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Abstract: Extension of usable frequency spectrum from microwave to millimeter-wave (mmWave) is
one of the key research directions in addressing the capacity demands of emerging 5th-generation
communication networks. This paper presents a thorough analysis on the azimuthal multipath
shape factors and second-order fading statistics (SOFS) of outdoor and indoor mmWave radio
propagation channels. The well-established analytical relationship of plain angular statistics of a
radio propagation channel with the channel’s fading statistics is used to study the channel’s fading
characteristics. The plain angle-of-arrival measurement results available in the open literature for
four different outdoor radio propagation scenarios at 38 GHz, as well as nine different indoor radio
propagation scenarios at 28 GHz and 38 GHz bands, are extracted by using different graphical data
interpretation techniques. The considered quantifiers for energy dispersion in angular domain
and SOFS are true standard-deviation, angular spread, angular constriction, and direction of
maximum fading; and spatial coherence distance, spatial auto-covariance, average fade duration,
and level-crossing-rate; respectively. This study focuses on the angular spread analysis only in
the azimuth plane. The conducted analysis on angular spread and SOFS is of high significance
in designing modulation schemes, equalization schemes, antenna-beams, channel estimation,
error-correction techniques, and interleaving algorithms; for mmWave outdoor and indoor radio
propagation environments.
Keywords: angular spread; shape factors; coherence distance; average fade duration; level-crossing-rate;
mmWave

1. Introduction
In the recent years, an explosive growth in mobile communication networks has been observed,
which has led to a boom of new applications and data services. This growth has emerged as a global
challenge for service providers and researchers to meet the capacity demands of the emerging 5th
generation (5G) of wireless communication networks. In this context, the extension and efficient-use
of usable frequency spectrum is believed to be of vital importance. Expansion of usable frequency
spectrum to higher bands of frequencies, i.e., millimeter-wave (mmWave), is thought to be a potential
research direction to address the capacity demands.
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Accurate understanding of radio propagation channel characteristics helps in devising efficient
signal processing algorithms and designs for receivers to meet the capacity demands of emerging
wireless communication networks. Analysis of angular spread and second-order fading statistics
(SOFS) of land-mobile radio cellular communication channels is thoroughly studied in the literature,
e.g., [1,2]. For different scenarios of terrestrial communications, such studies investigate the
characteristics of the channel in angular, Doppler and delay domain. Several studies [3–8] have
been presented in the literature to study the channel characteristics for mmWave band, mainly at
28 GHz and 38 GHz. In [3], measurements are presented which were conducted for outdoor cellular
propagation environments at 28 GHz in New York City; where Path loss, angular statistics, and delay
statistics are studied. In [4], channel measurements are presented for outdoor urban environment
at 38 GHz. Angle-of-arrival (AoA) analysis is presented for different locations of receiver (Rx) and
transmitter (Tx) with antennas of different gains. A study presented in [5], provides an analytical
relationship for SOFS of mmWave communication channels. In [6], spatial and temporal characteristics
of indoor radio channels for 28 GHz mmWave band are studied; particularly for an indoor office
environment. Similarly, in [7], channel measurements are conducted in an indoor corridor radio
propagation environment for mmWave range at 19 GHz, 28 GHz, and 38 GHz bands. Various dynamic
challenges in addressing the demands of emerging 5G communication networks, demand conduction
of an intensive research to study both the large- and small-scale fading statistics of both indoor and
outdoor mmWave radio propagation channels.
