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ABSTRACT In this article, we study the problem of digital pre/postcoding design in multiple-input
multiple-output (MIMO) systems with 1-b resolution per complex dimension. The optimal solution that
maximizes the received signal-to-noise ratio relies on an NP-hard combinatorial problem that requires
exhaustive searching with exponential complexity. By using the principles of alternating optimization and
quantum annealing (QA), an iterative QA-based algorithm is proposed that achieves near-optimal perfor-
mance with polynomial complexity. The algorithm is associated with a rigorous mathematical framework
that casts the pre/postcoding vector design to appropriate real-valued quadratic unconstrained binary op-
timization (QUBO) problems. Experimental results in a state-of-the-art D-WAVE QA device validate the
efficiency of the proposed algorithm. To further improve the efficiency of the D-WAVE quantum device, a
new preprocessing technique, which preserves the quadratic QUBO matrix from the detrimental effects of
the Hamiltonian noise through nonlinear companding, is proposed. The proposed preprocessing technique
significantly improves the quality of the D-WAVE solutions as well as the occurrence probability of the
optimal solution.

INDEX TERMS 1-b, alternating optimization, D-WAVE, multiple-input multiple-output (MIMO),
pre/postcoding, quantum annealing (QA), quantum computing.

I. INTRODUCTION
A fundamental enabling technology for future 6G wire-
less communication systems is massive/large multiple-input
multiple-output (MIMO) systems [1]. By exploiting the spa-
tial degrees of freedom associated with the antenna arrays
and through appropriate signal processing, MIMO systems
are able to support the extremely high requirements of ca-
pacity, throughput, and reliability. However, as the number
of antennas increases, the implementation complexity/cost of
conventional digital MIMO in terms of radio frequency (RF)
chains, digital-to-analog converters (DACs) and/or analog-
to-digital converters (ADCs), baseband signal processing,
etc., becomes a bottleneck for practical applications [2]. To
address this challenge, analog/digital hybrid MIMO archi-
tectures, which split the processing into digital and analog
domain to balance the tradeoff between performance and im-
plementation complexity/cost, have emerged as a promising
solution [2]. Other relevant techniques consider analog-only

signal processing where low-resolution phase shifters are
used to implement analog pre/postcoding (mainly suitable
for high-frequency bands, e.g., millimeter wave), or the em-
ployment of low-resolution DACs/ADCs [3], [4].

In contrast to existing approaches, in this work, we study
a basic (digital) point-to-point MIMO system with low-
resolution pre/postcoding processing; specifically, we as-
sume that both the transmitter and receiver employ 1-b signal
processing resolution (1-b per complex dimension) in order
to extremely reduce complexity and power consumption.1

This new MIMO architecture is promising for future low-
power/low-computation devices in the era of the Internet of
Things. Due to the complex-valued binary resolution of the

1It is worth noting that although 1-b processing at the transmitter is
similar to 1-b DAC, the assumption of 1-b processing at the receiver is fun-
damentally different to conventional 1-b ADC; this assumption makes the
considered architecture different from the existing 1-b DAC/ADC MIMO
architectures [4].
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new MIMO architecture, the design of pre/postcoding vec-
tors becomes an NP-hard problem; it can be solved optimally
through exhaustive search (ES) over all the possible trans-
mit/receive configurations corresponding to an exponential
complexity. To the best of the author’s knowledge, the con-
sidered MIMO design problem is reported for the first time
in this article.
Adiabatic quantum computing is a promising tool to solve

NP-hard problems by using the principles of the adiabatic
theorem [5]. Specifically, if a quantum system is initially
in the ground state (quantum state with the lowest energy)
of an initial Hamiltonian and the system evolves/changes
slowly (gradually), it will converge to the ground state of
the final Hamiltonian. By encoding the final Hamiltonian to
the desired problem, the adiabatic evolution can be used to
solve complex combinatorial optimization problems, which
are represented as instances of the Ising model [equivalent to
quadratic unconstrained binary optimization (QUBO) prob-
lem] [6]. D-WAVE is a commercial analog quantum de-
vice that implements a noisy approximation of the quan-
tum adiabatic algorithm called quantum annealing (QA) [5],
[7]. This quantum device has received considerable interest
lately due to the high number of available qubits (more than
5000-qubits in latest hardware architectures) and its friendly
interface for remote access. It is worth noting that in QA,
instead of analyzing the computation time/complexity of a
given algorithm, we mainly study the tradeoff between time
and the probability that the output is correct.
D-WAVE QA is introduced as a promising computation

