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Abstract—This paper proposes a Spherical-wave General-
ized Array Manifold Space-Alternating Generalized Expectation-
maximization (SW-GAM-SAGE) algorithm to jointly estimate
conventional channel parameters and physical characteristics
of slightly distributed scatterers (SDSs). By integrating the
Spherical-wave GAM (SW-GAM) model into the spherical-
wave SAGE (SW-SAGE) framework, the algorithm enhances
parameter estimation accuracy under strict SDS constraints.
Monte Carlo simulations confirm its superior performance in
high Signal-to-Noise Ratio (SNR) environments. Experimental
validation using indoor measurement data reveals that both
SW-SAGE and SW-GAM-SAGE achieve equivalent precision in
extracting multipath components (MPCs) and SDSs, respectively.
To address near-field sensing limitations, a hybrid channel
model combining spherical-wave MPCs with SDSs is further
proposed, whose efficacy is rigorously verified through practical
measurements. This work advances near-field integrated sensing
and communication (ISAC) channel modeling and provides
a foundational framework for sixth generation (6G) system
design, bridging theoretical innovation with practical sensing-
communication integration.

Index Terms—Channel parameter estimation, ISAC, spherical
wave front, near-field

I. INTRODUCTION

Integrated sensing and communication (ISAC) has emerged
as a critical enabler for the sixth generation (6G) wireless
systems, necessitating enhanced capabilities in environmental
sensing of both signal sources and scatterers. This paradigm
shift elevates the importance of physics-based channel mod-
eling that accurately incorporates geometric characteristics
of scattering objects, including their spatial distributions and
dimensional attributes, derived from advanced sensing tech-
niques [1].

Contemporary localization methodologies employing
spherical-wavefront-based parametric models demonstrate
promising results in estimating first/last-hop scatterer positions
through high-resolution parameter estimation (HRPE) with
multi-antenna  synchronized systems. These approaches
explicitly account for the wavefront curvature by modeling
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the distance-dependent relationship between scatterers and
antenna arrays. Recent advancements in spherical-wave-based
localization have extended operational capabilities through
various strategies: leveraging geometric constraints as prior
information [2], modeling dense multi-path componentss
(DMCs) [3], [4], exploiting time-difference-of-arrival
measurements from distributed/mobile receivers [5]-[7],
and implementing triangulation principles [8]. Nevertheless,
current channel estimation frameworks exhibit fundamental
limitations in characterizing the spatial extent of scattering
objects, particularly in quantifying the physical dimensions
of scatterers or resolving the dispersion characteristics of
slightly distributed scatterer (SDS) [9]-[11].

To address these limitations, a prior parametric chan-
nel model is integrated into generalized array manifold
(GAM) [9] manifolds architecture, and a called Spherical-
wave Generalized Array Manifold Space-Alternating General-
ized Expectation-maximization (SW-GAM-SAGE) algorithm
is proposed. The proposed model and the corresponding
algorithm exhibits the ability of estimating the channel pa-
rameters and obtaining the spreading of SDSs. Compared
to other conventional algorithms, the proposed algorithm is
based on spherical-wave-based model and considers a Taylor
series expansion of static DMCs not only in azimuth and
elevation domains, but also in distance domain between the
reference antennas of the Tx/Rx array and the first/last-hop
scatterers(hereinafter referred to as first/last-hop distance).

The remainder of this work is organized as follows: Sec-
tion II derives the Spherical-wave GAM (SW-GAM) channel
model. The SW-GAM-SAGE algorithm is also derived using
the space-alternating generalized expectation-maximization
(SAGE) structure. Section III describes the simulation result
for prove the viability of the algorithm. Section IV provides
reasonable results in measurement-based. Section V proposed
a mixed channel model. Finally, Section VIconcludes the

paper.
II. GAM SIGNAL MODEL AND SW-GAM-SAGE
ALGORITHM
A. GAM Signal Model for MIMO Systems

Let consider a single-input multiple-output (SIMO) system
in which the Rx is equipped with a uniform planar array
(UPA) with M antenna elements. The frequency response
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ysps,m (f) received by the mth Rx antenna (m = 1,..., M)
in a single-SDS propagation scenario can be viewed as the
total contribution of multiple spherical-wave paths:

ysosm(f) =Y acrem(Qiy o) exp{—j2m f7c} (1
{=1
[Hde,ZQRx,Z - rRx,mH - de,Z]} +w (f)

Co

exp{—j2rf

where L represents total number of propagation paths, Qg ¢ =
[sin(@) cos(¢), sin(8) sin(¢), cos(#)], c and 7 represent the
direction of arrival (DoA) at the reference antenna, complex
amplitude, and propagation delay of /th path, respectively; 6
and ¢ denote the Elevation of Arrival (EoA) and Azimuth of
Arrival (AoA). dgry,¢ is the last-hop distance for the ¢th path.
iy o = (dQ—rp,)/||dQ—r,, || is the DoA at the mth antenna.
Crx,m denotes the mth Rx antenna response. rgy,,, represents
the position vector of the mth antenna on the Rx array, and
wm(f) is white Gaussian noise with variance o2.

