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Outdoor mmWave Channel Modeling
for Fixed Wireless Access at 60 GHz
Brecht De Beelde, Zeno Verboven, Emmeric Tanghe, David Plets, Wout Joseph

Abstract—The large bandwidths that are available at mil-
limeter wave (mmWave) frequency bands allow high-throughput
wireless communication systems that enable fixed wireless access
(FWA) applications. In FWA networks, a stationary link is
created between antennas installed at building facades or street
furniture, such as lampposts. A Line-of-Sight (LOS) scenario is
preferred, but to guarantee the quality of service to the user,
communication should remain possible when the LOS path is
obstructed. In this paper, outdoor channel models at 60 GHz are
presented that can be used for the design and optimization of
FWA networks, based on measurements with the Terragraph
wireless system using IEEE Std. 802.11ad radios. LOS path
loss (PL) measurement data is analyzed and building reflection
loss, diffraction loss, and vegetation loss are measured. There
is limited diffuse scattering, but reflections on the wall frame
structure result in reflected paths with low losses. Existing
vegetation models that are based on measurement campaigns
at lower frequencies underestimate vegetation loss at mmWave
frequencies, as measured excess attenuation values range from 15
to 25 dB for distances lower than 14 m. The presented channel
models are used for link budget calculations for FWA networks.

I. INTRODUCTION

According to the Shannon capacity theorem, the large band-
widths that are available in the millimeter wave (mmWave)
frequency bands enable high-throughput wireless communica-
tion. Indoor applications include high-throughput access points
for video streaming, gaming, and virtual and augmented reality
(VR/AR), as well as wireless hubs and board-to-board inter-
connections in server rooms. Outdoors, cellular systems bene-
fit from the increased bandwidth, e.g., in fifth-generation (5G)
and future sixth-generation (6G) mobile networks. Another
application for outdoor wireless communication at mmWave
frequencies is fixed wireless access (FWA), in which fixed
point-to-point wireless links provide internet connectivity to
residential and enterprise buildings. FWA can be a cheaper
alternative than deploying a fiber-optic network, as no digging
is required and the infrastructure work is limited [1].

Reliable wireless channel models are critical for the design
of wireless systems. Numerous indoor radio channel models
at 60 GHz exist, and an overview of indoor mmWave channel
models is provided in [2]. Indoor channel measurements at
60 GHz for wireless local area network (WLAN) applications
are presented in [3], and the IEEE Std. 802.11ad wireless
standard is designed for communication at 60 GHz, using
channels with a bandwidth of 2.16 GHz [4]. In [5], good
agreement is found between indoor measurements and ray-
tracing simulations using geometrical optics and the uniform
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theory of diffraction. A statistical spatio-temporal model for
large indoor environments shows that Line-of-Sight (LOS)
paths and specular reflections are dominant over diffuse scat-
tering [6]. Channel measurements at 60 GHz in an office
environment are presented in [7]–[10]. A 60 GHz conference
room channel model is provided in [11]. In [12], a train
environment is considered, and channel models for a data
center environment are presented in [13], [14]. In a hospital
environment, lower path loss (PL) and delay spread values
are found, compared to other indoor environments [15]. The
influence of human activity on the 60 GHz indoor radio
channel is discussed in [16], and a human blockage model
is provided in [17], [18]. Indoor reflection and transmission
measurements at various mmWave frequency bands are pre-
sented in [19]. Penetration loss measurements at 73 GHz are
presented in [20]. Reflection and transmission measurements
of interior structures of office buildings are presented in [21].
Penetration and reflection loss measurements at frequencies
60, 71, and 81 GHz are studied in [22]. The estimation of
material characteristics at 60 GHz from power measurements
is discussed in [23]. Throughput measurements for indoor
scenarios using IEEE Std. 802.11ad transceivers are presented
in [24]–[26], and network performance measurements, i.e.,
throughput and packet error rate (PER), are compared to a
network performance prediction tool in [27] for a residential
environment. The narrow beamwidth of the antenna systems
used in actual 60 GHz communication systems results in a
low angular spread, even for the metallic hull of a vessel [28],
but reflections enable wireless communication in non-Line-of-
Sight (NLOS) scenarios [29].

