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Methodology for Multipath-Component Tracking
in Millimeter-Wave Channel Modeling
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Peter B. Papazian, Senior Member, IEEE, Jian Wang, and Jelena Senic

Abstract— We describe an extensive channel-measurement
campaign, including 325 unique transmitter–receiver configu-
rations, conducted in a lecture room with our 3-D double-
directional 60 GHz channel sounder. The receiver was mounted
on a mobile robot, with 40 cm spacing between channel acqui-
sitions, enabling the tracking of clustered multipath components
in the multidimensional delay-angle space. To mitigate against
angle-estimation error and multipath blockage, we introduce a
robust tracking algorithm based on the Assignment Problem. For
the purpose of validation, the clusters were transformed from
the delay-angle space onto a 2-D map of the environment and
compared against the locations of cluster-generating reflectors,
such as walls and tables. The location errors were typically
within 30–50 cm. The clusters identified were then reduced to
a stochastic map-based channel model, including reflection loss
and dispersion characteristics such as the Ricean K-factor and
angular spread. Given the 0.5 ns delay resolution of the channel
sounder and angle-estimation error around 2°, the parameters
were reported with high fidelity.

Index Terms— Assignment Problem, Hungarian algorithm,
millimeter-wave (mmWave), wireless.

I. INTRODUCTION

THE seminal work by Saleh and Valenzuela [1] describes
a stochastic model for the dispersion characteristics of

indoor radio frequency channels through the clustering of
multipath components (MPCs) in delay. To deliver spatial con-
sistency necessary for the design of multiple-input multiple-
output (MIMO) systems, the models have since evolved into
geometry-based models for sub-6 GHz bands [2]–[4] and
subsequently for millimeter-wave (mmWave) bands [5]–[9].
These models are still cluster based, but extend the property
space of MPCs from delay only to double-directional angle,
i.e., angle-of-departure (AoD) and angle-of-arrival (AoA)
at the respective transmitter (TX) and receiver (RX).
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Cluster centroids correspond to locations of reflectors in
the delay-angle space and the distribution of multipath
within clusters describes the dispersion characteristics of the
reflectors.

A preliminary step in the reduction of channel models from
measured data is clustering the MPCs. Traditionally this has
been carried out through human visual inspection, but now
that channel sounders can collect hundreds or thousands of
channel acquisitions due to advanced technology, automated
processing is essential. Moreover, when sounders are mounted
on a mobile platform, clusters originating from the same
reflector must be identified across channel acquisitions—or
tracked—in order to ensure temporal consistency.

Tracking radio frequency MPCs has its origins in radar,
localization, and object identification [10], in particular, using
ultrawideband (UWB) technology. UWB offers excellent delay
resolution to discriminate propagation paths between closely
spaced scatterers, yet low enough center frequency to pen-
etrate walls and other obstructions [11]–[13]. Many tracking
algorithms pose the problem within a probabilistic framework,
often using particle filters [14]–[21]. Under the assumption of
random Gaussian noise for measurement error, the problem
can be solved through extended Kalman filtering [22]. The
results in the above-cited papers are based on simulations
alone, not actual measurements.

The cited papers in the sequel, rather, all have results
from real measurements in the sub-6 GHz range. In the first
three [23]–[25], MPCs are tracked across tens of wavelengths
to examine small-scale statistics in massive MIMO systems.
The others are based on large-scale variations in high-speed
mobile communications. In [26], GPS delay information from
an unmanned aerial vehicle at 900 MHz was exploited for
tracking; while only a very small bandwidth of 10 MHz
was available, because the airplane-to-ground distances are so
huge, 30 m resolution was sufficient to discriminate between
scatterers. In [27] and [28], MPCs were tracked in vehicular
communications at 5.7 GHz with 1 GHz bandwidth using
both the delay and path gain. Reference [29] also deals with
tracking in vehicular communications, but at 3.4 GHz and with
a 100 MHz bandwidth, incorporating linear arrays so that AoD
and AoA could be estimated to obtain better discrimination.
Finally, in [30], path gain, delay, and AoA—the latter provided
through a virtual array, i.e., a single element moving on a train
with known velocity—were used to track scatterers.