Similarly to the definition of SDS under the plane-wave
front assumption [11], an SDS under spherical-wave front
assumption can be expressed by 0, = 0+ 04, o = by + b0,
dy = dy + dyg. (-) and (-) denote nominal value and devia-
tions, respectively. The deviations of the three parameters are
independent to each other. Then, the first-order Taylor series
expansion at a given parameter of ¢th path can be obtained,
and Eq. (1) yields the GAM model [12] as:

ysps,m(f) = [A B C D]-[F Fj Fj Fjl" +wn(f), ()
with
L L L ) L .
A= Zae,B = Zaﬁe,C = Zaz@aD = Zazdz,
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em(Q)j2m f d—Q'r, e ()
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o €2 — 1y | d  |4—g 0=0,0=¢
(f 0 ¢ad 7) = exp{ ]27TfT}GRx m( é ¢_7 _)
e (Q)j2m fdrl, 22
"M emig=g | Oem()
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(.f 0 QZ d. )—exp{ ]27TfT}GRxm(f ¢7 ) =
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Cm (Q)j2m fdr}, 52
i " og.9ep | Ocm ()
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where
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In a scenario with a total of K SDSs, Eq. (2) can be re-written
in matrix form as:

K
£)=> Fe&, + W(f), 6)

where Y(f) € CMSx1 F, e CMSx4 £, € C*1, with
Fi. = [Fr Foe, Foies Far) s &x = [Ak, Bi, Ci, D)™ (1)

The values of F; and &, are given by using 0, ¢r, di, Tk
to replace the values of 6, ¢, d, 7 in Eq. (3) and Eq. (4). Then
the unknown parameters set 8, € ® = [01,05,...,0x]T in
Eq. (6) is given as:

0 = [Tk, Ok, $r, dic, Ak, Bi, Ci, Dy). (8)

By estimating the parameters for L paths in K SDSs,
the obtainment of both conventional channel parameters and
spreading of SDSs can be achieved.

B. Proposed SAGE-based Channel Estimation

In the SW-GAM-SAGE framework, the admissible hidden-
data space can be expressed as:

Yi(f) = Fe&i, + W(f). ©))

In the expectation (E-) step [13] of the SAGE algorithm,
the objective function () at the ith iteration, and given the
realization y(f), is written as:

Q(0:|0") = EIA®; Y1)|Y(f) =y(f), 0"  (10)
= —MSIno?, - — [ () - Bt [
o — ||F1(F) — Fiéy|)”,
where
i1 K ~t—1 ai—1
' (h=yH- DY Fu &y (11)
k'=1,k'#£k

is an estimation of Yy (f) when y(f) is obtained and 6 =
0", In the maximization (M-) step [13], the unknown
parameter set for the ¢th iteration can be given by:

0% = argmax{Q(0,]6' 1)} (12)
By setting OA(©;Xy)/ Qé to O(similarly to the procedure

in [14]), the estimation of &}, can be derived as:
i ~iH~i i
& = (F, F)~ 1Fk ). (13)
In the implementation of the SAGE algorithm, the multi-
dimensional maximization in Eq. (12) is replaced by a so-

called coordinate-wise updating procedure similar to that used
in [8], [15]

Tk —aurgrrlaux{z(rk,@Z 1,(;51 1 dZ I,A}C 1(f))}, (14)
0 = avgma(=(2}, O, 64 3 ()
o —arngX{Z(Tk,@k’(ﬁZ ! dl Ly

k: = argn;laX{Z(Tkaekv(bkadk’ f 71(f))}a
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Fig. 1. AEE and RMSEE of o4 vs. Signal-to-Noise Ratio (SNR).
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Fig. 2. AEE and RMSEE of oy vs. distance expansion.

where
2(Fe; 36 () = 3e(HPFR(FF) T F My, (f).

