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1. Introduction

One of the most important challenges in the design of next-generation wireless
communication systems is to meet users’ ever-increasing demand for capacity
and throughput. Large Multiple Input-Multiple Output (MIMO) systems with
spatial multiplexing are one of the most promising ways to satisfy this demand.
We propose work on new decoding methods utilizing Adiabatic Quantum Com-
putation (AQC) for faster detection of transmitted symbols. We believe the
AQC technique may be able to reduce computational complexity and guaran-
tee high throughput at the same time in the above, critically-important MIMO
performance regimes. To use AQC, the Maximum Likelihood (ML) problem
has to be transformed into the Quadratic Unconstrained Binary Optimization
(QUBO) form. In this document, we demonstrate how to transform 2 x 2 BPSK
and 3 x 3 BPSK ML detection problems into the QUBO form.

2. 2x2 BPSK

For N x N MIMO communications, the Maximum Likelihood (ML) detection
solves

arg min | Hx — y|* (1)
where H € RM*N is complex MIMO channel, # € RY is transmitter’s

symbol candidate, and y € R" is received symbol.
In 2 x 2 BPSK MIMO,

hii hio hrii hrae |hgi1 hoa2
H= =" , , : 2
[hm hQQ] [hm hI,QJ + {hQ,m hoges|’ @)
_ Y| _ Y12 - YQ.1 3
Y [92} [y1,2:| +J [yQ,z} ’ (3)

3= [21} , where &1, € {—1,1}. (4)
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The equation (1)’s norm can be expressed as

2
. h11%1 + h1,72 — 1
Hx —y|? = . 2
I vl ‘ ho1%1 + ho, @2 — Yo
which is,
) . . . ) 2
_ (hr11+ jhg11)%1 + (hra2 + jhoa2)@2 — (Y11 + jyg.i)
(hr21 4 jhg21)21 + (hr22 + jhg22)%2 — (Y12 + jYQ,2)
. . . . . 2
_ |[(hr 1@y + hrae@s — yra) + 5 (houdt + hoi2%2 — yg,1)
(hr 2171 + hr22%2 — yr1,2) + j(hg21T1 + hg22T2 — Y0,2)
= {(hr1121 + h1 1272 — y1.1)}> + {(hg1171 + hg 1272 — yg.1)}>

+{(h1 2171 + hroets — yr2)}? + {(hg 2171 + hgea¥s — yg.2)}2. (5)

The QUBO form is

N
min E Qijq:iq; (6)
9,95 =
1<j=1

where Q € RV*N is an upper triangular matrix, and ¢ € {0,1} is binary so
g = ¢2. In our problem, q denotes qubit and N the number of qubits. Note that
in BPSK, & can be mapped onto 2¢ — 1. Using this relationship, we can express
the equation (5) as

[H& = y[* = {(hr11(201 = 1) + hr12(2¢2 — 1) = yr1)}°

H(hou1(2a1 — 1) +ho12(202 — 1) — yo,1)}?

+{(h1212q1 — 1) + hy22(2¢2 — 1) — yr 2)}?
+{(hg21(2q1 — 1) + hg22(2¢2 — 1) — yo ) }>. (7)
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Expand the equation (7), and then

IH& — y||* = {2h7 1, + 2(2hs11)(~hr11 — hri2 — yra)

+2h22711 +2(2hg11)(—hg11 — hg12 — Yo.1)

+2h7 91 4 2(2hr,21)(—hr21 — b1z — Y1.2)

+2h%) 21 + 2(2hq21)(—hq21 — hg22 — y@.2)}d

+{2h%,12 +2(2hs12)(—hr11 — hri2 —yr1)

+2h?;),12 +2(2hqg,12)(—hg.11 — hg.12 — ¥Q.1)

+2h7 95 + 2(2h1,22)(—hr21 — h122 — Y1,2)

+2h 55 + 2(2hq22) (—hQ21 — hq2 — ya.2) a2

+{2(2h111)(2h1,12) + 2(hq,11)(hq,12)

+2(2h1,21)(2h122) + 2(hq,21) (hq,22) a1z

+{(=hr11 —hraz —yra1)* + (=ho11 — hgi2 — yg.1)?
+(=h121 — hro2 — y1,2)> + (—hg21 — hg22 — yo.2)*}- (8)
The equation (8) is the objective function of our minimization problem, so

one can ignore the last constant term. Then, the minimization of this objective
function is equivalent to the equation (6).

