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ABSTRACT

Quantum annealing has recently attracted attention as an alternative computational paradigm for solving
large-scale combinatorial optimization problems, with several successful applications reported in computed
tomography (CT) image reconstruction. However, the extension of quantum annealing to magnetic resonance
imaging (MRI) has remained limited due to the complexity of multi-channel acquisition, complex-valued signal
representations, and the rapid growth of qubit requirements when formulating image-domain optimization
problems. In this study, we propose a novel MRI reconstruction framework that directly maps undersampled raw
radio-frequency (RF) signals to a quadratic unconstrained binary optimization (QUBO) problem. Instead of
treating MRI reconstruction as an image recovery task, the proposed approach reformulates it as a physically
constrained selection problem of missing RF voltage samples measured along the time axis. By discretizing raw
RF signals with limited bit-depth and applying a window-based decomposition strategy, the resulting QUBO
instances remain sufficiently small to be compatible with current quantum annealing hardware. We analytically
evaluate the required number of binary variables as a function of RF window size, undersampling ratio, and
signal bit-depth, and demonstrate that the proposed formulation leads to a substantial reduction in problem
dimensionality compared to conventional image-domain QUBO approaches. The sparsity and banded structure of
the resulting QUBO matrices further favor efficient embedding on existing quantum annealing architectures. The
proposed framework provides a physically grounded pathway for applying quantum annealing to MRI signal
reconstruction and suggests potential applicability to low-SNR acquisition scenarios such as multinuclear magnetic

resonance spectroscopy.

Keywords: Quantum annealing, Quadratic Unconstrained Binary Optimization (QUBO), Magnetic Resonance Imaging (MRI),
Raw RF Signal Reconstruction, Undersampled Data Reconstruction
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II. MATERIALS AND METHODS

1. Single-channel MRI raw RF signal model
@ RF sl 255 = MRI raw RF A1 5=

Te3t ol A% Az oA BAW F vk

v(t)=Re{/p(r)S(r)exp(i27rk(t)-r)dr} )

p (r): 9% rellxel 2} 3ktransverse magnetization)
el 271

S(r): 915 relde RF =Y 54
k(t): ARbel w2} #skah= k-spaced] 91 W

Eq. ()2 MRI 213 A9 &84 ZdS e
W dAlE SAHE Az o] 39 Ao
Fgrt. RF AlEE ofgmia-txd Wiy
(ADO)E &l ot Aoz HEFHM o] }gL
Eq. (2)¢F #o] 3 €

=
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2 AFdA = 2585 B A undersampling
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2. Conventional complex k-space representation and
motivation
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3. Problem formulation under RF undersampling
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4. Binary representation of RF samples
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AEQ vy, o A9
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oltt.

Sampling bit dependent error
Bit-depth#| $+ 2. 2 <F2}3} @ 2} (quantization error)
A Aol A Fig. 13 o] 1 o] %9 B

3

NEHE
%4 Qo tehtA Ak

Quantization
Error egn]

Analog Rx ADC
Signal from Coil LNA W Mixer N (Quantizer)
Image — k-space +— 1Q Sampling /

Fig. 1. Block diagram showing how the received RF signal
passes through the analog front-end and B-bit ADC to the
digital I/Q sampling and image reconstruction stages, and
how the quantization error
egpln] generated at the ADC propagates through the

subsequent processing chain.
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U [n] T Uyef [TL] (9)

A RF A& tfgk @2} o x| 9} 7]FAl 5o
Uy 7] Aafst H Al 22 (normalized mead-

squared error)™ U3 #Zo] AT F Uk

N-1
E |63[n]|2
NMSEy = ~————
2
E |Uref[n]
n—[) (10)
2
Z |UB ref ]|
_ n=0
o N-1
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Y legln]]®  AA RF A5 @ po LA
n=20
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Z |Uref[n]|2 A RE By
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T L AA AT A%AE R(. )l &
IR

| R(vg) = R(vye) ||

2
11
= | Rlep) |, < N BRI« Jegy, (D

Orignal Sgnal and Quantued Signa

Py

Fig. 2. Reference RF sinc waveform and corresponding
uniformly quantized signals for bit depths of 4, 5, 6,
7, 8, 10, 12, and 14 bits.

