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Quantum computers are heterogeneous device. It consists of a main CPU and a quantum
accelerator. True quantum accelerator (or coprocessor) is analog and probabilistic device.
Qubits are the basic building blocks of quantum computers. But qubits can be digital. A digital
qubit is similar to RISC processor pipeline and is an unique chain of digital gates.

In this work, it is proposed to execute quantum routines in quantum computer not on the
quantum chip but on the chip of a digital FPGA. This paper presents the architecture of such
FPGA — an architecture of digital quantum coprocessor. The paper presents two types of digital
quantum coprocessors - heterogeneous and homogeneous. The advantage of a homogeneous
coprocessor is shown.

The IP Core generator was developed to create VHDL descriptions of digital quantum elements
and digital quantum coprocessors in general.

In this paper heterogeneous quantum computer which consists of a main CPU and a FPGA-
based quantum accelerator (coprocessor) has been proposed. And these FPGA-based digital
quantum coprocessors can have a homogenous or heterogeneous structure. Quantum
coprocessors have up to 1024 qubits in one FPGA. A homogeneous quantum coprocessor
performs better than a heterogeneous one. Also, its implementation is easier.

The measured ratio of correct results for a 1024-qubit homogenous coprocessors is more then
50 %.

1. Introduction

This paper is an extension of work originally presented in
IEEE 11th International Conference on Dependable Systems,
Services and Technologies (DESSERT) [1].

Quantum algorithms are a mixture of classical logic and
quantum routines which can be executed on the quantum chip. In
[2] a heterogeneous quantum computer architecture was presented.
According to [2] a quantum computer consists of both a classical
and quantum computing part.

In this work, it is proposed to execute quantum routines in
quantum computer not on the quantum chip but on the chip of a
digital field programmable gate array, on a FPGA. This paper
presents the architecture of such FPGA — an architecture of digital
quantum Coprocessor.

As an extension of the results described in [1] heterogeneous
and homogeneous digital quantum coprocessors are considered. It
is important to note that a heterogeneous quantum computer and
proposed heterogeneous quantum coprocessor are completely
different concepts.
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WWww.astesj.com
https://dx.doi.org/10.25046/aj0506195

Also, the number of digital qubits in the coprocessors under
study was increased to 1024.

Von Neumann architecture had for a long time a single
processor. Then homogeneous multi-core processor dominated the
processor development. In the era of microprocessors, the
understanding came that heterogeneity is the best way forward to
improve the compute power. System architecture with
heterogeneous accelerators includes the main CPU and
heterogeneous coprocessors such as floating-point math
coprocessors, graphics and neural accelerators, FPGAs. In [2] and
[3] heterogeneous quantum computer which consists of a main
CPU and a quantum accelerator has been proposed. In this paper
heterogeneous quantum computer which consists of a main CPU
and a FPGA-based quantum accelerator (coprocessor) has been
proposed. And these FPGA-based digital quantum coprocessors
can have a homogenous or heterogeneous structure and can be used
at the lowest level of full-stack quantum accelerators along with
quantum chips and quantum simulators [3].

A quantum computer contains N qubits and a digital quantum
coprocessor contains N digital qubits. In both cases as a result of
any calculations they can produce any of 2N results. But the same
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calculations can lead to different results. And every i-th result will
be produced with probability p;.

A qubit can be thought of as a device that has a group of inputs
for data and instructions that control its behavior. Unlike a real
qubit, a digital qubit can have an additional group of outputs. The
exact qubit state code is generated on this group of outputs. An
important element of the digital qubit is a pseudo random number
generator (PRNG). Together with the qubit state code, the pseudo-
random code is used to generate a probabilistic result at the one-bit
output of the qubit (Figure 1) [4].

Quantum volume VQ is a metric that measures the
performance of a quantum computer's capabilities and error rates
[5]. In the simplest case, the quantum volume is d-N. Now the
quantum volume of a real quantum computers is very small (at the
level of milliseconds), but for digital quantum coprocessors it is
practically unlimited.

