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This paper investigates the attenuation by a human body and trees as well as material penetration loss at 26 and 39GHz by
measurements and theoretical modeling work.Themeasurements were carried out at a large restaurant and a university campus by
using a time domain channel sounder. Meanwhile, the knife-edge (KE) model and one-cylinder and two-cylinder models based on
uniform theory of diffraction (UTD) are applied tomodel the shape of a human body and predict its attenuation in theory.The ITU
(International TelecommunicationUnion) and itsmodifiedmodels are used to predict the attenuation by trees.The results show that
the upper bound of the KEmodel is better to predict the attenuation by a human body compared with UTD one-cylinder and two-
cylindermodels at both 26 and 39GHz. ITUmodel overestimates the attenuation bywillow trees, and amodified attenuationmodel
by trees is proposed based on our measurements at 26GHz. Penetration loss for materials such as wood and glass with different
types and thicknesses is measured as well. The measurement and modeling results in this paper are significant and necessary for
simulation and planning of fifth-generation (5G)mm-wave radio systems in ITU recommended frequency bands at 26 and 39GHz.

1. Introduction

Attenuation by a human body and trees and penetration
loss of material at the ITU proposed frequency bands [1],
24.25–27.5 and 37–40.5GHz, are important issues for future
5G (fifth-generation) wireless access systems. In this paper,
attenuation by a human body and trees and penetration loss
of different materials with 1 GHz bandwidth were measured
with time domain channel sounder at 26 and 39GHz,
respectively. As far as we know, there are no measurements
and modeling work reported in open literature on human
blockage, attenuation by trees, and penetration loss of differ-
entmaterials at 24.25–27.5 and 37–40.5GHz frequency bands.
The prediction of attenuation by a human body and trees and
the penetration loss in this work are important and necessary
for future mm-wave wireless communication systems.

By considering a human body as an infinite absorbing
screen, KE model was used to predict the attenuation by a
person in a frequency range from 4 to 10GHz in [2]. In

addition, measurements in [3] showed that double knife-
edge approach was suitable for both 60GHz and 300GHz
bands. In addition to regarding a humanbody as an absorbing
screen, a cylindrical model by uniform theory of diffraction
(UTD) was also applied to predict human body attenuation.
Measurements in [4, 5] were performed at 10GHz which
showed a strong correlation between a human body and a
perfect conducing cylinder. By comparison with measure-
ments at 60GHz [6], it is shown that the UTD model was
clearly overestimating the human attenuation.

In [7], measurements by a single tree were taken at a fre-
quency range between 7.25 and 8.0GHz and the attenuation
by a tree is between 15 dB and 23 dB. In [8], measurements
were taken at 9.6GHz, 28.8GHz, 57.6GHz, and 96.1 GHz,
and the results show that the vegetation loss increases nearly
linearly at a range rate from 1.3 to 2.0 dB per meter. The ITU-
R P-833-8 [9] proposes a model for the range from 30MHz
to 60GHz: an exponential slant path model with elevation
angle correction. Other widely used penetration loss models
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are the exponential models proposed in [10–12], which do
not consider the factor of elevation and are said to present
frequency application ranges up to 57.6, 95, and 40GHz,
respectively. However, the coefficients of these models have
been mainly computed from limited sets of data measured
at frequencies close to 2GHz. Therefore, there is still a need
for verification measurements to test their correctness and
applicability for higher frequencies.

Previous literatures about penetration loss of material in
millimeter wave bands focused on 28GHz and 60GHz. In
[13], signals through a hollow plasterboard wall resulted in a
penetration loss ranging between 5.4 dB and 8.1 dB. In [14],
the measured penetration losses are 2 dB, 9 dB, and 35.5 dB
at 60GHz through a glass door, a plasterboard wall with
metallic studs, and a wall with a metal-backed blackboard,
respectively.

