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Abstract—To expedite research progress on terahertz (THz)
communications, we analyze the outage performance of THz com-
munication systems by a compound channel model in this paper.
Different from existing models, the compound channel model
incorporates the effects of spreading loss, molecular absorption
loss, shadowing, and multi-path fading via a composite distri-
bution. By using this model, we maintain an equilibrium of the
outage performance analysis between mathematical tractability
and the fidelity of realistic THz channels. Specifically, by utilizing
the compound channel model, outage performance analysis can
get rid of sophisticated case-specific channel modeling relying on
field measurement and the ray-tracing assessment. To facilitate
the application of the proposed channel model, we also design a
maximum likelihood estimation (MLE) based channel parameter
estimation approach for the compound channel model. The
analytical results of outage performance by using the compound
channel model are given in closed form and verified by numerical
results.

Index Terms—Outage performance analysis, terahertz commu-
nications, compound/composite channel model, channel parame-
ter estimation, gaseous molecular absorption.

I. INTRODUCTION

OVEL wireless communication applications pose ever-

increasing requirements and challenges to the post fifth
generation (post-5G) and sixth generation (6G) network de-
sign [1], among which the terabit-per-second (Tbps) wireless
transmission is demanding and almost impossible by existing
communication technologies. As foreseen in [2], both en-
hancing spectral efficiency (SE) and extending the available
spectrum could be feasible solutions to the coming wireless
capacity crisis with a set of preconditions. Different from non-
orthogonal multiple access (NOMA) and index modulation
(IM) that aim to enhance SE within a limited spectrum [3],
[4], terahertz (THz) communication technology focuses on ex-
pending the available spectrum to the frequency range between
0.1 THz and 10 THz [5]. In this way, a series of unprece-
dented wireless communication applications in the automotive
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industry, indoor networking, indoor localization, environment
monitoring, e-health, and defense will become realities within
the next decade [6]-[8]. In addition to the advantage of
tremendous spectrum, THz wireless communication systems
are also miniature, energy-efficient, and secure [9]-[12]. Based
on these unique advantages brought by THz communications,
the THz frequency spectrum has been regarded as the last
piece of radio frequency (RF) spectrum puzzle and the most
promising option for high-speed and secure transmissions in
the 6G era [5]. Since the hardware enabling technologies, e.g.,
the graphene-based plasmonic material, have been full-fledged,
and the so-called ‘THz gap’ is gradually bridged [13], in recent
years, researchers have paid particular attention to investigate
the behavior of THz radios in both micro-scale and macro-
scale networking contexts [14].

In the past, THz channels were jointly studied and regarded
as an extension of millimeter-wave channels because of their
shared high-frequency characterization [15]-[17]. However,
through plenty of tests and studies, THz communications
presents several crucial and unique features that are different
from classic microwave communications below 95 gigahertz
(GHz) and can yield significant impacts on wireless system
modeling as well as future communication services. We sum-
marize these features as follows:

o Molecular absorption loss: Because the radio frequen-
cies of THz transmission windows are much higher than
those of microwave communications, the corresponding
wavelengths of THz radios are small and comparable to
the scale of gaseous molecules. Such short wavelengths
cause the molecular absorption phenomenon, especially
when THz radios propagate through atmosphere and
penetrate oxygen and water vapor [18]. In essence, the
molecular absorption is caused by transforming the elec-
tromagnetic energy of the THz radio into the internal
energy of the gaseous molecules in the propagation
medium. Because the molecular absorption only occurs
at resonance frequencies depending on the composition
of the propagation medium for THz radios [19], the
corresponding loss termed the molecular absorption loss
makes THz band highly frequency-selective. The molec-
ular absorption loss can be regarded as deterministic in
most cases and is a distinguishing feature of THz wireless
channels [20], [21].

e Colored noise: In addition, the molecular absorption
causes not only extra path loss but also a special form



of noise termed the molecular absorption noise. Again,
because the molecular absorption only occurs at specific
resonance frequencies, the noise caused is colored. Also,
it is obvious that the molecular absorption noise is self-
induced and only appears during the transmitting phase
[22]. The molecular absorption noise and the well-known
background thermal noise jointly contribute to the detec-
tion errors at the THz radio receiver.

o Limited transmission range: In addition to the unique
molecular absorption loss, the spreading loss of THz
communications abiding the Friis’ transmission law is in-
herently severe, since this loss is positively related to the
transmission frequency [23]. Both losses constitute the
harsh resultant propagation attenuation in the THz band
and lead to limited direct transmission range normally
within 10 m without utilizing directional antennas and
beamforming techniques' [26]. This refers to the well-
known ‘THz wall’ [18].

o Dominant light-of-sight (LoS) path: To mitigate the
high path loss and ensure an adequate transmission
range for THz communications, it is highly preferable
to keep the LoS path between THz transmitter and
receiver. Although THz radios have a better penetrating
ability through non-transparent obstacles than optical
radios [27], the LoS path still plays a dominant role for
reliable THz communications and should be taken into
consideration for THz channel modeling [5], [11], [21],
[28].

+ Resolvable multi-path propagation links: Because of
the high frequency and wide bandwidth of the THz band,
THz radios present quasi-optical behaviors, and the num-
ber of multi-path propagation links caused by reflection,
scattering, and diffraction is quite limited compared to the
microwave band below 95 GHz [23], [29]. These channel
characteristics result in resolvable multi-path propagation
links and are impactful in multi-path fading modeling
for the THz band. The resolvable multi-path propagation
can be regarded as a compromise between microwave
communications and optical communications.

o Dynamic shadowing: Because of the small wavelength
of the THz radio, it is fairly sensitive to human movement
over the transmission link, which leads to the dynamic
nature of shadowing for THz wireless channels [21],
[30]-[32]. Therefore, shadowing should also be modeled
as a stochastic factor in THz communications.

« Distance-dependent transmission window: The avail-
able spectrum and transmission windows in the THz band
are highly dependent on the radio transmission distance
[12]. This distance-dependent feature results in the space-
frequency correlation for THz channel modeling and a
high degree of sensitivity to the mobility of communica-

lAlthough it has been demonstrated in [24] and [25] that the trans-
mission range can be extended to 100 m and even thousands of meters
for THz communications, a series of highly complicated physical layer
(PHY) designs, including distance-aware transmission, ultra-massive multiple-
input and multiple-output (MIMO) architectures, and intelligent surfaces,
are required to work together to achieve this large transmission range. At
present, these settings are cost-ineffective and thereby not feasible for practical
implementations.

tion nodes when utilizing THz radios.

