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ABSTRACT

This paper presents the development of Quantum Fourier
transform (QFT) education tools in the object-oriented Java-
DSP (J-DSP) simulation environment. More specifically,
QFT and Inverse QFT (IQFT) user-friendly J-DSP functions
are developed to expose undergraduate students to quantum
computing. These functions provide opportunities to examine
QFT resolution, precision (qubits), and the effects of quantum
measurement noise. In our study, we also describe a
laboratory exercise on QFT-based speech analysis-synthesis
which has been deployed in our senior-level DSP class and in
our NSF workforce development programs. The software and
the laboratory exercise are evaluated using formative and
summative assessments.

Index Terms— Java-DSP, quantum Fourier transform,
qubits, speech analysis-synthesis, quantum noise.

1. INTRODUCTION

Quantum computing (QC) promises to process data with
estimated speeds exceeding 100 million times relative to
classical computers [1]. This motivated several recent QC
education, training, and research efforts. In fact, presidential
committee announcements [2] emphasized the need for
training and workforce development in undergraduate and
even in K-12 classrooms [3]. In addition, the National
Quantum Initiative Act argued on “expanding the number of
researchers, educators, and students with training in quantum
information science” [2]. Although physics departments
offered quantum mechanics courses in undergraduate
programs, QC for signal processing is cross-disciplinary and
requires workforce training that draws content from
engineering [4] and other STEM fields. Several education
initiatives have been developed to create QC awareness and
began training students in this area [5]. The main challenge is
access to quantum computers which is currently limited and
expensive. Nevertheless, several companies including
Amazon, Google, Honeywell, IBM, Microsoft, and
Quantinuum [6] have created quantum simulators that can be
accessed by students, researchers, and practitioners. Training
undergraduate students to use simulators is difficult to
accomplish within semester-long signals and systems-related
courses. For this reason, we started creating user-friendly QC
tools within a signal-processing computing environment.
Previously, we created DSP tools to train students in filter
design, linear prediction, speech processing, and machine
learning (ML) [7-13].

QC relies on fundamental quantum properties, including
superposition, entanglement, and interference [14,15]. There
are currently several university programs that created QC
graduate courses [16]. Undergraduate (UG) experiences in
QC were also reported in [17-19]. There were also efforts to
develop QC experiences in high school honor classes [20]. In
addition to university efforts, industry launched programs for
quantum coding [21,22]. For example, IBM launched the
Qiskit Global Summer School to familiarize users with
quantum simulators [23].

This paper describes a user-friendly software platform to
introduce QC concepts to UG students in Digital Signal
Processing (DSP) classes. We describe interactive software
functions and web-based exercises for UG students. More
specifically, we present software for the QFT and IQFT and
we embed these functions in our object-oriented Java-DSP
simulation environment [7] at Arizona State University
(ASU). The user-friendly J-DSP environment has been used
for online laboratories in UG signal processing courses [10].
This freely accessible program enables students to create and
run DSP simulations on the web. J-DSP includes several
functions that support speech processing and ML [8-13]
simulations. In this project, we expand the J-DSP
functionality by developing from the ground up, user-friendly
QC simulation functions for Fourier transforms. These
functions are intended to provide hands-on laboratory
experiences within the DSP class. The benefit of J-DSP
quantum functions is that the students can obtain experiences
on quantum precision, quantum noise, and quantum signal
processing in a relatively short time without having to learn
an entirely new programming environment.

We focus on signal analysis-synthesis using the QFT and
IQFT where students simulate a simple compression scheme
based on peak picking [24-26]. Comparisons with FFT and
inverse FFT are possible and enable students to observe
potential problems with qubit measurement errors and
quantum noise. To provide a general background of QC
concepts, we developed a module on the basics of QC. This
includes qualitative coverage of basic quantum principles,
examples of quantum gates and simple quantum circuits for
QFT implementation using Qiskit, and an introduction to
quantum noise. In addition, the module covers simple QFT
simulations using J-DSP. The rest of the paper is organized
as follows. Section 2 discusses QC basics and the QFT circuit
design. In Sections 3 and 4, we describe new quantum J-DSP
functions. Sections 5 and 6 describe the exercise for an UG



class and preliminary evaluation results. Section 7 provides
our conclusions.

