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ABSTRACT The aim of channel models is the effective prediction of wireless channels in application-
specific environments in order to successfully design wireless communication systems. For THz
communications, deterministic ray-optical channel predictions are very common. This paper shows inherent
limitations of ray-tracing based models due to the accuracy of three-dimensional models of the environment
in the context of THz communications and presents a new hybrid channel model approach that combines
ray-optical channel predictions with an analytic path gain model extracted from measurements. The model
is applied for switchable, point-to-point, wireless inter-rack links at THz frequencies in a data center that
make the data center network reconfigurable at runtime. The channel parameters derived by the novel
hybrid approach show promising results compared with channel parameters extracted from conducted
reference measurements with an overall path gain error below 5dB for residual multipath components.

INDEX TERMS THz, channel, channel model, data center, top-of-rack, multipath propagation, delay

spread.

. INTRODUCTION

ERAHERTZ (THz) communication is crucial for adding

wireless connections in evolving data centers [1],
transitioning from storage-centric to complex, computation-
intensive tasks [2]. This evolution demands systems with
ultra-low latency, high reliability, and scalable, flexible
designs [3]. Current data center networks face limitations
due to sporadic high-traffic bursts on underutilized links,
which degrade service quality [4].

Wireless links, especially when combined with beam
steering, significantly enhance data center network flexibility,
allowing for dynamic reconfiguration [5]. Unlike traditional
networks, which are costly and time-consuming to modify,
wireless connections eliminate the constraints of physical
cabling. This enables a software-defined network controller
to adapt the network topology dynamically to meet changing
demands and traffic patterns. Moreover, direct node-to-node

communication, bypassing aggregate and core switches,
improves latency [6].

THz communications offer data rates comparable to those
achieved through fiber optics transmission. In this context,
the radio channel is fundamental in the development of THz
communication systems, as it influences both system design
and parameter selection. Therefore, a thorough understanding
of the channel and proper modeling techniques are crucial
for enabling this technology.

This paper presents a new hybrid channel modeling
approach for THz communications that is applied to
the data center use case. Based on an extensive
measurement campaign [7], an analytic path loss approx-
imation is derived that is combined with ray-optical
channel predictions resulting in an application- and site-
specific channel model. The contribution of the paper is
fourfold:
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o The paper examines the necessary level of detail of
three-dimensional (3D) models used for ray-optical
channel predictions at THz frequencies from a theoretic
point of view. It shows that a deviation of 100 um may
have an impact on the reflection coefficient of optically
thin media of more than 10dB.

e A comparison of ray-optical channel predictions rep-
resenting the current state of the art of THz channel
modeling and double-directional channel measurements
in a data center [7] evaluate the high accuracy in
terms of angles and delay and shows the shortage in
the prediction of the channel gain. More than 2/3 of
relevant multipath components (MPCs) are identified
in the simulation with a temporal and spatial accuracy
below 5.7ns and 4.2°, respectively.

o To compensate weaknesses in path gain modeling, a
new channel model approach for THz channels is
presented that combines ray-optical channel predictions
with an analytical path gain model extracted from
measurements reducing the overall path gain error below
5dB.

o The hybrid channel model is applied to inter-rack links
in a data center and the resulting channel parameters
are validated against reference measurements providing
satisfactory channel parameter characteristics that can
be applied to higher layer simulations as well as system
and protocol design.

The rest of the paper is structured as follows. Section II
outlines different channel model approaches and gives a
detailed overview of the state of the art and its shortcomings.
Section III presents aspects on 3D models for determin-
istic ray-optical channel predictions and shows inherent
limitations of this modeling approach in the context of
THz communications. In Section IV, ray-optical channel
predictions are conducted for and compared with the double-
directional channel measurements in a data center scenario.
Then, a novel hybrid channel model for wireless THz links
in a data center is presented and validated in Section V.
Finally, Section VI concludes the paper.

Il. STATE OF THE ART OF THZ CHANNEL MODELS FOR
DATA CENTERS

Channel measurements are time-consuming and cumber-
some [8]. Sometimes the desired measurement is challenging
or even not feasible. Therefore, models are developed that
are a reproduction of the reality such that they incorporate
important characteristics and attributes in the context of
the application of interest. Since the reality is often very
complex, a model might also serve as a simplification.
Therefore, it is necessary to investigate how to effectively
model THz channels in data centers in order to enable
the development of THz communication systems. This
section presents common channel model approaches and
a detailed state of the art of channel models for THz
communication in a data center.
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A. MODELING APPROACHES FOR LOW THZ CHANNELS
Typically, models in the context of wireless channels have
a certain validity range that is often limited. On the other
hand, they might interpolate or predict new scenarios that
have yet to be measured.

Regarding wireless channels, different modeling
approaches exist. In the vehicular community, it is popular to
classify channel models into geometry-based deterministic
models, non-geometrical stochastic models, and geometry-
based stochastic models [9]. Following this classification,
this part briefly presents the idea of analytic, deterministic,
and stochastic channel modeling approaches that can be
applied for channels at THz frequencies.

1) ANALYTIC APPROACH

An analytic model describes the quantity of interest through a
mathematical function. This might be a theoretically derived
equation or a parameterized empirical expression. In the
latter case, the coefficients are often fitted by minimizing
cost function that is often the root mean squared error of
the fit with regard to the measurements.

A popular example is the A-B-path loss model

LaBag(d)= A+B- 1010g10<i) +e€, (1)
dref

with reference path loss A at reference distance dy.f, path loss
exponent B and additive white Gaussian noise (AWGN) e.
It models the path loss as a function of the distance
between transmitter (TX) and receiver (RX), d. Other
channel parameters than the channel gain can be modeled
in an analytic way as well [10].

The analytic approach is applied in THz communications
among others to model the gain of individual MPCs such as
under-vehicle propagation and side reflection in a vehicular
setup in [11]. Also, the approach is adopted for reflections
at the seats in an aircraft cabin that is based on geometrical
considerations [12].