To recover from much greater path loss at mmWave frequen-
cies compared to sub-6 GHz bands, antennas with very high
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gain (25–40 dBi), in turn, very narrowbeam (3°–12°), are nec-
essary for transceivers to operate at reasonable distances: hun-
dreds of meters outdoors in line-of-sight (LOS) conditions and
tens of meters indoors in nonline-of-sight (NLOS). To provide
omnidirectional coverage, the narrow beams must be steered
toward the double-directional angles of the multipath in the
environment. In LOS, this will be the direct path, the strongest
available. However, when blocked—say by human bodies that
severely attenuate the signal or in NLOS, given that wall
materials have much higher penetration losses at mmWave
frequencies [31]–the beam must be redirected toward other
available paths to sustain connectivity.

In mobile environments, the AoD and AoA of the multipath
will change as the TX and RX move. Because the beamwidths
are so narrow, misalignment of just a few degrees may incur
an additional loss in the link budget of up to 30 dB. Hence,
equally essential for the link to operate is that the steerable
beams can track the paths as they move about the environment.
Even if a beam maintains perfect alignment with a path, path
loss will change due to different path lengths and incident
angles as the beam traverses a scattering surface; especially
in the case of a room wall, for example, often with varying
sections of wall materials and wall depths due to recessed
doors, panels, and so on. Thus, multipath tracking takes on
another functionality at mmWave.

To the best of our knowledge, only two papers—both
published within the last year—deal with multipath tracking
for channel modeling over 6 GHz. In [32], persistent paths are
tracked across seven large-scale RX positions up to a range
of 35 m from a fixed TX in LOS outdoors; using 1 GHz
bandwidth, path gain, delay, and AoA are used to discriminate
paths. The other paper [33] tracks MPCs indoors over a total
of 150 positions in a large empty hall at 11 GHz with 400 MHz
bandwidth; circular arrays at the TX and RX permit estimating
the double-directional angles of the MPCs.

In this paper, we present a novel algorithm to track MPCs
in a lecture room at 60 GHz. Tracking indoors is much more
challenging because the scatterers are much closer together.
As such, our work is most similar to [33], but we operate at
a much higher center frequency than 11 GHz, rendering the
problem much more demanding due to much higher path loss.
The three main contributions of our work are as follows.

1) First to track MPCs with real 60 GHz channel measure-
ments. Our state-of-the-art 3-D (azimuth and elevation)
double-directional (AoD and AoA) channel sounder has
0.5 ns delay resolution and 2° average angle error
to guarantee high-measurement fidelity. Due to the
system’s fast and autonomous data collection, channel
acquisitions at 325 unique large-scale TX–RX config-
urations were recorded and for each eight small-scale
measurements.

2) A novel algorithm for tracking MPCs based on the
Assignment Problem, demonstrated robust enough to
track distinct reflections 12 m across the surface of a
wall composed from various materials and wall depths.

3) Parameters reduced from measurements to fit the
quasi-deterministic (QD) channel model, a stochastic
map-based model that was recently adopted by the

IEEE 802.11ay task group. The stochastic model
describes the dispersion characteristics of the channel
in the multidimensional MPC space, allowing complete
reconstruction of the directional channel impulse
response. In particular, the model captures the
variability in the parameters during tracking. It also
captures the small-scale structure of the diffuse MPC
power. We show the diffuse power to be up 40% of the
total power.

The rest of this paper is organized as follows: In Section II,
we provide the details of our channel sounder and of the
measurement campaign. Section III describes the QD channel
model and our methodology to reduce its parameters from
the measurements. Section IV describes our novel tracking
algorithm based on the Assignment Problem and Section V
our tracking results, including the reduced model parameters.
Section VI is reserved for the conclusion.

II. CHANNEL MEASUREMENTS

A. Channel Sounder

Fig. 1 displays the TX and RX of our 60 GHz channel
sounder. The TX was mounted on a tripod at 2.5 m, while
the RX was mounted on the mobile robot at 1.6 m. The TX
features a semicircular array of eight horn antennas, each with
18.1 dBi gain and 22.5° beamwidth. In order to avoid “blind
spots,” the angular spacing between the elements was matched
to the beamwidth of the horns. Specifically, the elements are
spaced at 22.5° horizontally; vertically, adjacent elements are
pointed outwards at 0°, and downward at 22.5° toward the RX.
Consequently, the horizontal field of view (FOV) of the array
is 180° and its vertical FOV is 45°. The 3-D spatial diversity
enables characterizing AoD in both azimuth and elevation. The
RX features two semicircular arrays to estimate AoA—each
one is a replica of the TX array—extending the horizontal
FOV of the array to omnidirectional. The omni view at the
RX is essential because the RX is mobile, whereas the TX
was fixed against a wall—typical for hot-spot deployments—
hence emission from the backside was less important. The
only other difference from the TX array is that the vertical
elements are pointed upward at 22.5° toward the TX rather
than downward.