A. Motivations and Contributions

Capturing all aforementioned features as well as other
common electromagnetic effects of radios and carrying out
outage performance of THz communications are not a triv-
ial task. In particular, the trade-off between mathematical
tractability and the fidelity of realistic THz channels must
be carefully considered and made. For outage performance
analysis, adopting an appropriate channel model maintaining
a better equilibrium between mathematical tractability and the
fidelity of realistic THz channels is the initial and the most
important step. Motivated by the compound channel model
proposed in [33], which is proved to be effective to capture the
electromagnetic attributes of classic microwave channels and
millimeter-wave channels [34]-[36], we propose the method
to adopt and tailor the compound channel model to captures
the THz channel behaviors and conduct a thorough study on
the outage performance. The main contributions of the paper
are summarized below.

o The tailored compound channel model is proposed con-
sidering only prominent peculiarities of THz channels
yielding significant impacts on communication perfor-
mance metrics, including the stochastic effects of spread-
ing loss, molecular absorption loss, shadowing, and multi-
path fading.

o All considered electromagnetic effects of THz radios are
modeled on a holistic basis. The proposed tailored com-
pound THz channel model is dominated by three easy-
to-estimate free channel parameters, which is generic and
can be modified to fit various application scenarios with
different space-frequency state.

e The proposed compound channel model thus greatly
facilitates the analysis and optimization for THz commu-
nications. The analytical results of outage performance of
THz communication are given in a closed-form and are
easy to scrutinize.

o To facilitate the application of the proposed channel
model, we also employ the maximum likelihood estima-
tion (MLE) method to design an estimation approach for
the channel parameters.

o We employ Monte Carlo simulations to verify the derived
analytical results and numerical reveal the outage perfor-
mance of THz communications by adopting the tailored
compound channel model.

The rest of this paper is structured as follows. We present
the basics of the compound THz wireless channel model in
Section II. The outage performance analysis of THz com-
munications based on the tailored compound channel model
is detailed in Section III. We further design the channel
parameter estimation approach in Section IV. The numerical
investigation of the tailored compound channel model and the
numerical verification of the analytical results regarding out-
age performance by adopting the tailored compound channel
model are given in Section V. Finally, we conclude the paper
in Section VL.



II. TAILORED COMPOUND CHANNEL MODEL
A. State of the Art

The THz band is expected to participate efficiently in the
next generation wireless communication networks at different
scales and in different application scenarios. In this paper,
we mainly focus on the macro-scale and indoor THz net-
works. Indoor THz wireless communications can establish
links between the transceivers through either LoS or non-LoS
propagation path. Some studies consider deterministic setups
and study models for both LoS and non-LoS propagation
scenarios [37]-[39]. A comprehensive report of the latest
progress on the indoor THz channel models can be found in
[23].

For the LoS scenario, a small office is selected as a
typical application scenario to measure the THz radios, and
a ray-tracing simulator is invented according to the measured
data [40]. The statistical parameters are considered and in-
vestigated for THz communication systems operating in the
LoS scenario in [41], which are supported by experimental
measurements. For non-LoS scenarios, researchers investigate
reflection, diffraction, and scattering losses that are resulted
from materials shape and surfaces roughness [42]. In a similar
way, the equivalent path loss is developed using ray-tracing
approach and verified by experimental results [43].

In [30], [44]-[46], the non-LoS components are investigated
in depth, and the number of multi-path components are ana-
lyzed based on a specific density of reflecting objects and
obstacles at each side of a rectangular room. In this way,
stochastic multi-path channel models, frequency correlation
functions, and power delay profiles are derived in [47]. Re-
cently, statistical parameters for short-range LoS propagation
are studied for a short range less than 20 cm and for THz band
ranging from 275 GHz to 325 GHz [48]. The stochastic THz
channel modeling method is in particular applied for kiosk
applications in [49]. In a time-domain study proposing a model
for causal THz wireless channels with a linear phase shift in
[19], the authors derive a phase function that does not allow
non-LoS radio arrivals before the LoS component.

B. Channel Power Gain Model

Based on the brief literature review over the milestones
presented above, there is still not a well-recognized channel
model incorporating both determinate and stochastic radio
propagation impairments. Specifically, the random variations
on received radio power caused by dynamic shadowing and/or
multi-path fading are always neglected. To facilitate our outage
performance analysis, we introduce a mature channel modeling
method for microwave wireless channels and tailor it to model
the THz wireless channels in a compound manner [33], [50],
[51].

Specifically, we consider a generic THz transmission sce-
nario adopting a point-to-point (P2P) protocol and propose a
compound channel model, where a single-antenna transmitter
wants to communicate with a single-antenna receiver. The
considered system model lays the foundation for future works
studying more complicated communication scenarios, includ-
ing multiple users or multiple antennas. The P2P transmission

distance between the THz transmitter and the THz receiver is
denoted as d. Let the considered THz transmission bandwidth
be B starting from the lower frequency limit fr, > 0.1 THz
and ending at the upper frequency limit f;y < 10 THz2. That
is, B = fy — fr. In this paper, we attempt to construct the
input-output relation of the power spectral densities (PSDs)
for radio frequency f € [fr, fu] when the compound channel
model is tailored and adopted to incorporate the effects of
molecular absorption.

Following [14] and [20], this general relation can be ex-
pressed as

Sr(d, f) = G(d, f)Sr(f), (1)

where S7(f) and Sgi(d, f) are the PSDs of the transmit
and receive signals, respectively; G(d, f) is termed the com-
pound channel power gain. The compound channel power gain
G (d, f) is the emphasis of channel modeling in our work and
can be further expanded as

G(d, f) = Gr(f)Gr(f)a(d. f), )

where Gr(f) and Gg(f) is the transmitter and receiver gains
characterizing the performance improvements brought by di-
rectional antenna architectures and beamforming techniques
[14] 3; §(d, f) is the internal channel power gain only related
to the physical characteristics of the THz wireless channels
per se and should be modeled as a random variable.

As suggested in [41], although the multi-path propagation
links are resolvable in the THz band, the small-scale fading
over THz wireless channels can still be modeled as Rayleigh,
Rician, or Nakagami distributed depending on whether there
is an LoS path between the THz transmitter and the THz
receiver as well as the terrain over the propagation path. For
generality, we adopt the Nakagami-m distribution to model
the small-scale fading in a compound manner*. Specifically,
different from most existing works starting the THz channel
modeling from the determinate molecular absorption attenu-
ation derived by the Beer-Lambert law, we inspect the THz
channel from a stochastic and compound perspective. In this
way, the determinate and stochastic effects of spreading loss,
molecular absorption loss, shadowing, and multi-path fading
can be integrated into one single and stochastic entity, which
can provide much better mathematical tractability [33].

