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[Summary] Increasingly, network analysis measurements are required in millikelvin environments for quan-
tum computing and other applications. For thermal load and related reasons, the path insertion 
losses to the reference plane may exceed 50 dB raising important questions about the measurement 
architecture as well as the required calibration and de-embedding methods. The use of reversed 
local reflectometer structures can help as long as attention is paid to receiver linearity. As calibra-
tion/de-embedding standards interfacing is more complicated, assessment of repeatability takes on 
added importance and the use of partial-information second-tier methods may be useful. 

      (1) 

1 Introduction 

Significant worldwide investment is being applied to 

quantum computing and related applications1)-3). Some su-

perconducting implementations of these structures, as well 

as other current scientific inquiries4)-6), make use of mil-

likelvin temperatures for operation and, because of the use 

of microwave sensing and stimulus operations, S-parameter 

measurements of components and subsystems are often 

needed. Since mK S-parameters are rarely predictable based 

on room temperature data, measurements in the environ-

ment of interest are often required. Due to limited cooling 

capacity at these temperatures, thermal isolation is of para-

mount importance including the heat load that may be 

transmitted by microwave cables7). As a result, large atten-

uators are needed in these RF paths as suggested by the 

block diagram in Figure 1. 

Figure 1 A common cryogenic measurement configuration with 

multiple refrigeration stages and high required inser-

tion loss. 

One can imagine performing a VNA calibration at the 

room temperature plane and then trying to de-embed the 

loss to the DUT reference plane, but the loss levels make that 

untenable in many cases (not to mention the temperature 

gradient experienced by the cable/attenuation assembly af-

fecting the parameters of that path). A simple well-matched 

transmission measurement may be possible to execute but 

any return loss measurement (or the use of match correction 

in a transmission measurement) will be subject to repeata-

bility sensitivity because of the losses. As an example, a DUT 

with about 25 dB return loss was measured with the room-

temperature calibration approach and then the 60 dB loss 

path was connected. Although the de-embedding characteri-

zation was reasonably accurate, the net result was not (see 

Figure 2). A characterization transfer error (including re-

peatability) of less than 10−6 in transmission would be 

needed for reasonable results in this case and that is gener-

ally not practically achievable. 

Figure 2 De-embedding high loss networks can result in high 

sensitivities. The lower repeatabilities in cryogenic 

measurements can lead to poor stability when de-em-

bedding is done classically. 
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As a result of this, different approaches have been taken 

including moving part of the signal separation hardware to 

the cryogenic level and employing different calibration and 

de-embedding approaches8). This paper will look at some of 

these variations with an emphasis on net sensitivities to re-

peatability and other uncertainty drivers. 

 

2 Signal separation configurations 

Placing directional couplers (or circulators in cases of some 

reflection-only measurements) in the cryogenic zone is a 

common methode.g., 7). An additional issue is the low signal 

levels involved due to the required attenuation so the reverse 

coupler configuration (see Figure 3) with the addition of a 

receive-side LNA has been popular and has been discussed 

extensively in the literaturee.g., 9). The drive power is reduced 

but the effective raw directivity of the setup is the same as 

for a standard coupler configuration and, generally, stability 

is unaffected. 

 

Figure 3 A common signal separation configuration for mil-

likelvin measurements. 

This reversed coupler change along with the introduction 

of a (potentially high gain) LNA does raise some questions 

about linearity that warrant study since, although the signal 

levels are low, some LNA technologies/structures may show 

nonlinear behavior at relatively low levelse.g., 10). While non-

linearity can have many manifestations, two aspects of in-

terest are simple compression and nonlinear input match. 

Compression, of course, represents a level-dependent com-

plex gain but, importantly, can have a more nuanced effect 

on a calibration11). Consider the measurement of a mis-

matched structure (Figure 4). If the calibration is done in a 

fully linear region but the measurement is done while the 

instrument is compressed to about 0.5 dB, the measurement 

shows some distortion at the highest reflected signal levels.  

