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Pulse-sequence timing influences the fidelity of electronic-spin operations and the ability to
spectrally resolve and control nearby nuclear spins. This thesis presents a method for achiev-
ing effective 200 ps timing resolution in nitrogen-vacancy (NV) qubit experiments using the
Quantum Instrument Control Kit-Diamond Arbitrary Waveform Generator (QICK-DAWG)
implemented on the RFSoC 4x2, without modifying the underlying gateware. By using
structured waveform banks and sequencer-level control, this approach enables efficient pa-

rameter sweeps while preserving the flexibility of QICK’s pulse-sequencing model.

We apply the methodology to room-temperature electronic-spin characterization and to
dynamical-decoupling-based nuclear-spin spectroscopy of a single NV center in diamond.
These measurements demonstrate that software-level sequencing strategies can expand the
capabilities of existing quantum-control hardware, enabling sub-nanosecond timing control
on an inexpensive and flexible open-source platform. This work establishes QICK-DAWG
as a practical platform for high-temporal-resolution quantum defect memory control and

provides a path toward more precise electron—nuclear spin manipulation.
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Chapter 1

INTRODUCTION

Quantum states are abundant in nature, but only a small subset can be isolated, ad-
dressed, and controlled well enough to serve as useful qubits. Among the leading platforms,
optically addressable spin defects in solids, or color centers, are especially promising for
distributed quantum memory nodes. Their electronic spins provide an optical interface to
photons, enabling communication between spatially separated systems, while nearby nuclear

spins offer long-lived auxiliary qubits for storing quantum information locally.

Quantum memories are broadly useful because they allow quantum information to be
stored, synchronized, and retrieved as part of a larger quantum system. In quantum net-
works, this capability is especially important: long-distance entanglement distribution through
direct transmission is limited by photon loss, making repeater-based architectures essen-
tial for scaling beyond short distances. Protocols such as DLCZ show that the ability to
store entanglement at intermediate nodes can transform an otherwise exponentially lossy
entanglement-distribution process into one that scales polynomially with channel length [1].
A useful memory node therefore requires both an optical interface for generating remote
entanglement and a local quantum memory that can preserve quantum information while

repeated entanglement attempts are made.

Color centers in crystals naturally combine these memory and interface functions in a
compact solid-state system. The electronic spin can be optically initialized and read out,
entangled with emitted photons, and used to control nearby nuclear spins. The nuclear
spins then serve as auxiliary memory qubits, with coherence times that can substantially

exceed those of the electronic spin. Recent demonstrations of optically connected remote



color-center nodes further highlight the relevance of these platforms for distributed quantum

networks [2, [3].

For certain defects, the crystalline host also provides sufficient isolation from the environ-
ment to support coherent single-defect control even at room temperature [4, [5, [6], enabling
experimentation that avoids the external trapping and confinement infrastructure required
by other qubit platforms such as trapped ions and neutral atoms. Among color centers, the
nitrogen-vacancy (NV) center in diamond is the most experimentally mature. Its electronic
spin supports optical initialization and readout, microwave control, and coupling to both the
NV nitrogen nuclear spin and nearby host *C nuclear spins in the diamond lattice. Control
through the electron—nuclear interactions has enabled selective manipulation of surrounding

nuclear spins [7] and multi-qubit electron—nuclear registers under cryogenic conditions [8].

Realizing the full potential of NV-based memory nodes requires not only long-lived nu-
clear spins, but precise and selective control over them. Nearby '*C spins must be spectrally
resolved, individually addressed, and coherently manipulated through pulse sequences ap-
plied primarily to the electronic spin. The timing of these microwave pulse sequences de-
termines the spectral selectivity of the interaction and the effective control exerted on each
nuclear spin. As a result, limitations in pulse timing resolution directly constrain the ability

to resolve, selectively target, and control individual memory qubits.

These requirements make the underlying control hardware central to the experiment.
Field-programmable gate arrays (FPGAs) provide a flexible and deterministic platform for
implementing such pulse sequences, typically operating at clock rates on the order of hun-
dreds of megahertz. Radio Frequency System-on-Chip (RFSoC) platforms extend this ca-
pability by integrating FPGA fabric with high-speed digital-to-analog converters (DACs),
enabling direct synthesis of microwave signals with sampling rates approaching 10 GHz.
Frameworks such as the Quantum Instrumentation Control Kit (QICK) and its Diamond
Arbitrary Waveform Generator extension (QICK-DAWG) provide specialized gateware and

software for programming these systems for quantum experiments.



A key feature of the RFSoC-based control architecture is the separation between timing
domains. Waveforms are generated at the DAC sampling rate, providing sub-nanosecond
resolution, while control flow and sequencing occur in the FPGA fabric at a much lower
clock rate. This results in a mismatch: individual pulse shapes can be specified with high
temporal precision, but relative pulse placement remains quantized to the ~ 3.2 ns sequencer
period. This limits the control that can be exercised over interpulse delays. A waveform-
only approach can recover this resolution by encoding entire sequences at the DAC rate, but
this is inefficient due to limited waveform memory and the need to reload waveforms during

para,meter sweeps.

This thesis addresses the timing-resolution limitation imposed by coarse-grained sequenc-
ing in RFSoC-based quantum control systems. Although sub-nanosecond timing is available
at the waveform level, it is not readily compatible with the sequencing logic that enables

flexible sequence construction and efficient parameter sweeps.

We introduce a hybrid timing strategy that combines sequencer-level scheduling with
waveform-level temporal offsets to achieve sub-clock-cycle timing resolution. In this ap-
proach, coarse delays are implemented by the sequencer, while fine timing adjustments are
realized by selecting from a bank of pre-offset waveforms. This enables precise control of both

pulse durations and interpulse delays without relying on waveform-only implementations.

Additionally, this method is implemented entirely at the instruction level within the
QICK framework, requiring no FPGA gateware modifications. We further develop an effi-
cient implementation based on register-level arithmetic and waveform indexing, and analyze
the resulting tradeoffs in instruction overhead, waveform memory usage, and sequence scal-

ability.

In the second part of this thesis, we apply this method to an accessible room-temperature
testbed based on a single NV center. We characterize the electronic spin and its coupled
nuclear-spin environment using pulse sequences with high-resolution timing control under

the practical constraints imposed by finite coherence and limited signal-to-noise ratio. We



then use cryogenic measurements to directly demonstrate higher-resolution nuclear-spin spec-

troscopy enabled by sub-clock-cycle timing control.