By adopting the Nakagami-m channel model, the internal
channel power gain g(d, f), i.e., the square of the channel

Note that, for practical THz communication systems, only a small portion
of the entire Thz spectrum will be used to transmit data by a single THz
transceiver pair, due to the hardware restrictions. The used spectrum might
refer to a single or multiple transmission windows. Here, we define the lower
and upper limits of the THz spectrum just for prescribing a limit to the
scope of the discussion in this paper. This does not imply that the entire
THz spectrum can be utilized by a single THz transceiver pair.

3We do not specify the antenna architectures and beamforming techniques
in this work, but consider the general THz communication scenarios. In other
words, the proposed channel model and derived results in the following fit
for different THz communication scenarios by changing the values of trans-
mitting/receiving gain for various antenna architectures and the beamforming
techniques.

4This is because the Nakagami-m distribution is general and can reveal the
signal propagation environment with a higher degree of freedom. Meanwhile,
the Nakagami-m fading can be easily reduced to both Rayleigh fading
composed of NLoS paths, and Rician fading considering both LoS and NLoS
paths, by alternating the model parameters [52].



response envelope, should be modeled as gamma distributed
with cumulative distribution function (CDF) and probability
density function (PDF) given by [52]

Fy(d, f,2) = P{g(d, f) <} =

L(m(d, f) )
a

: _ m(d, fym@Dgm@n - (‘m<d»f> >
fg(d> fix) = I'(m(d, f))Q(d7 f)m(d-,f) b Q(d, f) )
(3b)

where P{-} denotes the probability of the random event
enclosed; I'(+) and (-, ) are the gamma function and the lower
incomplete gamma function, respectively; m(d, f) > 0 is a
distance- and frequency-dependent fading figure characterizing
the nature of the small-scale fading for a given propagation
environment; Q(d7 f) is the shadowing factor. Comparing (3)
to the standard form of the Gamma distribution, it is obvious
that the shape and scale parameters are given by r;(d, f) =
m(d, f) and 05(d, f) = Q(d, f)/m(d, f), respectively.
According to [33], the shadowing factor Q(d, f) can also
be modeled as a Gamma distributed random variable for THz
wireless channels, because of the dynamic shadowing nature
in the THz band. Based on the detailed derivations given in
[33], the CDF and PDF pertaining to Q(d, f) are given as

1 x
v ;
F@(d, f,r) = (E1(d,f) \If(d,f>€1(d,f)52(d,f)> 7

M (eir)

e 2
T exp (_ w,fxl(if)sg(d,f))

T (&) [0, NEd, Péa(d, f]Fen
(4b)

where 51 (da f) - exp(cr(d, f)2) - 1’ gQ(da f) -
exp(a(d, f)2/2), o(d, f) > 0 is the shadowing figure that
characterizes the severity of shadowing and is related to the
material of obstacle; U(d, f) is the path attenuation factor
related to both spreading loss and molecular absorption loss,
which are determinate and dependent on transmission distance
and radio frequency. Similarly, comparing (4) to the standard
form of the Gamma distribution, we can find the shape and
scale parameters to be kg(d, f) = ﬁil-,f) and 0g(d, f) =
U(d, f)&1(d, f)&2(d, f), respectively.

According to the Friis transmission law and the Beer-
Lambert law, we can express the path attenuation factor
U(d, f) as [37]

(4a)

fald, f,x) =

c (%
U(d, f) = (47de> exp (—ka(f)d), )
P(d,f)

where ¢ is the speed of light; a € [2,7] is the spreading
loss exponent depending on terrain®; k4 (f) is the medium
absorption coefficient that is related to the radio frequency,

Sa = 2 is for free space transmission; a € [4, 6] corresponds to indoor

transmission; o > 6 is normally for complex electromagnetic environments
with obstruction [53].

the propagation medium composition, the equivalent medium
temperature in Kelvin, and the equivalent medium pressure®;
U(d, f) = exp(—ka(f)d) is called the medium transmittance,
which captures the impact of molecular absorption on internal
channel power gain.

From the above description, it is clear that the internal
channel power gain g(d, f) is a conditioned variable on the
shadowing factor Q(d, f) that is latent in the CDF and PDF
of §(d, f). The shadowing factor Q(d, f) is also a random
variable dominated by the path attenuation factor and the
shadowing figure in its CDF and PDF. The holistic procedure
of compound channel modeling can be pictorially illustrated
in Fig. 1 for clarity.

Remark: There are several advantages to adopt the com-
pound channel model for THz communications. First, from
the modeling perspective, researchers can evade the measure-
ments of geometrical and material parameters for a specific
transmission environment, which normally involve sophisti-
cated procedures and are time-consuming. This is particularly
helpful, as the estimation of medium absorption coefficients
that requires detailed physical modeling in the ray-tracing
approach can be circumvented. Researchers only need to
inspect the input and output powers and estimate the three
free channel parameters, i.e., ¥(d, f), o(d, f), and m(d, f).
Second, from the performance analytical perspective, classic
analytical methodologies built for microwave communication
systems can be similarly transferred to THz communication
systems, when the compound THz channel model is in use.

C. Noise Model

The molecular absorption causes not only extra path loss
but also additional noise called the molecular absorption noise.
There are numerous ways to model the molecular absorption
noise [20], [22], [37]. There is still neither a consensus reached
nor a widely acknowledged model for the molecular absorption
noise, because the essential nature of this noise has not
been fully revealed by physics [22]. In fact, the molecular
absorption noise is an additional noise source caused by
transmission per se, which is dependent on the frequency and
the communication distance between the transmitter and the
receiver. A detailed discussion on molecular noise is provided
in [22], as well as the core model of the molecular absorption
noise models, which is widely adopted in existing reference
[54]-[57] with some variations regarding how to take into
account the spreading loss and the antenna aperture. Relying
on these references and justified in [20], [31], we give the
molecular absorption noise model given as follows, which
captures the prominent features of the molecular absorption
noise and is easy to analyze.

This noise model is dependent on transmission distance,
radio frequency, and the PSD of the transmit signal. The PSD
of the molecular absorption noise can be expressed as

NA<d,f>=GT<f>GR<f>sT<f>( ) (1= (d, f)).
6)

_c
A fd

The formulation of k 4 (f) is highly complex and has been detailed in [37]
by a series of physical laws.
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Fig. 1: Holistic procedure of compound channel modeling,
fading, and antenna configurations.