tool to solve complex (NP-hard) combinatorial problems
in wireless communication systems [8]. The associated lit-
erature mainly focuses on the solution of the maximum-
likelihood detection problem in large multiuser MIMO sys-
tems [9], [10]; recent research studies employ D-WAVE QA
in other wireless communication problems such as channel
decoding (polar codes) [11], passive beamforming design in
intelligent reflecting surfaces [12], configuration selection in
reconfigurable/fluid-antenna systems [13], beam assignment
in satellite systems [14], etc. The integration of D-WAVEQA
in the design of wireless communication systems is a new
research area of paramount importance.
In this article, we extend our work in [15] toward the de-

sign of 1-b digital (complex-valued) pre/postcoding vectors.
Specifically, we solve the problem of pre/postcoding design
in a MIMO system with 1-b resolution per complex dimen-
sion.We focus on the maximization of the received signal-to-
noise ratio (SNR), which due to the complex binary assump-
tion relies on the solution of an NP-hard complex-valued
combinatorial problem. By using the principles of alternat-
ing optimization and the computation capabilities of the D-
WAVE QA, an iterative algorithm is proposed, which solves
appropriate QUBO instances at each iteration to gradually
compute the pre/postcoding vectors. An appropriate mathe-
matical framework that converts the original complex-valued
combinatorial problem to real-valued QUBO instances is

investigated. Experimental results in a state-of-the-art D-
WAVEQA device show that the proposed iterative algorithm
achieves near-optimal performance (similar to ES) while en-
suring polynomial complexity.
To further improve the quality of the returned distinct

D-WAVE QA solutions, a new preprocessing technique that
preserves the quadratic QUBO matrix from the detrimen-
tal effects of the Hamiltonian noise is proposed. The pro-
posed preprocessing technique is motivated by the nonuni-
form compression in pulse code modulation (PCM) com-
munication systems. Specifically, motivated by the experi-
mental observation that small-magnitude elements (≈ 0) of
the quadratic matrix are more sensitive to the Hamiltonian
noise [16] (similar to quantization noise in PCM [17]), a
nonlinear companding (μ-law) preprocessing is proposed to
boost small-magnitude elements without qualitatively affect-
ing the structure of the original QUBO problem. Experimen-
tal results show that the proposed preprocessing technique
improves the quality of the D-WAVE solutions (we have
less distinct solutions of higher quality) and increases the
probability of the optimal solution.
The rest of this article is organized as follows. The sys-

tem model and the problem formulation are described in
Section II. Section III presents the proposed QA-based it-
erative algorithm for the design of the 1-b pre/postcoding
vectors. The QUBO preprocessing technique that improves
the efficiency of the D-WAVEQA is presented in Section IV.
Pertinent experimental examples are presented in Section V.
Finally, Section VI concludes this article.
Notation: Boldface letters refer to vectors (lower case) or

matrices (upper case); (·)T , (·)H , ‖ · ‖, and ‖ · ‖max denote
transpose, complex conjugate transpose, Euclidean norm,
and max-norm, respectively; diag(xxx) denotes a diagonal ma-
trix whose main diagonal is xxx; j = √−1 is the imaginary
unit;R(·) and I (·) return the real and imaginary part of their
complex arguments, respectively; xxx(k : n) refers to the vector
with elements xk, xk+1, . . . , xn; the space of x× y complex
matrices is denoted by Cx×y, 1 denotes an all-ones column
vector of appropriate dimension; sgn(·) denotes the sign
function; CN (μ, σ 2) denotes complex Gaussian distribution
with mean μ and variance σ 2.

