2025 IEEE 36th International Symposium on Personal, Indoor and Mobile Radio Communications (PIMRC) | 979-8-3503-6323-4/25/$31.00 ©2025 IEEE | DOI: 10.1109/PIMRC62392.2025.11275258

2025 IEEE 36th Annual International Symposium on Personal, Indoor and Mobile Radio Communications (PIMRC): Track 4:
Emerging Technologies, Applications and Platforms

Channel Estimation via Digital Twins
with Limited a Priori Knowledge

Lorenzo Del Moro®, Francesco Linsalatal, Marouan Mizmizil,
Damiano Badini?, Umberto Spagnolini' and Maurizio Magarini

1
1

' Dipartimento di Elettronica, Informazione e Bioingegneria, Politecnico di Milano, Milan, Italy
2Huawei Technologies Italia S.r.l., Segrate
Email: !{name.surname} @polimi.it, 2damiano.badini @huawei.com

Abstract—Digital Twin (DT) has emerged as a promising
solution for channel estimation. By leveraging high-resolution
3D models of the scenario and ray-tracing simulations, DT could
provide valuable site-specific prior knowledge on the channel’s
space-time (ST) invariant features of the multipath environment,
such as angles of arrival, angles of departure, and propagation
delays. However, the real-time characterization of these features
imposes computational constraints on ray-tracing simulations,
hence limiting the prior knowledge of the multipath environ-
ment and corresponding ST features, and degrading estimation
accuracy. In this paper, we propose and investigate, for the
first time, three distinct DT-empowered low-rank methods for
channel estimation, under different degrees of prior knowledge
corresponding to limited number of paths provided by DT.
Specifically, these methods perform modal projection onto a joint
space-time, a spatial, and a temporal subspace. We compare our
proposed methods with state-of-the-art techniques, and evaluate
their performance in a synthetic scenario. Numerical results
show that robustness, when prior knowledge is limited to few
paths, is achieved when exploiting only temporal features, while
estimation accuracy is attained when joint space-time features
are considered.

Index Terms—Channel estimation, Low Rank, Digital Twin

I. INTRODUCTION

Accurate channel estimation is a critical challenge to
achieve high-performance in wireless communication systems
that exploit precoding/combining schemes. However, recent
research trends are pushing towards increasing the number
of transmitting and receiving antennas (Nt, Ng), and band-
width B [1], [2]. Hence, as channel estimation accuracy
degrades with the dimensionality of the resulting multiple-
input multiple-output (MIMO) channel, the need for efficient
channel estimation is mandatory for next-generation wireless
networks. A promising solution for channel estimation, is the
concept of Digital Twin (DT) [3], [4]. By leveraging high-
resolution 3D models and opportunistic ray-tracing simula-
tions, DT-supported wireless networks can generate accurate
and dynamic digital representations of the electromagnetic
environment [5], [6], thus providing valuable prior knowledge.
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DT-empowered channel estimation methods, leverage the
prior information on the space-time (ST) invariant features,
such as angles of arrival (AoAs), angles of departure (AoDs),
and delays, associated to the multipath propagation environ-
ment [7], [8]. The prior information made available from DT
can be used to characterize the propagation modes of the
MIMO channel, which are intrinsically related to the large-
scale geometry of the environment [9]. It follows that, these
methods are robust to small-scale geometric inconsistencies
and material mismatches between the 3D model and the
real-world environment. This eliminates the need for precise
geometric and electromagnetic data or calibration procedures,
which are typically required for accurate phase information
in ray-tracing simulations [10]. Furthermore, the slowly time-
varying channel’s ST features are easily tracked in comparison
to the fast time-varying components, i.e. fading amplitudes,
which are influenced by small-scale effects. What above allows
the DT to maintain accurate and updated information on the
channel’s ST features.

Unfortunately, despite the high estimation accuracy
achieved with DT-empowered channel estimation methods, a
main concern remains in the restricted number of paths that the
DT can extract. In fact, due to computational constraints for
real-time characterization of the propagation environment, the
DT only provides limited prior information on the multipath
components, through time-constrained ray-tracing simulations.
As a result, a trade-off between accurate prior information
and real-time characterization is a mandatory aspect in DT-
empowered channel estimation.