2. QUANTUM CIRCUIT BASICS

2.1. Qubits, quantum states, and quantum gates

Analogous to a binary bit in classical computing, a qubit is
the fundamental unit of information in QC. However, unlike
a classical bit which can be either be 0 or 1, a quantum bit can
exist in a superposition of both |0) and |1) at the same time,
expressed as ) = a|0) + B]1), where |ip) is any arbitrary
state [27] and |a|? and |B]? are the probabilities of observing
the qubit in |0) and |1) state respectively. Once a quantum
state is measured, it collapses and transitions into
computational states due to the interference property of the
quantum system. Quantum operations are represented using
unitary transformations acting on qubits and are called
quantum gates which form a quantum circuit. A Hadamard
gate (H) is used to create a superposition. A rotation gate (Ri)

. . . i1k
is used to shift the phase of basis states by a factor of e2™/2

for the k™ qubit, where i = v/—1. The rotation of one qubit
can be controlled depending on the control state using a
controlled rotation gate (R). A swap gate (SWAP) is used to
swap the states of two qubits [27]. The matrix and geometric
representations of the gates and the quantum state
respectively (Bloch sphere) are shown in Figure 1.
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Figure 1: Bloch sphere and matrix representation of gates.

2.2. The Quantum Fourier transform
QFT can be viewed as the quantum realization of the discrete
Fourier transform (DFT). The basics of QFT are covered in
[27-29] and applications are presented in [29-32]. Consider a
state vector |¢p) = Y NZ1 h |n) which represents the signal,
where h,, are the amplitudes associated with N basis states
[n). The binary expression of qubits is

n= ny2°+ n 2 + ny2%2 + - + n,p_2M71 )
where, m is the number of qubits forming an N = 2"
dimensional system. Fractional and integral terms can be

written exponentially as
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The integral part corresponding to e z* is equal to 1. Hence,

the equation can be written as product of k factors as
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Quantum Fourier transform for |y} state can be written as
N-1
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where,
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From equation (4) and (5), we obtain the QFT for 1) state as
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where, LN is the normalizing factor. Considering |n) state of

the state vector [i) and calculating its QFT gives us
N-1
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where, |n) = |n,_1..nny) and |k) = |kp_q ... kikg) is
their binary representation. The above equation is similar to
DFT with the opposite sign of the phase exponent. Writing
the equation as tensor products of qubit’s basis states [27] to

represent QFT in a compact manner as
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This tensor product state is obtained using the controlled
rotation of the basis states in superposition. Basis states can
be expressed as a tensor product that enables unitary
transformation implementations for creating a quantum
circuit. The inverse QFT (IQFT) of a state |k) is given by
N-1

i —2mikn/N
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2.3. QFT Circuit Design
For implementing the QFT, a circuit is constructed with the
combination of a single-qubit H gate, a two-qubit R gate
represented with purple lines between qubits as U(angle of
rotation), and a SWAP gate represented as a blue line. The
gates are separated with black measurement blocks using a
barrier (gray line) at the end of the circuit (Figure 2).
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Figure 2: QFT circuit for 3 qubits after measurement.
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It is seen that a total of @ H and R gates, and at most%

SWAP gates are required for the QFT circuit. Hence, the
complexity is O(m?) where m is the number of qubits. An
exponential speedup is observed in the QFT due to quantum
parallelism achieved by the entanglement and superposition
property [33,34]. The 3-qubit IQFT circuit can be developed
by modifying the QFT [35] (Figure 3).
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Figure 3: IQFT circuit for 3 qubits after measurement.
2.4. Quantum Noise Models

Quantum computers are susceptible to noise from various
sources such as external environmental interactions, crosstalk
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caused by the neighboring qubits when excited by lasers, and
quantum implementation errors. Other sources of
interference are reported in [36]. To consider how the
algorithm will behave in real devices, quantum error models
are introduced to perform noisy simulations. We use three
types of quantum errors which represent the effect of
decoherence on qubits [37,38]. They are namely,

¢ Amplitude damping channel occurs as an effect of energy
dissipation from the quantum system.

e Phase damping channel represents the loss of partial
information from quantum relative phases [27].

e Measurement error occurs during the final state and
measures the output that differs by 1 bit, or 2 bits [37].