QBit

Figure 1: Digital qubit symbol

The DiVincenzo [6] criteria are conditions necessary for
constructing quantum computer. Not a single word about the
physical nature of a quantum computer is included in this criterion.
Therefore, you can try to create digital quantum computer. It can
be created either as a software model or as a hardware device.

“You can run a simulator on your phone that can run a 20-
qubit system. But once you get up close to 50, the amount of
memory you need to run a simulator gets into the petabytes [of
memory]. Over 50 and there is no way you can pretend to be a
quantum computer. At that point you really need a true quantum
computer” [7].

The number of qubits required for solving practical problems
is now estimated at several thousand [8]. Creating a true quantum
computer with so many qubits is a very difficult task, and a digital
quantum coprocessor can already be created on one FPGA.

The purpose of the article is to demonstrate the advantages of
digital quantum computers over true ones. For this, it is necessary
to develop a circuit for a digital qubit and a digital quantum
coprocessor as part of a digital quantum computer. To compare
different coprocessors, it is necessary to develop methods for their
comparison. In this works digital quantum computers with 2"
qubits (n =15, 6, ..., 10) have been used for research.

Also, the purpose of the work is to determine the timing and
hardware characteristics of the developed digital quantum
COProcessors.

WWww.astesj.com

An important task is the problem of the reliability of the results
of modeling the operation of digital quantum coprocessors. In this
work, it was successfully solved, it was shown that simulation
results coincide with the results obtained during prototyping.

2. Theoretical Foundations of Quantum Computing
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Along with measurement, the quantum superposition can be
changed under external influence.

N-I N-I
W)=Sali) p=5 P=S 5=
j=0 j=0
p, =cos’ 6 p, =sin’ 6
i =0)
|]>A
\%
/ ¥ 0 .
10>
2= 1)

Figure 2: A Bloch sphere (left) and a unit circle (right)

A true quantum computer is an analog device and it has no
memory. It has only gates. Therefore, there are no quantum
programs. In the drawing of a true analog quantum computer, a
sequence of quantum gates shows only the time sequence of qubit
state changes. Software tool [14] allows to create circuits from
quantum gates, simulate their work and manage it with C-like
language instructions. This is very similar to the FPGA design.

In the schema of a digital quantum computer, a sequence of
digital quantum gates shows both the time sequence of qubit state
changes and the relative physical position of the gates themselves
in the space.

A good illustration of a qubit can be an electron spin. An
electron can change its spin in time from 1 to 20 nanoseconds [15].
This time can serve as a base operation time for compare the
performance of true and digital quantum coprocessors.

To compare the capabilities of true and digital quantum
computers, one can calculate the quantum volume as a metric that
measures the performance of a quantum computer's capabilities
and probability that the qubit will work for some time t without
failure:

QV = N¥p(),
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p(t) = eYMTBF ig probability that the qubit will work for some
time t without failure where (MTBF - Mean Time Between
Failures);

N is qubits number.

For true qubits MTBF is microseconds and millisecond and
p(t) run to 0 when t > 1 ms, QV <<N.

For digital qubits MTBF is practically unlimited (MTBF of
modern FPGA is at level 50 years) and p(t) run to 1. So, for digital
quantum coprocessor QV = N.

The results of comparison of analog data processing methods,
which are used in true quantum computers, and digital methods are
summarized in the Table 1. All this speaks about the prospects of
creating hardware digital quantum computers.

3. The Structure of FPGA-based Digital
Coprocessor

Quantum

A classical computer controls the operation of a quantum
coprocessor (Figure 3) provides it with an input data, instructions
and checks the result of its work [4]. This interaction is well
described as a full-stack of the layers of an accelerator at [3].

A generalized functional diagram of full-stack hardware
resources of quantum computer with realized in FPGA quantum
coprocessor is given in Figure 4 [4].

Table 1: Comparison of analog and digital data processing methods

Characteristic Analog Digital
processing | processing

methods methods
Speed + -
Versatility - +
Microminiaturization - +
/Accuracy - +
Zoom - +
Transmission in space - +
Transmission in time (memory) - +
Immunity - +
Reliability - +
Testing, debugging, diagnostics - +
Quantum volume - +

A, ‘ Rez, >
Quantum (A|Rez)).... 2| Rez,))
coprocessor
1/Qbit
1/Qbit
0) o
v
Initial . Measurement Chec
. Instructions for . .
settings instruction result

changing the wave

function .
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Figure 3: A classical computer with quantum coprocessor.
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Figure 4: A digital quantum coprocessor for classical computer.