The number of outdoor channel models at mmWave fre-
quencies is considerably lower, and most research considers
channel models for 5G networks, i.e., at frequencies around
28-30 GHz [30], [31]. Outdoor channel models up to 18 GHz
show that delay spread decreases and Ricean K-factor in-
creases with frequency [32]. Similar to indoor environments,
statistical outdoor radio channels at 60 GHz [33] show that
a lower angular dispersion is observed. In [34], outdoor
channel measurements are performed along a street canyon,
with antennas mounted at a height of 3 m, and compared to
ray-tracing simulations, confirming the channel sparsity. Ray-
tracing requires accurate reflection and transmission proper-
ties. In [35], reflection and transmission measurements are
performed at 60 GHz for a variety of building materials.
Reflection on a brick and glass wall structure at E-band
frequencies is discussed in [36].

In this work, we use the channel sounding platform that is
presented in [37]. It consists of a customized pair of IEEE Std.
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802.11ad transceivers to measure double-directional angular
PL, i.e., narrow-beam PL for different transmit and receive
beams. This setup differs from traditional channel sounders
that use antennas with a larger beamwidth and it allows
for designing channel models that are representative of real
network deployments. The same channel sounding platform
is used to characterize the unmanned aerial vehicle (UAV) to
ground wireless communication channel at 60 GHz, resulting
in a PL model with quantification of beam misalignment [38].
Furthermore, the channel sounder is used for indoor PL and
network performance measurements [27], [28] and outdoor
measurements [34], [39]–[41].

The contributions of this paper are the following. (i) To
the best of the authors’ knowledge, this is the first time that
outdoor building reflection and vegetation loss measurements
near the tree trunk are performed at 60 GHz. (ii) A channel
model for LOS and NLOS scenarios is presented that is based
on measurements with a 60 GHz wireless communication sys-
tem using IEEE Std. 802.11ad-compliant radios with narrow
beamwidth antennas to be representative of real FWA network
scenarios. (iii) Link budget considerations are discussed that
take into account the LOS and NLOS channel models. These
link budget calculations allow network dimensioning during
the design of FWA networks.

The outline of this paper is as follows. In Section II, we first
present the measurement equipment, followed by the different
measurement scenarios. Section III contains the measurement
results and channel models. Section IV present a discussion on
link budget calculations using the presented channel models,
and Section V concludes this paper.

II. METHODOLOGY

A. Measurement equipment

We use the IEEE Std. 802.11ad compliant Terragraph
(TG) platform that is used in field trials for FWA network
deployments [37]. Customized firmware allows using it as a
channel sounding device, which is confirmed by validation
measurements in an anechoic room.

1) Terragraph channel sounder: Each node of the TG
sounder contains an array of 36 by 8 vertically polarized
antenna elements with 0.55 λ interspacing. Independently
controlled phase shifters on the horizontal antenna elements
allow beamsteering in the azimuth plane, using pre-calibrated
antenna weight vectors. The scanning range is -45◦ to 45◦,
with respect to the antenna’s boresight, in steps of 1.4◦. The
maximum steering loss is 4.5 dB, i.e., the maximum gain of
the antenna for the beams directed to ±45◦ is up to 4.5 dB
lower than for the beam in the antenna’s boresight direction.
By selecting which antenna elements are active, the antenna
array’s beamwidth can be adjusted. For the measurements
presented in this paper, a half-power beamwidth (HPBW) of
2.8◦ is used. This is the smallest possible HPBW of the TG
sounder that is obtained by using all antenna elements, and this
HPBW is representative of a realistic deployment of IEEE Std.
802.11ad wireless systems. The TG nodes are calibrated in a
temperature-controlled environment over a range of ambient
temperatures and gain settings. Transmitter calibration ensures

an accurate equivalent isotropically received power (EIRP)
reading for all gain settings and beam configurations, and the
receiver calibration converts received signal strength informa-
tion (RSSI) into incident power, considering the steering loss.
The receiver calibration is valid for incident powers ranging
from -90 dBm to -40 dBm. During the measurements, IEEE
Std. 802.11ad waveforms are sent, and the measured received
signal strength information (RSSI) and receiver gains are
combined to get a power estimation. The operating frequency
is 60.48 GHz, i.e., channel 2 of IEEE Std. 802.11ad, and the
channel bandwidth is 2.16 GHz. PL is found by subtracting the
calibrated RSSI from the EIRP and adding the receiver gain.
A sequential beam sweep is performed, i.e., the measurement
is repeated for all azimuth angles at both transmitter (TX) and
receiver (RX), resulting in double-directional PL measurement
results. The two nodes are connected to a control computer
over a universal twisted pair (UTP) cable or via an out-of-band
point-to-point wireless link in the 5 GHz industrial, scientific,
and medical (ISM) frequency band. This connection is used
for the coordination between the two nodes, e.g., to ensure that
the beams of both TX and RX nodes are configured correctly
and that they use the same IEEE Std. 802.11ad channel, and
for gathering the measurement data.