In this paper, the measurements of the attenuation by a
human body and trees as well as penetration loss for material
were carried out. Attenuation by a human bodywasmeasured
with a person laterally crossing the transceiver connection
line. The KE and UTD methods are used to predict human
body’s attenuation. When using UTD, the human body was
regarded as a cylinder and a combined model, respectively.
In the combined model, the shoulders are regarded as two
cylinders. By comparisons with different human models, the
target is to get a better model to predict human body’s
attenuation at 26 and 39GHz. In addition, we have measured
the attenuation by willow trees at 26GHz, and then the
ITU-R P-833-8 model is modified by comparison with the
measurement results. Measurements of the penetration loss
for differentmaterials were carried out in thiswork aswell, for
example, transparent glass with different thickness, frosted
glass, and wood with plastic cladding.

The remainder of this paper is organized as follows. In
Section 2, the measurement campaigns are introduced. In
Section 3, attenuation models by a human body including
KE and UTD one-cylinder and UTD two-cylinder models as
well as the attenuation model by trees in ITU-R P-833-8 are
investigated. Section 4 presents themeasurement results with
the comparisons of themodels. Finally, we conclude the work
in this paper in Section 5.

2. Measurement Campaigns

2.1. Attenuation by a Human Body and Trees. Channel mea-
surements of the attenuation by a human body and trees were
conducted at KeySight, Beijing office, and in the campus of
North China Electric Power University, respectively. Table 1
lists the detailed specification of the system.

Figure 1 shows themeasurement environment at a restau-
rant with more than 150m2 for human body attenuation.The
heights of the transmitter (Tx) and receiver (Rx) are both
1.3m above the ground level with distance of 15 meters.

The attenuation was measured with a person laterally
crossing the Tx-Rx connection line as shown in Figure 2.
When doing the measurement, the person was moving from−0.5 to 0.5m crossing the Tx-Rx connection line with 2.5 cm
distance step. Because of the sounding system limitation,
the continuous measurement with time is not possible; the

Table 1: Specification of the system.

Parameter 26GHz 39GHz
Bandwidth 1GHz 1GHz
Maximum delay 1.024 us 1.024 us
Delay resolution 1 ns 1 ns
Tx power 24 dBm 24 dBm

Heights of the Tx/Rx 1.3/1.3m (human) 1.3/1.3m (human)
6.0/2.0m (tree) 6.0/2.0m (tree)

Gain of the horn antenna 24.3 dBi 27 dBi
Polarization of the horn
antenna Vertical Vertical

HPBW of the horn antenna 10∘ 10∘

Figure 1: Measurement environment for human attenuation.

RX TX7.5 m 7.5 m

2mmoving

Figure 2: A person laterally crossing the Tx-Rx connection line.

measurement had to be donewith the human blockermoving
step by step in different positions. The received power was
measured when the Tx and Rx were placed in free space
and the person was at fixed positions. In each position, the
measurement was done 10 times (human blocker adjusting
their positions 10 times as well); then the mean received
power was calculated to prevent position randomness, rare
moving scatterers occurring during the measurements, and
the instability of the measurement system. The shoulder
width of the measured person is 0.49m, and thicknessof the
body is 0.24m. The human body attenuation was measured
at both 26 and 39GHz, respectively.

Figure 3 shows the measurement environment for trees
attenuation at 26GHz; 1–4 willow trees were measured
between the Tx and Rx with the heights of 6.0m and 2.0m,
respectively. The height of the willow trees is about 14m.The
tree radius is about 3m with sparse branches and leaves. An
omnidirectional biconical horn with 3 dBi gain was used at
the Tx, and a 26 dBi horn with the height of 2m was applied
at the Rx and rotated just in the elevation plane with azimuth
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Figure 3: Measurement environment for tree attenuation.

angle of 0∘.The 0∘ direction in the azimuth plane points to the
Tx. At locations 1 and 2, the horn was rotated in the elevation
plane from 10∘ to 50∘ with a step of 10∘, while at locations 3 and
4, the horn was rotated in elevation plane from 10∘ to 40∘ and
from 10∘ to 30∘ with a step of 10∘, respectively. When doing
the measurements, the Rx was placed in the middle of the
two adjacent trees.

