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ABSTRACT Design and performance assessment of THz communications systems, which will form an
essential part of 6G, require an understanding of the propagation channels the systems will operate in.
This paper presents investigations of the channel characteristics in various scenarios at 145 GHz, which is
the band currently envisioned for the first round of deployments. In particular, we review several extensive
measurement campaigns performed by the University of Southern California in both outdoor and indoor
environments. We present the measurement and evaluation methodology and sample results that illustrate
the dominant propagation effects in different environments. We then summarize the parameters of the
statistical channel models for path loss, delay dispersion, and angular dispersion. Based on these results,
we find that even in NLoS (non-line-of-sight) situations, Gbit/s communications can be sustained over a
100 m distance; that (for an antenna gain of 20 dB), there is considerable delay dispersion, requiring tens
of equalizer taps, and that angular dispersion is significant in both LoS and NLoS situations. The channel
parameters can be thus used as a basis for system design and evaluation under realistic operating conditions.

INDEX TERMS THz communications, channel sounding, path loss, delay dispersion, horn antenna,

equalizer, propagation channel, channel modeling.

I. INTRODUCTION

VER the course of the past decades, there has been a

general trend for wireless communications to move to
higher and higher frequency bands. This trend is motivated
by three factors: (i) the available absolute bandwidth, which
determines the feasible data rates, increases with the car-
rier frequency; (ii) there is much fallow spectrum in higher
frequency bands - either it is not assigned at all, or not effec-
tively utilized; (iii) progress in semiconductor technology has
made it possible to create transceivers for frequency bands
that were previously not accessible with low-cost (CMOS)

technology. Thus, cellular communications expanded from
450 MHz (used in 1G), to 900 MHz, 2 GHz, and 3.5 GHz,
and - in a major step in 5G - to the 24-90 GHz band. The
next generation, 6G, will be marked by the use of even
higher frequencies, namely the THz spectrum, in particular
0.1-0.5 THz [1]-[3].!

1. This spectrum is sometimes called sub-THz, and the 100-300 GHz
band may be called high-mmWave; however for brevity and in line with
most papers in this area, we will call it THz spectrum.
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The three trends we mentioned above as generally driv-
ing the use of higher-frequency bands, are also at work
specifically for the THz band: (i) new applications, such
as holographic communications or extended reality, may
require up to 1 Thit/s data rate, thus greatly exceeding what
can be realized in currently used bands [4], [5]. (ii) actions
by frequency regulators in various countries (e.g., MIC in
Japan, FCC in the USA, OFCOM in the U.K., and CEPT
in Europe) are making large swaths of spectrum in the
THz band available for communications applications [6],
and (iii) improvements in circuit design and semiconductor
technology enable manufacturing of critical RF components,
such as phased arrays [7], [8] and power amplifiers [9], [10]
with low-cost technology. Consequently, THz communica-
tions have become of great interest to the community over
the past 10 years [11]-[13] and are anticipated to be a major
part of 6G systems.

It is axiomatic that the design and evaluation of new
wireless systems requires an understanding of, and mod-
els for, the wireless propagation channels those systems
are to operate in. The channel determines the fundamen-
tal performance limits both for single-user systems (e.g.,
Shannon capacity [14]) and multi-user systems (multi-access
and broadcast capacity) [15]. Furthermore, channel charac-
teristics determine which transceiver structures, modulation
methods, and signal processing techniques can be used
advantageously [16]. An understanding of channel char-
acteristics, as well as suitable channel models, must be
based on (or verified by) measurements. Since the under-
lying multipath propagation of the propagation processes is
frequency dependent, the use of a new frequency band such
as the THz band requires new channel measurements and
models derived from them.

In this spirit, the WiDeS (Wireless Devices and Systems)
group at the University of Southern California (USC), in
collaboration with Samsung Research USA and the Optical
Communications group at USC has performed, over the past
3 years, a number of extensive measurement campaigns in
three types of environments and configurations: indoor, out-
door microcell, and outdoor device-to-device (D2D). While
detailed description and key results were published in a
series of research papers [17]-[21], the current paper aims to
systematically summarize the results, provide comparisons
between channels in different environments, and quantify
several channel parameters beyond those provided in the
original papers.

A. THZ APPLICATIONS

The extremely high data rates enabled by THz communica-
tions enable a variety of applications. One important use case
is ultra-high-speed wireless local area networks (WLANSs)
and personal area networks (PANs), which are generally in
indoor, especially residential or office, environments. These
networks can be used for holographic communications [5],
wireless connections of extended-reality headsets to their
associated powerful computation engines [22], information
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kiosks that allow ultra-fast downloading of large amounts of
content [23], and similar applications for office use and enter-
tainment. While current WLAN systems are limited to about
10 Gbit/s (both in the 6 GHz band and the 60 GHz band),
THz applications envision between one and two orders of
magnitude faster speeds. The typical placement of an access
point is near the ceiling, 2 — 3 m above the floor.

High-rate communications are also desirable in outdoor
scenarios. Be it in a cafe, city square, or sports stadium,
applications like extended reality, watching high-resolution
replays or holographic re-enactments, and real-time gaming,
will create demand for THz communications systems [24].
In addition to the high data rate, these systems will also have
a higher density of users, necessitating multi-user MIMO,
and making information about angular dispersion particu-
larly relevant [25]. The typical height of base stations (BSs)
ranges from 2 — 4 m (typical WLAN access point height)
to 10 — 20 m (a typical microcellular BS height [26]).

Gaming, social networking, and real-time sensing and con-
trol for autonomous driving and similar applications, also
motivate the use of D2D communications, where two user
devices are communicating directly with each other [27].
This not only reduces the strain on the infrastructure nodes,
but also reduces the latency - an aspect that is of particu-
lar importance in the above-mentioned applications [28]. In
D2D settings, both the transmitter and receiver (Tx and Rx)
are at the same height, typically between 1 and 1.8 m above
the ground. In particular for outdoor environments, the dif-
ference in height of such a device compared to a BS is quite
significant and leads to fundamentally different propagation
channel characteristics.

For both outdoor and indoor applications, research and
standardization activities have begun. In particular, for indoor
applications, the IEEE 802.15.3d standard has been recently
established. It specifies switched point-to-point links, using
either single-carrier modulation (using up to 64 QAM) or
on-off keying, and operates in the 250-320 GHz band,
which can either be used completely, or can be divided
into sub-bands [29]. Theoretically, more than 300 Gbit/s
can be realized. However, future work will be needed
to realize actual practical systems. A number of large-
scale research projects have started all over the world
to bring THz systems to reality, both in industry, and
in academia.

Besides the above-discussed applications, THz communi-
cations is also envisioned for a number of other applications,
such as backhaul links for cellular applications, connec-
tions between servers in data centers, and other high-speed
point-to-point links [30]-[32]. THz links are also use-
ful for wireless connections between computer boards,
and even between chips on the same board [33]-[35].
Finally, on-body networks, as well as in-body networks
and related medical applications are anticipated. Those
topics are beyond the scope of the current paper, and
we refer to the survey papers [3], [11]-[13] for a
description.
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B. LITERATURE REVIEW

There have been a number of directional or double-
directional (i.e., directionally resolved at one or both link
ends, respectively) channel measurements in indoor envi-
ronments. The earliest we are aware of are from TU
Braunschweig, which measured in a variety of indoor envi-
ronments [36], [37]. The measurements were done with a
vector network analyzer (VNA) in a static environment.
Emphasis was on the frequency range around 300 GHz,
in line with the band for IEEE 802.15.3d devices. Further
measurements were done by a variety of research groups,
e.g., [38]-[47].

