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ABSTRACT

Quantum computing has recently become one of the most captivating keywords in
the field of science and technology. In addition to the core quantum devices, control and
readout circuitries developed based on conventional solid-state and electronic
technologies are also indispensable cornerstones in system integration and scaling up. In
this thesis, we explored and investigated the application of RF/microwave technologies
in several quantum computing-related areas.

The first part of this thesis focuses on a cryo-CMOS low-noise amplifier designed
specifically for use in readout circuitries for solid-state spin qubit systems. A novel
topology is proposed to alleviate the trade-offs in the noise-canceling technique,
achieving a superior figure of merit in terms of gain, noise figure, bandwidth, and power
consumption.

In the establishment of a cryogenic measurement system based on a dilution fridge,
a prototype of sample holder kits is presented. Various considerations regarding several
different applications are discussed. For performing calibration in a cryogenic
environment, we designed a calibration system integrated with the sample holder kits. A
cryogenic broadband single-pole-four-throw (SP4T) switch is developed with a proposed
systematic design procedure utilizing LC-ladder low-pass filter theory. The implemented
calibration system, incorporating the solid-state switch, achieves enhanced calibration
accuracy within cryogenic microwave measurements, paving the way for advanced

research in quantum-computing-relevant microwave devices.

Keywords — Cryo-CMOS low noise amplifiers (LNAs), cryogenic RF switches,

cryogenic microwave measurement, cryogenic S-parameter calibration.
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Chapter 1 Introduction

Quantum computing is acknowledged as a pivotal technology with the potential to
revolutionize numerous fields across human society. Various forms of quantum
accelerators are being developed, originating from diverse fields within physics and
advancing through engineering innovations. Superconducting qubits have quickly
emerged as a forefront platform in quantum computing research, facilitated by their
relative ease of fabrication and development in laboratory settings [1]. With the
advancement bolstered by collaboration among several prominent research groups and
industry partnerships, the technology has achieved a notable milestone in demonstrating
quantum supremacy [2]. On the other hand, despite slower development, semiconductor
spin qubits are highly regarded as promising candidates due to their seamless integration
into mature semiconductor manufacturing processes. With their capacity for
miniaturization, scalability, and potential ability to operate at higher temperatures,
semiconductor spin qubits have become a robust contender in advancing quantum
computing towards practical applications [3].

Apart from the core quantum devices, the control and readout electronics
implemented in semiconductor integrated circuits (ICs) are also essential in the
development of quantum computing systems. In early laboratory research on quantum
devices, experimental setups typically involve bulky commercial measuring instruments
at room temperature, located outside the dilution fridge. This arrangement requires
complex routing through the cooling stages to the base temperature stage where the device
operates. For practical quantum algorithms requiring thousands to millions of qubits,
using such extensive general-purpose equipment is impractical. Moreover, these complex
systems increase the issues of mismatches, synchronization problems, and other potential
errors. To address these challenges, integrating specially designed control and readout
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electronics that operate in the cryogenic environment within the dilution fridge is widely
proposed as part of the envisioned architecture for scaling up quantum systems. Several
studies in the literature have demonstrated system-on-chips (SoCs) manipulating and
acquiring quantum signals from the corresponding qubit platforms [4-7]. The periphery
integrated circuitries within the cryogenic system not only reduce complex routing issues
during quantum system scaling but also envision potential on-chip integration with core
quantum devices. These specially designed circuits, positioned near the quantum device
with minimized electrical paths, are beneficial for enabling multiple operations within the
limited decoherence time of the qubits. The reduced round-trip time thereby facilitates
more complex operations, including error correction schemes, applied to the qubit
systems.

Motivated by the development of integrated periphery electronics, the first part of
this thesis delves into designing a cryogenic low-noise amplifier (LNA), serving as the
initial input block in the readout receiver chain. In laboratory setups involving a few qubit
levels, this critical amplifying block facing the quantum device is typically realized using
II-V compound semiconductor LNAs (such as InP and GaAs processes) or SiGe HBT
LNAs. These technologies are chosen for their superior noise and gain performance
compared to bulk CMOS processes. Moreover, advanced experiments are integrating
superconducting parametric amplifiers as the first stage of the readout channels, offering
noise performance near the quantum limit that significantly surpasses solid-state
amplifiers. However, these amplifier electronics, implemented in various technologies,
present challenges when integrating with SoC systems typically realized in CMOS
processes for digital circuitry. This often requires discrete connectorized packaging of
these amplifiers for connection in the readout cable paths from quantum devices to

receiver chips. This approach runs counter to the vision of integrating traditional control
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and readout ICs directly with quantum devices to facilitate qubit scaling.

To enhance the performance of low-noise amplifiers in bulk CMOS processes,
Chapter 2 introduces a cryo-CMOS low-noise amplifier designed for spin qubit
reflectometry readout applications. Reflectometry readout of spin qubits shortens
measurement acquisition time by widening the bandwidth of the receiver chain with an
up-converted carrier tone. Typically, operational frequencies for reflectometry readout in
spin qubits range from hundreds of MHz to a few GHz in the literature. The first part of
Chapter 2 discusses topology selection for the frequency band used in spin qubit
reflectometry readouts, reviews relevant literature at room temperature, and considers
cryogenic design, alongside evaluating reported cryogenic LNAs for spin qubit readouts.
Later in this chapter, a novel topology is introduced to alleviate inherent trade-offs in
traditional noise-canceling techniques. The proposed LNA is designed and implemented
using a 40-nm CMOS process, with detailed derivations of the small-signal and noise
responses of the circuits. Despite unresolved issues in noise measurement results at low
frequencies, the fabricated circuit demonstrates superior performance at room
temperature compared to other reported works in the literature.

The second part of this thesis focuses on another aspect related to quantum device
measurements. As part of the initial phase in constructing experimental environments for
quantum-related research, alongside cryogenic and vacuum facilities, the second part of
the thesis explores the development of electrical and microwave measurement systems at
cryogenic temperatures. Chapter 3 introduces a cryogenic broadband single-pole-four-
throw (SP4T) RF switch, which serves as an essential element of the refined cryogenic
calibration system presented in Chapter 5. The chapter outlines a systematic design
procedure for analyzing and synthesizing such a broadband switch. By decomposing the

SPAT switch into two low-pass filters connected with the on-resistance of the series
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transistor in the middle, a three-step design approach is proposed. Utilizing LC-ladder
low-pass filter theory allows for precise synthesis of the SP4T switch response tailored
to specific applications. Measurements of the implemented circuit are conducted at both
room temperature and 4 K. The SP4T switch achieves a broad bandwidth of 67 GHz and
high isolation at room temperature, with power leakage reduced to as low as 0.6 uW at 4
K. This ensures operation within the cooling power limits of the dilution fridge's base
temperature stage, making it well-suited for integration as the core component of the
cryogenic calibration system detailed in Chapter 5.

Chapter 4 discusses various studies and considerations involved in constructing
measurement systems for quantum devices. This includes material selection suitable for
cryogenic temperatures and the electrical and mechanical design of testing boards for
diverse applications. The chapter also emphasizes efforts in designing high-frequency
routings and addressing microwave transmission challenges. To improve microwave
measurements of quantum devices within the dilution fridge, a straightforward calibration
scheme is implemented to de-embed responses contributed by the cryogenic system apart
from the device in this initial experiment phase. Despite encountering significant errors
within the straightforward calibration scheme, the experiments in this chapter confirm the
suitability of selected materials for constructing cryogenic measurement systems.

To improve the cryogenic calibration scheme, the first part of Chapter 5 revises the
sample holder design for more practical applications. A multi-board structure is
implemented, with various daughterboards designed for specific experiments. This
includes a series of sample holders for superconducting device measurements, addressing
the box-mode issue and incorporating the necessary magnetic shielding for sensitive
samples under test. Later, a refined calibration scheme is proposed, incorporating

additional directional couplers and cryogenic amplifiers within the dilution fridge to
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enhance the sensitivity of measurements, accommodating the extremely low input power
required for quantum devices. To minimize calibration errors within the system, the
proposed scheme includes two on-board solid-state RF switches, replacing the bulky
connectorized electromechanical switches commonly used in the literature. The
broadband SP4T switch introduced in Chapter 3 is integrated into the calibration and
measurement board, which also serves as a daughterboard compatible with the multi-
board system. Compared to a set of control groups using the straightforward calibration
approach in Chapter 4, the refined calibration scheme in Chapter 5 successfully eliminates
fluctuation ripples in the calibrated responses. The experiments in this chapter
demonstrate an improved calibration system for microwave measurements of quantum
devices, facilitating a more detailed understanding of quantum devices in future research

by reducing environmental interference within the measurement setup.
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Chapter 2 A Cryo-CMOS LNA for Spin Qubit

Reflectometry Readout Applications

2.1 Introduction

2.1.1 Literature Review of CMOS Noise Canceling LNAs in VHF and

UHF Bands

The design of a low noise amplifier (LNA) typically involves parameters such as
gain, noise figure, input matching, stability, power, and linearity. In particular, the
challenge of ensuring broadband low input return loss when interfacing with the RF
environment ahead of the receiver chain is a key factor in determining suitable topology
candidates. An interesting review of the early histories to the 2010s of broadband LNAs
can be found in [8]. Various techniques incorporating passive LC components and
transformers are widely explored in the literature [9, 10]. However, the need for
functionality at relatively low frequencies around 100 MHz presents difficulties for the
matching network. This requires the use of large inductors at the LNA input, which can
introduce loss, degrade both gain and noise performance, and necessitate a large footprint.

To achieve the desired broadband return loss starting from dc, in addition to passive
LC approaches, three primary topologies are reported to realize input matching by
synthesizing the resistive part of the input impedance. Firstly, the common-gate (CG)
LNA, which utilizes the intrinsic input impedance from the source of common-gate
transistors, is one of the most popular topologies. Secondly, the resistive feedback
topology incorporates a shunt resistor with common-source (CS) transistors, enabling
input matching by carefully selecting the value of the feedback resistor in conjunction

with the amplifier's gain. Finally, the active feedback topology achieves the desired input
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resistance using a source follower in the feedback route of a CS transistor.

Despite realizing the input matching at low frequencies, the three topologies above
suffer from various trade-offs between input return loss and other parameters. In the case
of CG LNAs, some studies attempt to mitigate the effects on intrinsic input impedance
when aiming for better noise figures by incorporating feedback mechanisms to decouple
the two parameters [11, 12]. Nevertheless, akin to the resistive-feedback and active-
feedback configurations, reducing the noise figure often entails increasing the
transconductance of the transistors, leading to higher power consumption. Furthermore,
in the pursuit of ultra-low noise characteristics, the continuous increase in
transconductance can still impact input matching, often resulting in inadequate noise
performance. A more prevalent approach in CG LNA design involves employing feed-
forward techniques, wherein the noise figure is significantly improved through the gain-
boosting mechanism, thereby easing the design trade-offs with input power matching.
However, to mitigate the additional noise contribution from feed-forward circuitries, the
approach is usually implemented in a differential configuration with passive components
[13, 14].

To explore noise reduction techniques and efforts to decouple input power matching,
a noise-canceling concept is proposed in [15]. Leveraging the inherent phase opposition
between the signal and noise voltages at the input and output nodes of the main amplifier
block, this mechanism integrates an additional gain block parallel to the main amplifier.
Through a combining network of the two paths, it theoretically cancels out the channel
noise of the main amplifier while concurrently amplifying the signal from both routes.
This innovative approach effectively mitigates the dependency of the main amplifier's
noise behavior on its transconductance, rendering it independent of input matching

considerations. The main amplifier block is commonly constructed using either a CG

doi:10.6342/NTU202402277



transistor or a resistive-feedback CS transistor to achieve the intended input matching. By
incorporating the additional CS gain block, noise-canceling LNAs can be divided into
two classifications: CG-CS noise-canceling LNAs and shunt-feedback noise-canceling
LNAs.

In the literature, considerable effort has been dedicated to studying the CG-CS noise-
canceling topology, primarily due to its potential to function as a single-to-differential
balun amplifier [16]. Various enhancements to this topology, such as the gm-boosting
technique for the CG cell [17] and the current-reuse technique for power reduction [18],
continue to be actively explored, keeping the CG-CS noise-canceling topology a dynamic
area of research. Given the stringent linearity requirements in communication systems,
much of the research also focuses on improving the behavior of IP2 and IP3 [19, 20].
Nonetheless, this topology necessitates a dc path for the CG transistor at the input port,
which mandates either an off-chip inductor or an on-chip current source or inductor. The
former complicates measurement and future system integration, while the latter often
compromises input-referred noise, thus hindering the potential for achieving ultra-low
noise performance. In addition to the CG-CS topology, there are numerous captivating
reports of broadband LNAs in differential form that exhibit outstanding performance,
with some adopting a noise-canceling approach [21]. However, the necessity for
differential signals to achieve proper phase implementation is incompatible with the
single-ended receiver used in spin qubit readout reflectometry.

On the other hand, given the need for an inductor-less and single-ended design, the
shunt-feedback noise-canceling topology emerges as a preferred choice. Following the
early exploration in [15], there have also been several studies exploring the shunt-
feedback noise-canceling approach. In [22], a CG gain block is introduced to address the

trade-off between gain and bandwidth associated with the feedback resistor value, while
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also improving the output buffer's driving capability through the implementation of a
resistive shunt-feedback CS block. Despite the inductorless nature promoted within this
topology, some studies also utilize on-chip inductors to mitigate capacitive degradation
at higher frequencies, thereby widening the bandwidth and preserving the noise-canceling
relationship [23, 24]. Similar to the CG-CS topology, the demand in communication
system applications prompts several studies to focus on analyzing and improving linearity,
particularly through the utilization of pMOS-nMOS pairs for intermodulation distortion
cancellation [25, 26].

Further exploration aimed at improving the trade-off between gain and input
matching on the feedback resistor of the main amplifier block reveals a few novel
topological approaches. [27] introduces a source follower feedback on the auxiliary CS
transistor. This active feedback introduces an additional impedance parallel to the original
input matching of the main amplifier block, enabling an adjustment in the feedback
resistor while maintaining the desired input impedance. This increased feedback resistor
enhances the overall gain, reducing the noise contribution from the auxiliary transistors
and consequently lowering the noise figure. However, the noise power generated by the
additional feedback source follower transistor limits the low noise potential of this
topology, especially under a limited power budget. In a subsequent study detailed in [28],
a global resistive feedback is integrated at the combination node of the main and auxiliary
paths. This topology effectively introduces a shunt impedance in parallel at the input node,
allowing for adjustment of the feedback resistor value previously constrained by the input
return loss. In addition to mitigating the trade-off between input matching and gain, the
circuitry implements self-forward-body-bias (SFBB) on both pMOS-nMOS pairs of the
main and auxiliary amplifier blocks, enhancing the transconductance within the

limitations of the supply voltage. Furthermore, the design also emphasizes selecting
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pMOS-nMOS biasing points and sizes to further reduce higher-order nonlinearities

through small signal analysis.
2.1.2 Design Considerations for Cryogenic Operation

The brief review in the previous subsection mainly focuses on the reported works in
the literature operating at room temperature. Nonetheless, the targeted application of the
proposed LNA in this chapter requires functionality at a cryogenic temperature of around
4 K. Therefore, before delving into the literature review of cryogenic LNAs, it is also
important to investigate device characterization in a cryogenic environment.

Since the research of interest primarily focuses on analog and radio-frequency
circuits, only specific aspects of cryogenic characterization will be discussed. Within this
scope, [29] provides an impressive review of the related fields. For standard bulk CMOS
processes, [30] and [31] report and analyze dc and analog-design parameters across
several technology nodes with different channel lengths. Generally, the threshold voltage
of the devices increases due to carrier freeze-out caused by the increased ionization
energy. Nevertheless, carrier mobility increases due to the reduction in phonon scattering,
resulting in higher drain current and transconductance in strong saturation. However, this
enhancement in effective channel mobility is limited by ballistic transport restrictions in
short-channel devices, reducing the extent of the improvement. More pertinent to digital
circuits, the steeper subthreshold slope reduces leakage current and enhances switching
speed. Alongside the high driving current, this feature is advantageous for efficient digital
logic implementation. It's worth mentioning that some non-idealities observed in long-
channel devices, such as the kink effect and the resulting hysteresis in current sweeping,
are mitigated with advanced short-channel devices. For analog circuits, the Gm/Id ratio
and intrinsic gain of transistors are often of interest. The Gm/Id ratio improves in the

weak inversion region, though a slight reduction is observed in the strong inversion region.
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This feature suggests improved power efficiency for analog circuits biased in the weak
inversion region. At the same gate voltage in the strong inversion region, transistors
exhibit nearly constant output conductance with varying temperature, and the increased
transconductance at cryogenic temperatures results in improved intrinsic gain.
Interestingly, under a constant overdrive voltage, a lower intrinsic gain is reported at
cryogenic temperatures due to an increase in the channel length modulation factor, which
reduces output resistance. Nonetheless, intrinsic gain generally improves for short-
channel processes in the weak inversion region.

[32] and [33] report the low-temperature RF performances of bulk CMOS transistors
in a body-tied-to-source CPW configuration. The junction capacitance within the devices
moderately decreases due to incomplete ionization of dopants in the bulk well, while the
external capacitance from metal routings remains nearly unchanged. The gate capacitance
reduces because of an additional series capacitance to the gate oxide capacitance caused
by the increased depletion region. Overall, this reduction in capacitance and increase in
transconductance result in an improved current gain cutoff frequency, which is beneficial
and can be traded for lower power consumption while maintaining the required speed at
low temperatures. Gate resistance decreases until around 50 K due to increased mobility,
then saturates and slightly increases near 4 K due to the freeze-out of gate polysilicon.
Other external parasitic resistances, representing the resistance of the electrodes and
interconnections between terminals, decrease as the temperature lowers. These changes
lead to an improved maximum oscillation frequency, with slight saturation near 4 K
where gate resistance increases. By employing a two-phase procedure, notably SOLT
calibration and open-short de-embedding techniques, the S-parameter behaviors at
cryogenic temperatures are also examined. The enhancement of S,; can be attributed to

the increase in transconductance. Regarding return loss-related parameters, while S;;
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remains nearly constant at low temperatures, S,, shows slight variations due to the
decrease in output resistance.

In LNA design, the noise performance at cryogenic temperatures is also crucial. The
primary noise power contribution in a typical room temperature low noise amplifier
comes from channel white noise and thermal noise from gate resistance due to the input-
referred effect. Fortunately, gate resistance generally decreases with temperature,
resulting in a reduction of noise contribution. Regarding noise within the device, [34]
provides an interesting examination of the source at low-temperature. As conventional
thermal noise reduces proportionally with the temperature, the saturated improvements
of the LNA works at cryogenic oppose the model. This is explained by the ballistic
transport of the short channel device under high field reinforces the reduction of phonon
scattering at low-temperature, resulting dominance of non-equilibrium shot noise in the
channel. Under this scenario, for cryogenic applications, the optimization of low noise
performance may lay in device selection of reducing shot noise, instead of thermal white
noise, such as using longer channel devices.

For RF/mm-wave designers, the performance of on-chip passive components is also
crucial. In [35], several types of on-chip resistors are examined, revealing significantly
increased resistance with the n-well resistors due to carrier freeze-out at cryogenic
temperatures. Conversely, the n-poly and p-active resistors exhibit rather steady
resistance values. Furthermore, the p-n-p BJT, often incorporated in bandgap reference
circuitries and temperature sensors, also deteriorates owing to carrier freeze-out in the
base. [36] offers a compelling review of the extraction of cryogenic models for an MoM
capacitor and a transformer, as well as a resonance tank comprising both components. In
the case of the rotative inter-digitated MoM capacitor, the core capacitance experiences a

slight increase due to variations in the dielectric constant. Meanwhile, the quality factor
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improves at lower frequencies owing to reductions in dielectric and metal loss. However,
this improvement diminishes above certain frequencies when the dielectric loss
improvement ceases. Concerning the multi-turn transformer, shielding is excluded due to
increased substrate resistance at low temperatures caused by carrier freeze-out. Overall,
the inductance decreases slightly, while the coupling factor and quality factor increase.
The decrease in inductance is attributed to reduced interior current resulting from
increased conductivity, thereby reducing the skin depth and interior inductance.
Meanwhile, the quality factor improves due to increased conductivity and reduced
substrate loss, and the increase in coupling factor is attributed to variations in parasitic
capacitance. The reduction of inductance and effective substrate coupling capacitance
also enhances self-resonance and peak quality factor frequency. The transformer-based
resonator tank follows a similar trend as the transformer, with increased quality factor,
higher resonance frequency, and a larger ratio of the first and second resonance frequency
due to an increase in coupling factor, resulting in a wider bandwidth. The insertion loss
of the resonator tank also decreases, with the Z-parameters enhanced at higher frequencies,
leading to increased transfer function. Overall, operating at cryogenic temperatures
benefits the performance of high-frequency integrated circuits.

Apart from the characterizations briefly reviewed above, other issues such as self-
heating, mismatch, and increased flicker noise are also discussed in the literature. It's
worth noting that while the references mentioned above focus on bulk CMOS
technologies, several other studies concentrate on examining FDSOI processes. This
technology exhibits reduced coupling loss and enables back-gate biasing to tackle the
incremental threshold voltage issue at cryogenic temperatures. Finally, while there have
been some explorations into the development of compact cryogenic models [37, 38], the

studies in this chapter continue to rely on the available standard room-temperature model
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for simulation.
2.1.3 Literature Review of Cryogenic LNAs

Research on low-noise amplifiers operating in cryogenic environments has been a
focus in the field of radio astronomy for decades [39]. Numerous studies have explored
various technology nodes, aiming for extremely low power consumption, high gain, and
performance near the quantum noise limit [40]. III-V compound semiconductor
technologies, such as GaAs and InP, have attracted significant attention due to their
inherent characteristics of high gain, high speed, and low noise performance, leading to
impressive and pioneering results. Because of their advanced development, commercially
available or custom III-V compound semiconductor LNAs are commonly used in
experimental setups for quantum processors and quantum-related research. While GaAs
HEMT LNAs achieve outstanding noise temperature and high gain in the 4 to 8 GHz
frequency range for superconducting qubits, they suffer from immense power
consumption due to the required high supply voltage [41]. In contrast, reported InP
HEMT LNAs not only demonstrate superb noise and gain performance but also sustain
these advantages even with reduced supply voltages. This results in state-of-the-art
performance at cryogenic temperatures, featuring sub-mW power consumption and noise
temperatures in the few K range [42, 43]. In recent years, despite their inherently inferior
minimum noise temperature in the frequency range of 4 to 8 GHz compared to InP
processes, SiGe BJT technologies have emerged as candidates in this field, thanks to their
cost efficiency and integration capabilities within large-scale multifunctional systems.
Using a cryogenic noise-optimized process, researchers implemented a two-stage LNA
for superconducting qubit readout in [44]. This design achieved remarkable performance
metrics, including a mere 1 mW power consumption, over 30 dB gain, and a noise

temperature of 2.6 K at an ambient temperature of 17 K. In the lower frequency range
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spanning from hundreds of MHz to around 3 GHz, which is typically utilized for
reflectometry readout of semiconductor spin qubits, fewer reports on InP LNAs are
available. In contrast, SiGe LNAs demonstrate state-of-the-art performance in this
domain. Lowering the supply voltage headroom, as detailed in [45], a two-stage LNA
with RC-feedback achieves sub-mW power consumption while still maintaining 32 dB
gain and a noise temperature of 4.6 K at an ambient temperature of 15 K.