Mobility of mobile user terminals and the spread of energy in angular domain determines Doppler
spread, which further has a direct relationship with the rate of fluctuations in the received signals
envelopes. These fluctuations at small and large scale in the received signal’s envelope affect the
performance of error-correction algorithms, modulation schemes, equalization, diversity, and channel
coding techniques. Therefore, it is imperative to have a comprehensive understanding of the dispersion
of energy in angular domain, which further helps in characterization of SOFS of the channels. A theory
of multipath shape factors (SFs) is proposed by Durgin et al. in [9,10] which provides a direct analytical
method for quantification of the dispersion of energy along azimuth AoA. The proposed SFs are
named as, angular constriction, angular spread, and direction of maximum fading. Moreover, novel
analytical relationships of these SFs with SOFS of the radio propagation channels are also proposed.
These SOFS quantifiers are spatial auto-covariance (ACV), coherence distance (CD), average fade
duration (AFD), and level-crossing-rate (LCR). Modeling the AoA in 3D domain is of high significance.
Many studies proposed in literature [11–13] present different methods for determining the arrival
angles and their intensity. In [14,15], the characterization of angular spread in 3D scenarios is presented
in terms of SFs. In [16,17], a new angular spread quantifier, named true standard deviation, is proposed;
moreover, a new definition of SFs is also provided. These SFs are used to study the Nakagami-m and
Nakagami-hoyt fading channels in [18,19], respectively. A SOFS-based analysis of channel simulators
implementing Nakagami fading is presented in [20]. A detailed analysis on characterization of angular
spread and SOFS of air-to-ground and different outdoor land-mobile radio communication channels
for both empirical and geometric channel models is conducted in [21–25]. A study conducted in [26],
presents an analysis on SOFS of mmWave communication channel in outdoor radio propagation
environment at 28 GHz. No such studies, for angular-spread and SOFS quantification of outdoor
mmWave (38 GHz) and indoor mmWave (28 GHz) radio propagation channels are available in the
literature, to the best of authors’ knowledge. Therefore, there is a significant scope to conduct a
thorough study for quantification of angular spread and characterization of fading statistics of outdoor
and indoor mmWave radio propagation channels.
In this paper, the measurement results presented in [4,6,7] for plain AoA statistics of different
outdoor and indoor radio propagation scenarios at 28 and 38 GHz frequency bands are extended to
the quantification of dispersion of energy in azimuthal domain and characterization of SOFS of the
radio channel. The conducted analysis is of high significance in designing receivers, antennas spacing,
interleaving schemes, interference mitigation, modulation schemes, and error-correction codes, etc.
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The details of considered measurement data-sets, propagation scenarios, and the proposed work are
presented in Table 1. A part of this work was presented in [27] where only one indoor measurement
dataset was used to analyze the azimuthal spread and SOFS of indoor radio propagation channels.
However, this paper extends the work by including analysis on three more measurement data-sets for
different indoor and outdoor mmWave radio propagation scenarios. A detailed analysis on the impact
of variations in Doppler frequency, link-distance, and observation amplitude level on the AFD, LCR,
CD, and spatial auto-covariance is conducted. This study focuses on the angular spread analysis only
in the azimuth plane. The remaining of the paper is organized as follows: Measurement setup for all
the cases is explained in Section 2. The detailed channel characteristics, proposed methodology and
discussion on obtained results are given in Section 3. Finally, the conclusion is given in Section 4.
Table 1. Characteristics of considered measurement scenarios and the proposed extensions.
Measurement
Scenario