The system generates a repeating 2047 bit pseudoran-
dom (PN) code word that has a chip rate of 2 GHz. With
0.5 ps synchronization through Rubidium clocks, the signal
is transmitted from a single TX element while the received
signal is sequentially switched through the RX elements every
two code words.1 After a full RX cycle, the TX element
is then also switched. Thus, a channel acquisition consisting
of a full sweep of the 128 (8 × 16) pairs requires 262 μs.
The code word is generated at IF and then upconverted
to an RF center frequency of fc = 60.5 GHz. At the
RX, the received signal is downconverted back to IF and
then digitized at 40 G samples/s. Oversampling both reduces
aliasing and improves the signal-to-noise ratio [34]. For each
pair, the received signal is correlated with the known PN code

11The extra code word is used to buffer the electronic switching time.
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Fig. 1. 60 GHz channel sounder. The TX array is mounted on a tripod at 2.5 m, while the RX array is mounted on a mobile robot at 1.6 m. The inset of
the RX array shows more detail.

word to generate a complex channel impulse response. The
maximum measurable path loss of the system is 162.2 dB.

Given the antenna centers of the TX- and RX-array
elements, the 128 channel impulse responses from a
channel acquisition were coherently combined through the
SAGE algorithm [35] to extract the channel MPCs. Any
measurement taken with a channel sounder will contain not
only the response of the channel but also the response of
the sounder itself, namely, the directional patterns of the
antennas and the responses of the TX and RX front ends.
While the SAGE algorithm automatically deembeds the
antenna patterns, the effects of the TX and RX front ends
were removed through predistortion filters designed from a
back-to-back calibration method [36]. Hence, the properties
of the MPCs reflect the pure response of the channel alone
and not that of the measurement system.

B. Measurement Campaign

The measurement campaign was conducted in a
19 m × 10 m lecture room. The laser-guided navigational
system of the robot reported its position, heading, and
speed at each RX position. It also generated a 2-D map
of the environment—pictured in Fig. 2(a)—with centimeter
accuracy. The top section of the room was occupied by four
tables with surrounding chairs, while the bottom section by
two rows of chairs. Other large objects in the room were a
TV and podium in the top left corner of the room (shown
in Fig. 1) and another TV at the bottom right. A projector
screen was rolled down, covering a larger portion of the top
wall. The doors on the left side were external glass doors,
while the doors on the right side were made of wood and
closed during measurements.

In our campaign, there were four TX positions, labeled as
TX1–TX4. For each one, the receiver followed a trajectory
demarcated by four waypoints, effectively forming a
loop. LOS conditions were in effect throughout. While the

waypoints were the same for all TXs, the number of actual RX
positions collected per transmitter varied between 60 and 108.
This is because the distance between RX positions depends
on the time required to download the data collected at each
one, which is variable based on the register space. For TX1,
the 108 RX positions were marked by Xs in Fig. 2(a).

III. QUASI-DETERMINISTIC CHANNEL MODEL

The IEEE 802.11ay task group [37] as well as other industry
consortia [5] have subscribed to map-based channel models
for mmWave systems, of which the QD model [38] has
become the benchmark. In the QD model, only the direct
path and reflected paths are considered as diffraction has been
demonstrated to be much weaker in mmWave bands [31].
The direct path is completely deterministic: its geometrical
properties (delay, AoD, and AoA) are computed from the
TX and RX coordinates and its path loss from the Friis
transmission equation in LOS. Specular reflections are also
deterministic: their geometrical properties are computed from
raytracing (provided a map of the environment in addition
to the TX and RX coordinates) and their path loss is the
sum of the free-space loss plus any reflection loss. Each
specular reflection gives rise to scattering of the incident wave
into a dominant specular MPC (a.k.a. cursor) and weaker
diffuse components clustered around the cursor. The stochastic
property of the model concerns the small-scale statistics of
the clustered scattering. In this section, we describe the QD
parameters such as the reflection loss of the cursors and the
angular spread of the clusters—through which a complete
channel realization can be generated—and our approach to
extracting these parameters from the measurements.