II. PROBLEM FORMULATION
We consider a point-to-point MIMO system consisting of
NT and NR transmit and receive antennas, respectively [18].
Let HHH ∈ CNR×NT denote the MIMO channel matrix, where
entries correspond to the channels between the transmit and
receive antennas, i.e., hi, j is the channel coefficient between
the jth transmit antenna and the ith receive antenna. Without
loss of generality, we assume normalized Rayleigh block
fading channels, i.e., hi, j ∼ CN (0, 1).

TheMIMO system operates in the beamformingmode [18]
(single data flow) to maximize the received SNR, and thus,
digital pre/postprocessing vectors are adjusted accordingly.
To reduce complexity and power consumption, both the
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FIGURE 1. NR × NT MIMO channel with 1-b pre/postcoding vectors.

transmitter and the receiver employ vector processing of 1-b
resolution (i.e., 1 b for the real part and 1 b for the imaginary
part). Fig. 1 schematically presents the system model.

Let fff ∈ SNT×1 and ggg ∈ SNR×1 denote the (unnormalized)
complex 1-b precoding and postcoding vectors, respectively,
taking values in the quantized complex set S � {±1± 1 j};
the normalized pre/postcoding vectors are given by fff /‖ fff‖ =
fff /
√
2NT and ggg/‖ggg‖ = ggg/√2NR, respectively. We assume a

perfect channel state information at both the transmitter and
the receiver. The received SNR is given by

ρ(ggg, fff ) = P|gggHHHH fff |2
4NTNRσ 2

(1)

where σ 2 is the variance of the additive white Gaussian
noise, and P is the transmit power while the extra terms in
the denominator are due to the power normalization of the
pre/postcoding vectors. Since the objective of the MIMO
system is to maximize the received SNR, we introduce the
following design problem:

max
fff∈SNT×1, ggg∈SNR×1

|gggHHHH fff |2 (2a)

⇒ max
fff∈SNT×1, ggg∈SNR×1

fff H
(
HHHHggggggHHHH

)
fff (2b)

⇒ max
fff∈SNT×1, ggg∈SNR×1

gggH
(
HHH fff fff HHHHH)ggg. (2c)

Due to the binary nature of the complex pre/postcoding
vectors, the previous combinatorial problem is NP-hard;
the optimal solution requires ES over all the possible
pre/postcoding vectors.

A. ES BENCHMARK
The ES scheme evaluates the SNR expression in (1)
for all the possible pre/postcoding vectors and returns
the solution with the maximum SNR. It is obvious that
the ES requires 22NT × 22NR = 22(NT+NR ) computations
(complex-valued vectors), and therefore, its complexity
becomes exponential with the number of transmit/receive
antennas. A more intelligent ES scheme can take into
account the computation symmetry embedded in (1),
i.e., ρ(ggg, fff ) = ρ(±ggg,± fff ) = ρ(−I ( fff )+R( fff ) j,+I (ggg)−
R(ggg) j) = ρ(I ( fff )−R( fff ) j,−I (ggg)+R(ggg) j) corresponding
to six equivalent computations, and therefore, the total
number of ES computations decreases to 22(NT+NR )/6; for

both ES schemes, the implementation is prohibited for
large-scale MIMO topologies.

Algorithm 1: QA-based 1-b pre/postcoding design.

Input:HHH, ggg(0)l ∈ SNR , fff (0)l ∈ SNT with l = 1, . . . ,L,

relative tolerance δ, L, K, ρoldl = ρ(ggg(0)l , fff (0)l ), k← 0.
1: for l = 1, 2, . . . ,L do
2: repeat
3: k← k + 1
4: if k > 1 then
5: Let ρoldl = ρnewl
6: end if
7: [D-WAVE] Solve bbb∗f=argminbbbf bbb

T
f (−VVVn)bbbf for

ggg(k−1)l .

8: Convert bbb∗f to spin vector fff
(k)
l .

9: [D-WAVE] Solve bbb∗g=argminbbbg bbb
T
g (−RRRn)bbbg for

fff (k)l .

10: Convert bbb∗g to spin vector ggg
(k)
l .

