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Abstract—Extremely-large antenna arrays (ELAA) are impor-
tant in applications requiring high angular resolution. However, a
prominent issue is the spatial non-stationary (SNS) channels due
to partial blockage to the ELAA. In this paper, we address the
scatterer localization and subsequent environment reconstruction
considering partially blocked SNS channels. Specifically, the
SNS effects are parametrically modeled through spatial-varying
amplitudes with sparsity. Based on the established signal model,
the graph-based dictionary-aided multi-bounce space-alternating
generalized expectation-maximization (GM-SAGE) algorithm is
applied to estimate the channel parameters and the channel spar-
sity is empirically detected along with amplitude estimation. To
validate the proposed approach, we generate multi-bounce paths
through ray tracing (RT) simulations, where the SNS channels
caused by partial blockage could be configured flexibly. The
simulation results demonstrate the robustness of the proposed
approach in dealing with the SNS channels.

Index Terms—Extremely-large antenna array (ELAA), envi-
ronment reconstruction, GM-SAGE, partial blockage, spatial
non-stationary (SNS).

I. INTRODUCTION

Radio-based simultaneous localization and mapping
(SLAM) finds various applications such as internet of things
(I0Ts), indoor robotics, and automotive driving [1, 2]. These
applications rely on reconstructing the targeted environment
by extracting the geometry information from the various
propagation paths. Conventionally, the literature relies on the
direct (i.e. one-bounce) path from the scatterer to achieve
this objective [3, 4]. However, the rich multi-bounce paths
via multiple reflection/scattering, are inherent to the wireless
channels and hard to ignore, especially in complex indoor
environments[5]. Besides, using solely the one-bounce model
can lead to incorrect scatterer estimations due to model
mismatch, especially in cases where multi-bounce signals are
relatively strong [6].

In addition to the multi-bounce paths, extremely-large an-
tenna array (ELAA) wideband systems are highly desired
given their enhanced range and angle resolutions [7]. However,
due to the large aperture dimensions, the near-field effects,
such as spherical wavefront or range-angle coupling, arise in
the modeling of ELAA [8, 9]. Another important artifact of
the ELAA systems is the spatial non-stationary (SNS) in the
path gain across the array [10]. Many reasons can be attributed
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to the SNS, including unresolved paths, partial blockage of the
array, wave propagation mechanism, and imperfect hardware
coupling [10-12].

In this paper, we undertake scatterer localization to
reconstruct radio maps using multi-bounce propagation.
Due to the partial blockage of ELAA, conventional joint
multi-parameter estimation algorithms, including the itera-
tive framework of space-alternating generalized expectation-
maximization (SAGE) [13], fail to perform the unknown
SNS parameters. Different from the existing works, the pro-
posed graph-based dictionary-aided multi-bounce SAGE (GM-
SAGE) is a two-stage algorithm [6]. The channel parameters
of the reference channel, e.g., delay and amplitude, are first
estimated; then the joint multi-channel estimation is performed
based on the delay of each multipath in the reference channel.
Thus, the SNS amplitude in blocked channels can be captured.

II. SIGNAL MODEL AND PROBLEM FORMULATION
A.  Spherical Wavefront Parametric Channel Model

Let us consider an ELAA system that operates a non-
overlapping frequency division multiplexing (FDM) wave-
form, where M and N are the number of antennas utilized
at the Tx and Rx sides, respectively. Furthermore, the FDM
system utilizes P sub-bands within a frame, with each sub-
bandwidth being f,. Let z € CMNP*1 denote the baseband
equivalent channel, with m = 1,2,.... M and n = 1,2,.... N
denoting the antenna indices of the Tx and the Rx array
respectively, and p = 1,2,..., P denoting the index of the
sub-band. A unified parametric model for both near field and
far field consists of L multipath components (MPCs) taking
the form

L
2= z2) onoAnd@l]oa(r) (1)
=1 1=1
where ®,® denote the Hadamard and Kronecker products
respectively, [ = 1,2,...,L denotes the multipath index,
a; denotes the amplitude of the reference channel of the
lth path, v; and «; represent the SNS characteristics. Here,
v € CMNXY = [~ . 1]amNx1 is the sparsity parameter vector
indicating the physical blockage of the Ith path, with the
channel between the mth Tx and the nth Rx, v, ,;, being
specified as

_J0, the Ith path is blocked 2
Tmml = 1, the Ith path is unblocked .
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Aq; € CMNXL = [, o ]amrvx1 denotes the SNS amplitude
attenuation across the array, and 1 € CP*1 is a one vector.
a;(1) € CMNPX1 denotes the steering vector of the absolute
delay under the spherical assumption' as

a(7) = [e" " vy @ [e_j%fp]Pm J )
where f, = pfs and 7, ,, denotes delay as

g = 2L, (4)
c
where c is the speed of light. Further, d,, ,; is characterized
by the coordinates of Tx and Rx array elements, and scatter-
ers. Using graph-based multi-bounce model in [6], dy, ; is
calculated as

51 = Prum |+ 1 = T, one-bounce path
”rll - rTx,m” +ot HrlK_l - I.IKH

+HrlK *rRx,n”,

dm,n,l =
multi-bounce path
&)
where for a one-bounce path, the signal is reflected off a
single scatterer with coordinates r;. For a K-bounce path,
K > 2, the signal propagates sequentially via K scatterers,
{r},....,rF}X | denotes coordinates of a set of K scaiterers.