For outdoor measurements, the number of available
double-directional measurements is much smaller. As a mat-
ter of fact, our measurements in [48], [49] were the first
long-distance double-directional measurements. Recently,
NYU [50]-[52] presented a measurement campaign and a
channel model derived from it; measurements are done in
the 140 GHz range, and the BS height is 4 m, i.e., a typical
access point height (while our outdoor measurements are
with a BS height of 1.6 m for the D2D scenario, and 11 m
for the microcell scenario). The measurements of [53] are
for a street canyon at 300 GHz.

A variety of channel models has been developed, based on
measurements, as well as deterministic simulations ranging
from finite-difference time domain to point-cloud-based ray
tracing, to simple ray launching. For a comprehensive survey,
the reader is referred to [54].

C. STRUCTURE OF PAPER

The remainder of the paper is organized as follows: Section II
reviews the fundamental propagation processes and their
frequency dependence. This is followed by a description
of our measurement setup in Section III. Next, Section IV
discusses the condensed channel parameters we analyzed
and their impact on system design. The measurement envi-
ronments are described in Section V. A number of sample
impulse responses and angular spectra, and their physical
interpretation, in Section VI is followed by the statistics of
the channel parameters in the investigated environments in
Section VII. Section VIII then analyzes system performance,
including the impact of various beamforming strategies, in
the measured channels. Conclusions and outlook to future
work wraps up the paper.

Il. THZ PROPAGATION EFFECTS

In a wireless channel, signals can propagate via different
routes from the Tx to the Rx, interacting with objects in the
environment along the way. The different signal echoes, or
multipath components (MPCs) thus undergo different propa-
gation processes along the way, in particular one or more of
the following (i) free-space path loss, (ii) atmospheric atten-
uation, (iii) specular reflection/transmission, (iv) diffraction,
(v) diffuse scattering, and (vi) Doppler shift. In the follow-
ing we review the frequency dependence of each of those

VOLUME 3, 2022

processes, which will help later to interpret the measurement
results.

Free-space path loss describes the “thinning out” of the
area power density as the distance between Tx and obser-
vation point increases. In the far field (beyond the Rayleigh
distance), the ratio of receive power to transmit power in
free space is [16]

where cq is the speed of light, Grx and Gry are the antenna
gains at Tx and Rx respectively, ATx and Arx are the antenna
area at Tx and Rx respectively, f is the considered frequency,
and d the distance between Tx and Rx. The term (éhcﬂ)2
is known as the free-space path loss. The left equality, also
known as Friis’ law, is more commonly used and indicates
that when the antenna gain is independent of frequency,
path gain decreases with the square of the carrier frequency.
However, the right equality shows that for constant antenna
area, the path gain actually increases with the square of the
frequency. This is because of the constant form factor (i.e.,
geometric area), an antenna becomes electrically larger, and
thus increases gain and reduces beamwidth.

For mobile and nomadic access scenarios, the antennas
have to be adaptive arrays that can steer the narrow beam
into the correct direction. Thus, array antennas with fixed
area have to increase the number of antenna elements with
the square of the frequency.

Consequently, when considering possible antenna gain,
two limitations need to be considered: (i) limited antenna
area due to constraints on the form factor, and (ii) limited
gain due to constraints on the number of antenna elements,
which arises from cost and energy consumption considera-
tions. In our campaigns, we measured with (horn) antennas
with 21 dB gain, which could be achieved by phased arrays
with approximately 64 antenna elements (assuming an ele-
ment gain of 3 dB). Link budgets and achievable distances
discussed later assume this value, which might be realistic
at least for early deployments of THz systems.

During propagation through the atmosphere, THz radia-
tion can also be absorbed or scattered by oxygen, and water
molecules [55], [56]. One of the most challenging atmo-
spheric effects for this band is rain. In [57], [58], a thorough
study in the sub-THz band is shown. This study analyzes its
behavior concerning rainfall rate; it indicates that the attenu-
ation can reach up to 20dB/km for extreme rain cases. These
values are reduced tenfold due to the maximum considered
distance (= 100)m. For these reasons, in the 140 GHz band,
which is the band of interest in this paper, the attenuation due
to atmospheric effects is not significant over the measured
range.

Many materials used in building construction have high
reflection coefficients for THz signals, including glass, steel
concrete, and gypsum boards. However, reflection might
occur as either specular or diffuse reflection, and the relative
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importance of those contributions depends on the smooth-
ness of the surface. Note that the definition of roughness is
relative to the wavelength; for THz frequencies, even minor
roughnesses (order of mm) have significant impact [59], [60].
The diffuse scattering might be radiated into a continuum of
directions; the simplest model is a Lambertian radiator [61],
while more involved models may assume “beams” centered
on the direction of specular reflection, and possibly the direc-
tion of incidence [62]. Transmission loss is generally quite
high; even drywall can attenuate the signal by more than 20
dB [63].

It is well known that the effectiveness of diffraction
processes decreases with frequency, i.e., objects throw
“sharper shadows” at higher frequencies. Thus, while the
uniform theory of diffraction [64] provides a good math-
ematical description of the diffraction coefficient [65] for
practical purposes, the diffraction at 140 GHz can be mostly
neglected, except for very shallow diffraction angles. For
instance, [66]-[68] show diffraction analysis between 73
GHz and 2 THz. In these studies, the attenuation shown
can reach up to 40dB, depending on the angle, and the rel-
ative gain obtained by diffraction is < 2dB in small angles,
congruent with our previous statement.

Finally, Doppler spread may be a significant factor in
THz systems, due to the fact that Doppler shifts increase
linearly with the carrier frequency. Note, however, that
beamforming in particular at a moving device reduces the
angular range from which signals are incident, and thus
reduces the Doppler spread. Consequently, the Doppler
spread might increase sublinearly with frequency if the
beamwidth changes with frequency, e.g., in a constant-area
antenna. Our measurements were done with static Tx and
Rx, so that no Doppler shifts occur during the measurements.
However, since we measured the angular power spectra at
both link ends, a Doppler spectrum can be synthesized
from those measurements from the well-known relationship
between angular spectrum and Doppler spectrum [69].2

lll. MEASUREMENT SETUP
Our measurement system is based on a combination of
(1) VNA, (ii) frequency-extenders, and (iii) rotating horn
antenna, as well as Radio-over-fiber connections to enable
large distances between Tx and Rx antennas, see Fig. 1.
At the core of the sounder is a 4-port VNA, model
Keysight PNAX N5247A, which covers a frequency range
of up to 67 GHz. It is combined with VNA extenders WR-
5.1VNAX from Virginia Diodes. These extenders receive
an external local oscillator (LO) signal in the range of
11.33 — 18.33 GHz, and multiply it internally with a multi-
plication factor 12, and furthermore mix it with an IF signal
that is at 279 MHz. We configure the setup such that both
the intermediate frequency (IF) and the LO signals are gen-
erated by the ports of the VNA, and thus derived from the

2. Note that this requires that the beamwidth of the analyzed device is
significantly larger than the beamwidth of the antenna in our measurement
system.
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FIGURE 1. Block diagram of the measurement setup.

same precision clock, leading to high phase stability of the
setup.