In [7], we proposed a DT-empowered low-rank (LR) chan-
nel estimation approach, which performs modal projection on
separate space and time (SST) subspaces. However, despite we
defined a DT framework and presented theoretical and simu-
lation results, a performance analysis, under different levels
of prior information, in terms of paths provided by DT, is
missing. To this aim, in this paper, we propose and investigate
for the first time three distinct DT-empowered LR channel
estimation approaches under limited a priori information; a DT
joint space-time (DT-JST) LR method, a DT spatial (DT-S) LR
method, and a DT temporal (DT-T) LR method. Specifically,
the proposed approaches perform modal projection on a joint
space-time, a spatial, and a temporal subspace, respectively.
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Contributions The key contributions of this work are

summarized as follows.

e Propose and provide a theoretical analysis of DT-JST, a
DT-S, and DT-T approach for channel estimation, which
exploit, in different manner, prior knowledge on ST
invariant channel’s features derived from the DT.

o Compare our proposed approaches with the DT-SST
method [7] and the conventional LS, in terms of normal-
ized mean squared error (NMSE), when limited multipath
components are provided by DT.

o Show that, in terms of NMSE, the DT-T method is
suitable when few paths are provided, while the DT-
JST exhibits greater performance, when accurate prior
information is available. Specifically, under a constraint
of P paths, the DT-JST gains over 20dB against the state
of the art LS approach, whereas for P=1 path, the DT-T
overperforms the LS of at least 5dB, for Signal-to-Noise
Ratio (SNR) values ranging from —30 dB to 15 dB.

Organization The rest of the paper is organized as follows.

Section II introduces the system model, while Section III
proposes our distinct DT-empowered LR channel estimation
methods. In Section IV numerical results are presented. Sec-
tion V concludes the work and suggests future exploration.

Notation (-)*, ()7 and (-)" denote the complex conju-

gate, matrix transpose, Hermitian transpose. The Kronecker
product is ®, diag(v) is a diagonal matrix with vector v on
main diagonal, and vec{A} is the stacking operator, such
that vec{ABC} = (CT ® A)vec{B} and vec{AB} =
(I® A)vec{B}. Additionally, Tr{A} is the trace of the square
matrix A, E{-} denotes the expectation, and Iy is the N x N
identity matrix.

II. SYSTEM MODEL

We consider a MIMO orthogonal frequency-division multi-
plexing (OFDM) system with a base station (BS) and a user
equipment (UE) equipped with Ng and Nt antenna elements,
respectively. The duration of an OFDM symbol is given by
T = (Ngc + Nep) Ty, where T, = % represents the sampling
interval for a system bandwidth B, N, is the length of the

cyclic prefix (CP), and Ny, denotes the number of subcarriers.

A. Uplink Pilot Transmission

In pilot-based OFDM systems, channel estimation is
achieved through the transmission of N, symbols from each
antenna, which are known both at the transmitter and receiver.
These known symbols are scattered on a time-frequency grid,
corresponding to predetermined subcarriers and specific train-
ing OFDM symbols [9]. Here, we assume that each OFDM
training symbol experiences a fading realization. Differently,
the channel’s ST features, which depend on the large-scale
geometry of the environment, are assumed to be static in M
OFDM training symbols [11].

Let X%T) € CNe*1 be the vector containing the baseband
transmitted complex samples allocated for piloting at nrth
antenna, with np = 1, ..., N, and in the mth OFDM training
symbols, with m =1, ..., M. We call 1 the transmitted power

per subcarrier and per antenna. Assuming a sufficiently long
CP to prevent inter-symbol interference, the vector of complex
baseband received pilot samples, in the mth OFDM training
symbol, and antenna ng = 1, ..., Ng, is expressed as [11]

YO =) diag(XGT)HG +wiin), (1)

where WSJZ ®) € CNe*1 denotes the vector of additive white

Gaussian noise (AWGN), with i.i.d. elements of variance
o2, and H®") ¢ CNeX1 g the frequency-domain chan-
nel across the NN, subcarriers. This is obtained through the
Discrete Fourier Transform (DFT) of the channel impulse
response as