11: Let ρnewl = ρ(ggg(k)l , fff (k)l ).
12: until |ρnewl − ρoldl |/|ρoldl | < δ or k ≥ L
13: Obtain (gggl, fff l ) =

(
ggg(k)l , fff (k)l

)
.

14: end for
Output: (gggqa, fff qa) = argmaxgggl , fff l ρ(gggl, fff l ).

III. QA-BASED 1-b PRE/POSTCODING VECTOR DESIGN
We propose a new algorithm that incorporates a QA solver
in the design of the 1-b complex pre/postcoding vectors. By
taking into account the binary combinatorial structure of the
problem, we introduce an alternating optimization algorithm
that solves a QUBO problem at each iteration. The QUBO
formulations are solved through a state-of-the-art D-WAVE
QA device [7]. More specifically, based on the equivalent
expression in (2b), we first fix the vector ggg (by using a ran-
dom solution in the initial step) and we study the following
combinatorial problem with respect to the precoding vector
fff , i.e.,

max
fff∈SNT×1

fff H
(
HHHHggggggHHHH

)
fff . (3)

Given that the involved matrices/vectors in (3) are complex
valued (which it is not compatible with current QA solvers),
we transform the problem into (3) to an equivalent real-
valued form

max
fff r∈P2NT×1

fff Tr
(
JJJTJJJ

)
fff r (4a)

fff r =
[R( fff )
I ( fff )

]
gggr =

[R(ggg)
I (ggg)

]
(4b)

H̄HH =
[R(HHH ) I (HHH )
−I (HHH ) R(HHH )

]
qqq = gggTr H̄HH (4c)

VOLUME 5, 2024 2100409



Engineeringuantum
Transactions onIEEE

Krikidis: MIMO WITH 1-b PRE/POSTCODING RESOLUTION: A QA APPROACH

JJJ =
[

qqq(1 : NR) −qqq(NR + 1 : 2NR)
qqq(NR + 1 : 2NR) qqq(1 : NR)

]
(4d)

where P � {+1,−1} denotes the spin set. Then, we convert
the precoding vector fff r (containing spin variables {+1,−1})
to the binary vector bbbf (with entries in the set {0, 1}) by using
the transformation [9]bbbf = 1

2 ( fff r + 1), and thus, the problem
in (4a) is converted to a standard QUBO formulation

max
fff r∈P2NT×1

fff Tr
(
JJJTJJJ

)
fff r = max

fff r∈P2NT×1
fff Tr VVV fff r (5)

= max
bbbf

4bbbTf VVVbbbf − 2bbbTf VVV1− 21TVVVbbbf

= max
bbbf

bbbTf (4VVV − 4diag(VVV1))bbbf

= max
bbbf

bbbTf VVV 0bbbf . (6)

The last mathematical step transforms the previous (symmet-
ric) quadratic matrixVVV 0 to a form that is compatible with the
D-WAVEQA solver [10]; we normalize thematrix such as all
its entries take values in the range [−1,+1]. The calibrated
matrix is written by VVVn = VVV 0

‖VVV 0‖max
, and thus, the D-WAVE

compatible QUBO problem is written as

min
bbbf

bbbTf (−VVVn)bbbf . (7)

The returned binary vector bbbf is converted back to the spin
vector fff . By using the principles of alternating optimization,
we then fix fff (by using the previous solution), and we solve
the equivalent problem in (2c), i.e.,

max
ggg∈SNR×1

gggH
(
HHH fff fff HHHHH)ggg (8)

which is transformed to an equivalent real-valued spin form

max
gggr∈P2NT×1

gggTr
(
ZZZTZZZ

)
gggr (9a)

ĤHH =
[R(HHH ) −I (HHH )
I (HHH ) R(HHH )

]
zzz = ĤHH fff r (9b)

ZZZ =
[

zzz(1 : NT ) zzz(NT + 1 : 2NT )
−zzz(NT + 1 : 2NT ) zzz(1 : NT )

]T
. (9c)

The previous spin-variable formulation is converted to a
QUBO formulation by using similar analytical steps like
before

max
gggr∈P2NT×1

gggTr
(
ZZZHZZZ

)
gggr = max

gggr∈P2NT×1
gggTr RRRgggr (10)

= min
bbbg

bbbTg (−RRRn)bbbg (11)

where bbbg is the binary representation of the vector gggwhile the
normalized matrix RRRn is defined similar toVVVn.

