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ABSTRACT

Facilitating newer bands of ‘unused’ segments (windows) of RF spectrum falling in
the mm-wave range (above 30+ GHz) and seeking usable stretches across
unallocated THz spectrum, could viably be considered for Multiple Input Multiple
Output (MIMO) communications. This could accommodate the growing needs of
multigigabit 3G/4G applications in outdoor-based backhauls in picocellular
networks and in indoor-specific multimedia networking. However, in contrast with
cellular and Wi-Fi, wireless systems supporting sub-mm wavelength transreceive
communications in the outdoor electromagnetic (EM) ambient could face
“drastically different propagation geometry”; also, in indoor contexts, envisaging
pertinent spatial-multiplexing with directional, MIMO links could pose grossly
diverse propagation geometry across a number of multipaths; as such, channel-
models based on stochastic features of diverse MIMO-specific links in the desired
test spectrum of mm-wave/THz band are sparsely known and almost non-existent.
To alleviate this niche, a method is proposed here to infer sub-mm band MIMO
channel-models (termed as “prototypes”) by judiciously sharing “similarity” of
details available already pertinent to traditional “models” of lower-side EM
spectrum, (namely, VLF through micro-/mm-wave). Relevant method proposed
here relies on the “principle of similitude” due to Edgar Buckingham. Exemplar set
of “model-to-(inferential)-prototype” transformations are derived and prescribed
for an exhaustive set of fading channel models as well as, towards estimating path-
loss of various channel statistics in the high-end test spectrum.

Keywords: Channel/propagation-models, mm-wave/THz spectrum, Similitude principle,
Wireless communication

INTRODUCTION

With alarming increase in radio-frequency (RF) spectrum utilization and almost fully occupied
status of available electromagnetic (EM) spectral windows, facilitating newer ranges of RF-
spectrum for wireless communication is an explicit necessity, so as to accommodate the
growing needs of broad-bandwidth wireless applications. For example, enabling newer ranges
of ‘unused’ segments (windows) of RF spectrum in the mm-wave band (above 30+ GHz) and
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seeking usable stretches across the unallocated THz spectral range could possibly considered
for Multiple Input Multiple Output (MIMO) communications in accommodating the growing
needs of multigigabit 3G/4G applications enclaving outdoor-based backhauls in picocellular
networks and indoor-specific multimedia networking. However, in contrast with those of
cellular and Wi-Fi systems, usage of smaller, carrier wavelengths (of mm-wave/THz bands) in
outdoor EM ambient could pose “drastically different propagation geometry”; and, in indoor
contexts, pertinent directional mm/THz wave propagations across spatially-multiplexed, line-
of-sight (LoS) MIMO links may also face grossly diverse propagation geometry with multiple
number of paths plus nodes of relatively small form-factors. Further, moderately separated
antennas facilitating such directional links, could lead to sparse EM scattering; but, increased
propagation loss in the transreceive paths is inevitable with smaller wavelengths [1] [2].

MIMO techniques, in general, are adopted to combat fading; and, suppose carrier frequencies
falling in the mm/THz wave bands are prescribed for such MIMO systems in order to achieve
multigigabit 3G/4G applications in outdoor-based backhauls (of picocellular networks) and in
indoor-specific multimedia networking. The associated EM propagation artifacts and
interference characteristics of such MIMO-links would pose unique stochastic features and
distinct propagation characteristics thanks to (small) carrier wavelength versus spacing
between the antenna elements and limited EM-scattering involved. Such details could render
the elements of the MIMO-channel matrix not always being independent.

Use of mm/THz wave spectrum hardly prevails in the state-of-the-art communication areas
(including MIMO systems); as such, relevant neoteric paradigms of spectrum utilization consist
of only a limited/sparse and/or mostly insufficient data detailing the underlying EM wave
propagation characteristics. Thus, alacuna prevails in the comprehension of channel-models at
this spectral range of interest. As such, this study is motivated to address the sparsity of MIMO
channel modeling vis-a-vis fading and path-loss features; and, the scope of this paper is set to
explore the feasibility of conceiving relevant “inferential prototypes” of channel-models in the
said EM spectral range (for possible adoption in MIMO contexts). The proposed method is based
on judiciously sharing the “similarity” of details between already existing (known) “models” of
traditional, lower-side EM spectrum, (namely, VLF through micro-/mm-wave) availed as ex
post data and the corresponding “prototypes” are conceived as ex ante details inferred for the
test-bands (of mm-wave through THz spectrum). Relevant method relies on the so-called
“principle of similitude” due to Edgar Buckingham [3]. Illustrative “model-to-(inferential)-
prototype” transformations are derived and discussed with reference to an exhaustive set of
channel-models on fading and path-loss characteristics pertinent to diverse channel statistics.

Commensurate with the objectives indicated above, this paper is organized as follows: The next
section (Section 2) reviews the general aspects of wireless channel-models and summarizes the
specific aspects of MIMO-channels. Further, focused considerations on such channel
characterizations in the 30+ GHz through THz spectrum are outlined and associated concerns
are identified. In Section 3, the proposed heuristics of inferring “prototypes” of EM propagation
characteristics required at the high-end spectral range (of mm-wave/THz band) using the prior
known (available) “models” at lower bands (like UHF/microwaves) is described. Relevant
systematic procedure in judiciously projecting the associated “similarity” of details in the
“models” (of low-frequency end) into “inferential prototypes” of high-end RF-channels
(representing the test-bands of interest) is described in Section 4 in terms of the heuristics of
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the so-called principle of similitude (advocated by Edgar Buckingham [3]). The similitude
considerations involved in the model-to-(inferential) prototype transformations are elaborated
in Section 5 and applied to illustrate fading statistics and path-loss characteristics of channel-
models at the test frequency bands of interest, (namely, 30+ GHz through THz EM spectrum).
Section 6 lists the well-known “models” of fading channels with the associated parameters;
hence, the corresponding deduced “inferential prototypes” are presented with descriptive
notes on an exhaustive set of fading statistics. Similarly, “model-to-(inferential)-prototype”
transformations are illustrated to deduce path-loss characteristics the channels in the test
bands of interest. Discussions on the proposed methods are furnished in Section 7 and
pertinent remarks are given in the closure section (Section 8).

WIRELESS- AND MIMO-CHANNEL MODELS: AN OVERVIEW
Modeling wireless communication ambient describing the associated RF propagation and
channel characteristics has been the topic of interest with the advent of mobile communications
and extensive proliferation of cellular networks. Relevant details enclaving transmissions at
traditional HF through UHF/microwave frequencies are addressed exhaustively in the
literature [4-8]. Associated channel-models reflect the propagation characteristics of signals in
pertinent radio environments are essentially needed for evaluating the performances of
wireless communication systems. Typically, commencing from the simple free-space model,
channel characteristics of both outdoor and indoor contexts are indicated for traditional
wireless systems in a gamut of published efforts. To name a few, are the so-called: Lee’s model,
Langley-Rice model, Okumura model, Hata model, Walfish and Bertoni model, Hashemi model,
Rappaport’s SIRCIM model, Saleh and Valenzula model and Seidal and Rappaport model [4-8].

In wireless systems, the EM propagation ambient supporting communication links decides the
integrity of transreceive signals largely specified by the underlying fading and path-loss
characteristics. Fading implies variations (with stochastic attributes) seen in the signal
attenuation versus time, locales of transreceive units and carrier frequency. That is, fading
denotes a random process caused by probabilistic variates on EM propagation due to multipath
and/or shadowing effects from the obstacles. Path-loss is another channel artifact denoting the
EM energy losses encountered in wireless communications that incur on terrestrial paths
through atmospheric environment as well as, in the content-infested indoor ambient.

In all, due to fading and path-loss characteristics, the transmitted wireless signal across its
transceive path would invariably seen morphed at the receiving end. Relevant profile of such
received signals can then be specified in terms of the details on the transmitted signal (known
a priori), if a model for the medium/channel between the transceive entities is also available.
Such characterization of RF signal transit-paths is well-known as a “channel-model”; and, it in
essence, represents the EM propagation profile of the signal and the associated statistics of
signal-strength fluctuations across the channel in question; and, a number of channel-models
have been evolved as listed earlier. The pros and cons of channel considerations in realizing
practical RF communication links are fairly comprehended in the traditional wireless systems
pertinent to classical deployment of VLF through microwave frequencies.

The perspectives of channel-models become even more unique and visibly complex in the
contexts of multiple-input multiple-output (MIMO) technique ushered into wireless
communications in order to achieve a significant increase in data throughput as well as, link
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reliability (mostly without extra bandwidth or boosting transmission power) [9-11]. MIMO
together with orthogonal frequency division multiplexing (OFDM) has proliferated as a key
technique in the long-term evolution (LTE) of 3G/4G cellular networks. In its conception to
achieve higher throughputs within a given bandwidth via space diversity schemes, the MIMO-
links were typically modeled in the early theoretical studies (due to Telatar [12] and Foschini
[13]) as narrowband random MIMO channels. Such efforts refer to evolving a simple channel-
model represented by a matrix [H] with M-transmit and N-receive antennas.

In the expanded applications, MIMO channel models have been subsequently framed for
different EM environments; and, comparison between channel-models is done on the basis of
the associated theoretical considerations versus measured data. Relevantly, two kinds of
channel models, namely, correlation-based stochastic models (CBSMs) and geometry-based
stochastic models (GBSMs), are prescribed (commensurate with [EEE 802.11n standards) in
order to evaluate the performances of the wireless communication systems; and, the former
being less complex is typically used in theoretical evaluations of MIMO system performance.
However, the accuracy of CBSM is limited for wireless channels exhibiting non-stationary
phenomenon and spherical wave effects. In contrast, GBSM is considered as being accurate in
portraying the realistic channel properties of massive MIMO channel applications (in spite of
the associated higher computation complexity).