H{mmw) = Fhiyonr), @)
T

where h{/*"™) = [h%R’"T)(O), Sy — 1] is
the channel impulse response, within the temporal support
length W, and F € C™»*W is the DFT matrix, with entries

[Fliw = \/%exp(—j%rfkw/]\fsc), with f;, denoting the
frequency index of pilot subcarrier kK = 0,..., N, — 1, and
w = 0,...,W — 1. For notational simplicity, we rewrite (1)
as

Yr®) = B,,h(m) 4 wine), 3)
where B,, = [diag(XG)F,... diag(X\W)F] ¢

CNexWNr and h{i®) € CWNtx1 5 the stacking of the
concatenation of Nt channel impulse responses ") =
[hsffR’l)T,...,h%LR’NT)T]T. Note that, to avoid aliasing in
channel estimation, it is required that N, > W Np. Addition-
ally, optimal pilot design results in equipowered, equispaced,

and phase shift orthogonal pilot samples [12].
B. Channel Model

The channel is characterized by multipath propagation with
P distinct paths. For the pth path, we call the azimuth and
elevation AoA as 6, = [ ;X,gozx], and the azimuth and
elevation AoD as v, = [¢5, ©*]. Similarly, let 7, represent
the delay associated with the pth path. We call ar(6),)
and ar(v,) the array response vectors at the receiver and
transmitter, respectively [13]. Let A(0,,7,) € CN®=XNT be
the matrix given by

A(6,,7,) = ar(8y)ar(v,)". 4)

We model the wth tap of the MIMO channel h,,(w) €
CNrxNt a5 9], [11]

P
R, (w) = Z cp,mA(Hp,'yp)g(wTS - Tp), (5)
p=1

where ¢, ., represents the fading amplitude for the pth path
and ¢(-) denotes the pulse shaping response given by the
cascade of transmit and receive filters. Let h,,, € CVNRNT*W
be the concatenation of W taps of the stacking operation
on (5). It follows that

Ry, =S(0,7)C,G(T)T, (6)

Authorized licensed use limited to: University of Pisa. Downloaded on March 27,2026 at 10:00:18 UTC from IEEE Xplore. Restrictions apply.



2025 IEEE 36th Annual International Symposium on Personal, Indoor and Mobile Radio Communications (PIMRC): Track 4:
Emerging Technologies, Applications and Platforms

)

! 3D model " | STssignatures i : ]
& P extraction ! !
{Ray-tracing N i A prioriprojectors |
i i 01,71, 71 [ H
N T o oo
I 02,72,T2 . gy, Mg, Iy i
gzl i 05137 e :
p 1 ] !

Digital Twin /

t Update
[ Real world ]

Fig. 1: DT features extraction framework.

where S(0,v) € CNrNTXP g the composition of P vector-
ized array response matrices, written as

S(6,7) = [vec{A(01,7,)},...,vec{A(Op,vp)}]
= [a(Ol,'yl), .. ,a(0p,'yp)].

Differently, G(7) = [g(T1),....8(7p)]
denotes the composition of the P impulse responses,
in the temporal support length of the channel, with
g(rp) = [g(—Tp), ceng(W = 1Ty — TpﬂT, while C,,, =
diag{[c1,m,---,cpm]} € CP*F embodies the fading ampli-
tudes. Moreover, the fading amplitudes are assumed to follow
a wide sense stationary uncorrelated scattering (WSSUS)
model [11], such that

E{C.Cp} = diag{[of,...,ab]} =T, (8

with ag being the average instantaneous power for the pth
path. Finally, the ST MIMO channel vector h,,, € CNrNtWx1
is obtained as stacking of (6). Accordingly, it results in

(7

c (CWXP

P
hp, = Z (g(Tp) ® a(epv’Yp))cp,m = T(05777)C7n7 9

p=1
where matrix T(0,v,T) = [t1,...,tp] € CNrNtWXP "yith

. T
t, = g(7p) ® a(0,,7,), while ¢y = [C1,ms--- CPm]| €
CP*1 is the vector containing the fading amplitudes.