2) DETERMINISTIC APPROACH

A deterministic model includes all individual basic mech-
anisms that contribute to the modeled quantities in a
determined and significant way. In doing so, the model
combines the independent aspects and their interplay leads
to a realistic characterization of the modeled quantity.

A prominent representative of deterministic model
approaches are ray-optical channel prediction, also known
as ray tracing. The ray tracing algorithms searches for paths,
that retrace the propagation of waves motivated by the basic
propagation mechanisms reflection, transmission, diffraction
and scattering, in a geometrical model of the environment.

The higher the carrier frequency of the communication
signal the better the wave can be described as a ray. Hence,
the nature of THz propagation in complex environments
favors ray-optical channel predictions [13]. The small wave-
length leads to the fact that small objects already have an
impact on the wave propagation. When represented in the
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TABLE 1. Channel modeling approaches for low THz communications.

Type of model

Advantages

Drawbacks

Analytic approach
Deterministic approach

Stochastic approach

handy, easy to apply

precise if environment is
well modeled
universal application

limited complexity, de-
pendency on few variables
complex to implement

abstraction limits preci-

TABLE 2. Related work for low THz channel models in a data center.

sion

Hybrid approach combines advantages  elaborate implementation

from different models

geometrical model, the ray tracing algorithm takes them
into account in the path finding. In contrast to full-wave
simulation tools, ray-optical channel predictions can handle
large environments like lecture halls, industrial factories, data
centers, and even outdoor environments.

3) STOCHASTIC APPROACH

Stochastic channel models represent a certain abstraction
of a specific scenario to cover the wireless channel as a
whole. On the basis of a data set originating either from
measurements or other simulations techniques, probability
density functions are fitted for the individual components of
the system description, i.e., the impulse response [14].

A common approach is a combination of different channel
model types. Based on a limited set of measurements, a ray
tracing tool is calibrated that creates many realistic channel
realizations in the scenario under investigation. The set of
simulated channels is then again the basis for a stochastic
channel model [15]. In this way, the information on the
channel is made available to the community and applicable
for link- and system level simulations in a general way.

B. RELATED WORK ON THZ CHANNELS IN DATA
CENTERS

To effectively construct a new communication system
operating at THz frequencies, in-depth study and accurate
modeling of the radio channel are imperative. This step is
necessary to tailor the physical layer and higher-layer pro-
tocols accordingly. Therefore, application- and site-specific
channel models that incorporate propagation in complex
environments, reflect multipath propagation, as well as the
geometry and materials involved, are needed [8].

Han et al. provide in [16] a comprehensive survey on
models for applications at THz frequencies. The following
overview will be limited to channel models related to
wireless links in data centers.

A first simulation-based model presented by Mollahasani
and Onur in [17] in 2016 explores the impact of water
vapor absorption using a free-space propagation model for
frequencies up to 2THz but lacks aspects on multipath
propagation, temporal and spatial characteristics or any other
environment-dependent aspects.

In [18], a more detailed simulation-based approach is
outlined by Peng et al. in 2015 and adopted in 2016 by Fricke
in [19] that develop a stochastic channel model derived from
ray-tracing simulations within an idealized data center model
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Reference Type Description Drawbacks
Mollahasani analytic channel model consid- no multipath propaga-
et al. [17] ering water vapor ab-  tion considered
sorption
Peng et al. [18] stochastic ~ broadband spatial  purely simulation-based
model based on ray-
tracing
Fricke et al. [19] stochastic  broadband spatial  purely simulation-based
model based on ray-
tracing
Cheng et al. [20] analytic, gain and delay distribu-  measurements in basic
stochas- tions laboratory mock-up en-

tic vironment

Cheng et al. [21] stochastic, inter-rack model for limited link setups

geomet- OLoS links at medium
rical height
Cheng et al. [22] stochastic  inter-rack model at limited link setups
medium height
Song et al. [23] analytic, path gain model, exam-  no temporal or spatial
stochas- ination of clusters model
tic
ITU [24] analytic path gain model no temporal or spatial

model

and offer simulated transfer functions of the radio channel in
the frequency range of 252 GHz to 325 GHz. Unfortunately,
the data set is purely simulations-based and no verification
is performed.

A first measurement-based model was presented by
Cheng et al. in [20] in 2019 that briefly summarizes the
path loss and delay dispersion of a virtual multiple-input
multiple-output (MIMO) measurement in a simplified mock-
up scenario. Here, the setup located in an office room can
hardly capture the environmentally features of a data center.
The same authors describe the DOPPLER power spectrum of
the narrow-band channel caused by vibrating cables due to
the cooling airflow in a rack by a statistical two-ring model
in [21]. Again, the setup is limited to a special use case
of a link at medium height in an obstructed-line-of-sight
(OLoS) scenario that does not capture spatial and temporal
characteristics of the propagation channel due to multipath
propagation.

The latest modeling approach for wireless links at
300 GHz was presented by Cheng et al. in [22] analyzing the
multipath propagation for an inter-rack link at medium hight.
The proposed cluster-based model for the power delay profile
(PDP) is based on the modified SALEH-VALENZUELA model
and is derived from measurements for a single and fixed
distance using optical lenses. This promising investigation
discusses setups at medium height but omits top-of-rack links
that are highly relevant for the data center use case.

Also in [23], Song et al. classify the multipath components
into clusters. However, the methodology, the number of
MPCs per cluster and the cluster specifics remain unclear.
It is therefore incomplete to be used for the description of
multipath propagation at THz frequencies in data centers.

Lastly, an A-B-path loss model with a power loss coeffi-
cient of 2.02 at 300 GHz is given in [24] by the International
Telecommunication Union (ITU) without providing spatial
or temporal information on the channel.
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FIGURE 1. 3D model of the Dell EMC Research Data Center.

In conclusion, the literature review summarized in Table 2
shows that there are only two limited models that analyze
multipath propagation in a data center, each focusing on
a specific link type. Consequently, there is a shortage of
geometrical channel models touching upon various link types
under different propagation conditions that are suitable for
the development of prospective THz communication systems
in a data center.