MIMO techniques in general are indicated for combating fading. The underlying channel
characterizations, however are unique and mostly differ from those of non-MIMO strategies,
even at lower carrier frequencies. As such, exclusive MIMO-channel models have been
developed. Typically, the MIMO channel characterization is exemplified via a lamp-post based
outdoor deployment model (for example, as in a mesh backhaul), which duly accounts for
fading due to ground and wall reflections; and, in indoor contexts, the MIMO infrastructure with
space diversity and spatial multiplexing (for example, as done in “streaming high-definition
television from a set-top box to a television set”), relevant (MIMO)-channel model becomes
even more unique with a number of eigen modes framing the form-factor of the channel
involved [1].

The MIMO-specific channel-models have been comprehensively studied at traditional lower
end of EM spectrum [9-11]. Though restrictedly addressed (on ad hoc basis), pertinent channel
considerations and channel-modeling in the millimeter wave regime of RF systems [14]
including the MIMO-links [1] also exist. Yet, such a comprehension is rather sparse and even
absent for the EM spectrum ranging 30+ GHz through THz. However, such details are highly
desirable and imminent in any aggressive suite of implementing the current needs of robust
wireless communication links including MIMO systems. Specifically, MIMO channel-modeling
in the high-end spectral range of 30+ GHz through THz is needed towards profitable use of the
large extents of bandwidth available in the said test bands of interest. Pertinent uses as stated
before refer to realizing multi-Gigabit wireless networks with applications ranging from indoor
multimedia networking to accommodating outdoor backhauls for picocellular networks.
However, using the spectral range of 30+ GHz through THz in such applications, the carrier
wavelengths involved are obviously an order (or orders) of magnitude smaller than those in
the existing cellular and Wi-Fi systems. As such, significantly different propagation geometry
can be foreseen in the underlying EM ambient. For example, omnidirectional transmission is
almost ruled out because of the increased propagation losses encountered at smaller
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wavelengths. So, highly directive transreceive MIMO-links can be envisaged with electronically
steerable beams formed by compact antenna arrays. As a result, only a small number of paths
would dominantly prevail (in such directional small-wavelength links), posing a sparse
scattering ambient unlike, the rich scattering environment at lower carrier frequency
operations. Usage of small wavelengths also implies achieving spatial-multiplexing gains even
in LoS transreceive links or more generally, in the ambient of sparse scattering consistent with
the dispersed of antennas having moderate separations.

As stated earlier, knowledge on EM propagation characteristics (or channel models) in the said
mm/THz bands (henceforth addressed as the “test-bands”) is still primitive and mostly
unknown for applications in MIMO-systems or otherwise. Filling this niche will conform to
transformational improvements in using the radio spectrum of test-bands containing ‘unused’
segments (windows) in mm-band (above 30+ GHz) and usable stretches across the unallocated
THz frequencies. Hence, it will add a dimension of realism in conceiving the exploding
broadband communication needs (including novel MIMO applications), so as to support the
associated traffic intensity of triple-play wireless communication services in the near-future
and beyond.

Hence proposed in this paper is a feasibility consideration on a very practical problem: How
can channel/propagation models be inferentially deduced for the spectral range of test-bands
from the existing (available) knowledge on the lower strata of EM spectrum? And the solution
sought thereof, is to find one-to-one correspondence between the channel characteristics
(dubbed as “models”) known ex post at low-frequencies and corresponding ‘scaled-up’ channel
features (called “prototypes”) attributed ex ante, to higher (test) frequencies of interest.

INFERRING “PROTOTYPES” FROM “MODELS”: PROPOSED METHOD AND APPROACH
As indicated above, the present study objectively proposes an approach to develop
“prototypes” of EM propagation and channel characterizations of RF signal transmissions in the
test frequency bands covering the new frontiers of (almost) unused 30+ GHz spectral windows
and mostly unexplored terahertz span (above 275 GHz sans spectrum allocations). As briefed
above, relevant concept is illustrated in Figure 1.

The proposed approach towards developing “prototypes” of EM propagation and related
channel characterizations of RF signal transmissions in the spectral bands of (almost) unused
30+ GHz frequencies indicated above (and illustrated in Figure 1) is summarized as follows:

* A set of channel details are presumably known a priori at lower frequency bands
(like UHF/microwaves). The set of such ex post features are designated as the
“model”

» The said “model” details are listed and judiciously projected to frame a “inferential
prototype” at the desired high-end frequency (test-band); and, the ex ante set of
features so conceived denote an inferred “prototype” that shares the “similarity” of
all the pertinent details in the “model”

» The projection of shared similarity indicated above is done via a systematic
procedure based on the so-called principle of similitude advocated by Edgar
Buckingham [3] in terms of dimensional analyses perspectives detailed in the next
section.
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Figure 1. Specifying a “model” function denoting a set {a, b, ...} of known data on channel
attributes at lower-end frequency spectrum (f,,) towards formulating a corresponding -
function (for use to infer the “prototype” function as indicated in Step 2). The set {a,, b,...,}
denotes reference entities that render the variable set {a, b, ...,} dimensionless; and, {{m1, m2,
...)} are pertinent exponents prescribed to frame the n-relations consistent with Buckingham’s
similitude principle.

The steps in conceiving “inferential prototypes” of RF channel characteristics in a desired test-
band using the “model” data available at lower frequencies are as follows:

o Step 1: Construction of the “model”: This is illustrated in Figure 1. The channel
parameters {a, b, ...} known a priori at lower frequencies, fm (say, HF through
microwaves) are firstidentified and specified as the “model” features denoted
by a functional relation: Func(fm: a, b,...). This model function is then modified
and rewritten, following the so-called as Buckingham’s similitude principle
described in the next section. Relevantly, a Buckingham m-function of the
model is specified as: g[(fm/fo): (a/ao)™, (b/bo)™2...], where fo is a reference
frequency prescribed to normalize, fm; and, {ao, bo, ...} etc. are normalizing
parameters indicated respectively, for the elements of the set {a, b,...}; and,
the set {m1, m2, ...} depicts appropriate exponents indicated for the aforesaid
n-relation. This “model” prescription as above depicts ex post details of the
channel in question.
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o Step 2: Inferring the “prototype” details refer to ex ante deductions: The
“prototype” can be obtained by using ex post details of the “model” (of Step 1)
as illustrated in Figure 2.

Known “model” function:
Ex post details in p-format
(availed from Step 1)

1
1
1
1
1
|
[N

HF... Microwaves mm-wave ... | THz... -, Optical

~ >

= N

Hz >

== 12

\ 10

Unexplored windows
Unknown channel-models:
Ex ante regime

Evolving “prototype”
p-function:

g(f /f): (a/a,)”, (b/b,)™...

“PROTOTYPE”

Simulated “prototype
” function at f_

Figure 2. Inferring the “prototype” function g[(f,/f,): (a/a.)rL, (b/bo)r2...] of channel
characteristics in the higher RF spectra, f;, of the desired test-bands using the known “model”
function of ex post details (deduced in n-format in Step1 at lower frequency spectra, fn). (The

set {a,, bo...,} as before denotes reference entities that render the variable set {a, b, ...,}
dimensionless; and, {(m1, m2, ...) and, (p1, p2, ...)} are exponents on n-relations). The deduced
“prototype” details refer to ex ante deductions.

Given the known channel parameters {a, b,...} considered in Step 1 corresponding to lower
frequencies, fm depicting the “model” features and relevantly specified [E-form of the
Buckingham function, g{(fm/fo): (a/ao)™1, (b/bo)™2..}, the required “prototype” function:
g[(fp/fo): (a/a0)Pl, (b/bo)P2...] can be inferred via pertinent transformation of: g{(fm/fo): (a/ao)™1,
(b/bo)m2..} < g[(fp/fo): (a/ao)Pl, (b/bo)P2..] as explained in the next section. The inferred
“prototype” denotes ex ante profile of channel characteristics sought in the higher RF spectra,
fp of the desired test-bands. Again, in g[(fp/fo): (a/ao)Pl, (b/bo)P2...], the set {ao, bo...,} denotes
reference entities that render the variable set {a, b, ...,} dimensionless; and, {(m1, m2, ...) and,

URL: http://dx.doi.org/10.14738/tnc.93.10214 7



Transactions on Networks and Communications (TNC) Vol. 9, Issue 3, June-2021

(pl, p2, ...)} are appropriate exponents imposed on 7m-relations consistent with Buckingham's
similitude principle (as will be explained in the pursuant section).

BUCKINGHAM'’S SIMILITUDE PRINCIPLE

The similitude principle has been deployed extensively in various disciplines, to name a few:
Model-based testing and evaluations of structures in civil, aeronautical/aerospace, naval
architecture [15], reliability predictions [16], radar cross-section (RCS) studies [17] etc. The
underlying considerations of similitude concept can be outlined as follows:

Evolving a “prototype” refers to elucidating a set of new descriptive details formulated
a posteriori and prescribed on an entity (for example, a structure or a phenomenon).
Such inferred (ex ante) details correspond to an existing and available set of ex post data
(referred to as the “model”). Such data is presumably known a priori on the entity in
question. The underlying one-to-one transformation is inferred and interpreted via
similitude considerations based on the theory of modeling consistent with the norms of
dimensional analysis

The underlying theoretics and mathematical description of theory of dimensions
(evolved in terms of dimensions and units) is aptly applied to portray the similitude
aspects of the prior knowledge on the said “model” (depicting the physical entity or
phenomenology) versus the “prototype” posterior information being sought, subject to
the following norms:

o The mathematical description (of transforming a “model” into a “prototype”)
should comply with the laws of nature and specified in a dimensionally
homogeneous form. That is, regardless of the choice of dimensional units (in which
the associated physical variables are measured), the governing equation must be

valid
o Allrelevant governing equations must be dimensionally homogeneous. Thatis, an
arbitrary equation of the form, [func(x1, x2, .., Xn) = 0] can be alternatively

expressed as, [g(m1, m2,...mm) = 0], where the m-terms denote dimensionless
products of n physical variables of the set {x1, x2, ..., Xxn}; and, m = (n - r) with r
depicting the number of fundamental dimensions that are involved in the physical
variables.