Meanwhile, the background thermal noise in the THz band
behaves similarly as in the microwave bands and is white.
The PSD of the thermal noise is given by Ny = kg7, where
kp is the Boltzmann constant, and 7" is the equivalent medium
temperature in Kelvin.

As a result of the additivity of noises, the resultant noise
PSD in the THz band can be determined by

N(d’f):NA(d’f)+NO~ (7N

By observing (6), an apparent advantage of the noise
model is that the only parameter required to be estimated is
¥(d, f), because d, f, and « are normally known by practical
communication systems, especially when the network scale is
small [58]. As ¢(d, f) needs to be estimated when modeling
the compound channel power gain, the noise model can be
easily obtained as a by-product of modeling the compound
channel power gain. That is, no extra parameter estimation is
required for the noise model in the THz band when adopting
the noise model formulated in (7).

III. OUTAGE PERFORMANCE ANALYSIS
A. State of the Art

There are a couple of works laying the foundation for the
outage performance analysis of THz communication systems.
The authors in [59] studied the outage performance of THz
communication system under the Rayleigh fading channel
model and the path loss model proposed in [60], which is only
determined by the transmission distance. In [61], the closed-
form expressions for the outage probability of a THz relaying
system were derived considering the generalized Gamma dis-
tribution channel and misalignment fading. In addition to the
misalignment fading, the authors in [62] studied the impact
of the phase noise on THz wireless systems, while the fading
channel is assumed to follow the Nakagami-m distribution.
Moreover, in [63], the small-scale fading is assumed to follow
the Rician distribution, while the molecular attenuation is
assumed to be determined by the transmission frequency and
communication distance when evaluating the performance of
the initial access procedure in THz communication systems.

However, the assumed channel models in the abovemen-
tioned literature only capture partial properties of THz commu-
nications or target for a special communication environment.
The most recent work [64] studied the outage performance of

integrating spreading loss, molecular absorption loss, shadowing, multi-path

single-input and multiple-output (SIMO) THz communication
system adopting the maximal ratio combining (MRC) scheme
under the assumption that the transmitted signals experience
fluctuating two-ray fading [65]. No evidence shows the fluctu-
ating two-ray fading model can capture the full properties of
the THz channel, notwithstanding. To the best of the authors’
knowledge, there is still no work to analyze the outage per-
formance of THz communication systems under a compound
and general THz channel model with adjustable parameters
for various propagation environments, which incorporate both
determinate and stochastic radio propagation impairments. To
bridge the gap of performance analysis for THz communi-
cations systems, we derive the exact and asymptotic closed-
form expressions for the outage probability under the proposed
compound channel in this section.

B. Outage Probability

To analyze THz wireless channels from a compound per-
spective, we can determine the unconditional PDF of the
internal channel power gain g(d, ) by marginalizing over the
latent shadowing factor 2(d, f), which yields

¢(d7f7x):/o fﬁ(d7f7$|y)ffl(d7f7y)dy

= Cy(d, 2% M Koy p) (Cald, flat ),

where K, (-) represents the vth-order modified Bessel function
of the second kind; C1(d, f) ~ Cu(d, f) are distance- and
frequency-dependent constant coefficients that are explicitly
given by

®)

5 7n(d,/)(47rcdf )a %(ﬁ-‘rm(d.f))

Ci(d, f) = HE e (9a)
S Cim(d. N ()
. 1 1 ‘
Co(d, f) = B (&(d, 7 +m(d7f)> -1, (9b)
Cs(d, f) = ﬁ —m(d, f), (9¢)
and

Cu(d, f) =2 mi{d /) (M)a 5 9d
D) =2 5 P e (9d)



According to the relation between CDF and PDF, we can
determine the unconditional CDF of the internal channel power

gain §(d, f) as

B(d, f,z) = /O o(d, f,1)dt
- D3(d7 .f)'rDl(d,f)lFQ (Dl(d* f)v D5(d7 f)a Do(d, f)l’)

+ D4(d: f)xD2((Lf)1F2 (D4(da f)7 DG(d7 f)7 Do(d, f)l‘) )
(10)

where ,F,(a;b;-) denotes the generalized hypergeomet-
2

. . Cy(d,

ric function, Dy(d,f) = (%), Dy(d, f)

1+ Co(d, f) — LD Dod, f) = 1+ Cold, f) +

Cs(d, . C(d,£)293 =11 (C5(d, .
¥’ DB(daf) - I(C:?d,f)ci’)(d'f)[)(l(;,(f) f))’ D4(daf)

C1(d,f)Ca(d,f)C3( N (—C5(d,
— 2%(3(‘71{1)”)*11)2((15]() . f>>’ D5(d7 f) = [1_03((1’ f), 2+

Co(d, f)— D) and Dg(d, f) = [2+Ca(d, f)+LED 14

Considering the high-frequency band used in THz commu-
nications, most communication scenarios only occupy a small
bandwidth, especially for single-user cases. If the bandwidth is
small enough, the channel can be regarded as frequency-non-
selective and appears to be locally flat [66], [67]. Specifically,
we assume that the number of available transmission windows
is denoted as w(d), which is a distance-dependent variable,
and the available bandwidth of each window is denoted as
B;(d). In general, we have Z;":(f) B;(d) < B. Assuming there
is a critical distance dc (experimental measurements show
dc =~ 1 m when propagating through the atmosphere [12]),
when d < d¢, the molecular absorption is not obvious, and
thereby the number of transmission windows w(d) is small,
which yields a relatively large bandwidth B;(d) ranging from
fri(d) to fu.(d), ¥V i€ {1,2,...,w(d)}, and a frequency-
selective model of each window. On the other hand, when
d > d¢, the molecular absorption becomes severe at a large
number of resonance frequencies throughout the entire spec-
trum [f, fu], and the number of transmission windows goes
large accordingly’. In this case, the channel corresponding to
each transmission window with bandwidth B;(d) and center
frequency fr.;(d) = (fr.:(d) + fu.i(d))/2 can be regarded
as frequency-flat. As a direct consequence of this distance-
dependent nature, the THz wireless channels can be classified
into two categories depending on d < d¢ (for micro-scale
THz networks) and d > d¢ (for macro-scale THz networks).
Considering that THz networks are supposed to be deployed
in the 6G era for supporting indoor and industrial application
scenarios with about 5-10 m radio propagation distances,
we only analyze the outage performance of micro-scale THz
networks in the following, in which the THz channels within

It is worth noting that a particular type of molecule does not confine
the molecular absorption at a single resonance frequency, but spreads the
molecular absorption over a range of resonance frequencies [37].

transmission windows are approximately flat®

Considering only the ith transmission window that is as-
sumed to be flat, the channel capacity can be determined by
the Shannon—Hartley theorem to be

SR(d7 sz(d))>
N(dv fT:i (d))
=(d, fr.i(d))g(d, fT:i(d))>
= BZ d) lo 1+ )
@ ( N(d frald)

where Z(d, fr.i(d)) = Gr(d, fr.(d))Gr(fr:i(d))Sr(d, fr.(d)).
Denoting the data size, which is defined as the number of bits
required to be transmitted, over the ith transmission window
as ©;, we can calculate the transmission latency to be

D;(d) = ©;/Ci(d).