Propagation
Environment

Case 1 [4]

Outdoor
Urban

Case 2 [7]

Indoor
Corridor

Case 3 [6]

Indoor Office

Frequency
Band

Channel Statistics
Available
Proposed Extension

38 GHz

Path Loss, Root
Mean Square
(RMS) Delay
Spread, AoA

Azimuthal Spread
Quantification, LCR,
AFD, CD,
Auto-Correlations

28 and 38 GHz

Path Loss, RMS
Delay Spread,
AoA

Azimuthal Spread
Quantification, LCR,
AFD, CD,
Auto-Correlations

28 GHz

Delay Spread,
AoA, Time of
Arrival

Azimuthal Spread
Quantification, LCR,
AFD, CD,
Auto-Correlations

2. Overview of Measurement Setup and Used Data-Extraction Method
In this paper, the measurement results presented in [4,6,7], for different outdoor and indoor
scenarios are extended from plain spatial characteristics of mmWave radio propagation channels to
the quantification of energy in angular domain and characterization of SOFS of the radio channel.
2.1. Case 1: Outdoor Urban Environment at 38 GHz
In [4], measurement campaign is conducted for measuring different channel parameters in
University of Texas at Austin campus for outdoor environment. The study is conducted at mmWave
(38 GHz) band. The Tx was placed at different rooftop locations within the University. The antenna to
transmit is mounted on a tripod 1.5 m above the roof. At locations of Rx, measurements are obtained by
using steerable antennas with a 25 dBi vertically polarized rectangular horn antenna. The separation
of Rx from Tx ranges from 75 m to 295 m. Rx is placed at 11 different locations and out of these 11 five
were obstructed and six locations had clear line-of-sight (LoS) using the 25 dBi antenna. In selected
measurements, three different scenarios are presented. In scenario 1: the distance between Tx and
Rx is less than 150 m; scenario 2 covers the cases where the distance between Tx and Rx is greater
than 150 m and less than 250 m. Scenario 3 covers all the measurement locations where the distance
between Tx and Rx is greater than 250 m.
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2.2. Case 2: Indoor Corridor Environment at 28 GHz and 38 GHz
In [7], a campaign is conducted for channel measurements in indoor corridor environment for
mmWave frequencies at 28 GHz, and 38 GHz. The experiment is conducted in Malaysia on the second
floor of the Menara Tun Razak Building of Universiti Teknologi Malaysia (UTM). The corridor size
where measurements are taken is 67 m × 1.80 m. The height of roof is 3 m. The corridor has glass
door, concrete walls, gypsum boards and plywood. Glazed ceramic tiles have covered the floor and
the fiberglass material is used in the ceiling. While conducting measurements, Tx remained unmoved
and Rx is moved along different directions. The height of Tx and Rx from the floor are 1.7 m and 1.5 m,
respectively. The measurements extended here are taken for non-LoS (NLoS) scenarios. Three different
scenarios are taken, and the results are recorded by changing the distance between Tx and Rx from
3 m, to 5 m, and 6 m, at 28 GHz. Same setup is repeated by changing the frequency band to 38 GHz.
The results of AoA distributions are presented with respect to received power.
2.3. Case 3: Indoor Office Environment at 28 GHz
In [6], for studying spatial characteristics of 28-GHz mmWave, a channel measurement campaign
is conducted in ETRI Daejeon, Korea by using direction scan-sounding in an indoor office environment
consists of aligned cubicles offices separated by cardboards and a wide entrance hall and corridors.
The Tx was positioned inside the entrance hall and measurements were taken by fixing a transmit
horn antenna pointing in the corridor. Three scenarios, a LoS and two NLoS, were considered by
changing the location of receiver. The detailed map and measurement setup details are provided in [6].
The measured data is provided as contour-maps for joint azimuth AoA and time-of-arrival (ToA).
2.4. Data Extraction and Calibration
This section explains the methods used to extract the measurement data samples from the graphs
published in [4,6,7]. The results of AoA distributions are provided in the form of histogram and
scatter plots in [4,7]. The measurement data-sets are extracted by using the “GetData Graph Digitizer”
software. The obtained samples in discrete form for angular distribution of multipath power (ADP)
with respect to azimuth AoA are then converted from logarithmic to linear scale. After the scale
transformation, the discrete data samples are divided with their respective maximum values to set its
peak at value 1. This operation is performed to bring uniformity across the different measurement
data-sets, for better presentation of the results. The ADP with respect to azimuth AoA for the selected
three scenarios of [4] is plotted in Figure 1. The ADP with respect to azimuth AoA for the selected three
scenarios for 28 GHz as well as 38 GHz of [7] is plotted in Figure 2. For the results presented in [6]
in the form of color-coded contour-maps, we extracted the data samples through image processing
tools by using color decoding. Then ADP of azimuth AoA is obtained by numerically integrating the
extracted joint data samples of AoA and ToA. All the extracted empirical data-sets are converted from
logarithmic to linear scale and then scaled along the vertical axis to fix their peak(s) at 1, which is
performed by dividing all the values of a dataset by its peak value. After performing scaling (to set
peak at value 1), the ADP of azimuth AoA for the selected three scenarios of [6] is plotted in Figure 3.
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Figure 1. Angular distribution of multipath power with respect to azimuth angle of arrival (AoA) for
different outdoor mmWave (38 GHz) radio propagation environments; obtained after data calibrations,
and normalization operations performed on the measurement results provided in [4]. (a) Tx-Rx
separation < 150 m; (b) Tx-Rx separation > 150 and < 250 m; (c) Tx-Rx separation > 250 m Figure 7
of [4].
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Figure 2. Angular distribution of multipath power with respect to azimuth AoA for different mmWave
(38 GHz and 28 GHz) indoor corridor environments; obtained after data calibrations, and normalization
operations performed on the measurement results provided in [7]. (a) Tx-Rx separation = 3 m; (b) Tx-Rx
separation = 5 m; (c) Tx-Rx separation = 6 m Figure 13 of [7].
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Figure 3. Angular distribution of multipath power with respect to azimuth AoA for different indoor
mmWave (28 GHz) radio propagation environments; obtained after performing numerical integration
along delay domain, data calibrations, and normalization operations on the measurement results
provided in [6]. (a) LoS Scenario, Figure 8b of [6]; (b) NLoS Scenario 1, Figure 8e of [6]; (c) NLoS
Scenario 2, Figure 8h of [6].