C. PURSUED APPROACH

With regard to the presented modeling approaches, the
deterministic model via ray-optical channel predictions
represents a state-of-the-art and promising approach for
realistic channel modeling at low THz frequencies in com-
plex environments [16]. Also, the data center environment
is too complex to model the channel exclusively with
analytic and empirical equations. Moreover, the data set
created by the measurements [25] is too small to create
a reliable and significant stochastic model. Surprisingly,
no validated ray-tracing simulations are reported in a data
center up to now. However, ray-optical channel predictions
incorporate the impact of the complex environment, leading
to meaningful channel realizations in the context of wireless
links in a specific data center if detailed information on the
environment is available so that a 3D model can be build.
Therefore, the approach followed in this paper uses ray-
optical channel predictions as a basis for channel modeling
and compensates limitations of ray-tracing with respect to
the path gain prediction by an analytic path loss model.

lll. DETERMINISTIC MODELING AT THZ FREQUENCIES
A necessary component of a ray-optical channel prediction
is a 3D model of the environment where the communication
system under investigation is applied. This section discusses
relevant aspects of 3D models, the role of material param-
eters and resulting limitations with regard to ray-optical
channel predictions at THz frequencies.

A. CREATION OF THE 3D MODEL

To create a 3D model, the Dell EMC Research Data Center,
Cork, Ireland where an extensive measurement campaign was
conducted is documented in detail and technical drawings
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of the various rack types, the polyvinyl chloride (PVC)
strip curtains, the window facades, the columns, the room
dimensions, and the positions of all items are made in parallel
to the measurements.

The 3D model is then created based on a modular
approach. Generic and parametrized objects of each item
type are defined in a local coordinate system on the basis of
surfaces. Each surface is defined by a position vector, two
direction vectors that define the plane in which the surface
lies, and a tuple giving the vertices of the surface with respect
to the direction vectors. The complete model is finally built
by lists that contain the concrete items present in the data
center. The position of each item is defined by a position
vector in the global coordinate system of the model. It can
be freely scaled by a given width, a height, and a depth and
oriented by two vectors that define the relation between the
local coordinate system and the global coordinate system.

In order to account for the impact of different materials
in the environment, a material parameter is assigned to each
surface that contains the complex permittivity, the thickness,
the roughness, and the correlation length [26]. The racks
are mainly made out of powder-coated metal, but some
types have a plastic front that is modeled as high-density
polyethylene (HDPE). The floor is given by glass fiber-
reinforced laminate, whereas the walls, the columns, and the
ceiling are assumed as concrete. The door is made out of
laminated beech wood and the windows out of glass with a
metal frame. The strip curtains consists of a metal rail and
a PVC curtain. The geometrical model of the Dell EMC
Research Data Center is shown in Fig. 1, where the floor and
the ceiling are omitted for the shake of clearness. Concrete
is depicted in dark gray, metal in light gray, PVC and HDPE
in dark blue, glass in light blue, and wood in brown.

Materials parameters of building materials relevant for
THz communications are reported among others in [26], [27],
[28], [29], [30], [31] whereas metal can be approximated
for relevant frequencies with relative permittivity €, = 1 +
j107 [32], [33].

A specific object of special importance in the data center
under investigation represent the plastic curtains. Therefore,
three material probes of the three different kinds of PVC strip
curtains have been characterized by the National Physics
Laboratory (NPL), Teddington, UK, in the framework of the
European Project “Terahertz Based Ultra High Bandwidth
Wireless Access Networks” (TERAPOD) [34]. The first
sample is a piece of an older curtain that is partly covered
with a kind of flour and less transparent compared to the
second sample that is a brand-new transparent PVC strip
curtain. Both types of curtains have a thickness of 3.70 mm.
The third sample is also a brand-new piece of curtain that
is thinner with a thickness of approximately 3.0 mm.

The measured refractive indices n’ that are presented
in Fig. 2(a) show only a marginal difference between the
samples and decreases slightly from 1.62 at 100 GHz to 1.58
at 1.5THz. The absorption coefficient ayps increases from
0.5cm™" at 100GHz to 30cm™! at 1.5 THz and is visualized
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FIGURE 2. Material parameters of the plastic curtains.

in Fig. 2(b). At the frequency of interest of 300 GHz the
refractive index and the absorption coefficient of the old
curtain sample yield 1.62and 2.24cm™!, respectively. A
more detailed description of the role of material parameters
in 3D models can be found in [35].

B. DIELECTRIC BOUNDARY LAYER

The environment of a wireless communication system is full
of things and items that interact with the electromagnetic
waves and manipulate the channel. When an incident wave
hits a dielectric boundary layer reflection and diffraction
takes place. Fig. 3(a) illustrates the interaction with the
dielectric boundary layer where ¢;, ¢r, ¢ and k denote the
angle of incidence, the angle of reflection, the angle of
transmission and the wave vector, respectively.

The complex FRESNEL transmission and reflection
coefficients for transverse magnetic (TM) and transverse
electric (TE) polarization are a good approach to model this
interaction and specify the ratios of the incident electric field
and the reflected or transmitted electric fields. They depend
on the angle of incidence and are given by [36]

Z, cos ¢y — Z; cos ¢y

g = 2

T Z) cos ¢ + Z, cos @

P 2Z, cos ¢; 3)
BT Z, cos i + Z, cos y
Z, cos ¢y — Z; cos ¢;

ry = 2———2— @)

Z, cos g + Z; cos ¢
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(a) Schematic illustration based
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FIGURE 3. Reflection and trar ion coefficients at a single dielectric boundary
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2Z, cos ¢i
Im = 7 ~
Z, cos ¢y — Z; cos ¢

where r, t and Z denote the reflection coefficient, the trans-
mission coefficient and the wave impedance, respectively.

The examination of the FRESNEL coefficients of the
presented plastic curtains that are visualized in Fig. 3(b)
shows an absolute value of the reflection coefficient and
the transmission coefficient of —12.5dB and —2.3dB for
an incident angle ¢; = 0°, respectively. The BREWSTER
angle — the angle at which the reflection coefficient for TM
polarization yields rpy; = 0 — is given at 59°.

