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Abstract—In the field of quantum information science, 

superconducting quantum integrated circuits are operated at 

millikelvin temperatures inside dilution refrigerators. The 

microwave performance of such non-connectorised devices can be 

characterised by measuring their calibrated S-parameters. The 

design of high-quality microwave standards is essential to achieve 

accurate calibration. In this work we describe the architecture of 

a full 2-port S-parameter measurement set-up for use at 

millikelvin temperatures along with the microwave calibration 

unit. The design of the standards for use in the calibration unit at 

millikelvin temperatures is described and verified using 

electromagnetic simulation and measurements. The suitability of 

the standards is verified by characterising a commercial 

attenuator as a test device.  

Keywords—low temperature measurements, microwave 

calibration, quantum integrated circuits, superconducting qubit 

circuits, S-parameters, vector network analyser 

I. INTRODUCTION 

In superconducting quantum computing, qubits, which are 

the fundamental information carriers, are physically realised 

using nominally lossless capacitors, inductors, and Josephson 

junctions and packaged as quantum integrated microwave 

circuits [1]. Although these devices are operated at 

temperatures of only tens of millikelvins (mK) inside a dilution 

refrigerator,  all the additional supporting microwave 

components (directional couplers, circulators, isolators, 

amplifiers, attenuators, etc.) required to readout and/or control 

the quantum integrated circuits are almost exclusively designed 

and tested at higher temperatures (typically 300 K) for use in 

other applications. These auxiliary microwave components are 

often assumed to operate with nominally similar performance 

at mK temperatures. However, when the entire set-up, including 

the auxiliary microwave components, is cooled to these 

extremely low temperatures, the scattering parameters (S-

parameters) are likely to change [2]. In order to measure the 

“true” S-parameters of the quantum integrated circuit at mK 

temperatures, a calibration scheme that shifts the reference 

planes of the measurement to the ends of the quantum circuit 

therefore needs to be implemented, thus de-embedding the 

intervening passive and active components up to the ports of the 

vector network analyser (VNA), operating at room temperature. 

Previously, there have been demonstrations of one and two-

port calibration techniques for low temperature measurements, 

but each having different limitations. Some of the techniques 

rely on simulation results and target specific applications [3] 

while others rely on room temperature calibration for devices 

under test (DUTs) that operate at cryogenic temperatures [4]. 

The most promising work in this area was demonstrated in [5] 

using a two-port calibration technique that was applied to 

characterise connectorized DUTs operating at mK temperatures.  

This paper focuses on the design of calibration standards for 

characterising 2-port non-connectorised devices at mK 

temperatures. In section II, the architecture of a full 2-port 

calibrated S-parameter measurement set-up at mK temperatures 

is presented. The design of the calibration standards is 

explained in detail in section III which includes the simulated 

and measured performance of these standards. The microwave 

calibration unit (MCU) developed in this work can perform 

calibrations for S-parameter measurements in the range 2 to 

12 GHz which is sufficient for most existing quantum 

computing applications at mK temperatures. To date, the MCU 

including the calibration standards has been deployed inside a 

dilution refrigerator to characterise quantum integrated circuits. 

II. S-PARAMETER MEASUREMENT SET-UP 

A. Measurement Set-up Architecture 

The full 2-port S-parameter measurement set-up is shown in 

Fig. 1. The dilution refrigerator is split into 6 stages of 

decreasing temperatures. In this set-up, all four uncalibrated S-

parameters are obtained by activating and measuring the 

respective input coaxial paths, including attenuators, and the 

output coaxial paths, including amplifiers, which connect the 

MCU/DUT compartment at the coldest stage (< 20 mK) to the 

VNA test ports. The two input paths and the two output paths 

can be either connected directly to a four-port VNA, or to a two-

port VNA through two SPDT switches operating at room 

temperature. The MCU consists of the calibration standards 

along with the DUT which can be selected via software control 

of a switch control unit operating at room temperature. The total 

loss of each of the microwave input paths is approximately 90 

dB at 6 GHz from the VNA port (at room temperature) to the 

coldest stage, which includes cable loss and the attenuators 

(nominally 70 dB). These attenuators are needed to cool the 
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incoming room temperature radiation to mK temperatures. The 

input signal is coupled into the MCU/DUT via 20 dB directional 

couplers with 20 dB directivity from 4 to 12 GHz. The output 

microwave signals from the couplers are connected to 

narrowband (4 to 8 GHz) 37 dB gain high electron mobility 

transistor (HEMT) amplifiers anchored to the 4 K stage. These 

amplifiers are well suited for characterising quantum integrated 

circuits due to their low noise performance. The amplifiers are 

followed by a 2-stage room temperature amplification.  

 

Fig. 1. Cryogenic S-parameter measurement set-up.  

 

Fig. 2. Block diagram of MCU, including the DUT compartment.  