3. DESIGNING THE J-DSP FUNCTIONS FOR QFT

The initial version of J-DSP was deployed in the early 2000s
to provide remote online learning laboratory experiences [8].
Since then, several new functions have been added. The new
HTMLS J-DSP (2017) embeds complex operations [12]
including the proposed QFT functions (2022).

3.1. Quantum Computing J-DSP Simulation Functions
We developed an initial QC suite of blocks in J-DSP for
quantum signal analysis and synthesis which are described in
this section. This suite will be enriched with additional
quantum functions later to accommodate other applications,
such as machine learning.

3.1.1  The Quantum Fourier Transform Block
A QFT block is included in the J-DSP software which takes
signal values as input and returns the QFT coefficients as the
output. The input signal is scaled using a vector norm such
that the sum of squared amplitudes equals 1, and the signal is
represented as a quantum state. The QFT of this quantum
state is evaluated according to equation (6) as

QFT|Y) =polno) + palng) + -+ py-alnn-1) (10)
where p,, is the wavefunction value, and p? corresponds to
the probabilistic values [36] associated with the quantum
basis, with Z:;Ol pr? = 1. A model of possible outcomes is
constructed by utilizing the probability distribution using
Monte Carlo simulation to replicate the quantum
measurement [40]. The final QFT coefficients are represented
in Euler’s form including the probability values and the phase
information obtained from the wavefunction.
Im(py) ) 11

Re(py)
These coefficients are the output of the QFT block.

3.1.2  The Inverse Quantum Fourier Transform Block

A function block called IQFT is a part of the J-DSP QC
architecture which takes the QFT coefficients as input and
scales them using the vector norm to be represented as a
quantum state. The IQFT of the quantum state is evaluated by
equation (9). Quantum measurement is performed using
Monte Carlo simulation and the IQFT output is calculated
similarly to the QFT. The two blocks are shown in Figure 4.
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Figure 4:The QFT and IQFT blocks for computing up to 10 qubits.

3.1.3  Normalization Transform Block

Since the quantum measurement results in probabilistic
values, there is a need to normalize these values to the desired
range [41]. Therefore, the QFT and IQFT coefficients
acquired from their respective blocks need to be normalized
using the normalization block (Figure 5). The normalization
factors for QFT and IQFT are

QFT Factor =/ 2" % vector norm (12)
IQFT Factor = vector norm/\/? (13)

3.1.4  Quantum Noise Block

A quantum noise block is included in J-DSP QC blocks to

demonstrate the effects of noise in QC (Figure 5), which

ultimately affects the quantum states. We introduce

amplitude damping, phase damping, and measurement error.

The types and percentage of noise to be introduced in the

quantum circuit can be selected using this block.

e To simulate amplitude damping, we introduced
randomness in the wave functions of the quantum state.

¢ To simulate phase damping, we introduced random phase
rotations +e~? in the quantum state.

e To simulate measurement error, we randomized
probability outcomes corresponding to basis state
differing by 1 or 2 bits [37] using Monte Carlo simulation.
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Figure 5: Normalize and Quantum Noise block in J-DSP.

3.2. Signal Analysis-Synthesis using the QFT and IQFT
We can analyze the signal [24] in the quantum domain by
decomposing it into its quantum components obtained
through the QFT function. Quantum noise can be added to
observe the effects on the QFT algorithm. Similarly, the
IQFT is used to synthesize the signal and the time domain
values are computed. The signal analysis-synthesis block
diagram without peak-picking is shown in Figure 6.
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Figure 6: J-DSP Signal analysis-synthesis with the QF T and IQFT.

4. QFT AND DFT PERFORMANCE WITH NOISE

In QFT and IQFT computation, quantum noise affects the
spectral output. Because of quantum noise, the QFT spectrum
components are not as precise as those obtained using the
DFT. To compare QFT and DFT numerical output, we
evaluate the magnitude difference between QFT and DFT



coefficients. Comparative spectral estimation simulations
were run with sinusoidal and speech segments. For this
simulation, a quantum noise model with 20% amplitude
damping was introduced which affected the values of the
quantum basis states [27]. After we obtained the spectra for
256 frame-size speech segments, we compared the DFT and
QFT components. Table 1 provides the percentage magnitude
difference as a function of the number of qubits for the QFT.
The error is calculated by

avg( abs(QFT) — abs(DFT))

Error(%) = avg( abs(DFT))

We observe that as the number of qubits increases, the error
increases due to quantum noise. We note that in our
sinusoidal signal simulations, we did not observe a change in
the frequency estimate — only in the magnitude and phase.

