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Abstract

Quantum microarchitecture is a key component in bridging the gap between quantum software
and quantum hardware of a fully programmable quantum computer. Confronting the control
problem of superconducting quantum processors, an experimental microarchitecture (QuMA)
has been proposed in previous work. As the size of the target quantum chip continues to evolve,
the complexity of QuMA scales up accordingly. This increase in complexity has led to a growing
challenge in QuMA's design, development, and verification. To solve these problems, we build
a QuMA simulator which can automate the current QuUMA verification process and accelerate
the design phase of QUMA. We called this simulator QuMAsim. The first version of QuUMAsim
is based on CC-Light, an instance of QuMA for controlling a surface-7 superconducting qubit
chip. Then this simulator is extended to be self-configurable for different quantum chips. Several
applications are built based on this simulator. The verification platform consists of the simulator,
the VHDL implementation of QuMA and a validator is designed to automate the verification
procedure. In addition, we built a quantum virtual machine based on QuMAsim, which includes
other quantum software and simulators to simulate the execution of quantum algorithms on each
layer of the quantum computer. We demonstrate the potential of QuUMAsim by performing some
experiments with it and its applications, including the gearbox circuit simulation.
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INTRODUCTION

1.1. CONTEXT

Quantum computing has the potential to solve several computational problems that are intractable for clas-
sical computers. A quantum algorithm exploits quantum phenomena, namely superposition and entangle-
ment, to achieve speedup over the best classical algorithm solving the same problem. The most famous
examples are factoring large numbers using Shor’s algorithm [1] and searching an unordered database using
Grover’s search [2]. These algorithms may require millions or even billions of physical qubits which is far from
current technology. This difference causes a significant resource gap between practical quantum algorithms
and real quantum computers.

Useful quantum computation would require a full stack architecture. To construct a universal and fully
programmable quantum computer, clarifying the required component of a quantum computer is essential.
In the QuTech quantum computer system stack [3], multiple layers from top level quantum algorithms to
underlying quantum chips are included in a full stack quantum computer. In the middle of this system view,
the Quantum Instruction Set Architecture (QISA) and the Quantum Microarchitecture layers play a key role
in bridging the gap between quantum software and quantum hardware.

Nowadays, research in quantum computer engineering has focused primarily at devising high-level pro-
gramming languages and compilers, and building reliable low-level quantum hardware. Relatively little stud-
ies have focused on how to control operations on experimental quantum processors. However, with Noisy
Intermediate-Scale Quantum (NISQ) cite preskill2018quantum devices with 50 to hundreds of qubits com-
ing soon, we need to start thinking about how to use the compiler output to fully control the quantum chip.
To solve this problem, an experimental microarchitecture (QuMA) is proposed in [3] for controlling a super-
conducting quantum processor.

In our lab, two instances of QuMA are implemented using Field-Programmable Gate Array (FPGA). QuTech
Control Box (CBox) targets controlling one or two qubits. The quantum control microarchitecture in CBox is
QuMA, which can execute QuMIS instructions. Since there are only a few QuMIS instructions which are low-
level and tightly bound to the hardware, the structure of QuUMA is relatively simple. Addressing controlling
more qubits and the inherent quantum operation issue rate problem of QuMA, we designed an executable
QISA, eQASM, which is instantiated to 32-bit instruction set to control seven qubits and implemented by an
updated version of the control microarchitecture, Central Controller-Light (CC-Light).

Compared to QuMA, the updated QuMA microarchitecture QUMA_v2 outputs a larger number of signals
to orchestrate the behavior of underlying analog devices to control the seven qubits. The VLIW and SOMQ
execution, and the selective broadcasting supported by Vector Switch Matrix (VSM), ask for more complex ad-
dressing logic and dynamic checking to avoid conflict operations. Comprehensive feedback control requires
interaction between the classical pipeline and the quantum pipeline, and between the non-deterministic
timing domain and the deterministic timing domain, which can stall the pipeline for an indefinite number of
cycles depending on the quantum program. All these contribute to a higher complexity of control microar-
chitecture, which pose a big challenge in its design, development, and verification.



2 1. INTRODUCTION

1.2. RESEARCH MOTIVATION

The current development flow of QuMA suffers from several drawbacks. At the design stage, we can only do
alimited design space exploration (DSE) at abstraction level since we lack information of the inner structure
of QuUMA by using the diagram-based method. After design phase, we need to directly write HDL to describe
the entire system which is very rigid since it has no flexibility. Then at the verification stage, it requires the
hardware programmer to check the correctness of multiple signals in simulation for every eQASM program
in the benchmark. All these drawbacks lead to a low-efficient and error-prone development flow.

Based on the experience with the design of classical processors, all the three steps (DSE, development, and
verification) can be boosted via automation. Therefore, a new approach has been proposed to automate this
procedure as much as possible. In this new method, we will perform a high-level modelling at first which can
explore design possibilities at high level. Then a platform is used to do automated simulation and verification
with low-level details. After we make sure this design can fulfill the requirements, it is finally implemented on
hardware like FPGA.

The DSE can be performed via a configurable simulator for the quantum control microarchitecture, like
simulators for classical processors such as gemb5 [4]. Besides, the verification of the HDL implementation can
be automated using the universal verification methodology (UVM) [5], which would require a simulator to
reference values for the checking points for each input program. Thus, a dedicated simulator for QuMA is
required to achieve the automation of the QuMA development flow.

1.3. RESEARCH APPROACH

A simulator that describe the target system at a relatively low level (preferably at register-transfer level) can
help the automation of the DSE, development, and verification of QuMA. During the research period of the
thesis, we designed a simulator called QuMAsim to fulfill these requirements. We also built several applica-
tions based on QuMAsim to exploit its potential to help the design and verification of QuMA. Finally, we did
some experiments to prove the capability of QuMAsim and demonstrate its use cases.

To achieve the goal of an automated development process, QuMAsim needs to be implemented as a cycle-
accurate and hardware-based simulator. There are several challenges in implementing such a simulator:

1. We want this simulator contains all low-level constraints of quantum microarchitecture that are ex-
posed in the discussion of [3], and we are targeting verification over the VHDL implementation. En-
suring that the simulator can demonstrate all of the functions of proposed QuMA is challenging.

2. Since we need to implement this simulator using a low-level description, its flexibility is bounded to be
limited. In order to explore the design space, we hope that the simulator can be automated for different
configurations. How to make this simulator as configurable as possible will be a problem.

3. The simulation environment would also be a problem. First, we want all user could do easy simulation
regardless of their operating systems. Second, there should be a method to communicate QuMAsim
simulation and HDL simulation, since one of our targets is to implement a verification platform.

QuMAsim is built with respect to these challenges. In this project, we take CC-Light as a starting point to
build the first version of QuMAsim. QuMAsim also takes the eQASM program as input and outputs quantum
operations with their respective timing information. We have tested multiple eQASM programs and compare
its results to CC-Light to check its correctness. The first version is also supposed to control a 7-qubit quantum
chip, just like CC-Light. QuMAsim can be used for design space exploration. Before implementing the VHDL
description of a new QuMA, the simulator could easily test the new design and help us to compare different
possibilities of the microarchitecture. Besides, QuMAsim is developed to be self-configurable for different
quantum processors, such as a Surface Code 17 (SC17) quantum chip. Inversely, now QuMAsim can be used
to verify the correctness of VHDL implementation by comparing the signals of interest from both simulations.
In this work, an application called verification platform is built based on this purpose.

In addition, a quantum virtual machine is implemented on the basis of QuMAsim and other quantum
software/emulators. OpenQL[6] is a high-level quantum programming framework which has an eQASM
back-end and generates executable code for the CC-Light. So the user can write his quantum algorithm
in the OpenQL high-level language then compile it to generate the eQASM code. There are also some qubit
state simulator like QX [7] and QuantumSim [8] which can perform the quantum simulation. In this work,
we connect the QuMAsim to QuantumSim so the generated operations could be executed on the error model
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provided by QuantumSim. The measurement results could be sent back to QuMAsim to realize feedback con-
trol. In this way, the correctness of quantum programs can be checked at both architecture level and qubit
state level.

1.4. ORGANIZATION

This thesis is structured as follows:

Chapter 2 introduces the relevant background information for this thesis. It provides some basic knowl-
edge of quantum computing and gives a broad view about a fully programmable quantum computer.

Chapter 3 discusses the implementation of QuMAsim. In this chapter, we introduce the basic structure of
this simulator and the main function of each module. We also show how to make this simulator work in a full
stack system view, including assembler and instruction set architecture.

In chapter 4, the applications that are built based on QuMAsim are introduced. We first discuss the mod-
ifications that we made for a self-configurable simulator. Then the working principles of the verification
platform and quantum virtual machine are explained in detail.

Some experiments are performed on QuMAsim and the results are reported in Chapter 5.

Finally, we conclude and give recommendations for future work in Chapter 6.






BACKGROUND

2.1. QuaANTUM COMPUTING BASICS

2.1.1. QUBITS
Qubits are the fundamental elements of quantum computers just like classical bits in a physical system where
classical bit has two exclusive states, 0 or 1 and can only be in one of them at a certain point in time. These
two states are represented by |0) and |1). Qubits can be in a linear combination of these two states which can
be represented by

lw) =al0)+B11), 2.1
where
a,peC and |a?+|B*=1. 2.2)

Using the logical states as a basis, this superposition state can be represented by a complex-valued two-vector

) = [Z] . 2.3)

The probabilistic nature of qubits presents themselves when being measured. The measurement probability
of each state is the square of its amplitudes. Observing a qubit collapses its state t one of the possible mea-
surement outcomes and destroys the information in the probability amplitudes. As a result, a and § are not
directly observable.

In classical computers, 7 bits can only be in one of the 2" possible states at a time. As a consequence,
the entire system can only process this solo state read from the 7 bits at one time. The second feature of
qubits extends the capabilities of classical bits and it is entanglement. Qubits can be entangled with each
other which means that the state of the entire system cannot be described by the tensor product of each
qubit state. An example of a non-entangled state is

1 1 1
= —00) + —|01) = [0) ® —(|0) + |1}), 2.4
lw) \/El >+\/§| ) |>®\/§(|>+|>) (2.4)

this state can still be written as the tensor product of two individual states and is therefore not entangled. The
state

1
=—(/00) +11)), 2.5
ly) \/§(| ) +111)) (2.5)

is entangled since it can not be written as two individual states.
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2.1.2. QUANTUM GATES

Quantum gates are used to manipulate the quantum state. These gates can be expressed as matrices and of
which the effect can be modeled into matrix-vector multiplication. All quantum gates are arbitrary unitary
matrices which means that quantum gates are always reversible. These operators can be simultaneously
applied to the entire superposition which gives rise to quantum parallelism. On the other hand, superposition
and entanglement provide an exponential state space as discussed before. Both facts will contribute to the
speedup of quantum computers compared to classical computers.

Quantum gates could be divided into two types: single-qubit gates and multiple-qubit gates. A single-
qubit gate can be represented as a 2 x 2 unitary matrix and is a rotation on the Bloch sphere. A simple
example of single qubit gate is Pauli-X gate which rotate the qubit by 7z along the x axis. A few other basic
single qubit gates are the Pauli-Y, Pauli-Z and Hadamard gate. Especially the Hadamard gate is interesting
since it maps a computational basis state to a superposition state.

Multiple-qubit gates are essential for creating entanglement and a well-known example is controlled-
NOT (CNOT) gate. CNOT transfers the basis state |a) ® |b) to another basis state |a) ® |b @ a). There are more
two-qubit gates like Controlled-phase (CPhase) gate. Three-qubit gates also exist and one commonly-used
example is the Toffoli gate, also known as the controlled-controlled NOT or CNOT gate. It is similar to CNOT
gate but has two control qubits. Table 2.1 presents some of the useful quantum gates for this thesis.

Measurement of a state is inherently probabilistic depending on the amplitude of the vector in measure-
ment basis. The quantum state collapses the wave-function to one of its classical eigenvalues. This is called
projective measurement and is a significant difference from classical theories where measurement does not
destroy the original state tested. Thus multiple measurements are required to reconstruct the probability dis-
tribution of the state. The exact complex amplitude cannot be measured, thus allowing a degree of freedom.
This arbitrary phase factor can be ignored with no effect of the solution probability.

2.1.3. UNIVERSAL QUANTUM COMPUTATION
Like NAND, NOR gate sets in classical logic, there exists a universal set of gates on quantum logic that allows
any arbitrary quantum gate to be decomposed with members of the set. An example of a universal set of
quantum gates is H, T, CNOT. Any universal gate set should at least contain a multiple-qubit gate and a
non-Clifford gate.

A universal quantum gate set could help realize universal quantum computation. Moving towards a
broader view of constructing a useful quantum computer, several requirements need to be fulfilled given
by DiVincenzo’s criteria [9]:

1. A scalable physical system with well characterized qubits

2. The ability to initialize the state of the qubits to a simple fiducial state.
3. Longrelevant decoherence times.

4. A universal set of quantum gates.

5. A qubit-specific measurement capability.

6. The ability to inter-convert stationary and flying qubits.

7. The ability to faithfully transmit flying qubits between specified locations.

2.2. FULL STACK QUANTUM COMPUTER

Figure 2.1 provides a high-level view of the quantum system stack. This stack consisting multiple layers. The
bottom layers are quantum chip together with quantum to classical interface. These two layers are technol-
ogy dependent and many implementations focus on improving the fragility of qubits. Different technologies
have been investigated like superconductors [10, 11], trapped ions [12] and nitrogen-vacancy centers [13].
Among these technologies, superconducting qubits give the biggest potential for scalability so the rest of
paper only focus on this technology. Besides physical qubits, logical qubits also draw attention with perfor-
mance improved by quantum error correction. But this is out of the scope of NISQ to be discussed, so we will
only pay attention to the noisy qubits in this thesis.