A. MPC Clustering and QD-Parameter Fitting

From SAGE, the MPCs extracted from a channel acquisition
were indexed by path gain (PG), delay (τ ), and AoD and AoA
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Fig. 2. (a) 2-D map of lecture room. The grid size is 1 m × 1 m. Labeled
are TX1–TX4, and the RX positions for TX1 are marked with an X. For
TX1–RX31, the clusters classified in Fig. 2(c) were transformed from the
delay-angle space onto the map, keeping the same legend. (b) MPCs extracted
from channel acquisition for illustrative configurattion TX1–RX31. Each MPC
is indexed according to delay and azimuth AoD and AoA (elevation AoD and
AoA are omitted) and coded against path gain in the color bar. (c) Clustering
of MPCs from Fig. 2(b). Each cluster is color-coded against the reflector in
the environment that generated it; also, each cluster cursor is highlighted with
a black symbol.

Fig. 3. Measured MPCs of a typical cluster aggregated over eight small-scale
channel acquisitions (each acquisition is displayed with a different symbol).
Note that the ordinate was plotted as loge PG, converting (4) from exponential
to linear form.

in azimuth (θT X , θ R X ) and in elevation (φT X , φR X ), what
we refer to as the MPC space. (The azimuth and elevation
of the AoA and AoD were validated with a mean error
of 2.1° [36].) As an illustrative example, Fig. 2(b) shows
the MPCs for TX1–RX31. Once extracted, the paths were
clustered in space through our mmWave-specific clustering
algorithm in [39]. An underlying principle of the algorithm is
that each cluster has a single peak originating from a specular
reflection. Fig. 2(c) shows the clustering of the MPCs from
Fig. 2(b); for each, the cursor identified is outlined with a
distinct symbol.

Following the clustering step, the QD parameters of each
cluster were fit to the data. Each cluster identified had N MPCs
indexed through i . First, the azimuth root mean square (RMS)
angle spreads were calculated as

σ
T X/R X
θ =

√
√
√
√

∑N
i=1 PGi · (

θ
T X/R X
i − μθ

)2

∑N
i=1 PGi

μθ =
∑N

i=1 PGi · θ
T X/R X
i

∑N
i=1 PGi

. (1)

The elevation spreads were computed equivalently, substitut-
ing θ for φ.

Next, for each cluster, the cursor is identified as the MPC
with the highest path gain, PGcursor. The cursor path gain
is given by the free-space gain, PGFS, multiplied by the
reflection gain, RG, due to incidence of the plane wave with
the reflector, or PGcursor = PGFS · RG. Given the delay
of the cursor, τcursor, the free-space gain is known through
the Friis transmission equation as PGFS = (1/4π fcτcursor)

2.
Substituting the latter, then the reflection loss of the cursor is
calculated as

RL = 1

RG
= 1

PGcursor · (4π fcτcursor)2 . (2)

With the cursor identified, the remaining components within
the cluster—considered diffuse components—were partitioned
along the delay dimension into two sections: Npre precursor
MPCs arriving before the cursor and Npost postcursor MPCs
arriving after, where N = Npre + Npost + 1. Fig. 3 shows
the measured MPCs for a typical cluster. The relative strength
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of the cursor with respect to precursor or postcursor diffuse
components is gaged through the Ricean K -factor as

Kpre/post = PGcursor
∑Npre/post

i=1 PGi

. (3)

The prediffuse and postdiffuse components then rise and
fall according to

PGpre(τ ) = PGcursor

Kpre
e

(τ−τcursor)
γpre

+Spre

PGpost(τ ) = PGcursor

Kpost
e
− (τ−τcursor)

γpost
+Spost (4)

where γ is known as the decay constant determined
through a least-squares fit to the extracted MPCs and
S ∼ N (0, σS) is the residual error. Finally, intracluster
MPC arrivals are characterized as a Poisson process in which
the interarrival intervals follow an exponential distribution
function

fpost/pre(τi |τi−1) ∼ λpost/pree−λpost/pre(τi−τi−1) (5)

where λ is known as the arrival rate.
Often clusters from a single acquisition contained only

a few diffuse components, not enough for robust statisti-
cal characterization. That is why, for MPC clustering and
QD-parameter fitting, we actually aggregated MPCs from the
eight small-scale acquisitions. Because they were taken a
wavelength apart, the scattering is known to be independent.
Fig. 3 displays the eight measurements.

