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B &b, “FAT %M T W E 17 &2 b, FieF b 5
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¥R (16) Ao R AR TE, B4R,
B EL S S, RSO EAFT R R F BRI “ 4
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R Hp (Y |H, ) fy(Y,H,7) =CN(Y; $H,y~'I) ezt fa(A,0) wm(7) B

AERU p(R|B, ") frR=I1,fru(bn, 7y, 7)) =]1,0(rn—b}, —7")
Wit p(B|A®)) fB =11, fo,(bn, A(0)) =1, 6(bn — Abn)

%Zﬁ’f{{%]ﬁp(H‘R) fhmn(hm"7 'Pn) = 5(hmn _d)mn exp(ikormn))
W& 75 S 58 p(7y) fr=1/v

J B AT 45 21 B 4 rp AR B B oK SR S Al T, B
BAE. R EA XK, A SO Bt
RN “CEMEIRA T o ARSI AR RN &
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4.1 ETFUAMPHIZMREEHTEHETE

MEFEIFIR I LG H, U REp (Y| H, )
e MRMRARY, W] LMEHUAMPEE T AL HEIS,
I3 NI 5N IR

WM WG ERE Y =1, HFESy=
Onsnr s H = Onspr Ve = Inxars

YH1 HIVp = |B2PVy NP =&H —Vp- Sy
HEE Ve RP, HohHMVy 5 HNH WG R
BB TR 22, FHAER(29) R4 H TE T 5

FH2 HVz =Ve/(3Ve + 1) Z = (Y + P/
Vp) - Vzit BT Al SMH ZR005 22 Vg

PH3 EHREREY = M x L/ (|Y - Z|*+
[Vzll):

Y %4 HVs, =1/(Vp+5 ) 1Sy = Vg,,-
(Y — P) H¥iOnsagerfE IEFFES g M7 2V, 5

B ®R5  H Vg, =1/(19%*Vs,) FlQu = H+
Vo - (®"Su) 5 AME EHMEQu M Vg, - HQu
Vg, BIEE (n, m) N TCR D AE N 6, g, » TR
HWEBma, g (hy, BIEEATTZ, Mmoo,
(Pmn) = CN(Monp Gns va,,,,) ) o
4.2 SR EERBBYEHRITE

MHEFEF AT LVEH, KTy, z 3R
HEEH RS X RR, DA AL DL AL bR 1 5
AN ttk o ARE T BAE R S £ X 45 9
BB AR S H AL T2 7

BRI AR BT AR (9)FTR
MEM%RER, T RS, A
R MEIESE, SEUN BRI, AR R
TR f, HEATEDA AL, TR

toot b At oAt st z' st st st
hmn (xn’ y’l’L7 Zn) ~ hmn (xn7 yn7 Zn) + hnbn (xn7 yn’ Z’VL)

h he! .

mn

C(ah, — &h) + Y, (2, 9k, 2h)
——— ——
B,
N——— —
hz.,
(2, — 25)
+ab by, + yh b, + 2L b,
= Epun + L BT, YL hY, + 2hRE
(17)
o hel F Rh,, a0 R B, by, 75 A B
(&, 9h, 25) FHUE, BORT,, = Voo by (85,85, 25)0 2K
Lt 7T 45 2 hy,, KRz, (8 o A Fhs,, ATV,
h’rrm = (Vx‘n ¢'rnn + ¢mnik0vibtn T’mn) exp(ikor'mnﬁﬁﬁ’
Hreg, HSEUEN
Vat G = (wa,1 + wa2) - wi)"

X gar (T w] + ypwi + z,wi +b1) (18)
H g, ()T NG () =1—g2() . RIEA(17),
LI, Er S, = 0 (B — (& + Tl +
Ui + Zhinn ) ) o BRI By g, ()
Mz Sy, (2h) FE L — S5 2] (CEL0E B
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Mat, = foe, (T0) 0 WA(26)), FTRARR Fymy, oy,
(y;) = CN(y'tm (gmnﬂ gymn)7 mZ';L_>fhmn (Z;Ez) = CN(Z:L )
Zmns Uz,,) 0 WA fn,,, Blat, BB TR