III. DT-EMPOWERED LR METHODS

Low-rank channel estimation methods have been investi-
gated in the context of multi-slot channel estimation [9], [11],
[14]. Specifically, LR approaches estimate MIMO channels by
exploiting the invariance of ST features, such as AoAs, AoDs,
and delays, across different MIMO channel realizations. These
approaches employ modal projection on the received signal to
improve estimation accuracy, leveraging the algebraic structure
of the MIMO channel and its inherent sparsity. Similarly,
in DT-empowered channel estimation, modal projection is
employed to improve estimation accuracy [7]. However, the
invariance property of the channel’s ST signatures is leveraged
to enable the DT to generate these features as a priori, in nearly
real-time. Specifically, based on the updated UE location p and

3D model of the environment, ray-tracing simulation generates
Ao0As, AoDs, and delays associated to multipath propagation,
as shown in Figure 1. As a result, projectors can be computed
as a priori and provided to the physical system for modal
projection. This overcomes the latency burden of common
LR approaches, which in contrast, require different MIMO
realizations to estimate the projectors. Nevertheless, since ray-
tracing simulation has complexity O(HP”), where K is a
parameter depending on the scenario and n depends on the
ray-tracing technology used, typically ranging between 1 and
2, AoAs, AoDs, and delays are restricted to only P paths,
where P < P [5]. In particular, the limited number of paths
provides only partial knowledge on the propagation modes of
the MIMO channel. As a result, modal projection is performed
onto a restricted subspace, which improves estimation accu-
racy in the low SNR region, due to noise projection. However,
this approach can severely degrade estimation accuracy in the
high SNR region. Accordingly, in the following, we present
three distinct approaches, suited to different levels of prior
information, in terms of known multipath components of the
propagation environment.

A. DT-JST method

The DT-JST channel estimation is derived from (9). We call
T(0,~,7) the matrix in (9), which is known as a priori from
the DT, but limited to P paths. Let fJST € CNeNTWXTstT pe
the corresponding orthonormal basis (ST propagation modes),
such that span(T(6,~,7)) = span(Ugr). Also, let Fgp =
rank(’i‘(@,’y,T)) be the dimension of the ST subspace ob-
tained from the DT. We remark that, the DT allows us to
pre-compute and maintain during the channel’s ST invariance
period the a priori basis, by exploiting the knowledge on
a limited subset of AoAs, AoDs, and delays. These bases
{ﬁST} are obtained, as a priori, from the singular value de-
composition of {T(@,~,7)}, with computational complexity
O(Ngr Nt W]SQ). It follows that, the projection matrix, related
to the ST propagation modes is

Mgt = Ugr U4, (10
Afterwards, the DT-JST channel estimates become

~JST  ~ LS

h,, =IMgsrh,, , (11)

LS
where h,, is the LS, or equivalently the maximum-likelihood
(ML), channel estimate [12].

B. DT-S and DT-T method

Differently from the DT-JST, the DT-S and DT-T follow
from (6). Similarly, we call S(0,~) and G(7) the matrices
in (6), which are known as a priori from the DT, and still
limited to P paths. Let Ug € CNeNt>Ts and Up € CWx7r
be the corresponding orthonormal basis (space and time prop-
agation modes), such that span(S(6,+)) = span(Ug) and
span(G(7)) = span(Urp). Also, let 7s = rank(S(6,7))
and 7p = rank(G(7)) be the dimensions of the spatial and
temporal subspace obtained from the DT, respectively. These

bases {fJS, fJT} are obtained, as a priori, from the singular
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value decomposition of {S(8,7), é(rl}, with computational
complexity O(NgNtP?) and O(W P?), respectively. The
projection matrices, related to the space and time propagation
modes are

f[s = ﬁsﬁg, f[T = fJTfJ% (12)
Accordingly, the DT-S and DT-T channel estimates become,
respectively [11]

(I © Inp g )Py, (13)

where f[DT—S = Iy ® f[s and fIDT—T = ].:[?i« (24 INTNR
denote the projection matrices for the DT-S and DT-T LR
channel estimation methods, respectively.