With an increasing number of demonstrations showcasing integrated system-on-chip
control and readout circuitries, research on implementing cryogenic LNAs utilizing bulk
CMOS processes also gains interest and significance. In the field of superconducting
qubit readout, common-source amplifiers or cascode amplifiers have been demonstrated,
employing narrow-band noise matching through source degeneration techniques [46, 47].
By incorporating transformer-based tanks, a broadband characteristic can be achieved,
showcased by the front-end LNA in the integrated readout receiver in [6]. Additionally,
[48] presents an enhanced topology, integrating wideband matching techniques with
reduced noise contribution from the cascode transistor, resulting in a sub-1 dB noise
figure at room temperature and over 35 dB gain. However, despite the theoretical
capability of the aforementioned source-degeneration-type topology to approach the
minimum noise temperature of the device with low-loss passive components at cryogenic
temperatures, the demonstrated power consumptions remain substantial. Addressing this
issue, [49] introduces a resistive-feedback cascode inverter topology, consuming only 3.5
mW at room temperature, with a remarkable gain of 54 dB. However, due to the low
biasing current, the intrinsic noise performance degrades, necessitating, as their analysis
reveals, the addition of a superconducting parametric amplifier in front of the receiver
chain. [50] explores a compelling study featuring a hybrid CMOS LNA tailored for radio-

astronomy applications in the frequency range of 0.9 to 1.8 GHz. While the circuit
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achieves an impressive gain of 32 dB and an exceptionally low noise temperature of 12
K at room temperature, it consumes an overwhelming power of 105mW. These studies
shed light on the challenges and opportunities of pursuing ultra-low noise performance
within stringent power limitations at cryogenic temperatures.

Compared to their superconducting counterparts, there have been fewer studies on
cryogenic LNAs for spin qubit reflectometry readout. An early demonstration in [35]
implements a conventional shunt-feedback noise-canceling LNA with cascode transistors,
alongside device characterizations. The LNA chain exhibits a gain of 40 dB and a noise
figure of 0.8 dB, which, at a temperature of 4 K, is enhanced to a gain of 57 dB and a
noise figure of 0.1 dB. However, the circuit's bandwidth is limited to around 400 MHz at
room temperature and 500 MHz at 4 K. Additionally, with the inclusion of three
subsequent amplifying stages and an output buffer driver, the circuitry consumes 80 mW
at room temperature, increasing to 91 mW at 4 K, with 54.9 mW attributed to the LNA
core. In the readout receiver chain described in [5], a 1.4 mW differential negative and
positive dual-feedback CG LNA is constructed. However, the low-power design yields a
noise figure lower than 3 dB at room temperature, necessitating the incorporation of an
additional III-V compound semiconductor LNA in the readout chain before the receiver.
In [51] and a subsequent extending article in [52], two noise-canceling LNAs are
introduced. The first LNA utilizes a conventional topology enhanced with the self-
forward-body-bias (SFBB) technique to mitigate the increased threshold voltage at
cryogenic temperatures. Despite the high power consumption associated with this
technique, the LNA achieves an exceptional noise figure of 0.63 dB at room temperature
and a noise temperature of 2.2 K at 4 K ambient temperature. The second LNA abandons
the SFBB technique in favor of a source-follower feedback method on the auxiliary

amplifier. This approach provides additional flexibility in input matching and eases the

16
doi:10.6342/NTU202402277



+1

AV S

Figure 2.1: Schematic diagram of noise-canceling technique implemented with a shunt-

feedback common-source amplifier stage.

constraints imposed by the feedback resistor trade-off on the main inverter amplifier. In
[53], the same research group explores another topology that also applies the SFBB
technique to the main inverter amplifier. By incorporating inductors, they propose a two-
fold current reuse structure for the auxiliary and combining transistors, which effectively
reduces power consumption. This LNA achieves less than 10 mW power consumption at
4 K, with a noise temperature of only 6.8 K and a gain of 31 dB over a frequency range

0f 0.01 to 2.6 GHz.

2.2 Circuit Design

As discussed in Sec. 2.1.1, the resistive-feedback common source (CS) amplifier
stage is chosen as the input block of the LNA due to the single-ended requirement in
reflectometry readout and its easier future system-on-chip integration, as it eliminates the
need for an off-chip biasing inductor required in common-gate transistors. Figure 2.1
illustrates the schematic diagram of conventional noise-canceling technique implemented
with a resistive-feedback CS amplifier stage. The noise current from the resistive-
feedback CS transistor M1 introduces a corresponding noise voltage at the drain node,

depicted by the blue fluctuations at node Y. This noise current flows back through the
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feedback resistor Rf, creating reduced noise voltage fluctuations at the circuit's input node
with the same polarity, as shown at node X. The noise-canceling technique introduces an
auxiliary amplifier stage parallel to the resistive-feedback CS amplifier. This auxiliary
block amplifies the noise voltage at node X, producing a noise voltage at its output node
with reversed polarity. By using an ideal voltage combiner and carefully tuning the
auxiliary amplification, the noise contribution of transistor M1 can be fully cancelled and
mitigated at the output node of the circuit. On the other hand, the input signal at node X
undergoes amplification and polarity reversal by both the resistive-feedback CS amplifier
and the auxiliary amplifier, as shown by the red sinusoidal waveform in Figure 2.1. The
summation of these two paths with the same polarity results in a combined amplified
output signal at the output node after the combining stage.

In practical implementation, this conventional noise-canceling architecture
encounters several challenges and shortcomings. Firstly, although the technique ideally
eliminates the noise contribution of transistor M1 in the main resistive-feedback CS block,
it does not address the noise issues of the auxiliary amplifier. This often results in
significant power consumption and may require additional current sources for the
auxiliary amplifier to reduce inherent noise by increasing the transistor's
transconductance. Secondly, there is a trade-off between voltage gain and input
impedance within the shunt-feedback CS topology. The need for input matching in a
general LNA limits the voltage gain of the input amplifying block. Insufficient first-stage
amplification is undesirable as it can increase the noise contribution of subsequent stages
in the receiving chain. Finally, the circuit's inadequate gain is further exacerbated by the
common practice in the literature of using common-drain transistors in the combining

stage. In applications like wireless communication or radio receivers, employing a
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Figure 2.2: Schematic diagram of the proposed cryo-CMOS LNA.

source-follower in the combining stage enhances circuit linearity, which is a primary
focus in these studies. However, source followers lack the ability to drive loads with low
impedance, often resulting in less than unity amplification in this stage, leading to a
reduced overall gain for the LNAs. In contrast, for our targeted application, where the
reflected signal from quantum devices in the reflectometry readout is often below -130
dBm, the circuit linearity can be compromised in favor of superior gain and noise
performance.

Figure 2.2 shows the schematic diagram of the proposed cryo-CMOS LNA. In
contrast to the conventional topology, where typically only the core input amplifier is
realized with a resistive-feedback CS amplifier, the proposed design employs resistive-
feedback CS amplifiers for both the core input amplifier and the auxiliary amplifier blocks.

Additionally, a pMOS transistor is integrated into the resistive-feedback CS amplifier as
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contributions from the transistors of Inverter 1 in the proposed cryo-CMOS LNA.

an active load, enhancing the transconductance of the inverter amplifier without
increasing power consumption. At the combining stage, rather than employing source
followers, all combining paths utilize common source amplifiers. This approach allows
for further amplification of the voltage gain from the first stage, albeit at the expense of
reduced linearity.

Figure 2.3 illustrates the noise canceling mechanism of the proposed topology. The
blue noise waveform represents the noise contribution from the transistors of Inverter 1.
At node Y1, both the pMOS and nMOS transistors of Inverter 1 introduce noise
fluctuations at their drains. These noise currents flow through the feedback resistor of
Inverter 1, creating voltage fluctuations at the input node X with reduced amplitude but
the same polarity. These fluctuations are then amplified by Inverter 2 and Inverter 3,

resulting in noise voltages with reversed polarity at nodes Y2 and Y3. The common
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source amplifiers at the combining stage further amplify and reverse the polarity of these
noise signals. At node Z, the resulting noise fluctuation from Inverter 1's transistors is
cancelled out due to the opposite polarity contributions from Inverter 2 and Inverter 3.
Similarly, the noise contributions from the transistors of auxiliary Inverter 2 and Inverter
3 can be analyzed, where Inverter 1 acts as the noise canceling path, reducing noise
fluctuations originating from these auxiliary amplifiers. Conversely, the input signal at
node X is amplified through the three separate paths, combined, and magnified at node Z
with the same polarity. As a result, the proposed approach effectively cancels the noise
contributions of both the core amplifier block and the auxiliary amplifier block, while
enhancing the overall voltage gain of the LNA through the summation of three parallel
paths and the utilization of common source transistors at the combining stage.

Following the combining stage, an output driver stage employs a common source
amplifier is implemented to sustain the overall voltage gain of the LNA. As previously
mentioned, a source follower is not suitable for driving the low characteristic impedance
of 50 ohms typical in RF systems. The proposed LNA also incorporates capacitive
degeneration technique at the output driver stage, thereby broadening the 3-dB gain
bandwidth.

Finally, several dc blocking capacitors are added to independently adjust the supply
voltage and current of each branch during measurements. This is preferable because
predicting the cryogenic performance of the circuit is challenging due to the absence of a
compact model. The following subsections delve into the details of the proposed LNA
circuit design, beginning with an analysis of the single inverter design.

2.2.1 Single Inverter Design

Beginning with the core block of our proposed LNA, this subsection delves into the

analysis of noise and small-signal responses of an inverter amplifier. Figure 2.4 (a) depicts
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the schematic diagram used to compute the small-signal response of an inverter amplifier.
The transconductance and output impedance of both the pMOS and nMOS transistors are
combined to simplify the analysis. Following simple calculation, the low-frequency

voltage gain from node X to node Y can be derived as:

_ (ngf' l)r0
) ]"0 +Rf

A, (2.1)

Similarly, the low-frequency input resistance of the inverter amplifier as seen from node

X 1s calculated as:

r0+Rf

R =—2 "1
n 1+gmr0

(2.2)

After calculating the low-frequency small-signal responses of the inverter amplifier,

the output thermal noise power contributed by the feedback resistor and the transistors

22
doi:10.6342/NTU202402277



can also be determined. Illustrated in Figure 2.3 (b), the thermal noise voltage of the

feedback resistor at the output node can be derived as:

2

2.3)

7 R.+1
Vn?om,Rf=4kBTRf[ olg, s+ 1)

Vo(ngs + 1) + Rf+Rs

In a similar manner, the thermal noise contribution of the transistors at the output node of

an inverter amplifier can be determined, as depicted in Figure 2.4 (c):

2
- ro(Rf + Rs)

ro(ngs + 1) + Rf+Rs

(2.4)

Vaoumos = 4kp T V8. I

The noise factor of a low noise amplifier is defined as the ratio of the total output
noise power divided by the output noise power contributed solely from the source resistor.
Here, the noise power contributed by the source resistor at the output noise of an inverter

amplifier can be calculated as:

Zi
Voours = 4 TRA (—2 ) (2.5)
m S

where Ay and Zi, can be derived using Eqn. (2.1) and Eqn. (2.2) at low frequencies.

Consequently, the noise factor contribution from the feedback resistor, which
quantifies the ratio of the output thermal noise power from the feedback resistor to that
from the source resistor, is derived and surprisingly results in a clear form:

R(g, R+ 1)°

NFRs= ——m—mm—
R (g, Re- 1)?

(2.6)

A similar calculation can be performed to determine the corresponding contribution of

the transistors to the noise factor:

1€, (Re + R)?
Fyos = ———— 2.7
Nos = R (g R 17 @7
As a result, the noise factor of an inverter amplifier is obtained as:
NF=1 +NFRf+NFMOS (28)

With the formulas derived above, the small-signal responses and noise performance
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Figure 2.5: Simulated and calculated small-signal responses of an inverter amplifier with

different power consumption levels, gate lengths, and feedback resistors.

of an inverter amplifier can be predicted based on the transconductance and output
resistance of the transistors provided. In the top two rows of Figure 2.5, the simulated
frequency responses of the input impedance and voltage gain of an inverter amplifier with
varying levels of biasing current and different transistor lengths are shown. The bottom
row compares the responses for different feedback resistor sizes, using identical
transistors with a 60 nm gate length and a 2 mA drain current bias. The calculated results
obtained from Eqn. (2.1) and Eqn. (2.2) are marked with asterisks at the lowest frequency
point. Since the derived formulas do not account for any capacitance, they only predict
the low-frequency responses, which align closely with the simulation results.

Firstly, according to Eqn. (2.1) and the data on the right-hand side of Figure 2.5, the

voltage gain loosely correlates with the intrinsic gain of the transistor, which typically
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increases with longer devices under certain biasing currents. However, with a fixed
feedback resistor, Eqn. (2.2) indicates that the input resistance of an inverter amplifier is
inversely proportional to the intrinsic gain of the transistors, showing opposite trends
compared to the voltage gain in Figure 2.5. Increasing the biasing current enhances the
voltage gain by increasing the transconductance of the transistors, but it decreases the
input resistance, as derived in Eqn. (2.2). When varying the feedback resistor value,
higher feedback resistance leads to higher voltage gain, but also increases the input
impedance, as observed in Eqn. (2.2). These considerations present challenges and trade-
offs in achieving high voltage gain in the circuit while maintaining the required input
power match. Furthermore, concerning higher frequency responses involving capacitance
at the input and output nodes, larger transistor sizes increase parasitic capacitance values,
exacerbating deviations at high frequencies compared to those calculated at low
frequencies. This effect is visible in Figure 2.5 for cases involving longer gate lengths or
higher biasing currents, which necessitate larger transistor widths. Moreover, larger
feedback resistors exhibit a similar increased slope, as the frequency bandwidth of the
circuit can be estimated by the RC time constant. In general, the presence of capacitance
reduces both the voltage gain and the real parts of the input impedance at high frequencies,
thereby degrading the circuit's overall gain, input-matching performance, and the
effectiveness of the noise-canceling technique.

Besides the small-signal responses, device selection also affects the noise
performance of the inverter amplifier. The left-hand side of Figure 2.6 shows the
simulated output thermal noise power from the source resistor, the transistors, and the
feedback resistor respectively. On the right-hand side, the ratio between the
transistors/feedback resistor and the source resistor is displayed, along with the resulting

noise figure. The calculated results using Eqn. (2.3) to Eqn. (2.8) are also marked with
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Figure 2.6: Simulated and calculated output noise power contributions from various
sources, output noise power ratios, and noise figure of an inverter amplifier with different

power consumption levels and gate lengths.

asterisks in the figure. The simulated data is extracted at a frequency point of 800 MHz
to eliminate the influence of transistor flicker noise, which is not considered in the
calculations. However, this approach results in increased deviation between the simulated
and calculated results in Figure 2.6 for the output noise power from the resistors, where
the simulation at 800 MHz starts to be affected by degraded gain due to capacitance,
particularly with larger devices. the calculated data represents only near dc results, thus
overestimating the output noise power in the figure. It has been verified that the calculated
data for the resistors aligns well with simulation data at 100 MHz. Nonetheless, to provide
practical simulated noise figures at specific frequencies, the simulation results in Figure

2.6 are displayed at 800 MHz across all parameters. Moreover, to align the calculation
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Figure 2.7: Simulated and calculated output noise power contributions from various
sources, output noise power ratios, and noise figure of an inverter amplifier with different

feedback resistor values.
with the simulated data for the output noise power of the transistors, the coefficient y is
set to 1, 0.67, 0.57, and 0.51 for transistors with gate lengths of 40 nm, 60 nm, 80 nm,
and 100 nm respectively.

Interestingly, according to Eqn. (2.6) and Eqn. (2.7), the ratio of output noise power
between the transistors/feedback resistors and that of the source resistor doesn’t depend
on the output resistance of the transistor. This highlights that the noise factor depends
solely on the transconductance under a fixed feedback resistor value, as demonstrated by
the lower noise figure in cases with larger gate length and larger biasing current in Figure
2.6. A similar analysis can be conducted for cases where the value of the feedback resistor

is varied. As shown in Figure 2.7 and predicted by the formulas above, a larger feedback
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resistor significantly reduces the output noise power contribution from the feedback
resistor itself compared to that from the source resistor. A slight decrease in the output
noise ratio from the transistors is also observed when an increase in the feedback resistor
size. Lastly, it's worth noting that the values in the simulation and calculation shown in
Figure 2.6 and Figure 2.7 focus solely on thermal noise power. In practice, other noise
sources such as low-frequency flicker noise and noise induced by gate resistance may
additionally degrade the LNA performance.

In summary, in a single inverter amplifier design, the noise contributions from the
feedback resistor and the transistors can be reduced by increasing the feedback resistor
size and enhancing the transconductance of the transistors, respectively. However,
increasing the feedback resistor also raises the input resistance, whereas boosting the
transconductance, achieved by increasing the supply voltage or gate length, reduces the
input resistance. Although it may seem feasible to strike a balance for achieving improved
gain and noise performance while maintaining input matching by enlarging both the
feedback resistor and the transistors, these adjustments often result in a sharper roll-off at
higher frequencies compared to the designed values. Considering the increased power
consumption and reduced bandwidth resulting from enlarging transistors and feedback
resistors, a single inverter amplifier inherently faces limitations in achieving
comprehensively superior performance.

2.2.2 Inverter Pair and Mutual Noise-Canceling

To further improve the design, an additional inverter amplifier is introduced in
parallel with the original one. The sizes of the transistors and the feedback resistors are
assumed identical here to simplify the analysis. The two inverter amplifier blocks are
connected in parallel at the input node and combined using an ideal voltage combiner

with unity gain at the output node. With this parallel configuration and ideal voltage
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Figure 2.8: Simulated and calculated small-signal responses of inverter amplifier pair

with different power consumption levels, gate lengths, and feedback resistors.

combiner, the overall voltage gain of the inverter amplifier pair is doubled of that in Eqn.
(2.1). Meanwhile, at the input node, the input resistance is halved compared to that in
(2.2). This reduction in input resistance allows for increased flexibility in adjusting the
feedback resistor, thereby further improving voltage gain and reducing noise figure.
Figure 2.8 depicts the simulated and calculated small signal responses of an inverter
amplifier pair, similar to those shown in Figure 2.5. A comparison between the two
figures also reveals that at the lowest frequency, the input resistance is halved while the
voltage gain is doubled. Additionally, the rate of roll-off in input impedance and voltage
gain values follows a consistent pattern, with the input impedance halved and the voltage
gain doubled, respectively, owing to the parallel configuration. Therefore, the penalty of
reduced bandwidth when increasing feedback resistance is more pronounced in an
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Figure 2.9: Schematic diagram for calculating the noise power contribution from the

feedback resistors of inverter amplifier pair.

inverter pair. Nonetheless, the parallel topology inherently doubles the voltage gain
compared to a single inverter amplifier, albeit with a corresponding doubling in power
consumption.

In order to analyze the noise performance of inverter amplifier pair, Figure 2.9
illustrates the schematic diagram for calculating the noise power contributed by the
feedback resistor in the lower inverter amplifier. Assuming an identical inverter pair, the

noise power at node Y1 from the feedback resistor of the lower inverter is derived as:

2

r R.(R, +2r,) + Rt RAr
Vn2Y1 = 4kBTRf o(gm s( s 0) f s 0) (29)
Y (Rf + RS)(Rf + ngrORs + r0+2RS)
Similarly, the noise power at node Y2 can be determined:
Ryy(g Ri-1) 2
Viiore = 4ks TR o om 2.10
BYZRETEBTT (Re + RO)(Ry + 28, 1oRs + 7o T2R,) 2.19)

Unfortunately, the noise fluctuations at nodes Y1 and Y2 exhibit the same polarity, as
indicated by the signs within brackets in Eqn. (2.9) and Eqn. (2.10), respectively. With
an ideal combiner, the output noise power from the feedback resistor in the lower inverter

amplifier is obtained as:
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Figure 2.10: Schematic diagram for calculating the noise power contribution from the

transistors of inverter amplifier pair.

ro(zngs +1)

(2.11)
(Rf + 2ngORs + r0+2Rs)

Vioure = 4k TRy

In a similar fashion, the noise power from the transistors of the lower inverter
amplifier is analyzed with the help of Figure 2.10. At node Y1, the noise power is

calculated as:

2 2
R K
At node Y2, the lengthy calculation results in noise power being:
T o Ry(gyRs - 1) ’
Viiamos = sy [( R E 2g“;ro T (2.13)

Interestingly, the sign within the brackets in Eqn. (2.12) and Eqn. (2.13) is opposite to
each other, reflecting the noise-canceling mechanism discussed earlier. Here, the noise
current from the transistors in the lower inverter flows back through the feedback resistor
and is amplified by the upper inverter from input node X. This results in a reversal of the
noise voltage polarity at node Y2 compared to node Y 1. Using an ideal voltage combiner,

the output noise voltage from the transistors of the lower inverter is derived as:
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Figure 2.11: Simulated and calculated output noise power contributions from various
sources, output noise power ratios, and noise figure of an inverter amplifier pair with

different power consumption levels and gate lengths.

-2 - ro(Rf + 2Rs)

_ 2.14
Vn,out,MOS 4kB Tygm (Rf + 2gerRs + r0+2RS) ( )

The noise power from the source resistor at the output node, after the voltage
combiner, can be derived using Eqn. (2.5), with the voltage gain doubled and the input
resistance halved compared to the single inverter amplifier case. By doubling the values
calculated from Eqn. (2.11) and Eqn. (2.14) to include the contribution of the upper
inverter amplifier, the overall output noise ratio of the feedback resistor to the source
resistor is then derived as:

Ri(2g, R + 1)
2Rs(ngf - 1)2

NFgs = (2.15)

The overall output noise ratio of the transistors to the source resistor is determined as:
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Figure 2.12: Simulated and calculated output noise power contributions from various
sources, output noise power ratios, and noise figure of an inverter amplifier pair with

different feedback resistor values.

yg. (R + 2Ry)?