However, the path loss measured in the point-to-point
(P2P) top-of-rack (ToR) setup for reflected links that is
presented in [7] shows a high reflection loss of approximately
28 dB for an angle of incidence ¢; = 8°. Consequently, the
FRESNEL coefficients do not seem appropriate to model the
characteristics of the PVC strip curtains.

®)

C. PROPAGATION IN A STRATIFIED MEDIUM

The deviation of the FRESNEL reflection coefficients and the
measurement can be explained by the fact that the plastic
curtains represent an optically thin medium so that also the
second boundary interface — the backside of the curtain from
PVC to air — has a significant impact on the transmission and
reflection. Hence, there is a need for a more detailed model.
A so-called stratified medium with multiple layers can be
described by the transfer matrix method and the characteristic
matrix of a stratified medium [37]. For a stratified medium

4735



ECKHARDT et al.: HYBRID CHANNEL MODEL FOR LOW TERAHERTZ LINKS IN A DATA CENTER

B -

@\
ng

(a) Schematic illustration based
on BORNPrinciplesOptics60th2019

0:HH\HH\\H\\HH\\H\‘HH\HH\HH

-5 e =

—10

—15

Gain GdB

—20 4
Vo v
N

—25

TT T T T T T T[T T T T T T T T TTT]
W\

“, ] A
H

\\H‘\\H‘\\H‘\\H‘\H\‘H.l\‘.(\\\‘HH‘HH

—3
0 10 20 30 40 50 60 70 80 90
Angle of incidence ¢;/°

(b) Reflection and transmission coefficients

FIGURE 4. Reflection and transmission coefficients of the stratified medium.

with three layers as illustrated in Fig. 4(a) and represented
by the plastic curtain (air — PVC - air), the reflection and
transmission coefficients can be written as
rip + rpy PP
rsp = (6)
L4 ryprp3 e7) st

2] Bsk
tihlr €
_ Lol 7

z : )
SET 1 4 rioryy e2ibse

where r, and t,, denote the FRESNEL reflection and
transmission coefficients of the respective boundary layer and
respective polarization. Ssg denotes a phase factor given by

21
BsF = — - myhcos¢y , 3)
A0

where Ao, h, n,, and ¢, denote the wavelength in vacuum,
the thickness of the second medium, the refractive index of
the second medium and the angle in the second medium,
respectively.

The reflection and transmission coefficients of the PVC
curtain modeled as stratified medium with a thickness of
3.70mm are shown in Fig. 4(b) for both, TE and TM
polarization. The reflection coefficient of TE polarization
is generally greater than the reflection coefficient of TM
polarization but both polarizations show multiple minima at
angles of incidence of 11°, 42° and 65°. The transmission
loss is relatively low with values below 5dB for angles
smaller than 70°. Comparing the model with the measured
reflection loss, the reflection coefficient of the stratified
medium of —17 dB for an angle of incidence of 8° reduces
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the deviation from the measurement by 4.5dB. Other
sources for the measurement inaccuracy might be a fragile
antenna alignment and positioning or a slight twist of
the curtain so that the specular reflection is not properly
captured.

It is now of interest to estimate the robustness of the model
with regard to the level of detail of the 3D model of the
environment. The PVC strip curtain has mainly a thickness
of 3.70 mm but at some points close to the edge the thickness
reduces to 3.65mm. Fig. 5 shows the dependency of the
reflection and transmission coefficients on the thickness &
of the intermediate layer for an angle of incidence of 8°.
The transmission coefficients vary slightly in a wavelike
manner by only 4dB whereas the reflection coefficients
vary between —7.8dB and destructive interference of more
than —25dB. The minima and maxima are 0.15 mm apart
and already a deviation of the thickness of only 0.1 mm
causes a change of the reflection coefficient of 13.4dB.
Hence, the level of detail that is necessary to model the
interaction with matter in a satisfactory manner with an
accuracy of a few dB lies in the order of 100pum. This
result sets unrealizable requirements on the 3D model in
complex environments with dimensions of multiple tens of
meters. The effect of this finding on the channel model via
ray-optical channel predictions is discussed in the following
section.

IV. RAY-OPTICAL CHANNEL PREDICTIONS

In this section, deterministic channel modeling via ray-
optical channel predictions with the Simulator for Mobile
Networks (SiMoNe) is applied to wireless links in a data
center and compared with channel measurements from [7].

A. FUNCTIONALITIES OF THE SIMULATION TOOL

SiMoNe [38] is a multi-level simulation suite that includes
channel predictions [39], link level simulations [40] and
system level simulations [41]. The channel prediction
functionalities provide among others a channel predictor
called FemtoPred that implements a ray tracing module
and stochastic models like the OKUMURA-HATA model.
Here, only the ray tracing module is applied for the
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following investigations that are conducted with SiMoNe
v2023.01 [38].

The FemtoPred requires information about the environ-
ment in form of a 3D model explained in Section III-A. The
position of the TX and RX is set in the scenario definition.
The ray tracing engine predicts the propagation channel in
a two-step approach. First, the search for geometric paths
between the TX and RX is done. The result of this step
consists of rays characterized by an angle of departure
(AoD), angle of arrival (AoA) and interactions points at
the surfaces. In the second step, electromagnetic models are
applied to predict the complex amplitude of the MPCs.

The ray search is conducted individually for each basic
propagation mechanisms — direct path, reflection, scattering,
and diffraction. Reflection is sometimes divided into specular
reflection and non-specular reflection where the latter one
corresponds to scattering. The direct path is calculated based
on the positions of TX and RX and the potential transmission
through surfaces is checked. Here, free-space path loss and
if applicable the transfer matrix method for stratified media
are applied to calculate the path loss and the transmission
loss, respectively. Reflected paths are calculated based on the
principle of image sources that mirror the TX at each surface
in order to find a possible reflection point [42]. Depending
on the selected order of reflection this procedure is repeated
multiple times. The reflection coefficients at each interaction
point are also determined by the transfer matrix method as
described in Section III-C. In order to find scattered rays,
the surfaces that have a line-of-sight (LoS) connection to TX
and RX are basically divided into tiles with a certain tile
size. If a LoS connection persists for the individual scatter
tile, the ray via the tile is valid. The complex amplitude
of the ray is modeled by the modified equivalent current
approximation (MECA) [43].

