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Abstract—Recent advances in quantum technologies pave the
way for noisy intermediate-scale quantum (NISQ) devices, where
the quantum approximation optimization algorithm (QAQOA)
constitutes a promising candidate for demonstrating tangible
quantum advantages based on NISQ devices. In this paper, we
consider the maximum likelihood (ML) detection problem of
binary symbols transmitted over a multiple-input and multiple-
output (MIMO) channel, where finding the optimal solution is
exponentially hard using classical computers. Here, we apply the
QAOA for the ML detection by encoding the problem of interest
into a level-p QAOA circuit having 2p variational parameters,
which can be optimized by classical optimizers. This level-p
QAOA circuit is constructed by applying the prepared Hamilto-
nian to our problem and the initial Hamiltonian alternately in p
consecutive rounds. More explicitly, we first encode the optimal
solution of the ML detection problem into the ground state of
a problem Hamiltonian. Using the quantum adiabatic evolution
technique, we provide both analytical and numerical results for
characterizing the evolution of the eigenvalues of the quantum
system used for ML detection. Then, for level-1 QAOA circuits,
we derive the analytical expressions of the expectation values of
the QAOA and discuss the complexity of the QAOA based ML
detector. Explicitly, we evaluate the computational complexity
of the classical optimizer used and the storage requirement of
simulating the QAOA. Finally, we evaluate the bit error rate
(BER) of the QAOA based ML detector and compare it both to
the classical ML detector and to the classical minimum mean
squared error (MMSE) detector, demonstrating that the QAOA
based ML detector is capable of approaching the performance
of the classical ML detector.

Index Terms—Quantum technology, maximum likelihood
(ML) detection, quantum approximation optimization algorithm
(QAOA), bit error rate (BER).

I. INTRODUCTION

The evolution of social networking and the ubiquitous
wireless connectivity, coupled with the availability of low-cost
yet powerful computing devices jointly shape the next gener-
ation of wireless systems. Integrated ground-air-space (IGAS)
networks [1] together with new enabling technologies such
as large-scale antenna arrays [2], reconfigurable intelligent
surfaces [3] and Terahertz communications [4] constitute com-
pelling solutions for the emerging services and applications.
Powerful detection schemes play a pivotal role in supporting
these novel techniques for achieving their potential gains.
Maximum-likelihood (ML) detection is capable of providing
the optimal solution by minimizing the probability of error,
but it is NP-hard [5], because its complexity of finding the
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exact ML solution grows exponentially with the size of the
constellations and the number of the symbols transmitted,
which constitutes a challenge for classical computers. The
properties of quantum mechanics such as superposition, en-
tanglement and coherence have been beneficially exploited
in the wireless communication field in terms of quantum
information science [6] and quantum teleportation [7]. Given
the intrinsic parallelism of quantum mechanics, it is promising
to investigate the potential of quantum algorithms for solving
ML detection problems.

Specifically, quantum computation exhibits advantages in
solving some problems that require searching through a large
space [8], benefiting from the nature of quantum mechan-
ics. The most canonical examples are Schor’s algorithm [9]
designed for discrete Logarithms and factoring at an expo-
nential speedup over classical methods as well as Grover’s
algorithm [10] conceived for unstructured search, which shows
the potential of quadratic speed-up over the classical search.
Hence, some applications of Grover’s search inspired quantum
algorithms to multi-carrier interleave-division multiple-access
(MC-IDMA) systems and to Pareto optimal routing for wire-
less multihop networks can be found in [11], [12]. The benefits
of these algorithms arise from the assumption of a universal
fault-tolerant quantum computer, which is capable of providing
error-free operation. However, a powerful system supporting
millions of physical qubits and high-fidelity long sequences
of gate operations is not available at the time of writing, but
fortunately, noisy intermediate-scale quantum (NISQ) devices
are likely to become available in the near future [13]. The
state-of-the-art quantum device size ranges from 50 to 100
qubits. For instance, in 2020 IBM has built a quantum device
processing 65 qubits [14]. Therefore, the near-term quantum
computers will contain a limited number of quantum gates
due to gate errors and decoherence [15], [16]. A family
of hybrid quantum-classical algorithms, namely variational
quantum eigensolvers (VQE), was developed in [17], which
was implemented by combining a reconfigurable quantum
device with a classical computer. The goal of hybrid quantum-
classical algorithms is to take advantage of the potential of
NISQ devices by incorporating partial computational resources
of classical computers, hence it becomes one of leading
candidate algorithms for establishing quantum advantages in
near-term quantum computers [13], [18], [19]. The quantum
approximation optimization algorithm (QAOA) [20], [21] con-
stitute a hybrid quantum-classical algorithm designed based on
the variational principle for solving combinatorial optimization
problems on gate-based quantum computers. Indeed, this has
become an active field of research due to its promising poten-
tial of being implemented by near-term quantum computers
[22]-[24] as well as owing to its universality in quantum
computation [25], [26].



The basic idea of the QAOA is to alternately apply the
problem Hamiltonian, whose ground state encodes the solution
of the problem considered, and the initial Hamiltonian. The
QAOA relies on the combination of preparing the parame-
terized quantum circuit on the NISQ devices, and a classical
optimizer that is used for finding the optimal parameters. The
QAOA was first proposed in [20] for solving combinatorial
optimization problems, where the paradigm and analysis on
the QAOA were treated in terms of the max-cut problem.
As a further advance, the capability of the QAOA to solve
constrained combinatorial optimization problems was studied
in [27], where the goal is to maximize the sum of a series
of bounded linear equations. Then, the performance of the
QAOA was analysed in the context of the MAX-£XOR and
MAX-ESAT problems in [28]. The application of the QAOA
to the channel decoding of binary codes was presented in
[29] by means of the Ising Hamiltonian to Boolean constraint
satisfaction problems. Furthermore, inspired by the adiabatic
evolution principle, a learning method was proposed in [30]
for optimizing parameters aiming at achieving a high over-
lap to the ground state of the problem Hamiltonian. Given
the high flexibility of the QAOA, it was extended in [31]
to solve Grover’s unstructured search problem by replacing
Grover’s diffusion operator with the transverse field, which
only requires single-qubit gates. In addition, the authors in
[32] proposed a framework for designing the QAOA circuits
for solving a couple of combinatorial problems subject to
both hard and soft constraints, such as the graph coloring
optimization problem and the traveling salesman problem
(TSP). As a futher development, the QAOA was generalized
as one of the standalone ansatz approaches in [22], termed as
the quantum alternating operator ansatz. Recall that the quality
of the solution produced by the QAOA for a specific problem
of interest depends on the quality of the variational parameters
found by the classical optimizer. Developing efficient QAOA
parameter optimization approaches is therefore of pivotal im-
portance for achieving quantum advantage. Diverse techniques
have been conceived for optimizing the QAOA parameters
such as gradient-based methods [33]-[35] and gradient-free
methods [30], [36]-[38]. As for the max-cut problem in a
general graph, the analytical expression for a level-1 QAOA
was provided for guiding the associated parameter selections in
[33]. Furthermore, analytical expressions were also derived for
the QAOA haivng an arbitrary number of levels for a class of
special max-cut graph instances in [33]. Moreover, a number
of methods based on neural networks and reinforcement learn-
ing have been applied for optimizing the QAOA parameters
[30], [35]-[38], concerning different max-cut graph instances.