The previous alternating optimization process is repeated
until convergence or a maximum number of iterations (K
iterations) is achieved. Due to the discrete/binary nature of

the problem, the final solution is sensitive to the initial con-
ditions (i.e., initial vector ggg(0)), which could result in con-
vergence to a local maximum (SNR objective function). To
overcome this limitation and facilitate the iterative algorithm
to escape local maxima and get closer to the optimal solution,
we introduce L independent execution of the algorithm by us-
ing different initial conditions (ggg(0)l with l = 1, . . . ,L); from
the L returned solutions, we keep the one corresponding to
the maximum SNR objective function. The pseudocode of
the QA-based iterative algorithm is given in Algorithm 1.
The time complexity of Algorithm 1 mainly refers to the

number of anneals, which is a system parameter that is tuned
empirically. Obviously, as the size of the problem increases,
the number of anneals should also increase (in a polynomial
way) in order to successfully determine the optimal solution.
Specifically, the time complexity of the proposed QA scheme
can be written as K × L× (2× Na)× Ta (time-units) where
Na is the number of anneals and Ta is the anneal time while
the factor 2 is due to the fact that we solve two QUBO
problems at each basic algorithmic iteration. It is obvious that
the time complexity of the proposed scheme is polynomial
with respect to the main system parameters and, thus, much
lower than the exponential time complexity of the classical
ES scheme.

IV. PREPROCESSING-COMPANDED QUBO
In this section, we study a new preprocessing QA technique
that converts the quadratic QUBO matrix into a form that
is more robust to Hamiltonian noise [19]. Due to the in-
teraction of the D-WAVE QA device with the external en-
vironment as well as due to hardware limitations, the QA
process suffers from noise effects that decrease the quality of
the solution. These noise effects are collectively represented
by the term integrated control errors (ICEs), which capture
all the sources of solution infidelity (e.g., cross-talk with
adjacent qubits, temperature fluctuations, flux noise, quanti-
zation/precision, bandwidth of the analog circuits, etc.). An
informative overview of the ICE sources is given in [16, Ch.
3]. Due to the ICE effects, the QA device solves a slightly
altered QUBO problem given by

min
bbb

bbbTQQQbbb︸ ︷︷ ︸
original QUBO

→ min
bbb

bbbT (QQQ+EEE )bbb︸ ︷︷ ︸
noisy/ICE QUBO

(12)

where QQQ is the original symmetric quadratic QUBO matrix
while the random matrix EEE represents the Hamiltonian/ICE
noise in the bias and couplers coefficients (the elements of
the matrix EEE are random variables, e.g., colored Gaussian
distribution [16]). Therefore, it is obvious that the QA device
solves a modified/noisy problem whose ground state may be
different from the one of the original QUBO problem. The
associated literature mainly focuses on the characterization
of the noise by using statistical signal processing tools [19] or
the investigation of heuristic postprocessing techniques that
improve the quality of the returned solution [20]. In prac-
tice, to combat the noise/ICE effects and overcome potential
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FIGURE 2. µ-law compander characteristic function; µ = 255 is
considered in our experimental studies (commercial PCM).

local minima, the same QUBO instance is solved multiple
times (each execution is called anneal) in a row and the best
solution among all the anneals is adopted.2

From the modified QUBO problem in (12), it is obvious
that the elements of the original matrix QQQ with small val-
ues/magnitudes (≈ 0) are more sensitive to noise effects. Our
proposed preprocessing QUBO technique converts theQQQma-
trix elements with small magnitude to higher values without
affecting the qualitative interconnection between the qubits
(i.e., the sign and the order in the strength of the bias/couplers
coefficients remain the same). Specifically, inspired by the
nonuniform quantization process in PCM systems, which
boosts the lower amplitudes and reduces the dynamic range
of the input speech signal [17, Ch. 7], we introduce a non-
linear compression block (named compander by using the
terminology from PCM systems) to preprocess QQQ elements
before the D-WAVE QA operation. Without loss of general-
ity, we consider the μ-low (logarithmic) compander, which
is used in PCM systems in the USA and Canada, defined as
follows [17, Ch. 7]:

C(x) = log(1+ μ|x|)
log(1+ μ)

sgn(x), with − 1 ≤ x ≤ 1. (13)

The positive parameter μ controls the amount of compres-
sion. Fig. 2 plots the characteristic function of the μ-law
for various values of μ; it can be seen that as the μ pa-
rameter increases, the low-magnitude elements are mapped
to much higher values. In our experimental studies (with-
out loss of generality), we consider μ = 255, which is the
value that is used in commercial PCM systems. After QUBO

2It is worth noting that this concept is very similar to retransmission tech-
niques (e.g., repetition code) in wireless communications systems, where the
same information signal is transmitted multiple times through independent
noisy channels to achieve diversity and increase reliability [21, Ch. 3].

FIGURE 3. QUBO preprocessing technique to combat Hamiltonian/ICE
noise.

preprocessing, the D-WAVE QA device solves the following
noise-robust QUBO problem:

min
bbb

bbbT (C(QQQ)+EEE )bbb. (14)

Fig. 3 schematically presents the proposed QA prepro-
cessing technique to combat ICE effects; it is worth noting
that the proposed approach is generic and be used with other
physics/quantum-inspired heuristic solvers (e.g., coherent
Ising machines).

V. EXPERIMENTAL EVALUATION
Experimental results in a state-of-the-art D-WAVE QA de-
vice are carried out in order to validate the efficiency of the
proposed techniques.

A. D-WAVE SETTING
For our D-WAVE QA experiments, we use the D-WAVE
Leap interface with the Advantage_system1.1 quantum pro-
cessing unit [7]. For each QUBO instance, we use 1000
anneals with 1μs anneal time and a ferromagnetic coupling
parameter equal to J̄F = 3. For the minor embedding, we
adopt the heuristic algorithm minorminer, which is included
in the Ocean software development kit by default [6], [7]; in
this case, a majority vote is applied to broken chains.

B. COMPANDED QUBO
In Fig. 4, we study the efficiency of the proposed QUBO pre-
processing technique. As an indicative example, we consider
a QUBO problem (12) of dimension 24 where the elements
of the QUBO symmetric matrix QQQ are random variables of
normal Gaussian distribution with variance one (a normal-
ization in the range [−1,+1] is also applied QQQ/‖QQQ‖max).
In Fig. 4[top], we plot the performance of the conventional
QUBO (without preprocessing); specifically, we plot the
original QUBO matrix as an array of colored cells, the re-
turned solutions over 1000 anneals, which are ordered in
descending order of their objective function values as well
as the associated occurrence probabilities. As it can be seen,
the D-WAVE solver returns almost 270 distinct solutions and
the optimal solution (equivalent to the ES scheme) occurs
with a probability ≈ 0.08. We also note that the considered
QUBO problem requires 24 logical variables corresponding
to (average) 80 physical qubits for the minor embedding.
In Fig. 4[bottom], we show the performance of the pro-

posed companded QUBO. First, we plot the companded
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FIGURE 4. (Top) D-WAVE performance for conventional QUBO (without
preprocessing). (Bottom) D-WAVE performance for companded QUBO
(with preprocessing); QUBO problem of dimension 24, ES benchmark
(dashed line).

QUBO matrix C(QQQ); it can be seen the low-magnitude ele-
ments of the original matrix QQQ are converted to higher val-
ues. As for the efficiency of the preprocessing process, it
can be seen that the D-WAVE device returns only 9 (high
quality) solutions while the optimal solution (equivalent to
ES) occurs with a probability ≈ 0.8. The obtained results
show that the proposed preprocessing technique preserves
the quadratic QUBO matrix from the Hamiltonian noise and
increases the efficiency of the D-WAVE solver. The fact that
the probability of the optimal solution increases by a factor
of 10 could decrease the required number of the total anneals,
making the D-WAVEQA solver more attractive for real-time
(delay-sensitive) applications.