Current limitations of the prediction tool affect the
polarization since TE and TM components are averaged
at each interaction point. Also, the literature suggests the
application of KIRCHHOFF scattering and the modified
FRESNEL reflection and transmission coefficients in the
context of THz communications [44], [45].

B. SIMULATION SETUP AND CONDUCT
Within the created 3D model of the data center, the scenarios
of the double-directional channel measurements from [7] are
emulated and TX and RX are placed at the positions given
in [25]. An isotropic antenna is assumed in order to simulate
the propagation channel. A library of the material parameters
listed in Table 3 is selected so that the corresponding
parameters are assigned to the respective surfaces. In contrast
to the common approach of calibration of the material
parameters [46], [47], the original material parameters are
unchanged in order to retain the physical relation in the
simulation.

Reminding the propagation conditions, all medium height
(MH) measurement positions and the ToR1 position are a
LoS scenario whereas the ToR2 to ToR5 are OLoS scenarios.
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TABLE 3. Material parameters applied in the simulation at 300 GHz.

1

Material e: e;/ n’ Qabs/Cc ™ Source

PVC plastic 262  0.058 1.62 224 measurement
HDPE plastic 234 0.0023 1.53  0.11 [26]

Glass fiber-reinforced 4.58 0.21 2.14 7.15 [26]
laminate

Concrete / sand-lime 3.49 0.23 1.87 9.09 [26]

brick

Glass 6.65 0.35 258  9.95 [26]
Laminated beech wood 2.10 0.12 1.45 6.3 [26]

Metal / aluminum 1 107 - - [32], [33]

The simulation is configured in such a way that in MH
scenarios reflections up to the third order are searched and
transmissions up to the second order are allowed. In ToR
scenarios, also reflections up to the third order are searched
but transmissions up to the eighth order are allowed. For
transmission, each interaction layer is counted so that one
curtain represent already two interaction layers with its front
and back side. Therefore, this configuration is justified by
the environment that is more penetrable at ToR level with
the PVC strip curtains compared to the metal racks at MH.
Diffraction is not considered in the simulation since its
impact is assumed to be negligible in the LoS and OLoS
scenarios under investigation [48]. Since transmission is
not supported in combination with scattering, scattered rays
occur only in LoS scenarios. After a successful execution
of the simulation flow, the MPCs can be exported and post-
processed in MATLAB®.

C. COMPARISON OF SIMULATIONS AND
MEASUREMENTS
1) QUALITATIVE COMPARISON

The MPCs of the simulated propagation channels are
compared to the measurement results presented in [7] in
order to evaluate the quality of the simulation approach.
Fig. 6 illustrates the simulation of the setup MH2. TX and
RX are representatively depicted as dark blue cylinders. The
direct path is plotted in red, reflected paths are plotted in
light blue, and transmitted and reflected paths are plotted in
violet. For the sake of visibility, Fig. 6(a) omits the scattered
path that are additionally illustrated in green in Fig. 6(b).
First, the power angular profiles (PAPs) of the simulation
and the measurement are compared. Fig. 7(c) shows the PAPs
of MH2 that correspond to the setup in Fig. 6. The MPCs
of the measurement are depicted with circles whereas the
simulation is illustrated with crosses. The size and color of the
markers is scaled to the respective channel gain. In Fig. 7(a)
it is clearly visible that the strong MPCs of the measurement
are covered by reflected MPCs. Three times, the simulation
predicts a MPC where no MPC was measured. The scattered
MPCs that are additionally shown in Fig. 7(b) mainly lie on
a cross-shaped trajectory around the direct path and cover
several measured MPCs. This cross-shaped trajectory is also
observed in MHI1, aircraft cabins [12] and high speed train
wagons [49] that all have a corridor-like environment. Hence,
scattering has an important contribution to the propagation
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(b) Reflection, transmission and scattering

FIGURE 6. Visualization of the reflected and scattered rays of MH2.

channel at THz frequencies also with regard to relevant THz
applications. In conclusion, two measured and striking MPC
were not predicted by the simulation.

The comparison of the PDPs gives insights about the
temporal agreement of the simulation and the measurement.
Two exemplary comparisons of MH2 and ToR1 are presented
in Fig. 8. Fig. 8(a) presents the just discussed setup MH2.
In all regions of measured MPCs also simulated MPCs are
present. Inversely, the gap between 70 ns and 90 ns is clearly
visible in the simulation and the measurement. However, the
gain of the simulated MPCs differs significantly — for some
MPCs up to 30dB — from the measured path gain. The early
MPCs up to a delay of 30ns are overestimated and later
MPCs that are mainly cause by scattering are underestimated.
A similar characteristic is visible in the ToR1 setup presented
in Fig. 8(b). Early paths are overestimated and a group of
simulated paths around a delay of 38 ns are not measured.

2) QUANTITATIVE COMPARISON

In order to obtain a quantitative measure of the simulation
accuracy a ray matching between the simulated and measured
rays is performed and the mean absolute error (MAE) is
calculated afterwards. The matching of the simulated and
measured MPCs is conducted in three steps. First, every
simulated MPC is assigned to the measured MPC for which
the following error criterion is minimal,

Tmeas,! _ Tsim,/ )2

ERayMatch = (
ns ns
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FIGURE 7. Comparison of the PAPs of MH2.

o o

+ (WTX,meas,l . (ﬂTX,sim,l)2

®)

o o

+ (WRX,meas,l _ (PRX,sim,l>2

Here, only geometrical aspects of the MPCs are considered
for the assignment and an error of 1ns in the delay domain
has the same impact as an error of 1° in the angular domain.
Second, for every measured MPC the simulated MPC with
the lowest error of the group of assigned, simulated MPCs
is selected so that pairs of measured and simulated MPCs
are created. Third, the criteria of acceptance

AT = |Timeas, — Tsimy| < 10ns (10)
A@TX, ! = |¢TX meas,] — PTX sim,/| < 20° (11)
A@rRX, = |PRX,meas,] — PRX sim,1| < 20° (12)

check that only MPCs with a reasonable mismatch belong
together and are compared. Table 4 presents the ratios of
the number of matched MPCs to the number of measured
MPCs, denoted as R, broken down by a threshold that
only takes into account the MPCs with an additional
path loss below the respective threshold. In this ratio, the
numerator represents the number of matched MPCs and
the denominator represents the number of measured MPCs.
Most scenarios show a very good match. However, MH4
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TABLE 4. Overview of matched MPCs for different thresholds.