2.2. Penetration Loss of Different Materials. Penetration loss
for differentmaterials wasmeasured at KeySight office in Bei-
jing. The received power was measured when the transceiver
was in free space and the tested material was placed in the
middle of the transceiver; then the power difference is defined
as the penetration loss of the material.

Figure 4 shows the measurement scenarios for tested
materials. The wood and glass with different thickness and
surface were measured. In Figure 4(a), it is a wooden door
with painting. In Figure 4(d), it is a wooden door with plastic
cladding. Two kinds of glass are measured: one is transparent
glass shown in Figure 4(b) and the other is frosted glass
shown in Figure 4(c). In addition, there are two transparent
glass doors in the hall; the penetration losses through one
door and two doors were measured, respectively.

Transmit power was set from 0, 10, and 20 dBm in each
measurement; the channel impulse responses were recorded
10 timeswith same transmit power. Finally, themean penetra-
tion loss with different transmit power is calculated to avoid
possible instability of the measurement system.

3. Models of Attenuation by a Human
Body and Trees

3.1. Attenuation Models by a Human Body

3.1.1. Double Knife-Edge Model. In this model, a human body
is regarded as an absorbing screen with infinite height, where
shoulders are regarded as two knife edges. Figure 5 shows the
geometry of the two knife edges, where ℎ𝑎 and ℎ𝑏 are the
widths for the left and right human shoulders. 𝑑𝑇 and 𝑑𝑅 are
the distances from the Tx and Rx to the human, respectively.
The diffraction field 𝐴𝑆 is the sum of two knife edges, which
is given by

𝐴𝑆 [ℎ𝑎, ℎ𝑏] = 𝐴𝐻 [ℎ𝑎] + 𝐴𝐻 [ℎ𝑏] . (1)

The diffraction field 𝐴𝐻 can be calculated as

𝐴𝐻 = 𝑈𝐻𝑈0 = 1 + 𝑗2 {(12 − 𝐶 (])) − 𝑗 (12 − 𝑆 (]))} , (2)

where 𝑈𝐻 and 𝑈0 denote the diffracted field and the field in
absence of an obstruction, respectively.𝐶(]) + 𝑗𝑆(]) = ∫]

0
exp(𝑗𝜋𝑡2/2)𝑑] is the Fresnel integral,

and

] (ℎ) = ℎ√ 2𝜆 𝑑𝑇 + 𝑑𝑅𝑑𝑇𝑑𝑅 (3)

is relative to wavelength 𝜆, obstruction depth ℎ, and distance
parameters.

3.1.2. One-Cylinder Model. In addition to the knife-edge
models aforementioned, UTD model has been applied to
predict the attenuation by human body as well, in which
a human body is regarded as a cylinder. Figure 6 shows a
cylindermodel with radius of𝛼. Point 𝑆 is the source position.
Points 𝑃 and �̃� are the observation positions, respectively, in
the shadow and illuminated regions. 𝑄𝑅 in Figure 6 is the
reflection point, while 𝑆𝑑1∼𝑆𝑑4 are the diffraction points.

As shown in Figure 6, when the observation point �̃� is
in the illuminated region, the total received field is the sum
of the reflected field from the human body and the incident
field in case the person does not block the Tx-Rx connection
line with lateral crossing. When the person blocks the Tx-
Rx connection line, the receiver appears to be in the shadow
region and the diffracted fields from both sides of the human
body contribute to the total received field.