Transforming the problem into the QUBO form :

: Qu Q
. 11 Q2
émq? Z Qij¢i;, where @ = [ 0 Q22]
i<j=1
Q11 =2h7 11 +2(2hs11)(—h111 — hri2 — Y1)
+2h3 11 + 2(2hq.11)(—hg.a1 — hg.i2 — YQ.1)
+2h%,21 +2(2hs21)(—h121 — hr22 — yr.2)
+2h22,21 +2(2hq21)(=hg21 — hg22 — Y0,2)

Q22 = Qh%,u +2(2h712)(—hr11 — hri2 —yr1)
+2h2Q,12 +2(2hg12)(—hg11 — hg,12 — Yo,1)
+2h7 95 + 2(2h1,22)(—hr21 — 122 — Y1,2)
+2h22,22 +2(2hq22)(—hqg,21 — hg22 — Y0,2)

Q12 = 2(2h111)(2h112) + 2(hg.11)(hg,12)
+2(2h1721)(2h1722) + 2(hQ721)(hQ,22)
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3. 3x3 BPSK

The same process is applied to 3 x 3 BPSK. In this way, the ML detection for
N x N BPSK can be generalized.

In 3 x 3 BPSK,
hi1 hi2  his hra1 hiiz hias) hgi1 hgi2 hgas
H = |ha1 hoa hos| = |hro1 hroe hros| +7 |ho21 hg2e hgoes|.
h31  hza hsz hrsi hrse hiss] hgst hga2 hgss
Y1 Yyri _yQ,l
y=|y2| = |yr2| +J |¥Q.2|
Y3 Y13 LYQ,3
2
T = |&o|, where T1,%9,23 € {—1,1}.
T3

The QUBO form for 3 x 3 BPSK is

Qll Q12 Q13
min Z Qquzq]7WhereQ 0 Q22 Q23
=1 0 0 Qs

The rest steps are exactly same as the 2 x 2 BPSK problem.

. . . 2
) h1121 + h1,272 + h1323 — 41
|HE —y||” = ||ho1@1 + ho, 2o + has®s — y2
h31Z1 + h3, T2 + h3zds — Y3

. . . ) . . . 2

(hr11%1 + hy1222 + hy3273 — yr.1) + j(hg 171 + hg1272 + hg 1373 — yQ,1)
= |[(h1,2121 + b1 2092 + h1 2373 — y1.2) + j(hQ 2171 + hQ 2272 + b1 3373 — Y@ .2)
(h1 3121 + hr 322 + by 3383 — yr.3) + j(hg 3171 + ho,32%2 + hr33®s — yg.3)

In BPSK, & = 2¢ — 1, where g € {0,1}.

L = y[* = {(hr11(2q1 = 1) + hr,12(202 = 1) + hr13(2¢5 — 1) — yr,1)}
+{(hg11(201 — 1) + h12(2q2 — 1) + hg13(2¢2 — 1) — yg.1)}”
+H{(hr21(2aq1 = 1) + hi22(2g2 — 1) + hr 23(2g5 — 1) — ym)}?
+{(hg21(2q1 — 1) + hg22(2g2 — 1) + hq23(2¢3 — 1) — yg,2)}?
+{(h1,31(2q1 — 1) + hr32(2q2 — 1) + by 33(2¢3 — 1) — y1,3)}>
+{(hg312q1 — 1) + hq32(2¢2 — 1) + hg33(2q3 — 1) — yo,3)}
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= {2h7 11 +2(2hs11)(—h111 — hra2 — hras — yr1)

+2h 11+ 2(2h@11)(—ho.u1 — hoaz — hos — yg.)

+2h%21 +2(2hr21)(—hr21 — hr2o — hros — yr2)

+2h%) 01 + 2(2hq21)(—hq21 — hg.22 — hg.23 — Yq.2)

+2h%31 +2(2hr31)(=hr31 —hrs2a — hiss — yr.3)

+2h3 31 + 2(2hq.31) (—hq.31 — ho.s2 — ho.ss — ¥o.3)

+{2h%12 +2(2hr12)(—hr11 —hras —hras —yra1)

+2h) 15 +2(2hq12) (~hqa1 — hoa2 — hgas — yq.1)

+2h§,22 +2(2h122)(—hr21 — hr2o — hros — yr2)

+2h3) 99 + 2(2hq,22)(—hq21 — hqg22 — h23 — YQ,2)