2) Sounder validation in an anechoic room: The TG
sounder is calibrated to convert power settings and antenna
configurations to EIRP, and to convert RSSI and receiver
gain settings to received power. In addition to the calibration,
we have performed validation measurements in an anechoic
room, with separations of 1 m and 2 m between the nodes.
Figure 1 shows the validation for a distance of 2 m between the
antennas, with an antenna beamwidth of 2.8◦. The setup for
the validation is presented in Fig. 1a, and Fig. 1b presents the
measured PL angular profile (PLAP), showing PL as a function
of angle of departure (AoD) and angle of arrival (AoA). The
minimum PL is found for the AoD and AoA both equal to 0◦.
Sidelobes of the antenna array’s radiation pattern result in a
cross pattern in Fig. 1b, with an additional attenuation up to
25 dB compared to free space PL (FSPL) which is calculated
via (1). In this equation, PL is the path loss in dB, d is the
distance between the antennas in m, f is the frequency in Hz,
and c is the speed of light in m/s.

PL(d, f) = 20 log10

(
4πd

f

c

)
(1)

For a distance of 1 m between the antennas, the minimum
measured PL is 68.7 dB, compared to an FSPL of 68.0 dB.
For a distance of 2 m, the minimum measured PL of 74.2 dB
is slightly higher than the FSPL of 74.0 dB.

B. Measurement scenarios
Multiple scenarios are envisioned to characterize the

60 GHz outdoor radio channel for FWA communication sys-
tems. LOS PL is measured for antenna separations up to
130 m. For the characterization of NLOS channels, reflection
loss is measured for different building facades, as well as
diffraction loss. As the LOS path can also be blocked by
vegetation, we performed vegetation loss measurements to
characterize tree trunk attenuation at 60 GHz.



3

(a) Validation measurement setup

(b) Path loss angular profile (PLAP)

Figure 1. IEEE Std. 802.11ad Terragraph (TG) channel sounder validation
in an anechoic room, with a distance of 2 m between the antennas.

1) Line-of-Sight path loss: The LOS measurements were
performed along a road on a university campus. The TX node
location was fixed, while the RX node was moved in steps
of 10 m, with a minimum distance of 10 m and a maximum
distance of 130 m between the two nodes. Both nodes were
mounted on a tripod at a height of 1 m and were rotated by
90◦ to have the electric fields parallel with the ground and to
perform scanning in the vertical plane, allowing to characterize
ground-reflected paths.

The measured PL samples of the direct path, i.e., with AoD
and AoA both equal to 0◦, are compared to FSPL and fitted
to the floating-intercept (FI) one-slope PL model from (2),
with PL0 the reference PL in dB at 1 m, n the dimensionless
PL exponent, d the distance in meter, and χ a shadow fading
term in dB, based on a normal distribution with zero mean
and standard deviation σ [2].

PL(d) = PL0 + 10nlog10(d) + χ (2)

2) Building reflection: In case the LOS link is blocked,
NLOS links may allow wireless communication via a reflected
path. To estimate the PL of the reflected paths, accurate
reflection loss estimations are necessary. Therefore, building
reflection loss measurements were performed for different

incident angles and different types of building facades. The
considered materials, shown in Fig. 2, are coated glass, fiber
cement, and pebbled dash concrete. Specular reflection loss
was measured for incident angles ranging from 0◦ to 60◦, in
steps of 15◦, with respect to the building facade’s normal. The
nodes were positioned at a height of 1 m at a distance of 3 m
from the reflection point. The incident angle is determined
via geometry and a laser positioning system with mm-level
accuracy is used to determine the distance to the wall and
to the reflection point. The antennas were positioned with an
accuracy of 1 cm, resulting in a maximum error of 1.5◦ of the
incident angle. From the measurement results, reflection loss
is obtained by subtracting FSPL for a distance of 6 m, i.e.,
83.6 dB at 60.48 GHz, from the measured PL.

As buildings might contain different facade materials and
intruding or protruding parts, we also performed reflection loss
measurements for a concrete wall surrounded by protruding
concrete parts, as can be seen in Fig. 2d. In this setup, the
nodes were placed at a distance of 13 m from the facade,
resulting in an incident angle of 22.5◦. Furthermore, we per-
formed reflection measurements on a glass window surrounded
by concrete, with the two nodes positioned at a distance of
13 m from the window and with a spacing of 1.8 m, resulting
in a small incident angle of 4◦.