B. Problem formulation

Given the measurement data, y € CMNPX1 our task is to
jointly locate the coordinates of the scatterers and estimate
the channel impacted by SNS. For this multipath channel
estimation problem, we first define the L— hidden multipaths
in the measurement as

L
y &> z(0) + Biw, (6)

=1

with w denotes the noise and Zle 3? =1 to constrain the
noise, and 6; denotes the channel parameters of the /th path.
Then, we formulate the problem as

L
Py argminly = 7 (7

=1

where z; is the equivalent parametric model of the /th path
defined in (1), and

[ou, Aoy, v, 11, one-bounce path

0, = { [, Ay, v, {ri,r?}], two-bounce path  (8)

[, Ay, vi, 1), high-bounce path.

For paths with more than three bounces, i.e., high-bounce
paths, identifying the exact coordinates of scatterers would
result in ambiguity [6]. Hence, we only estimate the delay
vector 7; for high-bounce paths.

'This model is a general expression of both near field and far field. When
the distance is large enough, this steering vector will approximate to the planer
wavefront [6].

III. GM-SAGE BASED SCATTERER LOCALIZATION

The problem P; is a non-convex multi-object multivariate
problem. Meanwhile, the delay of multi-channels constrains
the coordinates of scatterers in (5). We adopt the GM-SAGE
framework for coordinates search [6]. We first choose one
channel as the reference channel® and estimate the number of
paths L and the corresponding amplitudes and delays. Then,
the E-step and M-step are utilized iteratively to estimate
the spatial parameters of each path. In the ¢th iteration, for
l=1,2,..,L,

E-step: 3/ = 2(6( ) + 8 (v - TiL a6 ))

. . H
" (57 = m(@)) (51" = u(@))
M-step: 0\ = arg min 5 ,
0, Biog
(©))
where § is the estimated signal of the I/th path based on
parameters of the (i — 1) M-step results.

o Localization of scatterers: In the M-step, the coordinate
search differs from the conventional SAGE algorithm. It
utilizes the geometric constraint in (5) to directly search
for the coordinates of the scatterers.

« Multi-bounce classification: For each path, both the one-
bounce and two-bounce assumptions are operated to
search the scatterers. The bouncing order is determined
by the minimized value of the objective function in (7).
The stopping of the iteration depends on the convergence
of the objective function.

Blockage detection: Directly estimation of the sparse pa-
rameter -; is time-costly, e.g., using the quantities in (1),
the additional computational complexity is O(L2MY) . A
practical way is to estimate the equivalent amplitude as

2 404D o Aaf”
, o
- (Zl([al’Ao‘l’%f'z(l)])HZl([OéuAaz,%f“l(l)]))

x z([on, Aoy, 2] T3,

a”

(10)
where in the case of partial blockage, the estimated amplitude
of the estimated hidden data yl(” is noise. The example can be
observed in Fig. 3(c), where the power of the blocked channels
is in the noise level. Therefore, the influence of SNS effects
is comprehensively obtained.

IV. SIMULATION AND VALIDATION
A. Scenario and channel data

We validate the algorithm in a SNS channel with partial
blockage scenario when employing a bistatic MIMO ELAA
system of dimension 6.5 x 6.5 m? as shown in Fig. 1(a).
Three walls, namely left, upper, and the right wall, and a
single obstacle are included in this scenario. The key sim-
ulation parameters are shown in Table I, where the grids for

2The reference channel can be any single-input single-output (SISO)
channel of the multiple-input multiple-output (MIMO) systems.
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Fig. 1. Scenario and the multi-bounce channel data used in simulations.
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(d) Two-bounce propagation with blockage

Fig. 2. Illustrations of propagation tracks of multi-bounce paths with and

searching one-bounce and two-bounce paths are 0.1 and 0.2 m,
respectively.

We use the Image method, a commonly used algorithm
in ray tracing (RT) [14], to generate the multi-bounce chan-
nel. The propagation path tracks from the reference Tx to
all Rxs of one-bounce and two-bounce paths are shown in
Fig. 2(a) and (d), respectively. In particular, the one-bounce
path track Tx — upper wall — Rx and two-bounce path
track Tx — upper wall — right wall — Rx are partially
blocked; these are shown in Fig. 2(c) and (f), respectively.
As a result, the concatenated power-distance profile (PDP) of
reference Tx to the 121 receivers is shown in Fig. 1(b), where
a white dashed circle denotes the null values due to blockage.
In addition, we can also observe obvious range cell migration

(e) Two-bounce propagation without blockage

(f) The blocked track via upper and right walls
without blockage, where the blocked paths are highlighted in (c) and (f).

and unresolved multipaths denoted by blue dashed circles. In
contrast, the propagation tracks of the one-bounce and two-
bounce paths without blockage are shown in Fig. 2(b) and (e),
respectively. The corresponding concatenated PDP is shown in
Fig. 1(c), where the power of the path with distance at 10 m
remains stationary across the entire array, because the obstacle
is removed, while the unresolved multipaths are observed.