The incident field of observation point �̃� can be expressed
as

𝐸𝑖 (𝑟) = 𝐸𝑖 (𝑟0)√( 𝜌𝑖1𝜌𝑖1 + 𝑠𝑖)( 𝜌𝑖2𝜌𝑖2 + 𝑠𝑖)𝑒−𝑗𝑘𝑠𝑖 , (4)

where 𝜌𝑖1 and 𝜌𝑖2 are the radii of curvatures of the incident
wavefront. 𝑟0 is the reference point, and 𝑠𝑖 is the distance
along the incident ray from 𝑟0 to reference point 𝑟. 𝑘 is wave
number. Equation (4) can be simplified further to (5)–(7) if
the incident wave is assumed as plane wave, spherical wave,
and cylindrical wave, respectively:

𝐸𝑖 (𝑟) = 𝐸𝑖 (𝑟0) 𝑒−𝑗𝑘𝑠𝑖 , (5)

𝐸𝑖 (𝑟) = 𝐸𝑖 (𝑟0) 𝑒−𝑗𝑘𝑠𝑖𝑠𝑖 , (6)

𝐸𝑖 (𝑟) = 𝐸𝑖 (𝑟0) 𝑒−𝑗𝑘𝑠𝑖√𝑠𝑖 . (7)
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(a) (b)

(c) (d)

Figure 4: Penetration loss measurements for a wooden door of the laboratory (a), a transparent glass door of the hall (b), a frosted glass door
of a small office (c), and a wooden door of the cabinet (d).

The reflected field is calculated by

𝐸𝑟 (𝑃) = 𝐸𝑖 (𝑄𝑅) 𝑅√( 𝜌𝑟1𝜌𝑟1 + 𝑠𝑟)( 𝜌𝑟2𝜌𝑟2 + 𝑠𝑟)𝑒−𝑗𝑘𝑠𝑟 , (8)

where 𝜌𝑟1 and 𝜌𝑟2 are the radii of curvatures of the reflected
wave and 𝑅 includes hard reflection coefficients 𝑅ℎ and soft
reflection coefficients 𝑅𝑠.

The reflection coefficient is defined as

𝑅𝑠,ℎ = −[√−4𝜉𝐿 𝑒−𝑗(𝜉𝐿)3/12 {𝑒−𝑗(𝜋/4)2√𝜋𝜉𝐿 [1 − 𝐹 (𝑋𝐿)]
+ �̂�𝑠,ℎ (𝜉𝐿)}] ,

(9)

where 𝜉𝐿 and 𝑋𝐿 are expressed in [15].

The diffracted field is

𝐸𝑑 (𝑃) = 𝐸𝑖 (𝑆𝑑1) 𝑇√ 𝜌𝑑2𝑠𝑑 (𝜌𝑑2 + 𝑠𝑑) 𝑒−𝑗𝑘𝑠𝑑 , (10)

when 𝑃 is located in shadow region.

𝜌𝑑2 = 𝑠0 + 𝑡,
𝑇𝑠,ℎ = −[√𝑚(𝑆𝑑1)𝑚 (𝑆𝑑2)√ 2𝑘 {𝑒−𝑗(𝜋/4)2√𝜋𝜉𝑑 [1

− 𝐹 (𝑋𝑑)] + �̂�𝑠,ℎ (𝜉𝑑)}]√ 𝑠0𝑠0 + 𝑡𝑒−𝑗𝑘𝑡,
(11)

where 𝑡 is the distance between two diffraction points. 𝑠0 is
the distance between the source and the first diffraction point𝑆𝑑1, and 𝑠𝑑 is the distance between the second point 𝑆𝑑2 and𝑃. The “Transition” function 𝐹(𝑋), “Pekeris” function, and
other parameters can be found in [15–17].
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Table 2: Summary of the maximum attenuation of the measurement and the upper bound of the KE, one-cylinder, and two-cylinder models.

Frequency The maximum attenuation (dB)
Measurement KE model (upper bound) One-cylinder model (upper bound) Two-cylinder model (upper bound)

26GHz 12.66 11.51 14.25 17.89
39GHz 19.03 13.46 15.66 19.99
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Figure 5: Double knife-edge model.