The transmit power of the frequency extender is —1 dBm
where, as discussed in the previous section, the horn anten-
nas for the Tx and Rx provide a gain of 21 dB. For an IF
bandwidth (IFBW) of 10 Hz, the system’s dynamic range
is nearly 120 dB. The Rx frequency extender uses a high-
sensitivity waveguide that enhances this dynamic range by
a further 20 dB. The dynamic range of the setup can be
adjusted by the choice of the IFBW, trading off measure-
ment sensitivity with measurement duration. In most of our
measurements, 1 kHz was chosen as IFBW. For outdoor
measurements, we use frequency steps of 1 MHz spacing
for the VNA, leading to a maximum resolvable excess run-
length of 300 m, which is sufficient for all the scenarios we
investigated - while longer-delayed MPCs might exist, their
power is too low to play a significant role. For indoor, we
use stepwidth of 625 kHz, in order to retain comparability to
our existing indoor measurements at lower frequencies. We
measure over a 1 GHz bandwidth; while larger bandwidths
might be of interest for THz systems, the time required
for a frequency sweep is linearly proportional to the band-
width, and larger bandwidths would have increased the total
measurement time (see below) beyond the feasibility limits.

The feasible distance from the VNA to the Tx and Rx
antennas in measurements from the literature is limited
by the cable losses at the LO frequency (in our case at
nearly 12 GHz), resulting in maximum measurement range
of around 10 m.> To circumvent this problem, we intro-
duced in [48] a radio-over-fiber (RoF) setup that modulates
the LO signal to the optical domain, where it is transported
by a low-loss fiber, and downconverted at the LO port of
the remote antenna. While our earliest measurements [48]
were done with an RoF setup that was created from avail-
able discrete components, our later measurements [17], [18],
[20], [21] used a more robust commercial RoF setup (Optical
Zonu 0Z1840). Fig. 2 shows a comparison of measurements
made with the RoF connection compared to a conventional

3. We assume here that the frequency extenders are co-located with the
antennas, so that only the LO signal must be transmitted to the remote
location. Transmission of the actual THz RF signal would be affected by
even higher losses.
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FIGURE 2. Comparison of measurement with and without the RoF extension in an
indoor environment for a channel length of 2.4 m.

cable connection.* We see that the shapes of the measured
path loss curves agree, and a suitable calibration can account
for the attenuation difference related to the RoF and the IF
cable [48].

The directional characteristics were measured by mechan-
ically rotating horn antennas to cover the desired range in
azimuth and elevation. Our horns have a beamwidth (full
width half maximum, FWHM) of 13°. In azimuth the anten-
nas were rotated in steps of 10° for all our measurement
cases, though the range over which rotation occurred varied
from cases to case, see below.

By definition, 0° azimuth corresponds to the case where
both the Tx and Rx are facing each other - this is the defi-
nition irrespective of whether the optical LoS is obstructed
or not.> To maintain a uniform definition of elevation in all
measurement campaigns regarding the elevation, we define
the “co-elevation” as the “initial elevation” orientation (i.e.,
offset) from which the measurement is performed. This offset
depends on the specific campaign. For D2D measurements,
both Tx and Rx were always oriented in the horizontal plane
(co-elevation § = 0°) and the azimuth range for both Tx and
Rx is [0°, 360°]. For the microcellular measurements, the co-
elevation was defined such that the geometrical connection
between Tx and Rx was 6 = 0°, irrespective of whether
a line of sight existed or not. We performed measurements
with both Tx and Rx in positions § = 0°, £13°, leading
to a total of 9 elevation combinations. The azimuth rotation
range for the Tx covered a 120° sector from [—60°, 60°]
while the Rx scanned the entire azimuth range [0°, 360°].
For the indoor measurements, co-elevation is defined with
respect to the horizontal plane, and we performed elevation
scans for 6 = 0°, —10°, —20° on the Tx since the Tx is
already almost at ceiling height and looking up does not

4. To enable measurement with the conventional connection, the distance
from Tx to Rx was kept to 2.4 m; however, the optical fiber between VNA
and Rx still had a length of 105 m also in this case.

5. Deviations from this convention for indoor corridor measurements will
be discussed separately in Section VI.
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provide significant information (more in Section V) whereas
at the Rx we have three elevations with § = 0°, & — 10°.
Overall, the indoor measurements also result in 9 elevation
combinations, just like the microcellular measurements. The
azimuth scan resolutions for the indoor measurements are
similar to the microcellular measurements.

The reason for choosing 13° resolution in elevation for
the microcellular is that the spacing is equal to the FWHM
beamwidth, and thus the addition of the elevation measure-
ments results in an effective antenna pattern that is uniform
over the range they are combined, collecting all the multipath
energy over all (practically relevant) elevation angles.® For
microcellular measurements the range is [—13°, 13°] the
effective FWHM beamwidth is 39 degrees, whereas, for
the indoor measurements, the range is [0°, 20°] at the Tx
and [—10°, 10°] on the Rx resulting in an effective FWHM
beamwidth of 33 degrees (with some overlap in beams) on
both sides.

The measurement setup was calibrated at the beginning of
each measurement day, to account for possible changes of the
electronic components. Due to the use of the high-sensitivity
waveguide, a true “back-to-back” calibration, where Tx and
Rx are connected via cable, is not permissible (would over-
load and damage the Rx). Therefore, “over-the-air” (OTA)
calibration was performed, with Tx and Rx antennas aligned
along LoS direction over a short distance. For the indoor and
D2D measurements, this distance was chosen to be between
0.5 m and 2.5 m (ensuring antenna far field), while for
the microcellular measurements, it was larger (between 20
and 40 m), due to the significant height difference between
Tx and Rx (and the resulting impossibility of placing the
Rx in closer proximity to the Tx without disconnecting the
cables and thus destroying the calibration). Delay filtering
was used in either case to eliminate residual MPCs. We apply
the CLEAN algorithm [70] in the inverse Fourier transform
of the OTA calibration with a narrow delay window centered
in the delay bin corresponding to the LOS. Applying this
strategy, we eliminate long delay bins in the calibration that
do not constitute the system’s response but rather multipath.
An example of this procedure is shown in Fig. 3.

Besides measurements with a VNA-based setup, other
arrangements using pn-sequences, chirps, or multi-carrier
signals as sounding signals are possible for THz channel
sounding [71]. We chose the VNA setup both because of its
flexibility and the high phase stability that can be used for
high-resolution parameter estimation. The two main draw-
backs of the VNA setup are the long measurement time, and
the need for a cable/fiber connection between Tx and Rx.
The former issue is of limited concern as long as the mea-
surement duration is dominated by the mechanical rotation
time. The latter issue is overcome by measuring in locations
that stay under our control (e.g., campus) for the duration of

6. The motivation for using 10° in indoor measurements spacing stems
from retaining comparability to our earlier SGHz measurements in the same
environment. The non-uniformity introduced by this revised spacing into
the effective antenna pattern is less than 2 dB.
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the measurement, and a suitable “over-the-air” calibration,
as described above. Note that due to the long measurement
time of a mechanically rotating horn, the environment needs
to remain quasi-static over several hours (i.e., absence of
pedestrians and vehicles), and thus has to be under control
of the experimenters.