Scenario  Rjoas  FRa0aB  Rzoas  Ran
MHI1 2/2 3/4 11725 38/114
MH2 2/2 5/5 12/15 27/36
MH4 2/3 6/8 8/38 29/189
ToR1 2/2 2/2 6/6 11/16
ToR2 1/1 2/3 2/5 5/17
ToR4 1/1 1/1 2/4 12/50

TABLE 5. MAE between simulated and measured MPCs.

Scenario  Emagr/ns  EmaEaod/°  EMaEAoA/°
MHI1 1.11 3.2 4.2
MH2 0.92 1.9 3.0
MH4 2.87 3.3 4.1
ToR1 1.17 3.1 2.4
ToR2 1.35 3.3 2.6
ToR4 5.69 4.2 3.5

demonstrates a lower 10dB-ratio Rjoqp. Notably, MH4 is
the scenario with the highest level of multipath propagation
and its 20dB-ratio Ryogp is still very acceptable.

Finally, the MAE is calculated for the delay, the AoD,
and the AoA according to the following principle

L

1
EMaAg: = 7 Z |TRT/ — Tmeas,| »
=1

13)

VOLUME 5, 2024

where / and L denote the index of the matched MPC and
the number of matched MPCs, respectively. Table 5 shows
the individual MAEs for the different scenarios. The MAEs
are well below the respective criterion of acceptance so that
the criterion itself does not influence the MAE. The delay
and angular information of the simulations matches well. In
only two scenarios, the MAE of the delay is greater than
1.4ns corresponding to a path length of 0.42m. Also the
MAE in the angular domain stays always below 4.2° that can
already be explained by the raster scan pattern of the double-
directional channel measurements with a step size of 8°.

3) CONCLUDING DISCUSSIONS

The accuracy of the simulated path gain is not satisfactory
and critical for the design and simulation of novel THz
applications. There are multiple reasons of different nature
that lead to this fact.

First, the necessary level of detail of the 3D model is
not achievable. As demonstrated in Section III, the accuracy
lies in the order of 100 um for the thickness of the PVC
strip curtains. The comparison shows that the geometrical
dimensions of the 3D model are sufficient for the MPCs
finding but the geometrical and material related aspects with
an impact on the path gain are deficiently represented.

Second, the ray tracing algorithms considers single
interaction points when calculating the reflection and trans-
mission coefficients and neglects the illuminated area by the
incident beam or wavefront. Here, the front door of certain
rack models is fabricated with a powder-coated, perforated
metal with a whole diameter in the order of 5 mm. A material
characterization of the powder-coated metal will not be
sufficient to adequately model the reflection and transmission
properties of the metal sheet and would overestimate the
reflection as visible in Fig. 8(a). Hence, it is challenging
to characterize all materials in a complex environment with
their permittivity, roughness and thickness in the necessary
level of detail.

Consequently, in spite of the state-of-the-art implemen-
tations of propagation mechanisms like the transfer matrix
method or KIRCHOFF scattering considering the roughness
of the surfaces, an expedient channel model with a pure ray
tracing approach based on the physical characteristics of the
environment is hardly possible.

V. A HYBRID CHANNEL MODEL FOR LOW THZ LINKS IN
A DATA CENTER

The following section presents a novel hybrid model
approach that combines deterministic ray-optical channel
predictions and analytical modeling. In the literature, state-
of-the-art ray-tracing approaches perform a calibration of the
material parameters of the 3D model in order to achieve
a good match of the path gain between simulation and
measurements [46], [47]. However, in this way, the model
is decoupled from the physical interpretation of permittivity
and the transfer to other setups in the same environment is
still an open research question. The following hybrid model
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for low THz links in a data center merges the accurate
geometric predictions of ray-tracing with an analytically
fitted description of the path gain.

A. MODEL DESCRIPTION

The model combines the benefits of two modeling
approaches. More specifically, it takes advantage of the high
precision of ray-optical channel predictions with respect
to the geometric information that are demonstrated in
Section IV and the experience gained with regard to the path
gain distribution in the comparison of multiple scenarios
for low THz communications [50]. First, the deterministic
aspects are discussed followed by the empirical, analytic
component related to the path gain.

1) DETERMINISTIC CHANNEL ASPECTS

The deterministic channel aspects base on the contributions
of the ray-optical channel predictions. The literature and
the previously described results show that path finding
algorithms and the geometrical examination are well suited
for modeling channels at THz frequencies. The level of
detail for a specific scenario that is provided by deterministic
models is mandatory for a reliable simulation and system
design of prospective THz communication systems. The
basis for this activity remains a 3D model of the environment
with cm-scale precision. The scenario under investigation
is configured and the ray-tracing simulation is conducted
as previously described. The obtained MPCs are sorted
with respect to their path gain resulting in the intermediate
outcome that consists of the MPCs with amplitude A;, delay
7;, AoD @aop,i> and AOA @aoa,.

2) ANALYTICAL MODELING ASPECTS

The uniform analysis of 56 measurement positions in five
different environments has shown an exponential decrease
of the normalized gain of the MPCs in dB scale for
all measurement positions [50]. Hence, the slope of the
normalized path gains seems typical for application-related
channels at THz frequencies and a collaborative modeling
approach on the bases of the measured path gain can be
determined and replace the erroneous path gain of the MPCs
from the ray-tracing simulation. The function

GaBnomy = e Pl —a (14)

is proposed to model the normalized path gain as a function
of the MPC index [ where o and B are the coefficients
that account for the minimum normalized path gain and the
slope, respectively. As a reminder, the MPC index / numbers
the MPCs sorted by their path gain.