hoy = (Tw @ TTg) s By =

C. NMSE Analysis

In order to derive the NMSE across pilot subcarriers for the
proposed methods, we assume perfect accuracy of the AoAs,
AoDs, and delays, as the inherent errors in the 3D model of
the environment and ray-tracing simulations are beyond the
scope of this gaper Accordingly, the NMSE for the DT-JST

estimator h results in
TriE{||h,, fh 2
NSE gy — THEL 1%
Tr{H‘E{Ilhmll }}
_ Te{IIg Ry} Fst (14)
Tr{Rp} W Nt Ng (52 )SNR

0'12€>7JST + U?&,JST>

where Rh denotes the covariance matrix of the ST MIMO
channel, HST = Iy NrNg — fIST) represents the orthonormal
projection matrix to HST, and SNR = "f , with g = VT,ZE?I’%
being the average channel gain. In (14) the term o-P JST
accounts for the projection error power due to the limited
number of paths. Notably, this term must satisfy

0<%

PJST<1

5)

Specifically, a% JsT = 0 occurs in case of complete character-
ization of the multi-path propagation environment, hence when
It = Igr, and follows that Tr{H tRn} = Tr{Ry —

IIstRp} = 0. Conversely, o P JST = = 1 results from the com-

plete lack of prior information. In this case, fIST = Iw g Nes
and as a consequence Tr{II¢&.Rp} = Tr{Rp}. On the other
hand, the term 0w7 jsT accounts for the projected noise power
onto the subspace spanned by the columns of Ugr. It is
straightforward to show that

rsT

(16)
W N Np (D

0< 0% 557 < )SNR

o2 — TST
@IST T W Np N (2 )SNR
plete characterization of the propagation environment, while
Ufb, js1 = 01is achieved when no prior information is available.
The above observation are similarly extended to the DT-S
and DT-T methods. However, it is important to note that the

Precisely, corresponds to a com-

projection matrices differ from that of the DT-JST method.
Accordingly, the projection error due to the limited number of
paths, and the term accounting for the projection of noise, for
the DT-S and DT-T are illustrated in Table I, where a compar-
ison of O'fj and 0% is shown for our proposed approaches, the
DT-SST [7], and the conventional LS. Note that the projection
matrix for the DT-SST [7] is HSST = H ® HS

Method o% %
— -~
DT — JST “ﬁ?{sﬁ,ﬁh} W Nt NTRS(T}VV% )SNR
— s
DT —ssT [7] || Tiisgrtnl W e Vg (R
r_s Tr{f;\rﬁ{qg:}Rh} NTNR;JSIVV—p s
DT -T TY{FE{TR_:}R’L} W(x2 JG‘? —)SNR
LS 0 (2 )SNR

TABLE I: Projection error power 012-3 and projected noise
power o2 for our investigated approaches, for the DT-SST [7],

and for the conventional LS.

IV. NUMERICAL RESULTS

Consistently with the system model in Sec. II, we set
N =128, Ng =64, and Nt =4. We allocate N, = 64 pilots
on each training OFDM symbol and we consider numerology
pn=4 of 5G NR frame, corresponding to a subcarrier spacing
of A f =240KHz and to an overall bandwidth B = 30.72MHz.
The simulated benchmark channel is generated by means of
a commercial ray-tracer with P =25 paths with a carrier
frequency f.=28 GHz. Additionally, the temporal support
length of the channel is W = 10 OFDM samples, and
corresponds to the CP length N,.

Figures 2a and 2b illustrate the NMSE comparison for
different methods, considering P = 1 and P = 7 available
number of paths provided by the DT, respectively. For P=1,
the DT-JST and DT-SST methods outperform the DT-S, DT-T,
and LS, the low SNR region. However, due to the partial lack
of multipath propagation components, these methods reach a
threshold, posed by 012_:,, at approximately SNR = —10dB. In
contrast, the DT-T approach maintains superior performance
over LS, even in the high SNR region, proving its robustness
to the limited prior information. When P = 7, all DT-
empowered methods exhibit saturation at higher SNR values.
Within the SNR values of interest, the DT-JST and DT-SST
approaches achieve higher performance than DT-S, DT-T, and
LS. Specifically, the DT-JST provides an approximate gain of
25dB over LS, while DT-SST achieves a gain of about 20dB.
Accordingly, when rich prior information on the multipath
components of the propagation environment is available, these
methods are desirable in comparison to the DT-S, DT-T, and
LS approaches.