IV. PARAMETERS AND THEIR SYSTEM IMPACT

For each pair of horn orientations (¢rx,i, 01x,j)» (@Rx.k» Orx,1)
the measurement setup provides a transfer function Heas (f)
at the discrete frequency points f,, through which the VNA
steps. The transfer function is first corrected by the back-to-
back calibration, to get H(f) = Hmeas(f)/Hca(f). This is then
transformed to the delay domain (with the inverse Fourier
transform implemented as an IFFT) to obtain the impulse
response /(7). The instantaneous power delay profile, PDP,
is then further delay-gated and noise-thresholded

P(t) = Uiz(r)

2 ~
(Ot = Tae) A (1RO @) = PA)} @)

or 0 if it does not fulfill these conditions. Here g4, is the
delay gating value selected to avoid using long delay points
and points with “wrap-around” effect of the IFFT, and P, is
the noise threshold, which is chosen as 12 dB above the aver-
age noise level. The margin value was selected by analyzing
the noise distribution in the PDP. Assuming the noise is zero
mean circularly symmetrically complex Gaussian distributed
(N = N;y + jNg,N ~ CN(0, o2I)), where I is an identity
matrix; the amplitude of the noise follows a Rayleigh (|N| =
1/le + N2, IN| ~ Rayl(c)). Thus, the power follows an

exponential distribution (P = |N|?, P ~ Exp(Q)) [16], [72].

Pr(P>MQ) = [

MQ

o0

e

—dP = e_M 3
5 3)
where Q = E(P) = Py is the average noise power’ and M =
10M14B1/10 " This margin value ensures that the probability

7. Further details on how to compute the average noise power will be
explained in future papers.
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of accepting a delay bin with noise is roughly 1077, i.e.,
approximately one delay/angle bin within each snapshot. For
the analysis of the delay parameters, H(f) is multiplied with
a Hann window before the Fourier transformation, since the
sidelobes of the sinc function arising from the IFFT would
lead to a significant distortion of the delay parameters.’
Furthermore, the PDPs are computed with oversampling,
since, e.g., the delay spread of a critically sampled PDP
can deviate considerably from the value of the underlying
continuous profile.’

All the above quantities depend on i,j, k, I, as well as
the particular locations of the Tx and Rx. In case that mea-
surements in multiple elevations are available, the PDPs are
summed over j and /, as discussed in Section III. From the
resulting elevation-integrated PDPs, we obtain the following
three quantities:

1) max-dir PDP: we determine the horn azimuth com-
bination i,k that provides the largest total power
(integrated over t) and call it the max-dir PDP. The
max-dir PDP, and all parameters derived from it below,
depend on the beamwidth of the used horn.

2) omni-directional PDP: we combine all directional
azimuth PDPs to synthesize a PDP that emulates the
result we would get if we measured with an omni-
directional antenna. This is done by the method of [73],
where for each delay the maximum of the received
power (over all azimuth angles) is identified, and the
maxima are used to generate a total PDP.

3) angular power spectrum: by integrating the (direc-
tional) PDPs over delay, a discretized form of the
angular power spectrum, APS, is obtained.!”

From these quantities, we can further obtain condensed
parameters:

o Path gain, PG: The PG is obtained by integrating the
PDP over delay, providing the omni-directional PG or
the max-dir PG, depending on which PDP is used as
the basis for the computation. The path gain is of fun-
damental importance for the link budget, SNR, and thus
capacity of a (single-stream) link. Scatter plots of the
measurements, as well as functional fits, of PG as a
function of distance will be provided in Section VII.
However, two major caveats must be noted: (i) any fit
is valid only within the range of distances in which it is
done, (ii) the selection of Tx/Rx locations impacts the
overall results. In our campaigns, measurement points
were selected where it could be reasonably anticipated
that the receive signal was strong enough for the chan-
nel to be estimated. Thus, the results are not suitable
to assess the outage probability of cellulaty WLAN/D2D

8. For example, the second central moment of a (continuous) \sinc\z
function over [ — 0o, 00] is infinity.

9. Consider, for example, a PDP centered in the middle between two
(critical) sampling points: its delay spread will be much larger than that of
the same function centered on a sampling point.

10. Obviously, all measured PDPs and APSs are discrete; however, the
figures below will show interpolated versions.
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FIGURE 4. Map of the indoor environment.

THz systems, which should be based on measurements
where at least one link end is placed at random, or on
a regular grid.

RMS Delay Spread, DS: The DS is defined as the second
central moment of the PDP, and can thus be computed
easily [16], though care must be taken to account for
sidelobes stemming from the IFFT, and impact of MPCs
whose delay is between sampling points, as discussed
above. Depending on whether max-dir or omni PDP
underlies the computation, we obtain the max-dir or
omni DS. The DS is a common measure to describe the
results of measurement campaigns, and can be tied (via
uncertainty relations [74]) to the coherence bandwidth
of the channel, and thus provide an indirect measure of
the achievable frequency diversity.

Q-window: Another quantity describing the delay dis-
persion is the Q-window, which quantifies the mininum
window such that the ratio of energy of the impulse
response within the window to that outside of it reaches
a particular value Q. This quantity is most useful to
assess OFDM and single-carrier systems where the
equalizer taps are at regular locations, nT,, n = 1,2, ...
In both of these cases, Q describes the SIR, since the
window contains useful signal, and the energy outside
the window contains intersymbol interference.
Q-tapnumber: A related quantity is the Q-tapnumber,
which defines the minimum number of arbitrarily-placed
taps (by enforcing that they are at integer multiples of the
sampling interval) in order that the energy collected on
those taps divided by those at other locations is Q. This
quantity is useful to assess Rake receivers and equalizers
with dynamically-placeable taps.

RMS angular spread, AS: The AS quantifies the angu-
lar dispersion, and is thus a measure of the available
angular diversity, possibility of spatial multiplexing,
and interference between links with different horn
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directions. Thus, it is not possible to classify large angu-
lar dispersion as “beneficial” or “detrimental” to system
performance; rather the particularities of the analyzed
system configuration need to be taken into account.
While the definition of angular spread (AS) as second
central moment of the angular power spectrum (APS)
is common in the literature, this definition suffers from
ambiguity, since (due to the periodicity of the angular
coordinates) the choice of the origin of the coordinate
system has a major impact on the result. Instead, the
definition of Fleury ([75], see also [16] and [17]) will
be used in the following. In this definition, the range of
possible values is [0, 1]; for small values the (dimen-
sionless) Fleury AS has the same numerical value as a
(suitably centered) second central moment expressed in
radians. Finally, we note that the AS values are lower-
bounded by the beamwidth of the horn used in our
measurements.

V. THE MEASUREMENT ENVIRONMENTS
The environments in which the measurements are done gov-

crn

which propagation processes occur, and what parameters

of the MPC channel we can expect. Our measurements were
done in the following sets of environments:

Indoor corridor and conference rooms: the indoor mea-
surements were conducted in an office building. Tx and Rx
were located either in a corridor ( 1.78m wide, 2.45 m high),
or a variety of offices, see Figs. 4 and 5. The walls are made
of post-and-drywall, and the windows are of the non-energy-
saving type. In all the measurements, the Rx was at 1.55 m
height while the Tx was at a height of 2.18 m, which corre-
sponds to the height of a typical hotspot/indoor access point.
The distance between Tx and Rx varied between 8 and 35 m.
Overall, we measured 4 LoS links in the corridors, as well
as 5 NLoS links in the corridors and 2 NLoS links in the
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FIGURE 5. Map of the Conference room environment.

FIGURE 6. Map of the outdoor intersection environment.

offices. A map of the environments markings of the Tx and
Rx locations is given in Figs. 5 and 4.

Outdoor plaza and street crossing: the D2D outdoor
measurements were performed in two areas of the USC
campus that are a plaza and a street crossing, respectively.
The plaza encompasses an open area with concrete pillars,
bounded by building walls on two sides, as well as a larger
L-shaped space with trees, umbrellas, and tables. For the
street intersection, there were buildings, and various amounts
of vegetation, at three corners of the intersection, while at
the fourth corner was a sports field surrounded by a metal
fence. In all the measurements both Tx and Rx were at 1.6
m height. The distance between Tx and Rx varied between
1 and 93 m. Overall, we measured 12 LoS links in the plaza
and 9 LoS links in the intersection, as well as 14 NLoS links
in the plaza and 3 NLoS links in the intersection. A map of
the environment marking the Tx and Rx locations is given
in Figs. 6 and 7.