After estimating é x> the AoA spread o & EoA o, and the
last-hop distance spread o ; of the k-th SDS can be calculated

as [10], [12]:
o5 = |Ck*/|1Akl*, 05 = |Bi[* /| Ak|*, 04 = [Dx[? /| Ax[*.
(16)

5)

ITII. SIMULATION RESULTS

For proving the viability of the proposed algorithm, Monte-
Carlo simulations in a single-SDS scenario are performed. In
simulation, the environment is time-invariant and the Rx is
equipped with a uniform 8 x 8 planar array consisting of 64
omnidirectional antennas with 0.5 interval. The SDS consists
of L = 1000 sub-scatterers. The position of the SDS is set
to be 2m away from the reference antenna, while the EoA
and AoA are set to 45°. The random elements characterizing
the contribution of sub-scatterers to the channel response are
generated in the following way: the complex gain of each
sub-scatterer has the same amplitude and different random
phase. Their AoAs, EoAs, and distances are i.i.d. The carrier
frequency is 3.5 GHz and the bandwidth is 100 MHz.

The parameters are considered in order to evaluate the
performance of the method: /)different SNR and 2)different
distance spread o ; of the SDSs. Firstly, the effect of different
SNR on the estimation of the distance spread o ; in the single-
SDS is considered for the SNR range between 0 dB and 40 dB.
It can be seen from Fig. 1 that the average estimation error
(AEE) and root-mean-square-estimation-error (RMSEE) of the
o ; estimated are decreasing and converging to 0 with the SNR
increasing. As expected, the estimation of o ; is more reliable

TABLE I
MEETING ROOM SIMO MEASUREMENT CONFIGURATION.

Parameter Value
Frequency 12 — 14 GHz
Bandwidth 2 GHz
Frequency point 251
Transmitted Power 0dBm
Antennas Type Bi-conical
Antenna Gain 8 dBi

Size of Antenna Array 32 X 32 planar array

Bamboo

Desks Wall 2

Glass table Tx antenna

Rx reference antenna 4

ylm] 6 0 X[m]

Fig. 3. Schematic diagram of measurement scenario.

in a scenario with higher SNR. Secondly, we consider the
effect of o4 for the single-SDS. The o; is set from 0.05m
to 0.3m. Fig. 2 shows that the AEE and RMSEE of the
estimated of o; grow with o; increasing. This indicates that
the performance of the estimator decreases with the size of
the SDS, since the assumptions of SDS that SDS is the sum
of multiple sub-scatterers with slightly different parameter
become invalid [12].

IV. ANALYSIS OF MEASUREMENT DATA

The measurement was conducted in a meeting room with a
size of 8.84 x 6.03 x 2.95m?> at Tongji University, Shanghai,
China. Two wide-band antennas were used to build a SIMO
system. The Rx was equipped with a 32 x 32 planar array
perpendicular to the floor. Inter-element distance was set to
half wavelength of the maximum frequency. 251 frequency
points ranging from 12GHz to 14 GHz were measured. The
parameters of the measurement configuration are shown in
TABLE I and Fig. 3 shows the schematic diagram of the
measurement scenario.

In order to eliminate the frequency selectivity of wide
band, the measurement data was split into two parts to be
estimated at 12 — 13 GHz and 13 — 14 GHz. Then, the results
are superimposed. Both the spherical-wave SAGE (SW-SAGE)
and the SW-GAM-SAGE algorithms are used for estimat-
ing the parameters of the multipath components (MPCs) or
SDSs, respectively. First, the two algorithms are both set up
to estimated 30 paths. Additionally, considering the larger
number of parameters used in the SW-GAM model w.r.t the
spherical-wave model, another estimation using the SW-SAGE
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Fig. 4. Likelihood of SW-SAGE algorithm and SW-GAM-SAGE algorithm.

algorithm is set up to estimated 60 paths, in order to make the
number of parameters consistent.

Fig. 4 shows the likelihood curve. The curve of the
SW-GAM-SAGE algorithm begins to converge after about
40 iterations, while the SW-SAGE algorithm needs 50 and
80 iterations to converge for different settings. Since the
SW-GAM-SAGE algorithm extracts 30 SDSs, the likeli-
hood value is higher than that of the SW-SAGE with 30
paths. Meanwhile, the SW-SAGE algorithm needs to estimate
about 45 — 50 paths to achieve a similar convergence value
of the likelihood function. It can be concluded that the
SW-GAM-SAGE algorithm can extract more channel compo-
nents with fewer paths.