M n =t ( /fhmnmyn%fhmn (yn)mZ' = fhm

(zn) XM, s (Bonn)
-dyt dzt dh,,
= CN(a:n,a:mm Jcmn) (19)
Hoh, AR SRR A B R R
PR ST A s T = (Gmn —Emn — Y i —
i) o, P = (Vay & o WP+, |
mn|)AhmnFo
o AERRE RS . BB E M %
?ﬁ%ﬁumhgmﬁmﬁwﬂﬁﬁ%ﬁ@%ﬁ
ﬁﬁoﬁ%,ﬁﬁMﬁiwwﬁﬁﬁﬁ%

H mp, ,,m%ﬁ )

= CN(al,, &,, 0y ) (20)

:/H\:[:I37 Ijivn = 1/ (H 1/Va:mn>, fn = ﬁxn Zm z_:mn/

m$‘ A,f

7, o B H W RS B AT L5
for Bl HITH SN
my. v —mt /fmm M, —ha )d

= CN(2"; @ n,l/wn) (21)
Horp, & =1, — b2, Uy =y, o FIHWHBAEER
PRy AT S 2t AR ) BLAT (a3 %)

) :l_lnmfwn_)gcr(gct)//I_LLmfgnn_mt(ast)dgct
= N(2",2% vy) (22)
Horr, v =1/ (30 1B ), & = Y B/
%’Jﬁ%ﬁﬂE’J?‘?Yijﬁ'ﬁyt*ﬂztEI’JJ:%’\Z‘ﬁN(yt 9t vy)
N, 2 ) SR EAE AR, 5 I By,
(zb) TN

Myt— fo,, (xt) = b(xt)/mfzn%m‘(xt) = N(-Tt; jf;, grgl)
(23)

o S AT 22 53 ) N
R, = /(v — /7).
AEET N

/fmc mwt_)ft )

=N(Tn; Tn, Va,) (24)
W, B, = B 10, B, = D o TR, 0T
SRS

= EI‘ (@' /vy — ftn/’jm" )

ISIERERS! Bmy, o, (zt)

mf ot —>$'

b(@y) =my, —a, (Tn)May sy, (20)

J [y, @ g, (03

= N(zt; 28, Vgt (25)

LA 3, RO T7 Zvp, 4B v, =1/ (170, +

170, )R8 = v, (/P + TP, ) o T b(at),

T BAHEL

Mt S f, (@) = blay)/my,

= N(2%: T, men) (26)

AR AT A, =1/ (1, —1/7,, )

M n = Vi (E3/Vat, = T/ Vi, ) o TS TR R
B Sy, AR i BOTE

mfhnm _>h7nn (hmn)

—xt, (5'351)

= /fhmnmx‘n%fhmn (@) % My g, ()
Mt f (), Ay dzy,
= N(hown; Bonn, 71, ) (27)
Hon =&+ Tmnh® + Yoy % hE A

b

O N 10 L VAN LS N | L
HEEH Romn,, g (hy) BUS FH Bomg, o,
(homn) & TU\{?@JF R E’JEV(EW:%MK)
b(hmn) =mg, . —hm (hmn)mhmn*)fhmn (Pmn)
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Abstract:
Objective Holographic Multiple-Input Multiple-Output (HMIMO), based on continuous-aperture antennas and

programmable metasurfaces, is regarded as a cornerstone of 6G wireless communication. Its potential to
overcome the limitations of conventional massive MIMO is critically dependent on accurate channel modeling
and estimation. Three major challenges remain: (1) oversimplified electromagnetic propagation models, such as
far-field approximations, cause severe mismatches in near-field scenarios; (2) statistical models fail to
characterize the coupling between channel coefficients, user positions, and random orientations; and (3) the
high dimensionality of parameter spaces results in prohibitive computational complexity. To address these
challenges, a hybrid parametric-Bayesian framework is proposed in which neural networks, factor graphs, and
convex optimization are integrated. Precise channel estimation, user position sensing, and angle decoupling in
near-field HMIMO systems are thereby achieved. The methodology provides a pathway toward high-capacity
6G applications, including Integrated Sensing And Communication (ISAC).