Figure 3 illustrates the comparison between the projection
error power %, for the proposed approaches, against the
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Fig. 2: NMSE Comparison for a) P=1 path and b) P=1
paths, for the proposed approaches, the DT-SST [7], and for
the conventional LS. Solid lines denote the analytical NMSE,
while markers are the simulated results.

NMSE for the LS, at SNR = 20 dB and SNR = 30 dB. As
observed, among the investigated methods, the DT-T approach
demonstrates greater robustness to limited prior knowledge,
whereas the DT-JST is the most sensitive. Specifically, the DT-
T achieves a projection error power 0% lower than the NMSE
of the LS estimator at SNR = 20 dB with only a single path,
whereas at least three paths are required for the same condition
at SNR = 30 dB. In contrast, the DT-JST, DT-SST, and DT-S
necessitate at least 3 paths to ensure that 0125 remains below
the NMSE of the LS at SNR = 20 dB, while more than 12
paths are needed at SNR = 30 dB. Based on these results,
we conclude that only a few paths are needed to approximate
the ground-truth temporal subspace, while a larger number of
multipath components are required to capture the ground-truth
spatial subspace.

Finally, as observed in Figures 4a and 4b, limited prior
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Fig. 3: Comparison of the analytical values of the projection
error power 0125, for the proposed approaches and DT-SST [7],
against the NMSE for LS at SNR = 20dB and SNR = 30dB.

knowledge enables modal projection of noise onto a restricted
subspace in comparison to the ground-truth. Specifically, as
the number of known paths increases, the projected noise
power U?D also increases. Moreover, for the DT-T method
at SNR = 10 dB, 0125 > 0125, meaning that the NMSE is
primarily affected by o%. Conversely, for the remaining DT-
empowered channel estimation methods, this inequality does
not hold when only few paths are considered. As a result, the
NMSE is constrained by the threshold set by 0125, when few
paths are provided by the DT. A similar behaviour is observed
for SNR = 20 dB. However, in this case, all methods exhibit
a certain number of paths at which O'?D < ¢2 and hence, the
NMSE reaches the threshold imposed by 05 confirming the
results of Figures 2a and 2b.

V. CONCLUSION

This paper proposes three distinct DT-empowered LR meth-
ods for channel estimation; a DT-JST, DT-S, and DT-T. These
methods leverage a priori information on AoAs, AoDs, and
delays, provided by the DT. Each approach performs modal
projection onto a different subspace, namely, joint spatial-
temporal, spatial, and temporal subspace. Furthermore, we
provide, for the first time, a theoretical analysis of the NMSE
and compare our methods against the DT-SST [7] and the
conventional LS approach, under limited number of paths
provided by DT. Simulation results demonstrate that, under
limited prior information, the DT-T method achieves superior
performance in the high SNR region, in terms of NMSE, com-
pared to DT-JST, DT-S, and DT-SST [7]. Conversely, when
accurate prior information is available, DT-JST outperforms
all other methods. Specifically, the DT-T method provides a
gain of approximately 5 dB over LS when only a single path
is provided, for an SNR range of —30 dB to approximately
15 dB. Meanwhile, DT-JST achieves a gain of roughly 25 dB
over LS for an SNR ranging from —30 dB to 10 dB, when
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Fig. 4. Comparison of the analytical values of the projected
noise power o2 for a) SNR = 10 dB and b) SNR = 20 dB,
for the proposed approaches and DT-SST [7].

7 paths are known from the DT. According to these results,
when few paths are provided by DT, modal projection must be
performed only onto the temporal subspace, in order to limit
the projection error due to the lack of multipath components.
Conversely, when rich prior information is present, projection
on both subspaces is desirable. Additionally, further investi-
gation is required to analyze the impact of errors in the 3D
model of the environment or in the UE’s estimated position.
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