3. Channel Statistics
The extracted measurement data for the ADP with respect to azimuth AoA for mentioned
environments is represented by p(θ ), where θ represents the azimuth direction of signal’s arrival.
The quantification of angular spread is conducted by adopting the theory of multipath SFs and
definition of true standard deviation proposed in [10,16,17], respectively.
3.1. Definition of Angular Spread Quantifiers
The method to quantify the angle spread is based on Fourier coefficients of ADP with respect to
azimuth AoA, p(θ ). Trigonometric moments are used for calculating the statistics of directional data.
The definition of quantifiers used to gauge the spread in dispersion of energy in angular domain is
presented in Table 2. The nth complex trigonometric moment of angular energy’s distribution function,
p(θ ), is R̄n which is given as in [17], as,
R̄n = C̄n + jS̄n ,
where,
C̄n =

1
Po

Z 2π

S̄n =

1
Po

Z 2π

and

0

0

(1)

p(θ ) cos(nθ )dθ,

(2)

p(θ ) cos(nθ )dθ.

(3)

R 2π
The total power of angular energy’s distribution function, p(θ ) is equal to Po = 0 p(θ )dθ.
The trigonometric moments can be modified for the case of discrete data samples, which can be
given by,
1 N
C̄n =
f i cos(nθi ),
(4)
Fo i∑
=1
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S̄n =

1
Fo

N

∑ fi cos(nθi ),

(5)

i =1

where Fo = ∑iN=1 f i for i = 1, ..., N and f i is the number of occurrences in θi th angular bin.
In characterization of the SFs, only first and second moments are used; while |.| and phase{.} represent
the magnitude and phase of a complex number, respectively.
Table 2.
Quantification of Angular Spread for mmWave outdoor and indoor radio
propagation channels.

Case 3: Indoor Office
Environment at 28
GHz

Case 2 (b): Indoor
Corridor Environment
at 38 GHz

Case 2 (a): Indoor
Corridor Environment
at 28 GHz

Case 1: Outdoor Urban
Environment at 38 GHz

Angular Spread Quantifiers

Quantifiers and
Measurement
Details
Mathematical
Expression:

Angular Spread [10]

Λθ =

p

1 − | R̄1 |2

True Standard
Deviation [16,17]

σθ =

p

−2 ln(| R̄1 |)

Angular
Constriction [10]

| R̄ − R̄2 |

2
1
γθ = 1−|
R̄1 |2

Direction of
Maximum
Fading [10]
θMF =
1
2 phase{ R̄2 −

R̄21 }

0∼1.

0∼2π
(0◦ ∼360◦ )

0∼1

−π ∼π
(−180◦ ∼+180◦ )

Denotes concentration
of multipaths around a
single direction. 0
indicates the
concentration of
energy around exactly
one path, while 1
indicates no bias.

Denotes measure of
energy dispersion in
angular domain.
Measures the spread
in true scientific
notation, i.e., radians
or degrees.

Denotes
concentration of
multipaths about two
directions. 1 indicates
the concentration of
energy about exactly
two paths, while 0
indicates no bias.

Denotes the physical
direction of
maximum fading
in radians.