The middle layers are the control microarchitecture and Quantum ISA. QISA provides a interface to com-
municate software and hardware just like in classical architectures. QISA usually includes both quantum
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Gate Name Gate Circuit Gate Unitary
Identi 1 0
entity 0 1
1 1
1
Hadamard 7 [1 _1]
. 0 1
Pauli- X 1 0
. 0 —i
Pauli-Y i 0
. 1 0
Pauli-Z 0 -1
0 PP
cosy —isinZ
owwion-x | [l | [y o]
otation —zsmg cosg
[}
Rotation-Y Ry6 098(3 s 2
Sll’lz COSE
—0
e iz 0
Rotation-Z 2 ;
otation Rz0 0 e’g
T 1 0
. 0 ei%
1 0
Phase 0
1 0 0 O
CNOT g (1) 8 (1’
0 0 1 O
1 0 0 O
e 01 0 O
CPhase B 001 0
0 0 0 -1
1 00 0 0 0 0 O]
01 0 0 0 0 0 O
0O 01 0 0 0 0 O
. 0 0 01 00 OO
Toffoli -t 00001000
— e 0000O0T1O0 O
0O 0 0 0 00 01
0 000 0 0 1 O0f

Table 2.1: Quantum circuit of some commonly-used quantum gates.

instructions and classical instructions since a quantum computer will always consist of both computing com-
ponents [14]. These instructions are fed into a control microarchitecture and decoded into required control
signals with precise timing. These control signals are processed by quantum to classical interface based on
the specific quantum technology. These signals are translated into required pulses and sent to quantum chip.

The top layer represents quantum algorithms that are described by high-level quantum programming
languages like Scaffold [15] and LIQUi|) [16]. These algorithms lack the low-level hardware information and
assumes that all operations can be executed perfectly. Compilers help to provide these information so the
quantum algorithms can be executed by the potential quantum hardware. In compilation layer, these algo-
rithms are compiled into a series of instructions that defined by QISA.
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Figure 2.1: Overview of quantum computer system stack

2.3. HARDWARE
2.3.1. SUPERCONDUCTING QUBITS

Nowadays, there are various potential quantum technologies being pursued to implement qubits, such as
trapped ions [12, 17], quantum state in superconducting circuits [10, 11, 18], nuclear spins or electron spins
in silicon [19-21], and nitrogen-vacancy centers [13, 22]. Other candidates like Majorana femion based topo-
logical qubits (not yet built) are actively being researched as well. The currently most promising technologies
are trapped ions and superconducting qubits, both of which have demonstrated to satisfy the DiVincenzo
criteria [10, 11, 17, 23].

As stated before, this thesis focus on superconducting qubits. Superconducting integrated circuits are
Josephson junction based harmonic oscillators coherently controllable and measurable by magnetic flux
pulses and microwaves. The performance of superconducting qubits benefits from the non-linearity of Joseph-
son junctions and surrounding microwave circuitry. These systems have potentially excellent scalability since
this technology have not encountered any hard physical limits. Superconducting qubits are usually fabri-
cated with well-established fabrication techniques such as photo and electron-beam lithography. However,
superconducting qubits also suffer from drawbacks like low coherence times. This also makes quantum error
correction very important for this type of system [24-28].

Transmon [29] is a promising technology which achieves error rates lower than the fault-tolerance thresh-
old for surface code. A universal gate set which comprised of single-qubit gates (mainly x and y rotations)
and the CZ gate is used at here. The transmon is a lumped-element nonlinear LC resonator. The first-excited
state is used as the qubit |0). The transition frequency between these state can be tuned by controlling the
flux through the loop between the two Josephson junctions.

Figure 2.2 shows a prototype seven-port transmon developed in Dicarlo lab, Delft University of Technol-
ogy. The vertical I/0 will be realized either using through-silicon through-silicon-vias or bump bonding in a
flip-chip arrangement.

For transmon qubits, single-qubit gates are executed by applying calibrated microwave pulses (typically
20 ns) through microwave-drive lines. These pulses are commonly generated by single-modulation of a car-
rier using functions generated by an Arbitrary Waveform Generator (AWG). The phase of the carrier determine
the axis of rotation operations and the amplitude decides the rotation angle. Some predefined calibrated mi-
crowaves are stored and employed for specific pulses (e.g., 7 and 7/2). Arbitrary single-qubit gates can be
decomposed into x- and y-axis rotations so all quantum operations could be applied by this methodology
although it will cost longer operation sequences.

The most frequently used two-qubit gate is CZ gate. Such a gate can be performed between qubits coupled
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Figure 2.2: Images at various scales of implementation of surface-code fabric. (a)Starmon qubit. (b) Transmission-line crossover. (c)
Vertical I/0.

to a common resonator or capacitor. It is realized by applying calibrated flux pulses (usually 40 ns) to the flux-
bias line. If the frequency of these two qubits are calibrated suitably, they could be coupled together for the
CZ gate.

Qubit measurement exploit qubit-state dependent fundamental frequency of a resonator which is cou-
pled both to the qubit and to a feedline. Feedlines consist of readout resonators which are simultaneously
interrogated using frequency-division multiplexing. A pulsed measurement usually lasts for 300 ns - 2 us
and is transferred through the feedline to project the qubit state to |0) or |1). Demodulation, integration, and
discrimination of the transmitted signal is used to generate the measurement result.

2.3.2. QUANTUM CHIP TOPOLOGY

The surface code is a promising topological QEC code and attracts a lot of experimental research [30]. Al-
though we do not consider about error corrections in NISQ era, the fabricated quantum chip is targeting to
the future technology. A surface code using 7 qubits which is also known as Surface Code 7 (SC7) can form a
logical qubit and is used for testing in this thesis. The example Figure 2.3 shows the topology of a quantum
chip of SC7. As we can see from this layout, the SC7 processor uses four data qubits (in red) and three an-
cilla qubits (in green and blue). The ancilla qubits are used to check X/Z parity between interact to the data
qubits.

The surface code has convenient two-dimensional layout with only nearest-neighbor qubit interactions.
For example, qubit 2 and 3 can not be applied a two-qubit gate directly since they are not connected. This
problem could be solved by using qubit 0 or 5 to swap the information. This is related to the mapping of
quantum circuits and will not be further discussed in this thesis since it is not part of our work.

For control simplicity, we named each qubit in the processor and each direct edge that connects nearest
qubit pairs. For example, edge number 0 represents the edge which connects qubit pair 2 — 0 while qubit 2
acts as left qubit (control qubit) and qubit 0 is right qubit (target qubit). There are 7 qubits and 16 edges for
this SC7 chip and these information should be stored in the controller of this chip. These numbers will scale
up as the number of qubits increases, and the method to solve this problem will be discussed later in section
4.
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Figure 2.3: Layout of a surface code using 7 qubits

2.3.3. IMPLICATION ON THE CONTROL

In quantum computing, the data is stored and processed in qubits. To perform quantum operations, analog
pulses are generated by an external controller and then applied on qubits. In contrast to classical computing,
the operations are transferring around while the data is stationary on computing bits. In classical processors,
data is stored and processed in binary format and the digital system share the homogeneity among different
subsystems. But data in quantum computing could be entangled in qubits so the data evolves in o format
encoded in superposed states. Thus. the difference between quantum data and control signals leads to the
separation of quantum controller and quantum processor. A quantum controller usually use AWGs to gener-
ate the required pulses for the targeting qubits. Figure 2.4 displays how the control unit communicates with
quantum chip.

Readout Signal

SR Quantum
Controller Processor
Control Signal (Qubits)

Figure 2.4: The relationship between control unit and quantum processor

A more detailed implementation of quantum controller which targets to a SC17 chip consisting of trans-
mon qubits that we have introduced before is shown in Figure 2.5 [31]. Each qubit has a dedicated flux line,
a microwave-drive line and a readout resonator fore readout. These 17 dispersively-coupled resonators are
grouped onto three different feedlines and two-qubit operations are applied through bus resonators by opt-
ing for coupling nearest-neighbor data and ancilla transmons. The microwave-drive lines and flux-bias lines
are driven by AWGs and the feedlines are driven by UHFQC. The information about these control electron-
ics will not be elaborated at here but we do notice that there are some limitations brought by them. How to
handle these control electronic specifications will be discussed in later sections.

2.3.4. QUANTUM MICROARCHITECTURE

In our discussion, quantum computer architectures comprise two parts: Quantum Instruction Set Architec-
ture (QISA) and Quantum Microarchitecture (QuMA). These two layers bridge the gap between software and
hardware in quantum computing. Currently, quantum processors are controlled by well-defined electrical
signals like microwave pulses with precise timing. To generate these signals, some dedicated electronics de-
vices are used to control the quantum chips. However, this control methodology suffers from high resource
consumption, control complexity and low scalability. Therefore, it is necessary to design a microarchitecture
to improve the performance of controller.
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Figure 2.5: Schematic of how to control a Surface-17 chip

The main challenges in designing such a control microarchitecture are listed below:

* Complex analog waveform control. The input signal of quantum processors are complex analog signals
since quantum operations are performed by sending well-defined analog pulses. The measurement
outcome of qubits also resides in the output analog signals which means the output signal of quantum
processors are also analog signals. A commonly used method to produce the required pulses uses ar-
bitrary waveform generators (AWGs). The well-defined analog pulses are calibrated and placed in the
memory of these devices before executing quantum algorithms.

Measurement results are contained in an analog signal and a discriminator is required to perform in-
tegration and discrimination on this signal. The software-based discriminator sufferers from problems
like long latency which makes real-time feedback control impossible. Thus, a scalable measurement
discrimination method with short latency constitutes a challenge.

e Instruction definition. The quantum instruction set architecture (QISA) is the diving line between
quantum hardware and quantum software. It is challenging to design an instruction set that consider-
ing the low-level constraints of the interface to the quantum processor, e.g., timing information. It is
difficult for quantum compilers to generate technology-dependent instructions for the following rea-
sons:

1. The constraints of quantum processor will affect the layout of qubits used in the algorithm, e.g.,
the nearest-neighbour constraint.

2. Quantum technology is rapidly evolving and new methods of implementing quantum gates are
continuously being introduced. It is important to find a way to introduce these changes without
affecting the rest of architecture.

3. Itis difficult to support a set of technology independent quantum instructions and their current
state of the art.
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A quantum microarchitecture, QuMA [3], for a superconducting quantum processor is presented to solve
these problems. The input of QuMA is a binary file generated by a compiler where classical and quantum
code are combined. The entire architecture uses a heterogeneous model and classical code is executed by
the classical host CPU. The quantum code contains auxiliary classical instructions and quantum instructions,
and is executed by the quantum co-processor. More detailed introduction about it will be displayed in Section
3.1.

2.4. QUANTUM INSTRUCTION SET ARCHITECTURE
2.4.1. QISA OVERVIEW

QISA is an essential component of a fully stack quantum computer since it is the dividing line between hard-
ware and software. To achieve that, QISA target to be mathematically equivalent to the circuit model in an
efficient way, with or without interacting with classical computing resources. Most proposed quantum as-
sembly language like f-QASM [32]. However, they do not fully take into account the low-level constraints
to interface with NISQ processors. For example, a generally neglected but crucial constraint in the NISQ
era is the timing of operations, which may ruin the computation process when not effectively scheduled.
Another example of a low-level constraint is that only a limited number of different operations can be ap-
plied on qubits at the same time with some control electronics. Besides, quantum-classical heterogeneous
computing is required by some quantum algorithms, such as variational quantum eigensolver. But existing
instruction sets do not either define an heterogeneous programming model or reveal enough information
about the underlying programming model. Therefore, an executable QASM-based QISA, named eQASM, is
proposed in [33]. We will use this instruction set in the rest of this thesis.

2.4.2. EQASM

The design of eQASM is guide by several main principles. eQASM should contain well-defined methods to
specify the timing of quantum operations. It should be simple to allow a straightforward implementation
by the microarchitecture. The quantum operation issue rate is a potential bottleneck of the quantum mi-
croarchitecture and should be addressed, e.g. by densely encoding the instructions such as done with SIMD
and VLIW for classical architectures. In addition, low-level hardware information should be included in a
configuration file and exposed in eQASM to enable platform-specific optimization.

Based on the the principles described above, the characteristics of e€QASM are listed below:

e Efficient timing specification:eQASM defines a more efficient method to explicitly specify the timing of
quantum operations at the instruction level.

¢ SOMQ execution: Addressing the quantum operation issue rate problem, eQASM introduces Single-
Operation-Multiple-Qubit (SOMQ) execution, which can considerably increase quantum code density.

e VLIW architecture: eQASM adopts a Very-Long-Instruction-Word (VLIW) architecture to further in-
crease the quantum operation issue rate; a single quantum instruction can contain multiple quantum
operations.

¢ Runtime feedback: eQASM defines two kinds of feedback: fast conditional execution for simple but fast
feedback, and comprehensive feedback control for arbitrary user-definable feedback.

¢ User-configurable quantum operations. eQASM postpones the specification of available quantum op-
erations in the instruction set from QISA design time to compile time. The operations can be configured
by the programmer.

¢ Supporting quantum experiments. Tailored for the NISQ technology, eQASM can be used to efficiently
describe quantum algorithms as well as quantum experiments to calibrate qubits and quantum opera-
tions.

Table 2.2 gives an overview of eQASM instructions.
The functions of these instructions are introduced as following:

¢ Control instructions. Compare and branch instructions will consist of control logic of eQASM. CMP is
used to compare the values of two registers. The result is stored in the branch register which is represent
as B. The status of condition is represented by three flag bits, and the computation of these three flag
bits are listed below:
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Table 2.2: Overview of eQASM Instructions. The operator : : concatenates the two bit strings.

Type [ Syntax [ Description
Control CMP Rs, Rt Compare GPR Rs and Rt and store the result into the comparison flags.
BR  <Comp. Flag>, Offset Jump to PC + Offset if the specified comparison flagis ‘1’.
FBR <Comp. Flag>, Rd Fetch the specified comparison flag into GPR Rd.
LDI Rd, Imm Rd = sign_ext(Imm([19..0], 32).
Data Transfer LDUI Rd, Imm, Rs Rd = Imm[14..0]::Rs[16..0].
LD Rd, Rt(Imm) Load data from memory address Rt + Imminto GPRRd.
ST Rs, Rt(Imm) Store the value of GPR Rs in memory address Rt + Imm.
FMR Rd, Qi Fetch the result of the last measurement instruction on qubit i into GPR Rd.
Logical AND/OR/XOR Rd, Rs, Rt Logical and, or, exclusive or, not.
NOT Rd, Rt
Arithmetic ADD/SUB Rd, Rs, Rt Addition and subtraction.
Waiting Imm Specify a timing point by waiting for the number of cycles indicated by the immediate value
Rs Imm or the value of GPR Rs.
. SMIS Sd, <Qubit List> . . . .
Target Specify S Qubit Lis Update the single- (two-)qubit operation target register Sd (Td).
SMIT Td, <Qubit Pair List>
Q. Bundle [PI,] Q_Op [l Q_0Oplx* Applying operations on qubits after waiting for a small number of cycles indicated by PI.

unsigned(Rs) >= unsigned(Rt)
unsigned(Rs) > unsigned (Rt)
sign(Rs) ~ sign(Rt)

We can obtain the condition by implementing logic operation on the flag bits. For example, the values
in two registers are equal when

Branch is used to determine whether the classical controller should execute instructions in sequence
or jump to a specific point. The program counter will load the address of a specific instruction if the
condition matches branch register. Otherwise it will increment itself to load the next instruction. A
mathematical description is given below:

PC = branch register matches condition ? specific address: PC + 1

¢ Data transfer instructions. These instructions are used for common-purpose load operation. LDI is
used for signed numbers and LDUTI for the unsigned. For the signed operation, the immediate number
will be loaded to the target register. Notice that the value of register needs to be sign-extended to ensure
the correct result. For the unsigned operation, the immediate number is loaded into the upper bits of
target register while its lower bits is determined by the resource register. Fetch branch register (FBR) is
used for load operation with specific purpose. The FBR instruction will set the target register to 1 or 0
based on the branch condition. Fetch measurement result (FMR) is more complex and is used to fetch
the result of the last measurement operation. This instruction helps realize comprehensive feedback
control logic which is introduced in section 3.1.4.