Chapter 2

THEORETICAL BACKGROUND

Quantum control of optically addressable spin defects in solids is achieved by applying
optical, microwave, and radio-frequency fields that are resonant to transitions in the elec-
tronic and nuclear spin states. This chapter introduces the relevant physics for control of the
negatively charged nitrogen-vacancy center in diamond and its surrounding nuclear-spin en-
vironment, and connects it to the pulse-sequencing hardware used to implement experimental

control.

2.1 The NV Center

The nitrogen-vacancy (NV) center in diamond is a point defect formed by a substitutional
nitrogen atom adjacent to a lattice vacancy. Diamond’s low natural abundance of spinful
nuclei (primarily *C at 1.1%), limits the magnetic noise from the surrounding lattice [4]. As
a result, NV centers exhibit long coherence times even at room temperature, enabling their

use as qubits and as a controllable interface to nearby, longer-lived nuclear spins.

The primary qubit of interest is the electronic spin of the negatively charged NV center.
The electronic structure, shown in Fig. [2.1] consists of ground (*A,) and excited (*E) triplet

manifolds, with a zero-field splittings between the mgs = 0 and m, = £1 sublevels [4].

Optical initialization into the my = 0 state is achieved using a 532nm laser. Following
excitation, a (primarily) non-radiative decay pathway through a metastable singlet state
preferentially returns population to the my = 0 ground state. This spin-dependent relaxation

pathway also enables optical readout via spin-dependent fluorescence intensity [4].
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Figure 2.1: Energy Diagram of the NV~ center at room temperature

The discussion in this chapter is framed around room-temperature operation, which is the
regime used for most experiments in this thesis. However cryogenic conditions can provide
numerous advantages, including longer electronic-spin relaxation times and narrow optical

transitions that enable high-fidelity spin-selective readout [9, [10L [IT].

2.1.1 Electronic Spin Control

In this work, the electronic qubit is defined by the ms; = 0 (|0)) and ms; = —1 (]1)) transition,
often preferentially used as it occurs at a lower frequency than the my, = 0 < m, = +1
transition and is therefore generally more accessible for microwave control. In the presence
of an external magnetic field Bj aligned with the NV axis, the transition frequency is give

approximately by
Wo,—1 ~D— P)/EBOa (21)



where D = 2.87 GHz is the zero-field splitting at room-temperature and v, ~ 2.802 MHz/G

is the electron gyromagnetic ratio [4, [12].

Control of the NV electronic spin is achieved through resonant microwave (MW) driving.

In the rotating frame, the drive produces rotations about axes in the XY plane with angle

0 = Qpt, (2.2)

where (2 is the Rabi frequency and ¢ is the applied square-pulse duration.

High-fidelity control requires precise implementation of target rotations, including 7 and
7/2 pulses. In the simplest picture, finite timing resolution dt constrains the set of accessible

pulse durations, introducing a corresponding discretization in the achievable rotation angle,

50 = Qpét. (2.3)

As a result, rotation errors scale linearly with both the Rabi frequency and the tim-
ing resolution, as illustrated in Table [2.1] This estimate shows that finer timing resolution
can improve the granularity of electronic-spin rotations, especially at higher Rabi frequen-
cies. In practice, however, electronic rotations can also be calibrated by modifying the Rabi
frequency, which is finely tunable through the applied microwave amplitude. In addition,
the version of QICK used in this work already supports pulse envelopes with finely tuned

durations at the waveform level.

Rabi frequency Max angle error Max angle error
Qp/27m (3.2 ns timing) (200 ps timing)
5 MHz 2.88° 0.18°
10 MHz 5.76° 0.36°
20 MHz 11.5° 0.72°

Table 2.1: Worst-case timing-induced rotation-angle error for a 7w pulse.



Thus, while the electronic-spin rotation angle provide a useful example of how timing
granularity enters spin control, it is not the limitation addressed in this thesis. The limita-
tion instead arises from timing resolution in the multi-pulse sequences used for nuclear-spin
detection and control, where the interpulse delay itself determines the effective electron—

nuclear interaction.

2.2 Nuclear Spin Detection and Control

The interaction between the NV electronic spin and a nearby nuclear spin provides both a
mechanism for detection and a pathway toward coherent control of nuclear spins. This can

be understood by considering the hyperfine interaction with a single spin—% nucleus.

In the secular approximation, the interaction Hamiltonian is given by
H=w,l +5, (A||Iz+AL]x) , (24)

where S, and I, are the spin-projection operators for the electron and nuclear spin respec-
tively, wy, is the nuclear Larmor frequency and Aj, A, are the longitudinal and transverse

hyperfine coupling components, respectively [12].

2.2.1 Conditional Nuclear Evolution

Because the interaction depends on S,, the nuclear spin evolves under two different Hamil-

tonians conditioned on the electronic spin state, with Hy (H;) corresponding to |0) (|1)):

HQ :wLIZ, (25)

H_1 ZWL]Z_A||]Z_AL]x (26)

Starting from an initial product state \/Li(|0> + |1)) ® |¢(0)), where |¢(0)) denotes the



initial nuclear spin state, the system evolves into an entangled state,

p(t)) = —

7 (10) @ [¢o(1)) + |1) @ |d1(2))) (2.7)
where |¢g1(t)) = e 01t |(0)).

The electronic coherence is then determined by the overlap between these two nuclear

states,

L(t) = (do(t)|01(2))- (2.8)

This forms the basis for nuclear spin detection, as the conditional nuclear evolution

modulates the electronic coherence, which can be assessed via electronic spin readout.

2.2.2  Role of Longitudinal and Transverse Coupling

The longitudinal interaction Ajl, produces a conditional shift in the nuclear precession
frequency. For a nuclear spin prepared in a coherent superposition, this leads to relative

phase accumulation between the two conditional evolutions.

However, in typical experiments the nuclear spin is not initialized and is well described
by a mixed state diagonal in the I, basis. In this case, longitudinal evolution only generates

global phases within each basis state and does not produce a measurable reduction in overlap.

In contrast, the transverse term A, I, drives rotations of the nuclear spin about an axis
perpendicular to the quantization axis. This results in a change in the nuclear state, gen-
erating distinguishability between |¢o(t)) and |¢1(t)) even for an initially incoherent state.
Consequently, transverse coupling provides the dominant contribution to experimentally ob-

served decoherence features.

2.2.8 Detection via Dynamical Decoupling

Under free evolution, the electronic spin is sensitive to the collective influence of its local spin

environment. Because there is no mechanism for selectively enhancing a chosen interaction,
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the small perturbations from weakly coupled nuclear spins are easily obscured by stronger
interactions and by the overall decay of electronic spin coherence [I3]. The resulting lack of
spectral selectivity prevents individual weakly coupled nuclei from being reliably isolated or

addressed as independent control targets.