Tx-Rx separation
< 150 m

0.9829

105.37◦

0.163

17.59◦

Tx-Rx separation
> 150 m and <
250 m

0.955

89.6◦

0.0941

−1.99◦

Tx-Rx separation
> 250 m

0.891

72◦

0.0698

−13.72◦

Tx-Rx separation
=3m

0.8463

64.30◦

0.7297

−32.33◦

Tx-Rx separation
=5m

0.8789

69.7◦

0.74

−28.5◦

Tx-Rx separation
=6m

0.9077

75.50◦

0.6605

−28.65◦

Tx-Rx separation
=3m

0.767

54◦

0.705

−33.9◦

Tx-Rx separation
=5m

0.969

96.04◦

0.322

88.8◦

Tx-Rx separation
=6m

0.619

39.82◦

0.852

32.1◦

LoS Scenario
(Figure 8b of [6])

0.9049

74.89◦

0.6834

−3.27◦

NLoS Scenario 1
(Figure 8e of [6])

0.7906

56.75◦

0.3881

77◦

NLoS Scenario 2
(Figure 8h of [6])

0.4125

24.74◦

0.9212

−72◦

Range
Quantifier:

of

Description:
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3.2. Characterization of Angular Spread for Outdoor and Indoor Radio Propagation Channels
The computed numerical results for angular constriction, angular spread, direction-of-maximum
fading, and true standard deviation for all the four different cases of outdoor and indoor propagation
environment at 28 GHz and 38 GHz with three measurement scenarios for each case of AoA are
presented in Table 2. In case 1, quantifiers are computed for outdoor urban environment where
measurements were taken at 38 GHz. Angular spread is higher when the distance between Tx and Rx
is less and standard deviation gives exact measure in degrees. When separation distance is increased
above 250 m, the scatterers in vicinity of Tx reduce, therefore, angular constriction is approaching
to zero which shows no bias in concentration of multipaths around specific directions. In case 2,
angular spread quantifiers are computed for the given AoA measurements in an indoor corridor
environment at 28 GHz as well as 38 GHz for three different values of Tx separation from Rx. All these
three separation distances are kept for NLoS scenarios. While analyzing the measurements, it can be
seen that power of received signal has variations with respect to AoA at different spatial locations.
These variations are higher for higher frequencies and this received power is also more sensitive with
respect to variation in AoA. Seeing the results in Table 2, the parameter, Λθ , for 28 GHz and 38 GHz
computed at 3 m, 5 m and 6 m is observed higher at 5 m than at 3 m for both the considered frequencies.
This shows that at 5 m, the channel can be used effectively for providing rich diversity for a multiple
antenna system.
In case 3, all the quantifiers are computed for indoor office environment at 28 GHz. Three scenarios
are considered for the measured AoA results. For the LoS case, the angular spread is observed as
0.9049, i.e., close to the highest value of 1. This is because, there also exists another dominant path other
than the LoS path, which is from the direction exactly opposite from the LoS direction. This leads to
the understanding that the receiver is receiving the signals from multiple directions with no clear bias
to a single particular direction. For the same case, the angular constriction is observed to have a strong
bias in two physical paths, with a dominant value of 0.6834, see Table 2. The true standard deviation
follows the similar trend as of angular spread, but it provides a true physical meaning to the quantified
spread by measuring it in a true scientific unit, i.e., radians/degrees. In an indoor environment, the
high density of scattering objects in the close vicinity of both the communicating nodes results in a
wider angular span. A shift in angular spread and true standard deviation is clearly evident in the
results, with a shift from LoS to NLoS channel conditions.
3.3. Definition of SOFS Quantifiers
The considered SOFS quantifiers are LCR, AFD, CD, and spatial auto-covariance. Mathematical
relationship of SOFS quantifiers with multipath SFs is provided in [10]. The LCR, NR , measures the
count of a signal envelope’s crossings for a given threshold level R within a unit time interval; which
can be represented for Nakagami-m distributed envelope as given below,
NR =

Z ∞
0

ṙ f R ( R, ṙ )dṙ.

(6)

AFD (τ̄) represents the average time duration for which the signal envelope remains below the
threshold level R. AFD for Nakagami-m distributed envelope can be defined as below,
1
τ̄ =
NR

Z R
0

f R (r )dr.