¢ Logical and arithmetic instructions. These instructions are simple and straightforward: they are used
for logical and arithmetical operations. All these instructions have two operands which are stored in Rs
and Rt, and the result will be put into destination register (Rd).

¢ Quantum waiting instructions. These two instructions are used to specify the interval between previous
timing point and the following timing point. The supported waiting time range is from 0 to 22°—1. In the
QWait instruction, you can use the 20-bit immediate value to specify the waiting time. In the QWaitR
instruction, you can specify the general purpose register Rs, of which the low 20 bits are used as the
waiting time. Zero waiting time is also supported in the hardware, of which the effect is nothing.

¢ Target specify instructions. In QuMA, the target of a quantum gate is specified by a mask. A mask
is firstly stored in a register and then readout by the quantum operation instruction. There are two
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register files used to store the masks for single-qubit gates and two-qubit gates, which are labeled with
"S" and "T", separately. The instruction SMIS and SMIT are used to set the mask for single-qubit gates
and two-qubit gates, respectively.

¢ Quantum bundle instructions. Bundle is used for specifying quantum instructions which contain quan-
tum operations. In current QuMA, each bundle contains two VLIW instructions and can be processed
by VLIW pipelanes in quantum pipeline. The definition of quantum operations is flexible since we want
this instruction set as technology independent as possible.

2.5. COMPILER AND LANGUAGE

Quantum algorithms should be described by specific languages and compiled by quantum compiler. To en-
able quantum programmers to express complex algorithmic constructs, a high-level programming language
is needed. A number of programming languages exist, such as Scaffold [15], Quipper [34] and LIQU|) [16].
All these programming languages mostly target large-scale quantum computation, with little consideration in
low-level constraints required by nowadays and near-term quantum devices. Microsoft Quantum Develop-
ment Kit is using the recently proposed Q# [35], a quantum-focused domain-specific programming language,
which highlights a heterogeneous quantum computing model which can safely interleave classical and quan-
tum computations. These high-level quantum programming languages with compiler support have been
proposed to efficiently describe quantum applications.

The compiler bridges the semantic gap between the quantum algorithm and the quantum hardware. The
high-level quantum algorithms are translated into quantum operations and produce executable machine
code for the target quantum platform. Quantum compilers usually provide several functionality such as syn-
thesis of quantum circuits. Quantum circuit are reversible and has to be optimally decomposed in a series
of quantum gates which belonging to a universal gate set. Compilers also need to consider quantum error
correction. Logical qubits are encoded into several physical qubits and QASM instruction for performing op-
erations on such encoded qubits are generated. Additionally, the compiler also maps the quantum circuit to
the topology of the real quantum processor. In high-level algorithms, the circuit description does not usually
consider physical limitations such as nearest-neighbour constraint. It is therefore important to optimize the
mapping process. The QASM based quantum instructions are then translated into eQASM which also include
the timing and physical qubit identifiers. These instructions are sent to the microarchitecture for execution
on the quantum processor.

In this project, we use the OpenQL framework as the compiler to convert the quantum algorithms to
microarchitecture executable QASM programs. The OpenQL framework is under development at QuTech,
which allows hybrid quantum-classical coding in high-level programming languages like Python or C++. A
more detailed description of OpenQL can be found in section 4.2.2.



SIMULATOR IMPLEMENTATION

In the previous chapter, we saw that a controller microarchitecture is required to solve the control challenges
in full stack quantum computer. In this chapter, we first discuss the structure of an instance of QuMA which
is named CC-Light, then we present the QuMA simulator, QuMAsim. The first version of QuMAsim is based
on CC-Light, then further improvements are made.

3.1. QUMA STRUCTURE

3.1.1. OVERVIEW

As stated in Section 2.3, there are many control difficulties need to be solved for quantum computer. The
first version of QuMA is proposed in [3] and the diagram is showed in Figure 3.1. QuMA is a heterogeneous
architecture which includes a classical CPU as a host and a quantum co-processor as an accelerator. QUMA
accepts a binary file generated by the OpenQL compiler infrastructure [6]. These instructions are processed
and generate micro operations at a deterministic timing. The analog-digital interface converts digital signals
into corresponding analog pulses which will perform quantum operations on qubits.
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Figure 3.1: Overview of the structure of QuUMA_v1

The main mechanisms used in this architecture are:

1. Codeword-based event control. The analog-digital interface divides the QuMA into digital signals and
analog signals. From left to right, the codeword-based triggers are translated into pulses representing
quantum operations on the qubits. From right to left, readout waveform is digitized and processed to
discriminate the measurement outcomes as binary results by the measurement discrimination unit.

15
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Therefore, this mechanism allows controlling analog pulse generator using instructions. Fast and flex-
ible feedback control is enabled since the waveform are not required to be uploaded during runtime.

2. Queue-based event timing control. The timing control unitimplements queue-based event timing con-
trol in QuMA. It divides QuMA into two parts: on the left side is the non-deterministic timing domain
and on the right side is the deterministic timing domain. In the non-deterministic timing domain, all
control operations are executed in an as-fast-as-possible style. In the deterministic timing domain,
quantum operations are stored in the queues and are emitted with specific time stamp. So the output
of the timing control unit have very precise timing information.

The timing control unit consists of a timing queue and multiple event queues. The time stamps are
stored in timing queue and a clock is used to control the read request of this queue. The counter value
is the intervals between two consecutive timing points and a time stamp is read out when the counter
countdown to zero. At that time, this time point is broadcast to all event queues and every buffered
events with corresponding time stamp is emitted to the analog-digital interface.

3. Multilevel instruction decoding. QuMA also focus on flexibility of instruction decoding. In quantum
pipeline, the initial binary instructions are decoded into codeword-based events before the timing con-
trol unit. By enabling multilevel instruction decoding, the quantum instruction can fill the queues as
fast as possible without worrying about complex analog waveform control with rigid timing constraints.
This scheme is implemented through multiple modules and will be introduced in later stage.

These mechanisms help to realize the quantum operation execution. Besides it, there is also a quantum
control unit in this QuMA which is dedicated to the classical control of the entire quantum program. This
unit consists of classical pipeline, measurement register file and instruction cache. All binary instructions
are stored in the instruction cache before execution and then are fetched by classical pipeline. The classical
instructions are processed inside the classical pipeline and the quantum instructions are sent into quantum
pipeline. The measurement results are stored in the measurement register file which is used to achieve com-
prehensive feedback control. The detailed functions of quantum pipeline and the classical control unit will
be explained in the following sections.

To control a larger number of qubits, multiple new techniques are used in the second version of QUMA
which is showed in Figure 3.2. Very-Long-Instruction-Word (VLIW) architecture and Single-Operation-Multi-
Qubit (SOMQ) execution are used to address the quantum operation issue problem. Besides, the compre-
hensive feedback control logic is implemented so we use the measurement results to do some conditional
operation. We will discuss the details of this architecture in the following sections.
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>
)

Qubit Measurement Result Register
. Timing Control Unit
Timestamp Manager
(oo e ()
I
o romer ()
Erramer O

Event k Queue 1 .
Event k Queue 2 .
Event k Queue n .

Data Memory
)

Measurement
Discrimination

VLIW pipelane

Target
Registers

A I Addr. Logic |

Timing Controller

Qubits

Classical Pipeline

Microcode
Unit

Operation Combination
Device Event Distributor

Quantum Instruction Decoder

Q Control
Store

Fast Conditional Execution

Addr. Logic

Quantum Microinstruction
Pulse Generation

Instruction Memory
v
Codeword Triggered

Figure 3.2: Overview of the structure of QUMA_v2, it is more complex compared to QuMA_v1 since it needs to control more qubits
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3.1.2. QUANTUM PIPELINE

The quantum pipeline consists of multiple modules that help to realize the above schemes. Generally, the
quantum instructions are processed in this pipeline and generate quantum operations with precise timing
information for the analog-digital interface. It also registers the measurement results sent back from analog-
digital interface and report them back to classical pipeline. In the following paragraphs we discuss the main
function of each module inside quantum pipeline:

¢ Quantum Instruction Decoder: this module decodes the binary instructions. There are two kinds of
quantum instructions: mask instructions, operation instructions and wait instructions. Mask instruc-
tions are used to define the mask registers which consist of single-qubit mask and two-qubit mask. Op-
eration instructions contain the quantum operations and their targeting qubits. The targeting qubits
information is stored in corresponding mask registers and will be read out in the following stage. Every
operation instruction contains timing information as well as wait instructions. As long as an interval
time is defined in these instruction, a valid signal will be set for the following module to generate a time
stamp. For operation instructions, the opcode is also decoded from it binary and will be used as index
of control store which will be explained later.

* Mask Register File: for mask instructions, the mask register will write the value decoded from binary
instruction. For operation instructions, the value of targeting register will be read out. There are two
kinds of register in this module, single-qubit register and two-qubit register. For single-qubit register,
the mask value is encoded as the qubit number while the edge number information is encoded in two-
qubit register.

¢ Timestamp Manager: as mentioned in quantum instruction decoder, a time stamp is generated for
every instruction as long as a timing difference is defined. Notice that this manager is outside the VLIW
pipelane since the VLIW instructions from one single operation instruction share the same time stamp.
Besides the time stamp for operations, there are also some timing points are generated. These timing
points are directly sent to the timing queue in the timing control unit while the time stamps are grouped
with corresponding quantum micro-operations in operation combiner.

¢ Microcode Unit: this microcode method is introduced in [36] and it enables flexible complex instruc-
tion definition using the same hardware implementation. In microcode unit, the quantum instructions
are translated into a sequence of microinstructions based on the microprograms uploaded into the Q
control store. The micro operations are codeword-based as stated before so the content of the control
store is based on the opcode and left/right codewords.

There is an address decoder submodule which works in parallel with control store. The mask value is
fed into this decoder to generate the operation selection signal. This signal is used to select the left/right
operation of the two-qubit pair and is sent to quantum microinstruction buffer together with the left
and right microinstructions.

¢ Quantum Microinstruction Buffer. In this module, quantum microinstructions for quantum gates are
decomposed into separate micro-operations. The input microinstructions are multiplexed based on
the selection signal. Together with microcode unit, the multilevel instruction decoding scheme is real-
ized through a opcode - microinstruction - micro-operation path.

¢ Operation Combination. After VLIW pipelane, the micro-operations from different VLIW instructions
should be combined. In this module, a conflict check is applied at first to see if any operation violation
on qubits. These operations are aligned together after passing this conflict check. Notice that the pre-
interval of zero is supported at here, which means the operations will pend on this module until the
next instruction arrived. And these two consecutive instruction will align again if the pre-interval of
the second instruction is zero. This module is also the place that the time stamps are grouped together
with micro-operations.

¢ Device Event Distributor. The output of the previous module are the quantum operations for each
qubit. But in real control these operations should be grouped into different events for different con-
trol electronics as mentioned in Section 2.2.4. All quantum operations are divided into three types at
here: microwave, flux and measurement. All input operations are translated into different events based
on the information of control electronics like AWG and UHFQC. Then these events are pushed to the
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event queues in the timing control unit. Device event distributor divides the entire QuMA into control
electronics independent domain and control electronics dependent domain.

¢ Timing control unit. Timing control unit is used to realize the queue-based event timing control. The
function of this module is described above.

3.1.3. CLASSICAL PIPELINE

The above section introduced the function of quantum pipeline and explained how quantum instruction is
executed. Now we will discuss about the classical control a little bit. The structure of the quantum control
unit is shown in Figure 3.3. The functions of these units are listed below.

Quantum Control Unit

!

quantum instructions

Figure 3.3: Quantum control unit structure

e Instruction Cache: in current CC-Light design, the instruction cache is not really a cache yet. It is
just a memory where all binary instructions generated from the quantum program are stored. But in
future design where a heterogeneous architecture will be implemented, this memory is supposed to be
implemented as a cache between the classical pipeline and host CPU. There is a Program Counter (PC)
which indicates the position of current instruction. The PC increments itself during usual time unless
a branch takes place. When the branching signal from classical pipeline is set, the PC value changes to
the targeting address and the corresponding signal is read out. When branching finished, there is also
a branch done signal to indicate the classical pipeline recover from the stall and continue to process.

* (Classical Pipeline: classical pipeline is implemented as a four-stage pipeline where the stages are: in-
struction fetch, decode, execute and write back. The main function of instruction fetch stage is to
control the branch signal. The pipeline stop running when the previous instruction was a taken branch
and start running when the instruction cache reports that a branch command was serviced. The branch
target address will also be calculated and sent to instruction cache at here.

In the decoding stage, the binary instruction is decoded. We know that eQASM supports some auxiliary
classical instructions like compare and logical operations and these instructions are used for classical
control. If the instruction is a quantum instruction, it will be forwarded to quantum pipeline directly.
The stalling logic also locates in decode stage. There are three stalling situations: stall when quantum
measurement registers are not ready for more measurement instructions pending in the queue, stall
when the quantum pipeline is not ready for more instructions, stall when we are executing an FMR
instruction and the ready signal is low. The first situations are easy to understand and the last one is
due to the feedback control logic and will be explained later.

After the decoding stage, the source (S) and target (T) operands and operation type are generated for
the execution stage. The basic operations (AND, OR, ADD, etc) and compare operations (CMP, TEST)
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are executed in this stage. Then the results are sent to write back stage if the result needs to be write to
a classical register. Thus, the execution of classical pipeline is finished.

¢ Measurement Register File: this file contains the registers which are used to store the measurement re-
sults which are sent back from analog-digital interface. These values can be fetched by FMR instruction
and used for conditional execution. The detailed logic is much more complex and is explained in the
following section.