If the calibration is also done while compressed, the result 

may be distorted at a variety of DUT signal levels and there 

may be compensation in places. 

 

Figure 4 Compression during calibration steps can result in a 

distorted ‘map’ of error coefficients. 

Nonlinear match can be an issue since port match then 

becomes dynamic and this is not anticipated by most correc-

tion models. Also, in the reverse coupler configuration, that 

dynamic match is more exposed to the DUT. The match be-

havior of two example LNAs are shown in Figure 5 expressed 

as a vector difference from the low power match. These LNAs 

were designed for high gain and optimized for noise perfor-

mance. An example of the effects on one of the error coeffi-

cients (source match) is shown in Figure 6. The source match 

coefficient varies rapidly with frequency since not only does 

the amplifier distortion vary with frequency but so does the 

absolute mismatch level. 

 

Figure 5 Example LNA nonlinear input match plotted relative to 

the low power values. The result for a passive device is 

included as a reference. 
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Figure 6 Example effect of LNA nonlinear match on a short-

open-load calibration error term. 

The net result of these two nonlinear effects on DUT 

match (in particular) can be significant. The vector delta er-

ror (in dB) from the correct result is plotted vs, drive power 

in Figure 7 for an example low loss device. 

 

Figure 7 Example net effect of LNA nonlinearity on a DUT 

match measurement. 

The sensitivity behaviors to the receive-side nonlinearities 

do vary with the calibration algorithm. In the thru-reflect-

line (TRL) family, for example, directivity is derived from 

measurements of return loss when a transmission line is 

connected. Thus, if there are significant differences in loss 

between the lines, nonlinear effects will change and the di-

rectivity error term can be strongly affected. In the short-

open-load family, it is more often that the source match and 

tracking terms that are affected. 

The net system design result is that the potential impact 

of receiver nonlinearities must be weighed against the im-

pact of poor signal-to-noise ratio. This is, of course, the same 

for any receiver design but the absolute levels have shifted 

lower from those in conventional VNA setups. 

 

3 Calibration algorithmic choices 

Based on section 2, there is value in placing the ‘test port’ 

in the cryogenic environment but this means all calibration 

and de-embedding standards must also be there which im-

plies some switching is needed. By necessity, this may mean 

the use of electromechanical switching which does have re-

peatability implications. Transmission magnitude and phase 

as well as reflection are affected and include both random 

and sequential repeatability terms. Figure 8 shows vector 

difference match repeatability over 20 cycles and, while 

there is a general trend from cycle-to-cycle, there are occa-

sional outliers due to random landing positions of the switch-

ing contact. 

 

Figure 8 Example mechanical switch repeatability (match in a 

vector-delta sense). 

An additional complication at cryogenic temperatures is 

the behavior of load standards as the resistive materials 

used (e.g., tantalum compounds) change behavior at low 

temperature and may even become superconducting. While 

this behavior can be characterized, that may not overcome a 

near-singularity in the calibration. Overdetermined, non-

load-based methods may be of interest and these include 

mSSSe.g., 12) and mTRLe.g., 13). The former uses offset shorts 

and the sensitivity to individual repeatability issues can be 

reduced by using extra standards. An example of this sensi-

tivity reduction is shown in Figure 9 where five and three 

(the minimum) shorts are used and a problem with the 

standards’ behavior (5% error in the offset lengths of one 

standard) was deliberately introduced. While the distortion 

caused significant errors in a termination measurement in 

both cases, the overdetermined calibration was less affected. 

Additional shorts also enable the calibration to cover a wider 

bandwidth12). 
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Figure 9 A non-load-based calibration with overdetermined 

(short) standards may be attractive. Here the effect of 

an offset length error on the measurement of a termi-

nation is shown for conventional (SSS, 3 stds) and over-

determined (5 stds) calibrations. 