(7)

In various scenarios of propagation environments, different distributions are adopted for
modeling envelope R of the received signal. For LoS scenario, when a strong dominant component
is present, the envelope follows Rician distribution. However, when there is no single dominant
component present, the envelope follows Rayleigh distribution. Due to its suitability and flexibility,
to model the fading channels, Nakagami-m distribution is widely used [28]. It has wide range of
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applicability and other mostly used distributions such as Rayleigh and Rician can easily be deduced as
a special case. The PDF of Nakagami-m is given as,
f R (r ) =

2mm r (2m−1)
exp
Γ(m) P◦m



−mr2
P◦


,

(8)

where m is the shape parameter which is greater than 0.5 and Γ(.) is the standard Gamma function.
An expression for LCR and AFD can be derived for Nakagami-m distribution by substituting (8) in (6)
and (7), respectively. The derived equations for LCR is expressed as,

√
NR =

2 π Λθ m(m−1/2) ρ(2m−1) exp(−mρ2 )
λΓ(m)

p

1 + γθ cos(2 (θv − θMF ))

,

(9)

where λ = c/ f d , f d = (v/c) cos θv is the maximum Doppler frequency, v is the velocity of receiver, θv
is the direction of receiver motion, c is the speed of light, and ρ = R2 /P◦ is the normalized threshold
level of observation. AFD is the measure of the duration a signal spends below a threshold level and
relation of AFD for Nakagami-m distribution is shown below,
τ̄ = √

λγ̂(m, mρ)exp(mρ2 )
2 π Λθ

p

1 + γθ cos(2 (θv − θMF ))m(m−1/2) ρ(2m−1)

,

(10)

where γ̂(., .) is the incomplete Gamma function. Another useful measure for characterization of SOFS is
spatial auto-covariance, which determines the correlation between the signals received at two different
spatial positions. The relationship of spatial auto-covariance with multipath SFs, for Nakagami-m
distribution is given in [29], is shown as follows,


2 π 2 mΓ2 (m) Λ2θ 1 + γθ cos(2 (θv − θMF ))  r 2
.



p(r, θv ) ≈ exp −
λ
mΓ2 (m) − Γ2 m + 12


(11)

It calculates the correlation between signals received at two different positions separated by a
distance r. The separation in space for which the channel response remains unchanged (i.e., more
than 50% correlated) is termed as CD, denoted by Dc . Studying CD is of high significance in terms of
spatial diversity and receiver’s design. The expression for CD is derived for Nakagami-m distributed
envelopes which is expressed as,

Dc ≈

v
u
u
t




λ2 ln(2) mΓ2 (m) − Γ2 m + 21
2 π 2 mΓ2 (m) Λ2θ 1 + γθ cos(2 (θv − θMF ))

.

(12)

These analytical relationships can be used to extend the analysis conducted on SFs in Table 2 to
study SOFS of outdoor and indoor mmWave band radio propagation environments.
3.4. Characterization of SOFS for Outdoor and Indoor Radio Propagation Channels
The analysis is further extended to study the SOFS of mmWave band channels at 28 GHz and
38 GHz. The impact of change in the maximum Doppler shift, received signal’s envelope’s threshold
level and wavelength on the LCR, AFD, spatial auto-covariance, and CD are studied in this section.
The Nakagami model is used to approximate the PDF of the power of a Rician fading signal as
well as Rayleigh fading signal. For the scenario, where the dominant LoS component is present, the
Nakagami shape parameter m is taken as half of ratio of LoS power and NLoS power. In case where
dominant component is absent, Rayleigh fading occurs, shape parameter m is taken as one. For Case 1,
when the measurement setup is outdoor urban environment and measurements are taken at 38 GHz,
the normalized LCR and AFD are plotted in Figure 4a,b, respectively for different values of maximum