B. Cluster Classification

The clustered MPCs were transformed from the multidimen-
sional delay-angle space to the coordinate system of the 2-D
map through the raytracing equations in [10]. Fig. 2(a) shows
the transformation from Fig. 2(c) for illustrative configuration
TX1–RX31, keeping the same scheme as in the color bar.
The azimuth coordinate system θT X/R X is also shown in the
map. For the direct path, the coordinates correspond to the
estimated position of the receiver (RX31 is labeled on the map
for convenience), while for the first-order reflections, they cor-
respond to the estimated reflection points. Although second-
order reflections were also observed, they were omitted to
reduce visual clutter. From the reflection points, the reflectors
that generated each cluster could be classified. The cursors,
indicated by distinct symbols in the legend, show the locations
of the specular reflections while the others are dismissed
as diffuse reflections. Note that the diffuse reflections could
be spread quite far apart. While the most reflection points
lied within 0.5 m of the reflectors classified, the location
errors around the glass door were a bit higher due to the
complex scattering environment around the metal door frame
and handle, making path resolution difficult. Hence, a few
points were transformed outside the room.

IV. MULTIPATH-COMPONENT TRACKING

In this section, we describe how cursors identified across
consecutive RX positions are tracked. Over a long sequence

of positions—as is the case with our campaign containing
up to 108 positions per TX, over which the robot traverses
a total distance of 33 m—the MPC properties of a cursor
associated with the specific path (direct path and reflection
from right wall) may vary widely. For example, we observed
a cursor’s path gain to vary up to 17 dB, its delay up to
45 ns, and its azimuth AoA angle up to degrees 80°. Because
the properties vary so widely per cursor—moreover because
there are multiple cursors over the sequence—different cursors
can exhibit very similar properties in one or more dimensions
of the MPC space, making discrimination difficult. In addi-
tion, cursors are subject to measurement error and clustering
misclassification. Other issues that arise are that specular
reflections may experience blockage, be interfered by a corner
diffraction between contiguous reflection planes, or fall below
the system noise floor. All these issues render tracking multiple
cursors with real measurements a challenge.

A. Assignment Problem

To deal with this challenge, we pose cursor tracking in the
framework of the Assignment Problem. The problem has been
applied successfully in the field of computer vision for object
tracking over a sequence of images in which similar issues
occur, i.e., objects appear similar to or blocked by other objects
in the scene [40]. Finding the best match between cursors at
two consecutive positions by simply minimizing their distance
in the MPC space, as in [21], [34], and [35], could yield two
cursors at one position matched to a single cursor at the next
position or vice versa. Rather, the Assignment Problem finds
the best one-to-one correspondence that minimizes the dis-
tances between all possible cursor pairings collectively. This
renders the tracking algorithm robust to the aforementioned
issues.

Let RX position indexed through k has Mk cursors identified
from the clustering stage. The cursors are indexed in the MPC
space through jk = 1 . . . Mk as

x jk = {

PG jk , τ jk , θ
T X
jk , φT X

jk , θ R X
jk , φR X

jk

}

. (6)

The distance along dimension l, l = 1 . . . 6, in the space
between any cursor jk at position k and any other cursor jk+1
at the consecutive position is defined as

	xl
jk , jk+1

= ∣
∣xl

jk − xl
jk+1

∣
∣. (7)

To account for different units and range of values across
the six dimensions, the distance along each dimension is
normalized by the minimum and maximum values observed
between the two positions. The normalized values are then
combined across all dimensions to formulate a single cost,
c jk, jk+1 , between the two cursors

c jk, jk+1 =
6

∑

l=1

	xl
jk, jk+1

− min
jk, jk+1

	xl
jk, jk+1

min
jk, jk+1

	xl
jk, jk+1

− min
jk, jk+1

	xl
jk, jk+1

. (8)
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With the cost values in hand, the Assignment Problem can
be expressed precisely as an integer programming problem

min
Mk∑

jk=1

Mk+1∑

jk+1=1

c jk , jk+1 · a jk, jk+1

s.t.
Mk+1∑

jk+1=1

a jk, jk+1 = 1, ∀ j k = 1 . . . Mk , if Mk < Mk+1

Mk∑

jk=1

a jk, jk+1 = 1, ∀ j k+1 = 1 . . . Mk+1, if Mk ≥ Mk+1

a jk, jk+1 ∈ {0, 1} (9)

for which the variable a jk, jk+1 = 1 if there is a match
between cursors jk and jk+1 and 0 otherwise. This formu-
lation accounts for the birth–death process in channel model-
ing [3] in which cursors either are “born” between positions
(Mk < Mk+1) or alternatively “die” or their number remains
unchanged (Mk ≥ Mk+1). The integer program is solved
for all pairs of consecutive positions through the Hungarian
algorithm [41].