Explicitly, the second consideration above namely, [func(x1, X2, ..., Xn) = 0] <> [g(m1,
m2,... Tm) = 0] implies the following: (i) The n-form of physical occurrence can be
deduced via proper use of dimensions of the n physical quantities, {xi}i=1,2,..n by
resorting to dimensional analysis. (ii) In physical systems that differ only in
magnitudes of the units (used to measure the n quantities, namely {xi}i=1,2, ..n ),
the “model” entity and its reduced or enhanced scale-version (“prototype”) will
have identical functional, g(.); and, (iii) similitude requirements for modeling
result from forcing the n-terms, {ni}i=1,2 .. m to be equal in the “model” as well as
in the “prototype”. (This is a necessary condition for the full functional
relationships to be equal).

In short, a “model” denotes a representation of the physical system with details (known ex post)
that can be adopted to infer the behavior of a corresponding “prototype” in some respect. That
is, the principle of similitude (due to Buckingham [3]) enables predicting the performance of a
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new design (called “a prototype”) based on mimicking the data from an existing, similar design
(designated as “the model”).

In such representations, the first consideration is to show that the two systems can be described
in terms of dimensionless numbers as per Buckingham’s heuristics. This can be outlined as
follows: Given any element (¢m) of the n-set of the model and the corresponding element (¢p)
of the prototype, ideally the similarity principle demands, ¢p/dm = 1. But, in practice, at least
some first or second-order deviations may be encountered rendering exact model-to-prototype
extrapolation, somewhat “distorted” [18]. Conceiving an approximated version via piecewise
linearization in similarity relations is, however, feasible as will be indicated later in this paper.

In general, the similitude problems based on Buckingham’s heuristics can be classified as
follows: (i) Geometric similitude, which denotes the “model” in question representing an “exact”
scale-copy of the “prototype” consistent with physical geometry involved; (ii) kinematic
similitude concerned with flow considerations, where the “model” flow is set proportional to
the corresponding flow in the prototype, preserving the associated vector nature of the flowing
entity; and, (iii) dynamic similitude, which refers to forces associated in the “model” being
proportional to the forces seen in the “prototype”. (This is a necessary condition, but not
sufficient for dynamic similitude) [11] [19-23].

Relevant to the present study of applying Buckingham’s similitude principle in the contexts of
channel modeling, first the underlying similitude considerations pertinent to EM theory should
be identified. That is, the associated set of postulations and constitutive relations consistent
with the linearity aspects of Maxwell’s equations [24] should be specified in dimensionless
forms by invoking Buckingham’s n-theorem. Then, the EM propagation/channel-modeling is
rendered viable for the similitude approach. Existing studies on applying such similitude
principle in electrodynamics and EM contexts are as follows: (i) Geometrical inferences
(relative to wavelength) such as in antenna designs [25], radar cross-section (RCS) evaluations
[17]; (ii) channel characterizations [26] (studied in a limited extent) and (iii) frequency-scaling
of rain attenuation (such as in ITU-R Rec.P.618-7,2001 and similar models [27] [28]).

Basically, the kinematic/dynamic similitude is applied in EM contexts considering (i) the flow
of electric current signified by the time-varying states or dynamics of electric charges, (ii) the
rate of change of electric/magnetic flux and (iii) the Poynting vector flow. EM similitude
technique has also been advocated in studying laser scattering [23]. Typically, electrodynamic
similitude is applied to model the nondispersive targets as indicated in [22].

Applying n-theorem in EM contexts

In all, the heuristics of adopting Buckingham'’s n-theorem in the contexts of electromagnetism
(EM) and hence, applying the principle to elucidate the “prototypes” of channel-models vis-a-
vis EM propagation characteristics in wireless communications involve the following basics of
EM theory outlined to deduce the associated n-relations.

As well known, the EM waves possess a characteristic wavelength length (A in m), which is
related to their frequency (f in Hz) by the relation, A (m) = [vin m/s)/f in Hz] where, v denotes
the velocity of propagation of EM wave in the medium of interest and f is the frequency of the
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EM wave. For free-space propagation, v = ¢ (= 3 x 108 m/s) as decided by the associated
constants of the free-space, namely, the absolute permittivity e, = (1/36xn) x 1072 farad/meter
and absolute permeability, u, = (4n) x 107 henry/meter; and, c =1/(pog,)/2 m/s, (=3 x 108 m/s
depicting the speed of the light). And, v = c¢/(we)1/2 m/s [24] expressed in terms of
(dimensionless) relative permittivity and permeability, (s, w) of the medium; hence, for free-
space, (& =1; ur = 1).

An example of elucidating dimensionless parameters, functions, equations etc. in the contexts
of electrodynamics as required in similitude applications is as follows: Considering the well-
known Coulomb’s law of force (|F|) between given two charges of q1 and gz units, separated by
a distance d units in a dielectric medium characterized by a (dimensioned) constant, k, the said
law is specified by the equation, {func(xi, Xz, ..., Xxn) = 0} = func|[|F|, k, (q1, q2), d] = 0; explicitly,
this Coulomb’s law can be written as: {[|F| — k qi1qz2/d?]} = 0. In terms of the associated units
term-by-term, Coulomb’s law can be rewritten as: func{[K: force unit] — [Kz (capacitance
unit/length unit)™! x K3 (charge unit)?] /[K4(length unit)?] = 0}, where, the func{.} is expressed
in terms of corresponding fundamental measures that describe the associated quantities; and
K1, K2 and K3 are relevant proportionality constants.

The above relation holds for any system of units, (CGS, SI or FPS) for force, capacitance, charge
and length; and as such, it is dimensionally homogeneous. Now, in terms of the notions of
Buckingham [3], the implicit functional relation of Coulomb’s law, namely, func[|F|, k, (q1, q2),
d] = 0 can also be represented as a product of powers in a form as follows: |F| = Cp x [k'(q1,
q2)“d®] newton, where Cp is a dimensionless parameter, (which by itself could be a function of
dimensionless groupings of some pertinent physical entities; or, it can be a simple constant,
otherwise); and, the exponents y = + 1, B = — 2 and a = + 2 are explicitly pertinent to the
Coulomb’s law under discussion.

Next, the functional relation, F = Co[k¥(q1, 2)*d?] can be cast in the n-form, {g(mi, 72, ..., Tm) = 0}
using similitude principle. Relevantly, consistent with Buckingham’s =n-theorem, the
dimensionally homogeneous equation, {func[|F|, k, (q1, q2), d] = O}n = 4 is reduced to an
equivalent equation involving a set of dimensionless products, namely, {g(w1, 72, ..., Tm) = 0}m =
2 = {g(kq?/Fd?, q?F/kd?) = 0}. In other words, the given equation, {func(xi, x2, ..., Xn) = 0} =
{funcl[F, k, (q1, q2), d] = O}n =4 implies the same Coulomb’s law specified in a dimensionless
format as: {g(mi, m2, ..., Tm) = 0} = {g(kq?/Fd?, q2F/kd?) = O}m=2.

Likewise, all the postulations and constitutive relations of EM theory based on the linearity
aspects of Maxwell’s equations [24] can be specified in dimensionless forms by invoking
Buckingham’s n-theorem via relevant algorithmic suites as indicated above. However,
distortions may not be uncommon in such similitude comparisons of EM contexts due to
dissimilarities that may prevail in the overall geometry, boundary/initial conditions and/or
(nonlinear) material (EM medium) implications. In such cases, still a piecewise linearization
can be considered [18] as will be illustrated later.

Similitude considerations on EM propagation channel models
Following the similitude notions narrated above relevant to the contexts of electromagnetics,
relevant nt-relational details can be developed towards deducing EM propagation profiles and
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channel-models of wireless communications (in the test-bands of say, mm-wave through THz
spectrum). The underlying procedure involves combining size-scaling (geometry similitude)
and frequency-scaling (dynamic similitude) as follows: In applying similitude principle in EM
problems, any geometrical entity of interest (say, of length (£) can be specified normalized with
respect to the corresponding wavelength (Ap), in the relevant (geometrical) “dimension” of the
“prototype”; and this normalized linear size,( ¥p/Ap) depicts the “scaled” version of the
(geometrical) “dimension”, (#m/Am) of the “model”, where, #m denotes a(known) linear size of
the “model”. It is normalized with respect to relevant wavelength (Am) to get (¥m/Am).
Geometrical details of scaled-models can be inferred/predicted at high frequencies (small
wavelengths) as “prototypes” of objects (like, an aircraft) using known (geometrical) details at
lower frequencies (or larger wavelengths) or vice versa as explained in [6-10]. Relevantly, a nt-
relation [fm/Am] < [fp/Ap]* on similitude is framed where, the subscripts (‘m’ and ‘p’) as
mentioned earlier depict the (“model” and “prototype”) respectively and, a is a similitude-
specific exponent.

Notwithstanding the possibilities indicated for geometrical similitude-based deductions of
prototypes in EM-related exercises (such as, RCS evaluations and antenna designs etc.), only a
basic method that specifies RF channel-fading via short-term frequency-scaling vis-d-vis rain-
induced attenuations and signal amplitude scintillations (experienced at two different carrier
frequencies) are addressed as in [27]-[28]. Further, dependence of channel characteristics
across one frequency band to other is outlined in [8] in terms of envelope correlations as a
function of frequency separation. Nevertheless, no exhaustive published details seem to exist
on “prototypes” that describe stochastic aspects of fading channel-models and associated path-
loss characteristics sought in the mm-wave/THz test-bands and inferred via similitude
principle of low-to-high frequency-scaling using known, low-frequency details (or “models”);
further, relevant considerations are also not portrayed in the contexts of MIMO-channels.
Hence, objectively perceived in this study are analytic pursuits on similitude transformations
of fading and path-loss characteristics of RF channels. The following two sections describe
possible avenues on relevant methods.