Periodic dynamical decoupling sequences such as Carr-Purcell-Meiboom-Gill (CPMG)
address this limitation by modulating the electronic spin state with a train of 7 pulses.
This modulation introduces spectral selectivity, concentrating sensitivity near selected nu-
clear precession frequencies and thereby enabling individual nuclear spins to be resolved and

controlled.

The CPMG sequence applies evenly spaced refocusing pulses separated by an interpulse
delay 27. In the frequency domain, this periodic modulation acts as a band-pass filter
whose spectral response is determined by the interpulse spacing and the number of applied
pulses [14]. For a weakly coupled nuclear spin, resonances occur when the interpulse delay is
synchronized with the effective nuclear precession frequency. This condition can be written

approximately as [13]

(2k — 1)m
T R ————— 2.9
K 2wy, + A” ( )
where k = 1,2, 3, ... indexes successive resonance orders. Thus, the same nuclear spin can

satisfy the CPMG resonance condition at multiple values of 74, producing a recurring family
of coherence dips as the interpulse delay is swept. With the dip positions being primarily
determined by wy, and A, while the dip widths and contrasts are strongly influenced by the
transverse coupling A, the number of pulses N, and the background electronic coherence

decay [15], 13].
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2.2.4  Implications for Control

The same spectral selectivity that enables nuclear-spin detection also provides a route to
coherent control. Under resonant dynamical decoupling, the selected nuclear spin evolves
conditionally on the electronic spin state. Repetition over many pulse cycles amplifies this
conditional evolution, so that even weak hyperfine couplings can produce appreciable nuclear-
spin rotations. By choosing the resonance condition and the number of applied pulses, the
rotation axis and accumulated rotation angle can therefore be tuned, allowing the nuclear

spin to be manipulated rather than only detected [13].

This makes the interpulse delay 7 a direct control parameter. Since 7 determines how
closely the sequence matches a selected resonance order, finite timing resolution produces
a detuning from the desired resonance condition. This changes the effective conditional
evolution of the nuclear spin, altering both the rotation axis and the accumulated rotation
angle per cycle. As a result, coarse timing steps limits, not just how accurately a particular
nuclear spin can be targeted, but also how accurately a desired nuclear rotation can be

implemented.

2.3 Timing Resolution in Existing Control Hardware

Arbitrary waveform generators (AWGs) are a conventional high-performance approach for
microwave pulse generation in NV center experiments. In an AWG-based architecture, pulse
shapes are precomputed, loaded into waveform memory, and played back using a fixed sam-
pling clock, either directly as the desired waveform or as an envelope used for subsequent
microwave modulation. AWG-based control has been used in state-of-the-art NV quantum
processors. For example, Abobeih et al. [12] used a Tektronix AWG5014C to control pulse
sequences in a fault-tolerant logical qubit experiment in diamond, with real-time feedfor-
ward provided by an external ADwin microcontroller. In that experiment, precise timing for

quantum gates was based on the AWG clock with 1ns precision.
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The AWG5H014C provides a representative NV-control comparison point, with a max-
imum sampling rate of 1.2GS/s, corresponding to a waveform sample spacing of approxi-
mately 833 ps. Modern state-of-the-art commercial AWGs can operate at substantially faster
rates; for example, direct-RF instruments such as the Tektronix AWG70002A and the Active
Technologies ARB Rider AWG-7000 reach 25 GS/s and 20 GS/s, respectively, corresponding
to sample spacings of 40 ps and 50 ps. These systems provide a well-established route to pre-
cise waveform generation, but they are often costly, with high-performance units commonly
falling in the tens-of-thousands-of-dollars range or higher. In contrast, the RFSoC span a
lower and more accessible price range, with the RFSoC 4 x 2 development board used in this
work, being available through subsidized academic pricing at roughly $2.5k, while the larger
RFSoC boards are priced in the $15-$20k range. Beyond cost, AWG-based experimental
architectures can also be complex, relying on additional instruments for synchronization,

photon counting, and managing real-time feedback.

QICK adopts a different architecture based on the radio-frequency system-on-chip (RF-
SoC), combining high-speed RF digital-to-analog converters (DACs) with FPGA-based real-
time control [I6]. A programmable FPGA sequencer is used to schedule pulses and coordinate
experiment timing. A numerically controlled oscillator sets the carrier frequency, which, de-
pending on the operating mode, is digitally mixed with 1/Q waveforms before conversion
to analog signals. Unlike an AWG-style approach, where long or highly varied sequences
are often represented by loading many waveform samples into memory, the FPGA-based
model represents much of the experiment through compact sequencer instructions, param-
eter updates, and reusable waveform envelopes. This integrated control model is especially
attractive for NV experiments, where microwave control must be synchronized with laser

initialization, optical readout, photon counting, and external triggers.

A critical architectural distinction is that QICK exposes two timing scales: the high-speed
DAC sample grid, which determines the spacing of waveform samples, and the slower FPGA

logic clock, which determines the native granularity of sequenced pulse start times [17]. While
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the RFSoC 4 x 2 DAC used in this thesis is capable of 9.85 GSPS, in our experiments, it is
operated at 4.915 GSPS, giving a DAC sample spacing of approximately 200 ps. The FPGA
logic operates at one sixteenth of this rate, 307.2 MHz, corresponding to a native sequencer

period of about 3.2 ns.

The central limitation addressed in this work is therefore not the RFSoC DAC sampling
rate itself, but rather the fact that ordinary sequencer-based pulse placement occurs on the
coarser FPGA clock grid. This creates a mismatch between the timing resolution available
in the waveform samples and the timing resolution directly exposed to pulse programs.
The following chapter describes a method for recovering the finer DAC-scale timing while

preserving the QICK-DAWG FPGA control model.
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Chapter 3

SUB-CLOCK TIMING METHOD

3.1 Method

3.1.1 Timing Model

In the QICK gateware used in this work, pulse programs are centrally sequenced by the
tProcessor, and executed by the signal-generator module. In this thesis, the term sequencer
is used to refer to this combined FPGA timing path, with both modules operating on a clock
period T =~ 3.2ns. Pulse sequences are defined by the relative start times and durations of
pulses. Instructions such as sync advance a global time cursor in integer multiples of Tj,

and waveform playback is scheduled relative to this cursor.
The generated waveforms are sampled at the DAC period Ty ~ 200 ps, where
T, = 167,. (3.1)

Pulse envelopes can be specified on the finer DAC sample grid, but their playback start
times are natively quantized to the coarser sequencer grid. That is, native scheduling can

only place pulses in 3.2 ns increments.