S

P

QR

Sd4
Sd3

Sd1
Sd2

P

Figure 6: One-cylinder model.

3.1.3. Two-Cylinder Model. Two-cylinder model is based on
one-cylinder model; instead of regarding a person as a whole
cylinder, the shoulders are regarded as two cylinders with
smaller radii as shown in Figure 7.

3.2. AttenuationModels by Trees. According to ITU-R P-833-
8 [9], attenuation by trees can be expressed as

𝐿 = 𝐴 ⋅ 𝑓𝐵𝑑V
𝐶𝜃𝐷 dB, (12)

where𝑓 is the carrier frequency inMHz, 𝑑V is the penetration
distance of the trees between transmitter and receiver, 𝜃 is

S

P

QR

Sd4
Sd3

Sd1

Sd2

P

S

Figure 7: Two-cylinder model.

the elevation in degrees, and 𝐴, 𝐵, 𝐶, and 𝐷 are empirical
constants.

4. Measurement Results and Analysis

4.1. Attenuation by aHuman Body and Trees. In themeasure-
ments, no moving scatterers existed close to the transceiver.
The heights of the transceiver as well as the distance between
transmitter and receiver were planned in detail to avoid
reflection from the ground, especially in human blockage
measurement with smooth ground. Because of very narrow
beamwidth of the horn antennas, multipath from fixed
scatterers can also be avoided. Therefore, the attenuation is
essentially the diffraction loss around the blocker(s). When
doing the measurements, at first, the CIRs were measured in
free space; then the CIRs were recorded with the blocker(s).
The noise floor was decided by averaging the last 200 delay
samples, and we use 5 dB higher than the noise floor to
remove the noise due to its fluctuation. The human attenu-
ation was defined as the difference of the wideband received
powers which was measured in free space andmeasured with
human blocker.

Figures 8(a) and 8(b) are the comparisons between the
measurements and theoretical models at 26 and 39GHz,
respectively. Table 2 summarizes the maximum attenuation
of the measurements and the maximum attenuation of the
upper bound of KE and one-cylinder and two-cylinder
models at 26 and 39GHz, respectively. In Figure 8(a), com-
pared to the upper bound of one-cylinder and two-cylinder
models, the measurement result agrees better with the upper
bound of the KE model. The field fluctuation in shadowing
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Figure 8: Comparison between the measurement and models: (a) 26GHz and (b) 39GHz.

region is obviously observed in the KE and one-cylinder
and two-cylinder models due to the superposition of the
field from both sides of the models in a coherent manner.
The fluctuation intensity is very sensitive to the wavelength
andmeasurement configurations.Themaximum attenuation
of measurement is 12.66 dB. If we just consider the upper
bound values of models, the maximum attenuation of the
KE and one-cylinder and two-cylinder models is 11.51, 14.18,
and 18.32 dB, respectively, as shown in Table 2. The RMSEs
are 1.97 dB, 2.50 dB, and 2.97 dB between measurements and
the three models at 26GHz, respectively. In Figure 8(b), the
maximum attenuation of the measurement is 19.03 dB and it
is close to the upper bound of two-cylindermodel as shown in
Table 2.The RMSEs are 2.01 dB, 2.40 dB, and 2.89 dB between
measurements and KE and one-cylinder and two-cylinder
models at 39GHz, respectively. As awhole, themeasurements
agree better with the KE model at 26 and 39GHz in the
shadow region. Two-cylinder model might be more like
the human body, but it overestimates the attenuation by
numerical calculation. In addition, the KE model is concise;
therefore it is good to be used to predict the human blockage
effect at 26 and 39GHz in a practical use case.

If the shape of a human body is neglected, we can use
measured attenuation only to get more simple models with
respect to distances at 26 and 39GHz. Figure 9 shows the
attenuationmodels based onmeasurements. Formulas 4.1 are
the empirical piecewise functions for human attenuation at 26
and 39GHz. When the human does not block the Tx and Rx
connection line, the attenuation fluctuates around zero dB.

