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Summary

Quantum computing is widely regarded as a promising paradigm for addressing classes
of problems that are beyond the practical reach of classical computation. Among the
different hardware platforms currently under investigation, semiconductor spin qubits
stand out because of their compatibility with advanced microelectronic fabrication and
their potential for large-scale integration. However, the realization of scalable spin-qubit
processors does not depend only on qubit fabrication and coherence properties. It also
requires the development of a classical electronic interface capable of generating, storing,
and coordinating the bias, control, and readout signals needed for qubit operation within
a cryogenic environment.

In present experimental setups, these functions are often performed by room-temperature
instrumentation connected to the quantum device through a large number of cables. While
this approach is acceptable for small-scale demonstrations, it becomes increasingly prob-
lematic as the number of qubits grows, due to wiring complexity, thermal load, footprint,
and latency. For this reason, cryogenic CMOS electronics are increasingly considered a
key enabling technology for scalable quantum computing, since they offer the possibility of
relocating part of the control chain closer to the qubit plane while preserving a reasonable
compromise between integration density, power dissipation, and system complexity.

Within this framework, the work presented in this thesis addresses the problem from a
combined architectural, circuit-level, and modeling perspective. A first contribution con-
sists in the conception of a reference cryogenic control-chip architecture for semiconductor
spin qubits. The proposed architecture includes the main functional subsystems required
for qubit operation, namely bias generation, local memory, digital sequencing, microwave
generation, and readout support. In this sense, the thesis does not treat the oscillator as
an isolated RF block, but places it within the broader context of a mixed-signal cryogenic
controller intended for future scalable implementations.

Within the proposed architecture, particular attention is devoted to the RF front-
end, since coherent spin control requires microwave bursts with high spectral purity. For
this reason, the main circuit-level focus of the thesis is the design of a 10 GHz LC-VCO
in TSMC 65 nm CMOS, intended as the first implemented RF building block of the
proposed cryogenic control chip. The oscillator is designed through a simulation-driven
methodology starting from system-level targets on operating frequency, tuning range,
phase noise, output swing, and power consumption. The design flow progressively ad-
dresses resonant-tank dimensioning, active-core sizing, startup verification, bias-network
implementation, continuous tuning with inversion-mode MOS capacitors, and discrete
tuning with a switched-capacitor bank.

The oscillator is then physically implemented and verified at post-layout level. A com-
plete layout is developed, validated through DRC and LVS, and simulated after parasitic
extraction. The extracted results confirm stable oscillation, full tuning-range coverage,
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and a realistic trade-off between power dissipation, output swing, and spectral perfor-
mance. In order to connect circuit-level results more directly to the target quantum ap-
plication, the simulated phase-noise spectra are also processed through the filter-function
formalism, allowing the estimation of the average fidelity of a primitive X, gate. This
makes it possible to interpret the oscillator not only in terms of conventional RF metrics,
but also in terms of its impact on qubit-control quality.

A second major contribution concerns the treatment of cryogenic transistor behavior.
Since no qualified cryogenic compact model was available in the adopted industrial PDK,
a dedicated BSIM4 re-centering procedure was developed in order to support the low-
temperature interpretation of the oscillator results. The adopted approach preserves the
original BSIM4 formulation and the standard Cadence/Spectre flow, while modifying a
limited set of model parameters so as to reproduce the main cryogenic trends reported in
the literature. The resulting design-oriented cryogenic model is validated against digitized
transistor characteristics, including transfer curves, transconductance, output character-
istics, and output conductance. It is then further assessed in an oscillator-like resonant
testbench, showing physically meaningful startup and steady-state behavior under cryo-
genic assumptions.

Overall, the thesis provides a coherent contribution at multiple and complementary
levels. At the system level, it proposes the architecture of a cryogenic control chip for
semiconductor spin qubits. At the circuit level, it develops and validates a 10 GHz LC-
VCO as the first concrete RF block within that architecture. At the modeling level,
it introduces a practical BSIM4 re-centering methodology to interpret the active-device
behavior under cryogenic conditions. Taken together, these results constitute a first step
toward the realization of more integrated cryogenic control electronics for scalable silicon-
quantum-computing platforms.
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Chapter 1

Introduction

1.1 Quantum computing

Quantum computers provide a means to solve specific classes of problems that are be-
lieved to be intractable for classical computers within any reasonable amount of time. In
practice, they are expected to operate as specialized coprocessors: a classical microproces-
sor provides the instructions for the computation, while the quantum processor executes
carefully designed sequences of operations by exploiting the quantum properties of its fun-
damental unit of information, the qubit, most notably superposition and entanglement.

The first and arguably most intuitive application of quantum computing is the simula-
tion of quantum systems. Even relatively small many-body models can become computa-
tionally prohibitive for classical approaches because the Hilbert space grows exponentially
with system size; for instance, already at the scale of ~ 100 lattice sites these simulations
can become challenging [Svore and Troyer, 2016]. Efficient quantum simulation would
have a major impact on materials science and chemistry, potentially accelerating the dis-
covery of novel compounds, including room-temperature superconductors [Gibney, 2014].
Beyond simulation, quantum algorithms may also offer speedups for more traditional
tasks such as cryptography, solving linear systems, and searching large datasets [Svore
and Troyer, 2016].

However, scalability remains a central challenge. Any quantum system is inevitably
coupled to its environment, resulting in decoherence and control/readout errors that pro-
gressively degrade the stored quantum information. As a consequence, practically useful
machines require quantum error correction, in which logical qubits are encoded into many
noisy physical qubits. Basic quantum-error-correction schemes may require from 10? to
10* physical qubits per logical qubit [Versluis, 2020]. Thus, even a quantum algorithm
requiring only 100 logical qubits may demand 10* to 10® physical qubits. This strong
overhead motivates the development of hardware platforms with extremely high qubit-
integration density.
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Introduction

1.1.1 Qubits as two-level quantum systems

The elementary unit of quantum information is the qubit, i.e., a quantum two-level system.
Mathematically, its state is represented by a vector |¢) belonging to a two-dimensional
Hilbert space. A convenient basis for this Hilbert space is provided by the two possible
outcomes of a projective measurement performed on the qubit.

An electron in a static magnetic field oriented, for example, along the z axis, constitutes
a two-level quantum system. In this case, the spin can be measured with respect to the
field direction, and the two possible outcomes are the spin-up state |1) and the spin-down
state ||). Before measurement, however, the qubit can exist in a coherent superposition
of the two basis states:

W)y =at)+ 8,  aBeC, |af+[pP=1 (1.1)

Born’s rule states that the probabilities of obtaining the outcomes [1) and |]) are
P =1 )P =la’,  PU)=[{ ) =18
Since these are the only possible outcomes in this basis, their sum must satisfy
PM+PU) =1 = a2+ =1

To describe measurements and control operations on a qubit, it is convenient to in-
troduce linear operators acting on the same two-dimensional Hilbert space. Once the
orthonormal basis {|1),|})} is fixed, any linear operator can be represented by a 2 x 2
complex matrix. In particular, observables correspond to Hermitian operators. A stan-
dard and extremely useful operator basis is given by the identity and the Pauli matrices,
which provide a compact description of single-qubit Hamiltonians, measurements, and
rotations.

1.1.2 Pauli matrices, expectation values, and Bloch-sphere rep-
resentation

The Pauli matrices o,,0,,0, are defined, in the basis {|1),[|})} = {|1.).[{2)}, as

0D () Gl o

They are Hermitian operators,

T

0, = 0j (izx,y,z),

and therefore represent observables. Moreover, o2 = I, which implies that their eigenval-
ues are +1. Denoting by [1;) and |];) the eigenstates of o;, one has

oi|ti) =+ 1), oi i) = — [4i) (i=my,2).
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1.1 — Quantum computing

Finally, the set {I,0,,0,,0.} forms a basis for the real vector space of 2 x 2 Hermitian
operators: any single-qubit observable A = A can be written uniquely as

A =aol + ay0, + ayoy + a.0, ap, Gz, Ay, a; € R.

The Pauli matrices are particularly useful for describing expectation values and spin
projections. For instance, preparing a qubit in the state [¢)) = a|1,)+/3 [{.) and measuring
the spin along the z axis, the possible outcomes are +1 and —1, obtained with probabilities
| (1. ) |> and | ({. |} |?, respectively. Repeating the measurement many times, the
average outcome is

(o2)w = (FD) (T2 [9) P+ (D) [ e [0) P = laf* = |7,

More generally, for any Hermitian observable A, the expectation value in the state 1) is

defined as
(A)y = WA ).
The three quantities
<U$>wv <0y>¢17 <O’z>¢
represent the mean spin projections of the state 1) along the z, y, and z axes, respectively.
Collecting them into a vector leads naturally to the Bloch-sphere representation of single-
qubit states.

In quantum information, the computational basis is usually denoted by {|0),|1)}. For
a spin qubit, one may identify

=1, =N

A convenient geometric representation of a pure single-qubit state is then provided by the
Bloch sphere. Up to an unobservable global phase, the qubit state of Eq. (1.1) can be
written as

) = cos@) 10) + €™ sin(i) 1), (1.3)

where 6 € [0, 7] and ¢ € [0,27) are spherical angles. This parametrization makes explicit
that a pure qubit state is determined by two real parameters, which can be interpreted as
the coordinates of a point on the surface of a unit sphere.

The mapping becomes clearer by introducing the Bloch vector 7, defined through the
expectation values of the Pauli operators:

(02) (Y] oz [¥)
T= <<0y>> = <<¢|0y W)) . (1.4)
(02) (W] o)

For the state represented as in Eq. (1.3), the Bloch vector is
sin 6 cos ¢
7= |sinfsing |, (1.5)
cos 6

which lies on the unit sphere, i.e., ||| = 1. The north pole corresponds to |0) (# = 0), the
south pole to |1) (§ = 7), while points on the equator (§ = m/2) represent superposition
states such as (|0) 4+ ¢’ [1))/4/2. This geometric representation is illustrated in Fig. 1.1.
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Introduction

Figure 1.1. Bloch sphere representation of a single-qubit pure state.

1.1.3 Qubit evolution and single-qubit rotations

The time evolution of any closed quantum system prepared in a state [i(t)) is governed
by the time-dependent Schrodinger equation

L0 A
ihay [W(t) = H(t) [¥(1)), (1.6)

where H (t) is the Hamiltonian operator, representing the total energy of the system.
Denoting by

19 (to)) = alto) [0) + B(to) 1)

the state at the initial time ¢¢, its evolution is described by the unitary operator U(t, ty):

[6(t)) = U(t,t0) [v(to)) (1.7)
with o
U(t,to) = T exp {—;/t H(r) dT:| , (1.8)

where T denotes time ordering.
A particularly important case is a time-independent Hamiltonian, H(t) = H, for which
the propagator reduces to

U (t, to) = exp {—;ﬁ(t - to)} . (1.9)
If {|n)} is an eigenbasis of the Hamiltonian, H |n) = E, |n), and the initial state is
expanded as [1(t9)) = >_,, ¢n [n), then the evolution is

(1)) = D e e w0 ) (1.10)
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1.1 — Quantum computing

In particular, an energy eigenstate acquires only a phase factor in time, meaning that all
measurable probabilities remain unchanged. Such a state is therefore called a stationary
state.

The Bloch-sphere picture is particularly useful because single-qubit unitary operations
correspond to rotations of the Bloch vector. In fact, any single-qubit unitary transforma-
tion can be expressed as

U(n, ) —@{p(—iiﬁ-&') , (1.11)

where 7 is a unit vector defining the rotation axis, ¥ is the rotation angle, and & =
(03, 0y,0%).

1.1.4 Electron-spin qubits in a magnetic field

A widely used physical realization of a qubit is the spin of a single electron confined in
a semiconductor quantum dot, where quantum information is encoded in two Zeeman-
split spin states in the presence of an external static magnetic field By = ByZ [Loss
and DiVincenzo, 1998]. In the computational basis {|0),|1)} = {|1.),|{:)}, chosen as
eigenstates of o,

0,10) = +|0), o, |1) =—|1), (1.12)
the Zeeman Hamiltonian of a single electron spin can be written as
Hy = % 0, (1.13)
where the Larmor angular frequency is
wo = WTB Bo. (1.14)

Here g is the effective electron g-factor in the host material and up is the Bohr magneton.
Equation (1.13) implies an energy splitting AE = hwg between the two qubit levels. In
practice, the combination of Tesla-scale magnetic fields and g & 2 leads to qubit resonance
frequencies in the multi-GHz to tens-of-GHz range in silicon devices [Veldhorst et al.,
2014].

Larmor precession. The Zeeman Hamiltonian also provides a direct geometric inter-
pretation of free evolution on the Bloch sphere. Consider a system prepared in one of
the two eigenstates of o, i.e., [¢(0)) = |0) or |¢(0)) = |1). The corresponding unitary
operator is

N | A 4
Up(t) = eXp<—;H0t> = exp<—iw§az> = R.(wot). (1.15)
The time evolution of the eigenstates of o, is then
(1)) = Un(t)[0) = e ™02 [0),  |oo(t)) = Do (t) [1) = eT™/2 1) (1.16)

Thus, for a qubit prepared in an eigenstate of o,, the evolution consists only of a global
phase accumulation, which is not observable.
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Consider now a qubit prepared along the x axis,

0)+11).

[¥(0)) = 1) = NG

Its time evolution under ﬁo is

() = Oofe) o) = —5 (67502 0) + ¥5012 1)

— p—iwot/2 ﬁ (‘0> 4 giwot |1>> ’ (1.17)

showing that the physically relevant effect is the accumulation of a relative phase e
Consequently, the Bloch-vector components evolve as

iwot

(02)(t) = cos(wot), (oy)(t) = sin(wot), (o.)(t) =0, (1.18)

i.e., the Bloch vector precesses in the equatorial plane around the z axis at the Larmor
frequency wy.

Under Hy alone, a generic qubit state acquires a relative phase between |0) and |1),
corresponding to a rotation around the z axis on the Bloch sphere. An additional time-
dependent drive term is needed to implement controlled rotations around axes in the
equatorial plane, thereby enabling universal single-qubit control.

1.1.5 Driven control: ESR/EDSR and Rabi oscillations

Single-qubit gates are realized by applying an oscillating drive near the qubit resonance
frequency, i.e., the Larmor frequency. This drive can be produced by an oscillatory mag-
netic field transverse to By (electron spin resonance, ESR) or, more commonly in scalable
semiconductor devices, by an oscillating electric field that couples to the spin via spin-
orbit interaction and/or a magnetic-field gradient (electric dipole spin resonance, EDSR)
[Koppens et al., 2006]. In both cases, the driven dynamics can be modeled by an effective
Hamiltonian of the form

N huw,
Hiap(t) = ?OUZ + 7 cos(wmwt + @) 04, (1.19)

where wy,y and ¢ denote the microwave angular frequency and phase, while €2, determined
by the drive amplitude and coupling mechanism, sets the rotation speed.

Rotating frame and rotating-wave approximation (RWA). To make Eq. (1.19)
analytically tractable and connect directly to Bloch-sphere rotations, it is convenient to
move to a reference frame rotating at wy,y around z with the unitary transformation

> mwt
Uset (t) = exp (—iw2 02> . (1.20)
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The Hamiltonian in the rotating frame is

. . . . R d ~
Hyoo(t) = UL () Hiap () Ures(t) — i UL (2) d—Uref(t), (1.21)

~

which contains a slowly varying term and fast oscillating components at approximately
2wmw. When the drive is weak compared to the carrier, i.e., ) < wy, the fast oscillat-
ing terms can be neglected (rotating-wave approximation), yielding a time-independent
effective Hamiltonian:

. hA Q
Hpwa = 0z + > (cospo, —singoy), A = Wyw — Wo. (1.22)

Rabi frequency and pulse-area rule. On resonance (A = 0), Eq. (1.22) reduces to
a pure rotation in the equatorial plane. The propagator is

~ Qr
U(T) = exp _iT (cospoy —singay)|, (1.23)

which matches the general rotation operator of Eq. (1.11) with rotation angle ¢ = QT
and axis i = (cos ¢, — sin ¢,0). Therefore, the drive phase ¢ selects the rotation axis (X-
versus Y'-like rotations), while the product Q7T (“pulse area”) sets the rotation angle. In
particular,

T m

Tp= = Ty= .
Q 27 90

(1.24)

Experimentally, sweeping the pulse duration T at fixed amplitude produces oscillations
in the measured population, known as Rabi oscillations [Koppens et al., 2006].