Ci(d) = B(@) o (14
(11)

12)

More specifically, the transmitted data is composed of multiple
packets, while all packets have the same length of L bits. In
other words, ©; = N, L, where N; denotes the number of
packets, which follows a Poisson distribution with an average
rate of )\, packets ° characterized by the probability mass
function (PMF) [68]:

N,
Ay e
N!

In this way, we can define the outage probability of a THz

communication system utilizing the ith transmission window
as

P{N, = N} = (13)

Pout:i(s) = P{Dz(d) > 8}7 (14)

where ¢ is a preset outage threshold depending on the system
specifications and service demands.

Substituting (11) and (12) into (14), the outage probability
of a THz communication system utilizing the ¢th transmission
window can be reduced in (15). It should be noted that we
consider the general case here with a random transmitted
packet size. Once the packet size ©; is fixed over the ith
transmission window, the outage probability can be further
simplified as

(2% - 1) N(d, fr.i(d))

Pout:i(g) = |d, fTii(d)’ E(d le(d))

(16)

C. Asymptotic Outage Probability

To illustrate the relation among outage performance and
a set of system parameters and thereby provide profound
insights, we present the asymptotic analysis of outage per-
formance in this subsection.

8The assumption is ideal in some aspects, and the considered scenario
in this work may be thought of as an ideal case, but it brings simplicity
and mathematical tractability, which are expected to considerably facilitate
advanced analyses and system designs for THz communication systems. We
intend to bring a general picture for the performance of THz communication
systems by conducting analysis under the assumption..

91n this work, we omit the estimation details for the average rate A, here
since it is not the focus of this work. We assume the average rate )\, to be
well estimated and known at the receiver.
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P{N; = N} (15)

Y (2% - 1) N(d, fr:i(d))

I
S
A

E(dv fT:i (d))

1) ©; — 0. Firstly, we assume that the number of bits
required to be transmitted goes to zero, which indicates ©; —
0. This assumption corresponds to the cases where the length
of each packet goes to zero, i.e., L. — 0, or the average arrival
rate goes to zero, i.e., A\, — 0. Observing the CDF function
defined in (10), we can found that the third parameter goes
l) N(d,fr:i(d))
to zero, that is, =@ @) — 0. As refereed to
[69], the generalized hypergeometric function | Fs(a; by, bo; -)
can be expanded by generalized hypergeometric series as

2B; (l)s

Fy (ax: b1, bas ) i _laeat gy
142 (a1; 01, 02; "~ (b1),, (ba) kI
which can be approximated to be
a1x
1F2 ((Ll, b1 bQ L) ~1+ — (18)
b1by’

by only keeping the first two terms when x — 0. Accordingly,
the asymptotic outage probability can be derived by adopting

(18) into (16) to be (19) shown on the top of next page, where
_ Do(d,fr:.i(d))N(d, fr. z(d))
- E(d, fr.i(d))
2) Sr(d, fr.i(d)) — oo: As given in Section II.C, the

received noise power increases as the transmitting PSD in-
creases, which motivates us to investigate the performance
when the PSD of the transmit signals goes to infinity, that
is, St(d, fr.(d)) — oo. The third parameter in the CDF
function defined in (10) can be rewritten through substituting
N(d, fr.;(d)) by the expression given in (7) to be (20) shown
on the top of next page. By letting St (d, fr.;(d)) — oo, we
have =(d, fr.(d)) — 00, and the second term in (20) goes

2 B; ((1) —1 )N
to zero, that is, ——= =T — 0. Therefore, the third
parameter in (10) can be a%ymptotlcally written as

(2% — 1) N(d, fr.(d))

1 —(d, fr.i(d))).
20

We can tell from (21) that the asymptotic outage probability as
St(d, fr.:(d)) — oo dose not depend on the transmitting PSD
anymore. In other words, the outage probability approaches a
fixed floor as the transmitting PSD increases.

IV. ESTIMATION OF FREE CHANNEL PARAMETERS

From (8) and (10), it is obvious that for a given space-
frequency state (d, f) in a specific propagation environment,
the distribution of the internal channel power gain is deter-
mined by only three free parameters: ¥(d, f), o(d, f), and
m(d, f), which characterize the severity of molecular ab-
sorption loss, shadowing, and multi-path fading, respectively.
As long as these three free parameters can be estimated
for a sufficiently large set of space-frequency states (d, f)
using empirical data, the THz wireless channel model can be
constructed and analyzed on a compound basis by (2). In this
section, we employ the MLE method to estimate these three
free channel parameters.

A. MLE Problem Formulation and Decomposition

As the MLE method has been proven to be feasible for
most parameter estimation problems and a dominant means of
statistical inference [70], we formulate the channel parameter
MLE problem and then solve it to yield the estimates. First
of all, it should be noted that the estimation problem is not
for three parameters, but in fact three sets of parameters
{v(d, )}, {o(d, f)}, and {m(d, f)} for a two-dimensional
continuous and unbounded state space {(d, f)}. In practice, it
is not possible to estimate the parameters in an unbounded and
continuous manner. In this regard, the free parameter estima-
tion can only be carried out over a discrete and bounded grid
consisting of finite space-frequency states. The representative
values of transmission distance d and radio frequency f are
selected from shrinking finite subsets D and F, respectively.