2.16
2R,(z R -1)? 216

NFyvios =

Finally, the overall noise factor of an inverter amplifier pair can be calculated by
substituting the results of Eqn. (2.15) and Eqn. (2.16) into Eqn. (2.8).

Comparisons across different gate lengths, biasing current levels, and feedback
resistor values, similar to those shown in Figure 2.6 and Figure 2.7 for a single inverter
amplifier case, are illustrated in Figure 2.11 and Figure 2.12. The calculated results using
the formulas mentioned above are denoted with asterisks in the figures. The enhanced
deviation from the 800 MHz simulation data is also attributed to exacerbated roll-off

voltage gain responses in the case of inverter amplifier pair. Comparing the simulation
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results shown in Figure 2.6 and Figure 2.11, it’s observed that the output noise power of
the source resistor doesn’t increase by a factor of four despite the doubled voltage gain.
This can be attributed to the halved input impedance, which reduces the noise voltage
fluctuation magnitude of the source resistor at the input node of the inverter amplifier pair,
as described in Eqn. (2.5). On the other hand, according to Eqn. (2.9) and Eqn. (2.10), the
parallel inverter pair increases the output noise voltage from the feedback resistor. After
doubling the derived value to account for two feedback resistors, the overall output noise
power from the feedback resistors increases more significantly than the increase in the
source resistor’s output noise power. This results in an expanded ratio compared to that
in the single inverter amplifier case, which can also be observe by comparing the
coefficients in Eqn. (2.6) and Eqn. (2.15).

In contrast to the feedback resistors, the noise contribution of the transistors is
significantly reduced in the inverter pair configuration, as indicated by the factor 2 in the
denominator of Eqn. (2.16). This topology facilitates where the noise voltages from the
two branches have opposite polarities, nearly halving the resulting output noise power
ratio of transistors in Figure 2.11 compared to Figure 2.6. As a result, the inverter
amplifier pair topology effectively decreases the noise figure even further compares to a
single inverter amplifier stage.

Given that the inverter pair topology consumes twice the power of a single inverter,
it is essential to compare the two topologies under the same overall dc power and input
impedance. For this comparison, the 500-ohm feedback resistor case from Figure 2.5 is
chosen because of its nearly matched input resistance of 54.6 ohms. Accordingly, an
inverter pair with two 60-nm, 1 mA inverters and a 1000-ohm feedback resistor is selected.
This inverter pair has a similar input resistance of 54.4 ohms, a combined voltage gain of

16.36 dB, and a noise figure of 2.062 dB at 800 MHz. In comparison, the selected single
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inverter results shown in Figure 2.5 and Figure 2.7 achieves a voltage gain of 8.15 dB and
a noise figure of 2.117 dB. Therefore, under identical dc power and input impedance, the
inverter pair topology delivers nearly double the voltage gain and slightly better noise
performance, making it a more favorable choice for the design.

2.2.3 Input Stage Design

The noise analysis in the previous subsection highlights the inherent noise-canceling
feature of the inverter amplifier pair topology. However, both simulation and calculations
indicate residual noise power originating from the transistors that remains uncancelled
and appears at the circuit's output node. This is due to the necessity of achieving adequate
voltage gain from the auxiliary amplifier stage to fully nullify the noise contribution from
the transistors of the core inverter amplifier, which can be derived as:

Rf + Zs,input node

A, = (2.17)

Z input node
where Rr is the feedback resistor of the core inverter amplifier and Zsinput node 18 the
impedance seen from the input node of the core inverter amplifier to the outside of the
inverter. The necessary voltage gain of the auxiliary amplifier is the ratio of the noise
voltage induced by the noise current of the transistors in the core inverter amplifier at the
core inverter’s output and input nodes. This can be simply understood as a resistive
voltage divider. In the inverter amplifier pair topology, the Zsinput node comprises the
parallel impedance of the 50-ohm source resistance and the input impedance of the other
inverter amplifier. This parallel combination lowers the effective Zs input node and thereby
increasing the necessary voltage gain for the auxiliary amplifier to achieve full noise
cancellation criterion. As a consequence, the symmetrical architecture of the inverter
amplifier pair topology involves trade-offs in the noise-canceling mechanism.
Specifically, one inverter requires a higher auxiliary voltage gain to fully cancel its

transistor noise power, which demands an increase in the feedback resistor of the other

35
doi:10.6342/NTU202402277



inverter in the pair. This results in a higher auxiliary voltage gain requirement for the
auxiliary amplifier when it serves as the core amplifier in its noise-canceling scenario.
According to the simulated and calculated voltage gain and feedback resistor values in
the previous subsection, the voltage gain of an inverter amplifier is insufficient to meet
the required criterion for their corresponding feedback resistor value. As a result, the
circuit retains uncanceled residual noise power from the transistors.

In the proposed LNA in Figure 2.2, a hybridized approach is adopted. Based on the
analysis in the previous subsections, noise reduction can be achieved in two ways. First,
within a single inverter amplifier, noise performance can be improved by either increasing
the feedback resistor or boosting the transconductance of the transistor, though this comes
with higher power consumption and greater parasitic capacitance. Second, by
incorporating an additional inverter amplifier stage in parallel, the noise-canceling
mechanism further reduces the transistors' noise contribution to some extent. By
leveraging these two methods, the proposed LNA incorporates three inverter amplifier
blocks in parallel. In Figure 2.2, Inverter 1 serves as the core amplifier stage, with a lower
feedback resistor to achieve an input resistance around 130 ohms. The noise reduction for
Inverter 1 relies on the smaller fully noise-canceling criterion, which could potentially be
met by the combined voltage gain of the other two inverter amplifiers. With the core
amplifier adding parallel input impedance, the feedback resistor of the auxiliary inverter
pair can be further increased, resulting in boosted voltage gain, which is beneficial for the
noise-canceling scenario of Inverter 1. The larger feedback resistor and higher biasing
current also reduce the noise contribution of the auxiliary inverter amplifiers themselves,
resulting in improved noise performance even if the fully noise-canceling criterion is not
achieved.

Transistors with a gate length of 60 nm are selected to meet the aforementioned
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Figure 2.13: Simulated noise figure with varying gain coefficient for Inverter 2 and

Inverter 3 at the combining stage, while maintaining unity gain for Inverter 1.

design criteria. Longer transistors have demonstrated superior performance in the analysis
of inverter amplifier design discussed in the previous subsections. Additionally, as
detailed in Sec. 2.1.2, when operating at cryogenic temperatures, shot noise becomes
predominant in the noise behavior of an LNA. Longer devices inherently suppress shot
noise by minimizing ballistic transport in the channel. All inverter amplifiers are self-
biased with a 1 V supply voltage, maintaining a node voltage of 0.48 V at the transistors'
drains. This selection ensures similar transconductance for both the pMOS and nMOS

transistors under the same supply current.
2.2.4 Combining Stage

In the proposed LNA, the combining stage is achieved using common source
amplifiers, where each amplifier also serves as the active load for the others.
Consequently, the common source amplifiers of the three branches share a common load
composed of their parallel output resistance. The voltage gain ratio between the branches
at the combining stage depends solely on their relative transconductance. To verify the

optimal gain ratio between each branch, the selected input stage is combined with an ideal
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voltage combiner with independently tunable gain coefficients for the three branches.
Since only the relative gain affects noise performance, the combining coefficient for
Inverter 1 is set to unity gain, while an identical variable relative gain coefficient is
applied to both Inverter 2 and Inverter 3 at the combining stage.

Figure 2.13 shows the simulated noise figure of the overall circuit as the relative
gain coefficient of Inverter 2 and Inverter 3 varies. The results indicate an optimal value
of unity gain relative to that of Inverter 1. This optimal setting is due to a mutual canceling
mechanism, akin to the trade-off discussed in the previous section, where attempts to
achieve fully noise-canceling criteria by increasing the feedback resistor lead to
corresponding heightened requirements of fully noise canceling for the other branch.
Similarly, increasing the voltage gain at the combining stage for one branch enhances the
noise-canceling effectiveness from the perspective of the other branches. However, it
amplifies the noise power from its own output node due to the increased gain in the
combining stage. Consequently, this reduces the extent to which noise power is canceled
by the other two branches and results in degraded noise performance.

As a result, the device and biasing points for the common source transistors in the
combining stage are selected to achieve identical transconductance, leading to different
gate-to-source voltages applied to the pMOS and nMOS transistors. The gate length in
the combining stage is chosen to be 40 nm, as shorter devices have lower parasitic
capacitance that could otherwise impact the circuit's bandwidth. The biasing current is
limited to approximately 1 mA per branch for Inverter 2 and Inverter 3, ensuring that

overall power consumption remains below 10 mW before reaching the output driver.
2.2.5 Output Driver

The common source amplifier block is chosen as the output driver to maintain the

voltage gain achieved in previous stages. Achieving near unity gain at this stage
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Figure 2.14: Pre-simulated responses of the proposed LNA with and without adopting the

capacitive degeneration technique at the output driver stage.

necessitates a large transconductance to effectively drive the small loading impedance.
Therefore, a transistor with a 40 nm gate length is selected to meet the circuit's bandwidth
requirements, while also minimizing additional parasitic capacitance, as also considered
in the combining stage. Additionally, capacitive degeneration is implemented at the
output driver stage, as depicted in Figure 2.2, to further enhance the circuit's 3-dB voltage
gain bandwidth.

Figure 2.14 compares the pre-simulated responses of the proposed LNA with and
without the capacitive degeneration technique. This technique involves introducing a
parallel RC pair at the source of the common source transistor. At low frequencies, the
degenerated capacitor remains nearly open, causing source degeneration by the resistor

and reducing the low-frequency voltage gain. As the frequency increases, the capacitor
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Figure 2.15: Simulated responses of the on-chip bypass networks.

starts to bypass the resistive degeneration, restoring the original gain level, thereby
resulting in a flattened voltage gain response as shown in Figure 2.14. Considering only
the drain capacitance, the common source stage with capacitive degeneration can be

derived as:

8R4 1 +sR,C,
" 1+g R

A, -
S(1+sRC(1 + s TSa ngCSRS)
m

(2.18)

where R4, Cq represent the loading resistance and capacitance seen at the drain of the
transistor, respectively. The first term in the voltage gain pertains to a common source
amplifier with resistive source degeneration. The capacitive degeneration technique
introduces an additional zero and a higher pole compared to that originating from the
drain capacitance. It's noteworthy that the reduced gain level and deviated output return
loss seen between the two cases in Figure 2.14 are attributed to the different operating
point of the transistor. This difference arises because the transistor's size and supply

voltage remain unchanged in the simulation when the degeneration resistor is included.
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Figure 2.16: Post-simulated stability results of the proposed LNA across various process

corners and temperatures.

2.2.6 On-Chip Bypass Networks and Circuit Stability

Owing to the low operating frequency range, the proposed LNA requires a
sufficiently large on-chip bypass capacitance to provide an ideal RF-grounding node at
the source of the pMOS transistors. The on-chip bypass networks consist of staggered
routing lines from metal 1 to metal 9, sequentially connecting to the supply voltage and
ground, functioning similarly to a cross-type inter-digitated capacitor. Figure 2.15
illustrates the simulated responses of an array of bypass network unit cells, segmented
due to the limited resources in EM simulations. Each of the six supply voltage branches
within the proposed LNA is routed to the dc pads through its own bypass network. From
the simulated imaginary part of the Y parameters, the capacitance value of the bypass
network is estimated to be around 36.8 pF. The simulated magnitude of the Z parameters
indicates an equivalent impedance of the on-chip bypass networks to be over 10 ohms for
frequencies below approximately 400 MHz. This results in some non-idealities in the on-
wafer measurements, as discussed in the next section.

The stability of the proposed LNA is examined with various approaches. Firstly,
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[3)

Figure 2.17: Inter-stage stability simulation of the proposed LNA. (a) Load stability
circles of the input sub-section and Si1 of the output sub-section with a 50-ohm load
resistance. (b) Source stability circles of the output sub-section and S>; of the input sub-

section with a 50-ohm source resistance.

two-port validations are conducted with the K factors and the B; factors across various
process corners and also at a temperature of -40 °C. The post-simulation results in Figure
2.16 shows two-port unconditional stability of the proposed LNA within 20 GHz, with
the K factors over unity and B factors above zero.

To further verify the circuit stability, the proposed LNA is separated into two sub-
sections at the combining node before the dc blocking capacitor of the output driver stage.
Figure 2.17 illustrates the simulation results of the inter-stage stability check of the
proposed LNA. Due to the lack of simulation tools in Cadence Virtuoso for examining
return loss with varying load (source) impedance, the corresponding return loss is
simulated assuming a 50-ohm load (source) impedance. The simulation results, without
any intersection within 20 GHz, ensure the inter-stage stability of the proposed LNA.

The intricate structure of the input parallel inverters and the common-source
combining stage makes inter-stage stability analysis challenging. Therefore, an

experimental simulation of loop gain and loop gain phase is performed within the input
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Figure 2.18: Post-simulation results of loop gain and loop gain phase of the input sub-

section of the proposed LNA.

sub-section. To achieve this, a current probe is inserted connecting the drain node of the
three inverters and the input nodes of the dc blocking capacitors in the three branches,
effectively breaking all loops within the input sub-section. Figure 2.18 depicts the
simulated loop gain and loop gain phase of the proposed LNA. Within the bandwidth of
interest, the input sub-section of the circuit exhibits a loop gain lower than unity and a
loop gain phase above zero degrees. At higher frequencies, the loop gain tends to saturate
at a certain lower-than-unity value, ensuring the circuit stability within the loops in the
input sub-section.

In summary, various methods have been evaluated to ensure the stability of the
proposed LNA. Although transient response analysis and other techniques could also be
applied, the methods described above effectively confirm the circuit's stability at a

fundamental level.
2.3 Experimental Results

The proposed cryo-CMOS LNA is implemented using TSMC 40-nm CMOS process.
In the post-simulation, the transmission line routings and RF pads are EM simulated using
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Figure 2.19: Chip photograph of the proposed cryo-CMOS LNA.

Sonnet, while the capacitors and resistors within the circuit are simply modeled using the
compact models provided by the manufacturer. Figure 2.19 illustrates the chip
photograph of the implemented circuit, with a total chip area of 0.52 mm? (755 pm x
691 um), including the testing pads.

At room temperature, the bare die of the implemented circuit is measured using both
dc and RF probes. Figure 2.20 shows the measured and post-simulated S-parameter
responses of the proposed cryo-CMOS LNA. For better comparison, post-simulation
results in both the TT and SS corners are included. The recorded biasing current during
measurements indicates that the fabricated circuit is closer to the SS corner. Nonetheless,
the measured data in the figures within this section is from the results obtained after fitting
the biasing current to the simulation results in the TT corner by tuning the supply voltage
of the circuit during the measurements. The measured S-parameter responses in Figure
2.20 generally match well with the simulation results, with only a few deviations. Firstly,
the measured circuit exhibits higher roll-off in the gain response, which may indicate the
presence of unmodeled capacitance within the circuit or parasitic capacitance differences
across the corners. At frequencies below 500 MHz, ripples appear in both the transmission
and input return loss responses. This is attributed to the lack of on-chip bypass capacitance,
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Figure 2.20: Measured and post-simulated (in TT and SS corners) S-parameter responses

of the proposed cryo-CMOS LNA.

as our EM simulation shows that the effectiveness of on-chip bypass network only
extends down to around 400 MHz. Furthermore, the dc probes used in the measurements
have an RC series bypass network installed only on the output-port-related VDD 6 path.
The lack of an off-chip bypass network for the input-port-related parts of the circuit
results in a grounding condition at the source of the pMOS transistors different from that
expected in the simulation, leading to the observed ripples. For the output return loss
responses, although the dc probe incorporates the on-probe RC series bypass network, the
measured results at low frequencies suggest that the electrical routing for the on-probe
bypass network is too long, causing the inductance along the path to choke the
effectiveness of these bypass devices. The improved output return loss level compared to

the simulation is due to the off-chip series resistor used along the VDDG6 path behind the
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Figure 2.21: Measured and post-simulated (in TT and SS corners) noise figure of the

proposed cryo-CMOS LNA.

dc probe during the measurements. This resistor alters the operating point of the output
driver stage transistor, even after fitting the supply current. As a result, the output
resistance of the transistor changes, affecting the output return loss level.

Figure 2.21 shows the measured noise figure of the proposed LNA using both dc and
RF probes at room temperature. The measured results align well with the simulation for
frequencies above 500 MHz. The slight increase in the noise figure compared to the
simulation in the TT corner at higher frequencies is attributed to a similar reduction in
gain response due to unmodeled capacitance. Below 500 MHz, the measured noise figure
of the implemented circuit rises sharply compared to the simulation results. This increase
is speculated to have two causes. The first is insufficient on-chip bypass capacitance,
which leads to suboptimal grounding at the source of the pMOS transistors. As shown in
Figure 2.22, adding RF chokes at the source of the pMOS in the simulation results in an
increase in noise figure at frequencies below 150 MHz, in addition to the original flicker
noise. Interestingly, the simulation also highlights the bypass issue observed in the S-
parameter responses. A peak in the gain response and a non-flat output return loss, both

seen in the measured results, are found in the simulation when RF chokes are added before
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Figure 2.22: Comparison of post-simulation results of the proposed cryo-CMOS LNA

with and without RF chokes before the ideal supply voltage source.

the ideal supply voltage source. The other potential cause of the increased noise at low
frequencies might be radio and RF interference in the environment. Since the
measurements were not conducted in a shielding room, radio and RF signals from various
sources could be received by the dc wires in the setup, which act as low-efficiency
antennas. These interferences are easily amplified by the high gain of the LNA, causing

fluctuations within the circuit. Evidence of this includes the peaks around 2.4 GHz and
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Figure 2.23: Measured and post-simulated (TT) large signal results of the proposed cryo-
CMOS LNA at 500 MHz, 1 GHz, and 2 GHz.

900 MHz that occasionally appear during noise figure measurements. Additionally, the
two highest peaks at around 90 MHz and 210 MHz in the measured noise figure results
may also support this hypothesis. Nonetheless, the origin of the increased low-frequency
noise and the corresponding solution to address the issue still require further research.
The large signal behavior of the circuit was also measured by probing the bare die
at room temperature. Figure 2.23 compares the measured and post-simulated large signal
results at 0.5, 1, and 2 GHz. In the simulation, the input P1dB values are -40.88 dBm, -
40.75 dBm, and -38.84 dBm at these frequencies. The measured results are slightly lower
at -46 dBm, -44.5 dBm, and -41.5 dBm, respectively. For the input IP3, the simulation
shows values of -31.36 dBm, -31.24 dBm, and -29.3 dBm, while the implemented circuit
exhibits similar values of -32.1 dBm, -31.03 dBm, and -27.8 dBm at 0.5, 1, and 2 GHz,
respectively. The resulting deviations might be attributed to the corner differences, as the
post-simulation results shown here are for the TT corner. Despite the slight degradation

measured, these values are still significantly higher than the input signals in targeted spin
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qubit reflectometry applications.
2.4 Summary

In this chapter, a novel cryo-CMOS LNA is proposed for reflectometry readout in
spin qubit applications. The proposed topology introduces additional inverter amplifiers
in parallel at the input stage, offering several advantages. Firstly, paralleling the inverter
amplifiers allows for a larger feedback resistor, thereby increasing gain and reducing the
noise contribution of each individual amplifier. Additionally, the combination of parallel
branches enhances the overall gain of the LNA. Moreover, this configuration at the input
node enables noise-canceling characteristics among the three inverter amplifiers,
resulting in a significantly reduced noise figure within the limited power budget. By
utilizing common-source amplifiers at the combining stage and the output buffer, the
voltage gain of the LNA can be maintained or further amplified. Additionally, this
approach reduces the effective noise contribution from both the combining stage and the
output buffer.

Table 2.1 compares the proposed LNA with several state-of-the-arts reported in the
literature. Among these, [5, 35, 51-53] are specifically designed for cryogenic operation
in reflectometry readout of spin qubit systems. Although there is still some issue in the
measurement of the proposed LNA, the performance listed in Table 2.1 neglects those
low-frequency deviations.

When compared to other works at room temperature, the proposed LNA
demonstrates superior gain performance and achieves a near-1-dB noise figure with
minimized power consumption. This results in the highest figure of merit among the
reported works at room temperature. Although the bandwidth of the circuit is reduced
after implementation and the linearity degrades within the topology, it remains sufficient

for the targeted application. Notably, when integrated within an SoC, the power
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consumption of the proposed LNA can be further reduced to approximately 10 mW when
excluding the output driver stage.

Despite demonstrating a proof of concept with the implemented circuit in this
chapter, several practical issues have led to less than ideal results in the measurements.
Specifically, the low-frequency noise problem requires further investigation.
Additionally, cryogenic measurements of the proposed circuit have been paused due to
technical challenges. Further research on the circuit is therefore left as future work.

Table 2.1: Comparison of RT and cryogenic LNAs.

BW Gain NF IIP3 Pdc

(GHz) (dB)  (dB) (dBm) (mw) oM

Ref. Tech. Temp.

[27] 65-nm RT 0.5-7 16.8 2.87-3.77 -4.5 11.3 12.57

[23] 65-nm RT  0.04-2.9 20 2-2.5 -5 29 4.66
[24] 180-nm RT 0.4-0.8 17.4  1.35-1.57 -5.11 16.8 -6.3
[28] 65-nm RT 0.02-2.6 12.8 1.56-2.42 1.2-3.6 6 12.82

RT dc-0.4 40P 0.8-1.1 29 45.9(80% 7.86°
[35]  160-nm

4K  dc-0.5 50° 0.1 47 549 (91°) 37.5°
[5] 22-nm RT 0.1-0.6 27 <3 - 1.4 18.1

RT 0.01-2.7 25.6 0.63-1.4 -6 43.4 17.61
[51] 40-nm

4K 0.01-3 29 0.033-0.8° - 19.4 55.14

RT 0.05-3.8 27 1.16-22  -20 22.6 21.68
[52] 40-nm

4K  0.02-4 302 0.29-0.91 - 10.8 44.79

RT 0.01-1.9 28 1.16-1.7 -18.6 17.6 18.95
[53] 40-nm

4K 0.01-2.6 31 0.1-0.48 - 8.6 53.26
This

40-nm RT 0.01-1.75 36 1.04-1.359 -32.1 14.65 28.9
work

Pyc [mMW]x(NF[lin]-1)

)

b.-With three cascaded following amplifier stages.
CMeasured in [52].

aFoM =20-log,, (

d-Neglecting the low-frequency noise deviation.
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Chapter 3 Design of a Broadband SP4T Switch for

Cryogenic Measurement and Calibration

3.1 Introduction

In this chapter, a dc to 67 GHz single-pole-four-throw (SP4T) switch is presented.
The circuit was designed to serve as one of the key improvements to the cryogenic
measurement and calibration system discussed in subsequent chapters. The switch design
follows a systematic procedure, utilizing LC-ladder low-pass filter theory. This approach
can be extended to design various broadband single-pole-multi-throw switches with
precise control over circuit responses. The following subsections provide a brief

introduction to the broadband and cryogenic switches reported in the literature.
3.1.1 Literature Review of Broadband RF Switches

Due to their simplicity and importance in integrated circuit systems, switch
circuitries are frequently studied across various emerging solid-state technologies. While
switches are also utilized in other systems as building blocks, this subsection primarily
focuses on studies of broadband RF switches, which are indispensable components in
modern communication systems.