Off-resonant drive. For finite detuning (A # 0), the qubit rotates around a tilted axis
with the generalized Rabi angular frequency

Qtot =V Q2 + AQ. (125)

Assuming that the qubit is initialized in an energy eigenstate, the transition probability
after a rectangular pulse of duration T takes the standard form

0?2 Qeor T
Pi(T) = o sin2< t2t > (1.26)
tot

showing that detuning both reduces the oscillation visibility and changes the oscillation
frequency. This relation is routinely used to extract 2 from time-domain measurements
and to calibrate the pulse duration for 7 and 7/2 operations.

Equations (1.22)—(1.26) highlight that high-fidelity gates require accurate control of
carrier frequency (small A), carrier phase ¢, and pulse amplitude/duration (setting Q7).
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1.1.6 Phase noise, coherence, and gate fidelity

In practice, the resonant drive used to implement single-qubit rotations is generated by a
local oscillator (LO) and therefore inherits its phase fluctuations. A convenient model is
to include a stochastic phase term ¢y (t) in the carrier,

B (t) = By cos(wrot + ¢ + ¢n (1)), (1.27)

so that the driven qubit Hamiltonian, assuming the drive couples along x, becomes

A hw hQ2

H(t) = TOUZ + ?Cos(wLot+¢+¢N(t)) O, (1.28)
where Q0 = 7,.B; is the on-resonance Rabi frequency. Transforming into the rotating
frame at wro and applying the rotating-wave approximation, LO phase noise appears as
an effective dephasing term proportional to the instantaneous frequency fluctuation ¢ (t),
namely

SHULO) (7) — —% n(t), (1.29)

which is formally indistinguishable from a longitudinal noise bath that causes phase dif-
fusion of the qubit state.

This relation connects oscillator specifications to qubit dephasing spectra. Denoting
by S(SN) (w) the unilateral power spectral density (PSD) of the LO phase fluctuations, the
corresponding unilateral dephasing PSD entering filter-function calculations is

1
SO (w) = I w258 (w). (1.30)

Most LOs specify instead the single-sideband phase noise L(w) in dBc/Hz, defined as
L(w) = %S&V) (w). Using L(w) = 10log;y L(w), one obtains the practical relation [Ball
et al., 2016]

1 ~
SW(w) = 3 w? 10E@)/10, (1.31)

Finally, the impact on coherence and gate fidelity can be quantified through an overlap

integral between Sgl)(w) and a control-dependent filter transfer function [Green et al.,
2013, Biercuk et al., 2011]. For generic single-qubit operations of duration 7, the average
fidelity can be written approximately as

S (w)

w?

Fo (1) = %(1 + e*x(ﬂ) X(7) = ;/Ooodw > Gaw), (1.32)

le{z,y,z}

where the functions G ;(w) depend on the specific control sequence, such as free evolu-
tion, Ramsey, a m-pulse, a driven X, gate, or dynamically corrected gates. This frame-
work makes explicit that LO phase noise degrades fidelity in a band-selective way: only
the spectral components of E(w) that overlap the filter function of the chosen operation
contribute significantly to the error.
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In realistic devices, the qubit is never perfectly isolated: coupling to the environment
leads to relaxation and loss of phase coherence, which ultimately limit the time available
for coherent control and set stringent requirements on gate fidelity. These effects are com-
monly quantified by three characteristic times. The energy-relaxation time 77 describes
the decay of population from the excited state to the ground state, while the coherence
time T5 characterizes the decay of off-diagonal elements of the density matrix. In addition,
experiments often observe a shorter inhomogeneous dephasing time 7%, which captures
the effect of quasi-static fluctuations, such as slow magnetic-field or electrostatic noise,
that vary between experimental repetitions. Typically,

TQ* S T2 S 2T17

and T4 can be extended beyond 7% using echo and dynamical-decoupling sequences [Green
et al., 2013]. In the frequency domain, dephasing manifests as a broadening of the qubit
resonance line: as an order-of-magnitude relation, the inhomogeneous linewidth satisfies

1
Ty’

Af

directly linking coherence to the spectral selectivity of driven control and to the suscep-
tibility of gates to detuning and phase/frequency noise [Veldhorst et al., 2014].

1.2 Silicon qubits

Spin states of single electrons confined in quantum dots can be exploited to realize a qubit
[Loss and DiVincenzo, 1998]. Among the various qubit technologies, silicon-based qubits
are particularly promising. First, the availability of isotopically purified silicon substrates
significantly enhances coherence times by suppressing hyperfine-induced dephasing [Veld-
horst et al., 2014]. Second, silicon benefits from a mature CMOS manufacturing ecosys-
tem, offering a clear route toward scalable, high-density integration [Zwanenburg et al.,
2013]. Finally, silicon qubits are naturally compatible with CMOS control electronics,
and the possibility of operating them in the 1-4 K range is being actively investigated
[Petit et al., 2018]. This may enable tighter co-integration of the quantum device and
its classical control stack, for example by exploiting heterogeneous integration [Vahidpour
et al., 2017].

1.2.1 Coherence and isotopic purification

The main source of decoherence for electron spins in silicon is the coupling to the bath
of nuclear spins in the host material [Zwanenburg et al., 2013]. Natural silicon contains
only a 4.7% concentration of the spin-carrying 2Si isotope. This concentration can be
further reduced, and isotopically purified substrates consisting almost entirely of spinless
2Si can be obtained; for example, [Andreas et al., 2011] reports a 2°Si concentration of
5 x 107°. In such purified substrates, coherence times as long as T, = 120 us have been
demonstrated [Veldhorst et al., 2014].
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1.2.2 CMOS compatibility and manufacturing scalability

Silicon benefits from the world’s most mature semiconductor technology base, namely
CMOS fabrication. The possibility of defining quantum dots and electrostatic gates using
multi-layer metal stacks, aligned lithography, and well-controlled process modules suggests
a credible path toward high-density qubit arrays and more reproducible devices.

Spin qubits in semiconductors may also be integrated with classical integrated-circuit
technology, including processing, memory, and signal routing. Integration on chip is
particularly natural because quantum-dot qubits rely on gate electrodes in a way that
is conceptually similar to standard field-effect devices. Integration may also occur at
the system level, with multiple chips communicating with one another [Vandersypen and
Eriksson, 2019].

1.2.3 Typical sequence of silicon-qubit operations

From the control perspective, the operation of a semiconductor spin qubit follows a well-
defined sequence. First, the device is biased through suitable DC gate voltages in order
to electrostatically define the quantum dot and establish the desired working point. The
qubit is then initialized into a known state. Once the operating regime has been set,
fast voltage pulses can be applied to modify the electrostatic configuration, for instance
by changing detuning or barrier conditions, while resonant microwave bursts are used
to perform coherent single-qubit rotations. Finally, the qubit state is measured through
an appropriate readout mechanism, often based on spin-to-charge conversion and RF
reflectometry.

Since relaxation, dephasing, and control non-idealities progressively degrade the stored
quantum information, the entire sequence must be executed within a timescale compatible
with the coherence properties of the device. This sequence of operations makes clear that
the qubit cannot be operated without a dedicated electronic interface capable of locally
generating and coordinating bias voltages, pulsed control signals, microwave excitation,
and readout support [Koppens et al., 2006, Veldhorst et al., 2014, Park et al., 2021].
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Chapter 2

Cryogenic Control Chip for
Semiconductor Spin Qubits

After introducing the physical principles of semiconductor spin qubits in Chapter 1, this
chapter focuses on the classical integrated-circuit architecture required to operate them.
The goal is to describe the electronic interface that generates, stores, and coordinates
the signals needed for biasing, manipulation, and, more generally, control of the quantum
device.

In the considered scenario, the qubit is fabricated separately, while the controller is
implemented in TSMC 65 nm CMOS and operated at cryogenic temperature, around 4 K.
This architectural choice is motivated by one of the main obstacles to the scalability of
quantum processors: although qubits operate at cryogenic temperature, their control is
still often performed through bulky room-temperature instrumentation. Such an approach
is acceptable for few-qubit experiments, but it becomes increasingly inefficient as the
system scales up because of the large number of cables, the associated thermal load, the
footprint of the instruments, and the latency between the classical electronics and the
quantum processor [Sebastiano et al., 2017].

For this reason, a major research direction consists in moving at least part of the
classical interface closer to the qubit plane, by exploiting cryogenic CMOS electronics as an
intermediate layer between room-temperature digital control and the milliKelvin quantum
device [Patra et al., 2018, Geck et al., 2020, van Dijk et al., 2019]. In semiconductor spin-
qubit platforms, such an interface must provide several classes of signals: accurate DC
gate voltages to define the electrostatic working point, fast low-amplitude voltage pulses
for tuning and control, microwave bursts for coherent qubit rotations, and support for the
readout path [Vandersypen et al., 2017].

In the reference architecture considered in this thesis, the target specifications include
tuned gate DC voltages up to approximately +1 V, gate pulses of a few millivolts, and
microwave bursts with carrier frequency around 10 GHz. These signals must be generated
with sufficient precision and stability to fit within the coherence window of silicon spin
qubits, which can reach 120 us in isotopically enriched devices [Veldhorst et al., 2014].
Within this broad architecture, the main block developed in this work is the RF source,
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namely a cryogenic 10 GHz LC-VCO with 9.5-10.5 GHz tuning range, but it is essential
to first place it in the context of the complete control system.

2.1 Architectural motivation from cryogenic-controller
literature

The idea of a cryogenic control chip does not arise only from circuit-integration conve-
nience, but from a broader system-level scalability problem. As discussed by Sebastiano
et al., the conventional approach based on room-temperature instrumentation becomes
increasingly impractical as the number of qubits grows, because of the wiring burden
between cryogenic quantum devices and external electronics. For this reason, cryogenic
CMOS interfaces have been proposed as an intermediate layer, with most of the electronic
interface operating around 4 K, where the available cooling power is significantly larger
than at the qubit stage [Sebastiano et al., 2017].

This architectural direction has progressively evolved toward increasingly integrated
cryogenic controllers. A particularly relevant example is the fully integrated cryo-CMOS
SoC reported by Park et al., which combines state manipulation, readout, high-speed gate
pulsing, frequency multiplexing, and local digital supervision in a single platform for spin-
qubit control. This demonstrates that a partitioned architecture including RF generation,
gate-voltage control, memory resources, and digital coordination is fully consistent with
state-of-the-art integrated solutions [Park et al., 2021].

At the same time, the literature also shows that the RF path is itself a critical building
block. Bardin et al. presented a cryogenic 4-to-8 GHz pulse modulator for scalable quan-
tum computing, highlighting that cryogenic control circuits must simultaneously satisfy
high spectral performance and stringent power constraints. For this reason, in the present
thesis the first circuit-level block developed within the broader control-chip architecture
is precisely the RF source [Bardin et al., 2019].

These examples motivate the architectural approach adopted in this work and justify
the use of a partitioned cryogenic controller in which bias generation, memory, sequencing,
RF generation, and readout support are treated as coordinated subsystems.

2.2 Top-down definition of the control architecture

The proposed control chip is defined following a top-down approach, starting from system-
level requirements and considering the following design constraints:

« operating temperature of 4 K;

o implementation in TSMC 65 nm CMOS technology;

o nominal supply voltage of 1.2 V;

« additional 2.5 V supply domain limited to the qubit-gate interface;
2.

o target die area of approximately 1 mm
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o fewer than 20 available external pins, including power, 1/0O, and debug connections;

o low-power operation compatible with the limited cooling budget available at 4 K
(few Watts);

o chip wire bonding as the packaging/interconnection solution;
» room-temperature digital control;

o reduced I/O speed, in the MHz range, to mitigate signal-integrity issues at the
cryogenic interface;

« readout based on a single-electron transistor (SET).

These constraints naturally favor a partitioned mixed-signal architecture in which con-
figuration data are stored locally, analog bias values are generated on chip, and the mi-
crowave control path is synthesized close to the qubit array. In particular, the limited
pin budget motivates the adoption of a serial communication interface and local on-chip
memory, so that the relevant control data can be loaded without requiring continuous
high-speed communication between the room-temperature controller and the cryogenic
signal-generation blocks [Vandersypen et al., 2017, Patra et al., 2018, Geck et al., 2020,
van Dijk et al., 2019].

At a high level, the chip is divided into five main functional domains: a control unit, a
memory subsystem, a bias-generation subsystem, a qubit-rotation subsystem, and a read-
out subsystem. A digital interface at room temperature communicates with the cryogenic
controller and provides the data required to configure the system. This organization is
shown in Fig. 2.1.

This partition is motivated by the distinct nature of the signals required by the qubit.
The memory stores the configuration data and pulse information associated with qubit op-
eration. Because qubit control requires low-latency and deterministic access to bias and
waveform data, local on-chip memory is adopted to avoid continuous fast communica-
tion between the room-temperature digital controller and the cryogenic signal-generation
blocks. The control unit supervises timing, addressing, and enable signals, so that the
digital word is transferred to the bias-generation subsystem according to the operation
being performed. The bias-generation subsystem converts stored digital words into the
analog voltages applied to the gate electrodes. The qubit-rotation path generates the
microwave signals required for ESR/EDSR-based operations. Finally, the readout section
supports measurement of the qubit state.

The architectural considerations discussed above translate into a controller with the
following target features:

o support for qubit rotations through a microwave-control path, with X-rotations im-
plemented by ESR and compatibility with electrically controlled static operating
points;

« separate analog generation paths for quantum-dot and SET biasing (two DACs);
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Figure 2.1. High-level architecture of the cryogenic control chip. The controller
includes a control unit, local memory, bias generation, qubit-rotation circuitry,
and readout support.

local storage of DAC input words, loaded once at system startup and then reused
during operation, in order to avoid continuous high-speed communication with room-
temperature electronics;

sample-and-hold stages for all QD and SET gates, periodically refreshed to preserve
the applied analog voltages;

a readout chain in which the SET current is converted into a voltage, amplified,
sampled, and finally digitized before being transmitted back to the digital controller;

serial input communication converted on chip into parallel words for DAC driving,
and parallel ADC outputs serialized before transmission to room temperature;

room-temperature digital supervision;

a compact control unit based on finite-state-machine logic and a Johnson counter,
in order to reduce the number of control signals required from outside the cryogenic
stage;

a microwave path based on a carrier around 10 GHz, generated through a PLL-based
chain and then windowed or modulated according to the required qubit operation;

support for a limited but programmable set of gate voltages associated with the
different qubit operations.
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Figure 2.2. Reference architecture for memory, control, and bias generation. The DAC
outputs are followed by sample-and-hold stages that drive the qubit electrodes.

2.3 Bias-generation subsystem

Besides the RF chain, the controller must generate the static and quasi-static voltages
required to electrostatically define the qubit. This task is performed by the bias-generation
subsystem, which translates digitally stored values into analog voltages applied to the gate
electrodes.

The reference architecture for memory, control, and bias generation is shown in Fig. 2.2.
In this scheme, a higher-level digital source provides the input data, a cryogenic control
unit handles addressing and enable signals, serial-in/parallel-out structures receive the
configuration words, and the two DAC outputs are connected to sample-and-hold stages
that locally maintain the voltages applied to the qubit gates.

This organization has two major advantages. First, a single DAC can be reused to
periodically refresh multiple gate electrodes, thus reducing area and power consumption.
Second, the sample-and-hold stages preserve the local analog values seen by the qubit.
This design philosophy is also supported by the literature, where DAC-plus-sample-and-
hold solutions are often adopted in cryogenic qubit controllers because of the high input
impedance of the gate electrodes [Geck et al., 2020].

From a design viewpoint, the bias-generation subsystem must satisfy several require-
ments simultaneously: sufficient voltage range, adequate resolution for fine tuning, low
noise, and compatibility with cryogenic operation.

33



Cryogenic Control Chip for Semiconductor Spin Qubits

2.4 Memory and data transfer

A central aspect of the architecture is the use of local on-chip memory. In the considered
system, the values required by the different qubit gates are not continuously streamed
from room temperature during operation. Instead, the relevant data are first loaded into
local memory and then reused by the cryogenic circuitry. This approach greatly reduces
the need for continuous high-speed communication between the digital controller and the
cryogenic analog front-end, which would otherwise complicate the interface and increase
the number of required connections.

The use of local memory is especially beneficial because the information required by
the qubit evolves on heterogeneous time scales. Bias data are relatively static and mainly
determine the operating point, whereas pulse and sequence data are more dynamic and
are associated with specific qubit operations. Storing both classes of information locally
allows the cryogenic controller to respond with low latency and deterministic timing, while
avoiding repeated communication with room-temperature electronics.

The conceptual organization of the memory is shown in Fig. 2.3. The architecture is
based on serial-in/parallel-out structures and multiplexed readout logic, which provide a
reasonable compromise between routing simplicity and rapid access to the stored words.
The words needed to generate the bias voltages are organized in rows: each row contains
one specific word, while words related to the same gate are placed sequentially and then
multiplexed. The first layer of multiplexers selects the operation to be performed, whereas
the second multiplexing layer selects the target gate (e.g., plunger or barrier) on which
the operation is applied.

