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Fig. 2. Channel rays. (a) Measured rays, at illustrative location RX11. (b) Measured rays, across all RXs. (c) Measured rays, at RX11, clustered in different
colors, with the LoS and specular rays outlined in black. (d) Measured rays, across all RXs, clustered in different colors, with the LoS and specular rays outlined
in black. (e) Predicted LoS and specular rays, across all RXs, classified according to the scatterers that generated the rays (second-order reflections are indicated
by arrows).

on a tripod at 2.5 m height; the RX was mounted on the mobile
rover at 1.6 m height. The rover enabled the rapid and continuous
collection of channel data while recording the location of the RX
with centimeter precision. The rover followed a linear trajectory
along the sidewalk under a canopy of trees and aligned by
vehicles on both sides. The TX–RX distance ranged from 6.1 to
66.1 m, over which 61 large-scale channel measurements were
collected, shown as black dots, spaced about 1.1 m apart. Each
large-scale channel measurement consisted of eight small-scale
channel acquisitions triggered sequentially, spaced about one
wavelength apart (10 mm), producing a rich dataset of 488 total
acquisitions.

The 16 CIRs per acquisition were coherently combined
through the SAGE super-resolution algorithm [19], [20] to
extract a discrete set of measured rays and their properties.
The ray properties were extracted in a 4-D domain: path gain,
delay, azimuth (AZ) angle-of-arrival (AoA), and elevation (EL)
AoA, with average errors of only 1.2 dB, 0.55 ns, 2.70°, and
1.50°, respectively [3]. Any measurement taken with the channel
sounder captures not only the channel response but also the
response of the sounder itself, i.e., the directional patterns of the
antennas and the hardware responses of the TX and RX front
ends. Accordingly, SAGE deconvolved the antenna patterns as a
part of the algorithm, while the responses of the TX and RX front
ends were deconvolved through predistortion filters designed
from a back-to-back calibration [21]. Hence, the extracted rays
represent the “pristine” response of the channel itself (without
the measurement system), thus can be compared directly to
ray-tracing predictions. Fig. 2(a) shows the measured rays at
an illustrative location RX11, displayed in the delay and AZ
AoA domains, and color coded against path gain, and Fig. 2(b)
shows the measured rays aggregated across all RXs.

III. QD MODEL PARAMETERS

The reduction of the QD model parameters from the measured
rays is described in this section. First, the rays were clustered
jointly in the delay, angle, and—as a novel contribution—
location domains. Then, the clusters were classified against the
distinct scatterers in the environment that generated them. Fi-
nally, the classified clusters were reduced into scatterer-specific
model parameters.

A. Location Clustering

Most clustering algorithms are implemented per RX loca-
tion (e.g., [22]–[25]), hence, in the delay and/or angle do-
mains alone. The drawback is that, as the RX moves, the
clusters are subject to the birth–death process [26] in which
clusters are born (die) when they fall in (out) of the channel
sounder’s visibility region, either due to an occluded scatterer
or due to the sounder’s limited field-of-view, dynamic range,
link budget, etc. Thus, when considering locations singularly,
clusters at the edge of the visibility region may appear small
and/or weak and get dismissed as noise. Besides the additional
domain to better resolve rays, another advantage of clustering in
the location domain is spatial consistency, so the output of the
algorithm is delay–angle clusters that are already linked across
locations. As we shall see later, this is beneficial for cluster
classification.

Recently, algorithms that cluster in the location domain have
appeared. In [5] and [27], rays are first clustered in delay–angle
per location and the resultant cluster heads are, subsequently,
tracked over the location. However, because the clustering is
still implemented per location in the first step, the birth–death
process is not observable. In [28]–[30], the inverse occurs, i.e.,
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