Given the high flexibility of the QAOA in terms of handling
various coherence times and gate requirements etc, there has
been a growing interest in exploring the advantages of the
QAOA in solving numerous practical problems of diverse
fields. In this paper, we discuss how to apply the QAOA for
solving ML detection problems that are NP-hard in classical
computers. The basic procedure of the QAOA is to alternately
apply the problem Hamiltonian and the initial Hamiltonian —
also known as mixing Hamiltonian [22] or driver Hamiltonian
[39] — to the initial state of the quantum system. The fun-

damental principle of the QAOA relys on gradually driving
the quantum system to its ground state based on the quantum
adiabatic evolution technique of [40]. Explicitly, the evolution
of a quantum system is governed by the Schrodinger equation,
and the adiabatic theorem tells us how to track this evolution,
when the system changes sufficiently slowly. To elaborate a
little further, the quantum adiabatic algorithm starts from an
initial Hamiltonian whose ground state is easy to prepare, and
evolves to a final Hamiltonian whose ground state encodes
the solution of the problem considered. For implementing
the QAOA, the evolution is encoded into a series of unitary
quantum logic gates. Therefore, the goal of this paper is to
illustrate the applicability of the QAOA to the family of ML
detection problems and hence to open up new avenues of
optimization in wireless communications. We commence with
a brief overview of the applications of the QAOA in solving
different problem instances, as seen in Table I. In this paper
we present the first results on the QAOA applied to a real-
world ML detection problem in wireless communications. Our
main contributions are summarized as follows.

1) We encode the ML detection problem of binary symbols
transmitted over a multiple-input and multiple-output
(MIMO) channel into a Hamiltonian operator in the
Ising transverse field [41]. Specifically, we use a qubit to
encode a single binary symbol. Hence the total number
of qubits to be processed by the QAOA is equal to the
number of parallel data symbols transmitted by multiple
antennas. Correspondingly, any legitimate solution of the
ML detection problem can be represented by multiple-
qubit tuple and the optimal solution is encoded into the
ground state of the problem Hamiltonian.

2) For illustrating the fundamental principles of the QAOA,
we provide both analytical and numerical results con-
cerning the evolution of the eigenvalues in terms of the
ML detection problem using a time-dependent Hamilto-
nian, which is a linear interpolation between the initial
Hamiltonian and the problem Hamiltonian.

3) We transform the ML detection problem into a p-
level QAOA circuit, where in each level the problem
Hamiltonian that encodes the objective function of the
ML detection problem is applied to the initial state of
the quantum system followed by the initial Hamiltonian.
The 2p times Hamiltonian operators involve the varia-
tional parameters, which are optimized classically for
best performance. In particular, we derive the analytical
expression of the ML detection problem for the level-
1 QAOA, which simplifies the numerical optimization
used for finding the optimal values of the parameters.

4) We provide numerical results for characterizing the
expectation values of the QAOA solution of the ML
detection problem, which illustrates that the energy
landscape of the QAOA is nonconvex and has locally
optimal points. Furthermore, the performance of the
QAOA based ML detector is compared to that of both
the classical ML detector as well as to the classical
minimum mean squared error (MMSE) detector.



Table I: Problem instances solved by the QAOA

[20] -2014 | [27]-2015 | [28]-2016 | [31]-2017 | [32]-2017 | [33]-2018 | [35]-2018 | [36]-2019 | [22]-2019 | [42]-2020 | [24]-2021 | This work
Max-Cut v J v J v v J/ v J
MIS i
Graph Coloring v Vv 4
TSP v
Unstructured search V4
ML detection v

Organization: The rest of our paper is organized as follows.
Section II presents the problem model of the ML detection,
followed by modelling its quantum Hamiltonians in Section
III. Section IV introduces the quantum adiabatic evolution for
characterizing the ML detection based quantum system. Then,
Section V discusses the procedure of the QAOA harnessed
for solving the ML detection problem. The computational
complexity analysis of the QAOA is provided in Section
VI. Finally, Section VII presents our simulation results and
discussions, followed by our conclusions in Section VIII.

II. SYSTEM MODEL

Consider a MIMO system and transmitting binary sym-
bols over an M, x M, channel matrix, having M, transmit
antennas (TA) as well as M, receive antennas (RA). Let
H ¢ RMrxM: pe the channel matrix from the transmitter
to the receiver, which is assumed to be known to the receiver.
Therefore, the received signal can be expressed as

y =Hs+n, (D
where y € RM- and s € R are the vectors of the received
and the transmitted signals, respectively, while n ~ N(0,1,;,)
denotes the noise vector.

The maximum likelihood (ML) detector can be formulated
as

. _H 2
_Dnin [ly — Hs|%,

2)

where X represents the signal constellation of the binary
symbols. Explicitly, problem (2) can be physically interpreted
as follows: The ML detector is to find a vector s producing
a vector Hs, which is closest to the received signal y. Corre-
spondingly, problem (2) can be reformulated as the following
optimization form:

min sTH"Hs — 2y"Hs + y'y,
sEX Mt

3)

where the superscript 7' denotes the transpose of a matrix.
Note that the ML detection problem is constituted by the
combinatorial optimization problem of selecting the most
likely transmit symbol from a discrete set, and which was
shown to be NP-hard in [5]. The computational complexity of
the ML detection problem for BPSK is an exponential function

of the number of the transmit antennas M/;, formulated as in
2M:,

Therefore, the objective function of problem (3) can be
expressed for BPSK having X = {—1,+1} as

f(s)=s"H"Hs — 2y "Hs + y'y

N N
= Z AkJSkSl — Z 2brs, + ¢
k=1

k=1

N N N
= Z 2Ak718k81 — Z 2by.81 + ¢+ Z Ak,k,
k=1 k=1

>k

4)

where N = M;, A = H'H, b = y"H and ¢ = yTy.
Consequently, Aj; and by are the (k,[)-th element and the
k-th element in A and b, respectively. The last step in (4)

comes from the fact that A is Hermitian, ie., Ay; = Az,
vk, .
II1. QUANTUM HAMILTONIANS AND THE ADIABATIC

THEOREM
A. Hamiltonian Hy of the ML Problem

Since binary symbols are considered, we can use a single
qubit to encode the values of a single symbol transmitted.
Hence the total number of qubits required for quantum com-
putation is equal to the number of parallel data symbols
transmitted. More explicitly, an example is provided in Fig.
1 for demonstrating the connections between the different
symbols received, where 1 and | represent the two legitimate
states of BPSK systems, respectively. However, in quantum
computing one qubit can be represented by a superposition
of the two states. Hence, given an unknown binary symbol
Sk, k = 1,---, N, the associated quantum state |zj) can be
expressed as |z;) = ag|1) + Bi|l), ak, Bk € C.