−0.5 × 𝑑 + 0.1 𝑑 < −𝑊2 ,
−128 × 𝑑2 − 0.1 × 𝑑 + 10.6 − 𝑊2 ≤ 𝑑 ≤ 𝑊2 ,

−4.7 × 𝑑 + 2.4 𝑑 > 𝑊2 ,
−11.5 × 𝑑 − 4.2 𝑑 < −𝑊2 ,
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Figure 9: Simplified human attenuation models by measurements
at 26GHz and 39GHz.

−221 × 𝑑2 + 1.3 × 𝑑 + 14.6 − 𝑊2 ≤ 𝑑 ≤ 𝑊2 ,
6.4 × 𝑑 − 3.2 𝑑 > 𝑊2 ,

(13)

where 𝑊 is the width of the human and 𝑑 is the distance.
When measuring the attenuation by trees, the horn

antenna was adjusted to point the trees with azimuth angle
of 0∘; then the horn was rotated in the elevation plane to
measure the attenuation from different parts of the trees.
In the following text, measurement locations 1–4 are with
respect to 1–4 trees, respectively. At locations 1 and 2, the
horn was rotated in the elevation plane from 10∘ to 50∘ with
a step of 10∘, while at locations 3 and 4, the horn was rotated
in elevation plane from 10∘ to 40∘ and from 10∘ to 30∘ with a
step of 10∘, respectively. Based on the transceiver distance and
height difference of the transmitter and receiver, the elevation
angles of the direct rays are 31.62∘, 18.58∘, 12.88∘, and 10.26∘,
respectively, for locations 1 to 4.
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Figure 10: Measured attenuation by 1–4 trees with different eleva-
tion angles.

Table 3: Attenuation by 1–4 willow trees.

Location 1 2 3 4
Attenuation (dB) 18.50 12.80 15.54 22.42

Figure 10 shows the attenuation by 1–4 trees, respectively,
including free space path loss in different elevation angles.
Numbers 1–4 mean locations 1–4. The dashed line shows
attenuation of the direct rays by the tree(s). The elevation
angles for the direct rays by 1–4 trees are different because
of different distances between transmitter and receiver.

We define here the attenuation by tree(s) as the difference
between the attenuation of the direct path of the tree(s) and
the path loss in free space. Therefore, the attenuation by 1–4
willow trees is shown in Table 3.

At location 1, the attenuation of the 1st tree is 18.50 dB, a
large attenuation caused by the trunk and leaves. At location
2, the attenuation is 12.80 dB caused by the branches and
leaves of the 1st and 2nd trees with 1.22 dB/m attenuation in
average according to the penetration distance of the trees.
Sparse branches and leaves make the attenuation small.

At location 3, the attenuation is 15.54 dB. The direct path
is blocked by the branches and leaves of the 1st to 3rd trees
with 0.97 dB/m attenuation in average. At location 4, the
attenuation is 22.42 dB in total. The direct path is blocked by
the branches and leaves of the 1st to 4th trees with 1.10 dB/m
attenuation in average.

Based on our measurements, in case the direct path was
blocked by the branches and leaves, the average attenuation
is within 0.97 to 1.22 dB per meter, which is affected by the
density of the branches and leaves. In case the direct path was
blocked by the trunk, the attenuation by a willow tree is up
to 18.50 dB. Therefore, difference between the attenuation by
the trunk and that by branches and leaves is observed. In this
work, the latter case is taken into consideration.