A Wﬂ NMSEB% 2 A7)

Bit-depth® NMSE,E <21st7] 918+ Fig. 2%}
22 128 point] sinc ¥}& ol hanning windowE
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6. Energy function design
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7. QUBO formulation and window-based decomposition
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9. Extension to multi-channel RF acquisition
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III. RESULTS
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162] RF windowE 2|8}, 7} windows =5 HA
?l A3 FARE HFTdozH AA AT A
= FH MY A7E QUBO Sl2~dElAg Rajd
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AR st=so] Aok s 1 Fg= b
o] #FE sk, ¥ AFolME RF BES 8-bit
AHEER 0]4k3}sl T Readout W3F 16-sample RF
windowol| A 50% undersamplingS 74 -5, 3}
9] window WoellA HA= #5554 &2 RF A
=9 = g/i7E WM, ol5o] FHA st th W
st whebA] Shue] RF windowel| tisl 283k
o]zl M4 == N, ;. = 8(samples) x 8(bits) = 64

Table 1= RF window Z°]E 16 sample® 1173}
50% undersampling= 7} 3+ Z71o A RF A&

9] bit-depth ¥ 3}el w2 QUBO Ux®lxd o]zl
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coupling =7} 543 S7kete] g 2 Al
AMZHo] oJHYXY. o]# 3t A= raw RF A&
o] 43¢l QUBO Wil A ¥d 7hsd A A
L7t s Bego] Jeewhe qubit g4

ps

ol g8 HAHoR AFEL Hojzr)

Table 1. Qubit Requirements per QUBO Instance for
Different RF Signal Bit-Depths (RF Window = 16, 50%
Undersampling)

Bit-depth (bits) Qubits/Sample Total qubits (QUBO)
8 8 64
9 9 72
10 10 80
11 11 88
12 12 96
13 13 104
14 14 112
15 15 120
16 16 128

Table 2+= bit-depthell W& NMSE; #ks e
9 Aol bit ol whek NS wAA 2
A Eolgal ol HFTAY A= vl
st s 7P Eh
Table 2. NMSE; values shows error compared to

original 16 bit sampled signal(128 point sinc shape RF
signal)

Bit-depth (bits) NMSE
4 7.932773e-03
5 2.676614¢-03
6 5.550107¢-04
7 1.745301e-04
8 4.509717e-05
10 2.851971e-06
12 1.978268e-07
14 1.016510e-08
AIkE QUBO T AE HAZSF] Fa
coupling &o] Ao R A3 RF A= 7o &
24 Qzkgel o8] HolHme, QUBO WAL A
HEX4 © 2 banded sparse 725 Agh o= o
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IV. DISCUSSIONS

B ATelM= MR AT A4S 7S 9
domain®| ©} raw RF 21& domain®] %3+ 4
TA= AgestaL, olE dA ojddol A
QUBO ez AA nPsteE Ty
Oﬂu} 53] MRICIA A A= Z?ﬁﬂ% %ﬂ%ko} =

I k-space”} ofy e} AJF o9 A
Sk Aol Etﬂoyﬂ, g A B =Y

FA o]EsHA F= A 2=
shiek. oleld A AL g
FA AA s Aol Bk W A9 Y
7F 9 qubit 87F FHF v‘f‘ﬂ% TEAHOR
3 5 b e AN