SIMILITUDE TRANSFORMATION OF FADING STATISTICS
In wireless environment (indoor and/or outdoor), as mentioned earlier, the EM propagation
inevitably encounters small- and large-scale fading observable on transreceive signal envelope.
Further, the associated multipath channels and interferences encountered thereof would pose
stochastic attributes to such fading. Traditionally, fading-related channel characteristics are
emulated by mathematical models and statistical considerations that mimic the channel
response of a fading ambient. Current methods of channel model simulations in the traditional
cellular bands (UHF/microwaves) are based on “RF-in, RF-out basis”. They are specified in
terms of stochastic considerations pertinent to transreceive signal across the fading-channel
via the probability distribution function, P,(I't), where I'r denotes a specified threshold set on
the statistical variable y = (r2/2N) with N being the noise power and r is the signal envelope.
Summarized in Table 1 [29-38] are relevant probability distribution functions specified as
regard to: (1) Rayleigh fading model; (2) Rician fading model; (3) Nakagami-m fading model;
(4) generalized gamma fading model; (5) log-normal fading model; (6) logarithmically-
shadowed generalized gamma (GG-L) fading model; (7) generalized Rice-lognormal (GRLN)
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fading model (and its variations like Suzuki-Lorenz/Loo fading models) and (8) generalized K-
fading model (and its variations).

Table 1. Fading Channel Models and the Associated Parameters [29-38].
Rayleigh fading model
Py () =1-exp (-7 /7o) (1)
where, I'r is the specified threshold set on the variable y = r2/2N with N being the
noise power; r denotes the signal envelope; y, denotes a mean CNR namely, the
(mean carrier-power)-to-(mean noise- power ratio).

Rician fading model
P,(Tr) = U/ 2) x[L-ert{= Ty /15 - % 1,)]

+[oxp (- (T 1 = % o) /R Do ¢ L= (B T g = R 1) (2% I). ] (2)
where £ _is the Rician factor; and, it denotes the ratio, [(LoS carrier-power)/(Sum of
other multipath powers)]. Further, erf(.) denotes the error function.

Nakagami-m fading model
P,(rr) = [t~ Y(m -« o (m, )

° (3)
where I['g(.) is the incomplete gamma-function and m is related to the Rician-factor
&_as follows: £. ~ [(m? — m)/2]/[m — ((m? — m)*/2)].

Generalized gamma fading model

Multipath fading channel can be modeled by three-parameter generalized gamma
distribution that includes, Rayleigh, Nakagami and Weibull statistics as well as, log-
normal/Suzuki fading models, as special cases. It is denoted by the following
equation:

P, (Tr) =[L-Y/(m -t ]x T (m, (BiTr/T)"") @)

where, m;is the fading parameter, viis a shape parameter and ;= [mi!/vi] /[(mi

~1)1.

Log-normal fading model
Large-scale path impairment tends to assume the log-normal statistics with:
P, () =Q@/(Tr /7)) /(0 /70)] )

where Q(.) denotes the complementary error function and o4 is the standard
deviation of In(y/y.), where (y/7,) = exp{(ca)2/2}.

Logarithmically-shadowed generalized gamma (GG-L) fading model
P, () =1-[/(m; ~ 1)t [my. (Ary /7)Y

(6)
with m¢> % being the fading parameter; further, v is a shape-parameter, I'¢ is ¢
lognormal-distributed, average signal power and, A = [(m¢+1) /(v -1)]!/(m¢—1)!

Generalized Rice-lognormal (GRLN) channel model
P,(T7) = (U2)x [L-erf { (Trly, —*Iy,) ]
+lo (= ol = o) o JJ< L= (Trhrg =% hro) (2% o). )
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This is same as in Rician model with X_ replaced by: 1* = {[(1 + £) x (1 + & x S2) /€]
- 1} where S denotes small-scale normalized average channel power. The parameter
KFRis the Rician contribution of diffused power component proportional to main
(LoS) power component; and, & depicts the ratio of: (standard-deviation of the Rician
power) -to- (standard deviation of the zero-mean Gaussian noise component in the
channel). This model is a generalization of Suzuki-Lorenz/Loo fading channels.

Generalized gamma channel model
When both short-term power and mean carrier power (long-term) fading statistics
are y2-distributed then the model is expressed as:

(p-1)/2 (p+1)/2
p,(ry) = 2B ot oy
! (Mmgr!m 1Y) ’

1
p+20'71yp72071 0
2 2 (8)

where G3(.) is the Meijer G-function [32]; and, msrand mirdenote respectively, the
integers specific to y2-distribution on the number of degrees-of-freedom under
small- and long-scale fading conditions. Further, o = (msr— mur), p = (msr + mer +1)
and b = (mst x mgt)/Yo.

Modified K-distribution channel model
Suppose dominance of stray artifacts in EM signal prevails, a modified, K-distributed
statistics can be prescribed for the overall received envelope as follows:

@)% K (24TT)

S+1
2°7(S+D)I(S+1 (9)

Py(FT) =1

where S denotes small-scale normalized average channel power and K(.) is the
modified Bessel functions of the second kind. This modified K-distribution model
depicts the amplitude statistics of the desired signal plus unwanted artifacts of
multiple Poisson statistics [29].

Deducing inferential “prototypes” of RF channels: Algorithmic steps

Pursuant to the scope of the proposed effort, suppose considering a wireless channel, its
associated feature (such as, fading and path-loss) is known (experimentally or otherwise) with
an explicit functional dependency in a given frequency band (fm-band). This function is the
expressed in terms of the underlying, independent variables {a, b, c, ...} as: FUNC(fm; a, b, ...).
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gl.]

Band-1 Band-2.. | Bandj
f, fz fj
Frequency bands: (f_/f ) —»

m’ o'm =1,2,3,..

Figure 3. A hypothetical set of &-functions, {g[.]} specified across several stretches of frequency
bands, (Band-1, Band-2, ..., Band-j ...); and, each g[.] is approximated by an asymptotic
(piecewise linear) representation. Each frequency band is specified with a value of the
normalized frequency set: {(fn/fo)m =1,2,3,.}-

The variable set {fm; a, b, ...} can further be expressed in a normalized form and rendered
dimensionless with a corresponding set of reference values, {fo; ao, bo, ...}. Each of the resulting
dimensionless variable is also specified with a dimensionless exponent. In all, FUNC(fm; a, b, ...)
= g[fm/fo; (a/ac)® (b/bo)?, ..]. The function, g[.] denotes the Buckingham’s n—function
designated with the exponent set{a, f3, ...}.

Now, suppose a hypothetical set of n-functions {g[.]} is presumably known ex post relevant to a
spectral range of frequencies. The function g[.] is then approximated by an asymptotic
(piecewise linear) representation and attributed to represent each segmented stretch of
frequency bands across the EM spectral range as shown in Figure 3. (Note: The bands shown
need not however, be continuously and successively adjacent. There could be a window of
unknown features between any two bands wherein, g[.] is unspecified).

Considering a set of successive frequency bands as illustrated in Figure 2, the EM details
prescribed for each band via the function g[.]. That is, g[.] denotes the “models”, namely, model-
1, model-2, model-3 etc. respectively for the bands, Band-1, Band-2, Band-3 etc. Now, for each
frequency segment of the set {(fm/fo)m = 1, 2, 3...} depicting {(Band)m =1, 2, 3,..}, the associated
“model” prescription can be transformed into a corresponding “prototype” of the next,
(successive) higher frequency band. This is done via a successive iteration method using
Buckingham’s similitude principle as described in the pseudocode presented in Table 2.
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Table 2. Pseudocode on applying similitude principle to obtain the “prototype” from the
“model”

%% Given the data set on a “model” represented in mn-format of channel
features, known a priori at a (lower) frequency-band, to construct a
corresponding “prototype” of those features in the next (successive) higher
frequency-band iteratively by applying similitude principle
Initialize
Identify
— Frequency spectrum with known EM characteristics
<« List and tabulate all the associated variables: {a, b, c, ...}
« Select/specify appropriate reference values, {a,, b, ...}
corresponding to the set: {a, b, c, ...}
Construct
— A set of dimensionless variables: {(a/a,), (b/bo), ...}
segmentize the frequency spectrum with known EM
characteristics to get successive frequency bands: Band-
1, Band-2, ... etc. located at frequencies fj, f, f3, ..., etc.
« Select/specify an appropriate reference value, f,, to get a
dimensional set: {fn/fo}m=1,2,3,.. depicting the {(Band)j-1,2,
3.}
Develop
—  FUNC(fw; a, b, ...) = {(Band)m -1,2,3,..}: Raw “model”
details
« FUNC[(fn/f5; (a/a0), (b/by), ...)]: “Model” function
Input
—  FUNC(fun/fo; (a/a0), (b/bo), -..)]"moder”
<« n-format of the “Model” function: g[(fm/f); (a/a0)% (b/bo)P,
---)]”model”
Construct
— For successive bands (m =1, 2, 3, ...), specify the -
format of g[.] function
— Example: Consider: Band-1 - Its n-format of the
g[.]function:
< G1: g[(f1/fo);(a1/a0)*, (b1/bo)Pt;(c1/ o)™, ...]
—  Designate G1(.) as: Model-1

Next
— Consider: Band-2 - Its n-format of the g[.] function

< P2:g[(f2/fo); (az/a0)*2, (b2/bo)";(c2/C0) "2, ...]
— Designate P2(.) as: Prototype-2

Apply
— Apply Buckingham'’s similitude principle

Equate
< Band-1 - n-format of the g[.] function: G1(.) and Band-2 - &
format of the g[.] function: P2(.)
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< g[(f1/f); (a1/a0)™, (b1/bo)P;(c1/Co)", ...]

= g[(f2/5); (az/a0)*2 (bz/bo)P2;(c2/C0)"?, ...]