A delay A specified at the DAC-sample resolution can be decomposed into a coarse
sequencer delay and a fine residual offset,
A =nT,+09, (3.2)

where n € Zx¢ is the number of sequencer clock cycles and 0 < ¢ < Ty. Since Ty = 167}, the

residual offset can be written as

§=kT;,  ke{0,1,... 15} (3.3)
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Figure 3.1: Waveform bank construction for 7 and 7 pulses, with sub-cycle offset variants

3.1.2  Waveform Construction

For each pulse type, a bank of sixteen waveforms is constructed to represent the possible
sub-cycle offsets within one sequencer clock period. The waveform indexed by k contains
k leading zero-valued samples followed by the pulse envelope. Additional zero padding is
appended after the pulse so that all waveforms in the bank have the same length and the total
waveform duration is an integer multiple of T,. The waveform can therefore be scheduled
on the native sequencer grid while the active pulse envelope is shifted by kT} relative to the

scheduled waveform start.

To make waveform selection deterministic, the offset waveforms are initialized sequentially
in a contiguous region of block RAM (BRAM). In practice, waveforms are grouped by pulse
type (offset index) and ordered by offset index (pulse type), as shown in Fig. 3.1] allowing

the correct waveform address to be computed from the pulse type and residual offset.
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kprev I—p Ddead n K

Figure 3.2: Example delay decomposition between two offset waveforms.

3.1.83 Delay Decomposition

The desired delay A is defined between the end of the active portion of one pulse and
the start of the active portion of the next pulse, expressed in DAC samples. Since each
scheduled waveform contains both the active pulse envelope and zero padding, part of this

delay is already accumulated before the next sequencer instruction is reached.

Let L,, denote the total waveform length, L, the active pulse length, and ke, the offset
index of the previous pulse. The dead time already included at the end of the previous

waveform 1is

Ddead = Lw - (Lp + kprev) . (34)

The remaining delay is therefore

A" = A — Dgeaq- (3.5)
This delay is decomposed as
A/
n= LEJ , k= A"mod 16, (3.6)

where n is the sequencer delay in units of T, and £ selects the offset waveform for the next

pulse.
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3.1.4  Instruction-Level Implementation

The delay decomposition is implemented using integer arithmetic on FPGA registers. Since
T,/Ty = 16, division and modulo can be replaced by bitwise operations:
n=A >4,
(3.7)
k= A"&0b1111.
The right shift extracts the integer number of sequencer cycles, while the 01111 bit mask

extracts the residual offset index.

With the waveform layout described above, waveform selection reduces to an address
calculation. If S, is the memory stride between successive waveforms and Agype is the

starting address of the waveform block for a given pulse type, then
addr = kSy + Atype- (3.8)

Here, S, is determined by the padded waveform duration expressed in sequencer-period
units. Grouping waveforms by pulse type and ordering them by offset index allows the

FPGA program to select the correct waveform directly from the computed residual k.

Together, the waveform-offset construction and delay decomposition allow pulse timing to
be specified at the DAC sample period T}, while preserving sequencer-based programmability.
The approach avoids waveform reloading during parameter sweeps and supports long delays

through ordinary sequencer instructions rather than long waveform playback.

3.2 Limitations

The waveform-offset method recovers DAC-scale timing resolution by using additional wave-
form structure and instruction-level computation. This is a tradeoff rather than a free
increase in capability: the practical value of the method depends on how memory usage,

instruction count, and sequencing overhead scale with pulse-sequence complexity.
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3.2.1  Waveform Memory

Waveforms are stored in FPGA block RAM, with finite capacity corresponding to approxi-
mately 13.3 ps of samples. Since each pulse type is represented by a bank of offset waveforms,
memory usage scales with the number of distinct pulse types, their waveform lengths, and the
number of supported offsets. Reducing the number of offsets by a power of two is straight-
forward, but comes at the cost of a proportional reduction in timing resolution. Each stored
waveform also includes zero padding beyond the active pulse duration L,, slightly increas-
ing the effective storage required per pulse. This constraint becomes most significant for

sequences requiring many unique pulse shapes or long-duration waveforms.

3.2.2  Instruction Memory

The sequencer has finite instruction memory, limited to 1024 instructions in the present im-
plementation. The waveform-offset method increases the instruction count per pulse because

each delay must be decomposed and the appropriate waveform selected before playback.

This cost scales with sequence length. For short and moderate sequences, the addi-
tional instructions are manageable, but long pulse trains can approach the instruction-
memory limit. Such sequences must therefore be structured carefully, primarily through
loops and other program-level optimizations. For example, the CPMGXYS8 phase pattern
(X,Y, XYY, XY, X) can be compressed into a single loop by encoding the phase pattern

in a register and extracting the required phase with bit masking.

3.2.8 Instruction Overhead

Each pulse requires additional arithmetic and indexing operations to compute the coarse
delay and select the appropriate offset waveform. Although these operations require only a
small number of sequencer cycles, they introduce overhead relative to a minimal QICK pulse

sequence.
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This overhead is usually manageable because QICK separates instruction execution from
pulse playback. The tProcessor dispatches pulse commands into timed queues associated
with the signal-generator modules, allowing it to continue executing subsequent instructions
before a queued pulse is physically played. In this sense, the timed queues provide a buffer

between the sequential instruction stream and the scheduled waveform output.

However, the sequencer must still remain sufficiently ahead of the requested pulse times.
For sequences with high pulse density or simultaneous use of multiple channels, the added
arithmetic and waveform-selection instructions can reduce this timing margin. If the tPro-
cessor does not dispatch a pulse command before its scheduled time is reached, the sequence
stalls and the pulse is delayed, apparently silently. Since QICK execution is determinis-
tic, this behavior can be checked experimentally by validating dense pulse programs on an

oscilloscope.

3.2.4  Pulse Spacing and Concatenation

Closely spaced pulses cannot always be represented as independent waveform selections. In
the waveform-offset construction, each pulse is embedded in a padded waveform containing

leading zeros to set the sub-cycle offset and trailing zeros to preserve a fixed waveform stride.

As a result, two pulses can only be treated as independent waveform selections when there
is sufficient delay between their active envelopes to accommodate the required padding and
any pending sequencer operations that must occur before the next waveform playback. If a
shorter separation is required, the pulses must instead be combined into a single composite
waveform. This preserves the intended timing, but reduces the modularity of the pulse

representation and typically increases waveform memory usage.



20

3.2.5 Phase Control

Phase control is divided between the stored 1/Q envelope and the numerically controlled
oscillator (NCO). The 1/Q waveform defines any internal phase structure of the pulse, such
as the relative phases of multiple segments in a composite waveform. The NCO then applies

a uniform phase rotation to the entire waveform at playback.