Methods A hybrid channel estimation method is proposed to decouple the “channel-coordinate-angle”

B


https://doi.org/10.1109/JSAC.2024.3389126
https://doi.org/10.1109/JSAC.2024.3389126
https://doi.org/10.1109/JSAC.2024.3413981
https://doi.org/10.1109/JSAC.2024.3413981
https://doi.org/10.1109/TGCN.2023.3318986
https://doi.org/10.1109/LCOMM.2023.3278683
https://doi.org/10.1109/LCOMM.2023.3278683
https://doi.org/10.1109/TWC.2025.3552492
https://doi.org/10.1109/TWC.2025.3552492
https://doi.org/10.1109/TSP.2020.3044847
https://doi.org/10.1109/TSP.2020.3044847

H11 WRIFIESE: 2404 EMIMOE 18 # AR K DU il it 4187

parameters and to enable joint estimation of channel coefficients, coordinates, and angles under random user
orientations. A neural network is first employed to capture the nonlinear relationship between holographic
channel characteristics and the relative coordinates of the base station and user. The trained network is then
embedded into a factor graph, where global optimization is performed. The neural network is dynamically
approximated through Taylor expansion, allowing bidirectional message propagation and iterative refinement of
parameter estimates. To address random user orientations, Euler angle rotation theory is introduced. Finally,
convex optimization is applied to estimate the rotation mapping matrix, resulting in the decoupling of
coordinate and angle parameters and accurate channel estimation.

Results and Discussions The simulations evaluate the performance of different algorithms under varying key
parameters, including Signal-to-Noise Ratio (SNR), pilot length L, and base station antenna number M. Two
performance metrics are considered: Normalized Mean Square Error (NMSE) of channel estimation and user
positioning accuracy, with the Cramér-Rao Lower Bound (CRLB) serving as the theoretical benchmark. At an
SNR of 10 dB, the proposed method achieves a channel NMSE below —40 dB, outperforming Least Squares
(LS) estimation and approximate model-based approaches. Under high SNR conditions, the NMSE converges
toward the CRLB, confirming near-optimal performance (Fig. 5a). The proposed channel model demonstrates
superior performance over “approximate methods” due to its enhanced characterization of real-world
channels. Moreover, the positioning error gap between the proposed method and the “parallel bound”
narrows to nearly 3 dB at high SNR, confirming the accuracy of angle estimation and the effectiveness of
parameter decoupling (Fig. 5b). Moreover, the proposed method maintains performance close to the theoretical
bounds when system parameters, such as user antenna number N, base station antenna number M, and pilot
length L, are varied, demonstrating strong robustness (Figs. 6~8). These results also show that the Euler angle
rotation-based estimation effectively compensates for coordinate offsets induced by random user orientations.
Conclusions This study proposes a framework for HMIMO channel estimation by integrating neural networks,
factor graphs, and convex optimization. The main contributions are threefold. First, Euler angles and
coordinate mapping are incorporated into the parameterized channel model through factorization and factor
graphs, enabling channel modeling under arbitrary user antenna orientations. Second, neural networks and
convex optimization are embedded as factor nodes in the graph, allowing nonlinear function approximation and
global optimization. Third, bidirectional message passing between neural network and convex optimization
nodes is realized through Taylor expansion, thereby achieving joint decoupling and estimation of channel
parameters, coordinates, and angles. Simulation results confirm that the proposed framework achieves higher
accuracy—exceeding benchmarks by more than 3 dB, and demonstrates strong robustness across a range of
scenarios. Future work will extend the method to multi-user environments, incorporate polarization diversity,
and address hardware impairments such as phase noise, with the aim of supporting practical deployment in 6G
systems.

Key words: Holographic Multiple-Input Multiple-Output (HMIMO); Neural networks; Bayesian estimation;

Euler angle rotation; Message-passing algorithm.
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