B. Cryogenic Microwave Calibration Technique 

The Thru-Reflect-Line (TRL) technique can be used to 

calibrate non-connectorised devices fabricated in a non-coaxial 

medium such as microstrip, coplanar waveguide (CPW), etc [6]. 

The TRL standards are usually modelled and do not need to be 

precisely characterised which makes this technique suitable for 

use at mK temperatures where it is difficult to characterise the 

standards accurately.  

After measuring the uncalibrated performance of a DUT and 

the TRL calibration standards, and then applying an offline 

TRL calibration routine, we can solve the simplified version of 

the 12-term error model [7] and extract the “true” S-parameters 

of the DUT that lies between the two reference planes with the 

position of the reference planes defined by the symmetry plane 

of the Thru. This simplified model assumes that the VNA 

switch is perfect and that the port match of the VNA is not 

changed as it is switched from the forward to reverse positions.  

The MCU consists of two RF switches, the TRL calibration 

standards and the DUT, as shown in the block diagram in Fig. 2. 

The two RF switches (DC to 18 GHz) are commercially 

available mechanical pulse-latched switches, software 

controlled and driven at mK temperatures activate the 

respective standard/DUT during the measurements. The 

calibration standards and DUT are attached to a copper 

mounting plate and connected to the ports on the RF switches 

via a set of short (76 mm) and nominally identical commercial 

semi-rigid SMA coaxial cables to make each switch position as 

identical as possible up to the chosen reference planes.  

III. CRYOGENIC MICROWAVE CALIBRATION STANDARDS 

A. Design and Simulation 

The Thru, Reflect and Line standards are designed, 

simulated, and fabricated, using separate PCBs as grounded co-

planar waveguide (GCPW) transmission line structures, as 

shown in Fig. 3(a). A GCPW structure is chosen as it provides 

better thermalisation of the PCB and DUT at mK temperatures. 

In addition, there is an additional advantage of reduction in 

crosstalk between the two ports as the ground trace surrounding 

the central conductor is grounded through vias. Rogers 

RO4350B of relative dielectric constant 3.48 and loss tangent 

of 0.0037 at 10 GHz is used as the substrate for the PCB due to 

its low loss at microwave frequencies. The size of each of the 

PCB boards is 20.4 mm × 14.7 mm with a thickness of 0.5 mm. 

The top and bottom copper ground planes of 1.4 mil ( 36 μm) 

thickness are connected by using shorting filled via holes of 0.5 

mm diameter. The dimensions of the GCPW structure (such as 

the centre conductor width, the gap width between the centre 

conductor and the two grounds, and substrate thickness) are 

chosen by solving the analytical equations in [8] such that the 

characteristic impedance of the transmission line is 50 Ω. These 

initial dimensions are used to model and design the entire 

GCPW structure in CST Microwave Studio and performing 

final optimisation using the Time Domain (TD) solver based on 

Finite Integration Technique (FIT). 

As shown in Fig. 3 (a), the Thru standard is a section of the 

same GCPW transmission line. The measurement reference 

plane is set, during calibration, as the middle of the Thru 

standard. The Line standard is typically a quarter wavelength 

longer than the Thru standard at the centre frequency. In this 

case, the Line standard is designed to be 6 mm (¼ of the GCPW 

wavelength at 8 GHz) longer than the Thru standard. The 

calibrated measurements are normalised to the characteristic 

impedance of the Thru and the Line standard. 

The Reflect standard is realised as an open-circuit, with two 

nominally identical open-circuits implemented on a single PCB 

to provide the two Reflect standards. The reflection coefficient 

of both these open-circuit standards should be identical for a 

good quality calibration. An open-circuit standard is preferable 

to a short-circuit standard due to its superior measurement 

repeatability [7]. The layout of the Reflect (open) standard is 

also used as the DUT fixture; the device is then connected to 

the transmission lines on both sides of the PCB, either via solder 

or using wire bonds.  

For characterisation of quantum integrated circuits such as 

superconducting qubit circuits, the DUT along with the PCB 

fixture and each of the calibration standards are typically 

enclosed within a specialised metal box as shown in Fig. 3 (c). 

The sealed box is made from copper for good thermal anchoring 

and shielding of the device from thermal photons. The box 

shown here is specifically adapted for the superconducting 

quantum sensor discussed in [9], but can accept any integrated 

circuit of size up to ~5x5 mm. The designed GCPW PCB for 

each standard is soldered inside these metal boxes which are 

640



 

 

fitted with SMA connectors. Coaxial-to-GCPW transitions are 

added to the ends of the PCB standards to ensure radiation free 

wave propagation, and hence minimise any degradation of the 

microwave calibration. This coaxial test fixture along with the 

DUT is then connected to the MCU which then connects to the 

VNA through the rest of the dilution refrigerator hardware.  

 
(a) 

 
(b) 

 
(c) 

Fig. 3. (a) PCBs containing the Thru-Reflect-Line standards with reference 

planes and port numbers marked, (b) and (c) Reflect standards fitted with SMA 

connectors inside a metal enclosure (b) open; (c) closed 
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Fig. 4. Simulated and measured S-parameters of the Thru standard. 