B. Iterative Tracking

By virtue of the birth–death process, some cursors will
be matched across a long segment of consecutive positions,
forming a track. A track is spurred by cursors that are well
separated in space from other cursors over the segment and
so can be matched unambiguously. Conversely, there will be
other cursors matched across only a few positions—or not
matched at all—that cannot be reliably assigned to a track due
to measurement error, crowding of cursors in space, blockage,
and so on. To enhance their discrimination, we implement an
iterative tracking algorithm. Through iteration, indiscriminate
cursors are “pulled” toward neighboring tracks. In the sequel,
the iterative algorithm is explained in detail.

An empirical threshold of seven positions (across six con-
secutive matches) is used to designate whether the segment is
long enough to be considered a track. For track T , a spline—a
linear polynomial defined piecewise in the multidimensional
MPC space—denoted as S(x; x jk̃

∈ T ) is fit through regres-
sion to all cursors on the track, x jk̃

, where k̃ indexes the
segment over which the track is defined. The function of
the spline is to smooth over measurement errors, and, by
using robust regression, measurement outliers are excluded.
The problem is that smoothing depends on the cursors assigned
to a track; if the assignment is wrong, then smoothing will not
reduce the error. That is why we adopt an iterative approach,
iterating between assignment and smoothing.

Specifically, after the spline fitting, the cursors on the tracks
are smoothed as

xm+1
jk

= (1 − αm) · xm
jk

+ αm S
(

xm
jk
; xm

jk̃
∈ T m)

(10)

where m is the iteration index and the initial conditions are
x0

jk
= x jk . The smoothed cursor, xm+1

jk
, will lie between xm

jk
and the projection of xm

jk
onto the spline, S(xm

jk
; xm

jk̃
∈ T m).

Where the smoothed cursor lies precisely depends on the
learning parameter, αm . The parameter is initialized to α0 = 0,

Fig. 4. Figurative example of cursors in space, xm
j1

, xm
j2

, and xm
j3

, identified
as part of the same track, T m , at iteration m and so fit to the spline shown.
Also, their projections, S(xm

j1
; T m), S(xm

j2
; T m), and S(xm

j3
; T m) are shown

onto the spline and the smoothed cursors, xm+1
j1

, xm+1
j2

, and xm+1
j3

.

for which all weight is allocated to the measurements. At each
iteration, αm is increased by some 	α, shifting more weight
to the projected cursors.

A figurative example is displayed in Fig. 4. Three cursors
in space, xm

j1
, xm

j2
, and xm

j3
are shown in Fig. 4. They are

all identified as part of track T m at iteration m and so fit to
S(x; xm

j1
, xm

j2
, xm

j3
∈ T m). Also, their projections, S(xm

j1
; xm

j1
,

xm
j2

, xm
j3

∈ T m), S(xm
j2
; xm

j1
, xm

j2
, xm

j3
∈ T m), and S(xm

j3
; xm

j1
,

xm
j2

, xm
j3

∈ T m) onto the spline are also shown in Fig. 4. In this

example, αm = 0.7 and so the smoothed cursors, xm+1
j1

, xm+1
j2

,

and xm+1
j3

are closer to the projected cursors than to xm
j1

, xm
j2

,
and xm

j3
, respectively.

Once the cursors have been smoothed at iteration m, in the
next iteration xm+1

jk
is substituted for x jk in (7)–(9) and the

cursors are smoothed once more through (10); so on and
so forth. Iterations continue until convergence at αm ≥ 1,
at which the measured cursors bear no weight and smoothed
cursors all lie on one of the splines. A flowchart of the
iterative tracking algorithm appears in Fig. 5. By solving
the Assignment Problem with smoothed cursors, cursors are
effectively exchanged between tracks and the splines are
modified accordingly. Indiscriminate cursors close to multiple
splines will fluctuate between them throughout the iterations
and eventually merge with the ones that provide the best fit.

V. RESULTS

In this section, we present the parameters of the QD model
reduced from our measurement campaign. To date, others
have provided the model parameters from their measurements
campaigns per environment. Hence, the values reported were
averaged over all cluster-generating reflectors in the environ-
ment. In reality, different reflectors may have very different
scattering properties and so should be reported per reflector.
This is a novelty of our work. Also to date, only the mean
values of the parameters have been provided. Rather, here we
provide in addition their standard deviation, which enables
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TABLE I

PARAMETERS OF THE QD CHANNEL MODEL FOR SINGLE-ORDER REFLECTORS IDENTIFIED FOR EACH TRANSMITTER

Fig. 5. Flowchart of iterative tracking algorithm.

modeling the variation in the cluster properties as the cursor
is tracked, critical to the proper design of beam-tracking
algorithms for mmWave systems.