N

e f N ool oY > H
A N
o|N ol

o
.ﬂ

AA 22l MRI acquisition =715 RFst7] 9]l
8 Qo] RF AZ9 o
2 A3t} o]= 16-bit ADCE
Ao AAE AR olxlststE Aol
st=slo] 3o M= v Aol e}
Atoltt. o9} L bit-depth A| T2
7] ARE FA 37 B, local RF window U]
oMol Afa AF Fxot A7HE AEAS BE
st W 23S & A7 A¥ o2 undersampled

oMol A3

10 rle

rlot

o

Al RF "HolH+& th9] iﬁ_‘z QUBO HA &
g 4 9lon, 7} QUBO 2Bl A= dAR) A
2L o d® Al ="l A A2l 7Hs ek qubit T
o EA18e @135t RF window 7| ©
gk AAE Aol EAZE kY, RF 25 Eg
A gd Fxet FAF =S o] Ak Alele] B A
olgh= HellA Fagh AA Woltt. Window =

o

717 STV A S O 2 Rk
Ao QUBO Z =8} qubit 730 F243] =7}
st Rbtf & Ay A 2He window= A4 8
de AstAZE 7 ok & AT 24 23 8 -
16 sample ==2] RF window”} & ©A|] FA} o
g8 @7ox @ A Jgds AW??PD}
window GA|olA A 5= Q= A BEAHA
213}3}7] -‘H?‘f} woto 2 Q1% window ZHel 10%
T 50% T ZH(overlap) 73+ AA = A
gfo] ed "F Atk o] B THE Tl sy
T windowell A 247 49 S shue FAsk=
HAol A3ty U Fd T HAEY 7t A
Wwale]l 7|3 How ApgdE & o oy, 7
window®] 21#F X ksl e xfe] FrxE wl
H A 7 gtolu A 71wk B A 5
g A Aol ThedtRg, oo ugk 4
T7F €

tald RF Y = 9] &4

N

O

N
=)
2
X
e
-
rl
av

ol
e
B
1

g WY Ay Aol obd =Y 7F A s}
FA) 24 2] multi-channel 74 7}eAS A A SFSA
t}. Latent RF 7|5}t coupling & =P o =M I
ZF 3% RF As A3hsta v 358 A6t
T TE2E 34T 4 Jom, ©]= RF domain®] A €]
SNR &3 AfAo= 7" ol 7|E

SENSEY GRAPPAC A 7143} local linearity 73
S raw RF A3 FFA A Zo=,
calibration-free MRI A4 7} S W E 3o}

ohek 2 Aol A AR Y ZF coupling

=g
< local RF window ulelAe] 12} FAfe]l 7]wkgh
Ao, BEAQA o8l WA urh B
& AW T2E RE TFHAE 2T oldw
@8l QUBO % F719) qubit 8_—7—‘3‘: 5?—%——%
WA e SEHe A e, BF o
o J = noise covarianceE LTSt F A 7} coupling

A
&e] E9jolt} hybrid quantum-classical T2E &
o] 7t Aoz ygdr}
A A& gate-based FAF FFH O] ol ¢
WA AEElth. o= raw RF A%
|} Aoz oA HAis) aagggq %
Az BAsEE, 147} A

mrﬁirkm
2o R

g 2L

125



Direct Optimization of Raw RF Signals for MRI Reconstruction: A QUBO-Based Quantum Annealing Approach

A4 QUBO HElZ F AT 7] W&ot} Gate-based
A AFE S A8 A5 Hag Aqtd A5%
T AYE A% F7HA Q) S B2 AAY R
23} 7ol FashH, ol dAle NISQ F74ol
A TE o] Ak vbA SR o d g e o)y
EAE st=do] oA AR FEE
At A Aekdt el Gzel A o
t}.

& /\]zqoﬂ}q A Ao Z x4:1 7} 3k oo‘tx} Oi‘é

(o}

F

)

-

4z xe o
ot 2@ %

e 2

(o

g F=9o]= D-Wave Al 2=Hlo] st =, <t
¥ QUBO A48} Chimera = Pegasus &3 2 4]
oA = 4 k. 2 dATtel A A olgk QUBO
TAE AlIEH o2 Q1S RF AE 19 coupling
o] Aul& <2l banded sparse T-E2E ZIAEZ, G4
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V. CONCLUSIONS
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