Next
Deduce
e [kzXPl(fz/fo)]Cz
< This is a scaled version of [kixG1(fi/f,)]¢1 with (ki/kz) as a
scaling constant and {C; and C;} being the exponents that decide
a power-law relation
= Prototype-2 of Band-2
Next
— Use Prototype-2 as a pseudo- “model” for prototyping Band-3
— Consider: Band-2 — n—format of the g[.] function
< P2: g[(f2/fo); (a2/20)"2, (b2/b0)"%;(c2/ o), ...]
— Rename P2(.): Prototype - 2 as: Pseudo-model-2
— Consider: Band-3 - n-format of the g[.] function
< P3:g[(f3/fo); (as/a0)*, (bs/bo)";(c3/C0)", ..
— Designate P3(.) as: Prototype-3
Next
Equate
— Band-2 - n-format of the g[.] function: P2(.) and Band-3 - n-format of the gJ.]
function: P3(.)
— gl(f2/0); (az/a0)"2, (b2/bo)?%(c2/ )2, ...]
= gl(f3/fo); (as/a0)*3, (b3/bo)™;(c3/ o), ...]
Deduce
o [k3XP3(f3/f0)]c3
— This is a scaled version of [kyxP2(fz/f,)]¢2 with (kz/ks) being a scaling
constant; and, {C; and C3} are the exponents that decide the associated
power-law relation
= Prototype-3 of Band-3
Next
— Use Prototype-3 as a pseudo-model for prototyping Band-4
< (andsoon..)
Continue
— Iteration until the entire spectrum of interest is exhausted
List
— “Prototypes” evolved across the entire spectrum of interest

%% Comment: The above procedure allows elucidating the features in a given
band, say, Band- M, by knowing the features in the previous band, Band (M -
1) via scaling and similitude principle.
— That is, the features of Band (M - 1) depict the known ex post
profile or the “model”; hence, the unknown profile of the Band-
M inferred ex ante depicts the desired “prototype”

Ascertaining “prototypes” of channel models in the desired spectral range (of mm-wave
through THz band stretching into suboptical regions) following the procedure described above,
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would allow assaying relevant composite fading-channel characterizations. Such channel-
models will permit comprehending several physical issues in wireless communications
including interference effects in MIMO networks, distributed antenna systems and
cooperative/multi-hop relay networks. As well known, in a typical signal propagation scenario,
the received signal typically will show fading consisting of very rapid fluctuations around the
mean signal level superimposed on relatively slow variations of the mean level. Therefore, it
will be inconsistent to assume that the local mean power of the multipath fading is a random
variable (RV) distributed over (0, o) as per traditional lognormal and/or gamma distributions.

For example, in mm- and sub-mm wave band, non-LOS propagations, the standard deviation of
shadowing could be larger than in the contexts of cellular communication (at 5 GHz [1-2]) due
to shadowing cast by stationary and/or moving objects. Relevantly, signal power can be
significantly lost (up to 20 dB), if the LOS component is blocked by an object and this is much
realistic in millimeter/sub-mm wave environment. However, diffraction effects (due to EM field
behind the obstacle) in the test bands could be much smaller in comparison with lower band, 5
GHz propagation. That is, shadowing zones are markedly very sharp in mm/sub-mm
frequencies.

In short, the ambient changes could occur very fast (with respect to the diversity and average
power of the received signal) in the test bands of interest. In addition, towards suboptical
spectrum deployed in free-space communications, the atmospheric turbulence that originates
from variations in the refractive index of the transmission medium (as a result of
inhomogeneities in temperature and pressure changes) will increase the standard deviation of
shadowing on channel fading As a result, the identification of a tractable probability density
function (PDF) to describe the physical problems at the background of shadowing effects is
important in order to study the performance characteristics of emerging and future wireless
communication systems operating in those EM environments. Corresponding envelope and the
power of the received signal (in the test bands across millimeter/sub-millimeter wave regime
and in free-space sub-optical channels), the first and the second-order statistics of the received
signal envelope need to be “prototyped” with appropriate “model” details characterized by the
so-called extended generalized-K (EGK) model of composite fading distribution [39]. That is,
notwithstanding the typical model-to-prototype depictions of channel models indicated in
Table 1, the EGK model and its special cases as listed in [39], appear to be closely appropriate
candidates for applications in the test bands under discussion.

Constructing a “prototype” of a fading channel-model: An illustrative example

Fading characteristics as a function of frequency can be expressed in terms of the statistics of
RF signal envelope versus frequency separation via correlation parameters as indicated in [40].
However, in similitude exercises toward deducing a “model”’-based inferential “prototype”
along a desired frequency-scale, is not per se to find a ‘statistical correlation’ between the
“model” and the “prototype”, but to seek a ‘similarity’ between them. That is, the EM/channel
characteristics at different bands of frequencies need not necessarily be ‘statistically
correlated’; and, relevant similitude exercise of interest is to find rather a ‘similarity of details’
between them.

Relevantly, suppose the similarity of fading phenomenology across the frequency bands of a
“model” and its “prototype” is to be ascertained. The prime fading-related variables of interest
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pertinent to fading channel-models are enumerated in Table 2 where fading statistics is
modeled in terms of the RF power-content of the link relative to the channel noise power;
hence, the associated stochastic aspects are denoted via fluctuating envelope statistics of the
signal transits across the transceiver path [29]-[38].

For example, suppose a channel-model (like Rayleigh, Rician etc.) is specified in terms of the
associated carrier-to-noise (power) ratio (CNR) expressed as: y =r2/2N (with r being the signal
envelope and N is the noise power). Then, its corresponding fading statistics (specified in terms
of probability density function) can be availed (as in Table 1) and it leads to specifying the
probability, P,(I'r) that, Y does not exceed a specific threshold value, I't. Now, denoting the mean
CNR by yo (namely, the mean carrier-power to mean noise-power ratio), Py(I't) can be
ascertained in normalized dimensionless formats, ready for similitude applications; and, the
method of transforming “the model” into a corresponding “prototype” can be pursued as
illustrated in Figure 3 and as outlined below.

Considering a given fading channel, suppose fi1 and f2 are two carrier frequencies in two
independent spectral ranges, say, in Band-1 and Band-2 respectively and, a similitude relation
is sought between these two bands. That is, given a known extent of mean CNR at f1
namely, Yo|r1, its corresponding value at fz namely, yo|r2 can be obtained via m-relation
prescribed with appropriate power-law exponent sets {au1, B1} and {a2, Bz} on the variables for
example, as shown below in equation (10) as regard to a Rayleigh channel. (Here, the relevancy
of linear, undistorted similitude principle is implicitly assumed as well as, the statistical
features of CNR across Band-1 and Band-2 are considered to be ‘similar’, but not necessarily
‘correlated’; and as such, they are statistically independent).

1
|:(Yo |fl)a1 :l_l: (FT1 )Bl :IX IOge [1_ Py (FTl )Bl ]

(ol ) | o 1
g 1-P, (I, )"

Ty,
where P,(I'r) is explicitly given for Rayleigh channel in Table 1; and, the subscripts (1 and 2)
explicitly define pertinent details of Band-1 and Band-2 respectively. Likewise, given the
power-form (CNR) statistics of any other established channel models as listed in Table 1, the
corresponding, [(yo|f1)*1/ (yo|f2)*?] version of n-form relation can be determined, so as to deduce
the fading slope of the “prototype” vis-a-vis the “model”.

(10)

INFERRING THE PATH-LOSS VIA MODEL-TO-PROTOTYPE SIMILITUDE
Apart from fading channel characterizations, the RF channels can also be studied in terms of
the extent of power-loss across the channel. It implies usable RF power (or field strength) that
can robustly deliver the required signal-level for reception with a specified integrity.
Relevantly, the archival data that exists in the literature [4-8] offers a gist of so-called “path-
loss models”. They describe the extent of RF power-loss budgets under various ambient
(outdoor as well as, indoor) mostly as a function of transreceive distance at various frequencies,
HF through UHF/microwave frequencies. Typically, commencing from a simple free-space
model, such path-loss characteristics in outdoor contexts are addressed by duly accounting the
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penetration losses due to atmospheric/tropospheric contents and terrain features. For
example, in the so-called Longley-Rice model [41], the terrain path profile and area mode across
irregular turfs are considered in path-loss predictions across 20 MHz to 10 GHz spectrum.

Likewise, the so-called Okumura model [42] does signal prediction in urban areas in the
frequency range 150 - 2000 MHz and distances 1-100 km, taking antenna heights into
consideration; and, the Hata model [43] enables a graphical solution on path-loss information
concerning urban area. Further, the RF signal-strength and path-loss predictions due to Walfish
and Bertoni model [44] account for the impact of rooftops and building heights, (via diffraction
theory). Classical multipath propagation model with statistical considerations is presented in

[45].

Concerning indoor RF propagations, the channel is characterized by Hashemi model as in [46]
and electromagnetics of radio propagation within buildings is addressed in [47]. Further, the
statistical channel impulse-response models on radio communications (due to Rappaport et al.
[48]) that enclave the factory and open-plan building ambient exist and are labeled as the
SIRCIM model. More supplementing details pertinent to indoor RF channel-models are due to
Saleh and Valenzula [49]; further, Seidal and Rappaport have presented UHF path-loss models
concerning multi-floored indoor propagations in [50]. Concurrent to possible path-losses in
indoor RF propagations considering multiple reflections and clustered contents in confined
spaces, inevitable interferences may also possible due to coexisting services. Relevant
considerations are addressed by the author and others in [51].

Channel path-loss implies incurrence of attenuating signal power along its transreceive
transits. For example, EM energy losses on terrestrial paths across open-terrains arise as a
result of: Isotropic and directional distance (R) dependent, free-space (1/R)-losses,
transmission media (material) penetration/scintillation losses and RF-signal power
degradations due to reflection, scattering, diffraction, shadowing etc.; and, in indoor premises
the RF power-losses may occur due to fading (of frequency/time/spatial versions),
depolarization effects, mobility-specific signal-path attributes (due to Doppler spread),
propagation delays, RF-system specific considerations and signal artifacts caused by co- and
adjacent channel interferences.