For the early studies of RF switches in CMOS technologies, [54] offers a
comprehensive overview of this area. The main challenge in broadband CMOS switch
design lies in the tradeoff between on-resistance and off-capacitance, which directly
affects insertion loss and isolation. Studies such as [55] and [56] have attempted to
optimize transistor layout, thereby reducing the associated bandwidth-limiting
capacitance and high-frequency loss. In the early stages of bulk CMOS technologies, the
impact of substrate resistance on isolation and insertion loss is discussed in [57]. The later

51
doi:10.6342/NTU202402277



triple-well process provides a well-controlled environment for achieving high body
resistance and body bias, making it a more standard design choice.

Given the demands of modern communication system development, achieving high
linearity has also become a key focus of research. Several techniques have been
developed to mitigate the impact of the unintentionally activated junction diodes, which
can degrade the power handling capability of the switches. The concept of body-floating
technique bootstraps the biasing point of the bulk, thereby keeping the junction-to-body
diode off. A LC-tuned method was introduced for the early bulk CMOS device in [58],
but the inherently narrowband characteristics make it unsuitable for use in wideband
switches. After the triple-well process matured, the resistive body-floating method
became widely adopted [55, 59]. The double-well body-floating method was
subsequently proposed to additionally protect the substrate-deep-N-well diode [55, 56,
60]. To further increase the power handling capability, the P-well body was negatively
biased through the floating resistor in [59] and [61]. A switched body floating technique
was implemented in [56], trying to increase isolation by reducing coupling capacitance
when series transistors are turned off. However, this approach degrades insertion loss at
high frequencies. In addition to improving the structures of transistors and preventing
junction diodes from turning-on, a more straight-forward method is by expanding the
voltage swinging range of the device. In contrast to III-V compound semiconductor
processes, which inherently possess high breakdown voltages, the supply voltage of
CMOS technologies decreases with newer processes, presenting an increasingly
challenging task to achieve high linearity. The transistor-stacking method has become
increasingly popular in recent research, which divides the voltage across each transistor,
thereby enhancing the overall power handling capability [62, 63].

Topologically, instead of simple series or shunt switches in the early studies, a series-
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shunt section is highly popular owing to its compact size and good balance between
isolation and insertion loss [63, 64]. To increase the bandwidth, inductors were often
added to realize matching networks with the shunt transistors, forming a T-section or 7-
section artificial transmission line [57, 59, 60, 65, 66]. For RF/microwave communities,
the travelling-wave concept was implemented in broadband switches, which could be
conceptualized as a series of artificial transmission line sections [67, 68]. For multi-throw
switches, two methods were adopted for controlling different branches. In [67] and [69],
quarter-wavelength transmission lines were added in front of the traveling-wave
structures, transforming the low impedance of the on-resistance, connected to ground, to
a high impedance, nearly open, thus not affecting the on-branch response. However, the
bandwidth of the switches would be constrained by the quarter-wavelength transmission
lines. To achieve a broadband response from dc, series transistors were introduced to
replace the quarter-wavelength transmission line, albeit at the cost of increased insertion
loss [61, 62, 70].

The performance of switches in standard CMOS technologies is inherently limited
due to the trade-off between on-resistance and off-capacitance, as well as the lower supply
voltage headroom. In recent years, an increasing number of broadband switches have
been reported in CMOS SOI processes, aiming for significantly lower insertion loss and
higher operating frequencies [63-66, 68, 69]. The buried oxide layer and the smaller
junction diodes reduce capacitive coupling from diffusion to substrate, thereby improving
bandwidth and insertion loss. However, the low breakdown voltage still limits the power
handling capability. Several prototypes have been developed using various compound
semiconductor processes, including GaAs pHEMT [70], SiGe BiCMOS [71], and GaN
HEMT [72]. Additionally, the integration of phase change materials into semiconductor

processes as replacements for transistors in switch circuit cores has emerged as a new

53
doi:10.6342/NTU202402277



area of research [73]. These technologies offer inherent high linearity and improved

insertion loss, making them primary focuses of current and future research.
3.1.2 Literature Review of Cryogenic RF Switches

In comparison to reports at room temperature, there have been considerably fewer
demonstrations at cryogenic temperatures. An early experiment in [74] introduced a non-
reflective SP4T switch in the ABCS InAs/AlISb HEMT process. However, the switch was
designed for a relatively low bandwidth of 5 GHz and was only tested at a rather high
temperature of 90 K. [75] presents measurement data at a temperature of 78 K for the
same switch discussed in [64], illustrating the variations in circuit characteristics observed
in SOI technologies under cryogenic conditions. A more recent study in [76]
demonstrates an ultra-broadband SPST switch fabricated in 22 nm FDSOI CMOS, tested
both in room temperature and 2K temperature.

For more inspiring research in cryogenic and quantum-computing-related circuitries,
a team from Imec and KU Leuven has published a series of studies on measuring
superconducting quantum devices using semiconductor IC multiplexers. In [77], they
introduced the initial version of the SP4T reflective multiplexer in the 28 nm HPC+
process, functioning at room temperature and at a temperature of 32 mK. To showcase
the application of cryogenic multiplexing, they conducted measurements on
superconducting resonators and confirmed that the residual heat dissipation of the
multiplexer did not affect the resonator characterization during the extraction experiments.
Identifying the primary source of power leakage as the ESD clamping transistors, an
improved version of the multiplexer was presented in [78]. With just 4 ESD cells, the 1.4
uW multiplexer was dispersively coupled to the readout resonator of the transmon qubits.
The experiments revealed the thermal noise photons generated by the multiplexer

decreases T, of the qubit, while 7, barely changed. A more thorough analysis of the
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impact of the multiplexer on superconducting qubits was discussed in [79]. The dynamic
and static power consumption of the multiplexer was extracted to estimate the targeted
power budget for scaling up qubit channels. Time-division multiplexing experiments
were also conducted to demonstrate the influence of active window of the multiplexer on
qubit fidelity. These reports illustrate the feasible integration of solid-state IC multiplexer
into the futuristic realm of quantum computing systems. However, the reported
multiplexers primarily focused on aspects such as power budget and port-to-port isolation
within a restricted frequency range of 10 GHz. In the following sections, a broadband
SPAT switch is proposed using a systematic design approach aimed at enhancing overall
bandwidth and circuit response. Without adding any ESD cells, the switch consumes only
0.6 uW of static power, making it suitable for operation at the base-temperature in dilution

fridges.
3.2 Circuit Design

The broadband SP4T switch proposed in this section is designed for multiplexing
usage at the base temperature in dilution fridges. The design prioritizes achieving the
widest available bandwidth while ensuring acceptable insertion loss and at least 35 dB of
isolation within the 4 to 8 GHz operational frequency range of the cryogenic measurement
and calibration system. Although power handling capability is not a primary specification
for this application, the design also addresses linearity improvement through the transistor

configuration discussed in the following subsection.
3.2.1 Transistor Configuration

As discussed in Sec. 3.1.1, several early studies explored the influence of the layout
configurations to parasitic capacitance. While we were unable to customize the transistor
structure, conventional techniques have been developed with advancements in CMOS
technology, particularly towards the standard triple-well process. The inset of Figure 3.1

55
doi:10.6342/NTU202402277



$1

1
— Tt o Qo RF1
s1'— % s1'—| %
52 - -
4

L ——'—'r—\m 00, 0o RF2
) s — % s2— %

53 - -

1

Tt g, o dilo RF3
Va —> sS4 = =
2-bit 4 L
Vb ——> Decoder <> 51-84

ENB —>| ] L\@; 0, W)—o RF4
34-—{% s4'—|%

Figure 3.1: Schematic diagram of the proposed SP4T swit(-:h.

depicts the configuration of the core transistors of the switch circuitry. Utilizing the
available RF transistors with the standard triple-well process, the double-well body-
floating technique was applied, and a large gate resistor was added to prevent high-
frequency signal leakage. The technique connects the deep n-well (DNW) and the body
of the transistors to the ground and VDD, respectively, through a large resistor. This
configuration improves the linearity of the switch and creates a high-impedance body,
preventing capacitance coupling loss to the lossy p-substrate as seen in bulk CMOS.
However, the technique creates a series capacitance of Cy, and Cg, when the series
transistors are turned off. To achieve the targeted overall isolation, shunt transistors are
necessary. However, without using the stacking method, which degrades insertion loss
and bandwidth, adding shunt transistors inevitably sacrifices linearity from the unwanted
self-biasing effect. Nevertheless, the double-well body-floating technique was still
adopted because it creates a well-controlled environment for the high-frequency signals

in the transistors.
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Figure 3.2: Equivalent circuit model of the proposed switch (activating RF1).
3.2.2 Circuit Schematics

Figure 3.1 illustrates the schematic diagram of the proposed SP4T switch. A 2-bit
decoder is integrated to reduce the number of required input controlling pads.
Additionally, a separated supply voltage ENB is included, which can be turned off to
bypass this digital circuitry. As discussed in the previous subsections, each of the four
branches comprises a series transistor along with the requisite shunt transistors. The series
transistors facilitate operation bandwidth starting from dc. To enhance overall high-
frequency performance, matching sections are required at the input and output of each
branch. The subsequent subsection delves into the trade-offs associated with device
selection and presents a systematic analysis for designing single-pole-multi-throw
switches.

3.2.3 Design Procedure

The equivalent circuit model of the proposed SP4T switch, when activating RF1, is
depicted in Figure 3.2. In the RF1 branch, the off-state shunt transistors are simplified as
shunt capacitance, while the series transistor is represented by a small resistor. The
parallel off-state branches of RF2 to RF4 are modeled as an off-state capacitance of series
transistor connecting a small on-resistance of the shunt transistors to ground. This
equivalent circuit model simplifies the on-state response of a single-pole-multi-throw
broadband switch into three parts: the left-hand-side (LHS) input matching section, a

small series on-resistance, and the right-hand-side (RHS) output matching section that
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utilizes the shunt capacitance of the off-state shunt transistors. For the off-state response,
isolation is determined by the on-resistance in the off-state branches.

The proposed design procedure can thus be divided into three steps. Begin with the
design of the RHS output matching section, which involves the selection of the size and
the number of the shunt transistors. In this step, a distinctive analysis of the matching
section is proposed, utilizing LC-ladder low-pass-filter (LPF) theory. Secondly,
determine the size of the series transistors based on the on-state response. Lastly, design
the LHS input matching section, incorporating the off-state capacitance from the
previously selected series transistors. The subsequent subsections delve into the details

of each step in the design process.
3.2.3.1 RHS Output Series-First LC LPF

In the conventional series-shunt topology, the output matching section typically
consists only of an output inductor and the shunt transistor, forming an LC matching
section. This configuration is often referred to as an artificial transmission line in some
literature. In microwave communities, the concept of the artificial transmission line has
further evolved into the traveling wave structure, which essentially comprises a series of
multi-sections of artificial transmission lines.

From a different perspective within LC-ladder filter theory, the interpretation of LC-
section artificial transmission lines or traveling wave structures can be collectively
referred to as a constant-k low-pass filter. This concept clarifies the confusing calculation
involved in the well-known inductance value equation:

Zy=+L/C (3.1
where Z, is the characteristic impedance of the system, L is the inductance added. For

an LC-section, which is a series-shunt half-section in the constant-k filter interpretation,
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Figure 3.3: Simulated responses of the series-first fifth-order LC-ladder LPFs.

the value of C is straightforwardly taken as the off-state capacitance of the shunt transistor.
However, in the calculation of traveling wave structures, the value of C used for
calculating L depends on the defined unit cell. For a traveling wave series starting with a
series inductor, the unit cell resembles a mid-series section of the constant-k filter. Here,
the value of C used in the calculation remains the same as the off-state capacitance of the
shunt transistor. Conversely, for the mid-shunt section, which constitutes the unit cell of
the traveling wave series starting with a shunt capacitor, the value of C used is half of the
off-state capacitance. The choice of unit cell results in a significant difference in the cut-
off bandwidth, which can be calculated as:
o0.=2/NIC (32)

When considering the same off-state capacitance value, the inductance needed from a
mid-shunt section is four times that required from a mid-series section. As a result, the
cut-off bandwidth achievable using a mid-shunt section is halved compared to a mid-
series section.

The interpretation of artificial transmission lines as constant-k filters thus extends
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Figure 3.4: Simulated responses of RHS output series-first constant-k filters with different

numbers of shunt transistors (different orders of constant-k filters).

the versatility of the design approach, utilizing other types of LC-ladder low-pass filters.
Figure 3.3 illustrates five selected cases of series-first fifth-order LC-ladder low-pass
filters, all with the same capacitance values. The series-first configuration facilitates using
inductors as the connection both preceding the output matching section and to the output
pad afterward. The fifth-order constant-k filter comprises two mid-series sections, while
the LC-ladder values for the other four filter types are determined using coefficients from
[80]. Both the Butterworth filters (maximally flat filters) and the odd-number-order
Chebyshev filters offer the advantage of having a load impedance magnitude equal to that
of the source, and their coefficient values are symmetric, which simplifies the design
complexity. In alternative design scenarios, other types of filters tailored for specific
purposes—such as minimal phase shift, passband ripple control, or group delay
requirements—can be custom-designed using conventional LC-ladder low-pass filter
theory. The primary objective of this work is to achieve the widest operational bandwidth,
which leads to the selection of the series-first constant-k filter as the output matching

structure.
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Figure 3.5: Simulated responses of RHS output series-first fifth-order constant-k filters

with different shunt transistor widths.

The size and number of shunt transistors involve trade-offs between isolation,
bandwidth, and insertion loss. Figure 3.4 illustrates the insertion loss and isolation of the
series-first constant-k filters with different orders. Ideally, as the filter order increases,
the bandwidth slightly expands. However, in practice, the insertion loss in higher
frequency ranges degrades due to the presence of more lossy elements along the signal
path. Conversely, increasing the number of shunt transistors enhances isolation by
providing more shunt connections to the ground. The responses of varying shunt
transistor widths are depicted in Figure 3.5. The larger device provides a smaller shunt
on-resistance to the ground, creating a more ideal isolation between the output and input
ports. On the other hand, the smaller transistor introduces less parasitic capacitance in the
transistor off-state, thereby increasing the overall bandwidth, which could be calculated
using Eqn. (3.2). The selection of the size and number of shunt transistors depends on the
design specifications. Typically, isolation is a more significant consideration, as the
primary bottleneck for a single-pole-multi-throw switch is usually at the input matching

section.

61
doi:10.6342/NTU202402277



Insertion loss (dB)

Frequency (GHz)
10 T T T T J T T ! T

n (dB)

10
(¥,

o
|

—0— Wg=2pum
—&— Wg=3um
Wg=4pum

80 7 20 40 ' 60 80 100
Frequency (GHz)

Isolat
=)
o
'l |

____________________________________________________________________________

~J]
<
|

T T T .

Figure 3.6: Simulated responses of a single branch with varying widths of series

transistors connected to the RHS output series-first LC LPF.

3.2.3.2 Series Transistors

After designing the RHS output series-first LC LPF, the next step is to determine the
size of the series transistors. Figure 3.6 illustrates the simulated responses of different
widths of the series transistors connected to the previously designed RHS output LC LPF.
The larger gate width of the transistor, the smaller the series on-resistance, leading to
better matching and less penalty on the level of insertion loss. However, as the size of the
transistor increases, the off-state series capacitance through the floating body also
increases, leading to a degradation in isolation. Simultaneously, the shunt capacitance
looking into an off-state branch also rises, which worsens the overall bandwidth of a
single-pole-multi-throw switch. Figure 3.7 depicts the imaginary part of Y;; of'the SP4T

switch, activating only the RF1 port, without the inclusion of any input matching circuitry.
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Figure 3.8: Simulated responses of the shunt-first third-order LC-ladder LPFs.

The overall response of the non-input-matched SP4T switch can be simplified to an
ideally shunt capacitance, the value of which can be easily calculated using the extracted
imaginary part of Y;; at a certain frequency point. The larger gate width of the series
transistors thus results in a larger shunt capacitance, which in turn limits the achievable

bandwidth of the LHS input matching circuitries.
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3.2.3.3 LHS Input Shunt-First LC LPF

The final stage of the switch design concludes with the LHS input matching section.
With the extracted pseudo shunt capacitance in the previous step, a shunt-first LC low
pass filter is proposed for the input matching design under the similar line of thought in
Sec. 3.2.3.1. A shunt capacitor and a series inductor are added in front of the SP4T switch,
consisting of the LHS input shunt-first third-order low-pass filter. Similarly, the responses
of the five selected types of LC-ladder LPFs are depicted in Figure 3.8 with the same
capacitance value. In contrast to the series-first case, the Chebyshev filters in this scenario
offer a wider bandwidth but come with the trade-off of in-band ripple. The excessively
increased ripple affects the input return loss, ultimately reducing the effective operational
bandwidth. The overall bandwidth performance of the SP4T switch is limited by the input
shunt-first low pass filter, due to the larger parallel capacitance of the four branches
compared to the shunt capacitance of a single transistor in each branch.

Figure 3.9 illustrates the post-simulated responses of the RHS output series-first LPF,

the series transistor with the RHS output series-first LPF, and the LHS input shunt-first
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Figure 3.10: Chip photograph of the proposed SP4T switch.
LPF. All the metal routings, RF pads, inductors, and the capacitor in the LHS input LPF
are EM simulated. According to the post-simulation results, the LHS input LPF not only
limits the overall bandwidth but also contributes nearly 4 dB insertion loss at higher
frequencies. This is attributed to the large shunt capacitance of the structure at the
combining node of the four branches. When comparing the two cases of the RHS output
LPF, with and without the series transistor, the inclusion of the series transistor degrades
the overall insertion loss response by approximately 1.5 dB and also deteriorates the
return loss due to the series resistance within the transmission path.

In summary, with the aforementioned design approach, a desired response of a
single-pole-multi-throw broadband switch can be synthesized through a methodical and

systematic procedure that utilizes conventional LC-ladder low pass filter theory.

3.3 Experimental Results

The proposed broadband SPAT switch is implemented in TSMC 40-nm CMOS
process. Figure 3.10 shows a chip photograph of the fabricated switch. All the five ports
from RFO to RF4 are connected to GSG pads, enabling the integration with the

measurement and calibration system discussed in the following chapters. As depicted in

65
doi:10.6342/NTU202402277



—~ -4 0
M 5 - i
P | L 100 8
& 2 ! i b
T w
.g 44 - -200 s
& 6] | S
Z£ 84 = -300
= 10 1 " 1 . 1 " | N 1 . 1
0 10 20 30 40 50 60
— Frequency (GHz)
80T 1 e e A
@ 10 4
=) .
S 20 ;
3 !
= 30 - !
2 |
= 40 ! i L
0 10 20 30 40 50 60
—_ Frequency (GHz)
m 0 T T v T T T T T T T
= ; : : ' :
% 10 -
=l .
£ 20 4 i
i= i :
o | i
= 304 . .
=] ; :
&40 :I 1 1 | i 1
5 . . \
o 0 10 20 30 40 50 60
20 Frequency (GHz)
i ! ' ! ' V ' ! ) [ |
@40- ----- ——RF1 -4
B 60 -
= 60 RF4
n -e - T
= ! - — Sim.
80 L | L 1 . 1 L ] L 1 a1
0 10 20 30 40 50 60

Frequency (GHz)
Figure 3.11: Simulated and measured S-parameter results at room temperature.

Figure 3.1, the control of the SP4T switch is managed by two logical input, Va and Vb,
through an integrated 2-bit decoder, which operates with a separated supply voltage ENB.
The logical control through the decoder can be bypassed by disabling ENB and directly
inputting the state of the four branches through S1 to S4 pads. The total chip area
including testing pads is 0.6 mm? (764 um X 809 um).

3.3.1 Room Temperature Measurement Results

The bare dies of the proposed switch are measured with both dc and RF probes at

room temperature. Due to the limitation of the three-port S-parameter calibration standard
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substrate, the measurement is conducted using three RF GSG probes. One probe contacts
RFO, while the other two probes are positioned on the upper and right sides, contacting
RF1 or RF2 and RF3 or RF4, respectively. The two non-contacted off-state ports are left
open during the measurement. Bias-tees are added after the three probes, providing a 0 V
dc level along the signal path to ascertain the state of the switch and the value of parasitic
junction capacitance.

Under the described measurement setup, Figure 3.11 compares the simulated and
measured responses of the SP4T switch. The measured insertion loss begins around 2 dB,
consistent with the simulation, and degrades to slightly above 8 dB at 67 GHz. This is
slightly lower than the post-simulation result, likely due to unaccounted losses in the
lengthy signal path, considering the negligible difference in phase response. The switch
exhibits an input and output return loss above 10 dB across the entire operational
bandwidth for all four ports, which also aligns well with the simulation results. Both the
measured and simulation isolation results are above 35 dB for frequencies below 30 GHz
and remain above 28 dB up to 67 GHz. The high isolation ensures that there is no
difference between the measurement results, where only three out of the five ports are
probed, and the simulation when all five are terminated. The responses of the four
branches align closely with each other, which can be attributed to the symmetrical layout
planning. The consistent measured responses from different ports suggest that the switch
is well-suited for its intended function of multiplexing in the calibration system, where
variations between each electrical path represent the primary source of calibration error.

While linearity isn't a primary concern given the application scenario of a cryogenic
measurement system, the power handling capability of the circuit is measured. Because
of the high isolation of the switch and the simplicity of the setup, the measurement was

performed using only two RF GSG probes: one for RFO and the other to probe the
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Figure 3.12: Measured input P4z at room temperature (activating RF3 and RF4).
activated RF3 or RF4, while the other three off-state ports remained unterminated. Figure
3.12 depicts the input P;4p of the SP4T switch for various frequency points. In the low-
frequency range of 4 to 10 GHz, where cryogenic measurements of superconducting
devices typically be conducted, the input P4 exceeds 6 dBm. As the frequency
increases, the input P4z also rises and saturates at around 10 dBm at 50 GHz. The
measured results for RF3 and RF4 match each other, indicating the good symmetry in the
switch.