Street canyon and parking lot: the microcellular measure-
ments were performed in an urban environment, with the
Tx located at 11.6 m height essentially at the facade of
a building, and the Rx located at various positions in a
parking lot and in street canyons. Since the Tx was on a
building facade (more precisely at openings in the building
facade), its antenna was chosen to only illuminate a 120°
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FIGURE 8. Map of the outdoor plaza for microcellular environment.

sector. Different mounting positions on different walls of the
building, pointing into different directions, were used. The
3D distance between the Tx and Rx varied between 20 and
85 m. Overall, we measured 13 LoS links and 13 NLoS
links. A map of the environment with markings of the Tx
and Rx locations is given in Fig. 8.

More details about the environments, and listing of all
measured links, can be found in [17], [18], [20], [21],
respectively.

VI. SAMPLE RESULTS AND IMPACT OF SPECIFIC
ENVIRONMENTS

The following figures show, for a number of sample cases,
the angular delay power spectrum, ADPS, (where an inte-
gration over the transmit directions has been done, since
four-dimensional descriptions are difficult to display), as
well as the PDP and the APS at the Rx side derived as
the marginal distributions of this ADPS.!! The delays are
given in units of meter (i.e., multiplied with speed of light)
for easier geometric interpretation. From these results, we
can intuit a number of insights into the relevant propagation
processes.

Fig. 9 shows the results for a microcellular LoS link. From
the plot, we can firstly see that - as expected - the LoS com-
ponent carries the strongest power, arriving from 0° azimuth,
and with a delay equal to the Euclidean Tx-Rx distance. We

11. Note that the PDP shown as the marginal distribution of the ADPS
(i.e., ADPS integrated over all Rx angles) is defined slightly differently from
the omni-PDP computed by the method of [73] as shown in the “standalone”
PDP figures. However, the differences in the results are minor.

VOLUME 3, 2022
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also see that there are a number of significant MPCs at later
delays (around 100 m) that come from different directions,
and thus will be filtered out by a directional antenna pointing
only in the LoS direction. Finally, reflections from the back
(at ¢rx = 180°) can be noted at a delay of 160 m. Please
note that the reflections from the back are not the effects
of the backlobe of the antenna, since such backlobes would
show up at the LoS delay.

It is interesting to compare this outdoor LoS scenario to the
indoor LoS example shown in Fig. 10, which was measured
in a building corridor. We firstly note the significantly larger
dispersion, both in the delay and the azimuth domain. This
is related to the walls lining the corridor at the side and the
back, thus giving rise to many MPCs and extended “ringing”
of the echoes. Thus, even though the distance between Tx
and Rx is much shorter than in the outdoor case, the delays of
the echoes extend over a longer time (distance). We also note
major differences in the APS: firstly, the main peak (around
0°) is broader than in the previous case because the waves are
guided by the corridor, and thus reflected repeatedly at the

VOLUME 3, 2022
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FIGURE 12. APS of indoor LoS link, TX2-Rx8.

sidewalls. Secondly, the power of the components arriving
from the back (¢prx = 180°) is significantly higher than in
the outdoor case, because the wall terminating the corridor
is closer to the Rx, oriented perpendicular to the direction
of LoS propagation, and has a high reflectivity.

Fig. 11 shows, in greater detail, the PDP, distinguish-
ing between the omni-directional and the max-dir PDP for
an indoor measurement. We can clearly see that omni case
provides much richer multipath, but that even the max-dir
case has a quite significant delay dispersion. The omni-PDP
can be described as a single-exponential decay, with several
additional pronounced discrete components. The joint APS
at Tx and Rx side, depicted in Fig. 12, shows significant
broadening of the main beams, and that energy arrives at
the Rx both from the front and the back (note that the Tx
only swept the 120° sector looking towards the Rx, so it
does not illuminate the corridor wall behind it).

We next investigate the results for an outdoor NLoS sce-
nario. An example ADPS from a D2D measurement is shown
in Fig. 13. We firstly note that the PDP shows multiple
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peaks, most with a considerable delay with respect to the
direct distance between the Tx and Rx. The absence of a
pronounced component at/near the LoS delay confirms that
diffraction is not an efficient propagation process, as dis-
cussed in Section II. Note also that the strongest signal
does not come from ¢px = 0°, which by definition is the
geometrical LoS direction. We furthermore note significant
components near 180°, which means that waves reflected by
the building at the back of the Rx (buildings on the right side
of the cross street in which the Rx is located) are important.
More details of the PDP can be seen in Fig. 14. Again the
omni-PDP shows a much larger multipath richness than the
max-dir one.

Waveguiding also leads to interesting effects, both in
outdoor environments (not shown for space reasons) and
especially in indoor corridor environments, where it is very
pronounced. A sample ADPS is shown in Fig. 15. In this case
we use a coordinate system where 0/0 points in the direction
of the corridor containing the Tx. We firstly observe that the
strongest directions at the Rx are near 90° and - somewhat
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weaker - —90°. Thus, at the Rx the waves are coming down
the corridor in which the Rx is located (and which is per-
pendicular to the corridor in which the Tx is located); with
additional components that are first guided down the Rx
corridor, and then reflected at the back wall of that corri-
dor. Consistent with this interpretation, the first significant
component with ¢rx = —90° angle has a larger delay than
the first component with the ¢rx = 90°. We also see a very
pronounced cluster structure in the PDP, with each clus-
ter decaying exponentially with a short time constant, and
the power of the clusters decaying with a longer time con-
stant. This is similar to the famous Saleh-Valenzuela (SV)
model [76], though the cluster delays are deterministically
periodic and not random as in the SV model.

Finally, we inspect an example of a microcellular NLoS
scenario in an open square surrounded by buildings. Here
the APS at the Rx (as seen in Fig. 16) shows several MPCs
coming from positive angles, i.e., from scatterers located in
the parking lot. Indeed, there were not only cars, but also
multiple other objects like lantern masts, and signs, in the
parking lot, which are effective reflectors at THz frequencies.

VOLUME 3, 2022
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In contrast, little power is coming from negative angles,
which is where the building wall of USC Michelson Center
for Convergent Bioscience (MCB) extends. The strongest -
and first arriving - component has a slightly positive angle.
We conjecture that it is a diffraction. While diffractions nor-
mally have extremely small power, in this case the diffraction
angle is shallow. Furthermore, we see that the absolute power
is indeed small; we conjecture that it is the largest one
only because of the absence of buildings that could pro-
vide effective reflection processes larger than the diffracted
component.

The NLoS characteristics also have a significant impact on
localization. Most precision localization methods (including
GPS) are either based on time-of-arrival, time-difference-of-
arrival, or combinations thereof with signal strength and/or
Direction of Arrival DoA. The discrepancy between nominal
Euclidean distance between Tx and Rx on one hand, and the
delay of the strongest (or the first measurable component)
on the other hand thus impacts the accuracy of the measure-
ments. Determination of which links are NLoS - information
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that can be used as basis of either discarding those links or
subjecting them more advanced signal processing - is thus
important for precision localization [77]. For this purpose,
statistics of the excess delay of first/strongest components,
and their correlation with other channel parameters such as
excess path loss, need to be analyzed, which we will do in
future work.