In order to transform the ML detection problem from a
classical computation to quantum computation, we map (4) to
its spin Hamiltonian. Explicitly, to arrive at the Hamiltonian
of (4), we define z, € {0,1} as a spin-% qubit associated with

0= (), and 1= (° )
=10 an =1/
Then, we have
1 0
o{¥)|zy) = £1]z;,), and oM = <0 1) : (6)

Note that agk) denotes the Pauli-Z operator acting on the k-th
qubit. We can see that the binary symbol sj is mapped onto
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Figure 1: An example of the connections between different symbols received, where 1 and

S1 S92

(¢) N=3

represent the pair of legitimate

possibilities for BPSK systems, respectively. Due to the quantum superposition, an unknown symbol s; can be represented as

a single qubit |2x) = ag|T) + Bk|), ak, Bk € C.

the eigenvalues of the Pauli-Z operator. Then, we have the
Ising Hamiltonian associated with (4) as follows.

N N N
Hf = ZQAkJO'gk)Ug) — Z Qbkdgk) +c+ ZAk’k' 7
1>k k=1 k=1

Note that the problem Hamiltonian Hy was also referred to as
phase Hamiltonian in [22]. Now we verify that the problem
Hamiltonian Hy such that the eigenvectors of Hy forms the
solution space of the original problem (2).

Proposition 1. Let |z) = |z1,---,2n) be the eigenvector
of the problem Hamiltonian Hy, where {|z1,z2,---,2n),
zx € {0,1}} is a basis for the 2" -dimensional Hilbert space
of the quantum computer. The solutions {|s1, -, Sn), Sk €
{=1,+1}} of the ML detection problem (2) can be mapped
to the eigenvectors of Hy by a bijective function such that
9: ({lz1, 22,2} = ({ls1, 82,5 sw) )

Proof. See Appendix A. 0

Having encoded the MIMO-ML detection problem into its
Hamiltonian, we can now expand it to a more general multi-
user systems.

Proposition 2. The encoding process of the problem Hamil-
tonian to the MIMO-ML detector is suitable for the multi-user
single-input and single-output (SISO)/MIMO systems of binary
symbols.

Proof. See Appendix B O

B. The Adiabatic Theorem

Here we revisit the adiabatic theorem that was first proved
in 1928 [43] for describing certain properties of particle
behaviour in quantum systems, which can be formulated as
follows.

Theorem 1 ( [44]). Consider a time-varying Hamiltonian
H(t), which starts from H; = H(0) at t = 0 and subsequently
becomes Hy at some later time t = t'. If a quantum system is

initially in the ground state Hy and as long as the change in
the Hamiltonian is sufficiently slow, the system state is likely to
remain in the ground state throughout the evolution, therefore
being in the ground state of Hy att =t

The adiabatic theorem tells us that the quantum system can
smoothly evolve from a known ground state of Hamiltonian
H(0) to an unknown ground state of Hamiltonian H (T") given
a run time 7', where the state of the system evolves according
to the Schrodinger equation [45]:

thd|p(t

PAVO) — 1) (e, ®)
where £ is the reduced Planck constant [45], [46] and we set
h = 1 for simplicity throughout the paper [8], [40]. Here the

state [¢(0)) at ¢ = 0 is known and easy to construct. The
Hamiltonian that governs the evolution is given by

H(t) = H(), ©)

where H (t) denotes the Hamiltonian, which is slowly varying
with ¢. Here H (%) is a smooth single-parameter representation
of H(t) and T controls the variation rate of H(t). Note that a
Hamiltonian H is an operator described by a Hermitian matrix,
whose eigenstates and the associated eigenvalues represent
the states of the system and the corresponding energy levels,
respectively. Based on the quantum adiabatic theorem, the
state of the quantum computer |¢(t)) is close to the ground
state of H(t) for 0 < t < T, and in particular (7)) will
be close to the ground state of Hy = H(T), i.e. the encoded
solution of the problem considered. Consequently, following
the quantum adiabatic theorem, the evolution of a system can
be treated as a time independent Schrodinger equation [45],

ie., H[ip) = App).

C. Initial Hamiltonian Hpg

We now consider an N-qubit Hamiltonian Hp whose
ground state is easy to find. Define the states |xy) as the



eigenstates of the x-component of the k-th spin-%, where

1 (1 1 (1
|z =0) = 7 (1> , and|xp =1) = 7 (_1>. (10)

Consequently, we have

0 1
oM |ay) = zlzy), and ofF) = ( ) :

10 an

where x = +1,—1 and vak) is the Pauli-X operator acting

on the k-th qubit. Therefore, we can express the initial
Hamiltonian of (4) [20], [22] as

N
HB = Za';k).
k=1

In the QAOA, the initial state is usually an equiprobable
superposition of the Z-basis states, which can be obtained by
applying a Hadamard gate to each of the qubits in the system.
Hence, the initial state is given by

9(0)) =lz1 = 0)|zz = 0) -+ |y = 0)
:\/%Z"'Z|Zl>"'|zfv>’

where z;, € {0,1} and |z, = 0) = %(|0> + [1)).

(12)

13)

IV. QUANTUM ADIABATIC EVOLUTION

In this Section, we firstly revisit the principles of quantum
adiabatic evolution and we then provide some examples of the
ML detection problem associated with one-, two- and three-
qubit, respectively.

A. The Adiabatic Evolution

Following the adiabatic evolution [40], [45], we assume that
the quantum system starts from a known ground state Hp and
evolves to an unknown ground state H;. Consider a linear
interpolation between Hp and Hy, formulated as

t t
Ht)=(1-=)H H(=)Hy. 14
(t) = (1= 2)Hp + H()Hy (14)
Let 7 = %, 0 < 7 < 1. We then have the single parameter
Hamiltonian evolution of

H(t)=(1—71)Hp + TH;. (15)

Therefore, we prepare a system by ensuring that it evolves at
t = 0 from the ground state of H(0) = Hp. Let g,y denote
the minimum difference between the two lowest eigenvalues of
H (7). According to the adiabatic theorem, if g,,;,, is not zero
and the system evolves following (8), then for a sufficiently
long time T', |¢(T")) will be close to the ground state of H
[40], [47], [48], which is the encoded solution of the problem
considered.

Upon defining the instantaneous eigenstates and the associ-
ated eigenvalues of H(7) by

H(7)ln(7)) = M(m) [t (7)),

(16)

where [1;(7)) represents the I-th eigenstates of H(7) and
Ai(7) is the associated eigenvalue. Furthermore, \;(7) repre-
sents the energy levels of the quantum system, which should
be sufficiently well separated, satisfying

S)\o(T)S/\1(7)§~'~§/\N_1(7’). (17)

According to the adiabatic theorem, if A;(7) — Ao(7) > 0,
then the expectation value obeys

(Po(M|(T)) = 1,

which means that there exists a ¢ (t) obeying (8) that is very
close to the instantaneous ground state of H(t) with a non-
zero gap, if T' is long enough.