This approach is well aligned with the cryogenic-controller literature. For instance,
Geck et al. proposed separate memory resources for bias values and RF sequences, relying
on local storage to avoid continuous streaming of control data from outside the cryogenic
stage [Geck et al., 2020].

2.5 Control unit and local sequencing

The control unit is the supervisory digital block of the chip. Its role is to coordinate
memory access, select the proper data associated with the current operation, generate the
enable signals for the analog subsystems, and ensure deterministic timing for the complete
control sequence.

A simplified representation of the control unit is shown in Fig. 2.4. The architecture
uses a LUT-based structure together with a Johnson counter to generate gate-selection
and operation-selection signals.

In this framework, the LUT stores the correspondence between digital commands and
the internal control actions required by the chip, while the Johnson counter provides the
sequencing mechanism. Although the control unit is not the main design contribution of
this thesis, it is an essential architectural block because it defines the timing framework
within which the analog and RF subsystems operate.
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Figure 2.3. Conceptual memory organization based on serial-in/parallel-out struc-
tures and multiplexed readout.

2.6 RF front-end for qubit rotations

Among all subsystems of the controller, the RF front-end is the most relevant for this
thesis, since it contains the block that has been designed and analyzed in detail: the
cryogenic 10 GHz LC-VCO. The purpose of the RF path is to generate a spectrally clean
microwave carrier, condition it through the frequency-synthesis chain, and modulate it so
as to obtain the bursts required for qubit manipulation.

2.6.1 General RF chain

A simplified representation of the qubit-rotation path is shown in Fig. 2.5. The digital
system controls the frequency multiplication and provides the reference timing signal.
A PLL-based synthesis chain generates the carrier, the signal is then conditioned and
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Figure 2.5. Simplified RF chain for qubit manipulation.

amplitude-modulated, and the resulting microwave burst is delivered to the qubit.

This structure separates two conceptually different functions: carrier synthesis and
pulse formation. The frequency-generation stage must provide the correct oscillation
frequency with sufficiently low phase noise, while the amplitude-modulation stage must
shape the burst according to the desired gate operation. This modularity is advantageous
because it allows each block to be optimized according to its dominant specification,
while also leaving room for more advanced pulse-generation schemes, such as Y-rotations,
Gaussian envelope shaping, or frequency multiplexing.

2.6.2 PLL-based frequency synthesis

A practical way to generate the microwave carrier is to adopt a phase-locked loop. The
PLL locks a tunable oscillator to a stable reference and therefore enables frequency pro-
grammability while preserving long-term stability. This is particularly important in spin-
qubit systems, where calibration and compensation of process variations, temperature
shifts, or frequency multiplexing may require tuning of the local-oscillator frequency.
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Figure 2.6. Conceptual PLL scheme adopted for microwave carrier synthesis.

A conceptual representation of the PLL is shown in Fig. 2.6. The architecture in-
cludes the standard phase detector, charge pump, divider, and VCO blocks, in line with
conventional integrated RF synthesis schemes [Razavi, 2020].

Within the full controller, the PLL acts as the backbone of the microwave generation
path. Its role is not only to produce the required carrier, but also to provide a pro-
grammable interface between the digital control domain and the analog RF oscillator.
This is especially useful when dealing with silicon qubits, whose device characteristics
may deviate from room-temperature expectations.

2.6.3 LC-VCO as the key RF building block

The core of the PLL is the voltage-controlled oscillator. In the considered architecture, an
LC-VCO implemented in TSMC 65 nm CMOS is adopted because LC-based oscillators
generally provide better phase-noise performance than ring-based alternatives, especially
in applications where spectral purity is a first-order requirement [Hajimiri and Lee, 1998,
Rael and Abidi, 2000]. This is precisely the case for spin-qubit manipulation, where phase
fluctuations of the local oscillator translate into dephasing of the driven qubit and hence
into gate infidelity [Ball et al., 2016, Green et al., 2013, van Dijk et al., 2018].

The adoption of an LC-VCO is therefore motivated not only by frequency-generation
needs, but also by the requirement to preserve qubit fidelity as much as possible. In
this thesis, the LC-VCO represents the first concrete circuit-level realization within the
broader control architecture. Its target operating frequency is approximately 10 GHz,
consistent with microwave-driven control of silicon spin qubits. More importantly, its role
is not limited to frequency generation: because of the direct link between oscillator phase
noise and qubit fidelity, the VCO is one of the blocks whose non-idealities most directly
affect the feasibility of the overall controller.
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2.6.4 Amplitude modulation and burst generation

The microwave carrier produced by the PLL and VCO must then be converted into bursts
suitable for qubit manipulation. This is achieved through the amplitude- and phase-
modulation stage, denoted as AM/PM in the architectural scheme. Phase modulation
is used to select the rotation axis, thereby enabling different operations such as X- and
Y -rotations. Amplitude modulation, on the other hand, is used to gate and shape the
microwave burst; for a given drive strength, the pulse duration sets the rotation angle
according to the Rabi frequency.

At the conceptual level, two main approaches are possible. A first option consists in
directly gating the RF signal through a switch, which is attractive when a small number
of qubits is controlled and only relatively simple pulse shapes are needed. A second option
consists in using a mixer-based modulation stage, which enables more flexible envelope
shaping and potentially more advanced schemes such as Gaussian pulses or single-sideband
modulation. The latter becomes particularly relevant when moving toward larger qubit
arrays, where channel sharing and spectral selectivity become more important.

More generally, coherent qubit manipulation requires not only a microwave source, but
an RF subsystem able to coordinate waveform generation, carrier synthesis, and burst
delivery. Even though the modulation block is not the main focus of this thesis, it plays
an important architectural role because it transforms a continuous-wave local oscillator
into a physically meaningful control signal for the qubit.

2.7 Readout subsystem

Besides bias generation and coherent control, the cryogenic controller must also support
qubit-state measurement. In semiconductor spin-qubit platforms, the readout is generally
not performed by directly sensing the spin degree of freedom. Instead, the spin informa-
tion is first converted into a charge-dependent event through a spin-to-charge conversion
mechanism, and the resulting charge variation is then detected by a nearby charge sensor.

In the reference architecture considered here, the readout path is based on a single-
electron transistor (SET) used as a charge sensor. SET-based sensing is well established
in silicon quantum-dot devices, where it enables sensitive detection of charge transitions
down to the single-electron level and can therefore be exploited as the front-end of spin
readout after spin-to-charge conversion [Yang et al., 2011, Veldhorst et al., 2014]. More
specifically, once the qubit state has been mapped onto a charge configuration, the cor-
responding variation in the electrostatic environment modulates the SET current. The
role of the electronic readout chain is then to convert this weak analog signal into a form
suitable for further processing and transmission to the room-temperature controller.

A conceptual block diagram of the adopted readout path is shown in Fig. 2.7. The
current generated by the SET sensor is first converted into a voltage by a current-to-voltage
(I/V) stage. The SET operating point is established by a dedicated DAC, following the
same general biasing philosophy adopted for the qubit-control electrodes. The resulting
voltage is then amplified by a low-noise amplifier (LNA), sampled by a sample-and-hold
block, and finally digitized by an ADC. The digital output can then be serialized and
transmitted back to the external control electronics. In parallel, control signals such
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Figure 2.7. Conceptual readout chain of the cryogenic controller. After spin-to-charge
conversion in the quantum device, the SET current is converted into a voltage, amplified,
sampled, and digitized before transmission to the digital controller.

as the sampling clock and the start-conversion command are provided from the digital
domain to coordinate the readout sequence.

From an architectural viewpoint, this organization separates the quantum transduction
mechanism from the classical signal-conditioning chain. The quantum device and the SET
operate at the milliKelvin stage, where the charge-sensitive measurement takes place,
while the first stages of analog conditioning and data acquisition are placed at the 4 K
controller level. This partition is attractive because it reduces the need to route very weak
analog signals all the way to room temperature, thereby mitigating bandwidth limitations,
interference, and wiring complexity.

Although the detailed design of the readout electronics is outside the scope of this
thesis, its inclusion in the architectural discussion is important for completeness. In fact,
a practical spin-qubit controller must not only generate DC biases, pulses, and microwave
bursts, but must also provide a compatible measurement back-end able to acquire the
charge-sensor response with sufficient sensitivity, timing accuracy, and scalability. For
this reason, the readout path is considered here as an essential subsystem of the overall
cryogenic control chip.

2.8 Technology choice and cryogenic operation at 4 K

The complete control architecture is conceived in TSMC 65 nm CMOS and intended to
operate around 4 K. This temperature should be regarded as a practical compromise be-
tween close integration and thermal budget. Placing the electronics at room temperature
leads to the scalability issues discussed above, while placing all control circuitry directly
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at the milliKelvin stage would impose extremely severe dissipation constraints. The 4 K
stage therefore emerges as a realistic intermediate level for near-term cryogenic control
electronics [Vandersypen et al., 2017, Patra et al., 2018, van Dijk et al., 2019, Park et al.,
2021].

The choice of a 65 nm CMOS node is also consistent with the mixed-signal nature of
the controller. It offers a suitable compromise between integration density, RF capability,
supply-voltage headroom, and design maturity, making it a practical technology platform
for the co-integration of digital logic, bias circuitry, and microwave building blocks.

However, cryogenic CMOS operation is not transparent from a design viewpoint. As
will be discussed in Chapter 4, device parameters may differ significantly from their room-
temperature values due to threshold-voltage shifts, mobility changes, incomplete dopant
ionization, and other low-temperature effects. These deviations are particularly critical in
analog and RF blocks. The implemented LC-VCO is intended to operate under cryogenic
conditions and must therefore be analyzed using suitably adapted models. The oscillator
is not treated as a generic room-temperature RF' circuit, but as a building block whose
behavior must remain meaningful within the final 4 K controller.

2.9 Role of the proposed chip within this thesis

The architecture presented in this chapter should be interpreted as a reference control-chip
architecture for semiconductor spin qubits, rather than as a chip already fully implemented
in all its subsystems. Its purpose is to define the system-level framework within which
the first blocks are currently being developed.

Within this broader architecture, the main contribution of the thesis is the RF source,
namely the cryogenic 10 GHz LC-VCO with 9.5-10.5 GHz tuning range. This choice is
motivated by the fact that microwave-driven qubit control places particularly stringent
requirements on spectral purity, and therefore on oscillator design. Among all the subsys-
tems of the control chip, the VCO is one of the blocks whose circuit-level imperfections
most directly translate into reduced qubit fidelity.

At the same time, presenting the full controller is essential because it shows that the
oscillator is not intended as a stand-alone demonstrator. On the contrary, it is conceived
as the first validated subsystem of a wider mixed-signal cryogenic platform that will
eventually include local memory, bias generation, modulation, and digital control. This
system-level perspective justifies the architectural discussion developed in the present
chapter and motivates the detailed focus on the RF block in the following chapters.

2.10 Conclusions

This chapter presented the reference cryogenic control-chip architecture considered for the
operation of semiconductor spin qubits. Starting from system-level constraints such as
cryogenic operation, reduced wiring, limited area, and power dissipation, the discussion
introduced a partitioned mixed-signal solution including local memory, a supervisory con-
trol unit, a bias-generation front-end, a qubit-rotation subsystem, and readout support.
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The electronic interface is a central element in the scalability of semiconductor quan-
tum processors. Moving part of the classical control closer to the qubit plane can reduce
wiring complexity, thermal load, and latency, but it also requires the design of cryogenic
integrated circuits capable of locally storing control data, generating accurate bias volt-
ages, and synthesizing spectrally pure microwave signals.

Within this architecture, particular attention was devoted to the RF front-end, since
it contains the main block developed in this thesis: a 10 GHz LC-VCO in TSMC 65 nm
CMOS with 9.5-10.5 GHz tuning range for cryogenic operation. The next chapters will
therefore focus on the design methodology, cryogenic modeling assumptions, circuit imple-
mentation, and post-layout validation of this oscillator, which represents the first concrete
building block of the proposed control chip.
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Chapter 3

Cryogenic LC-VCO Design for
Spin-Qubit Control

3.1 System Requirements and Design Targets

3.1.1 Motivation and context

High-fidelity manipulation of semiconductor spin qubits relies on phase-coherent mi-
crowave bursts in the GHz-to-tens-of-GHz range. In view of large-scale qubit integration,
it is desirable to place part of the control electronics as close as possible to the qubit
plane, ideally operating at cryogenic temperature, where cooling power is limited. In this
context, the voltage-controlled oscillator (VCO) becomes a key building block, since its
spectral purity ultimately bounds the phase stability of the local oscillator used for qubit
drive and readout. The oscillator design flow was initially developed at room temperature,
while cryogenic operation was addressed in a subsequent validation step. In particular, a
dedicated BSIM4 re-centering procedure was introduced afterwards to verify whether the
active-device behavior remained physically consistent under low-temperature conditions,
as discussed in Chapter 4.

3.1.2 Technology node and chosen topology

This work targets a cryogenic implementation in a commercial CMOS node (TSMC
65nm). Among integrated oscillator families, differential LC oscillators are preferred.
Compared with ring oscillators, this topology is better suited to achieving high frequen-
cies together with lower phase noise [Razavi, 2020]. Indeed, LC-based oscillators are also
adopted in cryogenic quantum-control architectures [Patra et al., 2018].

3.1.3 Target frequency and tuning range

The VCO is designed to operate around a target carrier frequency of 10 GHz, with a tun-
ing range spanning 9.5 GHz to 10.5 GHz. This choice is motivated by the requirements of
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spin-qubit control, where microwave excitation in the X-band is commonly employed to
drive electron-spin resonance (ESR) transitions. In practice, the exact resonance frequency
depends on the applied static magnetic field and device-specific parameters; therefore, a
1 GHz tuning span is intentionally included to provide margin for qubit-to-qubit variabil-
ity, calibration procedures, and frequency shifts due to process dispersion and cryogenic
operation. From a circuit-design standpoint, the target band sets the LC tank resonance
through fo ~ 1/(2mv/LC}ot) and directly determines the required total-capacitance tun-
ing ratio Chax/Cumin = (fmax/fmin)?, which guides the partitioning between coarse tuning
(capacitor bank) and fine tuning (MOS varactors).

3.1.4 Output swing constraint and saturation of the cross-coupled
pair

Besides frequency range and phase-noise performance, the output swing of the oscillator
must also be limited in order to keep the cross-coupled NMOS pair in saturation during the
oscillation cycle. Let V,, denote the single-ended peak amplitude of the oscillation around
the common-mode level. At the oscillation peak, one drain voltage can be approximated
as

Vo =Vpp — Vo,
while the corresponding gate voltage, being cross-coupled to the opposite tank node, is
Ve =Vpp + V.

If the common-source node is at Vg, the saturation condition for the conducting NMOS
is

Vps > Vas — Vra. (3.1)
Substituting the instantaneous node voltages gives
Vop — Vo —Vs > Vpp + Vo — Vs — Vrp, (3.2)
from which
2‘/;, < VTH~ (3'3)

Therefore, the single-ended peak amplitude should remain below Viyg /2, which is
equivalent to requiring the differential peak amplitude to stay below Vrpg. Neglecting
short-channel effects and assuming that the tank common-mode remains close to Vpp,
this condition provides a simple and useful upper bound for the oscillator swing.

This derivation should be regarded as a first-order large-signal estimate. In particu-
lar, it neglects short-channel effects, finite output resistance, and possible common-mode
variations of the tank nodes during the oscillation cycle. It is therefore used here as a
practical design guideline rather than as a strict large-signal boundary.

In the present design, with an extracted threshold voltage of approximately Vrpy =
427 mV, Eq. (3.3) suggests a maximum single-ended peak amplitude of about 213.5 mV.
Equivalently, the differential peak amplitude should remain below approximately 427 mV,
corresponding to a differential peak-to-peak swing below about 854 mV. For this reason,
the oscillator is intentionally designed to operate with a moderate output swing, avoiding
excessive large-signal compression of the cross-coupled core.
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3.1.5 Cryogenic operation and power budget

The main drawback of operating the control electronics at 4 K (or below) is the imposition
of power constraints, since the available cooling power at the cold stage is limited and
system-level scaling targets a large number of control channels. For this reason, low power
consumption is regarded as an important design objective throughout the development of
the oscillator.

At the architectural level, a sub-mW VCO budget was considered desirable. However,
this value was not treated as a strict circuit-level constraint during the actual imple-
mentation. In practice, the bias current had to be chosen as a trade-off between power
dissipation, reliable start-up, oscillation amplitude, tuning-network loading, and phase-
noise performance.