3.3.2 4 K Temperature Measurement Results

The intended operating environment of the SP4T switch is at mK temperatures
within dilution fridges. For a preliminary assessment at cryogenic temperatures, the
switch is tested using a CRX-4K prober and a Keysight P5004A VNA at a temperature
of 4 K. The prober setup includes only two RF GSG probes. Therefore, similar to the
previous experiments at room temperature, the other three off-state ports are left open
without termination or probing during the measurement. The measured responses of the
SP4T switch at room temperature (RT) and 4 K temperature are illustrated in Figure 3.13.
At 4 K temperature, the insertion loss notably improves thanks to the reduced resistivity
of the metal routings, with only a slight deviation in the phase response. Furthermore, the
slight decrease in the on-state resistance of the series transistor also enhances both the

input and output matching. The high isolation response remains almost unchanged at 4 K
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compared to room temperature. Additionally, the switch still exhibits high symmetry at 4
K temperature, with the responses of RF3 and RF4 closely overlapping, indicating its
suitability for cryogenic temperature applications.

To ensure operation at millikelvin temperatures within the dilution fridge, the power
leakage of the switch must not exceed the power budget of the cooling system at the base
temperature, typically around 10 to 20 uW. In contrast to the multiplexers in [77-79], the
proposed SP4T switch intentionally excludes ESD cells. This prototype switch enables
testing of the power leakage of the core circuitry. Figure 3.14 displays the insertion loss
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Figure 3.14: Power consumption, insertion loss, and isolation at 6 GHz for various

supply voltages measured at RT and 4 K.

and 1solation of the switch at both room temperature and 4 K temperature, with varying
supply voltage. Additionally, the corresponding static power leakage of the switch is also
measured using the Keysight B2901A SMU. At 4 K temperature, the measured insertion
loss and isolation results suggest an anticipated rise in threshold voltage and a sharper
closing behavior of the transistors. The static power leakage with a standard supply
voltage of 0.9 V at room temperature is approximately 4 uW, but drops to only 0.6 pyW
at 4 K. The measured power is confortably below the budget limit, rendering the switch

suitable for the cryogenic measurement applications at mK temperatures.
3.4 Summary
In this chapter, we present the design of a dc to 67-GHz 40-nm CMOS SP4T switch

tailored for cryogenic measurement and calibration applications. Following a concise

overview of the development and research in broadband and cryogenic switches, we
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propose a systematic analysis and a three-step design procedure for achieving desired
responses in a single-pole-multi-throw broadband switch. This approach can be further
adapted for other specialized specifications using established LC-ladder low-pass filter
theory. At 4 K temperature, the implemented switch demonstrates insertion loss below 2
dB and isolation above 35 dB up to 20 GHz, with excellent symmetry among the four
ports. Without the addition of any ESD cells, the chip exhibits a leakage of only 0.6 uW
at 4 K, affirming its suitability for operation within cryogenic measurement systems at
the base temperature of a dilution fridge.

Table 3.1 compares the proposed switch with other SP4T switches and multiplexers
reported in the literature, considering their performance at either room temperature or
cryogenic temperatures. To the author’s knowledge, the proposed switch is the first
cryogenic broadband SP4T switch reported. At room temperature, compared to other
broadband works, the proposed switch exhibits a much higher insertion loss. This
discrepancy arises because all four output branches connect to the output pads,
necessitating a larger chip area to accommodate a higher number of pads, thereby
lengthening the RF routing path. Consequently, the lossy high-frequency routing
degrades the insertion loss. The chips in [60, 66, 73] terminate two or three of the four
output ports internally with on-chip loads, thereby reducing the overall area by using only
one or two output pads and achieving a better reported insertion loss. Compared to the
other cryogenic studies, the proposed design approach effectively broadens the
operational bandwidth with minimal insertion loss, while also achieving superior
isolation. The comparable power leakage of the proposed switch at a temperature of 4 K,
compared to the reported static power at 10 mK in [79], confirms the feasibility of its
operation and integration with the measurement and calibration system at the base

temperature.
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Table 3.1: Comparison of RT and cryogenic SP4T switches and multiplexers.

BW IL Iso IP,;s DC Power
(GHz) (dB) (dB) (dBm) (uW)

[60] 0.13-um CMOS ~ RT  de-70  <3.5  >25  9-10 )

Ref. Tech. Temp.

[66] 0.13-pm SOI RT de-50 <43 >27 >11 -

[73] 180-nm SiGe PCM  RT dc-60 0.9 25 - -

[74] InAs/AISb HEMT 90K  dc-5 0.9 22 8 -
[77] 28-nm HPC+ 32mK  4-8 <3 >30 - 36.2
[78] 28-nm CMOS 10 mK  dc-10 - >25 - 1.43
[79] 28-nm CMOS 10 mK  dc-10 <3 >30 - 0.6
This work ~ 40-nm CMOS RT dc-67 <8 >28 10 4
This work ~ 40-nm CMOS RT dc-20 <4 >37.6 9 4
This work ~ 40-nm CMOS 4K  dc-20° <2 >36 - 0.6

aThe provided VNA for 4-K measurements has a limited bandwidth of up to 20 GHz.
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Chapter 4 Sample Holder Design and RF

Characterization within Dilution Fridge

4.1 Introduction

The experimental setup for conducting quantum-related studies requires expertise
across various fields, including cooling systems, vacuum systems, and mechanical and
electrical engineering. In this chapter, our focus is on designing custom sample holders
and exploring materials suitable for operation at cryogenic temperatures.

There are fewer studies reported in the literature regarding the details of sample
holder design for quantum-related measurements [81-83]. However, as the demand for
control and readout in massive qubit arrays increases, integrating traditional electronics
and electrical designs for signal integrity becomes an ever-growing topic alongside the
integration of the ultimate quantum system. In addition to literature studies, the
commercially available Qboard from QDevil (Quantum Machine) in the lab provides
comprehensive guidance on the requirements of the on-board system. The studies in this
chapter thus attempts to improve and design for our custom specification, drawing
insights from existing reports and commercial products.

All reported literature and the Qboard are primarily designed for spin qubit
communities. For a general spin qubit control and readout platform, the system requires
the following functionalities:

1. DC lines for energy level biasing.

2. High-frequency gate control lines up to approximately 6 GHz.

3. Microwave lines for frequencies in the tens of GHz range.

4. Low-frequency lines for lock-in measurements up to hundreds of kHz.
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5. High-frequency reflectometry lines up to around 3 GHz.

These specifications serve as a general guideline and may require adjustments based on
specific design requirements. With such versatile on-board configurations, maintaining
signal integrity between different functionalities is a significant challenge. This includes
designing bias-tees, bypass and decoupling networks, and filtering circuitries, particularly
in such a high-frequency and highly sensitive system. Apart from the electrical and
microwave engineering aspects, designing the sample holder also entails ensuring
mechanical compatibility and durability at cryogenic temperatures, along with meeting
non-magnetic requirements and heat conductivity specifications.

In the earlier work reported in [81], a two-board configuration is proposed, featuring
an additional ground-PCB to protect samples from ESD spikes. A cryostat-PCB serves as
an interface, connecting the cables with MMCX-type connectors for up to 6 GHz
bandwidth, and the dc line from nano-D connectors passes through on-board surface
mount RC bias-tees to connect to the high-frequency lines. The interconnect includes
mini-SMP bullets and connectors, with adhesive between the three boards. The device
board features a multi-layer structure, including two paths for up to 40 GHz microwave
signals, dc tracks with low pass filters, and high-frequency lines from the cryostat-PCB
for control and tank-circuit readout. The paper primarily discusses the improved isolation
achieved through fencing vias, although degradation from inter-layer coupling of
overlapping traces from a common ground plane is also reported. In a subsequent study
by the same group, an enhanced version is proposed [82]. The paper introduces a novel
board-to-board interconnect structure utilizing Fuzz buttons from Custom Interconnects.
This innovation enables the creation of a modular and miniaturized sample holder with
interchangeable device boards. Such a design facilitates mass production and

measurement of samples without the need for de-bonding or damaging the device under
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test. The sample holder prototype described in this paper closely resembles the
commercially available Qboard. A similar early version of the Qboard is also briefly
introduced in the experimental setup in [84].

Another group presents a more complex system in [83], also utilizing a double board
configuration with a ground PCB for protection during wire bonding and mounting. They
also employ the same mini-SMP bullets for board-to-board connection. A device board
separates high-frequency and dc signals in different layers, including low-pass filters to
further prevent signal interference. Unlike previous works where only passive
components are integrated, the cryo-amplifier board in this paper explores the utilization
of a multiplexer and transimpedance amplifier within the sample holder system, though
only applicable at a temperature of 4.2 K. In addition to transmission and isolation
measurements, the paper also discusses the influence of bias-tees on general gate

sequences and impedance-matched via techniques for high-frequency inter-layer tracks.
4.2 Design of First-Phase Testing Boards

Compared to the highly complex sample holders in the literature, the first phase of
the design is more reasonable for conducting fundamental tests on material suitability and
simple building block structures. The board is targeted to be integrated inside the sample
puck of the dilution fridge, facilitating measurements at the base temperature and enabling
quicker sample changes without reheating the entire fridge. The following subsections
discuss some considerations for the first phase of the design.

4.2.1 Material Selection

Based on the studies reported in the literature, the materials and components tested
could serve as references. In the previously discussed papers, all the high-frequency PCB
board materials are RO3003 boards. These boards have a low dielectric constant,
requiring a thin thickness to maintain a 50-ohm characteristic impedance. This helps
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Layerl 10z
RO3003 10 mil

Layer2 10z
HTG PP 0.2 mm
Layer3 10z

HTG FR4 28 mil

Layerd 10z
Figure 4.1: PCB stacking arrangement of the first-phase testing boards.

reduce nearby track-to-track coupling, as most of the electric field travels straight to the
ground plane vertically. In addition to the low loss tangent feature of the Rogers high-
frequency laminates, RO3003 boards have the smallest thermal coefficient of dielectric
constant and decent thermal conductivity. Mechanically, RO3003 boards exhibit a
coefficient of thermal expansion near that of copper. Overall, the laminate is believed to
be suitable for high precision control of high-frequency signal performance at cryogenic
temperatures. Figure 4.1 depicts the stacking arrangement of the first-phase testing boards.
A four-layer structure is proposed for the early-stage experiment, requiring no complex
routing. To minimize costs and provide sufficient thickness for stability, conventional
FR4 material is used for the dc track routing. Electroless-nickel electroless-palladium
immersion gold (ENEPIG) is chosen as the metallic finishing for the board due to the
necessity of wire bonding in some testing structures. The nickel layer thickness is
approximately 125 micrometers. However, its potential impact on magnetic-sensitive
devices remains uncertain, despite previous reports dismissing concerns due to the small
amount of usage involved [81]. To simplify the production and design complexity, all
vias are implemented as plated through holes, with epoxy plugs to prevent gas entrapment.
This precaution helps avoid potential virtual leaks under vacuum conditions [81].
Utilizing only one layer of the high-frequency laminates suggests the use of
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unbalanced transmission line structures on the surface layer of the board, simplifying the
overall design complexity. On the other hand, although some through-hole structures like
impedance-matched vias reported in [83] demonstrate frequency ranges up to around 20
GHz, connecting surface routings to interlayer striplines might be challenging to achieve
our targeted 40 GHz bandwidth within fabrication process capabilities. Therefore, for the
first phase of testing, planar structures are adopted, which influences the selection of
microwave connectors and the corresponding cables. With the requirement of up to 40
GHz operation, several miniaturized and push-on candidates, including SMP, SSMA,
Mini-Coax, Mini-SMP, MMPX, and SMPS, are considered. The conventional SK series
connectors are dismissed due to their relatively large size and difficulty in assembly.
While none of the connector types mentioned above are specifically designed for
cryogenic usage, Mini-SMP and Mini-Coax connectors have been reported in previously
reviewed literature. However, since they are unavailable from their sole producer,
Rosenberger, we have had to explore other alternatives. Considering the component size
and the comparable pin radius to the on-board signal track, MMPX and SMPS connectors
have been selected. These two selections offer flexibility in testing: MMPX connectors
provide stronger and more reliable soldering at cryogenic temperatures due to their long
print legs inside through holes, while surface mount type SMPS connectors have a smaller
size and do not affect the interlayer structures of the PCB, improving the versatility of
board design and easing mechanical limitations. The corresponding cables connect the
respective on-board connector to the SMP connector on the feedthrough of the sample
puck. While cryogenically verified cable options like CuNi and superconducting
materials exist, considerations such as price, bending ability, and diameter may be a
concern. Overall, conventional cable materials at room temperature like silver-plated

copper and PTFE or FEP dielectric are used, which seem operable at cryogenic
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environments based on several reports in the literature.

The selection of dc connectors and other SMD components is relatively
straightforward, as there have been numerous cryogenic experiments conducted.
However, since none of the materials discussed above are specifically designed for
cryogenic use, their performance at low temperatures is unpredictable. Therefore, as an
initial phase of verification, testing across various scenarios is necessary to lay the

groundwork for future research.
4.2.2 Considerations of Testing Scenarios

In Section 4.1, we discussed the general functionalities of sample holders for spin
qubit platforms, which encompass various specialized control and sensing purposes. For
the initial testing phase, we can summarize the versatile specifications into several
common testing scenarios. From a microwave engineering perspective, we conclude the
listed requirements as follows:

1. The dcto kHz low-frequency tracks, which involve less microwave design. The
main challenge lies in filtering and decoupling, preventing signal interference
with other high-frequency signals.

2. High-frequency lines up to around 6 GHz, which could be used as gate control
lines and the reflectometry lines connected to resonator tanks.

3.  ESR microwave transmission lines operating up to 40 GHz, representing the
most demanding specification in this on-board high-frequency design.

By the above classification, two quasi-TEM structures are proposed: microstrip lines (MS)
and conductor-backed CPW (CBCPW). The CBCPW lines provide better confinement of
the field, reducing coupling and radiation loss at higher frequencies, as well as less
dispersion and possible parasitic wave mode propagation. Meanwhile, MS lines, with

their smaller cross-sectional areas, might be suitable for high-density RF control and
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reflectometry lines.

Instead of directly integrating the required elements into a proper sample puck, the
first-phase experiment here divides each part to identify possible functional obstacles.
With the need to validate microwave transmission line performance up to high frequency
ranges and also quantify the SMD components at cryogenic temperatures, a TRL
calibration scheme is proposed. The design includes three different line lengths, each with
electrical phases ranging from 20 to 160 degrees. These correspond to frequency ranges
from 6.4 GHz to 50.9 GHz, 0.83 GHz to 6.6 GHz, and 1.5 GHz to 11.8 GHz, denoted as
L1 to L3. An open standard is selected in the MS case for simplicity in design, while a
short standard is chosen in the CBCPW case for better control of the field termination.
Each of the TRL standards has its own connectors and cables connected to the adapter on
the feedthrough of the sample puck. Due to the restriction of having only eight available
cables in the dilution fridge, the TRL board is constrained to four tracks. Consequently,
besides incorporating the standards, only one device under test (DUT) or one additional
line can be accommodated on the same board. Alternatively, DUTs can be exclusively
mounted on other boards without standards, assuming the error box remains the same as
the standard board. With this approach, the board containing the device is loaded and
measured after unloading the standard board when TRL calibration is performed.

With this possible TRL calibration scheme, several structures and components are
selected as devices under test (DUT). Firstly, on the TRL standard boards, either an
additional line, which serves as both a DUT and a standard, or a gap for testing the wire
bonding effect is constructed. On the MS board, a enhanced coupling ring resonator is
designed as a DUT, which could be used to calculate the laminate material properties.
Additionally, SMD components with different footprints and bias-tee structures allowing

for resistive or inductive choking are integrated within separate boards from the TRL
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standards. These boards also include individual sockets for dc measurements of SMD
components.

Extending the on-board TRL concept, on-chip TRL calibration boards are routed
with four paths, each with identical electrical lengths traced to the DUT mounting area.
As a control group, a similar board without a mounting area, with lines connecting
directly to the other end, is added to verify symmetry and check for possible coupling.

In addition to conventional microwave characterization studies, first-phase sample
holders with dc routing are designed to assess the impact of high-frequency signals within
the same board for quantum devices. These boards feature low-pass filters on the dc tracks
near the DUT, which may consist of commercially available individual components or
SMD resistors and capacitors, preventing the RF to dc crosstalk. For the sole purpose of
conducting pure dc measurements on undiced samples, a board with ample mounting
space is implemented, featuring only dc routings.

Besides serving as a sample holder for quantum-related devices, this first-phase
testing board is also suitable for verifying the platform of integrated circuit packaging at
cryogenic temperatures. Therefore, a two-port GSG routing measurement board is
devised, comprising ten dc tracks, each offering five mounting points for bypass
capacitors, while another board is further equipped with footprints for dc blocking
capacitors.

Finally, in order to prevent mechanical failure in cryogenic environments, most
experiments are designed in two versions using either MMPX or SMPS connectors.
Additionally, some TRL boards are horizontally routed to avoid cable stress limiting the
winding angle and becoming stuck with the enclosure of the sample puck. For reference,

Table 4.1 lists the photos of all implemented boards in this first-phase experiments.
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MMPX_ON_CHIP_TRL_wo_ | MMPX_ON_CHIP_TRL_GND | MMPX_LNA_GND_CON_wo
HOLE _CON _CAP

Table 4.1: List of the first-phase testing boards.
4.2.3 RF Routing Design

One of the primary challenges in microwave design for RF routings is the
interconnect structure from on-board connectors to the transmission lines. Typically, a
taper section is required due to the difference in size between the pin and outer metal
diameter compared to the designed on-board transmission lines. Figure 4.2 and Figure
4.3 depict the footprints of the four layers for MMPX and SMPS connectors respectively.
The interconnect section extends the coaxial-like structure from the connector,
transitioning to the planar transmission lines with a bending angle of 90 degrees. Different
tapper pattern designs ensure that the signal track and the shrinking ground planes
combine with the outer metal arch of the connectors to form the proper semi-coaxial-like

transmission with a characteristic impedance near 50 ohms. In both designs, a small hole
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Figure 4.2: Footprints of the four layers for MMPX connectors.

Layer3 PS o O PS

Figure 4.3: Footprints of the four layers for SMPS connectors.
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Figure 4.4: Simulated responses of CBCPW L1 standard with MMPX connectors.

is opened in the second layer directly beneath the pin of the connectors. This modification
deepens the cavity under the pin with an additional dielectric layer, loosely maintaining
the specific proportion between outer and inner conductors required for the coaxial-like
transmission characteristic impedance of the connectors in this bending area. The pattern
on the fourth layer does not affect the microwave transmission line. However, due to the
high density of through holes in this area, a connected ground plane is preferred.

Figure 4.4 and Figure 4.5 illustrate the EM simulated S-parameter responses of
CBCPW transmission line L1 standard along with MMPX or SMPS connectors
respectively. With either connector type, the interconnect section and the CBCPW
transmission line effectively propagate the high-frequency fields between the two
coaxial-like connectors, achieving a return loss of higher than 20 dB up to 40 GHz. The

on-board insertion loss, including two connectors, is lower than 0.6 dB for both types of
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Figure 4.5: Simulated responses of CBCPW L1 standard with SMPS connectors.
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Figure 4.6: Simulated responses of MS L1 standard with SMPS connectors.
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Figure 4.7: The cross-sectional electric field vector of CBCPW transmission lines.
connectors. A similar simulation is conducted for MS transmission line L1 standard with
SMPS connectors in Figure 4.6. While the return loss is well above 20 dB in the targeted
40 GHz frequency range, the transmission responses approaching 40 GHz starts to exhibit
some nonlinearity. This might be due to dispersion or higher-order mode phenomena in
MS lines, which start at a lower frequency for the selected laminate thickness.
Nonetheless, both the CBCPW and MS lines, with both MMPX and SMPS connectors,
perform admirably within the required bandwidth.

The cross-sectional electric field intensity of a CBCPW transmission line is depicted
in vector form in Figure 4.7. Unlike conventional CPW structures, where most of the field
lines extend from the signal track to the outer surrounding ground planes, here, due to the
thin thickness required for the RO3003 laminate to achieve a 50-ohm characteristic
impedance, the signal track is wider. As a result, a greater portion of the field travels
directly to the conductor-backed ground, creating a semi-coaxial-like field distribution
that integrates the characteristics of microstrip and CPW fields.

Apart from the cross-sectional field distribution, Figure 4.8 illustrates the complex
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Figure 4.8: The complex magnitude of the electric field in the RO3003 laminate. (a) With
a single layer of vias. (b) With a double layer of vias.

magnitude of the electric field within the RO3003 laminate between Layerl and Layer2
copper metal of a CBCPW transmission line. Grounding vias are conventionally
recommended to suppress possible parallel-plate mode propagation between the upper
and conductor-backed CBCPW grounds. As shown in the EM simulation at a frequency
point of 40 GHz, having only a single layer of vias allows a certain amount of electric
field to leak from the process-limited via spacing. Conversely, under the same conditions,
the second layer of vias effectively limits the field to a desired extent and suppresses the
leakage-induced parallel-plate mode propagation. It’s worth mentioning that in the EM
simulation, a PEC guarding wall is introduced surrounding the board, depicted as yellow
rectangles in Figure 4.8. This prevents the field radiating from the upper area of the
CBCPW transmission line from traveling back to the parallel-plated space of the

laminates through the non-shielded side openings. In practical implementation, through
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Figure 4.9: Simulated responses of ring resonator with SMPS connectors.

hole vias are randomly added on the idle ground planes outside the transmission line
structures, which may disrupt the periodicity of potential parallel-plated mode
propagation.

On the MS board, an enhanced coupling ring resonator is implemented as a DUT.
Such resonators have been employed in previous studies for measuring dispersion,
dielectric constant, and dissipation factor by analyzing the resonant frequency and quality
factor [85, 86]. To enhance coupling strength and improve insertion loss, the ring
resonator is designed with enhanced coupling configuration, although this may result in
more pronounced perturbation of the field from the coupling lines to the ring [87, 88].
Figure 4.9 depicts the EM simulated first and second modes of the implemented enhanced
coupling ring resonator, along with the two connectors and MS transmission lines before
and after the DUT.