The simulated S-parameters of the Thru standard, made 

using CST Microwave Studio, are shown in Fig. 4. The 

transmission coefficient (S21) shows good transmission with 

insertion loss less than 4 dB across the frequency range, 1 to 

14 GHz. The return loss is better than 10 dB up to 10 GHz but 

is degraded at higher frequencies due to the bends in the GCPW 

transmission lines, the coaxial-to-GCPW transitions at the ends 

of the PCB, and, the SMA connectors. A similar response is 

observed for the Line standard, as shown in Fig. 5. The 

simulated difference in S21 phase, between the Line and the 

Thru standards is plotted in Fig. 6. The phase difference lies 

between -200 and -1600 over the frequency range between 1.8 

and 13.7 GHz which makes the Line standard suitable for 

operation over this frequency range. The phase difference 

becomes -900 at 7.5 GHz – i.e. the electrical length difference 

between Line and Thru standard becomes exactly a quarter 

wavelength.  The simulated S-parameters of the Reflect 

standard, shown in Fig. 7, exhibit good reflection performance, 

as indicated by the S11 and S22 curves. The S21 and S12 curves 

show isolation of better than 25 dB throughout the simulated 

frequency range, which is considered acceptable for this 

application. 
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Fig. 5. Simulated and measured S-parameters of the Line standard. 
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Fig. 6. Simulated and measured S21 phase difference between the Line and 

Thru standards. Dashed lines indicate -20 and -160  

B. Fabrication and Measurement 

The three calibration standards are fabricated using the 

Electroless Palladium Autocatalytic Gold (EPAG) process with 

gold finish which is non-magnetic (Nickel free) and suitable for 

wire bonding. The fabricated PCB standards are mounted in the 

metal box and the SMA connectors are carefully soldered to the 

ends of the PCB. The fabricated calibration standards were 

characterised at room temperature using an Agilent E8364C 

PNA with SOLR calibration using databased Short-Open-Load 

standards from a Maury Microwave 3.5mm calibration kit and 

an “unknown thru” adaptor of known length. The simulated and 

measured S-parameters of the Thru and Line standards show 

good agreement, as seen in Figs. 4 and 5 respectively. The 

simulated and measured S21 phase difference between Thru and 

Line standard also show good agreement, as shown in Fig. 6. 

There is a minor variation in the measured reflection 

coefficients of the Reflect standards at around 6 GHz when 

compared with the simulated results as seen in Fig. 7. These 

discrepancies may be due to the presence of the solder that was 

needed to realise these standards. There is a corresponding peak 
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observed in the measured S21 response which slightly increases 

the coupling between the ports at this frequency, although this 

is considered acceptable. The measured S11 and S22 of the 

Reflect standards show a very similar response, which is what 

is required to achieve a good quality calibration.  
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 Fig. 7. Simulated and measured S-parameters of the Reflect standard. 

C. Testing the TRL Calibration Routine 

The suitability of the fabricated standards for use with the 

TRL calibration technique is tested at room temperature by 

characterising a commercial 10 dB microwave attenuator. The 

PCB circuitry inside of a 10 dB coaxial attenuator [10] was used 

as the DUT by connecting it to the PCB fixture within the metal 

box using wire bonds. A calibration kit file defining the 

fabricated calibration standards was created and loaded into a 

Keysight PNA-X N5247B to perform the TRL calibrated S-

parameter measurements of the attenuator using the inbuilt 

software in the VNA. The measured S-parameters of the 

attenuator are shown in Fig. 8. The reflection coefficient 

performance is good (i.e. better than -10 dB) and agrees with 

the manufacturer’s specification. Also, the variations in S21 

from 10 dB are less than 0.6 dB up to 6 GHz, which again 

agrees with the manufacturer’s specifications. 

D. Deployment Inside Dilution Refrigerator 

The fabricated calibration standards are integrated within 

the MCU which is deployed inside the dilution refrigerator for 

operation at mK temperatures, as shown in Fig. 9. The setup has 

been confirmed to be fully operational at 10 mK, and the 

detailed calibration of a quantum circuit at 10 mK will be 

published at a later date.  

IV. CONCLUSION 

This paper has described the detailed design and fabrication 

of cryogenic calibration standards to enable calibrated two-port 

S-parameter measurements to be made at mK temperatures. An 

MCU housing these calibration standards and the DUT has been 

designed, tested, and integrated in the coldest stage of a dilution 

refrigerator, operating at mK temperatures. The developed set- 

up can be used to characterise quantum integrated circuits and 

other similar microwave components for use in quantum 

technologies. 
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Fig. 8. Measured S-parameters of a commercial 10 dB attenuator characterised 

using the designed TRL calibration kit at room temperature. 

 

Fig. 9. The MCU deployed in the dilution refrigerator.  
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