Depending on the environment and the LoS condition the
curve progression of the normalized MPCs varies. Therefore,
a classification as a function of the scenario and the LoS
condition has to be taken into account and is fundamental
for a meaningful model. For each class, an individual set of
model coefficients «, 8 has to be determined.
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TABLE 6. Model coefficients in a data center.

(a) Propagation channel (b) Radio channel

Scenario «@ B Scenario « B
MH LoS 27.66  0.304 MH LoS 41.87 0.802
ToR LoS 39.41 0.306 ToR LoS 4489 0.772
ToR OLoS  35.79 0.567 ToR OLoS 45.02 1.134
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FIGURE 9. MPCs and approximation of the double-directional propagation channel.

The classification of wireless links in a data center is
earlier presented in [7]. Based on the channel properties
derived from double-directional measurements, the cate-
gories MH LoS, ToR LoS, and ToR OLoS for the propagation
channel and the radio channel, respectively, are identified.
The coefficients are selected such that the mean squared
error is minimal considering the first 15 MPCs. If an MPC
is below the threshold of 40 dB and hence not represented in
the available data, the MPC is assumed with a normalized
path gain of —45dB in order to assure a fair weighting
of the MPCs. Table 6 presents the model coefficients of
the propagation channel and the model coefficients of the
radio channel. Both coefficients, « and B, are greater for
the radio channel case and the slope coefficient g is similar
for the LoS case whereas it is higher for the OLoS case.
Fig. 9 and Fig. 10 recall the normalized gain of the MPCs
of the propagation channel and the radio channel from [7]
and additionally show the model.

In order to use the fitted path gains in the hybrid channel
model, the normalized path gains G4B norm, are unnormalized
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with respect to the strongest path of the ray-optical channel
prediction. Then, the unnormalized gains are assigned to the
respective MPCs from the ray-tracing with the same MPC
index. This way, the gain with MPC index 1 replaces the
second strongest gain from the ray-tracing, the third strongest
replaces the third strongest etc. Conclusively, the resulting
MPCs of the hybrid model get their geometric information
from the deterministic channel prediction and their path gain
from the analytic, empirical fit.

To evaluate the deviation of the analytic, empirical fit from
the individually measured path gain of the MPCs, the error

E 101 1 ! 10|GdB,meas,i,Il?)GdB,mudel,l| s
Gasy = 10logjo 5 ; (15)
is evaluated that linearly averages a relative error measure
of the I measurement positions. Table 7 and Table 8 present
the global error and the error as a function of the MPC
index [ for the propagation channel and the radio channel,
respectively. Generally, the error decreases with increasing
MPC index. For MPC index 1, the error is significantly
higher in the majority of scenarios which might reflect the
variety of propagation states and the impact of the individual
MPC at THz frequencies within a complex scenario.

The model in its presented form is valid for 15 MPCs.
With greater number of MPCs the error would increase
since the measured MPCs continue decreasing whereas the
exponential model function converges to a minimum possible
path gain. To account for even a higher number of MPCs the
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TABLE 7. Error Eg s, of the propagation channel model coefficients.

MPC index [ MH LoS ToR LoS ToR OLoS
overall 4.24 1.80 293
0 0 0 0
1 9.74 7.16 6.83
2 5.82 3.72 6.08
3 421 291 1.10
4 5.32 0.94 2.20
5 2.70 0.94 2.10
6 3.82 1.96 2.51
7 3.22 0.03 2.04
8 2.89 0.64 2.04
9 2.31 0.14 1.88
10 2.64 0.41 1.91
11 3.21 0.01 2.06
12 3.14 0.01 2.25
13 3.10 0.12 2.63
14 3.10 0.40 2.77
15 3.20 0.92 2.75

TABLE 8. Error Eggg, of the radio channel model coefficients.

MPC index [ MH LoS ToR LoS ToR OLoS
overall 4.52 0.73 2.49
0 0 0 0
1 7.40 0.43 10.50
2 4.29 1.85 3.75
3 6.93 2.05 2.10
4 6.58 2.92 0.46
5 5.87 1.06 0.14
6 5.24 0.55 0.03
7 4.83 0.31 0.01
8 4.05 0.20 0.01
9 3.47 0.15 0.02
10 2.82 0.13 0.02
11 2.71 0.12 0.02
12 2.92 0.11 0.02
13 2.87 0.11 0.02
14 2.86 0.11 0.02
15 3.13 0.11 0.02

model function needs to be customized. Apart from that, the
model might be adapted to a statistical approach defining
probability density functions for the gain distribution for
each MPC index. However, it is recommended to preserve
the presented classification in order to account for the nature
of propagation in the different scenarios.

B. VERIFICATION OF THE CHANNEL MODEL
1) METHODOLOGY

The presented channel model for wireless links in a data center
at THz frequencies is validated and checked for plausibility
in the following section. It is reviewed if the most important
MPCs are found and correctly represented such that the channel
parameters and characteristics are useful for the development
and design of novel THz communication systems. Therefore,
six reference setups are simulated and the channel parameters
are evaluated and compared in the same manner as presented
in [7]. Since all double-directional measurements from [25]
are used to determine the coefficients for the model of the
channel gain in the respective categories, six separate setups
are selected that are recapitulated in Table 9. MH LoS 5 m and
MH LoS 10 m are comparable to MH2 and MH1, respectively.
The other four setups are part of the P2P radio channel
measurements in [25].
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TABLE 9. Overview of TX and RX location for channel model validation.