This separation is useful because a single envelope can be reused for pulses that differ
only by a global phase. For example, a 7/2 pulse at phase ¢ can be implemented by updating

the NCO phase register before playback, without storing a distinct waveform for each value
of ¢.

The limitation is that NCO phase updates occur at the sequencer time scale and act
uniformly on the selected waveform. The NCO therefore cannot modify the internal phase
structure of a waveform. Concatenated pulses with different relative phase patterns require
distinct precomputed envelopes. For example, (X,Y) and (Y, —X) share the same internal
structure up to a global phase and may reuse an envelope, whereas (Y, X) requires a different
envelope because the relative phase ordering is changed. Thus, the NCO provides efficient

global phase control, while internal phase structure must be encoded directly into waveforms.

3.2.6  Dependence on Clock Ratio

The efficiency of the delay decomposition relies on the clock-domain ratio being a power of
two; in this implementation, T, /T; = 16. This permits bitwise operations to replace division
and modulo. If this ratio were not a power of two, more expensive arithmetic operations

would be required, increasing instruction overhead.
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Chapter 4

EXPERIMENTAL DEMO

4.1 Experimental Set-up

4.1.1 Testbed

To validate the timing-control methods experimentally, we integrate the RFSoC4 x 2 run-
ning QICK-DAWG with a confocal microscope platform, enabling synchronized optical and
microwave control of individual NV centers (Fig. . QICK-DAWG performs microwave
pulse generation, transistor-transistor logic (TTL) control of the excitation laser through the
acousto-optic modulator (AOM), and acquisition of photoluminescence (PL) photon counts

from an avalanche photodiode (APD).

Microwave control is delivered through a dedicated RF chain in which the RFSoC-generated

pulses are amplified and sent to a wirebond antenna positioned ~ 25 um above the diamond.

Fluorescence is collected through an APD and used for spin-state readout. The sample
consists of NV centers fabricated under solid immersion lenses (SILs), which enhance photon
collection efficiency by mitigating total internal reflection at the diamond interface. This is
particularly important given the high refractive index of diamond and the angular emission

profile of NV centers.

The diamond used in this work has a natural abundance of *C (1.1%).
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Figure 4.1: Control schematic of the NV characterization setup, showing two NV centers

under solid immersion lenses (SILs): D, in blue and D; in orange.

Figure 4.2: 3D orientations and surface-plane projections of the four possible NV axes relative

to the sample edges, with the two projection families color coded.
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4.1.2  Sample Geometry and NV Orientation

The diamond is a [100]-oriented plate whose in-plane edges are aligned along the (110)
directions. As illustrated in Fig. [4.2] the projections of the four (111) NV axes onto (100)

plane form a cross aligned with the sample edges, rather than lying along the diagonals.

These projections define two distinguishable orientation families, each consisting of two
NV axes with antiparallel in-plane projections. The two axes in each family remain distinct
in three dimensions: each NV axis is tilted by 54.74° from the surface normal, and the two

axes are separated by the tetrahedral angle 109.47° [4].

This geometry determines both the polarization-dependent optical response and the

magnetic-field directions used for alignment.

4.2 Magnetic Alignment Procedure

High-fidelity spin control of the electronic and nuclear spins requires a strong external mag-
netic field, aligned with the specific NV axis citeAbobeih. For the electronic spin, the axial
magnetic field component is lifts the mg = 41 degeneracy, while strong transverse com-
ponents increase spin mixing. For 3C spins, the external field sets the nuclear Zeeman
splitting and defines the bare nuclear quantization axis. Additionally a sufficiently strong
magnetic field sets a large bare Larmor frequency, reducing overlap between CPMG reso-
nance orders. Our alignment procedure consists of three stages: orientation identification,

coarse alignment, and fine alignment.

4.2.1  Orientation Identification

We first determine the NV orientation family using polarization-dependent photolumines-
cence (PL). Optical absorption depends on the projection of the excitation polarization onto

the optical dipoles transverse to the NV axis [I§]. By rotating the excitation polarization
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Figure 4.3: NV fluorescence vs Excitation Polarization

and recording the fluorescence intensity, we obtain a sinusoidal photoluminescence PL mod-
ulation that identifies the orientation families of the two single NV centers under the SIL,

denoted D, and D; (Fig. . The remaining measurements in this thesis focus on D,,.

4.2.2  Coarse Magnetic Alignment

After identifying the NV family, we restrict the external magnetic field to lie within the
plane defined by the two candidate NV axes in that family. We then apply a weak (~ 100 G)
magnetic field at an oblique angle (approximately +45° relative to the surface normal) corre-
sponding to the two in-plane projections and perform optically detected magnetic resonance

(ODMR) spectroscopy on both ms; = 0 <+ £1 transitions.

The Zeeman splitting depends on the projection of the magnetic field onto the NV axis,

|Bo - inv|- By comparing the splitting between the two magnet orientations constrained to
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Figure 4.4: Close-up of the magnet positioning stage and sample mount

this plane, we determine which of the two candidate NV axes is more closely aligned with the
applied field direction. With the NV axis being roughly aligned to the magnet orientation
that produces the larger Zeeman splitting.

4.2.8  Fine Alignment

Fine alignment is achieved by iteratively adjusting the magnet position, using the microme-
ters captured in Fig. while monitoring ODMR spectra. The X micrometer is primarily
used to set the strength of the magnetic field, while fine angle adjustments are performed by
tuning the Z and Y micrometers. By fitting the measured transition frequencies to a spin

Hamiltonian model, we estimate both the magnitude and angular alignment of the magnetic

field.

At the 300450 G fields used in this work, the fluorescence becomes increasingly sensitive

to small transverse magnetic-field components, as off-axis magnetic fields mix the NV spin
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states and reducing both PL intensity and ODMR contrast [19]. Once the ODMR-based
alignment is close, we switch to using the field dependence of the PL signal as our fine

tuning metric, adjusting the magnet position to maximize fluorescence.

4.2.4 YN Nuclear Spin Polarization

In the absence of nuclear polarization, each electronic transition exhibits three hyperfine-split
resonances corresponding to the m; = {—1,0,4+1} nuclear spin projections, separated by
~ 2.16 MHz. Under robust polarization, the population concentrates into a single hyperfine

state, improving both the electronic spin dephasing times (73) and signal-to-noise ratio

(SNR).

When operating under an axially aligned external magnetic field of 300 — 450 G, optical
pumping into mg = 0 via the singlet-state pathway simultaneously polarizes the nuclear
spin into m; = +1. This polarization arises from residual excited-state mixing between
states that share the same total spin angular momentum projection (mp = mg + my), over
thousands of excitation-relaxation cycles [20]. While polarization efficiency improves as the
field approaches the excited-state level anticrossing (ESLAC, ~ 510 G), the accompanying

increase in nuclear spin-flip rates reduces state stability, degrading SNR.