During the schematic-design phase, a bias current of approximately 1.2 mA was adopted
as a reasonable compromise to guarantee oscillation robustness and good phase noise while
keeping the power consumption limited. After layout implementation and parasitic ex-
traction, additional loading and tank degradation required a further increase in the bias
current. In particular, post-layout operation required at least 1.5 mA, while the results
presented in this chapter are reported for a bias current of 1.9 mA, unless otherwise stated.

The sub-mW figure should therefore be interpreted as an architectural low-power objec-
tive rather than as a hard design constraint. Cryogenic operation further motivates careful
device modeling, as MOSFET parameters (e.g., threshold voltage, mobility, and noise be-
havior) deviate substantially from room-temperature conditions; a dedicated modeling
and characterization flow is therefore required and will be detailed in Chapter 4.

3.1.6 Phase-noise requirements and the role of filter functions
Phase noise impact on qubit control

Oscillator phase noise can be interpreted as random fluctuations of the instantaneous
phase ¢(t) of the carrier, which translate into timing and phase errors on driven qubit
rotations. A general and physically insightful framework models an autonomous oscilla-
tor as a periodically time-varying system, where noise sources project onto the phase of
the signal to a time-varying sensitivity function. This viewpoint explains how station-
ary and cyclostationary device noise contribute to phase diffusion and clarifies the design
levers available to suppress close-in phase noise [Hajimiri and Lee, 1998]. For differential
LC oscillators, additional physical insight can be obtained by tracking how thermal noise
from tank losses, the active pair, and tail circuitry is converted into phase-modulation side-
bands, and how flicker noise may upconvert through bias-dependent frequency-modulation
mechanisms [Rael and Abidi, 2000].

From qubit-level metrics to oscillator-level specifications

To translate qubit-level performance targets into circuit-level specifications, many works
adopt the filter-function formalism [van Dijk et al., 2018]. Within this framework, the
error induced by classical dephasing noise can be expressed through an overlap integral
between the noise power spectral density and a control-dependent filter function. In the
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weak-noise regime, the average fidelity decay can be written as [Green et al., 2013]

1

~ = —x(7)
Fu(r) = 5 [1+eX0], (3.4)
where the decay exponent is
1 [ dw
()=~ [T 55w Fw). (33)
TmJo w

Here, S, (w) denotes the dephasing-noise power spectral density, while F,(w) is the dimen-
sionless filter function associated with the applied control sequence. Equation (3.5) shows
explicitly that only the spectral components of the noise lying within the pass-band of
F.(w) contribute significantly to the accumulated error [Green et al., 2013].

Two complementary references are useful in this context. At the system level, Patra
et al. impose an RMS frequency-noise target of oy < 1.9kHz,,¢ for spin-qubit control.
Under their assumptions, including a typical PLL bandwidth of 300kHz, this translates
to an in-band PLL phase-noise requirement of approximately —115dBc/Hz; however, this
value refers to the PLL-level in-band noise and should not be interpreted as the phase-noise
requirement of a stand-alone free-running VCO [Patra et al., 2018].

At the oscillator level, a more direct fidelity-oriented reference is given by van Dijk et
al., who report that preserving a 99.9% fidelity threshold for a resonantly driven single
spin qubit at 1 MHz Rabi frequency requires the oscillator phase noise to be below ap-
proximately £(1 MHz) < —106dBc/Hz, assuming a —20dB/dec phase-noise slope [van
Dijk et al., 2018]. For this reason, the present work adopts the latter value as the most
relevant oscillator-level reference when discussing the phase-noise performance of the pro-
posed LC-VCO.

Phase-noise and frequency-noise relations

Single-sideband (SSB) phase noise £(f) (in dBc/Hz) is related to the phase-fluctuation
PSD S4(f) (in rad?/Hz) by [Ball et al., 2016]

Sy(f) ~2-105HD/10) (3.6)
under the standard small-noise assumption. The instantaneous frequency fluctuation is
1 do(t)
0f(t) = ————=
FO) =g~
hence in the frequency domain
St(f) = £ Ss(f), (3.7)

and the RMS frequency noise integrated over [fr, f] is

fu fu
o= [ sanar= [ " s (3.8)

Equations (3.6)—(3.8), together with Eqgs. (3.4)—(3.5), provide the link between circuit-level
phase-noise simulations and qubit-level specifications.
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Table 3.1. Top-level VCO targets adopted in this work.

Parameter Target or reference value

Carrier frequency fo 10 GHz

Tuning range 9.5-10.5 GHz

Supply Vbp 1.2V

Temperature T' ~4K

Power consumption few-mW range

Offsets of interest 1-10 MHz

Phase-noise reference £(1 MHz) < —106 dBc/Hz

Output swing differential peak amplitude ~ 420 mV

3.1.7 Summary of target specifications

Table 3.1 summarizes the preliminary design targets. The tuning range Af is left as a
parameter to be refined once the frequency plan (PLL bandwidth, division ratios, and
calibration margin) is finalized.

3.2 Preliminary design (top-down sizing)

This section translates the system-level targets of Section 3.1 into first-order circuit con-
straints. The goal is not to predict the final performance with closed-form equations, but
to obtain a consistent starting point for the simulation-driven flow of Section 3.3 and,
ultimately, for the detailed design verification in Section 3.4.1-3.4.8. In particular, the
target carrier frequency and tuning span determine the required tank capacitance range,
while the expected tank losses set the minimum transconductance and bias current needed
for reliable start-up.

3.2.1 From frequency targets to tank capacitance range

The oscillation frequency of a differential LC-VCO is primarily set by the resonant tank,

which can be approximated by
1

fO - 27'('\/ LOtot ’

Given the target band 9.5 GHz to 10.5 GHz and a candidate inductance L, the total
capacitance required at a generic frequency f is

(3.9)

Crot(f) = S (3.10)

(2mf)*L
In this work, a center-tapped inductor with L = 778.9 pH is selected from the PDK library,
showing @ =~ 16.2 around 10 GHz. Using (3.10), the nominal capacitance at 10 GHz is

approximately
Ctot(lo GHZ) ~ 325 fF, (311)
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and the capacitance span required to cover the target band becomes
Ctot(g.E) GHZ) ~ 360 fF, Ctot(].OE) GHZ) ~ 295 {F. (312)

Hence, the tuning mechanism must provide a total variation of about AC. =~ 65 fF,
corresponding to roughly a 22% change around the nominal capacitance. This requirement
drives the subsequent partitioning between discrete (bank) and continuous (varactor)
tuning.

3.2.2 Tuning partitioning: coarse bank for range, varactor for
resolution

To achieve a wide and robust tuning range while keeping control sensitivity moderate, the
total capacitance is decomposed as

Ctot = Cﬁx + Cvar(‘/ctrl) + Cbank(b)a (313)

where Chy includes fixed capacitances and parasitics, Cy,e is provided by a voltage-
controlled MOSCAP in inversion, and Chank is a digitally (bit b) controlled capacitor
bank.

The coarse tuning is assigned to the bank to absorb process/model shifts and guarantee
band coverage, while the varactor is reserved for fine control and calibration. A first-order
estimate of tuning sensitivity follows from differentiating (3.9):

df  f dCu
d‘/ctrl ~ 2Ctot chtrl .

Equation (3.14) clarifies the design intent: a smaller %_Vfl (and therefore a moderate

Kvyco) reduces the conversion of tuning-line noise into phase noise and is thus preferred,
at the expense of requiring the bank to cover most of the total ACiy.

Kvco = (3.14)

3.2.3 Losses, start-up constraint, and current budget

The resonator losses are commonly represented by an equivalent parallel resistance Rj,. A
first-order estimate relates R, to L, @, and wy:

Ry~ Quo L. (3.15)

This estimate provides an initial sense of the required negative conductance that must be
generated by the cross-coupled pair. The start-up condition can be expressed as

1

Gheg| > = 3.16
Guesl 2 7 (3.16)

and a design margin is typically enforced through |Gyheg| = /R, with a =~ 2-3. Since
cryogenic operation changes g,,, Vg, and output conductances, this constraint must
ultimately be verified with compact models validated at low temperature; for this reason,
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in the following sections R, and the required g, are extracted and confirmed through
dedicated simulations rather than relying solely on (3.15).

Finally, power dissipation remains an important design consideration because cryogenic
operation limits the allowable dissipation per control channel. For this reason, the bias
current cannot be increased arbitrarily and must be chosen as a trade-off between start-up
margin, oscillation amplitude, phase-noise performance, and overall power consumption.
In the present design, this trade-off evolves throughout the implementation flow: an initial
current of about 1.2mA is used during schematic-level design, whereas higher current
levels are required after including realistic parasitics.

3.2.4 Simulation-driven verification

The equations above define the initial design envelope: the target band sets the required
Ciot range, tuning is partitioned between Chapn and Cy,, to balance range and sensitivity,
and the estimated losses set a minimum negative conductance under a constrained current
budget. The remainder of the chapter follows a simulation-driven methodology: the
tank losses are extracted from the actual PDK devices (Section 3.4.1), the active core is
sized from DC operating-point sweeps (Section 3.4.2), start-up and steady-state operation
are validated in transient and PSS (Sections 3.4.3 and 3.4.4), and realistic biasing and
tuning networks are integrated progressively until the full VCO implementation is verified
(Sections 3.4.5-3.4.8).

3.3 Simulation Setup and Verification Methodology

The VCO design and verification are carried out in Cadence Virtuoso using Spectre
as the simulation engine. The workflow progressively replaces ideal blocks with realis-
tic implementations (bias mirror and tuning network) and validates the design through
a consistent set of analyses. The objective of this section is to document the simula-
tion environment and, most importantly, the analyses and extracted metrics used in the
remainder of the chapter.

3.3.1 Simulation environment

The VCO design and verification activities are carried out in Cadence Virtuoso, using
Spectre as the circuit simulator and ADE (Analog Design Environment) as the main
interface to configure analyses, manage parametric sweeps, and collect outputs. The
schematic-level workflow is complemented by Calibre for physical verification (DRC'/LVS)
and post-layout extraction (PEX) once the layout stage is reached.

To initialize the EDA environment on the server, the tool setup scripts are sourced prior
to launching the applications. In particular, Cadence Virtuoso is initialized by running:

source /path/to/eda/scripts/init_cadence_20_21
and Calibre is initialized by running:
source /path/to/eda/scripts/init_calibre
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These scripts configure the required environment variables and paths so that the process
design kit (PDK) and simulation models are correctly found by the tools.

Within ADE, the correct PDK model libraries are selected for the considered process
corners (e.g., tt_lib, ss_lib), and the simulator options are set consistently across all
runs to ensure fair comparisons between design iterations. Since the design targets cryo-
genic operation, the room-temperature BSIM4 models are augmented with the cryogenic
parameter set described in Chapter 4. In practice, this requires verifying that the low-
temperature model files are properly referenced by the simulator and that the selected
corners are available in the cryogenic model set.

Finally, before running extensive sweeps (tuning curves, PSS/Pnoise, and corner checks),
a short “sanity check” simulation is performed on a minimal testbench to confirm that
the environment is correctly configured (model inclusion, library access, and simulator
execution). This avoids systematic errors due to missing paths or inconsistent model
selections.

3.3.2 Overview of analyses and extracted metrics

Several complementary analyses are employed to validate the LC-VCO at different ab-
straction levels, from passive-tank characterization to full oscillator phase-noise assess-
ment. Each analysis is associated with a specific design question and a set of extracted
metrics:

« SP/AC (small-signal) analysis for passive elements: used to characterize the
resonator impedance and extract the equivalent parallel resistance R, as well as to
evaluate tuning elements (varactor and switch parasitics) around the operating fre-
quency. In the tank testbench, the differential impedance Zgig(jw) is reconstructed
from a differential excitation, and R, g is extracted from the peak of R{Zgg}
at resonance. In the varactor testbench, the admittance Y (jw) is used to derive
Char(Vetn) = S{Y'}/w and estimate the tuning gain.

« DC operating-point (dcOp) analysis: used to inspect bias conditions and ex-
tract device small-signal parameters (e.g., gm, 9ds, region of operation) through
dcOpInfo. This is the main tool for simulation-driven core sizing, where the num-
ber of fingers (or multiplicity) is swept to meet the required start-up margin while
limiting parasitic capacitances.

« Transient (tran) analysis with noise enabled: used to verify start-up and time-
domain convergence to the steady-state limit cycle. Noise is enabled and the noise
bandwidth is extended well beyond the target frequency so that oscillations can
build up from noise without artificial initial conditions. The main outputs are the
differential waveform wvqig(t), the achieved steady-state amplitude, and qualitative
start-up robustness under worst-case conditions (e.g., ss_lib).

» Periodic Steady-State (PSS): used to compute the autonomous periodic solution
and extract the oscillation frequency fy and harmonic content under realistic steady-
state conditions. PSS provides a robust basis for noise analyses and is also used to
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generate frequency-versus-control curves for tuning verification (sweeping Vet and
capacitor-bank code).

« Phase noise (Pnoise) around PSS: used to compute the single-sideband phase-
noise spectrum £(A f) around the PSS solution. This analysis is applied consistently
across design iterations (ideal bias, bias mirror, full tuning network) to quantify
phase-noise degradation due to added non-idealities. When available, the Noise
Summary tool in ADE is used to identify dominant contributors (e.g., tail current
source).

3.3.3 Measurement conventions

All results are reported using differential quantities. The differential output voltage is
defined as vgig = v, — vy, where v, and v, are the two tank nodes. The oscillation
frequency fy is extracted from PSS as the fundamental of the periodic solution. For
tuning characterization, fy is evaluated as a function of Vi (continuous tuning) and
capacitor-bank code (discrete tuning).

The tuning gain is defined as

dfo
dv::trl ,

Kvco(Vew) = (3.17)

and is either estimated from the varactor small-signal characterization through (3.22) or
extracted directly from the slope of the PSS tuning curves. Since the MOSCAP char-
acteristic is nonlinear, Ky co is inherently voltage-dependent; therefore, a representative
operating region is selected when reporting a single value.

3.3.4 Process-corner strategy

Most tuning and phase-noise characterizations are first performed in the nominal corner
(tt_1ib) to establish a reference behavior and speed up iterations. A transient start-up
verification is additionally performed in the slow—slow corner (ss_1ib) as a conservative
reduced-g,, condition, ensuring that oscillation onset is preserved under unfavorable device
drive strength.

3.4 Circuit design

3.4.1 Tank AC simulation and extraction of Rz,

The passive tank is first dimensioned around the target oscillation frequency by select-
ing an inductor from the PDK library with the aid of the Inductor Finder, using the
preliminary values derived in Section 3.2.1. The search is constrained to (i) the target
inductance value, and (ii) area minimization (without sacrificing the quality factor). This
step provides a realistic starting point for L and its loss profile (series resistance and sub-
strate loss), which cannot be captured accurately with hand calculations alone. Once L
is fixed, a metal-insulator-metal capacitor (mimcap) is used as the main fixed capacitance
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element in the tank, with a reference unit sized to 12.5 um x 12.5 um to obtain a squared
layout. The obtained capacitance value is Cfzeq = 323.695 fF. Mimcap devices are pre-
ferred to metal-oxide-metal capacitors (momcap) because they offer higher capacitance per
unit area. To validate the loss model used in (3.15) and obtain a technology-accurate
estimate of the equivalent parallel resistance, the differential tank is simulated in AC with
a dedicated impedance testbench (Fig. 3.1). The center tap is biased at Vpp, while the
two tank nodes are excited in differential mode through a small-signal source, so that the
differential impedance can be directly reconstructed as

Zag(jw) = M (3.18)

In practice, Vgg is measured between the two tank nodes and Iy is the current deliv-
ered by the differential excitation (using an AC current source simplifies post-processing
because Zqig = Vair/Iac)-

Figure 3.1. AC testbench used to excite the center-tapped differential LC tank and
measure the differential impedance.

Figure 3.2 reports R{ Zair} and S{Zaa} versus frequency. The resonance frequency
is identified by the zero crossing of I{Zaiz}, while R, is extracted as the peak value of
R{Zan} at resonance:

Ry gir =~ max R{Zag(jw)} ~ 4009. (3.19)
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Figure 3.2. Differential tank impedance versus frequency. Resonance is at the 3{Z} =0
crossing; Ry, qif is extracted from the peak of R{Z} at resonance.

3.4.2 Core sizing from DC operating-point sweeps

Once R, g has been extracted from the actual tank, the active core is sized to guar-
antee start-up with the margin introduced in Section 3.2.3. The adopted approach is
purely simulation-driven: instead of relying on closed-form g,,/Ip assumptions, the de-
vice transconductance is obtained from DC operating-point analysis under realistic bias
conditions.