The model parameters [(1)–(5)] are reported in Table I. The
reflectors are divided by the TX position. Indeed, the reflectors
in the environment are the same for all TXs; however, what
the transmitter can “see” depends on its orientation given its
limited 180° horizontal FOV. This means that each TX may
detect the same top, bottom, left, and right walls, but different
segments of it. While the QD parameters can certainly be
combined over the four TX positions, we preferred to present
them separately for the sake of comparison. For illustrative
purposes, we concentrate on TX1 in Section V-A and then con-
sider other parameters across all transmitters in Section V-B.

A. TX1

Fig. 6(a) displays the cursors tracked in the MPC space
across the 108 RX positions for TX1. Each track cursor is
indicated by a symbol according to the corresponding reflector
in the legend and is also coded against path gain in the color
bar. While the cursors for the direct path and right-wall reflec-
tions were detected across all positions (k = 1 . . . 108), other
reflections were too weak to be detected at some. As such,
individual tracks are labeled by their beginning and end
positions. In Fig. 6(b), the tracks in Fig. 6(a) were transformed
from the delay-angle space onto the 2-D map, as explained in
Section III-B. The same color scheme, symbols, and position
labeling were kept.
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Fig. 6. (a) Cursors tracked in the MPC space across 108 RX positions
for TX1. Each track cursor is indicated by a symbol according to the
corresponding reflector in the legend and is also coded against path gain
in the color bar. The beginning and end positions of each track are also
labeled since most cursors are deteced across only a fraction of the positions.
(b) Cursors tracked in the 2-D map of the environment—transformed from
from the delay-angle space in Fig. 6(a)—across the 108 RX positions for
TX1. The ground-truth RX positions are marked as Xs. The symbol legend
and color bar from Fig. 6(a) are kept.

Consider first the direct path in Fig. 6(b), which lies
along the ground-truth positions of the receiver—marked with
Xs—as reported by the robot’s navigational system. For the
sake of reference, the three waypoints where the robot turns
are also labeled on the track (k = 51, 70, and 95). One can
observe that the path gain decreased as the robot moved farther
from the TX and vice versa. In fact, the average path-gain
deviation from the Friis transmission equation was 0.1 dB
with a standard deviation of 1.52 dB. One can see that the
estimated direct path follows the ground-truth direct path very
well. Because there is no scattering associated with direct path,
no QD parameters were reported for it.

Now consider the right-wall track. The three waypoints are
also labeled on it. From k = 1 . . . 51, the path gain increased
continuously as the robot moved along the bottom segment
of the loop until it achieved a maximum value of −97 dB
around the first corner, where the path length was shortest.
From there, the path gain continued to decrease as the robot
rounded the second corner (k = 70), achieving a minimum
value around the third corner (k = 95), where the path length
was longest; it then started to increase again until the final
position in the loop (k = 108). The walls of the lecture
room are composed from fabric panels over sheetrock (see
Fig. 1). A mean reflection loss of μRL = 10.4 dB was wit-
nessed. The reflection loss certainly varied due to the different
incident angles as the signal traversed the wall at different
RX positions. It also varied because the signal did not just
traverse the right wall, but also the internal doors made from
wood, resulting in a standard deviation of the reflection loss of
σRL = 4.2 dB. Note that the mean and standard deviation of
the RL were very consistent across TX2 and TX4 as well, with
μRL = 10.6 dB and μRL = 10.4 dB, respectively. For TX3,
the value dropped significantly to 7.4 dB because the track was
much shorter than for the other three—only 15 positions—
and so was focused on the area of a wall divider which is
bare sheetrock. Due to longer path length and reflection loss,
the right-wall track is weaker than the direct path for any given
RX position. The smaller signal-to-noise ratio affects angle
estimation, contributing to a large location error in the map:
whereas the yellow segment of the track, where the signal
was strongest, aligned almost perfectly with the wall, for the
weakest cyan segment, where the robot was farthest away from
the reflected path, the location error was up to a meter from
the nominal position of the wall. Although the error was less
than 50 cm along the wall proper (i.e., between the doors),
the error increases around the doors because of the complex
reflection environment within the recessed area and also due
to the diffraction from the corners.