Nuclear spin polarization is verified using pulsed optically detected magnetic resonance
(PODMR), performed at low microwave power to suppress power broadening. In PODMR,
a fixed-duration microwave pulse is applied before optical readout, and the resulting fluores-
cence contrast is measured as a function of microwave frequency. At low microwave power
the ODMR lineshape is described by inhomogeneous broadening (over repetitions), primar-
ily arising from the magnetic dipolar interactions with the *C nuclear-spin bath [21]. We
therefore fit the PODMR spectrum using a Gaussian profile as opposed to the Lorentzian

lineshape characteristic of homogeneous, power-broadened transitions [22].

For the PODMR measurement at ~ 369G after magnetic alignment, the microwave
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amplitude was first calibrated on resonance, yielding a Rabi frequency of ~ 190 kHz, corre-
sponding to a 2.6 ps m-pulse. The PODMR scan shown in Fig. [4.5] was then acquired using a
2.3 ps rectangular pulse, producing a controlled under-rotation. The spectrum is fit with a
constrained three-Gaussian model with independent amplitudes, a common linewidth, and
a shared nearest-neighbor hyperfine splitting. The fitted splitting is 2.15(7) MHz, consistent
within uncertainty with the axial N hyperfine constant [4, 12]. The m; = +1 transition
sets the full-width-half-maximum (FWHM) to 0.35(1) MHz. The m; = 0 feature is weak

relative to the noise floor, while the m; = —1 feature is not resolved.

The weak side features near the dominant m; = +1 dip are consistent with finite-pulse
spectral structure from the rectangular microwave pulse. For a T' = 2.3 pis square pulse, the

expected Fourier-limited FWHM is approximately
FWHM =~ 0.89/7 = 0.39 MHz, (4.1)

comparable to the fitted linewidth of 0.35(1) MHz. This agreement suggests that the observed
linewidth is likely limited primarily by the finite pulse duration, rather than by inhomoge-

neous broadening alone.

The relative nuclear-spin populations are extracted from the integrated areas of the
three Gaussian peaks and normalized by their total area. We obtain P_; = 0.0(1.2) %,
Py =3.2(1.2) %, and Py; = 96.8(3.8) %. Using the experimental spin-1 polarization metric
employed by Busaite et al. [23], which in this case simplifies to

P:P+1_Pfla (42)

we determine a N polarization of P = 96.8(3.5) %. This result is consistent with the
field dependence reported by Busaite et al., who measured P = 96(2) % near the ESLAC
and observed polarization exceeding approximately 90 % down to 300, G, below which it
declined steeply. Our measurement at 369, G therefore lies within the range over which

strong nuclear-spin polarization is expected.
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4.3 Electronic Spin Characterization

With the system aligned, we proceed to characterize the NV electronic spin using a sequence
of control experiments implemented entirely within the QICK-DAWG framework; performing

Rabi oscillations, Ramsey interferometry, and the CPMG dynamical decoupling sequence.

4.3.1 Rabi Oscillations

Driving near the m; = +1 transition identified in the preceding PODMR measurement, at
f = 1838.15 MHz, we perform a Rabi sweep at high MW power. This sequence is sim-
ilar to PODMR, but with the MW frequency fixed while the MW pulse duration is var-
ied. The resulting oscillations, shown in Fig. [1.6] yield an electronic-spin Rabi frequency of
Qr = 10.482(1) MHz, which is used to set the 7- and 7/2-pulse durations for subsequent
experiments. From the same measurement, we obtain a relative photoluminescence contrast

of 28.1(1)% between the electronic spin states.

For the remaining experiments, we operate at QICK’s maximum MW gain and use a
7 /2-pulse duration of ~ 23.8 ns, approximately 50 ps shorter than the ideal duration inferred
from the measured Rabi frequency. This corresponds to an estimated rotation error of
0.18° per m/2 pulse. The corresponding 7 pulse is implemented with twice this duration,
giving an estimated rotation error of 0.36° per pulse. These errors compound in multi-pulse
sequences, reducing the effective coherence through imperfect refocusing and introducing
additional modulations. This is particularly relevant for CPMG sequences with large N,
and becomes increasingly important when moving from isolated calibration sequences to the
concatenated gate operations required for multi-qubit control. Although fine-tuning the MW
amplitude can reduce these errors, we do not perform this optimization for the purposes of

this demonstration.
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Figure 4.6: Rabi sequence (a) and oscillations (b) obtained by driving the electronic spin

near the m; = +1 transition.
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4.3.2  Ramsey Interferometry

We then perform Ramsey interferometry by sweeping a free-evolution delay 7 between two
7/2 pulses. The first /2 pulse prepares the electronic spin in an equal superposition, \%(|0)+
1)), while the second 7/2 pulse maps the accumulated phase back onto the measurement
axis for optical readout. In this measurement, the two 7/2 pulses are applied with opposite

phases, such that in the absence of detuning and dephasing the spin is returned to |0).

Ramsey interferometry is sensitive to both electronic-spin dephasing and detuning be-
tween the MW drive and the electronic-spin transition. Dephasing appears as a decay enve-
lope, while detuning produces oscillations at the detuning frequency. In principle, the N
hyperfine interaction can produce three distinct Ramsey frequencies; however, with strong

nuclear-spin polarization, we expect a single dominant oscillation.

The measured Ramsey signal is fit with a decaying cosine, as shown in Fig. {7 A
Gaussian decay envelope is used to describe inhomogeneous dephasing from repeated mea-
surements in a quasi-static spin environment [24]. The resulting fit is used to correct the
MW drive frequency. Because the experiment is performed at relatively high Rabi frequency,
power broadening makes the Rabi frequency only weakly sensitive to small shifts in drive
frequency. Nevertheless, after changing the MW frequency, it can still be useful to repeat a

Rabi scan to recalibrate the pulse durations.

The fit yields a detuning of 127.1(1.2) kHz and an inhomogeneous dephasing time of 75 =
5.300(67) ps. The fit also includes a small phase offset, = —0.072(21) rad, corresponding
to approximately —4.1°. A simple finite-pulse estimate, based on the measured detuning
and a 24 ns 7w /2-pulse duration, gives a phase accumulation of ~ 0.019rad, or ~ 1.1°, with
the opposite sign. We therefore treat ¢ as a nuisance parameter and do not assign physical

significance to this offset.