Technologies 2019, 7, 9

10 of 16

Doppler frequency. Impact of changing the separation distance between the Tx and Rx on SOFS is
studied. It is observed that LCR is increasing with increase in the Doppler frequency, but the change of
separation distance has minor impact on LCR. For the AFD case at 38 GHz, it has converse behavior
with respect to LCR. AFD is decreasing with increase in maximum Doppler frequency. Moreover,
change in separation distance of Tx and Rx has clear impact on AFD which is observed as increasing
while distance is kept higher than 250 m. Similarly, for the same Case 1, when the measurement setup
is outdoor urban environment and measurements are taken at 38 GHz, the spatial auto-covariance and
CD are plotted in Figure 5a,b, respectively for different values of wavelength and distance. Impact
of changing the separation distance between the Tx and Rx on these SOFS is studied. It is observed
that auto-covariance is decreasing from 1 to 0 when λr is increased from 0 to 0.5 and then it remains
constant at 0 for further increase. However, the change of separation distance has minor impact on
auto-covariance. For the CD case at 38 GHz, it has converse behavior with respect to auto-covariance.
CD increases linearly with increase in λ. Moreover, change in separation distance of Tx and Rx has
clear impact on CD which is observed as increasing while distance is changed from 150 m to 250 m.
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Figure 4. Level-crossing-rate (LCR) and average fade duration (AFD) plotted against different values
of maximum Doppler shift in (a,b), respectively; for different scenarios of outdoor mmWave (case 1;
38 GHz) radio propagation environments. (m = 1, ρ = 2).
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Figure 5. Spatial auto-covariance and coherence distance (CD) for different scenarios of outdoor
mmWave (case 1; 38 GHz) radio propagation environments in (a,b), respectively. (m = 1, f d = 1 Hz).
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For Case 2 (a), when the measurement setup is indoor corridor environment and measurements
are taken at 28 GHz, the normalized LCR and AFD are plotted in Figure 6a,b, respectively for different
values of maximum Doppler frequency. Impact of changing the separation distance between the
Tx and Rx on SOFS is studied. It is observed that LCR is increasing while we increase the Doppler
frequency as well as the change of separation distance has significant impact on LCR. When the
distance between Tx and Rx inside corridor is changed from 3 m to 6 m, LCR is observed to increase.
For the indoor case at 28 GHz, AFD has converse behavior with respect to LCR. AFD is decreasing
with increase in maximum Doppler frequency. Moreover, change in separation distance of Tx and Rx
has clear impact on AFD which is observed as decreasing while distance between Tx and Rx inside
corridor is changed from 3 m to 6 m . Similarly, for the same Case 2 (a), when the measurement setup
is indoor corridor environment and measurements are taken at 28 GHz, the spatial auto-covariance
and CD are plotted in Figure 7a,b, respectively for different values of wavelength and distance. Impact
of changing the separation distance between the Tx and Rx on these SOFS is studied. It is observed
that auto-covariance is decreasing from 1 to 0 when λr is increased from 0 to 0.5 at 3 m and then it
remains constant at 0 for further increase in λr . In addition, the change of separation distance has
significant impact on auto-covariance, as it is observed auto-covariance is decreasing from 1 to 0 when
r
λ is increased from 0 to 0.4 at 6 m. For the CD in indoor case at 28 GHz, it has converse behavior with
respect to auto-covariance. CD increases linearly with increase in λ. Moreover, change in separation
distance of Tx and Rx has clear impact on CD which is observed as increasing while distance is changed
from 3 m to 5 m and CD has interesting fact that while changing the separation distance from 5 m to
6 m, it is again decreasing. This shows that at 5 m, the channel can be used effectively for providing
rich diversity for a multiple antenna system.
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Figure 6. LCR and AFD plotted against different values of maximum Doppler shift in (a,b), respectively;
for different scenarios of indoor mmWave (Case 2 (a); 28 GHz) radio propagation environments.
(m = 1, ρ = 2).
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Figure 7. Spatial auto-covariance and CD for different scenarios of indoor mmWave (Case 2 (a); 28 GHz)
radio propagation environments in (a,b), respectively. (m = 1, f d = 10 Hz).

For Case 2 (b), when the measurement setup is indoor corridor environment and measurements
are taken at 38 GHz, the normalized LCR and AFD are plotted in Figure 8a,b, respectively for different
values of maximum Doppler frequency. Impact of changing the separation distance between the
Tx and Rx on SOFS is studied. It is observed that LCR is increasing while we increase the Doppler
frequency as well as the change of separation distance has significant impact on LCR. When the
distance between Tx and Rx inside corridor is changed from 3 m to 5 m, LCR is observed to increase
and with further increase in distance up to 6 m, LCR is decreasing. For the indoor case at 38 GHz, AFD
has converse behavior with respect to LCR. AFD is decreasing with increase in maximum Doppler
frequency. Moreover, change in separation distance of Tx and Rx has clear impact on AFD which is
observed as decreasing while distance between Tx and Rx inside corridor is changed from 3 m to 5 m
and with further increase in distance up to 6 m, AFD is increasing. This clearly shows that in an indoor
corridor environment at higher frequency such as 38 GHz, the channel can be used effectively at 5 m
separation for providing rich diversity for a multiple antenna system. Similarly, for the same Case 2
(b), when the measurement setup is indoor corridor environment and measurements are taken at 38
GHz, the spatial auto-covariance and CD are plotted in Figure 9a,b, respectively for different values of
wavelength and distance. Impact of changing the separation distance between the Tx and Rx on these
SOFS is studied. It is observed that auto-covariance is decreasing from 1 to 0 when λr is increased,
then it remains constant at 0 for further increase in λr . In addition, the change of separation distance
has significant impact on auto-covariance, as it is observed auto-covariance is decreasing from with
increase in separation distance up to 5 m and then it increases with further increase in distance up to
6 m. For the CD in indoor case at 38 GHz, it has converse behavior with respect to auto-covariance.
CD increases linearly with increase in λ. Moreover, change in separation distance of Tx and Rx has
clear impact on CD which is observed as decreasing while distance is changed from 3 m to 5 m and CD
has interesting fact that while changing the separation distance from 5 m to 6 m, it is again increasing.
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Figure 8. LCR and AFD plotted against different values of maximum Doppler shift in (a,b), respectively;
for different scenarios of indoor mmWave (Case 2 (b); 38 GHz) radio propagation environments.
(m = 1, ρ = 2).
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Figure 9. Spatial auto-covariance and CD for different scenarios of indoor mmWave (Case 2 (b); 38 GHz)
radio propagation environments in (a,b), respectively. (m = 1, f d = 10 Hz).