The behavior of the top-wall track was similar to the other
two tracks described: the signal was strongest along the top
segment of the robot loop, where the path length was shortest,
weaker along the left and right segments, and weakest along
the bottom segment, in particular, around TX1 where the RX
was farthest from the reflected path. In theory, the ceiling
bounce has the same azimuth angles as the direct path and
a slightly longer delay. That is why the two appear wrapped



1834 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 67, NO. 3, MARCH 2019

around each other in space in Fig. 6(a). The fact that they
can be discriminated over such a long segment (k = 3 . . . 67)
attests to the robustness of the tracking algorithm. Due to
their different elevation angles, they are well separated in
the 2-D map in Fig. 6(b). The ceiling bounce was detected
for most of the bottom and right segments of the loop—note
the distinct knee in the track as the robot rounds the corner
at k = 51—but lost track along the top segment where the
receiver was farthest from TX1. Like the other reflections,
the ceiling bounce has a longer path length than the direct
path and its average reflection loss was μRL = 8.9 dB.
The counterpart ground bounce was also detected at many
RX positions [see Fig. 2(a) and (c) for TX1—RX31], but
not reliably enough to form a track; the ground bounce has
as geometrical disadvantage in FOV compared to the ceiling
bounce due to the transmitter being closer to the ceiling.

It is worth noting that reflections from other large objects
in the environment were also detected, in particular, from the
tables on the left side of the room from k = 76 . . . 101, hence
mostly along the top and left segments of the loop. The path
gain increased as the RX moved closer to TX1 and the distinct
knee in the track corresponds with the third corner of the loop
(k = 95). The TV in the front of the room was also detected,
but only over three consecutive positions, and the podium only
over two; but because they did not constitute persistent tracks,
they were not reported.

B. Other Parameters

The K -factor quantifies the ratio of the cursor power to the
aggregate power of the prediffuse or postdiffuse components
in the cluster. It is insightful to reformulate it as the ratio of the
diffuse power to the total power as ((1/K pre)+(1/K post))/(1+
(1/K pre)+(1/K post)). Our findings show that the latter varied
from 8.6% to 39.9% across all reflectors and transmitter
positions, with an average value of 25.0%. This means that the
diffuse components contributed a significant amount of power
and so cannot be neglected when accuracy is paramount in
the channel modeling. The total power was spread on average
2.7° in azimuth angle and came in slightly higher at 3.4° in
elevation.

The properties of the precursors and postcursors sectors
were comparable, except that the postcursor section was
observed in all clusters, while the precursor section was
observed in only five reflectors in Table I (the parame-
ters are otherwise shaded in gray). This is consistent with
other measurement campaigns [38]; however, the decay con-
stants were smaller than what was observed at 60 GHz in
[38]—indicating that the diffuse components died down
faster—but in that citation, the measurements were taken
outside. The residual error of the fit, σS , ranged in 0.7–3.6 dB,
with an average value of 1.9 dB, meaning that the data matched
the model structure well. Finally, we found our arrival rate to
be about an order of magnitude than [38]. Besides a different
environment, this also has to do with the system dynamic
range and delay resolution. Our system has both much greater
dynamic range and much greater resolution, increasing the
number of rays that can be observed by the system, in turn,
increasing the arrival rate.

VI. CONCLUSION

In this paper, we reported the results from an extensive
channel-measurement campaign—including a total of
325 unique TX—RX configurations—with our state-of-the-
art 3-D double-directional 60 GHz channel sounder in a
lecture room. Because of the sheer mass of data collected,
we introduced an end-to-end methodology for the automatic
reduction of the measurement data to channel-model
parameters, including unsupervised clustering and a novel
MPC tracking algorithm based on the Assignment Problem.
For each of the four transmitter positions investigated,
we found that, besides the direct path, there were on average
four other paths from first-order reflections that could be
reliably exploited for spatial multiplexing. Over the secondary
paths, the reflection loss varied between 5.0 and 10.8 dB, with
an average loss of 8.7 dB. For each of these paths, the diffuse
power was found to be between 8.6% and 39.9% of the
total power. Dispersion characteristics were also reported per
path, including the Ricean K -factor varying in the range of
3.1–10.3 dB, with an average value of 6.0 dB, and angular
spreads varying in the range of 1.6° –5°, with an average
value of 3.1°.
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