¢ Slice: the slice is a configurable register slice that can be placed between sub modules to improve FPGA
timing. Any number of these units can be inserted. There are two kinds of register slice that can be
inserted: ready slice and data slice.

3.1.4. COMPREHENSIVE FEEDBACK CONTROL

Figure 3.4 shows the logic of comprehensive feedback control in QuMA_v2. This logic starts from classical
pipeline when a measurement instruction is processed. The measurement instruction is sent into quantum
pipeline and finally generates a measure trigger for the measurement device. Inside the quantum pipeline, a
measurement issue signal "Measissue" and a measured qubits signal "MeasuredQubits" are generated. These
signals indicate that there are some measurement operations applied on certain qubits during the execution
and are sent to the measurement register file.

When the measurement triggers the measurement device, it would generate corresponding analog wave-
form to apply measurement operations on quantum processor, which usually take 3007ns to 2us. The mea-
surement device collects the results and return them to QuMA. The results are sent into the measurement
analysis module where the measurement result and valid signals for each qubit are sorted. Then these two
signals will be sent into measurement register file and can be fetched by classical pipeline.

Measurement Measure
) o | ! o ™
Classical Pipeline nstructions »| Quantum Pipeline rigger
Measlssue
Measlssue &
QubitResult & MeasuredQubits
QubitReseultVvalid
Measurement Measurement
Register File NewMeasResult & Device
NewMeasResEnable

Figure 3.4: Comprehensive feedback control logic

In eQASM, a fetch measurement result (FMR) instruction is used to fetch the measurement result from
measurement register file to a general purpose register file. Then this result can be used for conditional op-
eration like compare and branch. The measurement instruction does not stall the microarchitecture but this
instruction will.

The measurement result of a measurement instruction can only be returned after a period of time since
it is issued from the classical pipeline to the quantum pipeline. This latency can range from hundreds of
nanosecond to several microseconds due to three factors:

¢ Quantum pipeline requires several processing stages to translate the measurement instruction into
corresponding measurement events. It requires around 7 cycles.

* Measurement events are buffered in an event queue in the timing control unit before its execution. It
can introduce an indefinite latency depending on previous quantum instructions, which latency can
range from tens of nanosecond to several microseconds.

» After the measurement events are fired from the timing control unit and sent to the measurement de-
vice, e.g., UHFQC, it takes a period of time for the measurement device and the qubits to accomplish
the entire measurement process. It can introduce a latency from 400 ns to 3 us.
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The existence of this latency means that, the FMR instruction cannot directly get the measurement result
of the last measurement instruction for the target qubit in many cases. So, the microarchitecture must han-
dle the latency introduced by the measurement process, by stalling the execution of FMR instruction when
required.

To support comprehensive feedback control, a counter Ci is attached to each qubit measurement result
register Qi, with an initial value of 0. Once a measurement instruction acting on qubit i is issued from the
classical pipeline to the quantum pipeline, Ci increments by 1. If the measurement discrimination unit writes
back a measurement result for qubit i, Ci decrements by 1. Qi is valid only when Ci is 0. If Ci is not 0 when
the instruction FMR Rd, Qi is issued, the pipeline is stalled until Ci is 0. In this way;, it is ensured that the
instruction FMR Rd, Qi always fetches the result of the last measurement instruction acting on qubit i.

3.2. SIMULATOR IMPLEMENTATION

As stated in research motivation, we need a QuMA simulator to leverage the complexity of VHDL debugging.
In this section, we first explain the goals and requirements of the simulator, and then we describe the imple-
mentation details.

3.2.1. GOALS AND REQUIREMENTS

To get a clearer view of the motivation of QuMAsim, we need to understand the QuMA development flow
at first. Whenever the underlying analog devices and quantum processor evolve, the design of the quantum
control microarchitecture can be modified accordingly. The development flow of QuMA can be summarized
in three steps:

1. Design: We need to propose an overall design idea for QuUMA after realizing its requirements. These
requirements can be summarized by instantiating QISA restrictions and specifying the control elec-
tronics setup for the target quantum chip. This design should be specified as a high level block diagram
to demonstrate its functionning.

2. Development: During this stage, we explain the details of each module and describe the designed mi-
croarchitecture at Register-Transfer Level (RTL) using a hardware description language (HDL), such as
VHDL.

3. Verification: The goal of verification is to make sure the HDL implementation of QuMA has no errors
before the FPGA synthesis stage. The current methodology consists in running a set of eQASM pro-
grams in simulation tools like Questasim [37]. The waveform of all signals of interest will be displayed
by this software. Then we need to check the correctness of this waveform and find out the potential
errors from it. The design can then be synthesized to the FPGA when the verification is done.

As mentioned earlier, this development flow is an error-prone and inefficient process. In order to solve
this problem, we hope to automate this process as much as possible. In our lab, a system-level microarchi-
tecture analyzer tool has been developed by L. Risebos. This Quantum pArchitecture Performance Analyzer
(QUAPA) models QuMA at the transaction level to enable flexible design space exploration to optimize objec-
tive functions such as quantum operation issue rate. It focuses on the relationship among different modules
without regarding to the internal structure of each module which means no low-level constraints considered
in this tool. So for now, QUAPA’s design space exploration cannot help HDL implementation directly since
they are not communicating at the same level. Therefore, we propose QuMAsim here to bridge the gap be-
tween them and implement the automation design approach.

The goals and requirements of QuMAsim can be divided into two main parts:

1. QuMAsim should be able to help the automation of DSE and development. To achieve that, this sim-
ulator should be able to accept configuration from users so some basic parameters can be defined for
this simulator easily. It should be self-configurable to some extend so we do not need to change its
inner structure each time for different configuration. Besides, the simulation should be easy for all
users disregarding their working environment so everyone can run easy simulation with the help of
QuMAsim.

2. In addition to simulation, this simulator is also required to be able to assist the verification proce-
dure. Since we are targeting the VHDL implementation at here, this simulator should have a low-level
modelling of modules of interest. The simulation should be cycle-accurate so the behavior of VHDL
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implementation can be checked. And we want to be able to trace any signals of interest in a certain
format which can help the later verification.

These are the overall goals and requirements for QuMAsim. In the following sections we discuss our method
to implement QuMAsim under the guidance of these limitations.

3.2.2. SYSTEMC

In order to implement QuMAsim in a flexible manner while maintaining a low-level hardware-oriented de-
scription, we chose SystemC as the language. SystemC is a system-level language, actually a C++ library. This
language enables the software programming language (C++) to have hardware design capabilities to take ad-
vantage of the knowledge of these programming languages. Since QuMAsim is required to be a cycle-accurate
hardware-based simulator, the core of QuMAsim needs to be implemented in a low-level description. How-
ever, when the future design reaches the system level, which means that the heterogeneous architecture will
be applied, the advantages of SystemC will play an important role. In addition, the flexibility offered by high-
level programming languages is enormous, which is critical to implementing configurable simulators. Since
SystemC is a C++ library, the simulator can use all C++ features, such as embedding other modules written in
the high-level programming language (C++/Python).

3.2.3. QUMASIM OVERVIEW

QuMAsim is built based on the structure of CC-Light which is targeting to a SC7 chip. The structure diagram
is shown in Figure 3.5.

QuMASsIim

Quantum control Physical Execution Layer
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Figure 3.5: The overall structure of QuUMAsim

As shown in the figure, the input to the simulator is a QISA program written in eQASM. The program is sent
to the assembler to generate binary instructions. These binary instructions are then loaded into the instruc-
tion cache before the simulation begins. At the beginning of the simulation, the instructions are read into the
classic pipeline and processed there. The classic pipeline will read and write register files during execution
and send quantum instructions to the quantum pipeline. The quantum instructions are then processed, and
the final output is a quantum operation with timing information. Since one of the initial goals was to verify
the correctness of QuMA's VHDL implementation, the detailed logic in these modules is almost identical to
what we described in the previous section. Therefore, we can use this simulator to achieve cycle-accurate
simulation.

3.2.4. DESIGN SPACE EXPLORATION
The simulator can be used to explore the design space of quantum microarchitectures, and there are many
different ways to do this. One of the potential goals is a different quantum processor architecture. To do this,
the simulator can be configured for different quantum processor architectures. The simulator can adjust
different quantum chips by providing quantum layout information to it, requiring information such as quan-
tum bits, edge address information, and electronic control. Therefore, QuMAsim can be tested on different
quantum chips in addition to the DiCarlo Group’s SC7/SC17 chips.

Another goal is to connect to the qubit state simulator. QuMAsim can be used to simulate the instructions
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generated for QuMA and generate an output of the operation of each qubit with timing information. These
operations can be fed to qubit state simulators such as QX and QuantumSim to evolve qubit states. There-
fore, the simulator can assist in quantum program verification at the architectural level. If the result of the
simulator is a qubit state rather than a timing operation, the output will be more explicit. In fact, QuMAsim
may have two outputs: one is a DIO event generated by a device event dispatcher, and the other is a quantum
operation of each qubit generated by bypassing the device event dispatcher. Both outputs have their own
advantages and there is no conflict.

Supporting different quantum microarchitectures is also very important. Our quantum co-processor uses
the VLIW architecture. These VLIW channels consist of several units, namely the address manager, the mi-
crocode unit, and the quantum microinstruction unit. If we want to apply different quantum microarchitec-
tures on the simulator, we must modify the VLIW width and unit mentioned above. It would be interesting if
we can simulate different quantum microarchitectures on the simulator and might help with future research
on QuMA. If we want to test different structures on these modules, we need to manually modify the internal
structure of the modules in the quantum pipe. However, it is very difficult to automate this process. But at
least this can help the QuMA implementation during the design phase.

The most ambitious goal is to support different quantum technologies. The current simulator only targets
superconducting qubits, but it is possible to adapt it to different quantum techniques, such as spin qubits
and ion-traps. This requires us to modify different quantum technologies. For example, we need to modify
the microcode unit, the number and width of queues, and the quantum classic interface. Since we do not
know which quantum technology to use in the future, it would be interesting if the simulator could adapt
to different quantum techniques. It is also challenging due to the need to re-implement many physical and
control schemes.

3.3. SELF-CONFIGURABLE SIMULATOR

We will discuss in detail how to further develop QuMAsim into a self-configurable version. After the first
version of QuMAsim was implemented, the first thing we thought about was: How about another quantum
chip? Next, we modified QuMAsim to support a SC17 quantum chip, as shown in Figure 3.6. In this process,
we found that the simulator can be configurable for different quantum chips.

3.3.1. QUANTUM LAYOUT INFORMATION
The first step is to figure out the differences between different quantum chips. The layout information in the
quantum processor architecture are:

e The number of qubits. This information is straightforward and it is used almost everywhere in the
quantum pipeline. Many modules and signals are instantiated based on the number of qubits. Some
parameters are derived from this information, like the number of flux events.

¢ Direct edge address. The two-qubit gate can only apply to an allowed direct edge. For instance, qubit
7 and qubit 10 are connected by edge 12/36 and a two-qubit gate can be applied to these two qubits.
While qubit 7 and qubit 11 are not allowed to take such interaction. This information is used in the
address mask decoder where the mask information of instruction is decoded. If the edge 0 or edge 25
is set to true, then qubit 0 would be chosen as right(target) qubit.

¢ Number of feedlines and related qubits. The number of measurement events depends on the num-
ber of feedlines used in the quantum processor. For surface-17 the feedline number is three. Each
UHFQC can support 10 qubits maximally, so we need to break long feedline into smaller parts if its re-
lated qubits number is larger than 10. The simulator can generate measurement events distributor and
corresponding timing queue automatically with this information

e Number of different frequency groups. The number of microwave events depends on how many differ-
ent frequencies are needed. Each AWG-8 has two channels which means it can provide two different
frequencies. The method to divide frequency group requires further discussion.

The last two differences can be described as controlling electronic specifications as they are all related to
control electronics. This information will be sent to the appropriate module for modification, as shown in
Figure 3.7. Multiple modules use the number of qubits information to perform operations such as defining
the width of the signal. The edge address information is used in an address decoder module that generates an
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Figure 3.6: The quantum processor architecture for surface-17

operation selection signal. For example, edge nine is decoded in the mask of the quantum instruction, which
means that the double qubit gate selects the qubit pair <5,8>. The address decoder will decode the mask, so
qubit five will choose the left operation, and qubit eight will choose the correct operation.

Besides that, the control electronics specification is sent into device event distributor which divides the
quantum pipeline into control electronics independent domain and control electronics dependent domain.
This specification contains information like the number of microwave AWG-8, Flux AWG-8, and UHFQC.
The quantum operations for each qubit is then classified into different events based on this information. An
example of microwave AWG specification for SC7 is shown below:

"electronic_setup": {
"microwave": {
"awg_devices": [
{
"name": mwoO,
"channels": [
{
"channel_number": O,
"target_qubits": [0, 1]
}’
{
"channel_number": 1,
"target_qubits": [2, 3, 4]
}
1
},
{
"name": mwil,
"channels": [
{
"channel_number": O,
"target_qubits": [5, 6]
}
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This example means that two AWG-8 are used for microwave control. Each AWG-8 has two channels
but may not be fully occupied. The first device uses two channels, and their target qubits are 0, 1 and 2,
3, 4 respectively. This division is related to the frequency groups defined for quantum chip based on the
data/ancilla qubits. So for this example, two microwave events are generated and pushed to the event queues
in the timing control unit.

3.3.2. INSTRUCTION SET ARCHITECTURE MODIFICATIONS

The change of quantum processor architecture also implies the instruction set architecture side. The mask
instructions need to be modified which are used to encode mask information. More precisely, SMIS instruc-
tion is used to encode qubit information into S-mask, and SMIT instruction is used to encode edge address
information into T-mask. As discussed before, both qubit information and edge address information are
changed for different quantum chips, so these two instructions need modification. An example of modifying
SMIT instruction from SC7 to SC17 chip is shown in Figure 3.8.

31| 30| 29] 28] 27| 26] 25| 22| 23] 22] 21| 20| 19| 18] 17] 16| 15| 14| 13| 12| 11| 20| o [ 8| 7| 6| 5| a] 3| 2] 1] 0
SMIT 0 opcode td X t_mask
(a)
31| 30| 29] 28] 27| 26| 25| 24| 23] 22| 21| 20| 19| 18] 17| 16| 15| 1] 13| 12| 12| 10] 9| 8| 7| 6| 5| a] 3] 2] 1] 0
SMIT 0 opcode td field_pos t_mask
(b)
bits 47-32 | bits 31-16 | bits15-0 |

(c)

Figure 3.8: The modifications for SMIT instruction. (a) The SMIT binary format for SC7 chip. (b) The SMIT binary format for SC17 chip.
(c) T-mask register structure for SC17 chip.