Since reflections are the dominant propagation process
in NLoS situations, it is also interesting to investigate the
impact of reflection coefficients and additional (passive)
reflected objects on the received signal. We have performed
such an experimental study in [20]. An example result is
shown in Fig. 19, specifically showing the ADPS in an
NLoS office channel in which the windows are either covered
with blinds, or not. The presence of the blinds changes the
strength of some of the longer-delayed echoes (10 m delay
and more), indicating that the specific furnishing of a room
might influence the ADPS. In further measurements (see [20]
for details), we found that introduction of additional metal-
lic objects can lead to an increase of the number of MPCs,
and thus coverage and angular and delay diversity; however
this can also possibly increase multi-user interference. The
choice of the placement thus has to be handled carefully.

We finally analyze the potential impact of ground reflec-
tions. For short distances (< 20 m) and D2D settings, the
elevation angle of the ground reflection is outside the main
beamwidth of the horn antenna, and is thus significantly
attenuated. For larger distances, ground reflection might be
received, but cannot be resolved for 1 GHz bandwidth in
the delay domain due to the small excess runlength (10
cm, which is significantly smaller than the resolvable bin-
width of 1 ns = 30 cm) of the ground reflection. We thus
performed long-distance measurements with a bandwidth of
10 GHz. Since a full angular scan is neither possible for this
bandwidth (due to the long measurement time) nor neces-
sary to analyze the ground reflection of the LoS component,
we only measured the PDP with the two horns pointing
directly at each other. An example PDP in Fig. 20 shows a
ground reflection at the excess delay to be expected from
the geometry. We performed these measurements at a vari-
ety of distances between 15 and 70 m; the amplitude of
the ground reflection is between 2 and 10 dB weaker than
the LoS, with the specific attenuation depending on the sur-
face structure at the reflection point (e.g., asphalt versus
brick tiles). The ground reflection has little impact on the
path loss measurements, which, within our distance mea-
surement range, do not show a transition to the d* path loss
law that is postulated when a ground reflection with reflec-
tion coefficient —1 destructively interferes with the LoS, see
[16, Ch. 4].

VIl. STATISTICAL RESULTS

For system design, the statistics of the different MPC-channel
characteristics discussed in Section IV need to be analyzed.
The following subsections and tables provide the “best fit”
in terms of probability density function (for the distribution
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of parameters over the ensemble of measured points), and
the distance dependence of the parameters. Details about the
fitting procedures, as well as the confidence intervals of the
fitting parameters, are given in [17], [18], [21]. We stress
again that the distance dependence of the parameters is only
valid for the distance range in which the measurements were
made.

A. PATH LOSS AND SHADOWING

Fig. 21 shows the path loss as a function of the Euclidean
distance between Tx and Rx. In particular, Fig. 21a and b
aggregate the results for LoS scenarios, and also shows the
best fit for the « — 8 model

Prx.dB + GTx,dB + GRx,dB — PRx,dB
d
=+ 10,310g10<—> +e, 4)
1m

where € is a lognormally distributed random variable with
standard deviation €. We can see that in all environments,
the path loss coefficient B is slightly smaller than 2, as can
be expected for a LoS environment, due to the contribution
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of the LoS component itself that has path loss coefficient
2, and is augmented by other MPCs. We also see that the
path loss is smaller in indoor than in outdoor environments,
which is in line with the physical insight that a corridor
(with highly reflecting, and (almost) continuous walls) guides
power better than an open square or even a street canyon.
Comparing the omni and the max-dir results, we see that
the difference is relatively small, since most of the power
is carried in the LoS component. The shadowing standard
deviation is on the order of 1 — 2 dB, indicating that an
accurate prediction of the LoS signal strength can be realized.
Again, this mainly rests on the dominance of the (highly
predictable) LoS component compared to all other MPCs.
If the antenna is not pointing towards the LoS component,
or it is shadowed off by, e.g., a human body, the received
power is dominated by indirect (i.e., non-LoS) MPCs, and
exhibits considerably larger variations.

Figs. 21c and d show the path loss for the NLoS situations.
We first of all notice that the path loss is almost always larger
than the free-space path loss. Secondly, the excess path loss
is significantly larger for the max-dir case than for the omni-
directional case, indicating that a significant percentage of
the energy comes from directions other than the max-dir
direction.!? Thirdly, for the microcellular case, the excess
path loss increases with distance for the max-dir case, while
it decreases for the omni-directional case. This indicates that
the multi-path richness increases with increasing distance,
leading to stronger contributions from different directions,
again aligned with intuition. For the D2D case, the excess
path loss decreases both for the max-dir and the omni case.
For the indoor environment, trends are difficult to judge due
to the relatively small range of distances (largest distance
is only a factor 3 larger than the smallest distance). The
shadowing standard deviation is significantly larger in the
NLoS case than for LoS, ranging between 4 and 8 dB.

12. Of course, the receive SNR is higher in the max-dir case than in the
omni case, due to the gains of the directional antennas at the two link ends.
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TABLE 1. Path loss parameters in the different environments.
Amax—dir Bmaz—dir Nmax—dir Qomni Bomni Nomni a:naa:—dir Uf,mm- Range [m]
Indoor LoS 77.35 1.5 1.62 79.01 1.25 1.49 1.69 1.67 [16-32]
D2D LoS 76.68 1.84 1.9 76.86 1.77 1.85 1.63 1.28 [1-100]
Microcell LoS 76.93 1.91 1.99 73.84 2 1.89 1.04 0.91 [20.4-82.5]
Indoor NLoS 108.67 1.33 3.93 97.91 1.86 3.61 4.36 4.32 [8.94-34.17]
D2D NLoS 89.76 2.18 3.16 89.22 1.99 2.93 7.53 5.37 [2-100]
Microcell NLoS | 85.22 2.5 3.1 91.65 1.86 2.86 7.34 6.1 [18.3-83]

Table 1 summarizes the results for path loss coefficients
and shadowing in all the environments. It shows the fitting
parameters not only for the @ — 8 model but also for the CI
model (5), with the following formula:

P1x.aB + G1x,dB + GRx,dB — PRx,dB

d
= FPSL(f, dy) + lOnlogm(l—) + €, &)
m

where FPSL(f, dy) = —20 loglo(#) is the Free space path
loss at 1m distance, thus leaving only one parameter to
optimize

Note that the shadowing variance is computed as the
standard deviation with respect to the o — g fit.
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B. DELAY DISPERSION

We next analyze the various measures for the delay dis-
persion, namely DS, Q-window, and Q-tapnumber. Fig. 22
shows the results in the various environments, separately
for LoS and NLoS, and for max-dir and omni-directional
antenna configuration. Due to the limited bandwidth and
the Hann filter operation, the minimum measurable spread
is around —93 dBs. For LoS situations, the DS generally
remains below —80 dBs, while for NLoS, it can reach up to
—68 dBs for the omni-directional case, and —75 dBs for the
max-dir case. A comparison of these values to those at lower
frequencies can be done mainly for the omni-case, since
for the max-dir case the results depend on the beamwidth,
and lower frequencies generally use larger beamwidth. We
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FIGURE 22. CDF of the rms delay spread.

find that for the omni case, the results are on the same
order as those obtained in similar environments (and simi-
lar antenna placements) at both mmWave [78] and cmWave
frequencies [79].

The results also indicate that the coherence bandwidth is
significantly smaller than the assumed system bandwidth of
1 GHz. This can be advantageous in terms of the available
frequency diversity and thus robustness against small-scale
fading. However, it also implies that the small-scale fading
characteristics, and thus (digital) beamforming coefficients,
vary significantly over the bandwidth. This not only means
that (for a beamformer based on feedback) higher over-
head for the feedback is required, but also that analog
beamformers, which usually can only form a subcarrier-
independent beampattern, may significantly underperform in
a number of situations, a conclusion we will find confirmed
in Section VIIIL.