Fig. 5 shows the estimation results of the SW-GAM-SAGE
and SW-SAGE algorithms, as well as the last hop scatterers
mapped in 3D scenario. In particular, the scatterers plot for
the SW-GAM-SAGE algorithm constitute the central point of
each SDS. It can be seen from Fig. 5 that most of the power
is distributed in three areas marked by boxes labeled as: Area
I: line-of-sight (LoS) component; Area 2: MPCs caused by
Wall 2; Area 3: MPCs caused by the corner and bamboo. The
distribution of scatterers in Area 3 is more diffuse. This may
be due to the more complex and irregular physical shapes
at this area. At the same time, as we can see from Fig. 5,
there are some scatterers outside the room(including Area
4). The reasons are specifically discussed in [1] and can be
summarized as follows: /) the spherical-wave model is not
always accurate; 2) the Rx antenna does not provide enough
angular resolution; 3) there are many specular reflections in
the environment.

V. HYBRID CHANNEL MODEL

Fig. 6 shows the Cumulative Distribution Function (CDF)
of the estimated distance spread. Some large distance spread
values caused by the mismatch between propagation mech-
anisms and the SW-GAM model can be appreciated. These
mismatching issue might be caused by low SNR of some
MPCs, complex environment and others. In order to address
this mismatching issue, we can set a threshold to separate
SDSs. SDSs whose o4 is larger than the threshold cannot be
considered as SDSs, but as spherical-wave MPCs. Therefore
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Fig. 5. Estimation results of SW-GAM-SAGE and SW-SAGE. Left side (a,
¢, e): results of SW-GAM-SAGE at XY , XZ and YZ view. Right side (b, d, f):
results of SW-SAGE at XY , XZ and YZ view.
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Fig. 6. CDF of distance expansion (o).

E Refining step

' '

+| Update hidden data of spherical-wave components: |

L H

z(f) =y(f) - Z Tree.GAM,m (f)
=1

And set 2(L-L") spherical-wave path

!

' ' Use SW-SAGE to estimate
+|No E 2(L-L")spherical path

Use SW-GAM-SAGE
to estimate L SDSs

Set threshold to distinguish
whether SDSs estimated are ture
DS and divide hidden dat

Output: 2(L-L")
spherical-wave path

Output: L’ SDSs

Fig. 7. Flow chart of the algorithm for hybrid channel.

the hybrid channel model can be extended as:

L’ N
y(f) = Z xrec_GAM,l’(f) + Z xrec_SW,m(f) + ’Ll)(f) (I7)
n=1

I'=1
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Fig. 9. Estimation results of SW-GAM-SAGE based on mix channel model.

Trec_cam,’(f) is the component reconstructed by the
SW-GAM model, and rec_sw,m (f) is the component recon-
structed by the spherical-wave model. Fig. 7 gives the flow
chart of the algorithm for the hybrid channel model. The al-
gorithm is divided into two parts. Firstly, the SW-GAM-SAGE
algorithm 1is lllsed. After the convergence of the likelihood
function, 25:1 Trec_cam, (f) 18 reconstructed by using the
estimated SDSs with o4 smaller than a given threshold. Then,
the hidden data can be updated by:

x(f) =y(f) - Z Tree_cam,lr (f)-

I'=1

(18)

Since the SW-GAM model for a SIMO system has 12 param-
eters and spherical-wave model 6, the number of spherical-
wave MPCs needed to be estimated is larger than L — L’.
To keep the number of parameters consistent, the number of
spherical-wave MPCs is set to 2(L — L') in this paper. Fig. 8
shows the likelihood of the original step and the refining
step when using measurement data. It can be seen that the
refining step improves the convergence value of the likelihood
function. Fig. 9 shows the estimation results. The distribution
of scatterers is similar to the results mentioned above and the
power distribution is more concentrated in four areas. This
shows that the model is more consistent with the real channel
and more channel components can be extracted for the same
number of parameters.

VI. CONCLUSIONS

This paper proposes a SW-GAM-SAGE algorithm for joint
estimation of the conventional channel parameters and the
SDSs physical information. By incorporating the GAM model
into the SW-SAGE framework, the proposed method demon-
strates high performance in high SNR scenarios under a strict
SDS assumption, as validated by Monte Carlo simulations.
Both SW-SAGE and SW-GAM-SAGE achieve comparable
accuracy in extracting MPCs and SDSs from indoor mea-
surement data, respectively, confirming the feasibility of the
approach. To further improve sensing accuracy, we introduce
a hybrid channel model integrating spherical-wave MPCs and
SDSs, proving its accuracy with measurement data. This work
advances on the near-field ISAC channel estimation and lays
a foundation for future 6G sensing systems.
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