1D Scen. rrx/m

(14.50/5.50{1.50)  4.81
(14.00[10.71|1.50)  9.84
(12.20]1.60|2.10)

r—rx/m

MH LoS 5m LoS  (13.00[0.92|1.50
MH LoS 10m  LoS  (13.00/0.92|1.50
P2P TOR DL3  LoS  (12.20/4.53|2.10

NN NN

P2P ToR DL5 LoS (12.20]11.43]2.07 (12.20]1.60|2.10) 9:828
P2P ToR DL6 OLoS (14.96]3.12|2.07 (9.00]3.12|2.07) 5.962
P2P ToR DL7 OLoS (18.58]1.75|2.55 (7.72|1.86]2.55) 10.86
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FIGURE 11. K-factor of the modeled channels.

Designing a communication system involves specific
requirements for system parameters, with the signal-to-
noise ratio (SNR) being a critical metric. The prospective
communication system only detects MPCs above the noise
level, altering the channel characteristics based on the system’s
specifications. Unlike a universally constant channel parame-
ter [51], the determination of relevant channel parameters for
the specific communication system is influenced by a defined
threshold cy, gg, which sets the maximum allowable additional
path loss with respect to the strongest MPC. Consequently,
only MPCs exceeding this threshold are included in the channel
parameter calculations. In the following, channel parameter
definitions based on [7] are used.

2) COMPARISON OF CHANNEL PARAMETERS

The K-factor takes a special role since it refers only to the
path gain ignoring any spatial or temporal characteristics.
Hence, it is independent of the ray-optical channel prediction
and identical for all realizations in the different model
classes. Fig. 11 presents the K-factor for the six model
classes as a function of the threshold ci .

The K-factor shows the same behavior and similar values
as the measured values in [7]. More specifically, the K-factor
of ToR OLoS is higher than ToR LoS which is again higher
than MH LoS. The values lie between 5dB and 15dB. This
relation is repeated for the radio channel that obviously has
higher K-factors with values between 22 dB and 32 dB.

To illustrate the shape of the created channel impulse
response (CIR), their PDPs are visualized in Fig. 12 together
with the free-space path loss (FSPL) that represents the
theoretic limit of the path gain. The direct paths of the
LoS scenarios agree with FSPL whereas the OLoS scenarios
experience an additional attenuation of 8 dB and 16.7 dB. As a
reminder, the measured values amount to 9.3 dB and 16.6 dB
for P2P ToR DL6 and P2P ToR DL7, respectively. Hence, the
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path gain of the direct path that serves as reference for the
denormalization is accurately predicted. Especially the MH
LoS resemble well the measured PDPs in [7]. Thus, the visual
impression of the model is convincing.

Also the channel parameters that depend on the path gain,
the temporal and spatial characteristics form a compatible
picture. The root mean square delay spread (RMSDS)
presented in Fig. 13(a) shows a similar course in comparison
with the RMSDS of the measured propagation channel.
Starting at a threshold of 15dB, the RMSDS increases for
the MH scenarios that generally have a higher RMSDS than
the ToR scenarios. At a threshold of 20dB the RMSDSs in
all scenarios increase with values between 1.8 ns to 6 ns for
ToR scenarios and values between 8ns and 13ns for MH
scenarios. The coherence bandwidth of the modeled CIRs
is calculated according to [7] with a correlation level of
0.8 and plotted in Fig. 13(b). The drop of the coherence
bandwidth occurs mainly in the interval of 8dB to 20dB
that corresponds to the coherence bandwidth of the measured
propagation channel. Also the late drop at a threshold greater
than 30dB for a ToR OLoS scenario is well represented.
Once the coherence bandwidth is dropped, the modeled
values lie partially above the measured onces with values
between 0.2GHz to 0.4 GHz compared to a coherence
bandwidth below 0.2 GHz. This behavior might be due to the
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limited number of MPCs but does not restrict the assertion
or the applicability of the model since the nature of the
channel is well represented.

Finally, the angular spread (AS) that includes both, the
path gain and the spatial characteristics, matches well with
the measured characteristics of the propagation channel.
Fig. 14 shows similar characteristics compared to the
reference of the measured double-directional propagation
channel in [7]. The maximum of the angular spread of
departure (ASoD) is located around 20° whereas the angular
spread of arrival (ASoA) in Fig. 14(b) reaches values up
to 57°. The values of MH links are generally greater than
the AS of ToR links which also agrees with the measured
reference.

In conclusion, the validation shows that the model repre-
sents well the characteristics of wireless THz links for the
different setups and is a novel resource to predict wireless
channels for novel THz applications within data centers.

VI. CONCLUSION
The presented paper discusses relevant aspects for THz
channel modeling with ray-optical channel predictions and
presents a novel hybrid model approach that is applied to
wireless links at THz frequencies in a data center.

In the context of ray-optical channel predictions that
are appropriate by the nature of THz wave propagation,
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the necessary accuracy of a 3D model at THz frequencies
ranging up to 100 um can hardly be achieved in complex
environments. Also, the single interaction point of ray-tracing
methodologies neglects the expansion of the incident beam
on heterogeneous surfaces with holes.

Hence, a novel channel model approach combining
deterministic ray-optical channel predictions and analytical,
empirical models of the path gain is presented. Based on
a detailed comparison of ray-optical channel predictions
and measurements of the same scenarios, the benefits
and accuracy of the prediction of spatial and temporal
characteristics with ray-tracing are determined. The impact
of scattering at THz frequencies contribute important MPCs
and is not negligible. Scattering expresses itself in a specific
cross-shaped figure for corridor-like environments that is
observed in data centers, high-speed train wagons and
aircraft cabins. However, due to the expected unsatisfactory
predictions of path gain, an empirical, analytical model is
established. The overall error for the individual MPCs in the
data center is found to be below 5dB.

Comparing resulting channel parameters of model realiza-
tions of the individual channel classes, the model is validated
and proved to be suitable for the description of channels
of wireless links in a data center at THz frequency. Also,
the hybrid approach can be transferred to other scenarios
representing a novel methodology of channel modeling in

4743



ECKHARDT et al.: HYBRID CHANNEL MODEL FOR LOW TERAHERTZ LINKS IN A DATA CENTER

complex scenarios. This way, the channel models contribute
to realistic link level simulations of the physical layer and
higher layer simulations of prospective THz communication
systems.
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