We can see that the SMIT binary format of the SC7 chip can support the maximum 16 bits of the edge
address, which is enough for the SC7 chip. But for the SC17 chip, there are a total of 48 direct edges, and
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this format needs to be updated. We can place all 48 bits directly like the old format, but this method is
inefficient. Therefore, we use 16 18 bits in the binary instruction as the field position to determine the position
of the 16-bit information in the T-mask register. This SMIT format can support up to 128 bits of edge address
information. To take this change in the instruction set architecture, you also need to modify the T mask
register in the mask manager. For SC17, these T-mask registers with a width of 48 bits are divided into three
fields for different field locations in the SMIT binary instructions. This means that each SMIT instruction in
eQASM will generate three binary instructions, each with a different field position to fill in the information of
the different fields in the T-mask register.

3.3.3. FINAL IMPLEMENTATION

To make QuMAsim self-configurable for different quantum processor architectures, we need to provide the
layout information of quantum chip to the simulator. In QuMAsim, the modifications for microarchitecture
are easy to be made self-configurable thanks to the flexibility brought by the high-level programming lan-
guage. For the assembler, which is also implemented in C++, the generation of SMIS/SMIT instructions also
require the layout information. Thus, the assembler is also modified for taking the quantum layout informa-
tion as input, while the simulator takes three input at now: a file contains binary instructions, a file contains
quantum layout information, and a file contains the control store content.

3.4. SIMULATOR OUTPUT

This section will introduce a text format which we defined for recording the signals of interest. We need a
standard format so we can trace and record the simulation result in a unified way which is beneficial for later
use. This is also important for the following comparison and the cooperation between VHDL and QuMA
simulator. With a standard text format, VHDL and SystemC can be programmed independently. And if the
text format is predefined, the verification platform can also become a standard which can be used for later
development such as surface-17/49 and different microarchitecture design.

This format is named as Timing Event Logging Format (TELF) since timing is always crucial for signals
inside QuMA. This format is based on the Comma-Separated Values (CSV) format and is easy to process. The
timing information for each signal of interest is required to be recorded. Thus, we propose the following file
structure as the standard verification interface for QuMA:

#0utputType

clock cycle, <keyO0>, <keyl>,
<number of cycle 0>, <value>, <value>,
<number of cycle 1>, <value>, <value>,

The TELF files are case insensitive.

There might be multiple text files to record a single type of signal of interest. For example, the triggered
output has five signals for surface-7 and has eight signals for surface-17. Thus, we do not limit the number
of text files that are generated from both simulations. The verification platform will simply parse all the CSV
files and classify all the signals based on their type. With this methodology, a scalable verification platform
could be built.

The first line is the output type. The second line in the file defines the content to be recorded. A ‘key’ can
be a signal name or a property of some signal or module of interest. It is required that the first key always to
be ‘clock cycle’. From the second line on, every line should contain the value of each key at the time specified
by <number of cycles>.

Multiple value types are supported. Prefix Ob and Oh are required to be added for binary values and hex-
adecimal values respectively. If no prefix is added, the value is recognized as a decimal value. Besides that,
the particular value format of VHDL should also be supported. Sometimes the VHDL result could be unde-
fined('X’) or high impedance(’Z’), and these values can be recognized by the later comparison stage.

In order to thoroughly verify the correctness of the microarchitecture, we should consider recording mul-
tiple signals of interest. Different type of signals should be recorded in different text files with the extension
.csv. The following sections will describe these different signals with details.
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3.4.1. TRIGGERED OUTPUT

The final triggered event output contains information of event value, target qubit, and timing information.
The correctness of these signals can prove the correctness of quantum pipeline. The recommended output
format is:

#TriggeredOutput
Clock cycle, MW_DIOO, MW_DIO1, MSMT_DIOO, MSMT_DIO1, FLUX_DIOO
611, 0x00000, 0x00000, 0x23, 0x00, 0x00000

3.4.2. REGISTER VALUES
There are two kinds of registers should be recorded: general purpose registers and mask registers.

GENERAL PURPOSE REGISTER
The general purpose registers are accessed by classical instructions like ADD, SUB and also by special instruc-
tions like FMR. We should trace the register value once it is changed. The suggested output format is:

#RegValue
Clock cycle, R register number, register value
12, 3 8

There are at most one register value would be changed every clock cycle. Several advanced features could
be added in the future:

* Record the previous value as well. Sometimes this would be required to help debugging.

* Trace the instruction leads to the event writing a register.

MASK REGISTER
There are 32 S-registers and 64 T-registers in current CC-Light. The status of quantum operation target regis-
ters are checked if we compare the value of these registers. The output format is almost the same as GPR:

#RegValue

Clock cycle, register number, register value
20, ilg 7

#RegValue

Clock cycle, register number, register value
20, 3, 1

Notice that a mask register can be given multiple values during one time, the text parser should take care of
it. In this example, the register value 7 represent that qubit 0, 1 and 2 are selected. This information can be
translated in the verification platform for the programming simplicity.

3.4.3. MEASUREMENT RESULTS

The measurement result registers are updated after measurement instructions. The correctness of values
of these results can prove the correctness of comprehensive feedback control logic, including measurement
result analysis module.

#MSMTResult
Clock cycle, qubit result, qubit valid
32, 0010110, 0000010

The qubit result is the measurement result, and the qubit valid indicates which qubit is valid.
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3.4.4. INSTRUCTION UNDER EXECUTION

Some instructions would not write the registers. To make sure these instructions are working correctly, we
also need to trace the instructions that are under execution. The PC value that sends into the memory indi-
cates which instructions would be sent into the classical pipeline. A special occasion is a branching condition.
When a branch instruction is executed in the classical pipeline, the pipeline will not process the following
instructions until the branch done signal from instruction cache is set high. Thus, the branch done signal
should also be recorded.

#Insn
Clock cycle, PC value, Branch done, Instruction
32, 10, 1, 0x00000100

3.5. CONCLUSION

In this chapter, we introduced the structure of QuMA and how we implemented QuMAsim based on it. We
discussed the potential of this simulator, such as what we can do with it and how to develop it further. We
propose a way to self-configure for different quantum processor architectures and clarify the impact of this
change on the microarchitecture and instruction set architecture. Finally, we introduced the standard text
format for recording the simulator information. In the next chapter, we will present two applications built on
QuMAsim: the verification platform and the quantum virtual machine.






APPLICATIONS

4.1. VERIFICATION PLATFORM

This verification platform is designed to verify the correctness of QuMA’s VHDL implementation. We will first
discuss the potential design approach for this application, and the implementation of this platform will be
described later.

4.1.1. OVERVIEW AND APPROACH SELECTION

The goal of the verification platform is to verify the correctness of the VHDL implementation of QuMA. The
basic idea is to run both SystemC and VHDL simulations and then compare the signals of interest. Since we
already have a simulator and we can trace any of its signals, the remaining question is how to run the VHDL
simulation and which exact signals need to be compared.

SystemC is widely adopted in the system level design methodology, which is basically a higher level of
abstraction. SystemC and VHDL co-simulation can also be enabled. A new approach to system-level design
using SystemC to simulate VHDL and SystemC hardware modules is ideal. This co-simulation is interesting
if our QuMA simulator can be used in some high-level system designs in the future, i.e., heterogeneous com-
puting systems. But now we have implemented all RTL modules in the QuMA simulator which can be used
to verify the VHDL implementation. Currently, there is no need to consider co-simulation methods.

The basic approach is to run VHDL and SystemC simulation in parallel. Since the SystemC simulator has
implemented all core modules of QuMA, the output of these two simulations are supposed to be identical. By
comparing these signals of interest, we can obtain the debug information for the VHDL implementation.

The simulator only implements classical modules and quantum pipeline modules, so we can only test the
same module in VHDL. Modules like the AXI interface can be neglected. Then we can write a testbench to
simulate these modules. The VHDL top-level module should take the same input files as the simulator: the
control store initialization file and the binary instruction file. Then we should be able to trace the signals of
interest and compare them in an appropriate way. The signals in the QuMA simulator are easy to obtain, and
all we need to do is find a way to read the VHDL signal.

One way is to write a simple VHDL module that reads the most important signals, such as output DIO
events and classic registers. By comparing these key signals, we can determine if this microarchitecture is
working properly. However, this method does not explain any further details of each particular module.

Another way is to compare VCD files. The VCD file contains information about the value changes of the
variables in the design. Basically, if we use a VCD file, we can get a cycle-accurate comparison. By enabling
cycle-accurate comparisons, the verification platform can inform detailed debugging information so that the
user can easily identify the module and clock cycle that caused the error. VCD files are not readable, so a VCD
parser is required. I found some python VCD parser libraries, but they have not been tested. This method can
take advantage of the RTL feature of the QuMA emulator, but it can be a bit difficult to implement. A good
approach might be to try to compare the general signals I mentioned in the first method and then look at the
VCD method if necessary.

The signals of interest should be able to reflect the correctness of VHDL in multiple aspects. The signals
we want to monitor in this verification platform are listed as follows:

29
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¢ Output operation with timing information: these operations should have the same type of operation
and codewords. The timing difference between every two operations should also be the same.

* (Classical signals: Since the quantum control unit is independent of the changes in the quantum chip,
it is not necessary to track every signal in the classic pipeline. The value of the register file still needs to
be compared. If the values stored in the registers are the same, we can basically know that every classic
operation works.

« If the output operations are different, there may be an error inside the quantum pipeline. We want to
trace the signals generated by each quantum instruction in the quantum pipeline, and then we can
know which module caused the error.

e Signalsrelated to the comprehensive feedback control: the logic of the comprehensive feedback control
is somewhat independent of the quantum pipeline and is performed by the FMR instruction in the
classical pipeline. The result is stored in the register file of the quantum control unit. We need to record
the measurement result and valid signals that are sent into the measurement register file unit, and then
we can check if the function of the comprehensive feedback control logic is correct.

4.1.2. IMPLEMENTATION

The overall approach to implementing this verification platform is simple: run the VHDL and SystemC simu-
lations with the same inputs, and then compare the signals of interest in the comparison unit to generate the
final debug information. The diagram for this verification platform is displayed in 4.1. Both simulations will
use the same input, binary instructions and microcode unit content. The configuration file for QuMAsim is
not counting as one of input at here since QuMAsim should be configured to implement the same structure
as the VHDL implementation. Since QuMAsim is cycle-accurate and has the same behaviour as the VHDL
implementation, the output of both simulations is supposed to be identical. Therefore, we can compare the
signals of interest from these two simulations to find out the VHDL implementation errors.
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Figure 4.1: Structure of the verification platform, which consists of QuMAsim, the HDL implementation and a validator

The timing event logging format (TELF) is used as the communication method between two different
simulation environment. Both simulated signals of interest are recorded in this format and can then be easily
compared. For QuMAsim, the record of TELF is simple due to the high level of programming language fea-
tures. For VHDL, it is quite strict, so we provide a TELF record library for easy signal recording. Currently,
the library contains two modules: one for recording vector variables and the other for recording bit variables.
This library is sufficient for current use, as the signals of interest listed in Section 3.4 fall into only these two
types. In the verification phase, the user simply logs the signal to the corresponding recording module and
records it in the TELE The user also needs to set some generics for this module, such as signal width and sig-
nal name. For different VHDL designs, this method is simple and extensible because only some connection
code needs to be added.

We have implemented a validator to process the generated TELF file. The validator can be divided into
two parts: a text parser and a comparison unit. For simplicity, the validator will be written in python.
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TEXT PARSER

As mentioned earlier, the TELF format is based on a comma-separated value (CSV) format and always records
timing information. Therefore, the TELF parser is first required to process these TELF files. When calling the
validator, the user needs to provide a directory of these TELF files, and then the text parser will automatically
read all files with a .csv suffix. These files are then processed separately according to different simulation
environments.

In the TELF file, the first line defines the type of signal to be recorded, and all signals will be grouped into
different groups according to their signal type. The rest of the file contains signal information, including the
signal name and its value each time it is changed. The first content is always the clock period that represents
the timing information. The rest is the so-called "key", which represents the signal name, certain signals or
attributes of the module of interest. The following line contains the value of each key. Since this format is
based on CSV, a generic CSV parser is required to extract useful information. The output of this parser should
have the following format:

{'clock cycle': [46, 47, 53],
'mw_dioO': [0, 3, 0],
'msmt_dioO': [0, O, 4],
'flux_dio0': [22, 0, 0],

The parser supports multiple digital formats: binary, decimal, hexadecimal and special values in VHDL.
Therefore, it is necessary to check the value format before comparing. For comparison purposes, all values
should be converted to decimal. For example, if the parser reads a value start with 0%/, the rest of the value
will be converted from binary to decimal and then stored in the corresponding list.

The implementation of the text parser needs to pay attention to the following difficulties:

* Due to the VLIW structure in QuMA, the signal that you want to record may be written multiple times.
When multiple writes are detected, we need to remove the extra content. This only happens to signals
in the quantum pipeline, and we know in advance which signals need to be processed. Therefore, we
will pre-process these signals before the formal comparison begins.

e For the triggered output, we need to reorder the sequences of different results. After the simulation is
over, different event signals are recorded in different files, and each file has its own timeline. However,
we need to combine these signals into one timeline because we need to check the timing information
for all output events. Therefore, we need to merge the lists and rearrange their positions and correspond
to their clock cycle order. After rearranging, you need to merge the different events that occur in the
same clock cycle and generate a dictionary.

¢ The testbench of verification is used to test the limit of the microarchitecture. Therefore, eQASM pro-
grams of the testbench usually contain infinity loops. Due to the different simulation preparation times
of VHDL and SystemC, the generated TELF files usually have different lengths. Thus, when dealing with
TELF files with different lengths, we only compare the overlaps by removing the extra content of the
larger files.

In conclusion, the text parser will classify all the input signals and then process them to extract useful
information. This information is stored in different groups and will be compared in the comparison unit.

