calibration standards as DUTs in the test, with 

one calibration standard connected to each port. This was 

convenient, as we could compare our measurements to the offset-

short models we developed in Section IV A. 

Duplicating the user procedure illustrated in Fig. 2b, we first 

calibrated the VNA at 3 K, 1 K, 100 mK and 25 mK at each of 

the switch’s output ports using the internal switch state definitions 

that we developed in our fast-turnaround 3 K cryostat and 

measured the DUTs connected on each port of the switch in the 

dilution refrigerator. Our 29.98 mm offset short was connected to 

the fourth output port of the switch, and we chose this calibration 

standard to illustrate the calibration capability of the switch 

because this offset short sweeps more quickly around the Smith 

Chart than the other calibration standards that we had available to 

us. We felt this would better validate our one-port measurements 

and calibrations, much as some use long Beatty standards [40] to 

test two-port calibrations. 

Fig. 6 plots the differences between the reflection-coefficient 

measurements of our 29.98 mm offset short and the reflection 

coefficients of the model of the offset short we developed in 

colored lines with markers to indicate the temperature at which 

the measurement was performed. The differences we plot do not 

appear to drift in a systematic way with temperature, indicating 

that the 3 K internal switch state definitions we developed are 

appropriate for measurements at millikelvin temperatures. The 

errors at low frequencies are likely due to our calibration based 

on offset shorts and an offset open degrading as the locations of 

the offset shorts on the Smith Chart collapse and become 

degenerate near DC and no longer provide two of the three 

distinct calibration standards required to define a one-port 

calibration. 

We also formed the mean of the measured differences shown 

in Fig. 6 and evaluated the uncertainty in this mean with the 

method proposed in [41], which has been incorporated into the 

MUF. Thus, the uncertainty we evaluated in the mean included 

the systematic errors in our offset-shorts and offset-open 

calibration standards we evaluated in Section IV A, the 

repeatability errors in the measurements of the switch’s internal 

short, open and load states we discussed in Section IV D and the 

variation of the measured differences shown in Fig. 6 when we 

formed their mean, which were evaluated using the method of 

[41].  

We then superimposed the mean of the measured differences 

in a solid black line and the 95 % confidence intervals we 

evaluated on that mean in dashed black lines on the plots in Fig. 

6. In general, the differences we measured between the offset 

 

 

 

FIGURE 5.   Comparison of the uncertainty of the 

elements of the port-1 calibration error boxes measured 

at 295 K and 3 K. (a) Transmission S21. (b) Reflection 

coefficient S11. (c) Reflection coefficient S22.
 3 
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short’s measured and modeled reflection coefficients fell within 

the 95 % confidence intervals we evaluated. However, the 

average and its uncertainty in Fig. 6a do reveal what appears to 

be a tenth of a decibel of systematic error in the magnitude of our 

measurements in the dilution refrigerator. Fig. 6b does not seem 

to indicate any statistically significant systematic differences in 

phases of the reflection coefficients. We note that the 

uncertainties shown in Fig. 6 would have increased significantly 

if we had invoked assumptions of switch symmetry in our 

calibration process given the roughly ±0.2 dB and ±4 degrees 

standard deviations of the transmission coefficients of the six 

paths through the switch we measured at the high end of the 

switch’s 8 GHz bandwidth. 

VI. CONCLUSION 

Our results illustrate the ability of the internal switch states 

of the Menlo Systems MM4250 coaxial SP6T switch to calibrate 

VNAs and evaluate the uncertainties in the measurements we 

make at cryogenic temperatures. Users need only select a 

calibration kit on their VNA for the desired switch port and 

temperature and follow the VNA calibration prompts while 

selecting the correct internal state of the switch. Furthermore, if 

 
5 Due to limitations on the number of control lines used by the switch, the 

internal states on the output port of the switch cannot be disconnected from the 

the manufacturer or NMI provided traceable definitions, the 

user’s calibration could be made traceable as well. 

We used precision offset shorts and an offset open that are 

straightforward to model and do not require the use of flexible 

cables on the switch’s output ports, simplifying traceability. For 

calibrations at cryogenic temperatures, we introduced a novel 

measurement harmonization approach that improves calibration 

quality by correcting measurements to a uniform virtual reference 

plane, which minimizes drift and repeatability errors across 

multiple cooldowns. We also note that errors due to imperfect 

switch repeatability might be further reduced by averaging 

repeated measurements performed during each cooldown. 

We also described a novel method for adapting the native 3.5 

mm calibrations we started with to the characterization of DUTs 

with standard SMA connectors, improving accuracy for SMA-

connectorized devices. Notably, by performing separate 

calibrations on each port, we do not need to invoke any 

assumptions of symmetry in the switch. All these approaches 

could be implemented with electro-mechanical switches as well.    

We found that the measurement uncertainties were 

dominated by repeatability. The role that repeatability plays in the 

measurements emphasizes the importance of evaluating the 

uncertainty due to repeatability, which we evaluated using the 

methods of [33, 34, 41]. 

In closing, we note that the one-port internal calibration 

capability of these switches can be extended to multiport 

calibrations using reciprocal thru standards [28]. This not only 

allows for the characterization of multiport devices, but also for 

the characterization of various adapters and cables that can then 

be used to accurately move the switch’s measurement reference 

planes in complex measurement systems and experiments and for 

the direct characterization and calibration of uncalibrated 

switches at cryogenic temperatures. The switches can also be used 

to support large-signal calibrations with calibrated amplitude and 

phase at cryogenic temperatures using the methods described in 

[16]. Also, because our physical calibration models extend well 

to low frequencies and the switches continue to operate well at 

DC, our calibration models can be used to characterize sets of 

auxiliary loads following the calibration method described in 

[29]. Then, following [29], these auxiliary loads combined with 

our offset open and shortest offset short could be used to build 

broad-band cryogenic short-open-load calibration kits for use at 

any frequency from DC to the highest frequencies supported by 

the switch at both room temperature and cryogenic temperatures. 

In addition, the MM4250 comes with internal open, short and 

load states that can be connected to its six output ports.5 

Characterizing these states and the paths through an MM4250 

will greatly simplify the calibrated measurement of noise 

parameters. The internal open, short and load states at the output 

ports of an MM4250 can also be used to streamline the transfer of 

calibrations from one switch to another. 

Finally, as production of RF MEMS switches currently under 

development ramps up, we expect that switches supporting 

frequencies of 30 GHz or higher and with much higher throw 

counts will soon become available. We expect that these advances 

in manufacturing, combined with the advances in calibration and 

DUT on the same output port, and thus cannot replace the functionality of the 

internal states on the switch’s input port.  

 

 

FIGURE 6.   The differences between measurements of 

our longest offset-short calibration standard measured in 

a dilution refrigerator and its model. 3 
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measurement techniques we demonstrated in this paper, will 

provide the quantum-computing industry with a formidable RF 

toolkit adapted to the inaccessible cryogenic environments they 

depend on. This RF toolkit will allow for traceable turnkey RF 

scattering-parameter, large-signal and noise-parameter 

measurements directly in their laboratories for the 

characterization of multiport RF components, room-temperature-

to-cryogenic-temperature interconnects, modulated signals, 

nonlinear devices and cryogenic semiconductor and 

superconducting amplifiers.   
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