The relation between the incident and reflected electro-
magnetic fields is given by Fresnel’s reflection coefficients
that are based on the boundary conditions of electromagnetic
fields [42]. The relation between the reflection coefficients, the
incident and diffracted angles, and the refraction coefficients
of the materials is presented in (3)-(4). In these equations, r⊥
is the reflection coefficient for perpendicular polarization, i.e.,
the electric field is perpendicular to the plane of incidence,
whereas, r‖ is the coefficient for parallel polarization, i.e.,
the electric field is parallel to the plane of incidence. From
the reflection coefficients that represent the ratio of incident
and reflected field levels, the reflectance R, i.e., the ratio of
reflected and incident power, is found by taking the square of
the reflection coefficient (R = r2).

r⊥ =
nicos(θi)− ntcos(θt)
nicos(θi) + ntcos(θt)

(3)

r‖ =
nicos(θt)− ntcos(θi)
nicos(θt) + ntcos(θi)

(4)

From the measured reflection loss, the reflection coefficient
is obtained and used to estimate the refractive index of the
different facades via a minimum mean squared error (MMSE)
estimation of (5). In this equation, θ is the incident angle, n
is the refractive index of the material under test (MUT) and r
is the reflection coefficient for the perpendicular polarization.
This equation follows from the Fresnel reflection coefficient
(3) and Snell’s law, using the trigonometric identity cos θ =

±
√
1− sin2 θ, and ni = 1.

r =
cos(θ)−

√
n2 − sin2(θ)

cos(θ) +
√
n2 − sin2(θ)

(5)
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(a) Coated glass (b) Fiber cement

(c) Concrete (d) Concrete with protruding parts

(e) Double-edge diffraction measurement setup for θ = 40◦ and φ = 35◦

Figure 2. Building reflection and diffraction loss measurement setups.

3) Double-edge diffraction: We measured diffraction
around the double-edge concrete corner shown in Fig. 2e.
Measurements were performed with two angles θ between the
TX node and the wall, i.e., θ = 40◦ and θ = 45◦. The angle
φ between the RX node and the wall ranges from 25◦ to 50◦

in steps of 5◦ for θ = 45◦. For θ = 40◦, measurements were
performed with φ ranging from 35◦ to 45◦ in steps of 5◦. Both
antennas were positioned at a height of 1.5 m at a distance of
5 m from the corner. For the angles θ and φ, the distance to
the wall is calculated via trigonometry which is used for the
positioning of the two nodes. A measurement error of 2 cm
in the distance measurement to the wall or the corner results
in an angular error of a maximum of 0.6◦. It can be seen in

Fig. 2e that the corner has an indent of 0.44 m, resulting in
double-edge diffraction.

The measured diffraction loss is compared to the knife-edge
diffraction (KED) model [42].

4) Vegetation loss: We performed measurements in a
planted forest with an average tree diameter of 10 cm. The
different measurement scenarios are shown in Fig. 3. For each
scenario, the nodes were placed at a height of 2.4 m, with
antenna separations ranging from 2 m to 14 m. For the LOS
measurements, the TX node location is fixed and an RX node
location moves away from the TX node in steps of 2 m. The
first Fresnel zone is never blocked by a tree. For the NLOS
measurements, the TX node is behind a tree, and the RX node
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(a) Picture (b) LOS (c) NLOS (d) OBS

Figure 3. Vegetation loss measurement setups.

moves from tree to tree. Hence, with increasing distance, more
trees are on the direct path between the antennas. As all trees
are aligned on a grid, we can easily distinguish between LOS
and NLOS scenarios. In the third scenario, i.e., obstructed LOS
(OBS), the TX node is placed behind the tree, and the RX node
moves away without any other tree obstructions.

III. RESULTS

A. Line-of-Sight path loss

Figure 4 shows the measured PLAP for antenna separations
10 m and 80 m. Similarly to the validation measurement results
presented in Sect. II-A2, a cross pattern is observed that is
caused by the antenna radiation pattern. For distances up to
60 m, a ground reflection is observed. The sidelobes of the
antenna system also cause a cross-pattern for this reflected
path. At 10 m (Fig. 4a), the reflected component has an AoD
and AoA of 11.3◦, and a PL of 94.0 dB. As the beam angle
of the reflected path is 1.4◦ for the distance of 80 m, which
equals the beam spacing of 1.4◦ of the TX and RX beams,
the reflected path cannot be distinguished from the LOS path
(Fig. 4b).