A unit NMOS of the cross-coupled pair is biased with controlled Vag and Vpg, and its
geometry is swept via the number of fingers (nf) at a fixed standard width of 800 nm.
For each sweep point, the simulator provides g, g4s, Vov and region-of-operation flags in
dcOpInfo. The resulting trend (Fig. 3.3) allows selecting the minimum multiplicity that
meets the required negative conductance while keeping parasitics moderate.

The sizing criterion is formulated in terms of the effective negative conductance gener-
ated by the cross-coupled pair. Using the extracted tank resistance, the target transcon-

ductance is chosen with a safety factor a = 2:

1
|Ghneg| > ap — ~ 5 mS. (3.20)
P,dl

From this criterion, and according to Fig. 3.3, an initial value of 12 fingers is obtained.
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Figure 3.3. Extracted g,, versus number of fingers for a fixed unit width, obtained
from dcOpInfo. This sweep directly supports selecting the minimum core size that
satisfies the start-up margin.

3.4.3 Start-up verification and transient steady-state

The passive tank and the active core (including an ideal tail current source for the first
iteration) are combined in the schematic shown in Fig. 3.4.

Start-up is verified through a transient analysis. In order to guarantee that the oscilla-
tion can build up from noise, device noise is enabled and the noise bandwidth is extended
well beyond the target oscillation frequency. The adopted transient setup is reported in
Fig. 3.5, where the simulation time is set to 100 ns and the maximum noise frequency to
Frax = 50 GHz.

The transient waveform of the differential output is shown in Fig. 3.6. The small
initial noise component around the resonance frequency is progressively amplified until
the oscillation reaches a steady-state differential amplitude of approximately 550 mVyp.

From the initial simulations, the effective parasitic capacitance in the core resulted
higher than expected. Therefore, the number of fingers of the cross-coupled devices was
reduced to 10 to limit the capacitive loading on the tank nodes.

To further assess robustness, the same transient analysis was repeated using the slow—
slow corner library (ss_1ib), which represents a conservative condition due to reduced
device drive strength and consequently lower g,,. As shown in Fig. 3.7, oscillation still
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Figure 3.4. First implementation of the core oscillator using an ideal tail current source.

starts reliably, while both steady-state amplitude and oscillation frequency decrease with
respect to the nominal case, as expected.

3.4.4 PSS and Pnoise simulations

After verifying start-up in the time domain, the steady-state behavior is characterized
through Periodic Steady-State (PSS) and phase-noise (Pnoise) analyses. PSS is used to
verify the oscillation frequency of the baseline oscillator. Pnoise analysis is exploited
to establish a phase-noise reference that will be used as a benchmark to quantify the
degradation introduced by subsequent circuit additions, such as the bias current mirror
and the frequency-tuning network (varactors and switched-capacitor bank).

The PSS analysis is performed by using the oscillation frequency estimate obtained
from transient simulations as an initial guess, allowing the solver to converge to the
limit cycle without imposing an external excitation. Once convergence is reached, the
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Figure 3.5. Transient simulation setup: total time 100 ns and noise bandwidth
up to Fiuax = 50 GHz.

fundamental frequency fj is extracted and compared against the target range, while the
steady-state waveform is inspected to ensure that the differential swing remains compatible
with the available headroom. The spectral components of the differential output voltage
are reported in Fig. 3.8.

Phase noise is then evaluated with the Pnoise analysis around the PSS solution. The
resulting L(A f) spectrum, shown in Fig. 3.9, provides the baseline noise profile of the core
oscillator, which is subsequently reused as a reference when enabling additional blocks.
In particular, the same analysis setup (bias current, load conditions, and observation
node) is maintained across design iterations to ensure that any variation in phase noise
can be attributed to the newly introduced elements rather than to changes in simulation
assumptions.

The PSS/Pnoise workflow also supports identifying critical trade-offs between oscilla-
tion amplitude, effective tank losses, and noise upconversion mechanisms. These results
guide the following design steps, where bias implementation and tuning circuitry are pro-
gressively integrated while preserving oscillation robustness and minimizing phase-noise
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Figure 3.6. Transient start-up waveform of the differential output voltage (vqis)
in the nominal (tt_1ib) case.
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penalties.
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Figure 3.9. Phase noise of the first realization of the oscillator.

3.4.5 Tail current and bias mirror

The baseline oscillator is initially biased with an ideal tail current source to decouple
the tank/core design from biasing non-idealities. In the next iteration, the tail current is
generated on-chip by an NMOS current source driven by a current mirror. This step is
necessary to obtain realistic DC operating conditions and, most importantly, to capture
the additional phase-noise mechanisms introduced by a practical bias network.

60



3.4 — Clircuit design

As discussed by Razavi, the diode-connected device in the reference branch is a crit-
ical noise source because its noise directly modulates the gate voltage of the mirror and
therefore the tail current of the VCO [Razavi, 2020]. Two distinct components must be
addressed. The flicker-noise contribution is mitigated by increasing the effective device
area of the diode-connected transistor (larger WL reduces 1/f noise). In practice, rather
than using a single very wide device, a large effective area can be realized by stacking
multiple identical transistors in series in the diode-connected branch, which improves the
flicker-noise behavior while keeping layout and matching more controllable [Razavi, 2020].
The thermal-noise contribution, instead, is reduced by inserting a low-pass filter between
the diode-connected node and the mirror gate node, so that the wideband noise from the
reference branch is attenuated before it can modulate the tail current [Razavi, 2020].

Following these guidelines, the ideal tail source is replaced by a practical NMOS bias
network based on a 4:1 current mirror, shown in Fig. 3.10. Both the diode-connected
reference device and the tail device use a unit width of W = 730 nm to preserve matching,
while the current ratio is implemented through device multiplicity: the reference branch
employs 70 fingers, whereas the tail device uses 20 fingers. With this sizing, the mirror
provides approximately 600 pA per branch (about 1.2 mA total), restoring the intended
operating point adopted during the schematic-design phase after removing the ideal source.

The resulting steady-state behavior is then validated by repeating PSS and Pnoise
analyses under the same observation conditions used for the baseline oscillator, so that
any frequency shift, harmonic content variation, and phase-noise degradation can be di-
rectly attributed to the finite impedance and noise of the implemented tail current source
and mirror network. No significant shift in the oscillation frequency or spectral content is
observed, as shown in Fig. 3.11. The extracted fundamental frequency remains approx-
imately fo = 9.9 GHz. As expected, however, the inclusion of a practical bias network
leads to higher close-in phase noise. Figure 3.12 compares the phase-noise spectra of the
same oscillator biased with an ideal current source and with the implemented mirror,
highlighting a degradation in the near-carrier region. This result confirms that particular
care must be taken in the design of the tail current source and bias mirror to minimize
bias-induced noise modulation.

This observation is further supported by Fig. 3.13. Using the Noise Summary tool
in ADE L, the tail transistor is identified as the dominant contributor to the overall
phase noise. In the current schematic, this device corresponds to instance M15. This
behavior is consistent with the considerations discussed by Razavi: the tail current source
is not an ideal high-impedance element, and its device noise is partially translated into
phase fluctuations through the nonlinear time-varying operation of the oscillator. In
particular, flicker noise generated in the tail transistor modulates the bias current and
the common-mode voltage, producing amplitude perturbations that are converted into
phase noise (AM-PM conversion), while its finite output resistance reduces the isolation
between the differential core and the supply/ground network. As a consequence, the
close-in region becomes more sensitive to the tail device, which explains why the Noise
Summary identifies the tail transistor (M13) as the dominant contributor in Fig. 3.13.
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Figure 3.10. Schematic of the oscillator with bias mirror implementation.

3.4.6 Continuous tuning: inversion-mode MOSCAP sizing and
verification

Continuous tuning is implemented through two inversion-mode nmoscap varactors con-
nected across the differential tank nodes. The device dimensions are selected through
simulation-driven sizing to obtain a monotonic tuning characteristic within a limited
control-voltage window, while keeping the tuning sensitivity moderate and therefore reduc-
ing susceptibility to control-line noise. The varactor characterization testbench is shown
in Fig. 3.14. Two coupling capacitors are included to ensure that the moscap terminal is
tied to ground.

To evaluate the varactor behavior at the operating frequency, an SP analysis is per-
formed by sweeping the control voltage V.1 and extracting the small-signal admittance
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Figure 3.11. Spectrum (in dB) of the output differential voltage for the oscillator real-
ization with the bias mirror. The extracted fundamental frequency is still f; = 9.9 GHz.
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Figure 3.12. Phase noise of the oscillator realization with bias mirror (yellow) against
the realization with the ideal current source (red). An increase of the 1/ f part is observed.

Y (jw) at a frequency close to the nominal oscillation frequency. Different varactor widths
are explored using the Parametric Analysis tool, and the final sizing is selected based on
monotonicity, tuning leverage, and RF losses.
Assuming a predominantly capacitive behavior in the selected operating region, the
equivalent capacitance is computed from the imaginary part of the admittance as
~ .
RARKVED} (3.21)

C'Var (%trl) = T 3
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Figure 3.13. Phase noise contribution of the different instances of the circuit. M13 is
the tail transistor and largest noise source.

The final varactor sizing is W = 3.5 pym and L = 1 pm, with V1 swept between 0 and
0.6 V. The capacitance characteristic of the selected varactor is shown in Fig. 3.15. The
result is consistent with the preliminary design considerations of Section 3.2.2: over the
control-voltage range 0-0.6 V, the varactor capacitance varies from approximately 26 fF
to 33.5 fF, as highlighted in Fig. 3.16.

The impact of the varactor on the tuning gain is estimated by linearizing the reso-
nance condition around the operating point. Since f ~ (27v/LC) !, small capacitance
variations produce

o dCu
d‘/ctrl 26'tot d‘/;trl 7

Kyco = (3.22)
where Cio is taken at a representative capacitor-bank setting. Because Cyay(Vety1) is non-
linear, Kvco is generally a function of Vi¢,; in this work it is obtained from the extracted
Ciar (Vi) curve by evaluating a local numerical derivative in the intended operating re-
gion. The resulting Kyoo(Vetn) characteristic is reported in Fig. 3.17.
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Figure 3.14. Varactor characterization testbench. Large-value inductors are used as RF
chokes to provide DC biasing while isolating the RF nodes.

This tuning-gain estimate provides a reference for the expected fine control resolution

and for the potential AM/PM conversion due to control-noise injection on the tuning
node.

3.4.7 Discrete tuning: switch design and capacitor-bank unit
verification

Coarse tuning is implemented through an 8-step switched-capacitor bank. FEach step
enables (or disables) a unit capacitive element by means of the NMOS switch cell shown
in Fig. 3.18. The digital control bit DIG_IN is buffered by an inverter to generate a rail-
to-rail gate drive for the switch. The inverter is kept at a standard sizing (W, = 1.5 ym
and W,, = 1 ym at minimum channel length) since it mainly behaves as a common-mode
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Figure 3.16. Varactor characteristic in the range 0-0.6 V.

digital driver and is not directly part of the RF signal path.

The unit capacitor associated with each step is implemented with two symmetric ca-
pacitors (one per differential side). Each capacitor has a nominal value of 20.2 fF and is
connected to the tank through the switch; when integrated into the differential tank, the
enabled unit contributes an effective series capacitance at the differential level.

Switch sizing is driven by a trade-off between on-state loss and parasitic loading. A
larger NMOS device reduces the on-resistance R, and therefore the additional damping
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Figure 3.17. Estimated tuning gain Kvco(Vetrn) derived from the varactor SP
characterization and (3.22).

introduced when the unit capacitor is enabled, but it also increases the off-state parasitic
capacitance (junction and overlap terms) that loads the tank even when the unit is dis-
abled. To identify a suitable operating point, R,, is extracted as a function of the number
of fingers for a fixed width, as shown in Fig. 3.19. The curve exhibits a steep reduction
at low multiplicities followed by diminishing returns beyond approximately 10-15 fingers,
indicating that further enlargement would mainly increase parasitics rather than provid-
ing substantial R, improvement. Based on this observation, the final NMOS switch is
implemented at minimum channel length with W,, = 1 pum and a moderate number of
fingers.

In addition, series gate resistors are introduced to control the switching edges and
reduce the injection of digital switching transients into the sensitive tank nodes. The
resistor connected to the switch-gate path is set to 10 k2, while the two auxiliary resistors
in the cell (used to properly bias the switch) are set to 1 k2 (Fig. 3.18).

This unit-level verification is a prerequisite to the full-bank integration, which is ad-
dressed in the combined tuning analysis where the effective tuning range and code-to-code
overlap are verified on the complete oscillator.

3.4.8 Full VCO implementation

After validating the continuous varactor and the discrete bank at unit level, the complete
VCO is assembled by integrating the LC tank, the cross-coupled core, the inversion-mode
nmoscap tuning network, and the 8-step switched-capacitor bank. In the final topology,
the two nmoscap devices are placed in series with each other (similar to the testbench of
Fig. 3.14; the intermediate node is driven by V1, while the overall series combination

67



Cryogenic LC-VCO Design for Spin-Qubit Control

Figure 3.18. NMOS switch cell driven by a local inverter. The digital input DIG_IN
enables/disables the capacitor unit for coarse tuning; series resistors are used to
shape the switching edges.
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Figure 3.19. Extracted on-resistance R,, versus number of fingers for the NMOS switch
(fixed width). The improvement saturates beyond ~10-15 fingers, motivating a moderate
sizing to limit parasitic capacitance.

is connected in parallel to the tank. This arrangement provides a monotonic and well-
controlled fine-tuning action within the selected control window.
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The tuning performance is verified in the tt_1ib corner through PSS by sweeping V1
from 0 to 0.6 V for each bank code. The resulting tuning map is reported in Fig. 3.20 and
shows the expected downward frequency trend with increasing Ve, (increasing effective
capacitance). Full coverage of the target band is achieved, spanning from fy ~ 10.5 GHz
at code 7 and Vi = 0 V down to fy =~ 9.5 GHz at code 0 and V¢,1 = 0.6 V. In addition,
the curves corresponding to adjacent codes exhibit sufficient overlap, ensuring continuous
coverage and avoiding tuning gaps when transitioning between discrete steps.
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Figure 3.20. Full tuning verification (PSS, tt_lib): oscillation frequency versus
Vetr1 for each of the 8 discrete bank codes. The plot demonstrates band coverage and
overlap between adjacent curves.

The tuning gain is obtained consistently from the same sweep by evaluating the local
slope Kvcoo(Vetn) = df /dVey at a representative bank setting (Fig. 3.21). As expected
from the nonlinearity of the MOSCAP characteristic, Kyco varies across the control range,
which motivates selecting an operating region where the tuning gain remains moderate to
reduce sensitivity to control-line noise.

During full integration, minor re-optimization steps were required to compensate for
the additional loading introduced by the tuning network and the realistic switch para-
sitics. The cross-coupled pair was resized to W = 730 nm with 18 fingers to restore the
intended oscillation margin and steady-state swing once the complete tuning circuitry was
connected. In the same phase, the tank fixed capacitance was slightly adjusted by resizing
the mimcap to 10.4 pm x 10.4 pum, so that the nominal frequency is re-centered around
the target band after including the bank and varactor contributions.

Finally, besides the tt_lib characterization, a transient start-up check is also per-
formed in the ss_1ib corner to confirm that oscillation onset is preserved under a conser-
vative reduced-g,, condition.
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Figure 3.21. Tuning gain Kyvco(Vetn) extracted from the PSS frequency sweep at
a representative bank code.

3.5 Layout implementation and post-layout verifica-
tion

After completing the schematic-level design, the VCO has been fully implemented at
layout level and verified through a standard physical sign-off low. The implementation
includes the LC tank, cross-coupled core, tail device, and the continuous tuning network,
as well as the digital tuning support blocks (inverter and NMOS switch). To enable a
consistent comparison between schematic-level and post-layout performance, the VCO is
first realized as a dedicated layout cell, which is then instantiated in a top-level testbench
for both schematic simulations and PEX simulations (extracted view).

3.5.1 Implemented blocks and VCO cell integration

Figure 3.22 shows the top-level VCO layout cell. The most RF-critical structures (tank
and core) are laid out with a strict left-right symmetry around the differential nodes to
reduce mismatch and preserve differential balance. The cross-coupled pair is implemented
in a compact and symmetric arrangement (Fig. 3.23), and the tail device is placed to keep
the connection to the source nodes short. The continuous tuning MOSCAP network is
integrated in the same cell to minimize additional routing parasitics on the tank nodes,
while keeping the V1 routing separated from the digital tuning lines.
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Figure 3.22. Top-level layout cell of the VCO including tank, core, tail device, and
continuous tuning network. The cell is used as the reference implementation for
schematic and post-PEX simulations.