Assume that the channel power gains corresponding to dif-
ferent space-frequency states are mutually independent. Based
on this assumption, we can decouple the holistic channel
parameter estimation problem to |D| x |F| independent sub-
problems pertaining to all selected space-frequency states.
By this simplification, for a specific space-frequency state
(d,f), d € Dand f € F, we can measure S independent
random realization samples (a.k.a. the empirical data) of the
internal channel power gain §(d, f), denoted as {gs(d, f)},
s = 1,2,...,5. Because g(d, f) is a continuous random
variable, we have ¢1(d, f) # g2(d, f) # ... # gs(d, f). Sub-
sequently, we can utilize these S random realization samples
and employ the MLE method to estimate 1(d, ), o(d, f), and
m(d, f) for a specific space-frequency state (d, f).
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In particular, because of the independence among all S
random samples, we can construct the MLE function as - . N o
follows for a specific space-frequency state (d, f): {Ws(d, £),05(d, £),s(d, £} = aﬁfﬁf" {log (65 (v, o))},
((d. f).o(d, f),m(d, )lgi(d, f), ... 95(d. )) sefsvshozbmatdssss o o

S
= log <H ¢(da fa gs(d’ f)7 {w(d’ f)’ U(d7 f)a

s=1

Tn(d7f)})> ;
(22)

where log(-) denotes the natural logarithmic function and
is introduced to facilitate the processing and manipulation
of the MLE function. Because for each sub-problem, d and
f are fixed, we can simplify the denotation in (22) to be

(¢, 0,m) = log (Hle os(¥, o, m)) for brevity. As a result,
we obtain the estimated channel parameters 1 (d, f), &(d, f),
and m(d, f) according to the following MLE criterion:

{d(d, £),6(d, f),m(d, f)} = argmax {€(¢,0,m)}

p,om
S
= arg max {Z log (¢

1/)70,771))}7
Y,0.m s—1

st,0<y <1, 6 >0, m>0.

(23)

B. Solutions to the Likelihood Equation Set

To ease the following analysis, we denote A = (47 fd/c)®,
¢ = exp(0?/2) and thereby have exp(o?) — 1 = ¢2 — 1.
By (8) and (9), the MLE function can be explicitly rewritten
and simplified in (24). From (24), one should note that since
U(d, f) is small in the THz band, g is a small value, which
leads to an extremely large negative value of ¢(v, o, m) when
S goes high. In most cases, such a large value exceeds the
processing and/or storage capability of numerical computing
programs, e.g., MATLAB. As a result, either an error message
or inaccurate solutions will be returned. Therefore, to mitigate
this problem, we split the original MLE problem of (23) into
S sub-MLE problem pertaining to each random realization
sample:

To solve this problem (25), we propose to use the Barrier
method [71]. By this method, the reduced optimization prob-
lem should first be approximated as a non-constrained problem
to reduce the computational complexity. The non-constrained
problem can be easily solved by existing optimization algo-
rithms, e.g., gradient descent, the Newton-Raphson method,
and the conjugate gradient method. Taking the advantages of
the fast convergence and low consumption of memory, we
adopt the conjugate gradient method to solve the reduced non-
constrained problem. Define an alternative objective function
as v(¢, o, m) as follows:

where A(Y), 0,m) = —(log()+log(1—1)+log(c)+log(m))
and 7 > 0 is a process control parameter. Thus, the reduced
channel parameter estimation problem formulated in (25) can
be approximated by the following problem

{s(d, f),64(d, f),105(d, f)} ~ arg min{v (s, 0,m)}. (27)

7(T7m

(26)

The accuracy of the above approximation can be controlled by
the process control parameter 7. A larger 7 will lead to a more
accurate approximate results, and vice versa. The approxima-
tion process introduced above is presented in Algorithm 1.

Then, we average all S estimated parameters taking gs(d, f)
as weights and obtain the final estimated parameters to be

, ) ) S5 gs(d, P)dbs(d, £)
d7 ,O'd, 7md7 = 2
{4(d. f),5(d, f),m(d, )} { =5 o

Sa1 95 £)ou(d ) S, ga(d: fins(d, ) } |
Yo f) T Eiiedf)

(28)



3 (Gtm)
S 2 {Aw(gygjl)g} : l(
(p,0,m) = ) 1 s
(oim) = Ylog | == EnE
S
:Slog(2)+§ <§21_1+m> log <¢(

1 S

2

|

<<211 + m) - 1} Szzzlog (9:) + ;bg

1
2

S <2 [ )
gfm)—“%GWM—m%@(@iJ> (24)
] migs 17
(oron (255 )

Algorithm 1 Proposed approximation process for numerically
solving (25).

input: Tolerance e, step ratio p > 1;
output: Approximate parameters 1[15(d, f), os(d,f), and
mS (dv f ); N
1: initialize ¥s(d, f) =0, 65(d, f) =0, and m,(d, f) = 0;
2: function ApproxSubMLE(d, f, gs)
3: while 1/7 > € do
4 compute Y*, ", m* that jointly minimize
v(,0,m) by implementing the conjugate gradient
method, starting at the initialized point;

5: update 1, (d, f) = ¥*,6,(d, f) = o*, 1 (d, f) =
m*
6: increment T = uT;
7: end while
return vs(d, f), 6(d, f), ms(d, f);
8: end function

The complete approximation process integrating all .S random
samples is summarized in Algorithm 2.

Algorithm 2 Complete approximation process of the MLE
method for estimating channel parameters for a specific space-
frequency state.

input: S independently sampled internal channel power gain
{gs} for a specific space-frequency state (d, f);
output: Estimated optimal parameters ¢ (d, f),5(d, f), and
m(d, f);
function SubMLE(d, f)
initialize ¢ (d, f) = 0, 5(d, f) = 0, m(d, f) = 0;
Y = sum(gs);
for each g in the sample set do
{6:(d, £),64(d, ), s(d, £)}
ApproxSubMLE(d, f, gs);
p=9s/%; )
w(dvf) = (dvf)+P*1/fs(d7f),
6’(d7f) =ao(d, f) +p*0s(d, f);
m(d7f) :Th( 7f)+p*ms(daf);
end for
return (d, f), 5(d, /). m(d, f):

11: end function
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Fig. 2: Mean and variance of d,(d, f) versus ¢((d, f) and n(d, f).

V. NUMERICAL RESULTS AND DISCUSSION

In this section, we tailor a classic THz channel model
proposed in [37] by introducing a gamma distributed random
factor according to the multi-path effects shown in [23]. The
tailored classic THz channel model is utilized to exemplify the
parameter estimation procedure. To be clear, we denote the
value of determinate internal channel power gain omitting the
channel randomness as §(d, f), which is obtained from'? [37].
To emulate the resultant randomness caused by propagation
over the THz wireless channel on the internal channel power
gain, we introduce a channel variation factor ds(d, f). The
realization samples of random channel power gain incorpo-
rating stochastic factors can thereby be given as g,(d, f) =
ds(d, f)g(d, f), which refers to the tailored classic channel
model. Without loss of generality, we assume the channel
variation factor to be gamma distributed with shape parameter
ks(d, f) = C(d7 f) and eé(da f) = eXP(U(d7 f)2/2)/<(d7 f)
The mean and variance of §,(d, f) versus {(d, f) and n(d, f)
are shown in Fig. 2.