When comparing the DS in the different environments,
the microcellular case leads to the smallest DSs in all
cases (LoS and NLoS, omni and max-dir). Outdoor D2D
provides somewhat larger values, which can be explained
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TABLE 2. o7 parameters in the different environments.
Hmaz—dir(BS) | Omaz—dir(dBs) | pomni(dBs) | Gomni(dBs)
Indoor LoS -76.41 0.67 -74.71 0.95
D2D LoS -84.7 4.16 -76.8 3.04
Microcell LoS -85.54 2.53 =717 4.06
Indoor NLoS -75.76 191 -74.91 1
D2D NLoS -81.84 433 -71.76 2.09
Microcell NLoS | -86.76 4.06 -76.98 443

by interacting objects being in the vicinity of both Tx and
Rx, thus enabling richer multipath and stronger delayed com-
ponents. Indoor environments provide the largest values; we
conjecture that this is due to the specific type of indoor
environment, namely a long corridor with well-reflecting
walls, in which most of our indoor measurements were done.
This conjecture is supported by the fact that the difference
between outdoor and indoor DSs is largest for the LoS case
(where the signal can be reflected multiple times between
walls at the two ends of the corridor).

The CDF of the DS over the ensemble of measured
points can be well fitted by a lognormal distribution, a
finding that is consistent with the well-known model of
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FIGURE 23. CDF of the Q window, SINR = 15 dB.

Greenstein et al. [80] that has been validated in a variety of
environments and frequency ranges. The DS also tends to
increase with distance for most environments and antenna
settings, but the confidence intervals of the estimated slopes
are rather wide and often encompass both positive and neg-
ative values, for details see [17], [18]. Future measurements
with larger numbers of points will be needed for a more
definitive assessment.

We next turn to the Q-window, analyzing with a threshold
SIR of 15, 20, and 25 dB. We consider here a tap size of
2ns, since we use a Hann window to obtain the impulse
response (see Section IV), which broadens the main beam
while suppressing sidelobes. CDFs are shown in Figs. 23, 24,
and 25, respectively. As expected, the windows are larger
for NLoS than for LoS, and for omni than for max-dir, and
increase with increasing threshold SIR. Far more surprising
is the range of absolute values of the windows: between 2
and 250 ns for the max-dir case (keeping in mind that the
max-dir results are specific to the given antenna beamwidths)
and up to 900 ns for the omni case. In the outdoor max-
dir case, the Q-window is below about 80, 140, and 200
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ns, respectively in about 90% of all cases, These results
have significant impact on system design, in particular they
indicate that the width of the cyclic prefix in an OFDM
system has to be on the order of tens or even hundreds of
ns, implying (for good spectral efficiency) at most hundreds
of kHz of subcarrier spacing. Furthermore, for single-carrier
systems with regularly-spaced equalizers, tens of, or even
one hundred, taps are required, even in the max-dir case.
To model the statistical behavior of the Q-window param-
eter we use a Gamma distribution, which has the following
probability density function (pdf):
x/cfl ef)c/)n7

fk,2) = (6)

I'(k)Ax

where I'(x) is Euler’s Gamma function. For a Gamma pdf,
the mean and variance are calculated as:

Elx] = kA,
Vix]l = KAZ,

)
®)

where E[ -], V[ -] are the expected value and the variance
of the random variable x, and «, A are the parameters of

677



GOMEZ-PONCE et al.: DIRECTIONALLY RESOLVED MEASUREMENT AND MODELING OF THz BAND

1 > 1
,l .......
0.8 1 0.8 - ]
< 0.6 1 < 0.6 1
H H
g g
L 04r 1 L 04r 1
—¥—D2D
—¥—D2D
Micro —O— Micro
0.2} :gzlndoor 0.2 —e—lndoor
= = 'D2D model = = :D2D Model
===-=:Micro model ====*Micro Model
0 -é _'_.-“" [ ST Indoor model 0k I U S A R Indoor Model
0 20 40 60 80 100 0 50 100 150 200
0win Qwin
(a) LoS, max-dir (b) LoS, omni
1
0.8
- 0.6
H
S
L 04r
—¥—D2D —%—D20D
Micro —E&— Micro
Indoor 0.2 Indoor
= = +D2D model = = +D2D model
==="=:Micro model ===-=:Micro model
I Indoor model 0 A ) N Indoor model
100 150 0 100 200 300 400 500
Qwin
(c) NLoS, max-dir (d) NLoS, Omni
FIGURE 24. CDF of the Q window, SINR = 20 dB.
TABLE 3. Q window parameters in the different environments.
Fmas—dir | Maz—dir_| Fomns | Noomi | Fomas—dir | Mmaz-dir | Fomns | Nommi | Novas-dir | Mmar-dir | Fommi | Nomns
Indoor LoS 17.14 0.35 6.59 6.79 15.15 441 26.3 3.72 8145.5 0.004 10004 | 0.13
D2D LoS 53 0.06 1.05 22.29 23.78 0.15 1.38 31.98 8.2 0.62 2.05 37.45
Microcell LoS 15.09 0.24 0.65 37.53 8.63 0.6 0.68 76.74 7.29 091 1.12 60.08
Indoor NLoS 3.28 11.32 15.66 3.07 53 15.4 60.27 1.49 10.67 9.79 184.88 0.68
D2D NLoS 1.29 7.83 22 63.15 1.24 14.05 4.07 44.5 1.16 50.44 4.97 47.67
Microcell NLoS | 2.18 3.11 1.29 34.58 2.11 4.15 1.41 49.27 2.32 4.43 1.74 64.15

the distribution, whose values in different environments are
tabulated in Table 3.

We finally turn to the Q-tapnumber. Again we observe
similar trends as for the Q-window, namely that max-dir
PDPs have a much smaller number of relevant taps, and
that the number of taps is lower in LoS than in the NLoS
situations - not because there are fewer MPCs, but because
the LoS component is much stronger, and thus fewer taps are
needed to collect a total percentage of energy. In absolute
terms, the number of taps is much smaller than the length of
the Q-window divided by the delay binwidth, which indeed
indicates that the PDPs are sparse in the sense that the
percentage of taps containing significant energy is small;
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however they are not sparse in the sense that the absolute
number of taps is small. For the outdoor cases, the number
of taps at the (approximate) 90% level are 10, 25, and 40,
respectively - considerably smaller than the Q-windows, but
still a significant number.

Similar to the previous parameter, we used a Gamma dis-
tribution to model the statistical behavior of the Q-tapnumber
and the parameters of the distribution are tabulated in
Table 4.