In Rec. ITU-R P-833-8 [9], attenuation in vegetation was
investigated by measurements done in pine woodland in
Austria for satellite slant paths as expressed in Section 3.2 for
themodel with𝐴–𝐷 empirical parameters.Themodel for pin
trees is expressed as follows:

𝐿 = 0.25 ⋅ 𝑓0.39 ⋅ 𝑑V
0.25 ⋅ 𝜃0.05 dB, (14)
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Figure 11: Comparison between the models and measurement.

where 𝐴 = 0.25, 𝐵 = 0.39, 𝐶 = 0.25, and 𝐷 = 0.05 are empir-
ical parameters for (12). Figure 11 shows our measurement
attenuation by the branches and leaves of willow trees in blue
line; the attenuation of (14) for pin trees is in green line. It is
seen that ITU model overestimates the attenuation of willow
trees. ITU model may include the trunk attenuation inside
with small elevation angles in satellite links. To use model
(14) at 26GHz, parameters in it need to be modified. In (14),
parameter 𝐷 shows the relationship between the attenuation
and elevation angles. When 𝐷 is positive, it means that the
attenuation is proportional to an elevation angle. In fact, the
branches and leaves in the upper part of the trees are more
sparse and thinner than those in the lower part. Thicker
branches and leaves make the attenuation larger; therefore
the attenuation should grow inversely proportional to the
elevation angles. Considering aforementioned reasons, (12)
and (14) can be modified as follows:

log (𝐿) = 0.39 ⋅ log (𝐴 ⋅ 𝑓) + 0.25 ⋅ log (𝑑V) + 𝐷
⋅ log (𝜃) dB, (15)

where𝐴 and𝐷 are modified by measurement data at 26GHz
using least-square method; then (15) can be expressed as

𝐿 = 0.58 ⋅ 𝑓0.39 ⋅ 𝑑V
0.25 ⋅ 𝜃−0.63 dB. (16)

It is seen from Figure 11 that the modified model (16) in
red line agrees well with the measurement result.

4.2. Penetration Loss of Different Materials. Table 4 summa-
rizes the penetration loss of different materials with specific
thicknesses at 26 and 39GHz, respectively. It is seen that the
loss at 39GHz is larger than that at 26GHz for each material
in general. From Table 4, it is found that the total thickness
of the two transparent glass doors of the hall is 25.70mm
which is thinner than the wooden door of the laboratory, but
their attenuation is almost the same; it means that wooden
attenuation is smaller than that of transparent glass in the
same thickness at 26 and 39GHz, respectively. The wooden
door of the cabinet is thinner than the wooden door of the
laboratory; however, no big attenuation difference at 26GHz
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Table 4: Penetration losses of the materials.

Material Thickness 26GHz 39GHz
Wooden door of the laboratory 47.94mm 5.50 dB 9.69 dB
Transparent glass door of the hall
(one door) 12.85mm 3.95 dB 4.59 dB

Transparent glass door of the hall
(two doors) 25.70mm 5.55 dB 9.45 dB

Frosted glass door of the small office 12.30mm 4.10 dB 4.65 dB
Wooden door of the cabinet 19.82mm 4.16 dB 5.59 dB

is found. In addition, penetration loss of the frosted glass door
is slightly larger than that of transparent glass.

5. Conclusions

In this paper, attenuation by human body and trees and
penetration loss of different materials at 26 and 39GHz
are investigated for 5G wireless communications. By com-
parisons of the KE model, one-cylinder model, and two-
cylindermodel withmeasured human attenuation, it is found
that the KE model is compact and concise and is a better
model to be applied. In addition, more accurate attenuation
models by a human are developed based on measurement
attenuation using linear regressionmethod at 26 and 39GHz,
respectively. The attenuation by trees is also investigated in
this work at 26GHz. In case the direct path is blocked by the
branches and leaves, the attenuation by willow trees is within
0.97∼1.22 dB per meter. In case the direct path is blocked
by the trunk, the attenuation by a tree is up to 18.50 dB.
The material penetration loss measurements are focused on
wooden and glass. It is found that the penetration loss for
wood is smaller than that of transparent glass in the same
thickness, and the penetration loss of frosted glass is slightly
larger than that of transparent glass.
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