1) MINIMUM SPECTRAL GAP
To further demonstrate the efficiency of the proposed prepro-
cessing technique, we study the minimum spectral (eigen-
value) gap of the QA adiabatic evolution for some indicative
problem instances. Specifically, the quantum Hamiltonian
that drives the D-WAVE QA process is given by

H(s) = −A(s)
2

(∑
i

σ̂ (i)
x

)
+ B(s)

2

(∑
i

hiσ̂
(i)
z

+
∑
i< j

Ji, jσ̂
(i)
z σ̂ ( j)

z

⎞
⎠ (15)

where σ̂
(i)
x,z are the Pauli matrices operating on a qubit qi,

the coefficients hi and Ji, j are the linear biases and quadratic
couplers of the equivalent Ising problem, respectively, s ∈
[0 1] denotes the anneal fraction, A(s) and B(s) represent
the anneal schedules (adiabatic path). The values of A(s) and
B(s) for each value of the anneal fraction are available for the

TABLE 1. Average Minimum Spectral Gap E(g)

latest D-WAVE quantum processors in [22]; this allows us to
simulate the Hamiltonian evolution (with an accuracy 30%
[22]) of the quantum system and characterize the minimum
spectral gap that governs its efficiency [5]. We recall that
the minimum spectral gap is defined as the minimum of the
energy difference between the first excited energy and the
ground energy as a function of the time, i.e.,

g= min
s∈[0, 1]

λ1(s)− λ0(s) (16)

where λi(s) denotes the ith eigenvalue of the Hamiltonian
H(s) at the time fraction s with λ0 ≤ λ1 ≤ · · · ≤ λ2n , where
n is the number of qubits in the quantum system.
In Fig. 7, we plot the spectral gap versus the anneal frac-

tion, for an Ising problemwith n = 8 qubits where the param-
eters hi and Ji, j are distributed according to a Gaussian nor-
mal distribution with variance one (normalized to the range
[−1, +1]). It can be seen that the proposed companded
preprocessing technique ensures a higher minimum spectral
gap (i.e., g= 2, 11 against g= 1, 25 without preprocessing
for the considered example), which validates its robustness
against the Hamiltonian noise. It is also worth noting that a
higher minimum spectral gap can minimize the overall com-
putation anneal time since the appropriate anneal duration is
proportional to Ta ∼ 1/g2.
In Table 1, we study the efficiency of the preprocessing

technique in terms of average minimum spectral gap E(g)
over 10 000 independent Rayleigh fading channel realiza-
tions. It can be seen that the proposed preprocessing tech-
nique achieves a higher average minimum spectral gap for
all scenarios considered while it ensures a high efficiency
(i.e., preprocessing efficiency denotes the probability that the
minimum spectral gap (with preprocessing) is higher than
this one without preprocessing).

C. MIMO 1-b PRE/POSTCODING DESIGN
We study the performance of the proposed QA-based 1-
b pre/postcoding MIMO design. We consider a symmetric
MIMO setup with NT = NR, σ 2 = 1, K = 8, L = 8, and δ =
0.01. In Fig. 5, we plot the average SNR performance of
the proposed algorithm (see Algorithm 1) versus the trans-
mit power P; we consider 1000 channel realizations while
the ES solution and the RQ-M algorithm [15] (classical
heuristic, which is based on the Rayleigh quotient) are used
as performance benchmarks. It can be seen that the pro-
posed QA-based iterative algorithm achieves the optimal ES
performance for all cases. The RQ-M scheme provides a
suboptimal performance mainly due to the discretization of
the complex-valued solution (quantization noise) [15]. It is
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FIGURE 5. (D-WAVE) Average SNR performance versus transmit power P
for different MIMO configurations; Algorithm 1/D-WAVE results
(markers), ES benchmark (dashed line), and RQ-M algorithm [15]
(dashdotted line).