In general, suppose Pris the received signal power and Pr is the transmitted power, then Pr/Pr
refers to the power-loss expressed as [10 x logio(Pr/Pr)] in decibels (dB); and, for
omnidirectional free-space wave front, the dimensionless format of similitude relation, [Pr/Pr]
= [(R/A)/(Ro/A)]*1can be specified, where R is the transit distance, R, is a reference distance,
A is the wavelength of EM energy and o1 is a path-loss exponent (typically, close to 2). For
various other path-losses indicated above, [Pr/Pr] can be deduced likewise in dimensionless
forms and specified with varying extents of the path-loss exponent, as necessary.

Notwithstanding the status that path-loss characterizations have been evolved largely in the
classical EM scenario pertinent to HF through microwave spectrum (and sparsely in the mm-
wave band), no comprehensive path-loss modeling seems to exist per se to depict the relevant
profiles in the test ranges of sub-mm through THz band; and, specifically, such comprehension
is totally absent (or inadequate, if it exists) for MIMO-channels in the said test bands. Therefore,
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suggested here is to invoke the thematic of Buckingham’s similitude principle to deduce the
“prototypes” of path-loss characteristics at the desired test bands vis-a-vis corresponding
known details of the “models” in the available stretches of lower-end frequency bands.

Hence, commensurate with the objective as above, the model-to-prototype transformation as
needed, a compatible set of path-loss functions (PL1 through PL9) can be formatted in
dimensionless forms as listed in Table A.1 wherein, the pertinent details include both LoS and
non-LoS transmissions across single- and/or multi-path signal transits, each path possibly
posing unique angle-of-arrival (AoA).

Constructing a “prototype” of a path-loss-model

The underlying concept of similitude-based scaling of path-loss up into higher frequency
spectra can be specified via “model”-to-prototype transformation. Using the relevant path-loss
ratio, PLR (= Pr/Pr) functions indicated in dimensionless forms in Table A.l, the underlying
similitude consideration can be illustrated with the following illustrative example (of Figure 4):

f/f
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Figure 4 A typical, relative path-loss ratio profile expressed as RF power attenuation (per km)
versus frequency (from 5 GHz through 1000 GHz with f,: Normalization (reference frequency) =
900 MHz [52]. (A: Actual measured data as in [52] and B: Inferred data as per linearized
similitude principle; Band-1 and Band-2 are designated spectra on either side of the corner
frequency, f./f. = 575 and similitude-based inference is made in Band-2).

Suppose as an example, the data available in [52] on attenuation (per km) versus frequency
range up to 1000 GHz (normalized with a reference frequency, fo = 900 MHz) is plotted as
illustrated in Figure 4 (pursuing band-by-band segmentation strategy indicated in Figure 3). In
Figure 4, the profiles of path-loss versus decades of frequency changes are shown for the bands,
(Band-1 and -2). There are two asymptotes marked (in dotted-lines) with a point of intersection
at a corner frequency, fc/fo = 575. Now for analysis, the left-side of fc/fo taken as Band-1
representing the ex post details of the “model”: FUNC(Band-1) = [(Path-loss)sand-1]; and, the
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right-side is the Band-2 denoting the ex ante details to be framed by realizing a “prototype”:
FUNC(Band-2) = [(Path-loss)Band-2] via similitude considerations.

Suppose, the corresponding m-relations are specified as gi(.) and gz(.) for Band-1 and -2
respectively. Explicitly, considering the bands, Band-1 and -2, the linear asymptotes that can be
prescribed are: gi=[m1 x (fi/fo)"1] and gz=[mz2 x (f2/fo)'2 + c2], where f1 and f2 denote any
representative frequency variable in Band-1 and -2 respectively; and, the set {y1, y2} depicts the
corresponding exponents assigned to the dimensionless (normalized) variables, (f1/fo) and
(fz/fo). Further, mi1 and m2 represent the slopes of the asymptotes estimated in the ex post
regime, typically at fc/fo; and, cz is the dimensionless y-intercept of the asymptote in Band-2.
Hence equating, gi(.) and gz(.) on similitude basis, and assuming y1 = 1 as a reference, the
relative value of y2 can be deduced as follows:

v2 (relative to y1 = 1) = {logio[m1x(fm/fo)]}/{logro(max[(fm/fo) - (fc/fo)] + c2)} (11)

where (fu/fo) represents a projected abscissa value. It is approximately taken as the mean of:
(fc/fo) and the maximum (f2/fo) of interest in Band-2. Thus, the function denoting the path-loss
ratio in Band-2 (ex ante regime) can be inferred via g2(.).

Pertinent to the numerical example for the data indicated in Figure 4, the calculated values are:
m1=>5.043 x 1074, m2=1.473 x 1073; (f/fo) = 575; (fm/fo) = 843; 2 (relative to y1 = 1) = 2.2597;
and, cz2 = 0.29. Hence, plotted as the ex ante deduction in Band-2, is the curve, B depicting the
inferred value of path-loss ratio versus frequency (f2/fo); and, co-presented curve A represents
the prior known data for the same frequency regime as available in [52]. That is, curve A is
indicated to cross-validate the inferred curve B. Presented in Table 2 are relevant numerical
values of relevant curves in Figure 4.

The heuristics of the approach as above relies on linear similitude considerations. However, as
said earlier, the EM propagation characteristics may be such that, the similitude implemented
could be of ‘distorted type’. Nevertheless, the frequency bands are segmentized (as Band-1,
Band-2 etc.), and in each segment, the functional variation of channel characteristics vis-a-vis
frequency (all in dimensionless B-format) can be regarded as asymptotically (piecewise) linear
as illustrated in Figure 3; and as such, successive “power-law” predictions from model-to-
prototype is assumed to hold water. More examples in framing model-to-prototype
transformations of path-loss characteristics, are presented in the following subsection.
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Table 3. Relative path-loss ratio: Measured empirical data [52] versus values inferred via
similitude principle
Path-loss ratio

Actual Inferred
f,/f, | data [52] | values
600 | 0.31 0.29
650 | 0.36 0.29
700 | 0.42 0.31
750 |0.49 0.34
800 | 0.55 0.37
850 | 0.63 0.42
900 | 0.70 0.48
950 |0.78 0.60
1000 | 0.87 0.64
1050 | 0.96 0.74
1100 | 1.05 0.90

Exemplars of lower frequency band “models” of path-loss characteristics

Pursuing the procedure indicated with an example above, the art of similitude adopted towards
framing the model-to-prototype transformations of path-loss characteristics, the following
examples of lower frequency band “models” are indicated to obtain their corresponding

prototypes.

A. Lee’s model [5]

This path-loss model suggests an asymptotic variation in path-loss across decades of frequency
changes as illustrated in Figure 5. For example, suppose, the attenuation versus frequency is
specified and known in the range up to 1000 MHz (denoted as Band-1).

Band-1 / T
120 / Signal
80 4/ attenuation
// in dB/decade
40
/ Band-2
0 ‘ ‘
10 1000 100000

Frequency in Hz ——»

Figure 5. Lee’s model [5]: An example depicting the change in signal attenuation (expressed in
terms of the slope dB/decade) over a range of: 40 MHz through 4000 MHz observed in the path-
loss profile. The data is specified within the radius of coverage based on radio horizon distance

and base-station antenna height under non-obstructive point-to-point RF transits.

The signal attenuation (in dB/decade) shown represents a “model”: FUNC(fi-bang; a1) =
[(Pr/P1)f1-band]*1. Relevantly, the EM power-loss is regarded mainly due to free-space, far-field
EM wave proliferation; as such, it follows the (1/R)-law (as limited by antenna-beaming
considerations). (However, in the event of EM absorption versus frequency due to path-
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constituents and terrain-specific scattering details exist, relevant EM similitude prospects of
EM propagation will refer to a more lossy and dispersive ambient as addressed in the classical
efforts of [22]).

B. Okumura’s urban model [42]

In the case of patterned/beamed EM illuminations of an area with associated transit-path
absorptions and terrain-specific attenuations, the similitude modeling can be prescribed via
Okumura model [42]. Relevant to this EM ambient, the modeling refers to elucidating frequency
versus median attenuation experience over quasi-smooth terrains in an urban area.
Corresponding dimensionless format of the gross path-attenuation specific to a “model” at a
given carrier frequency, fm can be formulated as follows: Suppose an observation locale is at R
from an RF source and a reference distance is specified as Ro (normally taken as 1 mile or 1600
meter). Then, the “model”-function at a frequency, fm can be written as follows:
[Pr(R/IXA)IP. (R, IAIN=IRIA)I (R, A x[(hy IA) ! (hg I AT x[(A, /T A)]T™

[{exp(-ay (R 20) /(R £ 20)Y™ x{exp(-a,n (R 1) | (R 1 20)Y™ ] (12

where, (Ao) depicts a reference wavelength of measurement, (say, at fo = 900 x 10 Hz) and its
corresponding wavelength in meters; (hr and hr) represent the transmitter and receiver
antenna heights respectively.

Frequency in MHz —»
1000 2000 3000 4000 5000
R =100 km 80
R =50 km

R=1km 70 /
60
T 4~ —
50 \44 —
Median 40 —

attenuation 3¢ P—
relative to \
free-space

loss 10

20 —

0
100 200 300 400 500

Frequency in MHz —_—

Figure 6: Okumura model: A typical example of frequency versus asymptotes of median (EM)
attenuation experienced over a quasi-smooth terrain in an urban area - (based on results as in
[5] for a mobile unit antenna height 3 m and a base-station antenna height of 200 m).

The model exponents are: {xi, k2, k3, K4}. Further, the coefficients aim and azm denote the
absorption (A) and terrain-specific (T) effects respectively. In a dimensionless form, they are
given by:
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B (2uxhy I, )x[0.5x(u/p,)x(e/e,)x{L+
Pun buosr acr, = [(o/0,)! @rxf, /f)x (el &) —1"2
and
[a2m]"ModeI" at f, = [(dT /dm) / (do /7\‘0)] (13)

where do and dr denote the Rayleigh-criterion specified on terrain irregularity (shape) across
Ro and Rr respectively; and, 6/c, depicts the normalized conductivity responsible for the EM
absorption in the medium.