COMPARISON UNIT

The processor is divided into two parts: deterministic timing domain and non-deterministic timing domain.
We need to compare the timing information of the signal in the deterministic timing domain. For non-
deterministic timing domain, we only care about the sequence of events, not the specific timing information.
More specifically, only the timing information of the trigger output needs to be compared here. After pars-
ing all the CSV texts, we can start comparing. Unlike the text parser that can be used in a uniform manner,
the results of different signals of interest should be compared differently. The error message should also be
generated separately. The methods for comparing various signals of interest are as follows:

 For triggered output, there are three kinds of output events: microwave, measurement and flux. The
general comparison should be simple: just compare the value and the clock cycle difference. An er-
ror report is required if the value is not correct. For microwave events, the event value contains valid
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information and qubit codewords. For measurement events, the event value contains qubit valid infor-
mation and measurement condition information. For flux events, the generic codewords and condition
bits are contained in the event value. All of this information could be decoded during the comparison
stage to obtain detailed error information.

¢ Forregister values, the information in the general purpose register is just a numeric value. But the mask
register contains more information. The single-qubit mask contains qubit information and the two-
qubit mask contains edge address information. If the mask register value is incorrect, this information
should be decoded.

¢ Measurement results. The measurement results indicate the result of each qubit and the measurement
valid signal indicates which qubit result is valid. If any of these two signals is wrong, this two informa-
tion should be combined in the error report.

¢ Instruction under execution. The PC value actually represents the instruction position in the memory.
If an error occurred at here, the error report should be able to find which part of the instruction flow
caused the error. The branch done signal represents whether the branch condition is finished or not
and is used to verify the correctness of branch logic. Sometimes the instructions are sent to classical
pipeline but are not executed due to the pipeline stall.

4.2. QUANTUM VIRTUAL MACHINE

In this section, we will propose the design of the quantum virtual machine which simulates the execution
of quantum programs in the real world. A general overview will be introduced first and followed by a de-
tailed implementation. We chose quantum as the bottom qubit state simulator and OpenQL as the top-level
compiler.

4.2.1. OVERVIEW

A full stack simulator is a quantum virtual machine which can run a quantum program on all layers of a
quantum computer. The program should be written in a high-level language and then some executable as-
sembly instructions(eQASM) are generated through the compiler. The assembly program can be processed
by the quantum microarchitecture simulator(QuMAsim) and the output would be the quantum operations
with timing information. Finally, these operations are applied to a quantum state simulator(QuantumsSim) to
obtain the final result.

There are two goals can be achieved with such a full stack quantum simulator:

1. Quantum program verification. In NISQ era, the errors are crucial to quantum programs. We can check
the fidelity of an algorithm while investigating the error impact and architecture restrictions.

2. With a qubit state simulator, the measurement result can be reported back to QuMAsim. This is espe-
cially useful for quantum programs which take advantage of feedback control.

Figure 4.2 shows the workflow of the real-world implementation and the simulation flow of the supposed
full stack simulation. QuMAsim is a cycle-accurate microarchitecture simulator which can fully reflect the
behaviour of CCLight. The output is the quantum operation with timing information. These operations are
encoded in the codeword and are processed by the control electronics like AWG and UHFQC in the real-
world implementation. Thus, we need a similar layer to do the same thing in the simulation, and this is the
quantum classical interface. The QCI will translate the output of QuMAsim into some real operations that can
be applied on a quantum state simulator. The QuantumSim is chosen for this full stack simulator because of
its precise error model.

The quantum classical interface is the counterpart of control electronics in real-world implementation.
Figure 4.3 shows an example of this layer which is used to control a SC7 superconducting quantum processor.
The quantum classical interface should be able to simulate the function of these control electronics. But the
simulation could have different levels. For example, if we want the simulate the real physical effect on qubits,
we need to be able to simulate the microwave in this layer. But if we are using qubit state simulator like
QuantumSim, we just need to translate the quantum operation at here.

At the top level, the compiler should be able to generate an eQASM program which is executable on
QuMAsim. And OpenQL already has a back-end for eQASM so we do not need to worry about this part. This
is the overview of the structure of the quantum virtual machine. We will introduce a real implementation in
the next section and the main focus is about how to control QuantumSim from QuMAsim.
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Figure 4.2: Structure of the real-world implementation and structure of the full stack simulator
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Figure 4.3: Control electronics between central controller and superconducting qubits

4.2.2. OPENQL FRAMEWORK

OpenCL is an open industry standard for cross-platform and classical heterogeneous parallel computing
which served as the basis for the OpenQL language. OpenQL is inspired by OpenCL and is based on a hetero-
geneous programming model. The architecture of this framework is shown in Figure 4.4. The OpenQL frame-
work provides a compiler which can generate the intermediate Common QASM and the compiled eQASM
for various target platforms. OpenQL compiler back-end envisions various features like decomposition, op-
timization, scheduling, mapping and interfacing with the QASM compiler. Thus, we will continue to use
OpenQL in this quantum virtual machine implementation.

4.2.3. SIMULATION PLATFORM

Quantum behaviour can be simulated on classical computers using quantum state simulator. With these
simulators, we can experiment with algorithms in the absence of a large physical quantum computer. There
are different ways to simulate qubits, and every type of simulation has its advantages and disadvantages. We
will discuss two simulators which are related to this thesis in this section: QX simulator and QuantumSim.
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Figure 4.4: OpenQL framework structure

QX SIMULATOR

The QX simulator [7] is a high-performance universal quantum simulator developed at the Quantum and
Computer Engineering lab of the Delft University of Technology. A universal quantum simulator can simulate
arbitrary quantum gates using their unitary matrix representations. The number of simulated qubits depends
on the available memory resources, typically up to 35 qubits can be simulated on a sever with 500GB of
memory.

The QX simulator takes as input a quantum assembly language named Common QASM (cQASM)[38] and
provides high simulation speeds for qubit state evolution. The QASM input describes the quantum circuits
using a set of quantum assembly instructions. The QX simulator can read the QASM file and simulate the exe-
cution of the described circuit on either a perfect or a realistic error-prone quantum computer. QX simulates
noisy execution using different error models such as the depolarizing channel or the pauli-twirling channel.

QUANTUMSIM
QuantumSim [8] is a GPU-accelerated full density matrix simulator of quantum circuits. It can calculate the
density matrix of a composite quantum system after applying local processes. These processes are described
by process matrices from models with experimental parameters. The state of the quantum system is repre-
sented by the density matrix in QuantumSim. The density matrix evolves with the application of some local
quantum processes. These processes are described by the Pauli transfer matrix. All of these processes should
be performed flawlessly during QuantumSim’s simulation The measurement operation allows a probability
projection of the quantum state, and then we can obtain a conditional density matrix from the result.

The original goal of quantumsim was to perform simulations to study quantum error correction on Surface-
17. Quantumsim uses an accurate error model to achieve this goal, and this is the most attractive point for us.
Quantumsim has used a well-established theoretical model as the basis and uses experimental tomography
to provide fixed parameters for observed noise outside of these models. Details and parameters of these error
models can be found in cite 02017density.
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4.2.4. A REAL IMPLEMENTATION

QuMAsim takes an eQASM program as input and generates quantum operations with timing information.
The input instructions are decoded by multiple layers include assembler, microcode unit and micro-operation
unit. Besides these layers, the codeword based operations should be processed by the quantum classical in-
terface to generate the quantum operations which can be applied to the density matrix of QuantumSim. All
these layers should accept a unified configuration before the simulation starts.

As introduced above, QuantumSim has well-defined and precise error models. Quantum algorithms can
take advantage of these error models and the simulation results would be more precise compared to using
other simulators. Thus, we take QuantumSim as the bottom qubit state simulator for implementing our
quantum virtual machine in this thesis.

ELECTRONICS SIMULATOR

The main challenge of design this quantum virtual machine is how to connect QuMAsim and Quantum-
Sim appropriately. An electronics simulator is implemented to simulate the behaviour of control electronics
and its structure has been shown in Figure 4.5. As we can see from this figure, the outputs of QuMAsim are
codeword-based DIO events for different operation types. These events should be translated into quantum
operation for each qubit that can be used to control the QuantumSim. Thus, a module named electronics
simulator is implemented which takes the DIO events as input. Inside the electronics simulator, there is a
generator for microwave, flux and measurement type of operation, respectively.

QuMASsim

l

MW operation Flux operation Msmt operation
generator generator generator
Quantum Operation Merge

Qubit State Simulator

Figure 4.5: Structure of electronics simulator in the full stack quantum simulator

For both microwave and flux operations, the generators are based on look-up table (LUT) structure. The
input of LUT is codeword and it will find the corresponding operation for this codeword. Each qubit has
its own LUT and the structure of microwave generator is as shown in Figure 4.6. The contents of LUT are
provided by a configuration file which is defined by users. It should contain the relationship between code-
words and quantum gates. These gates could be universal gates which are predefined in the design. The user
could also define their own gates at here and they need to provide the Kraus and gate time information in
the configuration file. The outputs of these LUTs are so-called waveforms. These signals are not true analog
waveforms but we are trying to include information about analog waveforms in the simulation environment.
These signals are then fed into a configurable buffer which is used to simulate the delay of these control elec-
tronics. The delay time is also provided by users. The final outputs of this generator are quantum operations
of microwave type.

The structure of the flux generator is as shown in Figure 4.7. The basic structure is the same as microwave
generator but we need to consider about frequency for flux operations. The qubit-pair information for the
two-qubit gate is lost at the output of QuMAsim so we need to reconstruct it in this module. Thus, we need



© @ N o s W N e

36 4. APPLICATIONS

MW Operation Generator

| Configurable
LUT Buffer
LUT

Codeword "Waveform" _ Quantum Operation

Lt >

\

!

Configuration File

Figure 4.6: Structure of the microwave operation generator

to calculate the frequency for each qubit after applying the corresponding flux operation in this generator
to find out the qubit-pair for each two-qubit gate. The frequency model for the qubits in the quantum chip
is predefined and the calculation is based on this model. Finally, the quantum operations of flux type are
generated at the output of this generator. The structure of measurement generator is not shown here since it
has a simple and similar structure. The measurement codewords are valid signals for each qubit so it is easy
to generate measurement operations.

FLUX Operation Generator

|
[ LUT
LUT

Codeword "Waveform"

Configurable|
Buffer

Quantum Operation

!

Configuration File

Figure 4.7: Structure of the flux operation generator

An example of the generator configuration file is shown below:

"electronic_content": {
"microwave": {
"DelayTime": 10,
"LUTContent": [
{
"0": NULL,
"1": Hadamard,
"2n: Pauli-v,
"3": [0, 1, 1, O],
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},
]
¥y
"flux": {
"DelayTime": 10,
"LUTContent": [
{
"0": NULL,
nqn. CZ,
}?
]
})

The contents of LUT are the relationship between codewords and practical quantum operations. These op-
erations can be represented by either string or unitary. The delay time is used to configure the buffer since
real electronic devices have delay time to generate analog waveforms.

INTERFACE TO QUANTUMSIM

The outputs of these three generators are fed into an align unit where the operation for each qubit is checked
and aligned. The output of this unit is a vector of quantum operations and the vector width equal to the num-
ber of qubits. These quantum operations are finally sent into an interface which also takes some signals from
QuMAsim as input, e.g., simulation initialization signal and stop signal. This interface will call correspond-
ing functions based on its input and these functions will operate directly on simulation back-end which is
QuantumSim in this design. The diagram of this connection with quantum is as shown in Figure 4.9.

QuMASsIim

Initialization &

Release Execute measurement

results

Quantumsim

Figure 4.8: Simulation interface which connects QuMAsim and electronics simulator to QuantumSim. This interface is derived from a
generic simulator interface for all simulation back-ends.

This interface is derived from a generic simulator interface which is designed to be the interface of all
simulation back-ends. This interface contains function like create_qubits, remove_qubits and execute.
But the implementation of these functions may change for different simulation back-ends. At here we only
discuss the derived interface for QuantumSim which is shown in Figure 4.9. Notice that the above layers of
this interface are written in SystemC (C++) and QuantumSim is written in python. To embed QuantumSim
in this C++ environment, the C++/python API is used here. This API can help C++ programmers to embed
python modules.

We first need to understand the basic working principle for QuantumSim in order to implement these
functions in this interface. In QuantumSim, the errors are introduced by sandwiching with idling operation.
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Figure 4.9: Detailed functions for controlling QuantumSim in the interface

An idle operation is amplitude-phase damping with t1 and t2 being specified. The timing information is
determined by the duration of the idle operation. For example, A Hadamard gate is added to qubit A at time
Ons and another Hadamard gate is added at 40ns. To specify this 40ns timing difference, an idle operation
with 40ns duration is added between these two operations.

Another important operation is measurements. The measurement operation will return the state prob-
abilities to the user. Then, we need to sample from these probabilities. The density matrix is required to be
projected for each bit to measure with the sampled state. Finally, the density matrix should be renormalized
after measurement and projection.

The functions of this interface are as follows:

¢ Initialize the density matrix. At the beginning of QuMAsim simulation, the simulator should call this
function to create a sparse density matrix instance. The simulator should indicate the number of qubits
of targeting quantum chip.

* Inserting idling gates. The idling operation is amplitude-phase damping which would introduce damp-
ing error in the circuit. To ensure the timing of circuit is correct, we need to insert idling gate before each
active operation. The timing difference between two consecutive active operations is the duration of
this idling gate. With this duration value, we can calculate gamma and lambda to make the PTM for
this damping gate and apply it to the corresponding qubit.

¢ Prepare the Pauli transfer matrices. We need to make a PTM for each quantum operation. The PTM for
Hadamard gate is predefined in QuantumSim while the rotation operations required to calculate the
angle at first. For two-qubit operation, only the cphase gate is valid for superconducting qubits. The
PTM for cphase is also predefined.

* Apply the Pauli transfer matrices. Apply the PTM to corresponding qubits. All single-qubit operations
are pending on the qubit until a two-qubit operation or measurement is applied.

¢ Measurement. The measurement operation would return the possibilities to obtain a certain state. So
we also need to sample from these possibilities in the interface. After obtaining the result, we need to
project the measurement to reduce the size of the density matrix.

¢ Return measurement result. The interface can return the current measurement result to QuMAsim.
This result would be stored in a register file and can be fetched back to the classical pipeline by FMR
instruction. QuMAsim can achieve real-time feedback control with this function.
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¢ Print final result. After the SystemC simulation, the interface would execute all the pending operations
and print the final density matrix.

The general workflow of this simulation is as follows:

1. When the simulation starts, an initialization signal is sent to this interface and the create_qubits func-
tion is called and the argument of this function is the number of qubits of targeting quantum chip.
These qubits will be named with their number and a density matrix is initialized. All following quan-
tum operations are applied to this density matrix.