3.5.2 DRC and LVS sign-off

Physical verification is performed using Calibre. First, the Design Rule Check (DRC) is
run to ensure manufacturability with respect to the PDK constraints (minimum width /s-
pacing, enclosures, via rules, and density /antenna constraints when applicable). Since the
VCO layout represents a block-level cell rather than a full-chip layout, the default ALL
CHIP option in the rule deck triggers density-related violations that are not meaningful
for a standalone macro. For this reason, the ALL CHIP option is disabled in the rule file
so that density checks do not report false positives during block-level verification. After
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Figure 3.23. Detail of the cross-coupled core layout. A symmetric placement is adopted
to minimize differential mismatch and unbalanced parasitic loading on the tank nodes.

this adjustment, the VCO cell passes DRC without violations (Fig. 3.24).

After DRC, Layout Versus Schematic (LVS) is executed to confirm electrical equiva-
lence between layout and schematic. The final LVS report confirms a correct match at
top level (Fig. 3.25), excluding connectivity errors as a root cause of any performance
discrepancy between schematic and extracted simulations.

3.5.3 PEX and post-layout performance comparison

Once DRC and LVS are clean, Parasitic Extraction (PEX) is performed to generate the
extracted view of the VCO cell including interconnect parasitics. The extracted netlist
is then simulated using the same methodology adopted at schematic level (PSS for f
extraction and tuning sweeps), enabling a direct post-layout assessment of tuning coverage.

Figure 3.26 reports the post-PEX tuning map of the complete VCO, obtained by
sweeping Vit from 0 to 0.6 V for each of the 8 discrete tuning codes. The map confirms
that the tuning behavior is preserved under realistic parasitic loading and provides the
post-layout reference for band coverage and overlap between adjacent codes.

To quantify the frequency shift introduced by layout parasitics, Fig. 3.27 shows an
overlay of the oscillation frequency as a function of V1 for schematic and post-PEX
simulations (representative tuning condition). The separation between curves directly
reflects the additional parasitic capacitance and routing effects introduced by the physical
implementation.

Overall, the post-layout flow confirms that the integrated layout (tank, core, tail,
continuous tuning, and switch/inverter blocks) reproduces the expected tuning behavior
observed at schematic level, while capturing the frequency shift introduced by realistic
interconnect parasitics.

3.5.4 Post-layout gate-fidelity estimation

Figure 3.28 compares the single-sideband phase-noise spectra obtained from schematic-
level and post-PEX simulations for the same oscillation condition (3 open switches and
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Figure 3.24. Calibre RVE report showing a DRC-clean result for the VCO layout cell
(block-level verification with ALL CHIP disabled to avoid non-meaningful density errors).

no voltage applied to the moscaps). The two curves are close in magnitude, but parasitic
extraction modifies the spectral distribution of phase noise across offset frequency rather
than producing a uniform shift.

To complement the post-layout RF analysis, the phase-noise spectrum obtained from
the extracted VCO is also translated into a qubit-level performance metric. As discussed
in Section 3.1.6, the filter-function formalism provides the link between oscillator phase
noise and the expected degradation of single-qubit gate fidelity. In particular, the average
fidelity of a primitive X, gate can be expressed through Egs. (3.4) and (3.5), where the
decay parameter x(7) is determined by the overlap between the dephasing-noise spectrum
and the control-dependent filter function.
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Figure 3.25. Calibre LVS comparison report for the VCO cell, showing a correct match
between layout and schematic.

In the present work, the post-PEX single-sideband phase-noise spectrum L(f) is ex-
ported from Cadence and post-processed in MATLAB using the primitive X filter func-
tion of Green et al.. The numerical implementation therefore provides a practical evalua-
tion of the same theoretical framework introduced in Section 3.1.6, directly starting from
the simulated phase-noise data of the extracted oscillator. The MATLAB routines used for
the primitive X -gate fidelity estimation and for the comparison between schematic-level
and post-PEX results are reported in Appendix A.

This step is especially important because the extracted view includes additional par-
asitic loading introduced by routing, interconnect capacitances, and layout asymmetries,
which are not captured at schematic level. As a consequence, the post-layout phase-noise
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Figure 3.26. Post-PEX tuning verification (PSS): oscillation frequency versus Vi, for
each of the 8 discrete bank codes, simulated on the extracted VCO cell.
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Figure 3.27. Overlay comparison of tuning curves (fo vs. Vi) obtained from schematic
simulations and post-PEX simulations of the extracted VCO cell. The difference between
curves quantifies the frequency shift due to layout parasitics.
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Figure 3.28. Comparison of the single-sideband phase-noise spectra obtained from
schematic-level and post-PEX simulations under the same oscillation condition. Par-
asitic extraction does not introduce a uniform degradation over the whole offset-
frequency range: in the present case, the extracted oscillator exhibits slightly dif-
ferent behavior at low and high offset frequencies, which later translates into a
non-uniform effect on gate fidelity.

spectrum provides a more realistic estimate of the oscillator contribution to gate infidelity
in the final integrated implementation.

Figure 3.29 reports the overlap integrand obtained from the post-PEX phase-noise
spectrum for a representative X, -pulse duration. This quantity directly reflects the spec-
tral regions that dominate the accumulated error y: only the frequency components for
which the oscillator phase noise overlaps significantly with the control filter function con-
tribute appreciably to gate infidelity. In the considered case, the numerical integration of
the post-PEX spectrum yields y = 0.0534, corresponding to an estimated average gate
fidelity of Fj, = 0.97398.

The same procedure is then applied both to schematic-level and post-PEX phase-noise
spectra over a range of m-pulse durations, in order to compare the resulting fidelity curves.
The results are reported in Figure 3.30. This comparison shows that, over a wide range of
m-pulse durations, the post-PEX VCO yields a lower gate fidelity than the schematic-level
implementation. However, for pulse durations longer than approximately 4 us, the two
curves cross. This behavior is consistent with the filter-function interpretation: as the
pulse duration increases, the fidelity becomes progressively more sensitive to phase-noise
components closer to the carrier, so that the relative spectral redistribution introduced
by parasitic extraction can change the ranking of the two cases.
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Figure 3.29. Overlap integrand 10%()/19F (27f) obtained from the post-PEX
phase-noise spectrum for a representative primitive X, pulse. The area under this curve
determines the decay parameter y, and hence the corresponding average gate fidelity.
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Figure 3.30. Average primitive X -gate fidelity as a function of the pulse duration 7,
evaluated from schematic-level and post-PEX phase-noise spectra through the filter-func-
tion formalism. For short pulse durations, the post-PEX fidelity is slightly lower, indicat-
ing a stronger contribution from offset-frequency regions where the extracted oscillator is
noisier. For longer pulse durations, the spectral weighting shifts toward frequencies closer
to the carrier, and the relative ranking of the two curves changes accordingly.
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3.5.5 Post-layout performance summary and bias-current trade-
off

The post-layout results discussed in the previous sections can be summarized through
a compact set of key performance metrics. In particular, the extracted VCO exhibits a
clear trade-off between bias current, output swing, phase noise, and qubit-level fidelity.
Increasing the bias current improves the oscillation amplitude and reduces the phase
noise, at the cost of higher power dissipation. This behavior is illustrated in Fig. 3.31 and
summarized in Table 3.2.

I fhrase Noise PEX 1 5ma
Piase Noss PEX @ 2.1 mA 6004 S

I phace Noise PEX @ 2.4 ma

® 908

Phase Naise PEX @ 2.7 mA 7009

-80.0

-90.0

-100.0 4

-110.04

Phase Noise (dBc/Hz)

-120.04

-130.0 4

-140.0 4 D

-150.0

T . 1
10 10° 10° 107 10°
relative frequency (Hz)

Figure 3.31. Post-PEX phase-noise spectra obtained at different bias-current values.
Increasing the bias current improves the phase-noise performance over the whole offset-
frequency range considered here, including the region around 1 MHz relevant for qubit-
control specifications.

Post-layout simulations also showed that sustained oscillation requires at least ap-
proximately 1.5 mA, confirming that parasitic loading and tank degradation significantly
tighten the bias-current requirement with respect to the initial schematic-level implemen-
tation.

The comparison highlights that the initial oscillator-level phase-noise target can be
approximately recovered at post-layout level by increasing the bias current up to 2.7 mA.
However, this improvement is obtained at the expense of higher power dissipation and a
significantly larger output swing. For this reason, the 1.9 mA operating point is retained
in this work as a representative trade-off between oscillation robustness, acceptable output
swing, and realistic post-layout qubit-level performance.

Overall, the results of this chapter show that the proposed LC-VCO can achieve stable
operation, full tuning-range coverage, and physically meaningful post-layout fidelity values
within the considered design constraints. At the same time, they also highlight that
the interpretation of low-temperature operation cannot rely only on the standard room-
temperature PDK models. For this reason, the next chapter addresses the cryogenic
re-centering of the active-device BSIM4 model, in order to support the low-temperature
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Table 3.2. Summary of representative post-layout operating points of the proposed
LC-VCO. The reported average gate fidelities are evaluated from the simulated
phase-noise spectra using the filter-function formalism with 7, = 50 us.

Metric Post-PEX @ 1.9 mA Post-PEX @ 2.7 mA
Supply voltage 1.2V 1.2V

Power consumption 2.28 mW 3.24 mW
Differential peak amplitude ~ 310 mV ~ 520 mV

Phase noise @ 1 MHz ~ —102.1 dBc/Hz ~ —106.0 dBc/Hz
X(Tx = 50 us) 0.05345 0.01470

Foau(Tr = 50 ps) 0.97398 0.99270

interpretation of the oscillator behavior discussed here.
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Chapter 4

Cryogenic Modeling and
BSIM4 Re-Centering

Although the VCO design methodology was introduced in Chapter 3, the cryogenic
behavior of the active devices deserves a separate discussion because no qualified low-
temperature compact model was available in the adopted PDK. The oscillator design flow
was first developed at room temperature, while the analysis reported in this chapter was
carried out afterwards to verify whether the active-device behavior remained physically
meaningful under cryogenic conditions. This chapter therefore focuses on the BSIM4
re-centering procedure adopted to support the cryogenic interpretation of the oscillator
results. The purpose of this activity was to obtain a design-oriented transistor model
sufficiently accurate to support circuit-level simulations and verifications under cryogenic
conditions while remaining fully embedded in the standard industrial CAD flow.

4.1 Cryogenic behavior of nanoscale MOSFETSs

Cryogenic operation modifies MOSFET behavior through a combination of electrostatic,
transport, and parasitic effects. Among the most relevant consequences are the increase in
threshold voltage, the enhancement of carrier mobility, the reduction of leakage currents,
the improvement of subthreshold swing, and the modification of short-channel and output-
related phenomena [Incandela et al., 2018, Liu et al., 2021].

4.1.1 Threshold-voltage shift and electrostatics

A key effect of cryogenic operation is the increase in threshold voltage. This condition
depends on the MOS electrostatics through the Fermi potential and the surface band
bending. In first approximation, strong inversion is reached when the surface potential
satisfies
ws ~ 2¢F7
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Figure 4.1. Energy-band schematic of an nMOS transistor at the onset of inversion,
illustrating the stronger band bending required at cryogenic temperature and the resulting
increase in threshold voltage. Reproduced from [Liu et al., 2021].

where

¢F=kT1n(NA).

q g

As the temperature decreases, the intrinsic carrier concentration n; drops dramatically.
Although the thermal voltage kT'/q also decreases, the reduction of n; is so strong that
the overall electrostatic condition for inversion shifts toward a larger required gate bias.
In physical terms, fewer thermally generated carriers are available, and stronger band
bending is needed to form a stable inversion layer at the silicon surface. As a result, the
threshold voltage increases at cryogenic temperature [Beckers et al., 2018, Gutiérrez-D
et al., 2001, Liu et al., 2021].

In addition, incomplete dopant ionization modifies the electrostatics of the substrate.
At very low temperature, part of the dopants remains frozen out in the bulk, while near
the surface they can become rapidly ionized due to field-assisted ionization when the
gate voltage increases. Therefore, cryogenic operation cannot be interpreted simply as a
condition in which fewer carriers must be removed. Rather, the relevant effect is that the
channel-formation condition changes, and a higher gate voltage is typically required to
reach strong inversion. Experimental characterization on nanometric bulk CMOS confirms
this behavior and reports a clear threshold-voltage increase at 4.2 K [Incandela et al., 2018,
Liu et al., 2021, Tada et al., 2024].

4.1.2 Mobility enhancement and transconductance

The increase in threshold voltage is partially compensated for by the enhancement of
carrier mobility. At cryogenic temperature, phonon scattering is strongly reduced. This
generally leads to higher transconductance and larger ON-state current, especially in
moderate and strong inversion. However, the mobility improvement is not uniform across
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all geometries. As discussed by Liu et al., long-channel devices benefit more strongly from
cooling, whereas in shorter and narrower devices the improvement is partially limited by
impurity scattering, interface-related effects, and velocity-saturation-related mechanisms
[Liu et al., 2021]. This is particularly relevant in VCO design, where the g, parameter
plays a central role in oscillator start-up.

4.1.3 Leakage, subthreshold, and output-related effects

Another beneficial consequence of cooling is the strong reduction of OFF-state leakage
current and the improvement of subthreshold swing. The lower thermal energy suppresses
subthreshold leakage, while the larger silicon bandgap at cryogenic temperature also helps
reduce band-to-band tunneling-related leakage mechanisms, such as gate-induced drain
leakage. In the same 55 nm technology, Liu et al. report several orders of magnitude
reduction in Ippp and a significantly steeper subthreshold swing at 4.2 K [Liu et al., 2021].
Similar trends are also widely reported in the cryogenic CMOS literature [Incandela et al.,
2018, Beckers et al., 2018].

Cryogenic operation also affects short-channel and output-related phenomena, includ-
ing DIBL, series-resistance contribution from LDD implantation, velocity saturation, and
output conductance. These effects do not always evolve in the same direction across dif-
ferent technologies. In the general cryogenic MOS literature, parasitic series resistance
and incomplete ionization in the bulk can become more relevant at low temperature, while
mobility enhancement tends to increase current drive and transconductance [Gutiérrez-D
et al., 2001, Beckers et al., 2018]. In the 55 nm bulk CMOS study by Liu et al., the
DIBL effect was observed to worsen at 4.2 K because freeze-out in the lower-doped sub-
strate increases the depletion width, effectively worsening drain-side electrostatic control
[Liu et al., 2021]. By contrast, other works on nanometric bulk CMOS report that some
short-channel effects exhibit only a weak temperature dependence, highlighting that these
trends remain technology-dependent [Gatti and Tavernier, 2024].

Finally, non-ideal cryogenic effects such as the kink effect must also be considered.
The kink effect at cryogenic temperature is a bulk-potential modulation phenomenon.
At large Vpg, impact ionization generates a bulk current near the drain. Because the
substrate resistance increases at low temperature due to carrier freeze-out, this current
raises the local bulk potential. The resulting reduction in threshold voltage enhances
the drain current abruptly, producing the kink observed in the output characteristics. In
older or thicker-oxide technologies, kink-related anomalies may become significant due
to larger Vpg and lower vertical fields and require explicit corrections in the compact
model. However, in modern thin-oxide nanoscale bulk CMOS, such effects can be strongly
mitigated or even absent depending on device structure and biasing conditions. This is
consistent with the present work, where no explicit kink correction was required for the
selected 0.06 pm/10 pm LVT NMOS used for model re-centering [Incandela et al., 2018,
Gatti and Tavernier, 2024].
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4.2 BSIM4 re-centering methodology

Since no foundry-qualified cryogenic compact model was available for the adopted TSMC
65 nm CMOS technology, a dedicated transistor-level re-centering procedure was carried
out before validating the final LC-VCO under cryogenic operating conditions. The ob-
jective of this step was to adapt the room-temperature BSIM4 model card provided by
the foundry so that it could reproduce, with sufficient design accuracy, the behavior of a
representative cryogenic device reported in the literature. This strategy is consistent with
the modeling approach proposed for modern thin-oxide 65 nm bulk CMOS technologies,
where cryogenic operation can be described effectively through parameter re-centering
while preserving the original BSIM4 equations and simulator efficiency [Gatti and Tav-
ernier, 2024, Incandela et al., 2018, Tada et al., 2024].

4.2.1 Reference device and fitting targets

The fitting activity focused on an NMOS LVT transistor with geometry L = 0.06 pm and
W = 10 pm, corresponding to the wide, short-channel device reported in the reference
paper with a geometry close to the one adopted in the oscillator design. The target
curves were extracted from the published plots using WebPlotDigitizer and included:

e the transfer characteristic Ip—Vgg at Vpg = 50mV;
» the corresponding transconductance g, —Vgs;
e the output characteristics Ip—Vpg for Vgg = 0.75, 0.975, and 1.2V;

 the output conductance gq4s—Vps for Vs = 0.75 and 0.975V.