Detuning changes the effective rotation axis and rate, and can therefore appear as an

additional calibrated control parameter in pulse-optimization procedures such as bootstrap
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pulse tomography [25]. Detuned driving is often employed when multiple nitrogen hyperfine
transitions are simultaneously populated, such as when the host nuclear spin is not initialized
[26]. In this work, however, our nuclear-spin polarization concentrates the population into
a single hyperfine manifold, so we do not exploit detuning as an additional optimization

parameter.

4.4 Nuclear Spin Characterization

With precise control over the electronic spin established, we extend sensitivity to surrounding
nuclear spins using the CPMG sequence shown in Fig. [4.8(a). As discussed in Section ,
CPMG selectively amplifies or suppresses electron—nuclear interactions, acting as a band-
pass filter for effective nuclear Larmor frequencies. By sweeping the interpulse delay 27, we

perform spectroscopy of the local nuclear-spin environment.

We scan interpulse delays over a range of approximately 0.1—9ns using a CPMG sequence
with N = 32 refocusing 7 pulses. The resulting signal shows broad regions of reduced
electronic coherence, as well as more isolated coherence dips, as shown in Fig. [4.8(b). These
dips recur periodically because the same nuclear spins satisfy successive CPMG resonance

conditions at different interpulse delays.

Several methods exist for estimating hyperfine parameters from CPMG spectroscopy.
Here, the most prominent features were analyzed by Weitao He using an implementation
based on the algorithmic decomposition approach described by Oh [15]. The signal is de-
composed into Gaussian features corresponding to electron-coherence dips induced by nearby
nuclear spins. Time windowing based on the 3C Larmor precession is then used to assign a
period index k. Features associated with the same nuclear spin across multiple periods are
grouped, and their positions and widths provide initial guesses for the hyperfine parameters,

as shown in the A7 — k assignment plot in Fig. 4.§|(c).

These initial estimates are then refined by fitting an analytical model to the measured
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signal, yielding the axial and transverse hyperfine parameters, denoted A and B, respec-
tively [27]. The resulting fit for three nuclear spins is overlaid on the measured CPMG signal

in Fig. 4.8(d), and yields

(AV, AD) = (~18.64(18), 18.36(69)) kHz,

(AP, AP) = (32.74(15), 28.76(1.08)) kHz,

and

(A", AP) = (53.27(27), 34.37(1.65)) kHz.

This CPMG data was acquired at a magnetic field of approximately 365 G, with a MW
drive frequency of 1845.6 MHz, using similar MW power and pulse durations to the preceding

room-temperature measurements.

4.4.1 Decoherence and Relazation

The room-temperature CPMG measurements are limited by both signal-to-noise and finite
electronic-spin coherence. As discussed earlier, room-temperature optical readout relies on
the same spin-dependent relaxation pathway that also reinitializes the NV into |mg = 0).
Consequently, each shot provides only limited information about the pre-readout spin state,
requiring extensive averaging. For long CPMG experiments, where each shot can last hun-
dreds of microseconds, averaging over millions of repetitions extends scans over many hours

and makes them increasingly susceptible to slow experimental drift.

A second limitation is finite electronic-spin coherence. As the total CPMG sequence
duration increases, decoherence reduces the available contrast, limiting the ability to resolve

weak or narrow nuclear-spin features.

To characterize these limitations, we measure both Hahn-echo coherence and longitudi-

nal relaxation. The Hahn-echo sequence mirrors the Ramsey experiment, but includes a 7
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pulse at the midpoint of the 27 free-evolution period. This refocuses quasi-static frequency
shifts and extends the measured coherence time beyond 77}, producing an approximately
exponential decay envelope [28]. From this measurement, we extract a Hahn-echo coherence

time of Ty = 393(42) ps, as shown in Fig. [4.9]

We also measure the longitudinal relaxation time 77 using a 7 pulse to prepare the elec-
tronic spin in |mg = —1), followed by a variable delay before optical readout. At room tem-
perature, longitudinal relaxation is expected to arise primarily from spin—phonon processes,
with two-phonon Raman processes dominant [9] 4, 24]. At a laser power of approximately

70% saturation 140 pW, we extract T} = 1011(31) ps, as shown in Fig. m

These measured coherence and relaxation times constrain the usable duration of room-

temperature CPMG sequences, with the CPMG data exhibiting contrast decay on the same
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order as the Hahn Echo T5,. Thus, while the 200 ps timing resolution enables fine sampling
of narrow spectral features, the room-temperature signal quality and sequence-dependent

contrast loss limit the extent to which this timing advantage can be fully realized.

4.4.2  Cryostatic CPMG validation

To more directly demonstrate the advantage of 200 ps timing resolution, we use data collected
on a cryogenic single-NV setup using the same QICK-based sub-clock timing methodol-
ogy. This cryogenic testbed uses resonant optical readout, providing substantially improved
signal-to-noise, and exhibits longer coherence times, with a measured Hahn-echo time of
T, = 1.05ms. The measurements were collected on the Diamond Quantum Processor testbed

by Tommy Nguyen [27].

Figure shows CPMG spectroscopy performed on the cryogenic testbed. Panel (a)
shows a broad CPMG sweep acquired with 5.09 ns timing increments and N = 32 7 pulses.

Panels (b) and (c) then demonstrate fine sweeps with 203 ps timing increments.

In panel (b), the fine timing resolution resolves sinusoidal modulation within a previously
identified *C feature by using CPMG with N = 320 refocusing 7 pulses. This is then fit
to an analytical model enabling a precise estimate for the hyperfine parameters of that 13C

nuclear spin, (Aj, A1) = (225.01(12), 203.15(44)) kHz.

In panel (¢), fine timing resolution is used with N = 32 pulses to resolve narrow coherence
dips whose shapes could not be characterized at coarser timing granularity. With 5.09, ns
steps, only 3 dips are visible, each represented by a single sample. In contrast, the 203 ps
sweep resolves the dip line shapes clearly and reveals two additional dips. The resolved dips
all have FWHM values between 1 and 3.5 ns, so the native 3.2 ns timing grid not only under-
samples their line shapes, but also risks missing them entirely. Overall, this corresponds
to a 16-fold improvement in CPMG spectroscopic resolution over QICK-DAWG’s previous
capability.
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Figure 4.11: CPMG spectroscopy on the Diamond Quantum Processor. (a) Wide-range scan,
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Chapter 5

CONCLUSION & OUTLOOK

5.1 Conclusion

This thesis set out to extend the practical timing resolution available for NV-center pulse-
sequence experiments using QICK-DAWG. In standard QICK timing, pulse placement is
naturally constrained by the sequencer clock, corresponding to a timing granularity of 3.2 ns.
The result of this work is the implementation and experimental use of a methodology that
realizes 200 ps timing control while preserving QICK’s sequencer-based structure. Because
this approach is implemented through sequencer instructions rather than custom gateware,
it remains highly flexible. Being applicable across different QICK gateware configurations,
adaptable to a wide range of pulse sequences, and fully compatible with QICK’s efficient

parameter-sweep framework.