The top-level functionality of this stack is provided by the
classic host computer. Functioning at the microarchitecture level is
provided by embedded in FPGA microprocessor (AWP, control
unit).

And directly quantum computing is provided by a set of digital
qubits and a switch matrix which connects the qubits to each other
and transmits the final state code of all of them or only those
required at the moment to the control unit.

The connections between qubits can be static or dynamic. In
this work static connections have been used. They do not change
while the computer is running.

A digital qubit consists of j series-connected digital quantum
cells (Figure 5).

QCellsOut

‘Q01>

State State State;.
-2 QCell, L 220 QCell;
Instructions ‘Q,,> Data,; Tlnstructiom B ‘Q,]> Data; Tlnstructionj
__ Data
QCellsIn

Figure 5: RISC processor-like structure of a digital qubit DQBit.
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Figure 6: A digital quantum cell QCell.
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A digital quantum gate transforms the input qubit state code
into the output code under the influence of the instructions and
their data, as well as under the influence of measured states of
another qubits.

Inverse functional transformation allows the creation and
research of two types of digital quantum coprocessors:

each quantum cell of the heterogeneous coprocessor has its
own pseudo-random number generator and its own functional
transformer;

a homogeneous coprocessor contains only one pseudo-
random number generator and only one functional transformer for
all quantum cells, for all quantum qubits (Figure 7).

A simplified topology of a part of a FPGA chip with resources
available to the user for design is shown in the Figure 8. These
resources are sets of configurable logic blocks CLB,
programmable switching machines PSW and 1/O blocks IOB. The
PSM and the wires laid on the chip between them and CLB make
it possible to connect the CLB to each other. CLB can be
programmed to act as a qubit (QB) or quantum cell (QC). This
allows many digital qubits to be placed on one chip. The
interaction of qubits and the control of qubits is carried out by
digital methods using PSM. The use of COTS FPGAs makes it
possible to create digital quantum coprocessors with a large
number of qubits, which can operate for a long time under normal

conditions.

{ cLB | { cLB | { 108
L I L I
[ 1 [
{ PSM | { PSM
\ I
I 1
| QB/ | QB/ | ‘
[ Qc } Qc } | 108

[ 1
QB/ | | QB/ | | QB/ | ‘
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108 108 108

Figure 8: Simplified topology of digital quantum coprocessor FPGA chip
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Recently, other developers have also tried to connect digital
technologies with true quantum computers:

place true qubits on the crystal (similar to the Figure 8 shown)
and organize interaction between them using digital methods [16].
It uses a custom crystal that can operate at ultra-low temperatures
(near 4° K);

carry out optical control of true qubits embedded in the chip
[17];

use a pseudo-random number generator in true quantum
computers [18].

In this study digital quantum coprocessors were implemented
for the case of wave function real amplitudes (Figure 2) and for
polar coordinate system to represent the movement of the vector
(Figure 13) [12].

Algorithm design steps for digital quantum computer design
on FPGA are standard for FPGA design:

to create or to find an algorithm for solving the problem,;

to find or to create a mathematical description of the solution
to the problem;

for FPGA-based circuits to create graphic symbols of library
elements and their descriptions in hardware description language;

e to create a schema from library elements;
to simulate the created schema;
to implement the project;
to verify the project;
to make a prototype project.

The IP Core generator was developed to create VHDL
descriptions of digital quantum elements and schema of digital
quantum coprocessors in general.

4. Testing Digital Quantum Coprocessors

The quantum Fourier transform (QFT) as a part of Shor’s
algorithm [19] (Figure 9) for factorization [11] was chosen to
compare different variants of quantum coprocessors.