Upon considering a particular search problem, the quantum
algorithm is considered to be successful if the run time
required only at most increases polynomially with the number
of bits. As discussed in [40], the run time required is related
to the spectrum of H(7), which has to satisfy that

o £
g

(18)

lim
T— o0

19)

where ¢ is the minimum gap between the two lowest eigen-
values A1 (7) and Ag(7), which is formulated as

Grmin = OrgnTnél1 A1(T) = Ao (7). (20)

Furthermore, ¢ in (19) is no higher than the largest eigenvalue
of Hy — H(0), which is usually a polynomially increasing
function of n, and thus 7" is dominated by g;;n [40], [46].

B. Single-qubit Example
Consider a single-qubit problem associated with M; =
M, = N = 1. Then, (4) can be rewritten as
f(s) = as® — 2bs +c, 21
where a = |h|?,b = yh and ¢ = |y|?. As s € {—1,+1},
52 = 1. Thus, (21) can be cast as

f(s)=—-2bs+a+c. (22)

Consequently, the Hamiltonian H; of problem (22) can be
expressed as

H;y = —2bo, +a+c=diag(la—2b+c,a+2b+¢]). (23)

We can see that H; has two different eigenvalues, namely
A = a — 2b + ¢ associated with the eigenstate |0) and \' =
a— 2b+ ¢ associated with the eigenstate |1), respectively. This
means that the ground state ¢)(7 = 1) of H can be expressed

as
0)

1) =
Rt

Furthermore, from (12), we have Hg = o,. Thus, the smooth
interpolating Hamiltonian of

. ((a —2b+ o)t

ifA<N

T= .
ol if A >\

(24)

H(r) = (25)

1—7

1—171
(a+2b+c)r
has two eigenvalues (a+c)744/1 — 27 + (1 + 4b2)72, which
will be further discussed in Section VII.




C. Two- and Three-qubit Example

Let us first consider a two-qubit example associated with
a MIMO system of N = 2, which allows the signal values
{-1,-1}, {-1,41}, {+1,—1} and {+1,+1}. Correspond-
ingly, from (7), we have Hy for N = 2 as follows

Hf = 2A1120'£1)CT§2) — 2([)109) —+ b20§2))
+ce+ A+ Asp.

(26)

Furthermore, we take Hp from (12) in conjunction with N =
2, yielding

Hp =0 + 6, (27)

which has the minimum eigenvalue of -1 associated with
the eigenstate |z; = 0)|zz = 0). The full matrix forms
of Hy, Hp and H (1) are given in Appendix C. Therefore,
the corresponding interpolating Hamiltonian, namely H (1) =
(1 —7)Hp + Hy, can be written as the sum of terms in (7)
and (12), where each term acts on two qubits.

Finally, we consider a three-qubit system, i.e. N = 3. The
corresponding interpolated Hamiltonian, H (1) can be written
as the sum of

Hi=2 3 ool —23 ol 4z
k

(k,))EE
(28)

3
HB = ZO‘SC),
k=1

where £ = {(1,2),(1,3),(2,3)} and ¢é = ¢ + 3, _, Ags.
The eigenvalues of H (1) for two-qubit and three-qubit ML
problems will be further discussed in Section VII. The goal
of the three concrete examples is to provide a general in-
troduction to the quantum-domain optimization of the ML
detection problem. Note that the run time of the quantum
adiabatic algorithm depends crucially on the minimum gap
gmin [47], [48]. More general results concerning the gap
would be considered in our future work.

V. QAOA FOR SOLVING THE ML DETECTION PROBLEM

In this section, we first present the basic principles of quan-
tum adiabatic approximation using Trotterization' in quantum
computers [51], which usually involves a long sequence of
gates. For avoiding this issue, we discuss how the QAOA may
be adapted for solving the ML detection problem.

A. The Quantum Adiabatic Approximation

Recall that the evolution of a quantum system is governed
by the Schrodinger’s equation (8). If the system starts from
some initial state |¢)(0)), the solution to (8) is the unitary
evolution of the state [45], which is given by

() = e |w(0))

describing what state the quantum system will be in after
H has been applied to it over a certain time period of

= e~ {UHrH )t (), (29)

ITrotterzation is a very useful tool for simulating non-commuting operators
in quantum computers, by using the Trotter-Suzuki formula [49], [50] to
approximately decompose the system operator into a sum of easy to implement
operators.

t. As a result, from a classical computing perspective, the
adiabatic algorithm is the process where the state | (7))
is obtained by applying a series of unitary operators to the
initial state. In the adiabatic evolution algorithm, the unitary
operator U(H,T) is approximated by a product of unitary
operators relying on a discrete-time basis by discretizing the
interval [0,77] into p slices denoted by 7 = {t1,---,t,}.
Then, Trotterization is applied to approximate each discrete
time slice. Specifically, the basic idea of the Trotterization
technique is to decompose the system Hamiltonian into a
sequence of short-time operators that are easy to simulate,
and then approximate the total evolution by consecutively
simulating each simpler operator. Next we first introduce the
method of implementing U (H,t) = e~** at the discrete time
instant t, t € T.

Remark 1. The operators Hy and Hp do not commute, i.e.
[Hy,Hg|=HyHp — HgHy # 0.

The commutator of o, and o, can be calculated as
[02,04] = —|os,0.] = 2i0y,, hence we see that o, and o,
do not commute. Since H; and Hp are functions of o, and
0., Tespectively, we have HyHp — HpHy # 0, i.e. Hp and
Hy do not commute. As a consequence, the following matrix
exponentials have to obey e “HsrtHp)t L o—illsto—iHpt
Based on Trotter product formula [52], we have

e—iHt _ o—i(Hi+Hp)t _ | (efint/refiHBth)T e Z.(30)
r—00
Therefore, the unitary operator U(H,t) = e *H! can be

approximated by a sequence of small slices. Since the bound
of (30) is only approached at r ~ oo, we have to truncate
the series at a finite order, such as a finite number r, for
simulations on quantum computers. For each slice e~*st/7,
there is an approximation based on the Trotter-Suzuki formula
[49], [50], which is formulated as

efi(HerHB)t/r _ efint/refiHBt/r + e, (31)

where € is the approximation error. From the
Baker—Campbell-Hausdorff formula of [6], the norm
of the error obeys |ello< O(||[iHst/r|-||iHpt/r||) =
O(& | Hyll|Hp]).

Therefore, the unitary operator U(H,T) = e~ can be
written as a product of p unitary operators that are easy to
simulate,

U(H,T) = e AT
=U(H,t,=T - NU(H,t, , =T —20)
-U(H,t; = 0)

p

—1 —1 K

— H (6 ’LHftk/’l‘e ’LHBtk/’l“) ,
k=1

tHT

(32)

where we have U(H, t;,) = e *Hite/re=iHte/T and A = %.
We can see that implementing these unitary operators requires
a quantum circuit of depth 2pr, which indicates that the length
of the circuits depends both on the evolution time and on
the Trotter steps. As a result, the depth of the associated

quantum circuits grows with the product of p and r, which



usually requires a very long circuit. Gate errors and decoher-
ence restrict the number of sequential gate operations in the
quantum devices, therefore a class of hybrid classical quantum
algorithms are developed for near-term quantum computing
[15], [16]. Indeed, QAOA belongs to the family of hybrid
classical quantum algorithms, which creates a parameterized
quantum state by alternately applying the Hamiltonian Hy and
Hp p times for a given p.