As a result, pulse timings can be specified 16 x more finely than in native QICK schedul-
ing. This finer timing control allows greater precision over free-evolution windows, improving
the resolution available for nuclear-spin spectroscopy and enabling more precise control of
electron—nuclear qubit interactions. More generally, the method makes QICK-DAWG a
flexible and inexpensive research platform for sub-nanosecond quantum control, offering ca-
pabilities, such as extended-duration CPMG sweeps, that would otherwise require either

more specialized hardware or additional gateware.

This methodology was used in pulse sequences throughout this work to characterize an
NV center and its surrounding nuclear-spin environment. Many of the room-temperature

characterization experiments do not strictly require the full 200 ps timing resolution to ob-
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serve the relevant dynamics, but they can still benefit from the extra precision in pulse
duration and delay. For CPMG sequences, and in cryogenic conditions in particular, the
improvement in spectroscopic resolution is more significant, allowing narrower features and
modulations in the frequency response to be resolved. This improvement also extends natu-
rally to nuclear-spin control, where finer control over 7 provides a route toward more precise

engineering of electron—nuclear spin dynamics using QICK-DAWG.

The implementation also comes with important tradeoffs. Complex sequences using this
methodology require careful balancing of waveform memory, instruction memory, sequencer
execution time, and the available instruction structure. In some cases, pulses or delays must
be grouped in ways that preserve timing while remaining compatible with the sequencer
execution model. As a result, designing sequences at 200 ps resolution can require more
careful reasoning than designing conventional QICK programs. The added timing flexibility
therefore comes at the cost of increased programming complexity, and effective use of the

method requires a detailed understanding of how the various constraints interact.

These tradeoffs also clarify how this method should be positioned within the broader
QICK toolkit. A useful point of comparison is the recent development of the Real-Time
CPMG-XY8n (RT-CPMG) Generator by Dr. Tiamike Dudley at the University of New
Mexico [29]. RT-CPMG uses a custom CPMG pulse-generating module to produce CPMG-
XY8 sequences in real-time logic, effectively offloading the processing burden from the tPro-
cessor while consuming no waveform memory. This is an especially compelling approach for
experiments where additional background processing is needed for active feedback or control
of other channels. However, it also carries different constraints: for example, RT-CPMG is
limited to square pulses, and its fundamental programmable block is the full XY8 sequence
rather than an individual 7 pulse. The contrast between these approaches illustrates that
the optimal implementation depends on the needs of the experiment. In some cases, the two

methodologies may even be complementary.

Although this thesis primarily focuses on sequences with fixed pulse lengths and vari-
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able interpulse delays, a similar waveform-banking approach can be extended to sequences
requiring variable pulse lengths, such as Rabi experiments, provided the pulses contain an ex-
tendable constant-amplitude region. In this case, each pulse can be partitioned into starting,
middle, and ending segments. The starting and ending segments are selected from waveform
banks to achieve fine timing offsets, while the uniform middle portion can be repeated using
QICK’s ability to loop over waveform segments. This is the approach used for the Rabi

experiments in this work.

Overall, this work demonstrates that high-resolution experimental timing can be achieved
on QICK-DAWG without abandoning its central strengths: programmable FPGA sequenc-
ing, efficient parameter sweeps, and reusable waveform resources. The result is a practi-
cal framework for 200 ps control of NV-center experiments, with immediate applications in
electronic-spin calibration, nuclear-spin spectroscopy, and the development of more precise

electron—nuclear control protocols.

5.2 Future Work

The most important practical limitation of the present approach is complexity. High-
resolution pulse programs require careful management of instruction memory, waveform
memory, loop structure, and sequencer timing. As pulse sequences become longer or more
adaptive, this complexity becomes a substantial development burden. A natural future di-
rection is therefore the development of a higher-level pulse compiler for QICK-DAWG. Such
a compiler would allow users to specify a desired pulse sequence at a high level and automat-

ically generate the corresponding QICK instructions, waveform banks, and timing offsets.

This abstraction would be especially useful because QICK supports multiple control
strategies, each with distinct tradeoffs in timing precision, memory usage, and program
flexibility. A compiler could map a user-specified sequence onto the appropriate hardware
resources while tracking low-level constraints such as waveform-bank size, instruction count,

and queueing margin. A model inspired by hardware-aware pulse languages such as QUA
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may be useful, since it could preserve the flexibility of QICK while reducing the need for

users to reason directly about each constraint.

A second direction is to apply the 200 ps timing methodology to more demanding dynamical-
decoupling and nuclear-control sequences. CPMG spectroscopy provides a direct demon-
stration of the value of fine interpulse-delay control, but more complex sequences may be
even more sensitive to timing discretization. For example, Uhrig dynamical decoupling uses
nonuniform pulse spacings, making it poorly matched to coarse timing grids [14]. Sub-
nanosecond timing resolution would reduce this discretization error and allow more direct

comparisons between ideal pulse timings and experimentally realizable sequences.

A final direction, already underway, is the use of this methodology for nuclear-spin control,

with the long-term goal of realizing nuclear spins memory registers.

Together, these directions point toward QICK-DAWG as a flexible platform for precision
quantum control. The method developed in this thesis demonstrates that sub-clock-cycle
control can be implemented within the existing QICK framework, while future work can
focus on making this capability easier to program and applying it to more demanding control

tasks.
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Appendix A

NV GROUND-STATE HAMILTONIAN FOR B-FIELD
ALIGNMENT

We use the NV~ ground-state Hamiltonian defined in Doherty et al. [4] to estimate
the magnitude and alignment of the external magnetic field from the resonance dips. The
Hamiltonian is given by

S(S+1)

H,, = D(T) (52 - ) + Ay S.1,

A A - I(I+1 ~

w

(A1)

where D(T) is the temperature-dependent zero-field splitting. We model D(T') using the
sixth-order polynomial fit to experimental data from Chen et al. [30], for which D ~ 2.87 GHz
at room temperature. The spin numbers are S = 1 and I = 1 for the *N NV ground state.
We use A = —2.14MHz (A, = —2.7MHz) for the axial (transverse) nitrogen hyperfine

coupling, and P = —5.01 MHz for the nuclear quadrupole parameter.

The Zeeman term is given by

Hy = 119. (B : S) + (B : i) , (A.2)

where pp is the Bohr magneton in frequency units. The electron g-factor is g. = 2.0028,

and the "N nuclear gyromagnetic ratio is set to v, ~ 3.076 MHz/T.
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