FIGURE 6. Median TTS (99% confidence level) for a single D-WAVE
iteration, versus the size of the MIMO topology with NT = NR).

worth noting that as the number of antennas increases, ES
cannot be applied since the total number of computations
becomes practically prohibited, e.g., 6, 87× 1010 compu-
tations per channel realization for the scenario with NT =
NR = 9. The MIMO topologies considered have high prac-
tical interest for the upcoming communication systems and
are sufficient to demonstrate the efficiency of the proposed
QA-based framework.
In Fig. 6 , we plot the median time-to-solution (TTS) ver-

sus the size of the MIMO topology for a single D-WAVE
iteration (find fff or ggg). The TTS is defined as the time
needed for the D-WAVE solver to find the ground state
of the problem with 99% success probability, i.e., TTS =

FIGURE 7. (Left) Ising matrix. (Right) Spectral minimum gap versus the
anneal fraction.

FIGURE 8. D-WAVE indicative results for a single channel and single
iteration to compute fff (k)

l ; SNR performance of the returned solutions (in
descending order) and the associated occurrence probabilities; ES
benchmark (dashed line), NR = NT = 4, P = 18 dB. (Left) Conventional
QUBO (without preprocessing). (Right) Proposed companded QUBO
(with preprocessing).

Trun log(0.01)/ log(1− p) where trun is the total annealing
time (1μs for 1000 anneals) and p is the success probability.
We observe that as the MIMO size increases, a higher TTS
is required to find the optimal pre/postcoding vectors; TTS
increases by a factor of 10, as we move from a 3× 3 MIMO
to a 9× 9 MIMO topology.

In Figs. 8 and 9, we focus on a single iteration of the
proposed algorithm (see Algorithm 1) for a single-channel
realization for a setup with NT = NR = 4, P = 18 dB.
Specifically, Fig. 8 (left) deals with the design of the pre-
coding vector fff (k)l (given a postcoding vector ggg(k−1)l ) without
QUBO preprocessing. First, we observe that the D-WAVE
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FIGURE 9. D-WAVE indicative results for a single channel and single
iteration to compute ggg(k)

l ; SNR performance of the returned solutions (in
descending order) and the associated occurrence probabilities; ES
benchmark (dashed line), NR = NT = 4, P = 18 dB. (Left) Conventional
QUBO (without preprocessing). (Right) Proposed companded QUBO
(with preprocessing).

returns almost ≈ 190 solutions while the optimal solution
(with the maximum SNR) occurs with a total probability
0.09; it is worth noting that the first four (in the order) so-
lutions are equivalent in terms of SNR performance, due to
the computation symmetry of the problem (see Section II-A).
In Fig. 8 (right), we adopt the proposed QUBO preprocessing
technique and we show the performance of the D-WAVE
in terms of SNR for the returned solutions, as well as the
associated occurrence probabilities. The results validate our
previous main observations, i.e., the companded preprocess-
ing QUBO approach improves the quality of the returned
solutions (only 18 high-quality solutions are returned) while
the optimal solution occurs with a probability ≈ 0.37.
Fig. 9 deals with the next step of the iterative algorithm,

which refers to the design of the postcoding vector ggg(k)l given
the postcoding vector from the previous step. The results
are in line with our previous remarks; the D-WAVE solver
achieves the optimal ES performance while the companded
QUBO preprocessing improves the quality of the returned
solutions and slightly increases the occurrence probability of
the optimal solutions. It is also worth noting that the achieved
maximum SNR increases at the end of the second step in
comparison to the SNR output of the previous algorithmic
step.

VI. CONCLUSION
In this article, we studied a new low-complexity digital
MIMO architecture with 1-b (processing) resolution per

complex dimension. The design of pre/postcoding that max-
imizes the received SNR relies on an NP-hard combina-
torial problem with exponential complexity for the opti-
mal ES scheme. An iterative D-WAVE QA-based algo-
rithm that solves appropriate real-valued QUBO instances
at each iteration is proposed; the iterative scheme grad-
ually achieves near-optimal (similar to ES) performance
while ensuring polynomial complexity. To further boost D-
WAVE efficiency, a preprocessing nonlinear companding
technique that transforms the quadratic matrix to a form
that is more robust to Hamiltonian/ICE noise is also inves-
tigated. Experimental results show that the new preprocess-
ing technique improves the quality of the D-WAVE solu-
tions and could decrease the required number of the total
anneals.
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