For the Case 3, when the measurement setup is indoor office environment and measurements are
taken at 28 GHz, the normalized LCR and AFD against different values of received signal’s envelope’s
threshold level is plotted in Figure 10a,b, respectively. An increase at a slow rate in the LCR can be
observed with an increase in the threshold level up to a certain threshold level, and a converse behavior
of LCR can be observed for higher values of the threshold level. However, LCR has a smaller value for
NLoS scenarios as compared to the LoS scenario, for all the threshold levels. The AFD is observed to
increase with an increase in threshold level. Moreover, a lower value of AFD is observed for the LoS
scenario as compared to the NLoS scenarios. Spatial auto-covariance is plotted in Figure 11a for the
considered three scenarios against the distance in spatial points of observations normalized with the
wavelength (r/λ). The rate of drop in spatial auto-covariance for the LoS scenarios compared to the
NLoS scenarios is observed to be higher along an increase in the distance between the spatial positions
of observation. CD for different scenarios of indoor mmWave channels is plotted in Figure 11b.
The coherence indicates the separation distance between two observation points such that the spatial
auto-variance remains at least 50%. CD is observed to have higher value for the LoS scenario as
compared to the NLoS scenarios. Dissemination of the conducted analysis for the specific scenarios
of mmWave channels to the research community shall significantly help in an early convergence to
establishing generalization in today’s mmWave channel models [30].
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Figure 10. LCR and AFD plotted against different values of threshold levels in (a,b), respectively; for
different scenarios of indoor mmWave (Case 3; 28 GHz) radio propagation environments. (m = 4 for
LoS Scenario and m = 1 for NLoS Scenarios, f d = 1 Hz).
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Figure 11. Spatial auto-covariance and CD for different scenarios of indoor mmWave (Case 3; 28 GHz)
radio propagation environments in (a,b), respectively. (m = 4 for LoS Scenario and m = 1 for NLoS
Scenarios, f d = 10 Hz).

4. Conclusions
An analysis on the dispersion of energy in angular domain and characterization of SOFS of
38 GHz and 28 GHz outdoor and indoor radio propagation channels has been conducted. Plain AoA
measurement results conducted for four different scenarios at these frequency bands in outdoor
and indoor radio propagation environments have been first extracted from the open literature, and
then extended to characterize azimuthal spread and SOFS of the radio channel. The considered
quantifiers for SOFS are LCR, AFD, CD, and spatial auto-covariance. A detailed analysis on the
impact of under-observation amplitude threshold-level, maximum Doppler frequency, and different
envelope distributions on the fading statistics of the radio channel has been conducted. The conducted
analysis provides various useful insights into the behavior of mmWave outdoor and indoor radio
propagation mechanism. The proposed analysis can further be extended to study the optimal antenna
elements separation in multi-antenna systems, modulation schemes, interleaving methods, interference
mitigation methods, and channel estimation. Moreover, similar studies for other frequency bands
and propagation scenarios of mmWave channels can be conducted to establish a comprehensive and
generalized understanding of the fading statistics.
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