Now, the scaling of equation (13) can be done via similitude principle to get the “prototype” at
a desired elevated frequency fp >> fm as follows: For the “prototype” being elucidated at f:
[Pe(R/2,) 1Py (R I )1 = [(RTA,) T (R I AT <[ /A 1 (D /A5 x[(hg [ A )T

[{exp(-ay, (R/2,) 1 (Ry /2, )} x{exp(-a,, (R/%,) / (Ry / 2,)}"] (14)

where the subscripted index ‘p’, as stated before denotes the “prototype” considerations
applicable at fp with the prototype exponent set being: {1, {2, {3, (4}. The normalized set of
parametric data in equations (13) and (14) are:
{PR(R/Am or p)) l:)o (Ro/xm or p)r (hT/Am or p)r (hR/Am or p)) O\o/xm or p)' A1 mor p’ a2 mor p}

(15)

These entities and the exponents indicated enable formulating the required similitude of
“model” -to- “prototype” function transformation concerning the path-attenuation under
consideration.

With reference to a typical Okumura path-loss model presented in Figure 6, there are three
observable aspects on path-loss characteristics. Relevant path-loss slope varies over the
decades of frequency, the path distance (R) and EM propagation across more than one type of
environment. In essence, the variation of path-loss versus decades of frequency is indicated by
varying path-loss slope for a given antenna height ratio and transceive distance. Thus, the
results in Figure 6 depict segmented asymptotic variations across some (Band-1)-to-(Band-2).
Hence, corresponding pair of, “model”: FUNC(f1-band; 01) = [(Pr/Pt)f1-band]*! and a “prototype”:
FUNC(f2-band; a2) = [(Pr/P1)f2-band]*? can be inferred via similitude considerations.

C. Medium-specific absorption losses - Crane model/JPL model on rain-attenuation [53-55]
Precipitation (rain, snow and fog specific) losses are highly dependent on seasonal variations,
rain structure and rain-rate statistics [43], and conform to outdoor EM absorption resulting
from dielectric losses. The extent of such losses per unit distance will depend on the density
and dispersive pervasion of absorbing (lossy) contents being present; and, such lossy dielectric-
based EM absorption is also approximately proportional to the square of the frequency of the
propagating wave. Further, the vertical structure as well as, the rain cell-size would play
significant role in making of a relevant global attenuation model. Typically, the so-called Crane
attenuation model is an exemplary depiction, which duly accounts for the parameters on the
path-length (R), rain-rate, rain-height, rain- volume etc. over typical sets of terrains.
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Figure 7. JPL model: An exemplar of Zenith attenuation versus frequency [56] compared to free-
space loss across R = 100 km. The underlying SHF band (3 GHz and 30 GHz) propagation refers
to a medium with oxygen and water-vapor (of density 7.5 g/m3). Note a maximum attenuation

around 20 GHz and then a fall-off.

Measurements and models of Jet Propulsion laboratory (JPL) [53-55] exemplify the estimation
of microwave power margin losses due to atmospheric conditions with amplitude scintillations
across turbulent atmosphere [56] and rainfall climates; and, the path attenuation is indicated
as being consistent with log-amplitude fluctuations. Further, rain-specific path-loss can be
regarded as a superposition on rain-free propagation path-loss weighted by a ratio of variances
[(V(f1)/V(f2)] at two frequencies f1 and f2 (with corresponding wavelengths A1 and A2) That is,
[PrR(R)/P1(R)]Rainy medium = [Pr(R)/Pt(R)]Rain-free medium x [V(f1)/V(f2)[ x [(A1/A2)'] x (a function
decided by: height of turbulent layer, angle of elevation, air radius, antenna parameters); and,
the exponent v is a constant for a given medium. Figure 7 corresponds to the empirical data
adopted from the results in [53-55]. Again considering a “model”: FUNC(f1-band; 1) = [(Pr/P1)s1-
band]*! inference on a “prototype”: FUNC(f2-band; 002) = [(Pr/PT)f2-band]** can be accomplished via
similitude considerations.

D. Foliage attenuation specified absorption-based path-losses [57-58]

Lossy influence of vegetation and foliage on EM wave propagation is inevitable [57]; and, such
vegetation effects on path-loss in mobile cellular communication could be significant as
indicated in [58]. Typical such path-loss variation (Figure 8) for a given transmitter receiver set
of heights and path distance can be specified with the approximate measured data collected in
a specified environment [58]. Relevantly, a transformation of a “model”: FUNC(f1-band; ot1) =
[(Pr/P1)f1-band]*! to infer a “prototype”: FUNC(f2-band; 02) = [(PR/PT)r2-band]** via similitude
considerations is feasible.
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Figure 8 illustrates an example of measured path-loss asymptotes (relative to free-space path-
loss) over a foliage-infested terrain. Thus, the ex ante predictions of the path-loss characteristics
in a desired higher ranges of frequency spectrum can be done using the ex post details on known
path-loss features available in the lower strata of EM spectrum.

Band-1 T Band-2
30 800
/ Path-loss /
/ ; [ 600
20 relative /

/ to 4 400
10 / free-
space

30 1000 1000 2000

— » Frequencyin MHz

Figure 8 An example of measured path-loss asymptotes (relative to free-space path-loss) with
vertical polarization with antenna height ratio of (hr/hgr) = 35 across R = 500 m range over a
foliage-infested terrain.

Pertinent set of path-loss descriptions indicated in the Appendix I (Table A.1) are as follows:
PL1: RF transit-paths losses across isotropic (and directional) along the distance R; PL2:
Penetration and scintillation losses in the transmission media (material); PL3: RF-signal power
degradations due to reflection, scattering, diffractions, and/or shadowing or blocking
phenomena across open-terrains/indoor premises in the LoS and/or non-LoS, multipath
transits: Reflection, scattering, diffraction or shadowing specific terrain- or indoor-based EM
losses; PL4: Fading (frequency/time/spatial) specific RF power-losses- Fading
(frequency/time/spatial) associated RF power-losses in outdoor and indoor settings; PL5: RF-
power loss versus depolarization (intentional and/or unintentional) effects) - EM wave
depolarization effects; PL6: Transceiver mobility-specific path-loss attributes due to Doppler
spread (Doppler-shift in carrier frequency); PL7: Transceiver site-specific power-delay profile
versus path-loss characteristics: RF power-delay versus path-loss characteristics and PL8:
Power-loss due to the antenna beam-shape or lobing, collapsing losses (caused by diversity
etc.), RF system-specific filter losses and defocusing effect. Indicated in [59] is a method on
path-loss characterization via numerical assessments for GHz channels. Relevant results are
considered to evolve state matrices of short-range communications across MIMO channels and
a model for THz channel is deduced thereof.

INFERENTIAL REMARKS AND DISCUSSIONS
In essence, the inferred outcomes of this study can be briefly listed as follows:

= Feasibility of deducing RF channel/EM propagation characteristics (“prototypes”) in a
desired higher spectral range of frequency using the available knowledge (“models”)
in the lower strata of EM spectrum

= Using the Buckingham’s theorem on similitude principle [3] and judiciously applying
it to the RF channel-modeling framework of transforming a “model” to a “prototype”

* Formulating necessary Buckingham'’s n-relations in the contexts of EM problems
outlined in terms of dimensionless setting of EM entities
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= Making a “prototype” of a fading-channel from the existing “model” details pertinent
to established CNR-specific statistical fading distributions

= Using a known path-loss versus a lower-end frequency-band, relevant ex post “model”
is transformed to ex ante path-loss details (“prototype”) in the upper-side frequency-
band.

» Attributing any deviations in the inferred “prototype” versus the actual data to
asymptotic linear approximation made on the underlying ‘distorted’ similitude profile.

Shortcoming of similitude approach

The heuristics of the approach pursued in this study relies on linear similitude considerations.
However, EM propagation characteristics may be such that, the similitude implemented could
be of ‘distorted type’. Nevertheless, as assumed here, the frequency bands are segmentized (as
Band-1, Band-2 etc.), and in each segment, the functional variation of channel characteristics
vis-a-vis frequency (all in dimensionless [-format) can be regarded as asymptotically
(piecewise) linear as illustrated in Figure 3; and as such, successive “power-law” predictions
from model-to-prototype may hold water to a reasonable extent. However, refinement to the
algorithms can be pursued as indicated below.

Refining the similitude approach to overcome the shortcomings
The similitude considerations on ‘distorted type’ model-to-prototype conversion though can be
assumed as ‘asymptotically (piecewise) linear’ across the power-law relations between
successive inferential predictions, further refinements to the algorithms are possible by:
a) Elucidating the relative entropy (or loss of information, in Shannon’s sense) while
converting the ‘distorted’ function to a ‘linear’ asymptote
b) Deducing model-to-prototype (inter-model) variability through appropriate weighting
and scaling corrections and determining EM-scenario variations (uncertainty) across
band-to-band (Figure 2) segments. This amounts to finding the inter-scenario relational
coefficients
c) Determining risk-evaluation models with statistical bounds in the probabilistic
framework of EM/RF channels and while exercising the Buckingham'’s principle
d) Developing ad hoc decision-theoretics on model-to-prototype deductions

The aforesaid tasks are open-questions indicated here as viable suites for future studies.

CLOSURE
The present and future prospects of terahertz communications are portrayed in [60]-[62]; and,
commensurate with the sprouting of 5G for next-generation wireless communications, the
associated paradigm shifts in research are seen largely inclined towards the inevitable use of
mm-Wave stretching into sub-mm wave band and into the THz spectral domain [62]. Consistent
with the scope of inferring the EM channel characteristics in such unexplored frequency bands,
indicated in this study are neoteric basics of relevant feasibility considerations in applying
Buckingham’s theorem of similitude principle. Apart from the traditional applications of
geometric similitude efforts indicated in EM contexts (of antenna designs and RCS studies etc.),
the dynamic similitude considerations relevant to EM propagation presented here and
developed specifically to assess the fading channel and path-loss characteristics at desired
higher-end frequency (test) bands of interest are novel. In essence, this study shows new
method(s) and feasibility aspects of transforming the existing knowledge (or “model”) of EM
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characteristics in the lower strata of EM spectrum into similitude details (of a “prototype”)
across a desired test frequency-band. However, it is emphasized the underlying method is
quasi-analytic and empirical to a certain extent. Nevertheless, exhaustive results on deducing
such “prototypes” of fading-channel statistics and channel path-loss profiles are evolved here.
To the best of authors’ knowledge, no equitable studies/results seem to prevail in open-
literature.