The bulk terminal was kept at Vgg = 0.

4.2.2 Re-centering strategy

Instead of replacing the foundry model with a custom cryogenic implementation, the
adopted methodology consisted in re-centering the original BSIM4 card (bin 5 of the
nch_lvt model) through parameter overrides. This choice preserves the native model
equations, avoids the need for external Verilog-A implementations, and remains com-
patible with the standard Cadence/Spectre flow. Such an approach has been shown to
be practical and robust for cryogenic compact modeling of 656 nm CMOS technologies,
especially when the goal is design-oriented circuit simulation rather than full physical
re-extraction [Gatti and Tavernier, 2024].

The procedure followed in this work was inspired by the cryogenic modeling flow re-
ported in the literature. First, the simulator temperature was set to —220°C in ADE as
a practical workaround to emulate cryogenic devices, since the properties of Si nanoscale
CMOS devices do not change significantly for 7' < 50 K [Gatti and Tavernier, 2024]. In
parallel, the temperature-related dependencies of the original model were neutralized by
modifying the model parameter tnom to —220°C, so that the compact model would not
extrapolate room-temperature temperature laws into a regime for which they were not
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intended. A similar strategy is commonly adopted in cryogenic compact modeling, where
the simulator temperature is forced to a low effective value and the nominal temperature
dependencies of the original compact model are removed or neutralized before re-fitting
the relevant parameters [Incandela et al., 2018].

After this preparation step, the cryogenic behavior was reproduced by introducing dif-
ferential parameters with respect to the original LVT NMOS model. Most of these param-
eters were already available in the override flow and could therefore be changed externally.
However, some additional delta-parameters, namely daOn_lvt, dagsn_lvt, dpclmn_lvt,
and dminvn_lvt, were not exposed in the original file structure. For this reason, a lo-
cal copy of the model files (named crn651p_2d5_1k_v1d7.scs and toplevel.scs, along
with the override file) was created and modified: the appropriate tnom entry was set to
—220°C, and the required additional fitting knobs were exposed. The modified files were
then included in the simulation library so that these extra re-centering parameters could
also be injected into the final model card.

4.2.3 Manual fitting procedure

The fitting was performed manually and iteratively, starting from physically reasonable
cryogenic trends rather than from a blind numerical optimization. This choice was mo-
tivated by the strong correlation among several BSIM4 parameters and by the need to
preserve a meaningful physical interpretation of the final model. It was also motivated
by the limited number of digitized target curves and by the need to preserve a physically
interpretable parameter set for subsequent circuit-level use.

The procedure was organized in four main steps.

1) Threshold alignment. The first step targeted the horizontal shift of the transfer
curve. The expected increase in threshold voltage at cryogenic temperature was introduced
primarily through dvthn_lvt and dcitn_lvt. The initial value was chosen to reflect the
threshold increase reported in the reference paper, which is on the order of a few tens of
percent for LVT devices. The quality of this first alignment was evaluated on the Ip—Vgg
characteristic at Vpg = 50 mV.

2) Current drive and transconductance adjustment. Once the threshold position
was approximately matched, the low-field mobility and gate-field mobility degradation
were tuned to reproduce both the slope of the transfer curve and the g, —Vgs peak and
plateau. In practice, duOn_lvt, duan_lvt, and dubn_lvt were used to control the effec-
tive current drive in moderate and strong inversion. Additional refinement was obtained
through dminvn_1lvt, which helped shape the transition between weak /moderate inversion
and the high-current region.

3) Output characteristics refinement. After the transfer behavior was aligned, the
output curves Ip—Vpg at different Vg were used to refine the saturation region and
the spacing among curves. In this phase, drdswn_lvt and dvsatn_lvt played a major
role, since they affect the high-field current behavior and the effective compression of the
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output curves at large Vpg. The pair daOn_lvt/dagsn_lvt was especially useful to control
how the current scales across different gate biases, thereby improving the simultaneous
agreement of the Vgg = 0.75, 0.975, and 1.2V characteristics.

4) Output conductance validation. Finally, the fitting was checked against g4s—Vps,
which provides a more sensitive indicator of saturation quality and residual mismatch in
the output conductance. This last step was useful to verify that the model was not only
reproducing the current level but also the correct drain-bias sensitivity in the saturation
region.

The fitting quality was therefore assessed mainly through visual agreement across mul-
tiple complementary observables rather than through a single scalar error metric. Al-
though no formal RMS optimization was performed, the combined use of Ip, g, and ggs
significantly reduced the risk of overfitting one curve while degrading the others.

4.2.4 Override implementation

The final cryogenic override file used in Spectre is reported below for completeness:

simulator lang=spectre

parameters dvthn_lvt = +0.061
parameters duOn_lvt =+0.9
parameters duan_lvt = +3b5e-9
parameters dubn_lvt = +265e-19
parameters drdswn_lvt = -61
parameters dcitn_lvt = +0.045
parameters dnfactorn_lvt = -0.2
parameters detaOn_lvt = -0.07
parameters dvsatn_lvt = +14000

//added in the main model file

parameters daOn_lvt = -7
parameters dagsn_lvt = -4
parameters dpclmn_lvt =0
parameters dminvn_lvt = +0.4

Listing 4.1. Spectre override file used for cryogenic BSIM4 re-centering.

Table 4.1 summarizes the role of each fitted delta-parameter in the final re-centered
model.

It should be noted that the entries daOn_1vt, dagsn_1vt, dpclmn_lvt, and dminvn_lvt
were not originally exposed in the standard override structure. Therefore, they were ex-
plicitly added to a local copy of the model file and then included in the model library
used during simulation. This modification allowed the fitting to remain fully embedded
in the original BSIM4 flow while extending the set of accessible re-centering parameters.
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Table 4.1. Cryogenic BSIM4 delta-parameters used for the LVT NMOS re-centering.

Parameter Delta value Main effect on fitting

Threshold and subthreshold

dvthn_lvt +0.061 Threshold increase; horizontal shift of Ip-Vag

dcitn_lvt +0.045 Interface-trap correction; subthreshold and moderate-inversion
shaping

dnfactorn_lvt —0.2 Ideality-factor correction; subthreshold slope refinement

dminvn_lvt +0.4 Moderate-inversion transition shaping

Mobility and strong inversion

duOn_lvt +0.9 Low-field mobility increase; overall current drive and g,

duan_lvt +35 x 107° High-Vgs mobility-degradation shaping

dubn_lvt +265 x 1071° Strong-inversion mobility shaping

dvsatn_lvt +14000 Velocity-saturation adjustment; high-Vpg current behavior

Output-region refinement

drdswn_lvt —61 Bias-dependent source/drain resistance; output-current
compression

detaOn_lvt —0.07 Drain-bias and short-channel sensitivity refinement

dpclmn_lvt 0 No extra channel-length modulation correction retained

Cross-bias scaling
dalOn_lvt -7 Bulk-charge shaping; relative spacing of Ip-Vpg curves
dagsn_lvt —4 Gate dependence of bulk-charge effect across different Vg

4.3 Validation of the re-centered model

4.3.1 Fitting results

The final fitting results are shown in Figs. 4.2-4.5. Overall, the re-centered model re-
produces the main cryogenic trends of the target device with satisfactory agreement for
circuit-design purposes.

Figure 4.2 compares the transfer characteristic at Vpg = 50mV. The threshold shift
is correctly captured and the simulated current follows the extracted curve over the full
inversion range, with only a limited residual mismatch in the transition region. Figure 4.3
shows that the transconductance enhancement expected at cryogenic temperature is also
reproduced well, including the rapid rise of g, and the subsequent plateau in strong in-
version. Particular attention was devoted to the fitting of the g, characteristic, since the
effective transconductance of the cross-coupled core directly determines the negative resis-
tance available to compensate the tank losses. For this reason, an accurate reproduction
of g, was considered especially important for the subsequent oscillator-like validation.

The output characteristics reported in Fig. 4.4 confirm that the model is able to re-
produce the drain current over a wide range of gate biases. The agreement is particularly
good at Vgg = 1.2V, while a slightly larger mismatch remains for the intermediate and
lower gate biases, especially in the transition from the linear to the saturation region.
This behavior is consistent with the fact that a limited number of BSIM4 parameters
had to capture several coupled cryogenic effects simultaneously, including threshold shift,
mobility enhancement, and bias-dependent output shaping.

Finally, Fig. 4.5 provides an additional validation of the saturation region. The simu-
lated g4s tracks the target trend reasonably well and confirms that the re-centered model
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captures not only the current level but also the evolution of output conductance with
drain bias. This aspect is important for RF oscillator design, since an inaccurate g¢qs
would directly affect the negative-resistance condition, voltage swing, and phase-noise
prediction.
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Figure 4.2. Comparison between the digitized cryogenic target curve (solid line)
and the re-centered BSIM4 simulation (dotted line) for the transfer characteristic
ID*VGS at VDS =50mV.

4.3.2 Circuit-level validation in an oscillator-like testbench

After transistor-level re-centering, the same cryogenic model was also verified in a simpli-
fied oscillator-like environment. The purpose of this step was not to validate the complete
LC-VCO with all the original PDK passive devices under cryogenic conditions, but rather
to confirm that the re-centered active-device model could sustain physically consistent
oscillation when embedded in a resonant testbench representative of the intended appli-
cation.

This distinction is important because the passive components available in the TSMC
PDK were characterized for standard operating conditions, and their direct use at —220°C
would have produced non-meaningful extracted values. For this reason, the original
foundry passives were not used for cryogenic oscillator validation. Instead, a surrogate
resonant tank was reconstructed using analogLib components, so that the passive network
could be ported to cryogenic temperature without relying on questionable temperature
extrapolations of the original PDK passive models.
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Figure 4.3. Comparison between target (solid line) and simulated (dotted line)
transconductance g, —Vgs.

The values of the surrogate tank were selected in order to reproduce a response close to
that of the original TSMC tank around the target oscillation frequency. Figure 4.6 com-
pares the impedance response of the original PDK tank and of the modeled surrogate tank,
showing that the resonance frequency is preserved and that the overall impedance peak
remains of the same order. In addition, the bias voltage was adjusted to 595 mV, yield-
ing again a tail current of approximately 1.2 mA, consistent with the room-temperature
operating point used in the schematic-level oscillator design.

Once this equivalent resonant environment was defined, the re-centered active-device
model was inserted into the oscillator-like schematic shown in Fig. 4.7. In a first validation
step, the equivalent parallel resistance of the tank was set to R, = 400 €2, i.e., close to
the room-temperature value extracted from the original tank. In a second step, R, was
increased to 800 €2 in order to emulate an improved low-temperature loss condition. This
assumption is physically motivated by cryogenic BEOL characterization reported in the
literature for standard 65 nm CMOS, where line and via resistances were shown to decrease
significantly at 4.2 K, while no relevant change in interconnect capacitance was observed
[Tada et al., 2024]. In particular, the reported resistance reduction reaches approximately
75% for Cu interconnects and 20% for vias at 4.2 K .

Under both assumptions, the re-centered model led to stable and physically plausible
oscillatory behavior. Figure 4.8 compares the differential output waveform for R, = 400 (2
and R, = 800 Q. As expected, the larger equivalent parallel resistance produces a larger
steady-state oscillation amplitude because the active core needs to compensate lower tank
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Figure 4.4. Comparison between target (solid line) and simulated (dotted line) output
characteristics Ip—Vpg for Vgg = 0.75, 0.975, and 1.2'V.

losses.

The corresponding output spectra are shown in Fig. 4.9. In both cases, the oscillator
starts correctly and exhibits a well-defined spectral content, while the improved-loss case
(R, = 800 ) leads to a stronger fundamental component and, consistently, to a larger
output swing.

This validation does not claim full cryogenic accuracy for the complete VCO, since the
passive network was intentionally replaced by a surrogate tank. Rather, it demonstrates
that the re-centered BSIM4 model is sufficiently consistent to support design-oriented
circuit simulations in oscillator-like conditions, which is the level of accuracy required for
the present work. The role of this validation is therefore not to replace the full circuit
analysis of Chapter 3, but to confirm that the transistor-level cryogenic re-centering is
compatible with oscillator operation in a representative resonant environment. Although
this oscillator-like validation does not reproduce the full extracted VCO of Chapter 3,
it remains consistent with the post-layout results discussed there, in the sense that the
re-centered active-device model supports startup and physically meaningful oscillatory
behavior in a representative resonant environment.

4.3.3 Methodological considerations and limitations

The proposed methodology has two main strengths. First, it is lightweight and imme-
diately compatible with the original design environment, since it relies on parameter
overrides rather than on custom model code. Second, it preserves the design flexibility of
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Figure 4.6. Comparison between the impedance response of the original TSMC
tank and the surrogate tank reconstructed with analogLib components for cryo-
genic oscillator-like validation.

the PDK, allowing the cryogenic model to be reused directly in device- and circuit-level
simulations.

At the same time, some limitations should be acknowledged. The fitting was based
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Figure 4.7. Oscillator-like cryogenic validation testbench using the re-centered NMOS
model and a surrogate tank built with analogLib components. The bias voltage is adjusted
to recover a tail current of approximately 1.2 mA.
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Figure 4.8. Differential output waveform obtained in the oscillator-like cryogenic
validation testbench for two values of the equivalent tank resistance, R, = 400 (2
and R, = 800 .

on digitized curves from the literature rather than on direct measurements of the exact
devices used in this work. Moreover, the validation was mainly visual and no formal
multi-objective optimization metric was employed. Finally, the re-centering was performed
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Figure 4.9. Output spectrum of the oscillator-like cryogenic validation testbench
for R, =400 Q and R, = 800 €.

on a representative transistor geometry, so its accuracy outside the fitted region should
be considered with caution. Nevertheless, the achieved agreement was sufficient for the
intended design task, namely the cryogenic validation of the LC-VCO active devices.

4.4 Conclusions

This chapter presented a design-oriented cryogenic re-centering procedure for the BSIM4
model of a TSMC 65 nm LVT NMOS transistor. Since no foundry-qualified cryogenic
model was available, the room-temperature compact model was adapted through parame-
ter overrides so as to reproduce the main low-temperature trends reported in the literature
while preserving the original BSIM4 equations and compatibility with the standard Ca-
dence/Spectre flow.

The fitting procedure was performed manually and iteratively, using digitized Ip—Vgsg,
Jm —Vas, Ip—Vps, and gqs — Vpg curves as complementary fitting targets. The final
re-centered model reproduced the threshold shift, transconductance enhancement, and
output-region behavior with sufficient accuracy for circuit-design purposes.

Finally, the model was also validated in a simplified oscillator-like testbench using
a surrogate resonant tank, introduced because the original PDK passive models were
not suitable for direct cryogenic use. Although this does not constitute a full cryogenic
validation of the complete LC-VCO, it confirms that the re-centered transistor model
is compatible with physically consistent oscillator behavior in a representative resonant
environment. This level of accuracy was adequate to support a cryogenic, design-oriented
interpretation of the LC-VCO results while remaining within a standard industrial CAD
flow and without replacing the original BSIM4 model equations.
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Chapter 5
General Conclusions

This thesis investigated the design of a cryogenic CMOS frequency-generation block for
semiconductor spin-qubit control, with particular focus on a 9.5 — 10.5 GHz LC-VCO
intended as a first building block of a broader cryogenic control-chip architecture.

The work started from the physical and system-level requirements of semiconductor
spin qubits. In these platforms, coherent manipulation relies on microwave control signals
with high spectral purity, while large-scale integration requires moving at least part of
the classical interface closer to the qubit plane. This motivates the adoption of cryogenic
CMOS electronics as an intermediate layer between room-temperature digital control and
the quantum processor. Within this framework, the thesis first introduced a reference
mixed-signal cryogenic control architecture including bias generation, local memory, se-
quencing logic, RF generation, and readout support, showing how the proposed oscillator
should be interpreted not as an isolated RF demonstrator, but as a functional subsystem
of a wider scalable control platform.

The main design contribution of the thesis is the development of a 10 GHz LC-VCO
in TSMC 65 nm CMOS with 9.5-10.5 GHz tuning range for cryogenic operation, con-
sistent with microwave-driven control of silicon spin qubits. The design flow combined
first-order analytical considerations with a simulation-driven methodology. Starting from
the target frequency range, the required tank capacitance range was derived and par-
titioned between coarse switched-capacitor tuning and fine continuous tuning based on
inversion-mode MOS varactors. The resonator losses were then characterized through AC
simulations, the active core was sized from DC operating-point sweeps, and the oscillator
was progressively verified through transient, PSS, and Pnoise analyses. Practical non-
idealities were gradually introduced, including an implemented bias mirror, continuous
tuning network, discrete capacitor bank, and finally the complete post-layout extracted
view.