B. Implementation of QAOA
Instead of using Trotterization methods [51], [53], QAOA
prepares a pair of unitary operators in terms of Hy and Hp.

For ease of computation, we introduce the following remark
to simplify Hy.

Remark 2. The objective of ML detection is to minimize the
objective function (4), which is equivalent to minimizing the
following function

N N
FUs)) = Arusesi— Y besk,
k=1

1>k

(33)

by omitting the constant values in (4). Consequently, the
problem Hamiltonian Hy of the ML detection is equivalently
transformed into

N N
Hf = ZA}CJO'SC)O’S) — Zbkagk)
1>k k=1

(34)

Given Hjy of (34), the QAOA prepares a parameterized
unitary operator in terms of H; depending on an angle «y as
follows:

U(Hyp, ) = e Hs (352)
N N
= H H o~ 1Ak ol Jivbro (35b)
k=11>k
N N
= H H U(Ak1,7)U (br, ), (35¢)
k=11>k

with v € [0, 27]. Note that since all terms in H; of (7) are
diagonal in the computational basis, they commute with each
other. As a result, U(Hy,y) can be written as a sequence
of unitary operators formulated in (35b) and (35c), where
the unitary operators are U(Ay;,v) = e~ AroPol ang
U(bg,v) = eioeot? respectively. Based on the initial Hamil-
tonian Hp of (12), let us define the parameterized unitary
operator U(Hp, ) depending on the angle /3 as

N
U(Hp, B) = e e = T] e,
k=1

(36)

where we have 3 € [0, 7r]. Here the parameters «y and 3 in (35)
and (36) represent the evolution times of the quantum system,
also referred to as angles [20], which are used to create the
parameterized QAOA circuit.

Following the VQE principle, the QAOA creates a param-
eterized state in terms of y and 8 on the quantum computer
using single-qubit and entangling gates as follows. Given an

ML problem: f(s)

ML problem Hamiltonian: Hy

Start state: ¥(0)

> Prepare trial state: |[¥(y, 8))

|

Measure the expectation
{«— values:

E, = (Y, B)|Hs |9 (v, B))

Initial Hamiltonian: Hp

Adjusty, B

Optimize:
miny, g(¥ (7, B)|Hf ¥ (v, B))

Satisfying
stopping criteria

Optimial
solution y*, B*

(a) Optimizations of I} based on VQE principles.

Classical computer Quantum device

E ML problem: £ (s) J

!

ML problem Hamiltonian: Hy

Initial Hamiltonian: Hp

[ |

!

Prepare trial state: |[¥(y, B))

Optimize:
miny, g((y, B)|Hf ¥ (v, B))

Optimial
solution y*, B*

(b) Optimizations of F}, using classical solver only.

Figure 2: The QAOA diagram for optimization F,.

integer p, there are 2p angles v = [y1,---,7,] and B =
[B1,- -, Bpl. Specifically, in the QAOA, an angle-dependent
quantum state is created by alternately applying Hamiltonians
Hy and Hp in p consecutive rounds, which can be expressed
as

|1/}P(7a ﬁ)> = U(HBa BP)U(Hf7 ’YP) T
U(Hg, f1)U(Hg,71)[1(0)).
Another important component of the QAOA is the computation

of the expectation value of H; in the state of |¢,(v,3)),
which can be expressed as

Fy = (W} (v, B) [ Hyltp (v, 8))
= (W(O)[U'(Hy, 1)+ U (Hp, B) HyU(Hp, B) -+ (38)
U(Hy,7)¥(0)),
where T denotes the conjugate transpose. Since the expectation
value of F}, relies on the parameterized state w; (v, B), the goal

of the QAOA is to approximate the optimal +* and 3* that
satisfies

(37

~*, 8" = argmin F) (v, 8). (39)

Specifically, in QAOA, the gate parameters ~v and 3 are de-
signed on the classical computer by optimizing the expectation
values of H, which is obtained by measuring the state of the




quantum system. Fig. 2 illustrates two schemes of realizing
QAOA. Fig. 2(a) illustrates the main steps of realizing QAOA
using hybrid quantum-classical approaches based on VQE
principles, which is suitable for the case, where the depth
of the quantum circuits is excessive for NISQ devices or the
number of qubits is too high for computations to be carried
out by a classical computer. Explicitly, the parameterized trial
states ¢ (~y, 3) are created on the quantum device, starting from
the initial state ¢)(0). The output from the quantum devices is
the measurement of the expectation values of the state ¥ (v, 3),
which are fed into the classical computer for updating ~ and
3 by the classical optimizer. The new parameters « and 3 are
then fed back to the quantum device to adjust the system state.
The algorithm terminates, when the minimized value of F}, is
reached. By contrast, when the circuit is shallow and when
the number of qubits in terms of the problem Hamiltonian H y
is not too high, the expectation value F), can be calculated
classically, as illustrated in Fig. 2(b). To this end, the analytical
expression of F can be derived, which is given in Proposition
3.

Proposition 3. For the QAOA associated with p = 1, the
expectation value F, depending on a pair of parameters
(v, B) omitting the subscript for notational simplicity, can be
calculated analytically, which is given as follows:

1) When N =1, we arrive at:

Fy = bsin(2p) sin(2b7). (40)
2) When N = 2, we have
2
Fi=Aiafia+ Y gn (41)

k=1
where
o =+ + U (41,2, U (b1, 9)U (b2, 1)U (8D
UM (@)oo (82U (BV)U (b2, 1)U (b1,7)
U(A1,2,7)++),
gk =(+ + [UT(A1,2,7)UT (b1, 1)U (b2, 1)U (BY)
U8t u(B)U (8)U (b2, 1)U (b1, )
U(A12,7)[++),
with U(B*)) = e— 1B representing the unitary oper-

ator acting on the k-th qubit.
3) When N > 3, we have

Fi(y,8) = Acifer— Y brgr,

>k k

(43)

where
fra = (+NUL(B) - UL (v, B)o P e DU, (7, 8) - -
UN(776)|+N>7 and
gk = <+N|UT(A]€’,/€7W)UT(Ak?,k)”vV)UT(bkav)UT(laﬁ)
ot U (1, B)U (b, 1)U (Ap o, VU (Apr 1, 7)

c®|+3), K <k <k
with Ug(7, 8) = [[1sr U(Ak,1, MU (br, v)U (k, B) with
k=1, N

Proof. See Appendix D. O

VI. COMPLEXITY ANALYSIS FOR FIXED p

In this section, we provide the computational complexity
analysis of the QAOA for solving the ML detection problem
of interest, when the analytical expression of Fj, is given. In
this context, the maximization of [}, can be solved by classical
solvers such as COBYLA [54] via linear approximation tech-
niques. Then, the quantum circuits of QAOA are constructed
based on the resultant v* and 3*. The complexity of QAOA in
terms of its quantum implementation directly depends on the
number of gates required. We see from (35c) that U(Hy,~)
is represented as a product of (N — 1)N/2 unitary operators
U(Ag,,v) and N unitary operators U (by,y), which indicates
that implementing U(H/,~y) requires (N + 1)N/2 unitary
gates [55]. Similarly, the implementation of U (H g, 3) requires
N unitary gates, since U(H g, 8) consists of N unitary oper-
ators in terms of o, as given in (36). Observe from (35c)
and (36) that implementing U(Hy,y) and U(Hp, () requires
(N+3)N/2 unitary gates in total. Furthermore, the preparation
of the initial state 1)y requires N Hadamard gates, while the
circuits of QAOA associated with the depth of p involves
(N +5)Np/2 quantum gates altogether. In the following, we
discuss the computational complexity of the classical solver
of (39) as well as the memory requirement of simulating the
QAOA on a classical computer. It should be noted that the
complexity analysis of this section serves the readers of the
communications society, which demonstrates the potential of
QAOA in terms of solving an NP-hard ML detection problem,
while reflecting the challenges of implementing QAOA to
a degree. Quantifying the advantage and limitations of the
QAOA in terms of different problem instances are investigated
in [21], [42], [56], [57], which may be considered for the ML
detection problem in our future work.