The QFT is defined as

IVESRAL

ay

1 Jf 27k /N,
—D>e
VN 3

Only 2 types of digital quantum gates are required during QFT
(Figure 10, Figure 11):

_H_

e Hadamard transform H
1 0 0 0
0o 1 0 0
Rl?’l =
0o 0 I 0 1 (1 1
27/ 2" H=—
0 0 0 e NIV

When implementing a digital qubit in the form of a chain of
digital quantum gates and implementing only a QFT circuit on
FPGA, there is no need to change the functions of the quantum
gates. Therefore, the functions of each gate are determined only by
their circuit. And there is no need for instructions that change the

1646


http://www.astesj.com/

V. Hlukhov / Advances in Science, Technology and Engineering Systems Journal Vol. 5, No. 6, 1643-1650 (2020)

function of the gates. Therefore, they are not shown in the
Figure 12, but are shown in the general diagram Figure 4. And the
data path in the Figure 12 is a chain of links named Q*, along
which the changing qubit state code goes from one gate to another.
The measured states of a qubit, which are called q*, are transferred
from one gate to another as required by the algorithm for solving
the problem. QFT determines spectrum of qubits states.

l— H| | |
: || aFT?
(]

&

Upper
Register

Jswansealy

o)

[0}

Lower H
Register H 50
[0}
I

cuU

2201

Figure 9: Quantum factorization by Shor's algorithm
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Figure 10: QFT drawing
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Figure 11: Simplified drawing of QFT (5-qubits)

The diagram for FPGAs corresponding to the Figure 11 is
shown in the Figure 12.
The QFT results were obtained as described in [12] and [13].

Simulation and Verification of FPGA-based Digital
Quantum Coprocessor

5.

For analysis the input state of qubits, which can conditionally
be described as [XXX..X0>, where X corresponds to the neutral
position of the vector in the unit circle - at angle of n/4, was

selected. The probability of measuring the input state with odd
code is poae=0, and with even codes is peven = 100/2™! %, where n
is qubits quantity and the spectrum of qubit states at the QFT input
will look like in Figure 14 (for 4 qubits).

QFT simulation results for this case are shown in Figure 15.
The 4 qubit digital quantum coprocessor determines the period of
the input states spectrum with probability 38,5 %, so it correctly
executes a QFT.

Also digital quantum coprocessors with up to 1024 qubits,
have been investigated [13], [20]. Similar studies were performed
for other periods in input states spectrum (for 0, 1, 2, 4, ..., 2™!
periods) [13].

Implementation results are summarized in Table 2.

Table 2: Implementation Results of Heterogonous Digital Quantum Co-Processors
(2™! periods)

FPGA

Qubit CLK FPGA 7z
number, | period | LUT RAM | resoirces, | type
n (ns) | number | number %R [21].
128 2.353 | 32352 14 045
64 4.289 | 16043 15 010
32 3.874 | 7983 010
16 3.606 | 4000 010
10 3.976 | 2522 010
10 4.180 | 4307 24 010
10 5.137 3754 010
10 5.281 3650 20 16 010

32-qubit digital quantum coprocessor (Figure 18) was
implemented on ZedBoard Zyng-7000 ARM FPGA SoC
Development Board (Digilent, Figure 17) for verification.

Verification and simulation results are almost the same (Table
3). This indicates the creation of both a high-quality model of a
digital quantum coprocessor and its prototype, which can be used
in further research. Each experiment was repeated 4000 times to
determine the probability of getting the correct result (Figure 19).
The average level of correct results during the verification of a
heterogeneous coprocessor is 9%, during the simulation of a
homogeneous processor is 61%, during the verification of a
homogeneous processor is 58%.