However, due to the currently available data sets, we still
cannot identify the exact values of {(d, f) for different appli-
cation scenarios, but we are able to approximate the range of
n(d, f) to be [0.61, 1.80] for different transmission distances
and radio frequencies, by inspecting the data of internal
channel power loss in'! [23]. The channel variation factor
ds(d, f) is assumed to be white and distance-independent for
simplicity. Therefore, we let ((d, f) and 7(d, f) be predeter-
mined constants for any transmission distance over the entire

101 fact, the data presented in [37] refers to the internal channel power
loss, but since the gain is simply the reciprocal of the loss, the data of the
internal channel power gain can be easily obtained.

""The approximation of this range is detailed in Appendix A.



THz band and plot the generated random realization samples
of internal channel power gain in Fig. 3 for three cases with
d=0.1,1,10 m.

A. Estimation and Verification of Free Channel Parameters

Based on the proposed randomization approach, we can
obtain bundles of data samples of the internal channel power
gain {gs(d, f)} corresponding to different transmission dis-
tances and radio frequencies, when a set of random effects
jointly apply. Processing these generated data samples by the
MLE method stipulated in Section IV can yield the three es-
timated channel parameters z/;(d, f), é(d, f), and m(d, f) for
each space-frequency state (d, f). To maintain an appropriate
balance between computing efficiency and accuracy, for each
space-frequency state, we collect S = 1000 random samples
for parameter estimation purposes. The estimated channel
parameters over the low THz spectrum between 0.1 THz and 1
THz for different spreading loss exponents « and transmission
distances d are presented in Fig. 4.

Observing the estimated outcomes presented in Fig. 4, we
can have a number of insights into the proposed compound
THz channel model. First, from the data related to @Z(d, f), we
can confirm that apart from the close proximity of several reso-
nance frequencies, the molecular absorption over the low THz
frequency spectrum (0.1 THz-1 THz) is negligible, especially
when the transmission distance is less than 1 m. This is aligned
with the theoretical derivations from physics [37]. Second,
we can also confirm that the transmissions over the spectrum
close to resonance frequencies are not possible, because of
the sharp decreases in ¥ (d, f), 6(d, f), and 7(d, f). Also,
the spreading loss exponent « only yields a significant impact
on 7iu(d, f), but has little impact on v(d, f) and &(d, f).
This indicates the transferability of the outcomes of QZJ(d, id)
and 6(d, f) estimated under a specific value of « to other
cases with different values of a. In terms of the effects of
transmission distance d and radio frequency f, we can easily
observe that zﬁ(d, f) is distance- and frequency-dependent,
which can be greatly varied by different d and f. On the
other hand, 6(d, f) is insensitive to the variations in both
d and f, except when the radio frequency is close to the
proximity of resonance frequencies. m(d, f) is also distance-
and frequency-dependent, which seems following the Friis’
transmission law, except some random overshoots rendered
by insufficient random realization samples.

Summarizing from the above observations, we find that
m(d, f) is considerably affected by both of the spreading loss
and multi-path fading. Meanwhile, a much higher m(d, f) in
the THz band than that in the microwave band (usually less
than 3.5) indicates that the multi-path fading is moderate and
even trivial for THz radios [72]. The high value of m(d, f) is
consistent with the experimental observation that THz radios
present quasi-optical behaviors, and thereby the multi-path
propagation links are much less and resolvable. The molecular
absorption loss is mainly captured by (d, f), but also has
impacts on o(d, f) and m(d, f); shadowing is reflected by
o(d, f), which is independent of transmission distance and
radio frequency, except in proximity of resonance frequencies.

Once the radio frequency is close to the proximity of resonance
frequencies, the shadowing effect becomes drastically severe,
and a low o(d, f) is resulted, which is analogous to existing
an invisible ‘THz wall’ [18]. In addition, in most cases, we
have W < m(d, f), implying that the severity of
shadowing is much higher than that of multi-path fading.

With the estimated channel parameters (d, f), &(d, f),
and m(d, f), we can in turn refer to (10) to formulate the
analytical CDF of the internal channel power gain §(d, f)
for a given space-frequency state (d, f). Also, through the S
random realization samples {g;(d, )}, we can construct the
empirical CDF by utilizing the non-parametric Kaplan-Meier
estimation [73]. By comparing the analytical and empirical
CDFs and checking whether they match each other, we are
able to judge whether the compound THz channel model based
on the estimated channel parameters t(d, f), &(d, f), and
m(d, f) is capable of accurately capturing the traits of realistic
THz wireless channels and maintaining the fidelity. For a set
of representative space-frequency states, we plot the empirical
and analytical CDFs of the internal channel power gain §(d, f)
in Fig. 5 (the x-axis scales of subplots in this figure are
varied so that the key distribution regions can be clearly
shown). From Fig. 5, we verify that the estimated channel
parameters J’(d f),a(d, f), and m(d, f) by the MLE method
in (23) can accurately capture the statistical traits of THz
wireless channels. It should be noted that there are some tiny
mismatches between the analytical CDF and empirical CDF
sometimes, which indicates that the parameter estimation is
not always perfectly accurate. This is mainly because the THz
band is highly dynamic and frequency-selective, where the
path loss experiences a large number of steep rises and steep
drops. The accuracy of the proposed estimation method varies
with the communication scenarios. However, the compound
THz channel model based on the estimated channel parameters
still demonstrates good accuracy in general. Therefore, we can
rely on the proposed model to simulate THz communication
systems with different space-frequency states and verify the
outage performance analysis in the following.

B. Verification of Outage Performance Analysis

Based on the verified estimated channel parameters, we can
further verify the exact and asymptotic outage performance
analysis derived in Section III. The outage probability is
related to the transmitted data size, which depends on the
number of the transmitted packets. Observing from Fig. 6, we
can see that the outage probability decreases as ), decreases.
This is because the packet number follows a Poisson distribu-
tion with an average rate \,. Intuitively, a higher ), indicates
more packets needed to be transmitted, which yields a longer
transmission delay and thereby a higher outage probability.
Moreover, since a lower delay threshold implies that the
system experiences a better channel situation, it is aligned with
our expectation that the system with a larger ¢ outperforms the
one with a smaller €. Moreover, the asymptotic results for the
outage probability obtained in Section III-C can accurately
match the simulation and analysis in the low average packet
arrival rate regime.
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Fig. 4: Estimated channel parameters t)(d, f),
S =1000, ¢(d, f) =1 and n(d, f) = 1.