The more common overdetermined method is mTRL where 

a number of transmission lines are used instead and the con-

sistent characteristic impedance of these lines forms the ref-

erence impedance. Again, additional lines also increase the 

available bandwidth of the calibration13). This method is 

more fundamental than mSSS and, assuming the character-

istic impedance and launch admittances can be well con-

trolled, can perform better than mSSS. If the launch admit-

tances are varying (due to switch repeatability, for example), 

the degradation is more severe if only one line is af-

fectede.g.,14) and TRL will generally be more affected than 

mTRL in this case. An example of this launch admittance 

sensitivity (about 50 fF on one line) is shown in Figure 10 

where four lines were used for mTRL. The standards area 

required for mTRL is about twice that for mSSS for a given 

bandwidth and sensitivity coverage. The area required may 

be a limiting factor considering the small volume typically 

available in the mK zone. 

 

4 Second-tier de-embedding choices 

Additional complications come into play when the DUT in-

terface is different from a convenient interface for creating 

calibration standards (and switching). Examples of the DUT 

interface may include bonded die, flipchip mounts, spring-

loaded contact mounts, etc. If one or two simple standards 

can be implemented at the DUT interface plane, then a sec-

ond tier approach may be appropriate to remove the effects 

of the network between the calibration plane and the DUT 

plane (see Figure 11). 

 

Figure 10 The effect of a changing launch parasitic capacitance on 

the calibrated insertion loss measurement of a DUT is 

shown here. When one line is deviant, mTRL can be less 

sensitive than TRL. 

 

 

Figure 11 Second tier de-embedding structure where the ‘fixture’ 

may include transmission lines, bond wires, and pack-

age interfaces. 

Generally the standards at the DUT plane are more diffi-

cult to implement and only a single short, open or intercon-

necting line may be possible. Many algorithms exist to han-

dle this class of probleme.g., 15)-20) and the choice may be dic-

tated by the length scales involved and the repeatability at 

the interfaces. Assuming the latter is poor, one class based 

on using defect localizatione.g., 18),20) has some advantages in 

that a single standard can be used and symmetry and geo-

metrical assumptions about the paths are used to help solve 

for the fixture. Barring such an approach, an alternative 

may be to fully characterize the interfacial path separately 

and then reinsert into the mK environment but the repeata-

bility penalties are often large. An example of this tendency, 

which is dependent of the details of the interfaces, is shown 

in Figure 12. The most basic approach, ignoring the extra 

path (fixture) entirely, leads to a maximum error of nearly 2 

dB and will often be a last-resort selection. The pre-charac-

terization approach leads to a maximum error of ~0.5 dB 

while the inline real-time partial information approach had 

a maximum error of ~0.2 dB. 
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Figure 12 Real-time second-tier de-embedding can sometimes 

yield better results than multi-step characterizations 

when the repeatability is not good. 

There is a dependence of the two-tier performance on the 

underlying quality of the primary calibration and this rela-

tionship can be complicated. In the next example, the base 

calibration was distorted in terms of source match and re-

flection tracking by effectively adding 50 fF launch admit-

tance (as if a spring tip landed differently). In this particular 

case, both second tier methods of Figure 12 were affected 

(more than 2x the maximum error) but the frequency de-

pendencies were different because of how the new measure-

ments interacted with the raw DUT data and the 2nd tier 

measurements. 

 

Figure 13 The sensitivity of a second tier de-embed to problems in 

the underlying calibration can be dependent on the 

methods employed. 

There is still an advantage to the real-time second-tier ap-

proach in this second example but understanding the inter-

play between the de-embedding method chosen, the setup re-

peatability, and the underlying calibration method is im-

portant. 

 

5 Conclusions 

In a low-repeatability, high loss environment such as is of-

ten encountered in millikelvin network analysis, the signal 

separation structure often changes and the balance between 

instrumentation linearity and signal-to-noise ratio may shift. 

Calibration and de-embedding algorithmic choices may be 

altered because of standards availability and are also as-

sessed through the lens of a repeatability-challenged envi-

ronment. 
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