Table 1: Percentage Magnitude Difference between QFT and DFT.

*100 (14)

DFT Resolution |16 |32 |64 128 |256 [512 |1024

QFT qubits 4 5 6 7 8 9 10

Error (%) 4.91 |6.64 |7.67 |8.33 |[10.01 |15.45 |22.99

5. QFT EXERCISE DESIGNED USING J-DSP

An exercise is developed to introduce the concept of QC and
compare the behavior of the QFT and classical DFT for a
signal analysis-synthesis task in J-DSP.
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Figure 7: QFT-based simulation including quantum noise effects.

The simulation uses spectral peak-picking. Peak-picking
associates with Parseval’s theorem. We note that perceptual
audio analysis was used in several audio compression
applications [25,26]. J-DSP provides options to change the
parameters of QFT signal analysis-synthesis and quantum
noise. The input (speech) signal can be generated from a
signal generator block, which is given as an input to the QFT
function to analyze the quantum components of the signal in
presence of quantum noise. The QFT output is normalized to
be in the frequency domain range. For signal compression,
the first L or highest L components (peaks) are selected where
L depends on the desired compression ratio; the rest of the
components are set to zero. This modified input is passed on
to the IQFT function (with quantum noise) to reconstruct the
signal. Normalization is performed to scale the reconstructed
signal. At the end, the Signal-to-Noise Ratio (SNR) is
calculated to compare the original and the reconstructed
quantum-based signal as shown in Figure 7. The result is
compared with the signal compression approach using
classical DFT-based computation. Selecting the highest
components of the frequency domain maximizes the SNR. As
expected, the SNR increases as the number of selected
components (L) is increased. It is also noticed that the SNR

for quantum computation is less than that of the classical
FFT. This difference increases with an increasing number of
qubits because of quantum noise effects. Through this
exercise, the students get exposed to: QC and QFT/ IQFT,
peak-picking processes, transform-based signal compression,
and quantum noise effects.

6. PRELIMINARY EVALUATION

A preliminary evaluation was implemented in the of Fall
2022. Pre- and post-quizzes were designed to determine if the
participating students gained knowledge and confidence after
completing the exercise. The quizzes included questions on
QFT signal analysis-synthesis which covered QFT peak
picking, qubit and quantum noise basics. This preliminary
evaluation is used to determine the impact of introducing QC
in an UG class and the impact on student knowledge of QFT
basics. This evaluation (Figure 8) showed that students
gained knowledge on introductory QC concepts and QFT
complexity (Q.2. and Q.3.), quantum noise effects (Q.1.), the
effect of the number of qubits (Q.4.), and the effect of
selecting QFT components (Q.5.) in signal analysis-
synthesis. The average improvement observed in the post-
quiz is around 46%.

Quantum Signal Processing Questions
B PreQuiz [ Post Quiz

Number of correct answers
S

Q1 Q2 Q3 Q4 Qs

Question Number

Figure 8: Graph showing the number of students who answered
correctly by question number for pre- and post-quiz assessment.

7. CONCLUSION

In this paper, we presented a study on the introduction of QC
and QFT concepts in an undergraduate DSP class using user-
friendly visual programming software. New interactive J-
DSP functions were designed for QFT-based signal analysis-
synthesis. The software enabled students to experiment with
QFTs, vary the number of qubits, and assess the effects of
quantum noise. A J-DSP signal compression exercise was
developed, and students experimented with QFT peak-
picking tasks. Signal reconstruction was evaluated using the
SNR function. The effects of quantum noise were also
examined. A preliminary evaluation was deployed to assess
the software, the exercise, and the overall knowledge gained
by the students. Assessments were implemented in our 2023
classes and in our NSF workforce development programs.
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