APPENDIX A
Table A1: Types of path-losses and algorithmic representations of path-loss ratio (PLR)
expressed in m-format
Types of path-losses and descriptions

PL1: RF transit-paths losses across isotropic (and directional) along the distance R

It refers to EM energy fall-off across its proliferation in free-space. Denoted as the ratio:
Received power (Pr) /Transmitted power (Pr), the path-loss ratio (PLR) is specified as
follows:

For omnidirectional path:

PLR =[Pr/Prl1=[(R/V) /(R /)™ (A1.1)

R/Ro: Ratio - (Transit distance/reference distance)

PLR: 10 x log10(PLR) expressed in decibels (dB):

oi: Exponent for omnidirectional propagation. (For free-space, a1 = 2)
(A): Carrier wavelength

For antenna-directed path:

[Pr /Prlors =[(R/A) (R, /W)™ x[(Acr A prpr) /211

(A1.2)

R/Ro: (Transit distance/reference distance)

o: Model-specific exponent for the directed path

{Aer, pr} and {Aer, pr}: {Antenna aperture size, radiating efficiency} of transmitting and
receiving antennas.

PL2: Penetration and scintillation losses in the transmission media (material)
Relevant media-dictated penetration losses occur due to EM absorption (ABS) by material
contents and scintillation-effects across turbulent atmosphere (TS) over the distance, R

Absorption-related, PLR:
[Pr /Prloiocasy = [AS pgs{exp(—a;R/ 1)} " x{exp(—a,R/ A} "2 ...
X{eXp(—alR /7\,)}((13)i ] (A13)
ASags: Coefficient of absorptions
(A): Carrier wavelength
ai, 2, .... Attenuation coefficients along segmented sections of the medium
(a3)1,2, ... Characteristic exponents on absorption effects along segmented sections of the
medium
Scintillation-related PLR:

[Pe/PrlpLaqrs) =[ASts{(BW,F /., D/4),b(h /2,n,0/05,R. /R, D/ %, )} (A1.4)

ASrs: Coefficient of scintillation effects
BW: RF passband-width
(f): Carrier wavelength (in Hz)
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(A): Carrier wavelength in the medium

fe: A cross-wind velocity factor (in per second)

b(.): An antenna averaging function

h: Height of the turbulent layer;

(a3)ts and n: Characteristic exponents

Re: Earth’s radius

(D, n): Antenna aperture diameter and illumination efficiency

(6/0,): Elevational and/or azimuthal angles normalized with reference values

PL3: RF-signal power degradations due to reflection, scattering, diffractions, and/or
shadowing or blocking phenomena across open-terrains/indoor premises in the LoS
and/or non-LoS, multipath transits: Reflection, scattering, diffraction or shadowing
specific terrain- or indoor-based EM losses.

Relevant PLRs and the associated constituent entities are as follows:

PL3-reflection:

[P /Prlocsr =[T6;,6,,(Z™12,),(Z™ 1 Z, )31 (A.1.5)
T: Power-transmission coefficient equal to: 1 — ||, where T is the power-reflection
coefficient

(61 and 6;): Incident and reflected angles

(ZTEand Z™): TE (transverse electric) and TM (transverse magnetic) wave impedances of
the medium

Zo: Free-space wave (characteristic) impedance (= 120 xm ohm)

(0u4)r: Characteristic exponents for reflection-specific PLR

PL3-diffused scattering:
[Ps /Prlovs s = [S{(AS /L%), Fy(61,6,,6,), Tre/m™ (6,,0,,2™12,,2712,),

o(d) /A3 (A.1.6)

S: Scattered (power) coefficient (dependent on the type of scatterers)

As: Scattering rough-surface area

L: Correlation-length across surface undulations or adjacent heights

(01, 02, 03): Angles defined as per Kirchhoff’s scattering theory

Fs(.): Scattering-specific function

g<.>: Rayleigh’s roughness factor: (A function of average surface-undulation height (d)
to wavelength ratio: (d)/A)

rreyrm: Fresnel’s reflection coefficient for TE/TM polarizations

(04)se: Characteristic exponents for diffusion-specific PLR

PL3-diffraction:
[P /Prlorao =[D{(R/A), (6;,jg). (17 IR?™), (y/ W)} {(h1 /1), (hg 1)},

(T TN (A17)

D: Diffraction coefficient

£: Obstacle (linear geometry) size

y: Off-set distance in the shadow-zone

¢q: Diffracted angle

(hr and hr): Heights of transmitting and receiving antennas

N: Number of diffracting obstacles successively located along R
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T: Power-transmission coefficient equal to: (1 - [I'o|), where I'r is the power-reflection
coefficient of forward reflection
(os)p: Exponent for diffraction effects

PL3-shadowing:
[P /Prlois sn = [SH{(Hg /1), (6;, ¢¢)]““* (A.1.8)
SH: Shadow-caused power coefficient
Hg: Height of the shadow-casting obstacle
(6i and ¢q): Incident and diffracted angles
(oa)p: Exponent for shadowing effects

PL4: Fading (frequency/time/spatial) specific RF power-losses - Fading
(Frequency/time/spatial) associated RF power-losses in outdoor and indoor settings:

[Pr /PrlpLs =[FD{(R/2), (C/2*)}{(hy /), (hg /1), 3. FAG /A n}A(V/ Vo), (U U )} (A.1.9)

FD: Fading-specific power-loss coefficient

C: Cell-size (area)

G: An index for the geometrical disposition of the contents/obstacles

(hr and hr): Heights of transmitting and receiving antennas

(v and u): Velocities of mobile user and moving obstacles (like foliage movement due to
wind) respectively referenced with respect to: {v,, Uo}

(as)rp: Exponent for fading effects

PL5: RF-power loss versus depolarization (intentional and/or unintentional) effects) - EM
wave depolarization effects

[Pr /Pr]ps =[PO{(R/}), (IRA/XZ), N} {01 /0g), (07 /0r )](%)PO (A.l.lO)

PO: Polarization-specific power-loss coefficient

IRA: Irregular geometry area causing depolarization

nir: Number of depolarizers

(0r and Or): Angular dispositions of transmitting and receiving antennas relative to
(¢r and ¢p) depicting azimuthal angular dispositions of transmitting and receiving
antennas

(o6)po: Exponent for polarization effects

PL6: Transceiver mobility-specific path-loss attributes due to Doppler spread (Doppler-
shift in carrier frequency)

[P/ Prloes =IDDEX Xor YY), XY Yol (VI VoDr (U o) AT g M2 4 44

DD: Doppler-shift specific power-loss coefficient

(%, y)r,r: Coordinates of the transmitter T and receiver R relative to (x,, y,) at any instant
of observation

(va and ua): Velocities of transmitting and receiving antennas relative to (v, and u,)

Af: Doppler-shift

PL7: Transceiver site-specific power-delay profile versus path-loss characteristics: RF
power-delay versus path-loss characteristics:
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[Pr /Prlpi7 =[DE{(Ri /A)ict 2, My (Tms / To)s < (21 75) >

<(W(Rjt/ 1)1 W) > |spatialaveagevc(f)/Cpeakf(h-r I\, hg /7»)}]'“8)‘““

spatialaveage’

(A.1.12)

DE: Delay-specific power-loss coefficient; (i = 1, 2, .., M); M denotes the index for M-

multipaths

(trms/70): RMS delay-time referenced to 1,

<(1/10)>: Spatial average over the service area

<(W/W,)>: Spatial average of total energy (in normalized form) integrated over average
time-delay

C(f)/Cpeak Coherence function relative to its peak value

(as)pa: Exponent for delay effects

PL8: Power-loss due to antenna beam-shape or lobing, collapsing losses (caused by

diversity etc.), RF system-specific filter losses and defocusing effect

PL8-(A): Antenna beam shape/lobes
[Pr/PrlpLs(a) = [CLaps(eXp{k07 /0545 + k¢¢i2 /egdB})izl,Z,.uM I(Pyg)] ™ (A.1.13)

CLabsi: Antenna-beam shape/lobes specific power-loss coefficient
(61 and ¢;): Angular separation between transmitter and receiver in elevational and
azimuthal planes

(ke, kg): Corresponding (Gaussian) beam-shaping constants referenced to 3-dB beam-
widths, (93d3 and (|)3dB)

Pumg: Main-lobe (LoS) transceive power

(ot9)ani: Exponent for antenna beam-shape effects

PL8-(B): Collapsing loss

[Pa/Prlois (g) =[CLy(SNR) /SNR] ¥ (A.1.14)

CLa: Collapsing-loss coefficient (at the output (SNR)p when diversity (D) is deployed with
additional noise contribution
SNR: Output SNR with no diversity; (a9)a: Exponent for collapsing-loss effects

PL8-(C): Filter loss - RF-system (hardware) specific losses and co- and adjacent-channel
interference specific signal artifacts/power-losses.

[PR /PT]pLs,(c) = [CLfI (TF)actuaI /(-I—F)ideal]mg)n (A115)

CLq: Filter-loss due to transfer function integrity of the actual processor (filter) versus
transfer function integrity of an ideal processor (filter) in the system
(owo)s: Exponent for filter-loss effects

PL8-(D): Defocusing loss:

[PR /PT]PLS—(D) = [CLdf{(mr—h )actuall(mr—h)referencelee /ee—reference}] ookt (A116)

CLgr: Defocusing-loss due to atmospheric/climatic effects with variations of refractive
index (m;) as a function of the height, h

0.: Elevation angle of the transit-path of RF energy

(ou9)ar: Exponent for filter-loss effects
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