4.2.4 Wire Bonding Issues

Apart from the design challenges presented by on-board high-frequency
transmission lines and connector-to-line interconnects, the transition section connecting

on-board transmission lines to the DUT poses another microwave transmission challenge.
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Figure 4.10: Transmission-line-to-bond-wire transition structures under test. (a) Same
structure extending CBCPW transmission lines. (b) Shrink-sized wire bonding pads. (c)

Impedance-matching structure compensating the bond wire effect at high frequencies.
Given that custom sample devices for experimental measurements typically use bond
wires for the DUT-to-board connection, the wire bonding effect at microwave frequency
ranges becomes a significant concern. Considering the small pitch size of the on-chip
pads primarily intended for probing measurements, the width of the bonding pads may
intuitively shrink from that of CBCPW lines to reduce both the length of the bond wire
and the peripheral area required for adhering the sample. Nonetheless, at high frequency
ranges, the inductive response of the thin bond wires along with the shrink-sized bonding
pads form a high impedance section that reduces the transmission coefficient. In response
to the inductive component of the bond wires, the simplest modification is implementing
an artificial transmission line structure by adding capacitors before and after the bond
wires. However, implementing 1 lumped capacitance solely through copper patterns on
PCB boards poses challenges, whereas employing SMD components may demand a
larger area and introduce additional coupling and bond wiring issues.

Instead of using conventional lumped LC as matching sections, the approach here
adopts the multi-section transformer method [89]. In this approach, the inductance of the

bond wire could be modeled as a short section of transmission line with a significantly
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Figure 4.11: Simulated responses of the three different wire bonding structures.

high characteristic impedance. Through a series of different transmission line sections
with carefully adjusted characteristic impedance, the multi-section response could be
tuned to optimize the transmission coefficient within a desired bandwidth. From another
perspective, this could also be interpreted as a step-impedance low-pass filter design.
Figure 4.11 compares the EM simulated responses of the three configurations depicted in
Figure 4.10, which include the two MMPX connectors and CBCPW transmission lines
before and after the transition section. Since the configuration of the DUT is unclear for
a sample holder design, the experiment here focuses on verifying the usefulness of the
interconnecting structure by employing a symmetry arrangement, enclosing the bond wire
in the middle. The EM simulation results in Figure 4.11 are conducted only up to 20 GHz.
This limitation arises from the effective bandwidth of the impedance matching section,
which is constrained by the inductance value of the bond wire, corresponding to the
necessary wire bonding length. As the comparison reveals, both without any modification

or using the shrink-sized pad are affected by the bond wire and result in an unacceptable
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Figure 4.12: EM simulation of the sample holder CBCPW transmission line bond wiring
to a fictitious DUT, featuring an aluminum CPW line on a Si substrate. (a) Top view of
the setup. (b) Side view of the setup. The lines indicate the slicing planes, on which the
complex E fields at 40 GHz are shown in (¢) and (d).

return loss. On the other hand, the multi-section impedance structure effectively enhances
the matching and achieves an insertion loss of less than 0.5 dB within this frequency range.
In practice, without the corresponding symmetrical impedance-matching structure on the
sample chip, the overall transmission and bandwidth performance might degrade further;
nevertheless, the multi-section transformer improves the overall signal transmission.
Another concern regarding bond wiring issues emerges when incorporating DUTs
into the simulation. Figure 4.12 illustrates one such scenario, where a fictitious DUT,
comprising an aluminum CPW transmission line above a silicon substrate, is positioned
on the sample holder, with wire bonding to the feed-in CBCPW transmission line. Figure
4.12 (b) depicts the side view of the configuration, with two lines indicating the slicing
planes where the complex E fields are shown in (c) and (d). At the transition area, the
confined field of the feed-in CBCPW transmission line is compelled to be propagate to
the upper layer, guided by bond wires and blocked by ground vias. Most of the energy
could thus smoothly transfer to the aluminum CPW lines on the fictitious DUT. However,
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Figure 4.13: Boards assembled within the sample puck. (a) SMPS TRLI1L2 HOR board.
(b) SMPS_ MS TRLIRING HOR board.

as shown in Figure 4.12 (d), when the field is injected within the aperture defined by the
bond wires, the aluminum layer of the DUT and Layer1 ground plane of the sample holder
board, the Layerl ground plane and the aluminum ground plane of the DUT form a
parallel-plate structure, which may resonate like a patch at certain frequencies. These
resonances therefore influence the transmission characteristics of this fictitious CPW line
DUT, where in practical scenarios, affects the expected responses of the samples. This

phenomenon will be revisited and carefully addressed in the next chapter.

4.3 RF Characterization within Sample Puck

4.3.1 Raw Data Measurement

As the first phase of verification, the functionalities of the seven boards containing
microwave transmission lines are measured at room temperature, namely

SMPS TRL1L2, SMPS TRLIDUT, SMPS TRL1L2 HOR, SMPS TRLIDUT HOR,
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SMPS MS TRLIRING HOR, MMPX TRLI1L2, and MMPX TRL1DUT. Although
we initially selected both types of connectors and two orientations, it later became
apparent that the available space within the sample puck was insufficient to accommodate
eight corresponding cables for the MMPX connectors, or for the eight SMPS cables when
the transmission lines are in the vertical orientation. The mechanical limitations, such as
the available space inside the sample puck and the inevitable bending stress and flexibility
of the cables, pose unpredictable challenges during integration within the sample puck.
Thankfully, the horizontal versions of transmission lines with SMPS connectors are
suitable for testing in this initial phase. The assembled configurations of the
SMPS TRL1L2 HOR and SMPS MS TRLIRING HOR boards within the sample
puck are depicted in Figure 4.13.

The measured results of the standards on the SMPS TRLI1L2 HOR board are
illustrated in Figure 4.14. To verify the functionalities step-by-step, two configurations
are compared. In the “Board only” scenario, the VNA is calibrated to the reference planes
at the end of the two 2.92-mm cables in the setup. Moreover, the responses of the required
interconnects to the board, including two blue SMP-to-SMPS cables in Figure 4.13 and
two SMP-to-2.92-mm adaptors, are involved in the measurement results. It’s noteworthy
that we use the same two blue cables and adaptors throughout all of the standard
measurements in this case. On the other hand, the setup for the “w/ puck™ scenario is
shown in Figure 4.13, where the 2.92-mm cables from the calibrated VNA setup are
affixed to the SMP connectors on the right-hand-side of the sample puck through the
SMP-t0-2.92mm adaptors. Consequently, the measured responses encompass the
adaptors and connectors on the sample puck, as well as the eight different blue SMP-to-

SMPS cables for the four standards. Notably, it is important to mention that the standards
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Figure 4.14: Measured responses of the SMPS TRLIL2 HOR board alone and within

the sample puck (without enclosure).

are measured without closing the enclosure of the sample puck in this configuration. The
measurement results depicted are limited to 20 GHz for two reasons. Firstly, the

bandwidth of the VNA used is restricted. Secondly, the high-frequency cables available
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Figure 4.15: Measured responses of the SMPS MS TRLIRING HOR board alone and

within the sample puck (without enclosure).

in the dilution fridge used in this first-phase experiment are specified to cover only up to

around 18GHz. Although a 20 GHz bandwidth is sufficient for this initial verification,

simulations and all the components within the sample puck ensure functionalities up to
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40 GHz. As shown in Figure 4.14, the inclusion of the sample puck not only deteriorates
the insertion loss but also affects the return loss at higher frequencies. Additionally, the
number of ripples in the transmission responses increases and is heightened due to multi-
reflections caused by the unmatched impedance at each interconnection plane.
Nevertheless, the measured responses continue to demonstrate good matching even under
practical configurations within the sample puck, where the return loss is primarily
constrained by the specifications of the off-board interconnects such as cables and
connectors. By comparing within a single plot, noticeable increases in the insertion loss
resulting from the extended CBCPW transmission lines are evident in both scenarios. At
certain middle frequencies, ripples in the T and L1 responses overlap for the “w/ puck”
case, possibly due to the varied responses of the different cables and connectors involved.

Figure 4.15 presents the measured responses of the SMPS MS TRLI1RING _HOR
board under the same comparison of the two cases. Within the sample puck, a similar
degradation in return loss and increase in ripples are observed, although the reflection
coefficient remains acceptable. The measured resonance frequency of the ring resonator
is approximately 14.75 GHz, slightly lower than the simulated result. Because additional
components are involved in the signal path, the measured quality factor is lower,
necessitating a calibration scheme to obtain useful data for extracting the board
parameters. Some non-idealities may be present in the measurements of this board, as the
insertion loss of T1 without and within the sample puck nearly match each other, and
some dips are observed in the responses. These defects are likely attributed to loose
connections or differences in loss across the interconnections of varying standards when
assembled within the sample puck.

To improve the evaluation of the electromagnetic environment in the dilution fridge,

we subsequently covered the sample puck with its enclosure. Figure 4.16 compares the
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Figure 4.16: Measured responses of the SMPS TRL1L2 HOR board with and without

the sample puck enclosure.

measured results of the SMPS TRLI1L2 HOR board with and without the sample puck

enclosure. The CBCPW transmission lines confine most of the field inside the semi-

coaxial-like structure, resulting in negligible differences for the transmission-type

standards. However, for the Reflect standard, although only minor variations are observed

in the return loss, the enclosure influences the transmission of the leakage power. A small

amount of the radiation at the shorting end travels inside the cavity and reflects off the

metallized enclosure, thereby transmitting to the port at the other end.
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Figure 4.17: Measured responses of the SMPS MS TRLIRING HOR board with and

without the sample puck enclosure.

The comparison of the MS transmission lines shows inferior characteristics
compared to the CBCPW structure at higher frequency ranges. Illustrated in Figure 4.17,
even the simple transmission lines are affected when the enclosure is covered. At
moderately high frequencies of around 20 GHz, the inclusion of the enclosure increases
the leakage power to around -30 dB for the Reflect standard. Furthermore, the responses
of the ring resonator also display some disparities, with variations observed in the

resonance dip pattern. These results reaffirm that, although MS lines occupy a smaller
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Figure 4.18: Overall measured responses of transmission-line-to-bond-wire transition

structures, compared with L1 responses.

footprint compared to CBCPW lines, the expending electric field lines make them
susceptible to coupling with nearby signal tracks and affected by the reflection of the
surrounding metallized enclosure.

Besides the RF routing designs, we also discussed the impact of bond wires on high-
frequency signals. Figure 4.18 compares the measured responses of transmission-line-to-
bond-wire transitions, where the bond wires span the gap between the proposed multi-
section transformer structures or the shrink-sized pads. The responses of pure CBCPW
L1 are also shown. All results are measured without the sample puck, using the same blue
cables and adaptors. With the proposed matching section, the harmful effect of bond wires
can be effectively eliminated, resulting in a return loss remaining above 10 dB up to 20
GHz. These results demonstrate potential solutions for high-frequency signal
transmission when bond-wiring the DUTs on the sample holder.

4.3.2 TRL Calibration at Room Temperature

As discussed in Section 4.2.2, a TRL calibration scheme is devised alongside the
verification of the microwave transmission lines in this initial experiment phase. Ideally,
the three standards and the DUT are routed and interconnected by identical structures and
controllable components. By ensuring uniformity in cables, connectors, and on-board
patterns, it may be possible to calibrate the error boxes before and after the standards and

DUTs, even without using the same sets of interconnecting branches. Based on this
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Figure 4.19: Measured responses of L1, L2 and the ring resonator as DUTs within the
sample puck, before and after the TRL calibration.

hypothesis, it may also be feasible to allocate the standards and DUTs onto separate
boards, conducting different rounds of measurements. This approach circumvents the
constraint of the limited number of cables available in the setup and thus increasing the
number of samples tested within a single calibration. Furthermore, the separate SMD
component evaluation boards are designed based on this assumption.

To validate the concept, an experimental TRL calibration procedure was performed
using the measured results of various standards on the SMPS TRLIL2 HOR,
SMPS TRLIDUT HOR, and SMPS MS TRLIRING HOR boards, as described in the
previous subsection. For the first-phase verification, the calibration was conducted using
one of the earliest and simplest versions of the TRL algorithm [90]. The raw data of all

measured standards and DUTs were processed in Matlab to obtain the calibrated
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responses. For the CBCPW transmission line platform, calibration is performed using the
four standards on the SMPS TRLI1L2 HOR board. To evaluate the calibration results,
the L1 standard on the SMPS TRLIDUT HOR board and the same L2 standard on the
SMPS TRLI1L2 HOR board are used as DUTs. In the MS transmission line scenario, the
ring resonator is measured as a DUT after calibration with the three other standards on
the same board. Figure 4.19 illustrates the comparisons of the measured results before
and after the TRL calibration. All measurements are conducted within the sample puck,
under the eight-different-blue-cable configuration mentioned in the previous subsection.
The calibration bandwidth of the algorithm is constrained by the electrical length of the
line standard. Specifically, in this experiment, the L2 standard covers frequencies from 1
GHz to 6.5 GHz, while the L1 standard covers frequencies beyond 6.5 GHz.
Consequently, the calibrated L1 measurement data in Figure 4.19 exhibits a small
discontinuity and different behavior surrounding 6.5 GHz frequency point. Conversely,
the L2 and the ring resonator are plotted from 6.5 GHz onwards, where the TRL
calibration using only L1 as the line standard takes place. The calibration effectively
removes path loss for the two CBCPW transmission line cases. Additionally, it results in
a much closer 3-dB bandwidth and transmission loss for the ring resonator compared to
simulation. However, the calibrated results exhibit two significant flaws. Firstly, as
described earlier, there’s a discontinuity due to the line standards covering separate
bandwidths and the use of a straightforward calibration algorithm. Secondly, there are
post-calibration ripples. In the worst scenario, such as with the L2 results, the calibration
exacerbates the ripples, leading to increased uncertainty and even worsening return loss
behavior.

As described in Sec. 4.3.1, under the second configuration without integrating the

sample puck, measurements were performed using two identical blue cables and adaptors
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Figure 4.20: Calibrated responses of L1, L2 and the ring resonator as DUTs, measured

with the board alone and within the sample puck.

across all standards and DUTs. Figure 4.20 compares the calibrated measurement results
of the two configurations with the same standards and DUTs. Using the same cables and
adaptors for all measurements effectively removes the harmful ripples. This indicates that
differences in error boxes across each standard and DUT are the main cause of the
uncertainties in this calibration scheme. Notably, the L2 case shows a significant
improvement in return loss in addition to the reduction of ripples.

To further identify the possible error sources, we also tried to use the build-in TRL
calibration scheme in the Keysight VNA. However, the results exhibited the same issues
of ripples and discontinuities. After excluding potential errors from the custom algorithm,
we measured several combinations using the build-in TRL calibration function in the

VNA. Without the sample puck, we tested two scenarios: one using the same two blue
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Figure 4.21: Calibrated responses of L1 as DUT, measured using cables 5 and 2 or cables
6 and 3. The Ilabel ‘DUT’ indicates results measured for L1 on the
SMPS TRLI1IDUT HOR board, while the unlabeled results are for L1 on the
SMPS TRLI1L2 HOR board.

cables across all standards and DUTs as before, and the other using eight different cables
for each standard measurement. The cable labeling for the second case is as follows: Thru
using cables 8 and 7, L1 using cables 6 and 3, L2 using cables 5 and 2, and Reflect using
cables 4 and 1. For both scenarios, calibrations are conducted using the TRL standards
on the SMPS TRLIL2 HOR board. In the second scenario, the L1 calibrated results are
depicted in Figure 4.21, where the L1 responses are measured using either cables 5 and 2
or cables 6 and 3. The label ‘DUT’ indicates results measured for L1 on the
SMPS TRLIDUT HOR board, while the unlabeled results are for L1 on the
SMPS TRLI1L2 HOR board. As in the previous experiments, the results above 6.5 GHz
are calibrated using the L1 standard, while the results from 1 to 6.5 GHz are calibrated
using the L2 standard. Therefore, the return loss responses exhibit obvious discontinuities.
These comparisons reveal several key features. First, when measuring using cables 6 and
3, which are the same cables used for measuring the L1 standard during calibration, the
calibrated return loss above 6.5 GHz shows the best results. In this case, not only are the
cables the same, but the DUT measured is also the same L1 used in the calibration,
resulting in ideal outcomes. In the second-best case, still using cables 6 and 3 but

measuring a different L1 on the other board as the DUT, the return loss significantly
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Figure 4.22: Calibrated responses of L1 and L2 as DUTs, measured using cables 6 and 3
or cables 5 and 2, also compared with the cases that using the same two blue cables
throughout the calibration and measurement. The label ‘DUT’ indicates results measured
for L1 on the SMPS TRL1DUT HOR board, while the unlabeled results are for L1 on
the SMPS TRL1L2 HOR board.

degrades. This indicates electrical path disparities between different boards, mainly due
to variations in soldering and connectors. In the worst-cases scenario, using cables 5 and
2, the results show less difference between the two boards. This suggests that cable
differences are the dominant source of error in this calibration scheme.

To clarify the impact of using different blue cables across each standard, the L1
measured results in Figure 4.22 include comparisons with cases that use the same cables
throughout calibration and measurements. Using different cables for Thru and Reflect
standard measurements results in increased ripples and slightly uncertainty in the
transmission responses.

Similar conclusions can be drawn from the calibrated L2 responses below 6.5 GHz
in Figure 4.22. When using cables 5 and 2, where the setup and DUT resemble the L2
standard during calibration, the result is an ideal calibrated return loss response.

Additionally, using the same two blue cables for all standards eliminates ripples in the
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calibrated transmission response. Conversely, the degraded return loss observed when
using cables 6 and 3 demonstrates the negative effect of using different cables, even when
measuring the same standard as the DUT.

When both L1 and L2 are involved in calibration and measurement, the effect
becomes more intricate. In the second scenario of using different cables for the standard
measurements, as shown in Figure 4.21 and Figure 4.22, there is merely difference in
which pairs of the cables are used, also with less variance in which L1 is measured as the
DUT, for both the L1 calibrated responses below 6.5 GHz and the L2 calibrated responses
above 6.5 GHz. The only distinction arises when measuring all the standards and DUTs
using the same pairs of blue cables, where the return loss level aligns with that of the case
of measuring a different L1 from the standard using cables 6 and 3 in Figure 4.22. This
result could thus be attributed to the disparity in soldering and connectors between L1
and L2. On the other hand, the similar calibrated results obtained using different cables
across each standard indicate that the differing multi-reflection responses of the L1 and
L2 on-boards soldering and connectors exaggerate the discrepancy to a similar degree,
even when using the same cables for L1 and L2 measurement. This can be compared to
the difference between the two calibrated results of the non-standard L1 using fixed or
different blue cables in Figure 4.22 without the involvement of L2, and only ripples are
enhanced.

In summary, the first-phase calibration scheme discussed in this chapter is affected
by the electrical path differences among error boxes associated with each standard and
DUT, encompassing factors such as the adaptors on the sample puck, cables, connectors,
soldering disparities, and other non-ideal effects. In this simplified experiment conducted
at room temperature without integrating into the dilution fridge, the number of error

sources have been limited to a more manageable extent, allowing for several analyses to
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be undertaken. However, this somewhat straightforward calibration scheme yields
slightly suboptimal results even when confined within the sample puck, suggesting room

for improvement in advancement.
4.4 RF Characterization within Dilution Fridge

Following initial verification in the sample puck, the first-phase testing boards are
integrated into the dilution fridge system for further validation of practical functionality.
The sample puck, housing the testing boards, is bottom-loaded into the cryogenic
measurement system of Triton 500 from Oxford Instruments. In this system, the mixing
chamber plate reaches a temperature around 20 mK when cooling to the base temperature.
Eight microwave cables, capable of transmitting frequencies up to 18 GHz, are routed
from the top exterior of the dilution fridge at room temperature, descend through different
cooling plates, pass through the adaptors on the sample puck, and connect to the testing
boards via the blue cables. In the initial configuration, each branch of the microwave
cables is equipped with 10 dB, 20 dB, and 6 dB attenuators at PT1, PT2, and the still plate,
respectively, to thermalize the black body radiation and reduce the signal level.

To begin, the microwave system is evaluated at room temperature using the same
SMPS TRL1L2 HOR and SMPS MS TRLIRING HOR boards as in the previous
section. The configuration within the sample puck resembles that shown in Figure 4.13,
with the eight blue cables connecting via adaptors on the sample puck to eight separate
cable branches within the dilution fridge. A portable VNA, calibrated with Ecal, is
connected to the front-end of the two 2.92-mm cables and manually measures across the
eight different SMA connectors on the top exterior of the dilution fridge.

Figure 4.23 illustrates the measured responses of each standard and DUT on the two
boards at room temperature, revealing several interesting and unexpected phenomena.

Firstly, the insertion loss responses of all transmission lines begin at nearly -72 dB,
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corresponding to the two 36 dB attenuation values on each cable branch. The additional

insertion loss at higher frequencies thus arises from other cable and interconnection losses.

Remarkably, for both CBCPW and MS transmission lines, the electrical length on the

testing boards shows no discernible difference in insertion loss. Apart from a minor

concavity, potentially due to loose inter-plate connections, in the CBCPW LI

transmission response, the insertion losses among T, L1 and L2 are nearly identical, even

when compared with the SMPS transmission lines. This suggests that the cable and
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interconnection losses in the dilution fridge dominate the entire system.

Secondly, instead of closely maintaining around 0 dB, the return loss of the Reflect
standard behaves strangely, resembling a well-matched response. This behavior is
attributed to the attenuation on each cable branch. As the reflected signal travels
downward and upward, experiencing twice the 36-dB attenuation, the originally nearly
total reflection response undergoes degradation similar to the transmission response of
the transmission lines, ideally resulting in a return loss larger than 72 dB. However, due
to the non-idealities on each interconnecting plane, the initially triggered signal from the
exterior of the dilution fridge may encounter multiple reflection when travelling down to
the sample puck. This leads to the return loss measured in Figure 4.23, which is, in fact,
the reflected responses of the non-ideally matched interphases in the cable branch before
entering the sample puck. This argument can be validated by comparing the measured
return loss between each component in Figure 4.23. Since the cable branches of port one
used for measuring the T and L1 are the same for both CBCPW and MS cases, the
measured return losses are identical. A similar situation can be observed in the
resemblance between the port one return loss of CBCPW L2 and MS Reflect, as well as
between CBCPW Reflect and the ring resonator.

The transmission response of the ring resonator deviates from the measured results
within the sample puck alone, especially at the resonance frequency point. This
discrepancy arises due to the degraded insertion loss of the transmission response at
higher frequencies, which diminishes the resonance peak.