C. ANGULAR DISPERSION
We next move to measures for the angular dispersion, in
particular the AS. For the D2D scenarios (both outdoors
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TABLE 4. Q-tapnumber parameters in the different environments.
Fmas—dir | Maz—dir_| Fomns | Noomi | Fombs—dir | Mmaz-dir | Fomms | Nommi | Fovas-dir | Mmar-dir | Fommi | Nomns
Indoor LoS 11.94 0.34 8.56 2.54 4.7 3.62 29.44 1.87 24.27 2.13 11822 | 0.78
D2D LoS 31.54 0.07 3.49 1.6 8.99 0.33 2.92 5.32 7.77 0.54 2.85 13.83
Microcell LoS 14.59 0.18 7.02 0.64 14.85 0.25 3.41 2.86 7.97 0.69 3.73 5.98
Indoor NLoS 4.47 5.88 15.37 2.71 6.08 8.66 35.7 2.01 11.33 7.29 103.73 1.01
D2D NLoS 3.63 12 2.52 23.4 2.13 4.19 4.92 20.12 2.81 6.49 8.56 16.29
Microcell NLoS | 2.35 2.26 1.39 23.29 1.95 39 1.49 35.11 2.08 4.52 1.95 37.55

and indoors), there is no need to distinguish between AS at
the Tx and Rx. For those scenarios, the CDFs of the AS
are shown in Fig. 29. The logarithm of the AS is bounded
on the lower limit by approximately —0.8, due to the finite
beamwidth of the horn antennas. When analyzing the CDFs
of the AS, we can observe 3 clusters of curves in the LoS
case: (i) AS at the microcellular and indoor Tx (i.e., the
BS or access point); due to the elevated position and the
limited angular range during scanning, the values are small
and range from —0.8 to —0.6 for LoS. In the NLoS case,
the variations are much larger (—0.8 to —0.2). (ii) AS for
the microcell Rx, and the D2D Rx and Tx (remember that
in the D2D case, there is on average no difference between
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the environment that Tx and Rx see). Here, in the LoS
case values vary between —0.8 and —0.05, with a mean
around —0.5; in the NLoS case it varies between —0.6 and 0.
The fact that we observe larger values of the AS can be
explained by the richer scattering environment around the
(outdoor) device at 1.6 m height, compared to an elevated
BS. (iii) indoor Rx shows the largest AS (between —0.2
and 0, due to strong signals incident from the front and
the back (again, due to the corridor structure in which we
measured).

The CDFs can be fitted well by lognormal distributions,
as shown in Fig. 29; the parameters of these distributions
are given in Table 5.
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TABLE 5. logqq(AS) parameters in the different environments.
Mrz/kp2D | 0T2/0D2D | HRx | ORx
Indoor LoS -0.7 0.05 -0.12 | 0.07
D2D LoS -0.49 0.2 N.A. N.A.
Microcell LoS -0.73 0.06 -0.53 | 0.15
Indoor NLoS -0.6 0.21 -0.14 | 0.06
D2D NLoS -0.23 0.17 N.A. N.A.
Microcell NLoS | -0.5 0.19 -0.36 | 0.21

VIll. SYSTEM PERFORMANCE

The impact of the angular dispersion on the system
performance depends on the specific beamforming algo-
rithms. In [19], we evaluated both analog and digital beam-
forming with measured outdoor D2D propagation channels
for both “piconet-controller” and “peer-to-peer” scenarios. In
the former case, different devices are all talking to a single
device, e.g., a piconet controller, which uses beamforming
to spatially separate the different users. In the latter case,
pairs of devices are talking to each other, and pointing beams
towards each other.
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For the analog beamformer, we assume that the receiving
device simply selects the beam that provides the highest
power of the desired signal. This beam selection takes into
account that an analog beamformer can only form a beam
that is valid for all incident signals, but it is actually more
restrictive in that it allows only the selection of a fixed
beam and not the forming of an arbitrary beamshape. It is,
however, a simple structure and in line with simple phased
arrays in cellular handsets that typically also step (and not
sweep) over different angles.

For the digital beamformer, we assume that all 36 receive
signals (one from each of the Rx antenna directions) are
processed with either maximum-ratio combining (MRC).
zero-forcing (ZF), or minimum mean square error (MMSE).
Since different beamformers on different subcarriers (or more
generally, different parts of the band) are possible, better
performance can be anticipated.

Figs. 30-32 compare the performance achieved with those
beamforming schemes in a piconet controller and a peer-
to-peer scenario, respectively. The results in Fig. 30 assume
a network consisting of peer devices (i.e., D2D channels),
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FIGURE 27. CDF of the Q-tapnumber, SINR = 20dB.

where one of the peer devices serves as piconet controller.
In this example, we see that in two cases (PnC7 and PnCS),
analog beamformer provides a capacity that has a similar
behavior (as function of the transmit power) as digital beam-
forming, and generally shows an offset of about 1-2 bit/s/Hz;
this might be an acceptable loss in many situations, given
the much lower complexity of the analog beam selection.
However, we also see that in one example (PnC5), the ana-
log beamformer has a much worse performance; capacity as
function of SNR essentially saturates at a low level, as does
digital MRC combining. In contrast, for digital beamforming
with ZF or MMSE, capacity increases with the Tx power.
This is due to the fact that several devices are in one beam
of the piconet controller, so that their transmissions collide.
Better scheduling would reduce this problem, but still the use
of beam selection instead of creation of complex weights that
optimize reception, exerts a significant performance penalty.
Similar results occur in a microcellular setup where multiple
devices access the BS, see Fig. 31.

In the P2P scenario, the capacity considerably depends
on the directions into which the interfering devices transmit.
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Since the different devices are assumed not to coordinate
their transmissions with each other, we can assume that
transmissions occur into random directions. For this case,
Fig. 32 shows the CDF of the capacity (over the ensemble
of interference directions), for a variety of devices. Only
analog beamforming is considered in this case. We can
see that the considerable angular dispersion leads to more
interference than what one could expect if THz links con-
sisted only of LoS components. More examples and details
of the configurations are discussed in [19].

IX. CONCLUSION

This paper has provided an overview of extensive chan-
nel sounding campaigns in the THz band, specifically
at 145 GHz. We have described our measurement setup,
the measurement environments (outdoor microcell, outdoor
D2D, and indoor), and the parameters extracted from the
measurements. Most importantly, we surveyed the numerical
results for path loss, delay dispersion, and angular dispersion.
Some of the key insights are as follows:
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FIGURE 29. CDF of the AS.
o For NLOS, the excess path loss (compared to free-
space) is on the order of 10-30 dB, and generally
decreases with increasing distance between Tx and Rx
in particular in the omni-directional case, due to the

o For LOS, the path loss coefficient is on the order of
1.8, similar to what is observed in lower frequency
bands. The impact of ground reflections is minor in the
situations we analyzed.
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rich multipath. However, this result does not incorporate
heavily shadowed locations.

« For the considered beamwidth (& 13°), delay dispersion
is considerable. When considering the max-dir delay
spread, values are up to 30 ns in D2D and indoor envi-
ronments, and 10 ns in microcellular environments, with
values up to 150 ns for the omni-directional case.

o Q-windows, which indicate the necessary length of
cyclic prefixes, can be tens or even hundreds of ns long
for the max-dir case (and larger for the omni-case).
Q-tapnumbers, which indicate the required number
of arbitrarily spaced equalizer taps, is considerably
lower than that, indicating sparsity of the channels, but
still tens of taps might be required for, e.g., 20 dB
signal-to-self-interference ratio.

o Angular spreads are smallest at elevated BSs, either
indoor or outdoor. At the UE location, which is usu-
ally surrounded by scattering objects, large ASs (many
multiples of the antenna beamwidth) were observed.
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FIGURE 32. Comparison of analog beamforming in a P2P scenario.

o The angular dispersion has a significant impact on
the multi-user capacity. For dispersive channels, digi-
tal beamforming to separate users coming from similar
directions results in significant performance advantages
compared to simple beam selection.

While the measurement campaigns are among the largest
ever done in this frequency range, the number of points and
variety of investigated environments is still quite limited.
Thus, the results presented here can be considered a useful
starting point for reality-based values of system design and
performance assessment, but will be augmented by future
measurement campaigns.
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