B. Estimation and environment reconstruction

1) Environment reconstruction results: Fig. 3(a) and (b)
show the reconstructed environment information of the one-
bounce path and two-bounce path, respectively, in the partially
blocked case. The red diamond in Fig. 3(a) denotes the
localized one-bounce scatterers, where the estimations match
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Fig. 3. Estimated locations of scatterers, the SNS amplitude across the Rx array, and the mapping with propagation track and environment settings.

TABLE I
CONFIGURATIONS USED IN SIMULATION

Configurations Value
Central frequency f. [GHz] 30
Bandwidth B [GHz] 1
Sub-bandwidth fs [MHz] 10
Number of sub-bands P 101
SNR [dB] 20
Grid size [m] 0.1/0.2
Room space [m2] [6.5 x 6.5]

NO. of Tx elements X Rx elements
Coordinates of Tx and Rx reference point
Antenna spacing

16 x 121 MIMO
(2.1,4.1) (3.3,1)
0.5

well with the propagation track; the red star in Fig. 3(b)
denotes the localized two-bounce scatterers, where most es-
timations match with the ground truth. In contrast, purple
diamonds in Fig. 3(d) and purple stars in Fig. 3(e) show
the reconstructed scatterers without partial blockage. Table II
shows the difference between the estimated coordinates and
the scatterers of the reference channel®.

2) SNS analysis: Using the strategy presented in (10),
the SNS amplitude vector &; across the array is calculated.
Fig. 3(c) shows the estimated amplitude of the reference Tx
and the entire Rx channels in the blocked case. Compared with

3 As can be observed in Fig. 2, the interacting point of each Tx-Rx channel
has a slight difference due to the size of the receiving aperture. Hence we
choose the reference channel for numerical analysis, while it is tolerated to
have systematic errors.
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Fig. 4. The convergence curve of objective function.

the unblocked result in Fig. 3(f), the null region of path 5
is detected, that is, those blocked paths would not ruin the
location of the scatterer. As a result, the two blocked paths are
captured in the scatterer mapping results in Fig. 3(a) and (b).
However, the blocked two-bounce path is less accurate than
the unblocked one, as denoted by the black circles in Fig. 3(b)
and (e). The contrast of localization differences between the
two blocked paths is in italics in Table II, where the error of the
one-bounce path is similar, and the two-bounce path is around
0.2 m higher. Besides, Fig. 4 shows the objective function in
a blocked condition can be minimized to the same level as
the unblocked case. The above finding shows the robustness
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TABLE II
QUANTIFIED LOCALIZATION ERROR OF SCATTERERS

Content Left wall Upper wall ~ Right wall ~ Upper and left wall ~ Upper and right wall ~ Left and right wall Right and left wall
Truth (0,2.88) (2.46,6) (6,2.27) (0.64,6) (0,5.19) (3.94,6) (6,3.84) (0,3.49) (6,1.78) (6,3.19) (0,1.78)
Estimation  blocked (0, 2.9) (2.4,6) (6,2.3) (0.6,6) (0,5.2) (3.8,5.8) (6.2,4) (0.4,4.6) (6.2,1.8) (6,3.2) (0,1.8)
Estimation  unblocked (0, 2.9) (2.5,6) (6,2.3) (0.6,6) (0,5.2) (4,6) (6,3.8) (0.4,4.6) (6.2,1.8) (6,3.2) (0,1.8)
Errors [m]  blocked  0.02 0.06 0.20 0.04 0.01 0.24 0.26 1.18 0.1 0.01 0.02

Errors [m]  unblocked 0.02 0.04 0.20 0.04 0.01 0.04 0.04 1.18 0.1 0.01 0.02

of the proposed method in scatterer reconstruction in partial
blockage scenarios.

The SNS phenomenon due to unresolved paths is also
observed, as shown in the unblocked case of Fig. 3(f). There
are nulls in path 4, this is due to the limited resolution so that
path 3 and 4 in some channels are estimated as one path. This
is an issue of interest worth exploring.

3) Outliers of two-bounce ambiguity: We see outliers of the
two-bounce path, i.e., Tx — left wall — right wall — Rx, in
both blocked and unblocked cases, shown in the orange circles
of Fig. 3. This is due to the direction ambiguity discussed in
[6], which can be mitigated by beamforming at the Tx array.

V. CONCLUSION

This paper addresses the SNS channel estimation of par-
tially blocked ELAA systems, where the proposed GM-SAGE
algorithm is used to locate scatterers of multi-bounce propa-
gation and reconstruct the environment. Specifically, the SNS
amplitude of each channel is obtained by minimizing the
chosen objective function; hence the blocked channels do not
degrade the estimation of scatterer locations and the validation
cases show the robustness of the algorithm. Further, we also
observed SNS due to unresolved multipaths in the delay
domain; this is left for future investigation.
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