+2h3 35 + 2(2hr32)(—hr31 — hrs2 — hrss — yr.3)

+2h%) 35 + 2(2hq 32) (—hq31 — ho.32 — hq.33 — YQ.3) a2

+{2h7 15 + 2(2hr13)(—hra1 — hra2 — hris — yr1)

+2h) 15 + 2(2hq13) (—hqa1 — hoa2 — hgas — yo,1)

+2h%23 +2(2h123)(—hr21 — hroo — hros — yr2)

+2h%723 +2(2hg23)(—hg21 — hg22 — hg,23 — YQ,2)

+2h%33 +2(2hr33)(—hr31 — hrse — hrss —yr3)

+2h 55 + 2(2hq,33) (—hos1 — hoa2 — hoss — ya.s)}es
+{2(2h1,11)(2h1,12) + 2(hq 1) (hq,12)

+2(2h1 21)(2h1 22) + 2(hg,21)(hqg,22)

+2(2h1,31)(2h1 32) + 2(hq,31)(hg.32) 14102

+{2(2h1,11)(2h1,13) + 2(hq 1) (hq,13)

+2(2h1 21)(2h1 23) + 2(hg.21)(hqg,23)

+2(2h1,31)(2h1 33) + 2(hg,31)(hq,33) 1143

+{2(2h1,12)(2h1,13) + 2(hg,12)(hg.13)

+2(2h7 22)(2h1 23) + 2(hg.22)(hq,23)

+2(2hy1,32)(2h1,33) + 2(hq,32) (hq,33) 4243

+{(=hr11 — hrashris —yr1)? + (“hga1 — hgaz2 — hgas — Yoa)®
+(=hro1 —hroe —hros —yr2)? + (—hge1 — hgoe — hgos — Yg.2)?
+(=hrs1 — hrs2 — hrss —yr,3)* + (—hgs1 — hgs2 — hgss — ¥o.3)°}
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Therefore,

Q1 = 2h%11 +2(2hr11)(=hr11 — hra2 — hris —yr1)
+2h3 11 + 2(2hg11)(—hg11 — hgi2 — hoas — yg,1)
+2h%m +2(2hr21)(—hr21 — hr22 — hr2s — yr.2)
+2hgg,21 +2(2hg21)(—hg21 — hg22 — hg 23 — Y0,2)
+2h12r,31 +2(2hr31)(=hr 31 — hrs2 — hrss — yr,3)
+2h) 31 +2(2hq31)(~hq — hos2 — hgss — ya.3)
Q22 = 2h%,12 +2(2hr12)(—hr11 — hri2 — hris —yr1)
+2h?Q,12 +2(2hg12)(—hg11 — hg12 —hoi3 — Yo,1)
+2h7 95 + 2(2hr,22)(—hr21 — h122 — hr2s — y1,2)
Jr2th,22 +2(2hq,22)(—hg21 — hg22 — hg.23 — ¥Q.2)
+2h7 35 + 2(2h132)(—hr31 — his2 — hrss — y1,3)
+2h2Q,32 +2(2hg32)(—hg31 — hg32 — hg33 — YQ,3)
Q33 = 2h%13 +2(2hr13)(=hr11 — hra2 — hris —yr1)
+2hé713 +2(2hg13)(=hg11 — hg,12 — hg13 — ¥Q,1)
+2h7 95 + 2(2h1,23)(—hr21 — h122 — hr23 — y1,2)
+2112@,23 +2(2hq,23)(—hg.21 — hg22 — hg.23 — ¥Q.2)
+2h7 35 + 2(2hr33)(—hr31 — his2 — hrss — yr3)
+2h) 53 + 2(2hQ,33) (—hQ 31 — hg32 — ho33 — YQ,3)

Q12 = 2(2h111)(2h112) + 2(hg11)(ho,12)
+2(2h1,21)(2h1,22) + 2(hqg,21)(hq,22)
+2(2h1731)(2h1732) + 2(hQ731)(hQ,32)

Q13 = 2(2h1,11)(2h113) + 2(hg,11)(hq.13)
+2(2h121)(2h123) + 2(hg,21)(hg,23)
+2(2h131)(2h133) + 2(hg,31)(hg,33)

Q23 = 2(2h112)(2h1 13) + 2(hg,12) (hg,13)
+2(2h122)(2h123) + 2(hqg,22)(hg,23)
+2(2h1’32)(2h[’33) + 2(hQ732)(hQ’33)
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