1) Computational complexity of the classical optimizer:
The optimization of the expectation value F}, of (39) involves
2p variables in total. Since we use COBYLA as the classical
solver for optimization of (39), it requires O(m?) function
evaluations for each iteration [54]. Note that m is the number
of interpolation points, which is given by m = %(2}9—1— 1)(2p+
2) = (p+1)(2p+1) = 2p? + 3p + 1. The number of
function evaluations for each iteration is thereby O(p?). From
(38) and Proposition 3, we see that computing F}, relies on
matrix dot products and matrix exponential operations. In the
worst case, all of the unitary operators are associated with
a 2V x 2N matrix, hence the computational complexities of
matrix exponential evaluations and matrix dot products are on
the order of O(23") and O(2%V), respectively. As seen from
(38), the computation of F}, requires 4p matrix exponential
operations and 4p + 1 matrix dot product operations. As a
result, the computational complexity of each evaluation F), is
given by

O(F,) = 4pO(8™) + (4p + 1)O(4")

— O(ps™). @)

Therefore, the total computational complexity of solving prob-
lem (39) is on the order of O(Ip°8Y), where I is the
number of the iterations. This indicates that the computational



complexity of the classical solver grows exponentially with N
even if p = 1.

2) Memory requirement of simulating the QAOA classi-
cally: When evaluating F), classically, the classical computer
will have to store both the quantum states and the unitary oper-
ators in terms of U (Hy,~) and U(Hp, [3). Specifically, a state
of N qubits is characterized by a 2/V-element complex vector,
which requires 2"V complex numbers and 2™V*! floating-point
numbers. In a classical computer, a floating-point number is
typically represented by four bytes in single-precision floating-
point format. Correspondingly, we have to use 23tV bytes
for storing a quantum state of N qubits. Furthermore, a
unitary matrix contains 22V complex numbers, which thereby
occupies 22V 13 bytes in the memory. Therefore, the amount of
memory required is dominated by storing the unitary operators.
For instance, if we have a computer equipped with 16G RAM,
the number of qubits that can be handled is at most N = 15.
On the other hand, based on the VQE principle, evaluating
the expectation value containing the parameterized state and
the unitary operators is performed by the quantum devices,
while the classical computer only needs to store the current
quantum state that is simulating at the quantum device. In
this context, the amount of memory required depends on the
storage required by a single quantum state. Correspondingly,
the maximum number of qubits that can be simulated using
16G RAM is N = 30.

VII. SIMULATION RESULTS

In this section, we first characterize the eigenvalues of the
problem Hamiltonian for the ML detection. Then, we visualize
the expectation values F} in terms of different number of
qubits. Finally, we quantify the performance of QAOA in the
ML detection of MIMO systems using computer simulations.
As for performing quantum computing, Qiskit Aer [58] is used
for implementing the noise-free simulations of QAOA circuits.

Fig. 3 depicts the evolution of the eigenvalues for a single-
qubit ML detection problem, where we consider a concrete
example associated with a random channel coefficient of h =
1.2416, n = 0.3323 and the transmit signal s = 1. The two
eigenvalues of H (s) and the corresponding gap (g) of (20) are
plotted in Fig. 3(a) and in Fig. 3(b), respectively. We find that
the minimum gap g = 1.94 is not small and thus it is possible
for driving the system to evolve smoothly from ¢(0) = |z =
0) to |z =0).

Furthermore, the evolutions of eigenvalues for the two-
qubit and three-qubit ML detection problems are portrayed
in Fig, 4. In Fig. 4(a), we plot the four eigenvalues of
H (1) for a group of random system parameters, where the
values are set as H = [[1.2416, —0.1741], [0.3323, —0.0804]],
n = [-1.5130,0.3212] and s = [—1, +1]. Then, the minimum
gap of (20) can be found as g = 1.93, which indicates that the
optimal solution may indeed be obtained by smoothly evolving
the system from the initial ground state to the final ground
state, when T > 1/g%. Fig. 4(b) illustrates the eigenvalues
of H (1) for a three-qubit ML problem, where we have the
channel matrix of H = [[1.24155,—0.174105,0.332349],

the noise of n = [—1.703,—1.77439,1.34985] and the
transmit signal sequence is x = [—1,1,1]. We can see that
the minimum gap is non-zero, which indicates convergence
to the optimal solution. Furthermore, we see that there are
some overlapping eigenvalues in Fig. 4, which arises from
the symmetry of H(7) [40).
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T

(a) Different eigenvalues

457 1
4.01 1
S 3.5} :
s
) 30’ ]
2.5¢ 1
2.0r 1

0.0 0.2 0.4 0.6 0.8 1.0

T
(b) Gap

Figure 3: The two eigenvalues of H (r) for a single-qubit
example.

Fig. 7 shows the landscape of expectation values for a depth
of p = 1 circuits with two parameters ; and (31, where
the expectation values of Fy(y1,01) for N = 1,2 and 3 are
plotted in (40), (41) and (43), respectively. Since the analytical
expressions of Fi(v1,51) for N = 1,2 and 3 are given
in Proposition 3, we plot their figures using Mathematica.
Furthermore, the values of the channel coefficients and the
noise are the same as in the corresponding numerical examples
of Fig. 3 and Fig. 4. As the goal of QAOA is to minimize
the expectation values F1, the axes of Fj are plotted bottom-
to-top. We see that in Fig. 7 F} is non-convex in terms of
~1 and f1, since it has multiple local minima. Furthermore,
the number of locally optimal points grows upon increasing
both N and the depth p of the circuits, especially when the
expectation values have to be evaluated by sampling from
the quantum circuit measurements. This poses challenges in
classical simulations.

As discussed in Section VI, simulating QAOA in classical
computers requires excessive amount of memory and compu-

[—0.080418, —1.51301,0.321184], [—1.7771,1.55398, 0.23342]],tational power. Therefore, we confine our simulations to the
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Figure 4: Different eigenvalues of H(r) for two and three-
qubit examples.