2. The execute function is called when a quantum operation is triggered and all valid operations are
passed to the interface. Before applying these quantum operations, we need to insert idling gates
which can specify timing and introduce errors. This idling gate is actually a phase-amplitude-damp
gate which is determined by amplitude damping time T1 and phase damping time T2. These two time
are measured based on some quantum experiments and are predefined in this interface. Then we need
to calculate the acting time and duration of this idling gate. The acting time is the middle value of the
action time of the previous gate and current gate while the duration is the difference between these two
acting time. After this calculation, the idling gate can be inserted correctly.

3. The second step of the execute function is to apply quantum operations. For different microwave
operations, the corresponding PTM is generated and applied. The angle in radian is passed as the
argument for rotation operation. For flux operation, the qubit pair is found at first since the frequency
relationship is calculated in the codeword decoder. Then, the cphase PTM is applied to this qubit pair in
density matrix. For measurements, we just need to tell QuantumSim which bit to measure and it would
return a dictionary with probabilities. Then we need to sample the result from these two probabilities
and project the density matrix with the sampled state. Notice that all these quantum operations need to
be sandwiched to introduce error. For example, a single-qubit gate usually takes 20ns to occur and we
will take the middle point as the acting time of this gate while the rest parts are implemented as idling
gates. There are debates whether sandwiching should be symmetric but we will use the symmetric
scheme for now. For measurement operation, there are some additional declaration errors and they are
also predefined before the simulation starts. Usually speaking, we will renormalize the density matrix
after each measurement and projection.

4. After each measurement operation, a fetch_result function will be called which will return the mea-
surement results back to QuMAsim and the comprehensive feedback control will make use of them.
These results are also recorded in a text file for the user to observe after simulation. When simulation
ends, a stop signal is sent into this interface and the remove_qubits function is called to clear the
memory of the density matrix. Then, the entire simulation procedure is finished.

This is the implementation of the quantum virtual machine which takes QuantumSim as the bottom sim-
ulator. Other simulators like QX is also available and is not difficult to implement since only a derived inter-
face is required.

4.3. CONCLUSION

We introduced two applications in this chapter. The verification platform can be used for the verification of
VHDL implementation of QuMA and is beneficial for the developer who is interested in microarchitecture de-
sign. The quantum virtual machine has a more general use case because it helps designer know if a quantum
program can actually execute on real hardware: QuMAsim brought the hardware restriction into the simu-
lation. In the next chapter, we will do experiments to exploit the potential of QuMAsim and will show the
results.






EXPERIMENTS

5.1. VERIFICATION EXPERIMENT

Besides QuMA_v1 and QuMA_v2 that have been described in section 3.1, QuMA_v3 has also been developed
which is targeting to a surface-17 quantum processor. This version is based on QuMA_v2 and has the same
overall structure. Now we want to verify this QuMA using the verification platform that we have discussed
in section 4.1 so that developers can avoid unnecessary work. We will discuss how to do the automated
verification in the rest of this section.

5.1.1. TESTBENCH

The testbench consists of multiple eQASM programs, each of which is used to test one aspect of QuMA. These
programs may not have any practical meaning, but they can test the microarchitecture comprehensively. This
testbench includes following kinds of test:

e Branch test. This program will test the branch function in the classical pipeline. Comparison and
branch instructions are a highlight of eQASM, they belong to the auxiliary classic control logic. With
these two instructions, we can add for-loops and if-else logic in the high-level programming and it is
valuable for describing quantum algorithms.

¢ Quantum operations test. This test contains multiple programs. We knew that for QuUMA, there are
four output types: microwave, vsm, flux and measurement. Each of these operations should be tested
comprehensively to cover a variety of event divisions and values. We also need to test the persistence
of the timing queue because it can not be empty during execution, which is something we need to take
care of. In addition, the VLIW and SOMQ structure also need to be tested.

* Comprehensive feedback control test. As stated in section 3.1.4, the feedback control is pretty complex
in QuMA since the entire logic covers various modules. Since we are only testing microarchitecture,
we need to set some predefined measurement results inside QuMA. These results would be fetched by
FMR instruction and processed in the classical pipeline. The delay of comprehensive feedback control
is a crucial point of testing.

5.1.2. VERIFICATION ENVIRONMENT

To make sure that QuMAsim and QuMA_v3 have the same internal structure, we first need to define the layout
and electronics setup of the quantum processor. The quantum processor topology is shown in Figure 3.6. We
need to use two microwave AWGs, three flux AWGs and three UHFQCs to control this processor. The detailed
setup could be found in appendix. QuMAsim can configure for this Surface-17 quantum processor automat-
ically after determining the configuration. For QuMA_v3, these related modules that need to be redesigned
are manually modified by V. Mattei from the Quantum Computer Architecture Lab.

As mentioned in section 4.1.2, The next step is to add a TELF file recording scheme to track the signals of
interest. We have implemented a VHDL verification library which can be used directly to record signals in a
TELF file. In Figure 5.1, we have shown the connection between DIO event outputs and the vector tracking
module in HDL Designer. When these modules are added, the signal values are automatically recorded during
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the simulation. Then these files can be processed by our verification platform. For QuMAsim, the recording
scheme is rather simple since we can use the high-level programming language to do this.

FluxDIO

Figure 5.1: Recording modules for tracing the DIO outputs of VHDL implementation of QuMA_v3. These modules are instantiated from
the verification library

5.1.3. RESULT

We have verified QuMA_v3 using this verification platform. We performed the verification process in accor-
dance with the above experimental steps and tested several eQASM programs. The results of running the
verification platform indicate that QuMA_v3 can run correctly as QuMAsim because there are no error re-
ports. This result proves that the QuMA_v3 has zero simulation error and can be synthesized into the FPGA
in the next step.

In short, the verification platform can help users easily get debugging information. The user can omit
the error-prone and time-consuming process of checking the VHDL simulation waveform. In this experi-
ment that verified QUMA_v3, we got optimistic results, indicating that this microarchitecture is error free.
The main reason for this result is that this QuMA_v3 is based entirely on the structure of QUMA_v2, and the
changes we made are concentrated on the device event dispatcher and timing control unit. Modules like the
classic control unit have not changed at all. If we implement a more radically modified microarchitecture, the
verification platform should be able to generate more useful feedback. However, how to quickly implement
VHDL code is still a problem for an ideal automated microarchitecture development process.

5.2. FULL STACK SIMULATION

5.2.1. SIMULATION ENVIRONMENT

After building quantum virtual machine described in section 4.2, we can achieve quantum algorithm sim-
ulation on each level of full stack quantum computer. This simulation procedure can be divided into the
following parts:

1. Specify the configuration file. This file will contain information about quantum chip layout and control
electronics setup. This configuration file will be used by the OpenQL compiler and QuMAsim.
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2. Describe the targeting quantum algorithm using the OpenQL framework. We will choose Python as the
high-level programming language, and this algorithm should be defined as a function. This function
should contain an OpenQL program which accepts the configuration file as input. This program could
be divided into several kernels, each of them represents a sub-circuit of the entire algorithm. Finally,
this program can be compiled by OpenQL to generate an eQASM program. Both configuration file and
OpenQL program should be ready before the simulation starts.

3. Initialize OpenQL. To use OpenQL, we first need to do some initialization work like set the output di-
rectory.

4. Run the described experiment. The generated eQASM program will be put in the output directory.

5. Generate binary instructions from assembler. We have an assembler which can read an eQASM pro-
gram and generate binary instructions. These binary instructions then can be loaded into QuMAsim.

6. Generate hardware configuration for QuMAsim. We need to generate the microcode unit content be-
fore the simulation starts. The microcode unit contains a decoding scheme from the opcode to the
codeword. This content can be automatically generated by PycQED which is a Python library which is
developed by DiCarlo Lab.

7. Execute QuMAsim simulation. To run QuMAsim simulation, we need to provide the binary instruction
file, the microcode content file and the configuration file mentioned in step 1. Then QuMAsim can
execute the eQASM program properly and generate control signals for analog devices. Since we have
connected QuMAsim and QuantumSim here, these signals are converted to quantum operations and
act on QuantumSim in real time. We also need to provide a configuration file to the electronics simu-
lator as mentioned in Section 4.2.4. Finally, some simulation results, such as measurement results and
density matrix values, can be recorded.

In this simulation procedure, step 1 and 2 need to be done before the simulation starts. Step 3 through 7 can
be performed automatically through a Python script. If the user wants to do some tricks with this simulation,
such as logging some intermediate quantum states, the user can also add changes to this script by themselves.

5.2.2. CNOT-MEASUREMENT TEST

A simple CNOT-measurement test is implemented to test the functionality of the quantum virtual machine.
In this test, we will initialize a qubit to state 1, and apply a CNOT gate to this qubit (as the control bit) and an-
other qubit (as the target qubit). Then, the state of this target qubit will be measured and recorded. Figure 5.2
shows an example of this CNOT-measurement circuit. This circuit will be repeated for 150 times in this test
and the measurement result for each time will be recorded.

M
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Figure 5.2: An example of the CNOT-measurement circuit
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To simulate this test, we first use the OpenQL framework to describe the program, as shown in the List-
ing 5.1. Using the compiler provided in the OpenQL framework, we can generate an eQASM program that
is displayed in Listing 5.2. Finally, this eQASM program will be executed by QuMAsim to generate the cor-
responding quantum operations. These operations can be applied to QuantumSim to obtain measurement
results, and the final result is shown in Figure 5.3.

As we can see, the qubit 0 toggles each round as qubit 2 is the |1) state, but after a while qubit 2 decays
and the flipping stops. Once during the flipping phase, the qubit decays to |0) while in the |1) state, and
then is flipped to |1) again, resulting in two subsequent 1 measurements. After flipping phase, an occasional
declaration error could be observed and we can see the result of a continuous measurement of 1.

# The program is defined as a Python function
def msmt_test():
sweep_points = [1,2]
p.set_sweep_points (sweep_points, len(sweep_points))

# Set program with information about name, platform and number of qubits
p = ql.Program('msmt_test', platform, platform.get_qubit_number ())

# Prepare two kernels of this program
kO = ql.Kernel('aKernelO', platform, platform.get_qubit_number ())
k1 = gl.Kernel('aKernell', platform, platform.get_qubit_number ())

# Prepare qubit 2, this operation is only performed once
kO.gate('X', [2])

# Apply the CNOT gate and then measure qubit O. These operations are performed 150
times

kl.gate('H', [0])

kl.gate('CZ', [0, 2])

kl.gate('H', [0])

kl.gate('measure', [0])

Add kernels to the program and compile it
.add_kernel (kO)

.add_for (k1l, 150)

p.compile ()

T o

Listing 5.1: The OpenQL program which describes this CNOT-measurement experiment.

smis sO0, {0}

smis s2, {2}

smit t0, {(0, 2)}
start:

# Kermnel O
aKernelO:
1 s2

aKernell_for2_start:
1di r29, 150
1di r30, 1
1di r31, O

# Kernel 1

aKernell:
1 sO
2 t0
4 sO
2 s0

# Kernel 1 is executed for 150 times
aKernell_for2_end:

add r31, r31, r30

cmp r31, r29

nop

br 1lt, aKernell



30

31
32

5.2. FULL STACK SIMULATION 45

nop
nop

Listing 5.2: The eQASM program which automatically generated by the OpenQL compiler.

Figure 5.3: The 150 measurement results of qubit 0 generated by the quantum virtual machine

This test demonstrates that the quantum virtual machine can work properly from the top compiler layer
the bottom qubit state simulator. The results of this experiment and the theoretical results are somewhat
different due to the error model in Quantumsim. Therefore, we can do some valuable simulations using this
quantum virtual machine, which is closer to real-world quantum experiments.

The next experiment is based on a meaningful circuit that will take advantage of the most attractive point
of this quantum virtual machine: feedback control.

5.2.3. GEARBOX CIRCUIT SIMULATION

IMPLEMENTATION VIA ACTIVE FEEDBACK
The previous experiment has shown how the quantum virtual machine implements a full stack simulation.
Now we will implement another simulation with a more complex circuit while taking advantage of compre-
hensive feedback control. This experiment is based on gearbox circuit as proposed in [39].

Consider a quantum device in which the only available rotation is of angle +¢. The gearbox circuit shows
that we can achieve rotations of angle 6 = g(¢) with g(+) being a non-linear function as shown in follow
equation:

qx) = arctan(tan(x)?). (5.1)

The circuit is reproduced in Figure 5.4. An ancilla qubit is prepared in state |0). The data qubits is initialized
in an arbitrary state |y), and the rotation around the x-axis of angle 6 will be performed on this qubit. As we
can see, the basic gearbox circuit is rather simple: two single qubit rotations, a controlled-NOT gate and a
hermitian conjugate of the phase gate.

0)  —{Rx(¢) st Ry(®)t — | X

[} @ lyp")

Figure 5.4: A special case of gearbox circuit

Then the ancilla qubit is measured in the computational bases. If the ancilla qubit is in state |0), then
the data qubit successfully performs the hypothetical rotation, and its new state is shown in Equation 5.2. If
the ancilla qubit is in state |1), the circuit was not successful and the output state of data qubit is shown in
Equation 5.3.

[v'y = Rx(0) ly) (5.2)

ly'y = Rx(_%) ly) (5.3)
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If the circuitis failed, one can easily correct the failure and restore the initial situation. Therefore, it is possible
to implement the gearbox circuit as many time as needed to achieve success, a procedure that is called repeat-
until-success (RUS) [40].

The failure of RUS does not affect the information contained in the data qubit. The initial arbitrary state
ly) can be fully recovered after the correction procedure. The probability of success is given by the formula:

p(p) = sin(P)* + cos(¢p)* (5.4)

This probability is larger than % and it makes this gearbox circuit a high-efficiency circuit.

As mentioned above, in the implementation of this gearbox circuit, one needs to be able to measure the
ancilla qubit to determine if the circuit was successful, and complete it by correcting and repeating the RUS
procedure. Thus, we can use the comprehensive feedback control, which is introduced in section 3.1.4, to
implement the gearbox circuit in a faithful way.

Figure 5.5 shows the quantum circuit corresponding to a RUS block producing a failure outcome. After
feedback, the data qubit is corrected back to state |psi) while the ancilla qubit is set to state |0). The second
RUS block is successful, as indicated by the measurement outcome +1. The active feedback at this point may
indicate to perform the state tomography of the data qubit.

failure “-1 success “+1
ancilla |0) — R, SstTH RX* — X X Ry st —RX-r — X
data ) ® Rx(®) @ ")
correction

Figure 5.5: Level-1 gearbox circuit implemented by recycling the same qubit as the ancilla qubit. The sequence of operations to the case
of a single failure followed by correction and success

EXPERIMENTAL IMPLEMENTATION

In preparation to the experimental implementation, we have wrote an eQASM program for this circuit. Fig-
ure 5.6 shows the circuit that we used to implement a RUS block as described above. In this special case, we
chose a rotation around the x-axis of angle 7 as the preparation of data qubit. We also chose the 6 to be % for
this experiment. The CNOT gate is decomposed into two single qubit rotations around y axis and a CPhase
gate.