Overall, although the measurement system seems successfully transmits microwave
signal in the desired bandwidth at room temperature with a return loss well abovel0 dB,
the undistinguishable return loss among the DUTs and standards, also the highly identical

insertion loss of various length of transmission lines, suggest the failure of applying the
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within the dilution fridge (with attenuators) at various temperatures.
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straightforward calibration scheme discussed in previous section directly to the

microwave system within the dilution fridge.

To verify the cryogenic functionality of the microwave designs and the mechanical
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properties of the materials selected for the first-phase testing boards, the dilution fridge
was cooled down to the base temperature, monitored at around 27 mK during the
measurements. Since one of the purposes of the sample holder experiments in this chapter
is to package control and readout integrated circuits, which operate at a temperature of 4
K, the dilution fridge was also warmed up to the corresponding temperature to ensure
proper operation. Figure 4.24 compares the measured responses of the testing boards
within the dilution fridge at various temperatures, demonstrating that the measured results
at 4 K and 27 mK closely match each other. At cryogenic temperatures, some sections of
the cable branches in the dilution fridge transition into a superconducting state. This,
along with reduced metal loss along the electrical path, significantly lessens the
degradation of insertion loss at higher frequencies. Notably, the sharp decay of the
transmission responses near dc is attributed to slightly loose cable connections, as this
issue does not occur in other measurements and can be avoided by carefully examining
the setup.

The measured return losses show only slight deviations with temperature variations,
still indicating reflections at higher plates rather than from the device under test. In
contrast to the room temperature results, the resonance peak of the ring resonator is clearly
observed at cryogenic temperatures, as the reduced insertion loss of the transmission
signal prevents attenuation of the peak.

Overall, the cryogenic measurement results validate the functionality of the first-
phase testing board materials and assess the microwave channels within the dilution
fridge system. While the initial experiments verify the effective propagation of high-
frequency signals, the indistinguishable results between various calibration standards
constrain the feasibility of conducting precise microwave calibration.

To explore the potential of the straightforward calibration scheme within the dilution
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Figure 4.25: Measured responses of the SMPS TRL1L2 HOR board within the dilution

fridge, with and without attenuators, at room temperature.

fridge, the attenuators on each cable branch are replaced by 0 dB adaptors. This

adjustment aims to overcome the limitation of identical responses caused by the

attenuation of the preferred reflection signals. Figure 4.25 depicts the measured responses
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of the standards on the SMPS TRLI1L2 HOR board at room temperature, both with and
without the attenuators. Comparing the T, L1 and L2 transmission lines reveals that
removing the attenuators shifts the responses upward by approximately 72 dB, starting
from close to 0 dB at dc, with the degradation at higher frequencies comes from the
propagation loss along the cable routings. The measured return losses are worse without
the attenuators, especially at lower frequencies. This is attributed to the use of cheap, non-
cryogenically specified adapters in this first-phase experiment. Although using better
adapters might improve matching at each discontinuous plane, the non-optimal parts used
here still provide acceptable results for further exploration. Unfortunately, when stacking
the responses of the three transmission lines of different electrical lengths, the insertion
losses are not only similar to each other, but the order of the degradation also deviates
from the expected correlate with length. This discrepancy raises concerns about potential
errors in the calibration results. The results of the Reflect standard exhibit an interesting
effect when the attenuators are removed, with the return loss starting from 0 dB at dc,
behaving as expected for a reflection response. However, at higher frequencies, the
reflected responses with and without attenuators almost match each other, implying that
the desired reflection from the device under test is overshadowed by the reflections from
the discontinuities of upper layer plates. This phenomenon is further verified by stacking
the insertion loss of the transmission line with the reflection signals, revealing that above
around 6 GHz, the measured return loss is from the system, rather than the device. This
indicates that, even disregarding the issue of insertion loss magnitude, the feasibility of
conducting the calibration scheme is limited to a specific frequency range.

The similar comparisons with the SMPS TRLIDUT HOR board are illustrated in
Figure 4.26. The insertion losses of the transmission lines reaffirm that systematic

variance in propagating loss dominates the standard measurement, resulting in the results
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Figure 4.26: Measured responses of the SMPS MS TRLIRING HOR board within the

dilution fridge, with and without attenuators, at room temperature.

opposite to the expectation in this case. Without the attenuators, the resonance peak of
the ring resonator is allowed to reach the magnitude of that of the propagation loss of the

transmission lines. Once again, the limited available bandwidth for obtaining valid
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Figure 4.27: Measured responses of the SMPS TRL1L2 HOR board within the dilution

fridge (without attenuators) at various temperatures.

reflected responses hampers the possibility of calibrating the ring resonator responses for

further analysis of electrical properties of board materials.

Without the attenuators, the dilution fridge system underwent another cycle of
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Figure 4.28: Measured responses of the SMPS MS TRLIRING HOR board within the

dilution fridge (without attenuators) at various temperatures.

cooling, reaching a temperature of around 27 mK, before being warmed back up to 4 K,

as illustrated in Figure 4.27, demonstrating consistency at these two temperatures. At

cryogenic temperatures, the insertion loss degradation is significantly reduced, but the
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Figure 4.29: Measured responses of the first-phase testing boards within the dilution

fridge, with and without attenuators, at a temperature of 27 mK.

return losses worsen further, which is understandable given that the adaptors used are not

cryogenically specified. Stacking insertion loss and reflection responses reveals that as

the propagation loss decreases, the frequency bandwidth with valid measured return loss
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data expands, potentially covering the entire desired band or at least extending safely up
to 12 GHz. Nevertheless, even after replacing the adaptors to address return loss issues,
the comparison of insertion losses of T, L1 and L2 expresses the same possible issue of
systematic interference, raising doubts about the feasibility of the straightforward
calibration scheme.

A similar comparison measuring the SMPS MS TRLIRING HOR board is
depicted in Figure 4.28, where the responses generally show trends and relationships
similar to those of the SMPS TRLIL2 HOR board. The ring resonator transmission
responses clearly demonstrates the influence of full-round insertion loss on the peak
magnitude and shape.

Finally, at the base temperature of the dilution fridge, Figure 4.29 compares the
measured results with setups incorporating either the attenuators or the adaptors. Despite
the deteriorated return loss with the adaptors, especially at lower frequencies, the similar
curve trend of the transmission responses confirms that the measured results originate
solely from the controlled attenuation. The disparate return loss behaviors of the ring
resonator and Reflect standards demonstrate that removing the attenuators effectively
unveils the actual responses from the device under test. This suggests that reducing the
full-round electrical path loss at higher frequencies allows for the extraction the obscured
signals within the dilution fridge system.

As a concluding investigation of the first-phase characterization within the dilution
fridge, the straightforward calibration scheme in Sec. 4.3.2 is conducted using the
measured results of the SMPS TRL1L2 HOR board in Figure 4.27 as the standards, and
re-measuring the same L1 and L2 standard as the DUTs. The calibrated responses of L1
and L2 are depicted in Figure 4.30. As noted in Sec. 4.3.2, the responses above 6.5 GHz

are from using L2 as the line standard, while those below 6.5 GHz use L1, resulting in an
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Figure 4.30: Calibrated responses of L1 and L2 on the SMPS TRL1L2 HOR board as

DUTs within the dilution fridge without attenuators, at a temperature of 27 mK.

obvious discontinuity. By comparing the calibrated results in Figure 4.30 with those
obtained within only the sample holder in Sec. 4.3.2, it is evident that incorporating the
eight different cable branches in the dilution fridge system within the error boxes
significantly deteriorates the calibration results. In practice, since the DUT and the
standards use different cable branches, calibration uncertainties are evident in the
responses in Figure 4.30, particularly in the frequency ranges where different lines are

used as the DUT and the line standard.

4.5 Summary

As a foundational component of cryogenic measurements within the dilution fridge,
the design and verification of the sample holder require meticulous attention and careful
organization. In this chapter, we review relevant literature reports and commercial
products while outlining targeted experiments that encompass various potential
functionalities for future research. The development of the sample holder entails not only
electrical and microwave engineering challenges but also mechanical and cryogenic
material examinations. Through systematic and incremental exploration of the initial
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testing boards, the prototype's functionalities are analyzed and validated at both room and
cryogenic temperatures. However, despite the successful microwave designs within the
dilution fridge demonstrated by experimental results, the proposed straightforward
calibration scheme yields undesired outcomes with systematically interfered errors.
Given that exploration requires the usage of the straightforward calibration scheme for
other first-phase testing boards and the unavailability of samples to examine the influence
of high-frequency signals on quantum devices, this initial verification concludes with
validations of the operation capability of microwave circuitries and the cryogenic
temperature durability of the materials. An exquisite refinement of the calibration scheme
and a corresponding elaboration of sample holder structures are considered necessary for

enhanced microwave measurements, a topic that will be discussed in the next chapter.
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Chapter S S-parameter Calibration in mK System

5.1 Introduction

In the first-phase experiments discussed in the previous chapter, the proposed
straightforward calibration scheme exhibited errors due to system uncertainties. To
enhance calibration results, this subsection reviews various studies on cryogenic
microwave calibration from the literature.

Similar to our straightforward calibration scheme, [91] characterizes
superconducting and microwave components in the V, W, and D bands at 4 K using TRL
and LRL calibrations with eight waveguide channels, assuming their consistency. The
calibrated results deviate from simulations, likely due to the high-frequency bands or
errors arising from these straightforward assumptions.

In some scenarios where only one-port reflective measurements are required, de-
embedding is often implemented through Short-Open-Load (SOL) calibration. An
interesting early work in [92] describes a rotational dial capable of switching among the
three standards and the DUT, de-embedding to a reference plane at the end of CPW
routing, using model-based standards in a rather narrow bandwidth at 4.2 K. Compared
to the bulky mechanical rotary switching instrument, most cryogenic calibration studies
incorporate electromechanical broadband switches into their systems. By equipping the
electromechanical switch at the base temperature stage, along with the circulators,
attenuators, and amplifiers needed for low-level probing signals, [93] measures and
analyzes the quality factors and loss mechanisms of superconducting resonators after
conducting SOL calibration with room-temperature data-based standards.

By incorporating an additional unknown Thru standard, [94] extends the SOL

calibration to a two-port SOLT calibration scheme using room-temperature data-based
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air-line standards. By directly connecting two electromechanical switches, this scheme
achieves good calibrated results from room temperature to 4 K, with residual systematic
errors arising from variations between switch ports.

In [95], one-port SOL calibration with data-based standards is used to characterize
the return loss of superconducting cables in qubit driving lines. By incorporating a time-
gating technique, the true reflection of the cables is measured and the insertion loss is
derived. In another work by the same group, [96], the researchers characterized a
commercial sample holder using extended SOLT calibration with the time-gating
technique. Both papers also discuss the influence of reflections from unmatched driving
lines on control pulse distortion, which leads to deviations in qubit gate fidelity.

Compared to the potential deviations of model-based or room-temperature data-
based standards in SOLT calibration at cryogenic temperatures, TRL calibration is
inherently preferable due to its only requirement being identical Reflect standard
responses for both ports. An early proposal in [97] presents an mK temperature-
compatible setup incorporating electromechanical switches, directional couplers, and
amplifiers, with an analysis of the system's error terms. To advance the calibration
reference plane to the DUT, [98] and [99] propose custom calibration units that convert
from the coaxial interface to the CBCPW calibration reference plane, enabling the
characterization of integrated circuit chips, including commercial attenuator chips.
Within the system, a superconducting flux qubit sample is characterized, with the de-
embedded results informing the on-chip responses. In another work from the same group,
[100] discusses an improved TRL calibration algorithm. Using custom standard kits, the
calibration scheme achieves continuous calibrated results using a weighted function. It
also de-embeds to CBCPW-ended reference planes, enabling extraction of only the IC

responses involving bond-wire connections.
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The setup for measuring at mK temperatures discussed above focuses on minimizing
the probing signal required for quantum-related devices. In a simplified scenario,
attenuators are adjusted to an acceptable value without heating up the dilution fridge,
while directional couplers and amplifiers are omitted. This setup allows reflection
measurements from the same input cable with an increased probing signal magnitude.
Using this simplified approach, several measurements were explored. In [101], a custom
testing fixture that includes electromechanical switches is introduced. Using custom-
made standards fabricated through a superconducting VLSI process, this calibration
scheme allows for de-embedding up to the microstrip end in front of the chips. The paper
presents calibrated results for a superconducting low-pass filter and a commercial low-
noise amplifier. In [102], a coaxial interface scheme is presented, with a focus on
discussing the error sources within the system.

In an effort to minimize calibration errors, [103] introduces an unconventional
pseudo-open standard utilizing a quasi-2D microwave cavity. Employing Rytting’s
algorithm and multiple measurements, this method systematically eliminates ground
variation issues that cannot be calibrated using traditional TRL techniques. In [104], [105],
and the subsequent extended journal paper [ 106], researchers focus on implementing TRL
calibration in the simplified setup using air-line coaxial cables. This approach is chosen
because dielectric-filled cables, assumed to have a 50-ohm reference impedance within
the calibration scheme, may deviate under cryogenic conditions. They employ a weighted
algorithm for discontinuity removal to characterize various coaxial components such as
attenuators, matched loads, offset shorts, and a Beatty 25-ohm mismatch line. Parameters
of the air-line coaxial cable are also extracted to verify its suitability as a reference
impedance standard at cryogenic temperatures.

In addition to employing electromechanical latching switches for directing
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connections across different standards and DUTs, other interface integrations have been
explored in the literature. In [107], researchers propose an advanced setup incorporating
a microwave wafer probe positioner within a dilution fridge. Despite the challenge of
limited visibility inside the cryostat, the paper demonstrates a calibration procedure for
positioning by employing TRL calibration with a strip line-based system on a PCB board.
Several coupled lines are tested as DUTs. Moreover, the system includes an additional
power and phase calibration transfer line, enabling nonlinear and intermodulation VNA
measurements. In [108], two commercially available semiconductor integrated circuit
SPAT switches are examined as substitutes for bulky electromechanical switches.
Operating at 4 K, the study proposes a two-port SOL calibration method employing six
standards, including ideally modeled standards and an additional numerically derived
zero-length Thru standard. This calibration approach is applied to characterize a planar
quasi-complementary diplexer by de-embedding it to the coaxial end. While the diplexer
shows minimal deviation from referenced responses at room temperature, it exhibits more
significant degradation at 4 K due to discrepancies in the calibration algorithm's

assumptions.

5.2 Design of Second-Phase Testing Boards

5.2.1 Multiple Board Structure

In the second phase of testing board design, along with refining the calibration
scheme, several auxiliary improvements are introduced. Firstly, a structural modification
is proposed in this subsection. Instead of using a plain single-board arrangement, the
sample holder is now structured into a multi-board configuration, inspired by the QDevil
Qboard design. The sample holder system now comprises a motherboard, a daughter
board, and an interposer. By strategically separating the high-frequency and dc routings
and implementing sophisticated bypass networks on the daughterboards, the interposer
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DC_Chip_1.2 (front)

Motherboard (front)

Motherboard_RC

DC_Chip_1.2 (back)

Motherboard (back)

Interposer

Table 5.1: List of the second-phase FR4 testing boards.

and motherboard handle only near-dc low-frequency signals and potentials. Meanwhile,

the functionally specialized daughter boards are tailored to specific application needs.

This multi-board structure allows for versatile use of the same measurement platform,

enabling interchangeability of samples and measurement applications, all unified through

the dc routing pad position to the interposer.

Table 5.1 lists the testing boards for near-dc low-frequency routings. Due to fewer

requirements on dielectric loss and mutual coupling for these low-frequency tracks, these

boards are implemented with four-layer FR4 boards. The front side of the motherboard

contains 48 pads, enabling connection to the daughterboard through the interposer, while

9 ground pads are included at the center of the board for better thermal conduction.

Besides these 9 ground pads, the system's grounding is connected through screws on the
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Figure 5.1: Multi-board sample holder after assembling. (b) Interposer filled with the

Fuzz Buttons for interconnections.

sides of the boards. This design distributes grounding from the daughterboards, through
the interposer, to the motherboard, and finally to the supporting bracket in the sample
puck and the entire dilution fridge system. Four sets of screw holes are reserved to allow
for board adjustment if mechanical issues arise during assembly. In addition to pure
routings to the nano-D connector, another version of the motherboard is also implemented,
including footprints for RC low-pass filters along the routing tracks, which might be
required for the spin-qubit setup to bypass higher-frequency noise entering the quantum
system.

Figure 5.1 shows the multi-board sample holder assembled with the supporting
bracket. The interconnection between the motherboard and daughterboard is achieved by
filling the 48 holes and 9 ground holes on the interposer board with Fuzz Buttons from
Custom Interconnects, as shown in Figure 5.1 (b). These contact pins are compact and
durable at low temperatures. Although we use them here for dc routing, they are claimed
to be feasible for applications up to the Ka band. In this setup, Figure 5.1 illustrates the
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Table 5.2: List of the second-phase sample holder boards for superconducting device

measurements.

assembly of a daughterboard designed for pure dc and low-frequency measurements,
featuring a 1.3 cm mounting space for the sample and 48 dc bonding pads. This separable
design allows for easy replacing sample along with its own daughterboard, avoiding the
need for another expensive nano-D connector if built within a single board.

5.2.2 Sample Holder Design for Superconducting Devices

In addition to S-parameter calibration experiments, the second-phase testing board
also incorporates sample holders designed for measuring superconducting devices.
Systems for superconducting qubits require high-frequency microwave pumping signals
and reflectometry readout. Similarly, other related studies involving superconducting
resonators, Josephson junctions, RF-SQUIDs, and Josephson parametric amplifiers also
rely on high-frequency microwave characterizations. Hence, setting up the measurement
environment is necessary to facilitate conducting experiments for these studies.

In the first phase of the testing board experiment, high-frequency routings were
designed using semi-coaxial-like CBCPW structures in Sec. 4.2.3 and later verified at
both room temperature and cryogenic temperatures in the previous chapter. This
microwave routing design, including the interconnecting structure with on-board

connectors, has been carried over into the second-phase design. Table 5.2 presents three
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sample holder boards designed for measuring superconducting devices. The laminate
stacking and the use of SMPS connectors remain consistent with those in the first-phase
testing boards. These sample holders are designed with three different mounting sizes to
accommodate various devices, with multiple screw holes on both sides of the boards for
adjusting and addressing mechanical assembly issues.

In Sec. 4.2.4, we addressed issues concerning bond wires at the interconnecting
section from on-board signal tracks to the on-chip routings of the DUTs. Specifically, we
proposed a multi-section transformer impedance matching approach to mitigate the
induced inductance matching problem. However, another unresolved issue involves
resonances facilitated by the on-chip ground plane and sample holder ground plane in
wire bonding scenarios. These box-mode resonances, often present within sample holders,
can couple to the DUT, potentially leading to undesired loss or dephasing mechanisms in
quantum devices. This can adversely affect the parameters under test or reduce qubit
fidelities.

To prevent box-mode resonances within the desired operating band, we conducted
comprehensive electromagnetic (EM) simulations of the sample holder structure. While
HFSS includes eigen-mode analysis, our semi-coaxial-like CBCPW structure, exposing
half of the field in the upper-half space of the board, posed challenges with its requirement
for a closed metalized boundary in simulations. Although we initially considered using
the sample puck as an outer boundary for eigen-mode analysis, this approach generated
an excessive number of modes within the complex structure, rendering it impractical for
our analysis and validation needs. Instead, we opted for full EM modal network analysis.
This method allowed us to design the multi-section transformer matching structure and
identify box-mode resonances based on S-parameter responses and field distributions at

specific frequency points.
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Figure 5.2: Different configurations for the 0.5 sample board EM simulations.
As an example, Figure 5.2 shows various configuration trials during the 0.5_sample
board design simulations. In (a), a PEC CPW line on a silicon substrate is introduced as

the DUT, placed directly above a complete ground plane on Layer 1 of the sample holder
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Figure 5.3: Simulated responses of different configurations for the 0.5 sample board.

board, with only the RF tracks wire bonded. Figure 5.2 (b) to (e) present zoomed-in
modifications of these configurations. In (b), surrounding bond wires are added around
the DUT chip, grounding the on-chip ground plane to the board. In (c), without adding
additional bond wires, the ground plane on Layer 1 of the sample holder board directly
beneath the DUT chip is removed. (d) is a modification of (b), where, in addition to the
surrounding grounding bond wires, the Layer 1 ground plane under the DUT is also
removed.

Figure 5.3 depicts the simulation results for the corresponding configurations in
Figure 5.2. The dips in transmission responses and the associated fluctuations in return
loss indicate box mode resonances affecting the original response of the pure on-board
CBCPW and on-chip CPW transmission lines. As illustrated in Figure 5.3, from case (a)
to (d), undesired box mode resonances appear in the 4 to 10 GHz band. The resonant
conditions in (a) and (b) differ only by the boundary condition of open versus short, with
the grounding bond wire in (b) slightly decreasing the effective wavelength of the mode.

When the Layer 1 metal is removed in configurations (c) and (d), the box mode resonance
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Figure 5.4: Simulated responses of the 0.5 sample board with and without impedance

matching network.

field spreads within the RO3003 laminate. Although the resonance space increases, the
dielectric constant of RO3003 is smaller than that of the silicon substrate, which still
causes the box mode resonance to remain within the operational band. As a conceptual
verification, configuration (e) removes all metals from Layer 1 to Layer 4 directly beneath
the DUT and places grounding vias around the mounting area to enclose the potential
resonance area. The resulting responses of (e) in Figure 5.3 exhibit ideal results, with no
box mode resonance observed in the desired band. However, without any backside ground
plane, the box mode beneath the DUT may be affected by the available space within the
sample puck, potentially influencing the corresponding box mode resonance. In Figure
5.2 (), it is later verified that adding back the Layer 4 metal does not create on-board box
mode resonances within the operational bandwidth. Additionally, an elaborated
impedance matching section is designed to mitigate the bond wire effect. Figure 5.4
illustrates the corresponding cases of (e) and (f) in Figure 5.2, demonstrating that the
impedance matching section successfully extends the return loss below 10 dB up to 8

GHz. Boththe 1 0.5 sample board and the 1 1 sample board are designed with identical
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Figure 5.5: Simulated responses of the 1 0.5 sample board and the 1 1 sample board.
layer configurations and a similar multi-section transformer approach. According to the
simulation results in Figure 5.5, both boards exhibit good transmission and return loss
responses within the 4 to 8 GHz range when a PEC CPW transmission line chip is used
as the DUT. While a slight box mode resonance is observed at 8.8 GHzinthe 1 1 sample
case, its impact on our experiments is considered minimal due to the frequency bandwidth
limitation of the HEMT LNA in our superconducting device measurement setup, which
extends only up to 8 GHz.