ML detection problem within 3 qubits. In the simulations,
the MIMO channel H and the noise n were chosen as
independent and identically distributed, zero-mean, real-valued
normal random variables, i.e. H ~ N(0,1) and n ~ A/(0,1).
Furthermore, for each SNR, we perform 40 000 Monte Carlo
simulations for estimating the average probability of errors
in detecting the message vector. For benchmarking the QAOA
based ML (QML) detector, we consider a pair of conventional
detection methods: Classical ML (CML) and classical MMSE
(CMMSE). Fig. 6 illustrates the BER of the three different
detection methods for N = 2 and 3, where we consider a
MIMO system having the same number of transmit and receive
antennas, i.e. M; = M, = N. Here, the best solution for
ML detection problem is selected from the distribution of
the solutions obtained by the QAOA. Observe from Fig. 6
that the QAOA based ML detector approaches the BER of
classical ML detector, and as expected both outperform the
MMSE detector. Furthermore, in Fig. 6(a), we can see that the
BER curve of QML perfectly matches that of CML. However,
in Fig. 6(b) the BER of QML becomes slightly worse than
that of CML in the high-SNR region. This is because the
QML solution is estimated statistically relying on the quantum
circuit measurements.

Below we further study the approximation ratio of the
QAOA in solving the ML detection problem, where the expec-
tation values of F},(y, 3) are attained by measuring the QAOA
circuits generated by Qiskit Aer [58] and the parameters -, 3
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Figure 5: The expectation value function Fi (71, 51).

are updated using COYBLA [54]. For obtaining a quality
solution of the QAOA, we set a budget of 2000 runs for
each problem instance with respect to each channel realization
in the simulations, where the COYBLA starts from different
random initial points in each run. Here, the approximation
ratio is defined as follows:

Jfemr
Fp(y*,87)
where fopsp is the objective function value obtained by the
classical ML detection method. Observe that we have p = 1
when the optimal solution is attained by the QAOA.

Fig. 7 depicts the approximation ratio of the QAOA in
solving the ML detection problem associated with N = 1,
N = 2 and N = 3, where the SNR is 10 dB. Specifically,
Fig. 7(a) - Fig. 7(c) show the evolution of the approximation

p= (46)



- —¢ CML
'"”%\% -A- CMMSE

R QML

NN
1071 A
- RREN
& A
m oo \7\\

AL

2 . A
\

N

10-2 i
-5 0 5 10 15 20
SNR (dB)
(@) N=2
B —¢— CML
B

~a_ -A- CMMSE

NN QML

a RGN

BER
!
/
>

1072

-5 0 5 10 15 20
SNR (dB)
by N=3

Figure 6: The BER performance of MIMO systems with
different number of users.

ratio parameterized by different p values versus the number of
runs. Observe that the approximation ratio gradually increases
and converges to a stable value, when the number of runs
increases for each N, since the more runs are performed, the
higher the probability of attaining better (-, 3) parameters for
the QAOA circuits becomes. Furthermore, the approximation
ratio improves with p increases. More explicitly, we compare
the approximation ratio versus p in Fig. 7(d), where 2000 runs
are performed for each problem instance with respect to each
channel realization. A maximum of p = 10 is considered for
N =1 and N = 2, since the approximation ratio saturates
within p = 10. Moreover, a maximum of p = 20 is considered
along with V = 3 for attaining a good approximation ratio. We
observe that the approximation ratio increases monotonically
with p for N = 3, which indicates that the approximation ratio
can still be improved by further increasing p, even if p > 20.
Therefore, a large p is required by the QAOA for achieving a
good approximation ratio, when N > 3.

Finally, we note that the QAOA is capable of solving the
ML detection problem of BPSK even for a large-scale system,
since it is a general-purpose algorithm designed for solving
combinatorial problems [20], [59]. However, the performance
of QAOA depends on the circuit depth p and it improves as p
increases [20]. Moreover, the investigations in [20], [27], [33]
indicate that the performance of the QAOA highly depends
on the structure of a graph. In our paper, the Hamiltonian
function H y formulated for the ML detection of BPSK systems

is constituted by a fully connected graph (a complete graph),
where each edge is associated with a quadratic term in Hy.
Explicitly, for a N x N MIMO system associated with BPSK
that can be mapped to a complete graph of IV vertices, the
Hamiltonian function consists of (N — 1) N/2 quadratic terms
and N linear terms, which is associated with an N-qubit
quantum system. Therefore, for a large-scale MIMO BPSK
system, a higher circuit depth (larger p) would be required for
obtaining a good approximation ratio. Furthermore, a p-level
QAOA circuit involves 2p parameters to be optimized in the
classical computer, which complicates the classical optimizer
due to its heuristics. As a result, we confine our simulations
within a small number of qubits. In our future research we
would test the QAOA on large-scale MIMO systems, using
the results derived in this treatise as a springboard.

VIII. CONCLUSIONS

In this paper, we studied the performance of QAOA based
ML detection problems, where we considered the ML de-
tection of binary symbols over a MIMO channel. We first
encoded the optimal solution of the ML detection problem
into the ground state of a problem Hamiltonian and presented
the energy evolution of the quantum system of interest. For
level-1 QAOA, we derived the analytical expressions of QAOA
and provided the energy landscape of QAOA that illustrates its
symmetry vs. the parameter values to be optimized. Finally,
our simulation results revealed that QAOA based ML detection
is capable of approaching the BER of the classical ML
detector, while both outperform the classical MMSE detector.
The performance of the QAOA depends on the structure of
the graph associated with the Hamiltonian function [20], [27],
[33]. Hence more comprehensive results associated with more
sophisticated system models would be considered in our future
research.

APPENDIX A: PROOF OF THE PROBLEM HAMILTONIAN H ¢

For mapping the variable z; = {0, 1} into s, € {—1,+1},
we define a bijection function g(zy): sp = g(zx) = 1 — 2232,
Correspondingly, the objective function of (4) can be equiva-
lently reformulated as

N

F(2) =D 24k,(1 = 221)(1 — 22)
1>k (A])

N N
- Z2bk(1 — 2Zk) +c+ ZAkk
k=1 k=1

Furthermore, we can rewrite (6) as ol lz) = (1 —
22k)|zk) = Sk|zk), which indicates that the binary variables s,
is mapped onto the eigenvalues of the Pauli-Z operator. Now
we show that Hy|z) = f(|z))|z) in (A.2). Therefore, we can
see that the objective values of the ML detector is mapped onto
the eigenvalues of the problem Hamiltonian Hy, where each
bit string |z) associated with a variable vector |sq,- -+, Sn).