The obtained results show that the proposed VCO achieves the intended tuning range
and preserves oscillation after full physical implementation. Post-layout simulations con-
firmed continuous tuning coverage over the target band and demonstrated stable operation
under realistic parasitic loading. In addition, the phase-noise performance was translated
into a qubit-level metric through the filter-function formalism, providing a direct link
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between circuit-level oscillator behavior and single-qubit gate fidelity. This aspect is par-
ticularly important in the context of quantum-control electronics, since it shows that
oscillator design quality cannot be evaluated only through conventional RF metrics, but
should also be interpreted in terms of its impact on qubit coherence and gate error.

A further contribution of the thesis is the cryogenic interpretation of the active-device
behavior through BSIM4 re-centering. Since no foundry-qualified compact model for
low-temperature operation was available in the adopted PDK, a dedicated parameter-
override methodology was developed to reproduce the main cryogenic trends reported
in the literature while preserving compatibility with the standard Cadence/Spectre flow.
The re-centered model was validated against digitized cryogenic transistor characteristics
and then verified in an oscillator-like resonant testbench. Although this does not consti-
tute a full cryogenic validation of the complete extracted VCO, it supports the physical
plausibility of the active-device behavior under low-temperature conditions and therefore
strengthens the interpretation of the oscillator results in a cryogenic-control context.

Overall, the thesis shows that a 10 GHz LC-VCO in a commercial CMOS technology
can be designed, physically implemented, and evaluated in a way that is consistent with
the constraints of semiconductor spin-qubit control. At the same time, the results high-
light the main trade-offs that remain critical in this application domain, especially those
involving phase noise, output swing, post-layout degradation, power dissipation, and low-
temperature model reliability. In this sense, the proposed oscillator should be regarded
as a first validated RF block within a broader cryogenic control strategy rather than as a
complete final solution.

Several directions naturally emerge for future work. A first extension concerns the
completion of the full frequency-generation chain, including the PLL and the modulation
stage required to convert the continuous-wave carrier into qubit-control bursts. A second
direction is the integration of the oscillator with the other subsystems of the proposed
control chip, such as local memory, DAC-based bias generation, and digital sequencing
logic. From the modeling viewpoint, future work should also address a more complete
cryogenic validation of passive components and interconnect parasitics, ideally supported
by dedicated low-temperature measurements. Finally, a broader system-level analysis of
the trade-off between oscillator power consumption, spectral purity, and qubit-level fidelity
would be especially valuable for assessing the scalability of cryogenic control electronics
in large qubit arrays.

In conclusion, this work contributes to the development of cryogenic integrated elec-
tronics for semiconductor quantum computing by combining architectural analysis, RF
circuit design, post-layout validation, and design-oriented cryogenic modeling. The pro-
posed LC-VCO represents a concrete step toward the realization of compact and scalable
cryogenic control hardware for spin-qubit platforms.
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Appendix A

MATLAB Scripts for
Phase-Noise-Based Fidelity
Evaluation

This appendix reports the MATLAB routines used to estimate the average fidelity of a
primitive X, gate starting from simulated single-sideband phase-noise spectra exported
from Cadence. The first function evaluates the fidelity for a single phase-noise dataset
and also generates the corresponding overlap-integrand plot. The second function is a
no-plot version used for automated sweeps. Finally, the third script compares the fidelity
obtained from schematic-level and post-PEX phase-noise spectra as a function of the
m-pulse duration.

A.1 Function for primitive X, -gate fidelity estima-
tion

Listing A.1 reports the MATLAB function used to estimate the average gate fidelity from
a single phase-noise spectrum exported from Cadence. The routine imports the single-
sideband phase noise, evaluates the primitive X filter function following the formulation
discussed in Chapter 3, computes the overlap integral y, and returns the corresponding
average fidelity.

Listing A.1. MATLAB function used for primitive X,-gate fidelity evaluation from
simulated SSB phase-noise data.

function out = fidelity_from_phase_noise_green_Xpi(filename, tau)
%FIDELITY_FROM_PHASE_NOISE_GREEN_XPI

% Estimate the average fidelity of a primitive X_pi gate starting from
% single-sideband phase noise data exported from Cadence.

b
% The calculation follows the filter-function approach of:
% Green et al., "Arbitrary quantum control of qubits in the presence of
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MATLAB Scripts for Phase-Noise-Based Fidelity Evaluation

universal noise", New J. Phys. 15, 095004 (2013).

INPUTS

filename : CSV file containing two columns:
[offset_frequency_Hz, phase_noise_dBc_per_Hz]
tau : pi-pulse duration [s]

OUTPUT
out : struct containing imported data, filter functioms,
overlap integral chi, and fidelity estimates.

ASSUMPTIONS

1) The input CSV contains SSB phase noise L(f) in dBc/Hz.

2) The fidelity is evaluated using the primitive X_pi dephasing
filter function Fz(omega) .

3) The overlap integral is computed numerically as:

chi = integral_O0~inf [ 107(L(£)/10) * Fz(2*pixf) ] df
and the average gate fidelity is approximated as:
F_av = 0.5 * (1 + exp(-chi))

NOTES

- The point omega = Omega is treated numerically because the analytical
response functions exhibit a removable singularity there.

- This script operates directly on phase-noise data and does not
reconstruct an intermediate voltage-noise quantity.

if nargin < 2 || isempty(tau)
tau = 10e-6;
end

%% Import data
T = readtable(filename, ’Delimiter’, ’,’, ’VariableNamingRule’, ’preserve’)

’

f = T{:,1}; % offset frequency [Hz]
L_dBc = T{:,2}; ' SSB phase noise [dBc/Hz]

% Ensure column vectors
f=1f();
L_dBc = L_dBc(:);

% Keep only valid rows

valid = isfinite(f) & isfinite(L_dBc) & (f > 0);
f = £f(valid);

L_dBc = L_dBc(valid);
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A.1 — Function for primitive X r-gate fidelity estimation

% Sort in ascending frequency
[f, idx] = sort(f);
L_dBc = L_dBc(idx);

%% Angular-frequency variables
omega = 2*pixf; % offset angular frequency [rad/s]
Omega = pi/tau; % Rabi angular frequency for a primitive X_pi pulse [rad/s]

%% Primitive X_pi response functions (Green et al.)
den = omega.”2 - Omega™2;
common = exp(lj * omega * tau) + 1;

Rzz = (omega.”2 ./ den) .* common;
Rzy = (1j * omega * Omega ./ den) .* common;

%% Numerical treatment of the removable singularity near omega = Omega
tol = 1le-9 * Omega;
near = abs(omega - Omega) < tol;

if any(near)
eps_rel = le-6;

om_left = Omega * (1 - eps_rel);
om_right = Omega * (1 + eps_rel);

den_left = om_left™2 - Omega™2;
den_right = om_right™2 - Omega™2;

common_left = exp(1j * om_left * tau) + 1;
common_right = exp(1lj * om_right * tau) + 1;

Rzz_left = (om_left™2 / den_left) * common_left;
Rzz_right = (om_right™2 / den_right) * common_right;

Rzy_left = (1j * om_left * Omega / den_left) * common_left;
Rzy_right = (1j * om_right * Omega / den_right) * common_right;

(Rzz_left + Rzz_right);
(Rzy_left + Rzy_right);

Rzz_lim =
Rzy_lim

0.5 *
0.5 *

Rzz(near) = Rzz_lim;
Rzy(near) = Rzy_lim;
end

%% Filter functions
Gzz = abs(Rzz)."2;
Gzy = abs(Rzy)."2;
Fz = Gzz + Gzy;
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MATLAB Scripts for Phase-Noise-Based Fidelity Evaluation

%% Overlap integral
% Convert SSB phase noise from dBc/Hz to linear units
L_lin = 10.7(L_dBc / 10);

% Integrand of the overlap integral
integrand = L_lin .* Fz;

% Numerical integration over the simulated frequency grid
chi = trapz(f, integrand);

%% Fidelity estimates
F_av = 0.5 * (1 + exp(-chi));
F_lin = max(0, 1 - chi/2);

%% Store outputs

out = struct();
out.filename = filename;
out.tau = tau;

out.f = £;

out.omega = omega;
out.Omega = Omega;
out.L_dBc L_dBc;
out.L_lin L_1lin;
out.Rzz = Rzz;

out.Rzy = Rzy;

out.Gzz = Gzz;

out.Gzy = Gzy;

out.Fz = Fz;
out.integrand = integrand;
out.chi = chi;

out.F_av = F_av;
out.F_lin = F_lin;

%% Plot: only overlap integrand

figure(’Name’, ’Primitive X_\pi overlap integrand’, ’Color’, ’w’);

loglog(f, integrand, ’LineWidth’, 1.5);

grid on;

xlabel (’0ffset frequency f [Hz]’);

ylabel (’10°{L(£)/10} F_z(2\pi £)’);

title(sprintf (’Overlap integrand for primitive X_\\pi, \\chi = %.3g, F_{av}
= %.12f°, chi, F_av));

%% Console output

fprintf (’--- Primitive X_pi fidelity from SSB phase noise ---\n’);
fprintf (’File: %s\n’, filename);

fprintf(’tau = %.6g s\n’, tau);

fprintf (’Omega = %.6g rad/s\n’, Omega);

fprintf(’chi = %.12g\n’, chi);

fprintf (’F_av = %.12f\n’, F_av);
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A.2 — No-plot function for automated sweeps

fprintf (’F_lin = %.12f\n’, F_lin);
end

A.2 No-plot function for automated sweeps

Listing A.2 reports the no-plot version of the same fidelity-evaluation routine. This version
is used for automated sweeps over the pulse duration without generating a figure at each
iteration.

Listing A.2. MATLAB no-plot function used for automated primitive X -gate fidelity
evaluation from simulated SSB phase-noise data.

function out = fidelity_from_phase_noise_green_noplot(filename, tau)
%FIDELITY_FROM_PHASE_NOISE_GREEN_NOPLOT

% Estimate the average fidelity of a primitive X_pi gate starting from
% single-sideband phase noise data exported from Cadence.

b

% The calculation follows the filter-function approach of:

% Green et al., "Arbitrary quantum control of qubits in the presence of
% universal noise", New J. Phys. 15, 095004 (2013).

b

% INPUTS

% filename : CSV file containing two columns:

% [offset_frequency_Hz, phase_noise_dBc_per_Hz]

% tau : pi-pulse duration [s]

b

% OUTPUT

% out : struct containing imported data, filter functions,

% overlap integral chi, and fidelity estimates.

b

% ASSUMPTIONS

% 1) The input CSV contains SSB phase noise L(f) in dBc/Hz.

% 2) The fidelity is evaluated using the primitive X_pi dephasing
% filter function Fz(omega) .

% 3) The overlap integral is computed numerically as:

b

% chi = integral_07inf [ 107(L(£)/10) * Fz(2xpixf) ] df

b

% and the average gate fidelity is approximated as:

b

% F_av = 0.5 * (1 + exp(-chi))

b

% NOTES

% — The point omega = Omega is treated numerically because the analytical
% response functions exhibit a removable singularity there.

% — This script operates directly on phase-noise data and does not
% reconstruct an intermediate voltage-noise quantity.

if nargin < 2 || isempty(tau)
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MATLAB Scripts for Phase-Noise-Based Fidelity Evaluation

tau = 10e-6;
end

%% Import data
T = readtable(filename, ’Delimiter’, ’,’, ’VariableNamingRule’, ’preserve’)

>

f = T{:,1}; % offset frequency [Hz]
L_dBc = T{:,2}; % SSB phase noise [dBc/Hz]

% Ensure column vectors
f=1C);
L_dBc = L_dBc(:);

% Keep only valid rows

valid = isfinite(f) & isfinite(L_dBc) & (f > 0);
f = f(valid);

L_dBc = L_dBc(valid);

% Sort in ascending frequency
[f, idx] = sort(f);
L_dBc = L_dBc(idx);

%% Angular-frequency variables
omega = 2*pixf; % offset angular frequency [rad/s]
Omega = pi/tau; % Rabi angular frequency for a primitive X_pi pulse [rad/s]

%% Primitive X_pi response functions (Green et al.)
den = omega.”2 - Omega™2;
common = exp(lj * omega * tau) + 1;

Rzz
Rzy

(omega.”2 ./ den) .* common;
(1j * omega * Omega ./ den) .* common;

%% Numerical treatment of the removable singularity near omega = Omega
tol = 1le-9 * Omega;
near = abs(omega - Omega) < tol;

if any(near)
eps_rel = le-6;

om_left = Omega * (1 - eps_rel);
om_right = Omega * (1 + eps_rel);

den_left = om_left”2 - Omega™2;
den_right = om_right™2 - Omega™2;

common_left = exp(1j * om_left * tau) + 1;
common_right = exp(1lj * om_right * tau) + 1;
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A.2 — No-plot function for automated sweeps

end

end

Rzz_
Rzz_

Rzy_
Rzy_

Rzz_
Rzy_

left = (om_left”2 / den_left) * common_left;
right = (om_right™2 / den_right) * common_right;

left = (1j * om_left * Omega / den_left) * common_left;
right = (1j * om_right * Omega / den_right) * common_right;

lim =
lim

(Rzz_left + Rzz_right);

0.5 *
0.5 * (Rzy_left + Rzy_right);

Rzz(near) = Rzz_lim;
Rzy(near) = Rzy_lim;

%% Filter functions
Gzz = abs(Rzz)."2;
Gzy = abs(Rzy)."2;
Fz = Gzz + Gzy;

%% Overlap integral
L_lin =
integrand = L_lin .*x Fz;

= trapz(f, integrand);

chi

10.7(L_dBc / 10);

%% Fidelity estimates
F_av =
F_lin =

0.5 x (1 + exp(-chi));

max(0, 1 - chi/2);

%% Store outputs
= struct();

out

out.

out

out.
out.
out.

out
out
out
out
out
out
out

out.
out.
.F_av = F_av;

.F_1lin = F_lin;

out
out

f =

chi

filename = filename;
.tau

= tau;
f;

omega = omega;
Omega
.L_dBc = L_dBc;
.L_1in = L_1lin;

Omega;

.Rzz = Rzz;
.Rzy = Rzy;
.Gzz = Gzz;
.Gzy = Gzy;
.Fz = Fz;

integrand = integrand;

= chi;
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A.3 Script for schematic-versus-post-PEX fidelity com-
parison

Listing A.3 reports the MATLAB script used to compare the average primitive X -gate
fidelity obtained from schematic-level and post-PEX phase-noise spectra over a sweep of
m-pulse durations. The script calls the no-plot function of Listing A.2.

Listing A.3. MATLAB script used to compare schematic-level and post-PEX primitive
X -gate fidelities as a function of the m-pulse duration.

% _—
% Compare F_av(tau) for schematic and post-PEX phase noise

% -

clear; clc;

% ——— Input files ---
file_sch = ’pn_schematic_300_bis.csv’;
file_pex = ’pn_PEX_300_bis.csv’;

% —--- Tau sweep [s] ---
tau_vec = logspace(-8, -5, 80); % from 10 ns to 10 us

% —-—-- Preallocate —--—-

F_sch = zeros(size(tau_vec));
F_pex = zeros(size(tau_vec));
chi_sch = zeros(size(tau_vec));
chi_pex = zeros(size(tau_vec));

% ——— Sweep ——-

for k = 1:length(tau_vec)
out_sch = fidelity_from_phase_noise_green_noplot(file_sch, tau_vec(k));
out_pex = fidelity_from_phase_noise_green_noplot(file_pex, tau_vec(k));

F_sch(k) = out_sch.F_av;
F_pex(k) = out_pex.F_av;

chi_sch(k) = out_sch.chi;
chi_pex(k) = out_pex.chi;
end

% —--- Plot F_av(tau) ---

figure(’Color’,’w’);

semilogx(tau_vec, F_sch, ’LineWidth’, 1.8); hold on;
semilogx(tau_vec, F_pex, ’LineWidth’, 1.8);

grid on;

xlabel (’\tau_\pi [s]’);

ylabel CF_{av}’);

title(’Average gate fidelity vs \tau_\pi’);
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A.3 — Script for schematic-versus-post-PEX fidelity comparison

legend(’Schematic’, ’Post-PEX’, ’Location’, ’best’);

% ——- Optional: plot chi(tau) ---
figure(’Color’,’w’);

loglog(tau_vec, chi_sch, ’LineWidth’, 1.8); hold on;
loglog(tau_vec, chi_pex, ’LineWidth’, 1.8);

grid on;

xlabel (’\tau_\pi [s]’);

ylabel(’\chi’);

title(’Decay parameter \chi vs \tau_\pi’);
legend(’Schematic’, ’Post-PEX’, ’Location’, ’best’);
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