Due to the extreme sensitivity of superconducting devices to magnetic flux
fluctuations, experiments often involve shielding the sample with various metals to
reduce environmental noise effects. Mu-metal, a nickel-iron ferromagnetic alloy with
high permeability, is typically chosen because it can confine magnetic flux within the
material without allowing it to penetrate and affect the device under test. However, Mu-
metal's permeability can degrade and it can saturate at cryogenic temperatures, making

Cryoperm, a cryogenic-specific magnetic shielding material, a preferable alternative. To
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Figure 5.6: Second-layer magnetic shielding design.
ensure effective protection, a two-layer shielding approach is proposed. The first layer
mimics the cylindrical shape of the sample puck and covers the entire sample holder
directly beneath the copper metal sample puck. The second layer of protection is designed
on the sample holder board itself and is assembled using same screws and supporting
brackets.

Figure 5.6 the assembly configurations of the second-layer magnetic shielding with
the 1 1 sample board and the multiple dc board structure. Due to the high cost associated

with these high-permeability metals, the shielding is designed to accommodate various
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Figure 5.7: Simulated responses of three different sample holders, with and without the
second-layer upper magnetic shielding.

configurations and scenarios. This second-layer magnetic shielding consists of two main
parts: The bottom shield is a flat sheet with screw holes for adjustments and a concave
space for the nano-D connector. The upper shield is shaped like a half-box to
accommodate the on-board CBCPW transmission lines, which require upper air spaces
for propagation. Its height matches that of the SMPS connector to allow space for cable
connection. Additionally, two rectangular openings are included to facilitate the
connection of SMPS connectors across different types of sample holder boards designed
in this subsection. Overall, the second-layer shielding provides coverage for the sample
holder boards from both the top and bottom sides. Any potential leakage from the side
edges is addressed by the cylindrical shielding of the first layer beneath the sample puck.

From a microwave design perspective, the inclusion of magnetic shielding requires
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a careful analysis of potential box mode resonances. Therefore, the sample holders, along
with the upper magnetic shielding, are simulated using modal analysis, assuming the
high-permeability metal behaves as a PEC. Figure 5.7 compares simulation results for
each of the three types of sample holders, both with and without upper magnetic shielding.
The 0.5 sample board exhibits no box mode resonance within the desired band, even with
the shielding. However, slight resonances are observed in the other two board around 6.2
GHz and 8.2 GHz. Additionally, the 1 1 sample board shows its original bottom box
mode resonance at 8.8 GHz. Unfortunately, efforts to mitigate these box mode resonances
have shown limited effectiveness. Therefore, the simulation results highlight potential
frequency points affected when using magnetic shielding during measurements. It's
important to note that the slight variations in results observed with and without magnetic
shielding for both the 0.5 sample board and the 1 1 sample board, besides the box mode
resonances, are primarily attributed to different DUT metal thickness settings during
simulation. This adjustment is necessary to prevent mesh formation failures due to

significant dimensional differences compared to the entire structure.
5.2.3 Calibration Scheme Proposal

Despite the gradual standardization of commercially available 4 K probers,
microwave calibration and de-embedding remain challenging within a dilution
refrigerator at base temperatures of tens of mK. These challenges pose significant
obstacles to accurately probing the responses of DUTs. Since most active semiconductor
electronics are designed to operate at 4 K, where a larger cooling power budget is feasible
for control and readout operations, the proposed calibration scheme in this chapter mainly
targets other devices that operate at mK temperatures, such as superconducting devices.
These quantum-related devices require ultra-low temperature environments to minimize

noise fluctuations and are typically probed with ultra-low power signals below -100 dBm.
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Figure 5.8: Schematic diagram of the setup for the proposed calibration scheme within

the dilution fridge.

This often presents challenges in calibration procedures, as demonstrated in Chapter 4.
The need for sufficient attenuators to reduce the input signal also reduces the reflected
signal due to the large round-trip loss, often to a level lower than the reflection response
at the upper stages. As a consequence, this leads to an unchanged return loss across all
standards, ultimately resulting in calibration failure. In [97-100], a clever architecture is
proposed to address this challenge, which we have adopted in our proposal and illustrated
in Figure 5.8. Instead of measuring the reflected signal through the same heavily

attenuated input cable path, the architecture incorporates two directional couplers at the
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base temperature stage. Placing these directional couplers closer to the DUT enhances the
sensitivity of the VNA system. This setup allows separate measurement of reflection and
transmission using distinct input and output cable paths, thereby amplifying the output
signals. The port configuration of the directional couplers isolates the output from the
input cable path, while also reducing the input signal level at the DUTs due to the coupling
coefficient from the coupled port to the input port. To compensate for the substantial
attenuations along the input path, two low-noise amplifiers are placed at the output to
enhance the signal level for VNA measurements. For quantum-related or superconducting
devices, various filters and isolators may be necessary along the input and output paths
to mitigate kick-back noise from the output sensing electronics, as well as other sources
of microwave and infrared noise.

Despite capturing the true reflected signals from DUTs, calibration schemes often
involve various sources of error, as discussed in Chapter 4 and in literature reports. The
primary challenge in calibration procedures is maintaining consistency across the error
boxes in front of the corresponding standards and DUTs. This encompasses every
electrical path within the system, including cables, connectors, and other electronics. In
the straightforward calibration scheme outlined in Chapter 4, significant variations across
each cable path from room temperature to the base temperature stage lead to considerable
error fluctuations and uncertainties in the calibrated results. In the setup described in [97-
100], two commercially available electromechanical latching switches are introduced at
the base temperature stage. This configuration limits potential error sources solely to
differences in routing from switch ports to DUTs, thereby circumventing the complexities
and challenges associated with the complex and challenging-to-control dilution
refrigerator system behind the switches.

Instead of employing bulky electromagnetic latching switches, the architecture
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proposed in Figure 5.8 incorporates semiconductor integrated circuit RF switches for
transitioning between various standards and DUTs. This approach offers several
advantages. Firstly, by implementing RF multiplexing with IC chips, it enables on-board
integration, eliminating the need for multiple cables and fixtures connecting switches to
standards and DUTs. This significantly reduces the volume required by the bulky
electromechanical latching switches and ensures a consistent path to the input port of the
on-board IC switches, thereby mitigating discrepancies across different cables and
connectors associated with electromechanical latching switches. Secondly, the on-board
configuration inherently allows for shifting the calibration reference plane to the edge of
the DUT chips, offering advantages over a connectorized calibration scheme by
facilitating the de-embedding of on-board routings. Additional refinement can be
achieved with on-chip calibration standards, further advancing the reference planes and
de-embedding the responses of bond wires. Finally, the on-board configuration enables
integrating the calibration system within a sample puck, thereby reducing the need for
cooling and warming cycles when changing samples.

With the proposed architecture, the remaining potential sources of calibration errors
are primarily variations across the ports of IC switches, differences in bond wire lengths,
and discrepancies between various on-board routings. Electrical paths within PCB on-
board routings are generally easier to control compared to coaxial cables and connectors.
While bond wire lengths can be carefully managed by experienced manufacturers,
adopting flip-chip packaging for IC switches could further mitigate this issue. The
variations in responses across different ports of IC switches thus predominantly influence
calibration discrepancies, necessitating careful selection of commercially available
switches or meticulous custom design.

Table 5.3 presents the testing boards designed for validating the proposed calibration
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Table 5.3: List of second-phase testing boards for S-parameter calibrations.

scheme. The proposed architecture is implemented in SP4T boards, where two custom
SP4T RF switches, detailed in Chapter 3, are integrated within the calibration board
system. Among the SP4T boards, the SP4AT TRL and SP4T TRL 2 boards provide
designated space for mounting DUTs to facilitate device measurements, with the only

difference being the available dc pads for the custom RF switches. Additionally, the
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SP4T TRLI1L2 board replace the mounting space with an additional Line standard (L2),
serving both as a Line standard and as an initial-phase DUT, as discussed in Chapter 4.
Conversely, the SPAT _TRL1SMD board focuses on a Surface-Mounted Device (SMD)
as the DUT, particularly examining its cryogenic high-frequency responses within the
systems. To compare to the previous straightforward calibration scheme, three
corresponding boards with eight separate SMPS connectors are also implemented.

In addition to the custom IC switches, two commercially available broadband
switches are integrated into the calibration system. Due to the limited cooling power
budget at the base temperature stage of the dilution fridge, to the author’s knowledge,
only these two SPDT switches, and no other commercially available SP4T switches, are
capable of operating without excessive power leakage. The two chips have different
packaging configurations: the CMD230 from Qorvo is a bare die requiring bond-wiring,
while the PE42525 from pSemi is flip-chip packaged. Although the board routings differ
from the SP4T boards that use custom switches, due to the limited ports per chip, the
standards are designed identically. Finally, all the calibration boards requiring dc supply
voltages are integrated with the multi-board system described in Sec. 5.2.1, serving as

daughterboards.

5.3 Room Temperature Validation Results

As an initial validation, the testing boards are examined within the sample puck
solely at room temperature, without other electronics shown in Figure 5.8. After
performing a standardized ECal on the VNA, the measurement reference plane is set at
the SMP connectors on the fixtures of the sample puck for subsequent measurements.
Figure 5.9 and Figure 5.10 illustrates the raw data measured with the SP4T TRLIL2 and
SP4T TRL1SMD boards, respectively. In this second-phase design, the Line standards

differ from those in Chapter 4. L1 covers 1.47 to 11.75 GHz, centering around 6.6 GHz,
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Figure 5.9: Measured responses of the SP4T TRL1L2 board.

targeting the band of superconducting device measurements. L2 spans from 2.73 to 21.8
GHz, extending to the VNA's available bandwidth limits. Figure 5.9 clearly shows the
phase relationships between the different Lines and Thru, with L1 having the longest
electrical length. The transmission magnitude relationship is less clear, likely due to
multi-reflections, as evidenced by the observed ripples related to the electrical length. The
return loss results indicate that the bond wire starts to impact the responses around 15
GHz, which also affects the transmission responses.

The measured responses of the SP4AT TRLISMD board in Figure 5.10 largely
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Figure 5.10: Measured responses of the SP4AT TRL1SMD board.
coincide with those in Figure 5.10, demonstrating the robustness of the proposed
calibration scheme when the board systems are carefully assembled. A 1 pF SMD ceramic

COG capacitor from Murata is attached to the SP4T_TRL1SMD board as the DUT.

Figure 5.11shows the measured responses of the CMD230 TRL board. The leakage
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Figure 5.11: Measured responses of the CMD230 TRL board.

power of the SPDT switch IC was measured using a Keysight B2901A SMU, recording

only about 1.4 pA per chip, confirming it operates within the power limit of the dilution

fridge. Without any device mounted, the DUT responses in Figure 5.11 represent the

open-ended stubs of the on-board routings to the bond-wiring pads. Similar to the SP4T
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Figure 5.12: Measured responses of the TRL1L2 and TRLISMD boards with eight

different cables within the sample puck.

boards, the bond wires required for the CMD230 TRL board integration affect the
transmission response when approaching 20 GHz. The flip-chip trial of the

PE42525 TRL board encountered some difficulties during integration; therefore, the
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Figure 5.13: Comparison of calibrated responses with L1 as the DUT and L2 as the Line

standard under different setup configurations.

measurement results are not shown here. As a reference, Figure 5.12 displays the
measured raw data responses of the TRL1L2 and TRL1SMD boards, similar to those in
Chapter 4, where the SMD measures the same 1 pF ceramic capacitor as the DUT.

After acquiring all the raw data, the measured responses were post-analyzed using
the earliest and basic TRL algorithm introduced in [90]. Since the proposed calibration
scheme utilizes only one Line standard, the discontinuity problem for multi-line standards
and the corresponding weighted algorithm were not explored. Figure 5.13 illustrates the
calibrated results when using L1 as the DUT and L2 as the Line standard. A third
measurement configuration, labeled “Same Cable,” is introduced as a reference. This
setup involves measuring the testing boards solely using two identical blue cables

throughout every standard and DUT, without passing through the SMP connectors on the
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fixtures and into the sample puck. This method, also detailed in Chapter 4, has been
shown to mitigate ripples compared to measurements using eight different blue cables
with their corresponding standards and DUTs within the sample puck. Ideally, this setup
reduces noise sources to on-board connector adhesion discrepancies and minor potential
on-board routing variations for the TRL1L2 and TRL1SMD boards. However, in practice,
the push-on connection of SMPS connectors is found to be unstable under this freely
unstressed measurement setup, unlike when installed within the sample puck. This
instability leads to potential measurement errors from each plugging and unplugging
cycle, as well as from different cable angles when attached to each standard and DUT.
Nonetheless, by carefully attaching the cables to the on-board connectors and performing
multiple measurements to ensure repeatability, the selected measured results represent a
best effort to minimize possible deviations for the calibration analysis.

Consequently, the calibrated results using the proposed switch IC integration and the
straightforward eight-cable setup are compared with the reference same-cable
configuration in Figure 5.13. The results using eight cables show the most deviation from
the other two configurations. Specifically, they exhibit worse return loss responses after
calibration, with transmission responses showing ripples in magnitude and significant
phase deviations compared to the other two cases. For the proposed calibration approach,
despite some inconsistency in transmission response amplitude compared to the "Same
Cable" case, the transmission phase and return loss responses are more consistent. The
discrepancies for the proposed method likely stem from two sources. At high frequencies
above 15 GHz, the bond wire effect becomes pronounced, increasing deviations across
the electrical paths of the routings to each standard and DUT. Another issue arises from
potential transmission response differences between each port within the RF switches.

This could result from routing imbalances in the switch layout or variations in the supply
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Figure 5.14: Comparison of calibrated responses with L2 as the DUT and L1 as the Line

standard under different setup configurations.

voltage at the gate of each switch transistor, influenced by different levels of degradation
or fluctuations in power supplies. Upon reviewing the measured data of the custom RF
switches in Chapter 3, it was found that there is a maximum magnitude variance of under
0.1 dB across the four output ports. This variance could potentially contribute to the
deviations observed in Figure 5.13 compared to the case using identical cables.

Figure 5.14 compares the calibrated results of three configurations, with L2 as the
DUT and L1 as the Line standard. Compared to Figure 5.13 and the results in Chapter 4,
the calibrated results of the straightforward eight-cable case in Figure 5.14 show fewer
ripples and deviations. This can be attributed to the shorter electrical length of L2
compares to that used in Chapter 4 and L1 used in Figure 5.3, which reduces potential

deviations. Additionally, unlike the testing boards in Chapter 4 where the SMP connectors
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Figure 5.15: Comparison of calibrated responses with a 1 pF SMD ceramic COG capacitor

as the DUT and L1 as the Line standard under different setup configurations.

were soldered in the lab, the boards in the second-phase experiments of this chapter were
manufactured with the connectors adhered by an experienced factory. This change further

reduces potential sources of error across each standard and DUT. The calibrated results
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of the proposed method exhibit a similar magnitude deviation. At higher frequencies, this
may be owing to the phase of the L1 standard approaching 180 degrees, thereby
increasing calibration deviation. Nevertheless, the proposed method demonstrates
smoother calibrated results and better return loss and phase responses compared to the
straightforward eight-cable case.

In addition to interchanging Line standards as DUTs, a 1 pF ceramic COG capacitor
is measured and calibrated using the three methods, with the results depicted in Figure
5.15. The S-parameter data from Murata, indicating the capacitor's self-resonance
frequency around 7.3 GHz, was also included. The calibrated and referenced S-
parameters are converted into Y-parameters, and the capacitance values are extracted from
the imaginary part of Y;;, assuming an ideal capacitor measured in series between the
two ports. The data provided by the manufacturer differs from all three calibrated
responses due to the influence of the board substrate under the SMD capacitor. This
substrate effect is not considered in the manufacturer's data but is accounted for after
calibration. Each of the three calibration configurations has its own sources of error, as
discussed earlier. Generally, the straightforward eight-cable method showed ripples in the
measured results, while the “Same Cable” case produced smoother responses. However,
the extracted value from the latter serves only as a reference due to potential connector
plugging deviations. Our proposed method also yielded smooth calibrated responses,
disregarding fluctuations above 11 GHz. The calibrated capacitance value slightly
exceeded that of the “Same Cable” case and Murata's provided value. This discrepancy
may be attributed to soldering differences of the SMD capacitors on the two boards
adhered in the lab, as well as varying responses across switch ports, as mentioned earlier.

To summarize, although there is room for further improvement in accuracy, the

proposed calibration scheme shows superior results compared to the straightforward
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eight-cable approach. It's important to note that the calibrated responses above only
pertain to scenarios within the sample puck. When integrated into the dilution fridge,
additional discrepancies may arise with the straightforward eight-cable configuration due
to additional separate electrical paths. In contrast, the proposed approach effectively
controls and mitigates error sources outside the sample puck by utilizing identical

electrical paths for each standard and DUT.

5.4 Summary

This chapter delves into advancements in sample holder design. A new iteration of
the sample holder, featuring a multi-board structure, has been implemented. This design
facilitates easy interchangeability of samples, each equipped with its own daughterboard
facilitated by an interposer. This configuration effectively isolates high-frequency signals
to within the daughterboard. Furthermore, unified dc pad configurations enable
customization of daughterboards with specific functionalities tailored to their respective
scenarios.

Alongside the revision of testing boards, three sample holders designed for
superconducting device measurements have been fabricated. Simulations and discussions
are included to address potential box mode resonances arising from chip-board parallel
plate interactions, as well as the incorporation of high-permeability magnetic shielding.

Finally, an on-board calibration scheme is proposed alongside an experimental setup
designed for measurement and calibration at the base temperature stage within the
dilution fridge. This approach aims to minimize error sources by integrating on-board
compatible integrated circuit switches, ensuring consistent electrical paths up to the input
port of the RF switches. Additionally, this configuration enables measurements within
the sample puck, reducing the time required for cooling and warming cycles during

sample changes.

151
doi:10.6342/NTU202402277



The proposed calibration scheme utilizes custom RF switches introduced in Chapter
3. For comparison, two other configurations discussed in Chapter 4 are included. Initially,
calibration tests are conducted exclusively within the sample puck at room temperature.
Alongside interchanging Line standards as DUTs, a 1 pF SMD ceramic capacitor is also
used as the DUT. The proposed approach demonstrates superior and more consistent
calibration results compared to the eight-cable configuration used in the straightforward
calibration scheme of Chapter 4, thus affirming the efficacy of the improved proposed

method.
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Chapter 6 Conclusion

6.1 Summary

In this thesis, several cryogenic microwave circuitries along with calibration and
measurement systems for quantum computing-related applications are studied. A cryo-
CMOS LNA designed for the reflectometry readout of spin qubit systems is presented.
Featuring a novel topology involving a mutual noise-canceling technique, the proposed
LNA exhibits superior noise and gain performance with minimized power consumption.
Although some issues were encountered in the measured noise figure results at lower
frequencies of the implemented circuit, the performance of the prototype LNA achieves
a superior figure of merit compared to the reported LNAs in the literature at room
temperature.

Motivated by the development of cryogenic measurement systems for quantum
devices, a series of studies covering various design purposes and applications were
conducted. Several topics in the development of sample holder boards were discussed,
including material selection for cryogenic use, microwave engineering in the system, box-
mode resonance issues with magnetic shielding for superconducting devices, and other
mechanical and electrical challenges. In the first phase of experiments, the cryogenic
durability of the testing board materials was verified. Although microwave transmission
within the dilution fridge was characterized, the straightforward calibration scheme led
to undesired fluctuations and errors.

To improve calibration results within the dilution fridge, a cryogenic broadband
SPAT switch is introduced as a core component in the refined calibration scheme. A
systematic design approach for a single-pole-multi-throw broadband switch is proposed,

utilizing LC-ladder low-pass filter theory to synthesize the desired circuit responses. The
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proposed broadband switch exhibits leakage power of only 0.6 uW at 4 K, making it
suitable for operation within the calibration system at the base temperature stage of the
dilution fridge. Following the revision of sample holders to multi-board structures, a set
of cryogenic calibration boards was implemented, integrating the fabricated SP4T switch.
An improved calibration scheme is proposed, incorporating directional couplers and
cryogenic amplifiers within the dilution fridge to enhance measurement system sensitivity.
Moreover, replacing the connectorized electromechanical switch with our on-board SP4T
switch within the sample puck not only reduces sources of error and discrepancies among
paths but also minimizes cooling and warming cycle times for changing samples under
test. Additionally, the proposed calibration system de-embeds the reference plane of the
device measurement to the edge of the sample chip, which is desirable for further
minimizing packaging interference in the connectorized system. The calibrated results of
the proposed system successfully eliminate fluctuations observed in the results of the
previous straightforward calibration scheme. This represents a significant advancement
in cryogenic calibration and measurement systems, facilitating a deeper understanding of

microwave behavior in future quantum device research.

6.2 Future Work

Further investigation into the low-frequency behavior of the proposed cryo-CMOS
LNA is necessary. To mitigate ripples and spikes in the S-parameter responses at low
frequencies, it is essential to explore the use of off-chip bypass networks on the mounting
boards. Despite these efforts, simulations still show residual deviation in the noise figure.
This additional noise is suspected to stem from interference from radio and RF signals in
the measurement environment. The dc wires in the measurement setup act as antennas,
picking up these ambient signals, which are then amplified by the high gain of the LNA,

leading to noise fluctuations within the circuit. To verify this hypothesis, the proposed
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LNA may need to be enclosed in a metal housing and tested in a shielding room, with the
dc wires covered with aluminum foil. Additionally, packaging the circuit in a
connectorized housing allows for stable noise measurement at cryogenic temperatures,
where uncertainties in probing can enlarge the variance of the measured noise temperature.
In summary, future work on the proposed LNA involves three main directions: first,
addressing and potentially resolving the low-frequency noise issue at room temperature;
second, resuming on-wafer S-parameter measurements using the 4-K prober, which were
previously paused due to technical issues; and finally, evaluating the packaged responses
of the proposed LNA within the metal housing at both room temperature and cryogenic
temperatures, respectively.

Regarding the cryogenic calibration and measurement system, the experiments in
this thesis demonstrate operation within the sample puck only at room temperature. The
next phase involves measurements with the sample puck installed within the dilution
fridge at both room temperature and the base temperature. This also necessitates the
characterization and integration of other components required in the calibration system.
Further validation of the efficacy of the calibration scheme requires measurements and
calibration of truly quantum-related devices, such as Josephson junctions, SQUIDs,
superconducting resonators, or superconducting parametric amplifiers. Improving the
calibration results may require refining the symmetry of responses among ports of the
SPAT switch. In the long term, future work might involve using an SP4T switch with flip-

chip packaging, which could further reduce discrepancies originating from bond wires.
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