RUS circuit

data| Re(mi2) HR,-If-njE] ]g 'ln,m,fzjl

ancilla Ry (n/3) D—le[m'—zl Hm[m'—3||

0 25 50 [E] 100 125 150 175 200
time

Figure 5.6: The experimental implementation of a RUS block

After implementing this RUS block, we need to measure the ancilla qubit and fetch the result back to mi-
croarchitecture. A fetch measurement result (FMR) instruction will help the realization with this feedback
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control. If this circuit is not successful, a correction procedure for both data qubit and ancilla qubit is re-
quired. The ancilla qubit will in state |1), and we can use a Pauli-X gate to make it back to |0). For data qubit,
there is a trick to implement this correction. As discussed above, the state of the data qubit at that time is as
shown in Equation 5.3. However, the unitary of rotation operations in [39] is supposed to be like 5.5 while in
real physics, the unitary of rotation is demonstrated as 5.6.

Ry () =exp(—iX¢p) (5.5)

Re(¢p) = exp(—iX%) (5.6)

In the experimental implementation, rotating operations require twice the angle to realize this quantum cir-
cuit. Thus, we use a ration around x axis of angle 7 to be the correction of data qubit. After this correction
procedure, both ancilla qubit and data qubit are in the state before the first RUS and are ready for another
repetition until it successes.

After applying this gearbox circuit, we need to perform the state tomography for the data qubit. For sim-
plicity, our tomography scheme is to measure the state |y’) for multiple times, say, 500 times. In our experi-
mental implementation, we will measure the data qubit if the gearbox circuit succeed. If the data qubit is in
|1), we will apply a Pauli-X gate to it. As long as its state is in |0), we can repeat the entire gearbox circuit again,
including the preparation procedure. All measurement results will be recorded properly.

After each simulation, we will obtain 500 measurements of data qubit. Then we can estimate the state
of data qubit by calculating the number of one measurements and zero measurements. We will compare
this state to the state of R,(0) |y). As discussed above, the achieved state should be equal to Equation 5.7.
However, we know that we need to use twice the angle to realize the hypothetical rotation unitary from Equa-
tion 5.5 and Equation 5.6. Therefore, in the actual experimental implementation, the implementation angle
of 6 is Equation 5.8.

W/I) _ eurcz‘an(mn((/))2 ) 5.7)

0= (arcmn(tan(%)z)) *2 (5.8)

EXPERIMENTAL RESULTS

In our experimental implementation, we will always choose Ry(3) as the preparation of state |y). Then we
will choose several different angles for ¢ to implement to gearbox circuit. Before starting the quantum vir-
tual machine simulation, we use Quantumsim to calculate the measurement probability of state R, (0) |y).
The result is shown in Table 5.1. The first row is the selected basic rotation angle. The second row is the
theoretically achieved angle of rotation. And Py/P; are the measurement probabilities of the final state.

¢ 15 30 45 60 75 90 180
0 1.98 8.21 19.47 36.87 60.98 90 180
Py/P; | 0.48/0.52 | 0.43/0.57 | 0.33/0.67 | 0.20/0.80 | 0.06/0.94 | 0/1 | 0.50/0.50

Table 5.1: Measurement probabilities of the the theoretically achieved quantum state

These results can be used as the standard measurement probabilities, which we can compare later with
the simulation results. Then we start the simulation and turn the error model off so that we can verify the
correctness of our simulation program. The results are shown in Table 5.2.

We can see that these results are very close to the results shown in the previous table. From these two
probabilities, we can reconstruct the magnitude of the |0) /|1) computational basis. We did not implement
a comprehensive state tomography at here, but in fact we can know the density matrix of the final state |y)
through QuantumSim. This density matrix is checked by comparing to the state Ry (0) |y) to ensure that our
eQASM program is working correctly.

Then we repeat this simulation procedure, but this time we add the error to the circuit. The simulation
results are shown in Table 5.3. We can see that these new measurement probabilities are different from the
results of error-free simulations. Therefore, we obtain some rough error rates for the gearbox circuit by calcu-
lating the probability difference. As indicated by the last row of Table 5.3, these error rates vary from different
angle¢ and range from 1.8% to 31.6%.
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(0] 15 30 45 60 75 90 180

number

of 0/1 239/261 214/286 178/322 110/390 38/462 0/500 | 264/236

measure-

ments

Py/ P, 0.48/0.52 | 0.43/0.57 | 0.35/0.65 | 0.22/0.78 | 0.07/0.93 0/1 0.53/0.47
Table 5.2: Simulation result without errors

0} 15 30 45 60 75 90 180

number

f 1

° o/ 290/210 253/247 244/256 198/302 177/323 158/342 275/225

measure-

ments

Py/ Py 0.58/0.42 | 0.50/0.50 | 0.48/0.52 | 0.39/0.61 | 0.35/0.65 | 0.31/0.69 | 0.55/0.45

error rate 10.2% 7.8% 13.2% 17.6% 27.8% 31.6% 1.8%

Table 5.3: Simulation result with errors

As stated before, one interesting aspect of this gearbox simulation is that it take advantage of feedback
control. By utilizing feedback control, we can quickly respond to previous results and implement the next
steps. Therefore, the execution time of the entire circuit is improved by enabling comprehensive feedback
control. Table 5.4 shows some results about this problem. The number of RUS blocks increases linearly with
angle¢, which make sense since the success probability of RUS is determined by Equation 5.4. T} is the entire
simulation time for this experiment and it can be calculated by:

Th = (#ofRUS) x (Trys + debc)) + 500 x debc +500 x 50 (5.9)

Trus is the delay of a RUS block, which is 7 clock cycles in our implementation. Tggp, is the delay of com-
prehensive feedback control in QuMA, and it costs 18 clock cycles. Before applying each gearbox circuit, we
will use an additional 100 clock cycles as the relation time because we want to reduce the error rate caused
by inappropriate correction of data qubit. The calculated simulation times are shown in the third row of
Table 5.4.

If we do not use comprehensive feedback control in this experiment, we have to wait for a long relaxation
time to ensure the state of data qubit back to |0) before initialization. This relaxation time is based on the
amplitude damping time of the qubit. This time is around 3us for the transmon qubit which we are using in
DiCarlo lab. Therefore, we can calculate this T, which is the simulation time without feedback control. The
corresponding speedup is also calculated for each angle¢ as shown in Table 5.4. Notice that all these time
results are displayed in units of clock cycles.

¢ 15 30 45 60 75 90 180
number

of RUS 518 579 677 795 903 1052 517
blocks

Ty 46950 | 48475 | 50925 | 53875 | 56575 60300 46925
T, 87950 | 89475 | 91925 | 94875 | 97575 | 101300 | 87925
speedup 87.3% | 84.6% | 80.5% | 76.1% | 72.5% | 68.0% | 87.3%

Table 5.4: Simulation time with and without comprehensive feedback control.

The gearbox circuit is one of the most interesting things that can be done with 2-3 qubits and feedback
control. In this experiment, we have proven that the simulation time for this experiment was generally im-
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proved by about 80% due to the feedback control logic in QuUMA. The gearbox circuit also suffers from quan-
tum errors as shown in Table 5.3. In our speculation, the main cause of these errors may be the delay of
feedback control. For example, we need to wait about 18 clock cycles before applying conditioned operations
based on feedback. This time is quite long, and the quantum state is no longer the same as the state before
measurement. If we can implement a faster feedback control, we can further improve the behavior of the
circuit.

5.3. MICROARCHITECTURE DESIGN EXPERIMENT

5.3.1. DIFFERENT MICROWAVE SETUP

As mentioned before, the QuMA used in CC-Light is constrained to a specific hardware configuration. For
CC-Light, each microwave AWG is divided into two channels. Each channel has four analog output, and these
signals are feed into the VSM module. VSM will mask the input signals and then apply them on corresponding
qubits. As you can see in Figure 5.7(a), this setup will use three frequencies to control seven qubits, and it takes
advantage of frequency reuse. This control scheme is targeting QuSurf architecture which is developed in the
DiCarlo lab.

However, many other experiments do not need to be restricted by this constraint. A new scheme is as
shown in Figure 5.7(b). In this setup, each AWG is divided into four channels and each channel has two
analog output. These two analog signals will be mixed by IQ-Mixer and finally applied to the qubits. Since
the target quantum processor has seven qubits, two AWGs are sufficient for microwave control in the absence
of VSM. This scheme will use seven different frequencies, one for each qubit.

We can imagine that it would be great if this microarchitecture can operation relatively independent of
the underlying setup for the universal solution. However, this information is hard-coded in the VHDL of
CC-Light, and it is difficult to make it fully configurable as the high-level simulator. Thus, we choose a com-
promise option at here: implement the microarchitecture for both setups as described above, and allow the
user to select which setup to use.

5.3.2. IMPLEMENTATION

Different microwave setups require corresponding changes to the device event distributor and timing control
unit of microarchitecture. Device event distributor will convert micro-operations for each qubit into event
signals which are used to control analog devices. Since we have changed the basic settings of the underlying
microwave device, we also need to change the structure that generates microwave event signals, as shown in
Figure 22.

The VSM event generator is no longer needed in the proposed new structure. And we do not need to
mix these micro-operations before the mapping module, because each micro-operation has its own channel
in the new microwave setup. Since we are still using two AWG8s for microwave control, the new mapping
module will also generate two event signals. As long as each signal contains at most four micro-operations,
the specific division of the qubits is flexible. Every event signal will be stored in a corresponding event queue.
So for the timing control unit, we just need to remove the event queue of the VSM signal.

These are changes in the microarchitecture. As mentioned earlier, we want the user to choose which
settings to use before executing. Therefore, we have also implemented a multiplexer in this microarchitecture
that takes a user-definable signal as input.
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QuMAsIim

l MW_DIOO l MW_DIO1

Superconducting Qubits

@)

QuMASsIm

l MW_DIOO

1Q-Mixer x 7

\ \
I Superconducting Qubits

A Y

(b)

Figure 5.7: (a) The microwave setup used in CC-Light. (b) Proposed new microwave setup



CONCLUSION AND FUTURE WORK

6.1. CONCLUSION

The motivation for this paper is the design and verification challenges faced by quantum microarchitecture.
To solve these problems, we have implemented a QuMA simulator to automate the development procedure
of QuMA. In the beginning, QuMAsim can be understood as the simulator of CC-Light, which is based on
QuMA_v2 and is used to control a SC-7 quantum processor. QuMAsim can accept the same input as CC-
Light, i.e., the binary instructions, and simulate the behavior of CC-Light and output digital signals which are
used to control the underlying analog device. As a step forward, we made this simulator self-configurable for
different configurations, e.g., different electronics setups and different quantum processor typologies.

We have built some QuMAsim-based applications, such as the verification platform and the quantum vir-
tual machine. The verification platform uses QuMAsim to verify the correctness of VHDL implementation,
which simplifies this procedure by automatically generating debug information for microarchitecture devel-
opers. To use this tool, we run both QuMAsim and VHDL simulation with the same inputs and use a validator
to compare the results of these two simulations. With this platform, developers could avoid an error-prone
and low-efficient microarchitecture development flow.

The quantum virtual machine can simulate the execution process of a quantum program on all layers
of a quantum computer. With QuMAsim in this full stack simulator, we can validate quantum programs at
both the algorithm level and the architecture level. In other words, QuMAsim takes low-level restrictions into
the consideration for executable quantum algorithms. In addition, QuMAsim has comprehensive feedback
control logic in its design, so this tool is especially useful for quantum programs which take advantage of
feedback control.

Besides these applications, QuMAsim itself can be used to explore the design possibilities of quantum
microarchitecture. If we want to update the microarchitecture, e.g., to implement a new microcode unit that
can implement gate decomposition, we can test these new structures with QuMAsim and find out which
one is the best before hardware implementation. Generally speaking, QuMAsim can be used as a simulation
platform to facilitate the design space exploration of quantum microarchitecture.

We have done several experiments to demonstrate the potential of QuMAsim. We have used the verifica-
tion platform to verify the QuMA_v3 which is targeting a SC-17 superconducting quantum chip, which gave
very optimistic results. We have implemented several experiments for the quantum virtual machine that
tested the capabilities of full stack simulation. Of particular note is the gearbox circuit, which is one of the
most interesting experiments that can be done at the current stage because it has a meaningful target and it
utilizes feedback control. We can also use QuMAsim to test the new structure of QuMA because it contains
all low-level details for hardware-based simulation.

Finally, we can conclude the contributions of the thesis are:

e Implementation of a quantum microarchitecture simulator, which is self-configurable for different
configurations.

¢ Development of the verification platform which can verify the correctness of VHDL implementation of
QuMA.
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¢ Connection with QuantumSim and implementation of the quantum virtual machine which can be used
as a full stack quantum simulator.

¢ The quantum virtual machine is used to perform some meaningful quantum circuits that take into
account the constraints of hardware and errors of superconducting qubits.

¢ QuMAsim can be used to help the automation of design space exploration and development of QuMA.

6.2. FUTURE WORK

The work in this thesis could be extended in different directions. Now, QuMAsim is already configurable
for different quantum chip layouts, but it would be very interesting to extend the configurable parameters,
e.g., different VLIW widths and a different number of timing queues. In principle, QuMA itself is technology
independent, but we can include technology-specific constraints in QuMAsim. It would be interesting to let
QuMAsim support other quantum technologies other than superconducting qubits, such as spin qubits and
ion-traps.

These two applications built during this project, the verification platform and the quantum virtual ma-
chine, can be further developed. For the verification platform, it is possible to use it with the Universal Veri-
fication Methodology (UVM) for more comprehensive verification. For the quantum virtual machine, we can
use other qubit state simulators, such as QX, which have the potential to simulate a larger number of qubits.
The quantum virtual machine can help validate quantum programs at the architecture level, and it would be
interesting to report on the impact of the architecture based on simulation results.

Finally, we would like to use QuMAsim as a part of the microarchitecture development flow. Interesting
work could be done by interacting with other tools in our lab, such as pArchitecture Performance Analyzer
(QUAPA). On this basis, we can achieve true automated development of microarchitecture from design to
implementation. QuMAsim is able to perform cycle-accurate simulations to bridge the gap between high-
level modeling and low-level hardware.
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