1 1 a o g =qo
Qgates o o, Qaaten 1 oy GQuo | Qeateg s (B2 Qoo [ Qgaten s [Dos qa_,nF Qgateg 4 | 04799
From/t Qly Load Quo ‘Had Qs | Add Quz: | Add Qs | Add Qs
rem/to > > ™ pir2 ™ pi4 ™1 pig >
Classical ] 1 ] _
Computer ——+| Quate; o I Y ey s | By S| Qeate | G2 Gag) Quate s [Dg ] Qeate, » | Q90
QL T Qi = Qi Add Q2 Add Qs Tt Q14
~+— Control » Load — Had — i —> 4 ——| Load =
FSM
1 1 1 1 =00
3 Qsates o 9 UQ Qeates | q: IQ R Qg;l;au ) zQ Qeates 5 % 3Q N Ch_é a0
2] Load 2 ] Had 2, iZ‘if’ 22 o1 Load 25 1 Load 4,
1| BEN) 1] s IS 0.2 1| 3 1] ;_+=q0n
Q_I)— Qgate; g _}Q —* Qgate; ; _}Q — Qgate; ; —‘FQ —>| Quate; 5 —'FQ —+ Qgates 4 Q
2| Load i 4| Had 1 Load 22 4| Load 22 | Load EREN

Figure 12: FPGA schema of QFT (4-qubits)
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A homogeneous digital quantum coprocessor has shown

better results than a heterogeneous one. Therefore, further research
was carried out on a homogeneous digital quantum coprocessor.

The probabilities of obtaining correct results during the

verification for the operation of multi-qubit homogeneous digital
quantum coprocessors are shown in the Figure 21. The work of
coprocessors with 32, 64, 128, 256, 512 and 1024 qubits were

investigated.
Output states spectrum
50
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40
g I
% / \ 22,3
S
& 20 / \ 13,5
10 &0
0
01 2 3 4 5 6 7 8 9 1011 12 13 14 15
Output states
0, =0, =0, =45°,60, =0°
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Figure 16: Digital quantum computer
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roxcont
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Figure 18: Schema of digital quantum coprocessor for FPGA

Table 3: Simulation vs verification

Qubits | Qubits True Cycle
width results
number | W, probability
N bits % H T, ns Process
32 3 61 3.874 | Simulation
32 3 58 8.0 | Verification
FPGA resources for 32-qubit heterogeneous

homogeneous coprocessors are presented in the Table 4.
FPGA topology of 32-qubit digital quantum coprocessor is
presented in Figure 20.
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—— Simulation (Homo)
—=— Verification (Homo)
—— Verification (Hetero)

32 QBits, Probability of true results

Probability, %

—

w0 0 1 2 3 4 5 6 7 8 9 10 11 1213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 3|

n, power of periods number (2*n)

Figure 19: Probability of true results in digital quantum coprocessors

Figure 20: 32-qubit digital quantum coprocessor topology

This result indicates the creation of both a high-quality model
of a digital quantum coprocessor and its prototype, which both can
be used in further research.

Homo, Probability of true results

50 \

%

—+— Probability

32 64 128 256 512 1024

Qbits number

Figure 21: Probability of true results in homogenous digital quantum
COprocessors

Table 4: FPGA resources for 32 qubit coprocessors

Homo Homo Hetero Hetero
Used Util % Used Util %
Slice LUTs 5831 10.96 7669 14.42
# of logical | 21575 28147
nets

WWww.astesj.com

6. Conclusion

The paper shows the advantage of digital quantum computers
over true computers in terms of quantum volume. The paper
presents heterogeneous quantum computer which consists of a
main CPU and a FPGA-based quantum accelerator (coprocessor).
This FPGA-based digital quantum coprocessors can have a
homogenous or heterogeneous structure. Structures of digital
quantum qubits and cells are also presented.

The IP Core generator was developed to create VHDL
descriptions of digital quantum elements and digital quantum
coprocessors in general.

32 qubits homogeneous digital quantum coprocessor
generates correct quantum Fourier transform results with a
probability of 61% during simulation and 58% during prototyping.

1024 qubits homogeneous digital quantum coprocessor
generates correct quantum Fourier transform results with a
probability more than 50 % during simulation.

Homogeneous digital quantum computer generates the correct
results of the quantum Fourier transform 7 times more often than
heterogeneous one.

The hardware cost of homogeneous digital quantum
coprocessors is 20% less than that of heterogeneous coprocessors.

The number of logical nets in homogeneous digital quantum
coprocessors is 20% less than in heterogeneous coprocessors.

Digital quantum coprocessors verification results are
practically the same as simulation results. This indicates the
creation of both a high-quality model of a digital quantum
coprocessor and its prototype, which both can be used in further
research.
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