In Fig. 7, we show the impact of the size length of each
transmitted packet. As we can observe, the outage probability
decreases as L decreases since the total number of transmitted
bits decreases. Assuming the same number of packets to
be transmitted, this yields a shorter transmission delay and
thereby a lower outage probability. It plays the same negative
role as the average packet arrival rate \,. One can also observe
that the outage probability saturates in the high transmitting
PSD regime, which perfectly matches with the floor derived
in Section III-C. This behavior stems from the fact that noise
power at the receiver increases as the transmitting power
increases.

Comparing the three cases shown in Fig. 6, we can further
observe that the path loss factor and the communication
distance both have negative impacts on system performance.

6(d, f), and m(d, f) with different spreading loss exponents and transmission distances, given

However, since the data transmissions of THz communication
systems occur within a short transmission distance, the outage
performance is not significantly impaired by the increase in
the path loss factor from 2 to 4, while it is greatly degraded
when the communication distance increases from 0.1 m to 1
m. Meanwhile, these simulation results show that the derived
outage probabilities with the estimated channel parameters
are in a tight agreement with their empirical counterparts,
which verifies the correctness of our derivations for outage
performance in Section III.

VI. CONCLUSION

To attract the attention of the PHY communication re-
search community and accelerate the research progress on
THz communications, we analyzed the outage performance



=2, (d,f)=(0.1 m 0.1 THz) =2, (df)=(1.0 m 0.1 THz)

=2, (d,f)=(0.1 m 1.0 THz) a=2, (df)=(1.0 m 1.0 THz)

10° 10° 10° 10°
107
w w w w
[a] [a] o [a]
o s} o o
102
mpirical CDF Empirical CDF
nalytical CDF = Analytical CDF
10° 108
2 4 6 8 10 2 4 6 8 10
X %108 X x1071
a=4, (d,f)=(1.0 m 0.1 THz) a=4, (d,f)=(0.1 m 1.0 THz) a=4, (d,f)=(1.0 m 1.0 THz)
10° 100 10°
107
'S ' L L
a a a a
o s} o o
102
Empirical CDF
= Analytical CDF
10° 10° 10° 108
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
X x1071 X x10718 X %1078 X %1020

Fig. 5: Comparison between the empirical and analytical CDFs of the internal channel power gain, given (d, f) = 1 and n(d, f) = 1 (the
x-axis scales of subplots are varied so that the key distribution regions can be clearly shown).

=4, (d,f)=(0.1 m 1.0 THz)

=2, (d,f)=(0.1 m 1.0 THz)

=2, (d,f)=(1 m 1.0 THz)

10° 107! 10°
O  Empirical O Empirical O Empirical
Analytical Analytical Analytical
4 == Asymptotical = = Asymptotical = = Asymptotical
210 z z
5 Z 107 Z 10"
© © ©
Q Qo Qo
< < <]
a 102 a o
(0] (0] [0}
(=] (=] (=]
g g 5 g ,
>
3 . g0 g0
10
10 10 107
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Ay Ay Ay
Fig. 6: Outage probability versus outage threshold with average packet arrival rate with different outage threshold, given L = 10 bits,
¢(d,f) =1, and n(d, f) = 1.
a=4, (d,f)=(0.1 m 1.0 THz =2, (d,f)=(0.1 m 1.0 THz a=2, (d,f)=(1 m 1.0 THz
10 , (dyf)=( ) 10%G , (d,f)=( ) 10% k , (d,f)=( )
O Empirical O Empirical O Empirical
Analytical Analytical Analytical
10’1 = = Asymptotical 10'1 = = Asymptotical = = Asymptotical
Y 2 =
£ £ = 1
5 , 5 , 510
10" 10" g
<} <} [<]
o o o ——— - D
S10° & 10 & F---- D
& & £
8 E£z=zz== 3 6 FIZIzIZIZ:Z: 3 310 i
0t 5 109 === === D
L = 5,15,25 bits [, = 5,15, 25 bits L =5,15,25 bits
10° 10° 10°
100 80  -60  -40  -20 180  -160 140  -120  -100  -80 -150 -100 -50
Sr (dB) Sr (dB) Sr (dB)

Fig. 7: Outage probability versus transmitting PSD with different packet length, given A,

for THz wireless systems based on the tailored compound
channel model in this paper. In this compound model, most
determinate and stochastic effects, including spreading loss,
molecular absorption loss, shadowing, and multi-path fading,

=10, e =10""s,¢(d, f) =1, and n(d, f) = 1.

are jointly considered via a joint distribution depending on
three free parameters. The PDF, CDF, and outage probability
derived from the tailored compound model are given in closed-
form expressions, which indicate an appropriate equilibrium



between mathematical tractability and the fidelity of realistic
THz channels. In addition, we leveraged the MLE method
to design a channel parameter estimation approach for the
proposed compound channel model and obtained the estimates
in a computational-efficient manner. These estimates can be
directly reused by researchers to model THz communication
systems. The derived analytical results were verified by numer-
ical simulations using Monte Carlo methods. By the simplicity
and the mathematically tractability of the outage performance
presented in this paper, it is expected to considerably facilitate
advanced analyses and optimization for THz communication
systems.

APPENDIX A
APPROXIMATION OF THE RANGE OF 7(d, f)

Denote the difference between the channel power loss of
the LoS case and the average channel power loss of the
multi-path case in dB as A(d, f), which is distance- and
frequency-dependent. Based on the relation between loss and
gain, as well as the relation between linear and decibel
units, we can easily derive the following relation: A(d, f) =
10log0(1/g(d, f)) — 101og,o(1/E{gs(d, f)}), by which we
can further deduce E{ds(d, f)} = E{gs(d, f)}/q(d, f) =
102 1)/10 - According to the assumption that d,(d, f) is
gamma distributed with shape parameter x5(d, f) = ((d, f)
and 05 (d, ) = exp(n(d, f)?/2), the expected value of channel
variation factor d(d, f) can be determined as E{d,(d, f)} =
ks(d, £)0s(d, f) = exp(n(d, £)?/2), which directly leads to

. = (S5 o)) 9

Inspecting the data presented in Fig. 4 of [23], A(d, f) ranges
from 0.8 dB to 7 dB depending on the transmission distance
and radio frequency. Substituting the range of A(d, f) into
(29) directly yields the range of n(d, f) to be [0.61, 1.80].
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