Note that the mapping function g(zz) is usually not unique, any bijective
function such that g : {0,1} — {—1,1} can be chosen as the mapping
function such as g(zx) = (—1)%k.
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1>k

N N N
Z 2Ak’la'£k)a'§l) — Z Qbk(fik) +c+ Z Ak
k=1 k=1

|217"',Zn>

N N N
= Z 2450 P P2y, 20) — Z 2o 21, 2m) + (e + ZAk,kNZl, Ceey Zn)
k=1 =1

1>k
N N N (A.2)
=) 2A5(1 = 22) (1 — 220) |21, -y 2n) — > 2bk(1 = 2zk) |21, -+ 20) + (e D Apg)lzr, o 2n)
1>k k=1 k=1
N N N
= D 2451 = 22)(1 — 220) = Y 2bk(1 = 226) + e+ D Api| 21,7, 2n)
1>k k=1 k=1
= f(2)12).
APPENDIX B: PROOF OF Proposition 2 where h = [hy, -, hg]T and s = [s1,- -, sx]T. Therefore,

Consider a multi-user SISO system, where K users coopera-
tively transmit independent symbols to a receiver. The receiver
observes the sum of the modulated signals contaminated by
the noise as follows

K
y:th3k+n:hTs+n,
k=1

(B.1)

the objective function of our ML detection problem becomes
f(s) =sThhTs — 2yhTs + 42

=sTAs—2bs +¢

K K K
= Z 2AL15K51 — Z 2bysp +c+ Z Ak ks
I>k k=1 =1

(B.2)

where A = hh?, b = yh?, ¢ = y? and s € {-1,+1}%.
Furthermore, A” = A is used to in the last step of (B.2).



Following the form of (7), we have

Hf—ZAkgO'

1>k

K

—bZa

Note that the constant terms and the coefficient 2 are omitted
in (B.3), since they do not affect the optimal solution of the
original problem. From (B.3), we can see that the number
of qubits required is equal to the number of users for multi-
user SISO systems. Now we extend the signal model to
the corresponding multi-user MIMO system, which can be
expressed as:

(B.3)

M
y = ZHksk +n=H"s+n, (B.4)

k=1
where H = [Hy, -, Hg]? and s = [sT, .-+ s%]T. Without

loss of generality, we assume that H, € RV*YN and s, €
{~1,+1}". As a result, we have y and s are N x 1 and
NK x 1 vectors, respectively. Based on (B.4), the objective
function of our ML detection problem can be expressed as

f(s) = THHT — 2yTHTs +yly
(B.5)
= Z 2Ay15K8] — Z 2bysk +c+ ZAk ks
I>k

where A = HH” with AT = A, b = yTHT, c= yTy and
s € {—1,+1}¥E Therefore, the Ising Hamiltonian of the ML
detection to the corresponding multi-user MIMO system can
be expressed as

NK
Hf = Z Ak’ldgk)dgl)

>k

NK
- Z bro k) (B.6)
k=1
where the constant terms and the coefficient 2 are also omitted.
We can see from (B.6) that the number of qubits required is
NK for the ML detection in a quantum computer.

APPENDIX C: MATRIX FORM OF TWO-BIT EXAMPLE

Here, the full matrix forms of Hy, Hp and H () for a
two-qubit ML detection problem are given in (C.1), (C.2) and
(C.3), respectively, where ¢’ = ¢+ Ay 1 + Ag 5. Here, agl)ag)
in (C.1) denotes the tensor product of 021) and ag). Moreover,

(1) and 0( )in (C.2) represent the Pauli-X operators acting on
the Ist and 2nd qubits, respectively. Therefore, Hp = ag) +
af) represents the operation of applying the Pauli-X operators
to the qubits of our 2-qubit system, which is obtained from the
general form of the initial Hamiltonian of (12) for the QAOA.
More explicitly, for the two-qubit ML detection problem, we
have Hg = 011) + 0(2) ag(cl) RI+IT® ag(c ), where ® and
I denote the tensor product operator and the identity matrix,

respectively.

Hp =0V 403 = (C.2)

O = = O
= o O
= o O =
oS = = O

APPENDIX D: PROOF OF PROPOSITION 3

For p =1 and N = 1: From (34) that omits the constants
of (23), we arrive at the problem Hamiltonian in the form
of Hy = —bo,. Consequently, we have the unitary operators
associated with NV =1 as follows:

U(Hg, 1) = e "1 and

. (D.1)
U(Hg,m) = e,
The expectation value is therefore given by
Fi(y,B1) = 7b<+|e*i’v1b0zei51vzgzefi310zeimbcrz [+)
— _ —iv1boz : iv1boz
= —b{+|e (cos(2ﬁ1)oz + sm(2ﬁ1)0y>e |+) D2)

= —b(+|cos(281) + sin(271b) — sin(261) sin(2v1b) oz |+)
= —bsin(281) sin(2b11),

where o, represents the Pauli-Y gate. Furthermore, the fol-

lowing relationships are used in (D.2): 0,0, = —0,0, = i0y,
0,0y = —0,0, = 10, and 0,0, = —0,0, = i0,. Note that
the double angle identities of cos2z = cos?x — sin®z and

sin 2z = 2sin x cos x are employed in (D.2) as well.
Now we consider p = 1 and N = 2. The problem
Hamiltonian then becomes:

= Ay 20Mo? — Zbka (D.3)
From (35c¢) and (36), we arrive at
U(Hf) = U(Al,Qa W)U(blu ’V)U(b% PY)?
D.4)
U(Hp) = U(BU(B?),

where U(ALQ,’Y) _ e_iAlYZ’yo'£1>o'i2>’ U(bk,’Y) — €i’ybka£k)
Furthermore, U (3(*)) = e=#57%" is the unitary operator acting
on the k-th qubit. By observing Hy in (D.3), we find that
there are two individual components in terms of A; o and
{b1,ba}, respectively. As a result, the expectation values of
the two components can be evaluated individually. Let f; o =
(+ + [UT(Hy, U (Hp, B)0 o U (Hp, 8)U (Hy, ) and
g = (+ + |UN(Hy,7)U N (Hp, 80" U(Hp, B)U(Hy, 7).
Correspondingly, we have the expectation value F; associated
with N = 2 as follows.

Fi=A415f12—bigi — bago. (D.5)

For N > 3, the expectation value F} is the sum of the
expectation values associated with the individual components
of Hy in (34). Therefore, we have

z A fep — Z b G- (D.6)
1>k
We first calculate f;, which is given by
Fip =@ O)U" (Hy, U (Hp, £)oP o U(Hz, B)
U(H
(Hy, ) 0)) )

Un (7, B)I+7),

where Uk (7, 8) = [ 1,51, U(Ak,1,7)U(br,v)U (K, ). For gy,
all the unitary operators that do not intersect with the Pauli



Hy = 2052 _ 2(0(1) + 0(2)) +c

(C.1)

= diag([c/ —+ 2A172 — 2b1 — 21)2, Cl — 2A1’2 — 2b1 —+ 2b2, C/ — 2A1,2 + 2b1 — 2()2, Cl + 2A1’2 —+ 2b1 —+ 2b2])

:I}z
—~
\]
—
Il

(1—-7)Hp+THy
T(C, + 2A1,2 — 2b1 — 2b2)

1—7

1—7

1—7 0
0 1—7

gate oF commute and do not contribute to g, so that the
expectation value g; can be computed as follows.

gr =((0)|UT(Hy,y)U'(Hp, B)oMU(Hg, B)

U(Hy,v)[(0)) D8)
=3 UN (A g, VU (Ag o, 7)o DU by, Bt
U (bi, B1)U (Ao, VU (Apr o, 7)o P 1+2),

where k' < k < k.
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