Fitting all LOS PL samples of the direct path, with AoD
and AoA equal to 0◦, to the FI PL model from (2) results
in a reference PL of 71.0 dB, a PL exponent of 1.78, and a
standard deviation of 2.8 dB resulting in a 95% shadow margin
of 3.5 dB. The reference PL is slightly higher than FSPL for
a distance of 1 m, whereas the PL exponent is lower than the
FSPL exponent of 2. For distances up to 60 m, the measured
PL equals FSPL, calculated via (1), whereas measured PL is
lower than FSPL for larger distances due to the presence of
ground reflections.

The measured LOS PL is analyzed via the two-ray plane
earth model [42]. For distances up to 60 m, the distance and
incident angle of the ground-reflected path are calculated using
the antenna height and antenna separation. The reflected path
has a longer path length which causes a small additional FSPL,
e.g., 0.2 dB for an antenna separation of 10 m. Subtracting
the additional FSPL from the excess loss of the reflected
path results in the reflection loss on the asphalt road. The
reflection loss ranges from 4.2 dB for an antenna separation
of 10 m (incident angle 78.7◦) down to 1.0 dB for an antenna

(a) Distance 10 m

(b) Distance 80 m

Figure 4. PLAP of the LOS measurements for two antenna separations.

separation of 40 m (incident angle 87.1◦). Estimating the
refractive index of the road by an MMSE of the corresponding
reflection coefficients to (5) results in n = 1.18. The total PL
of the two-ray model can be calculated via (6), with c the
speed of light, d the antenna separation in m, h the height of
the TX and RX antennas in m, f the frequency in Hz, and
R the reflection loss calculated via the reflection coefficient
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Figure 5. Reflection loss as a function of incident angle for different building
facades, as well as measurement results by Langen et al.

obtained via (3), with ni = 1 and nt = 1.18.

PL(d, f) =
(

c
4πdf

)2
∣∣∣∣∣1 + Re

j 2πfd
c

(
2
√
( d2 )

2
+h2−d

)∣∣∣∣∣
2

(6)

The two-ray PL model from (6) predicts constructive inter-
fering paths with a PL lower than FSPL for distances ranging
from 70 m to 130 m. According to a two-ray plane earth PL
model, it is expected that the PL exponent increases up to 4
only for distances exceeding 4π c

f h
2 which is 2.5 km for f =

60.48 GHz and with an antenna height h of 1 m.
The outdoor PL measurements presented in [40] show

PL values that are 3 to 6 dB higher than FSPL, whereas
our measurements show PL values equal to FSPL for lower
distances and PL values lower than FSPL when the reflected
path cannot be resolved in the PLAP. The RMSE between
the measured PL samples and FSPL is 2.9 dB which is only
slightly higher than the RMSE between the PL samples and
the FI model. Therefore, we conclude that the free space PL
model from (1) is a good model for FWA LOS links with
highly directive antennas.

B. Reflection loss

Figure 5 shows the reflection loss as a function of incident
angle for the different building facades. As expected, the
reflection loss decreases for increasing incident angle, and the
reflection loss of coated glass is up to 7 dB lower than concrete
and fiber cement. The measured reflection loss of glass, with a
thickness of 2 cm, is lower compared to the measurements at
60 GHz presented in [35], with glass of thickness 0.8 cm. This
is caused by the coating and the presence of a security film
with high permittivity, increasing the facade’s reflectivity. The
reflection loss is also lower than the (specular) reflection loss
ranging from 5 dB for an incident angle of 70◦ to 11 dB for
10◦ [36]. The measured reflection loss of concrete is also up to
2 dB lower than [35]. Compared to measurements at 28 GHz,

the measured losses are higher [43]. For glass, the reported
reflection loss ranges from 3 to 4 dB for incident angles up
to 60◦. For concrete, the loss ranges from 5 to 6 dB. The
measured reflection losses are much higher than the reflection
loss of 1 to 4 dB for a brick wall, reported in [36].

The measured reflection coefficient of glass ranges from
0.52 for incident angle 0◦ up to 0.94 for angle 60◦. It is higher
than the reflection coefficient of tinted glass at 28 GHz [44]. A
larger difference is found for the concrete wall, with reflection
coefficients ranging from 0.54 for angle 0◦ down to 0.30 for
angle 60◦, compared to the reported reflection coefficient of
0.82 at 28 GHz for a concrete wall, given an incident angle
of 10◦.

An MMSE estimation of the refractive index results in
n = 1.80 for fiber cement, n = 3.75 for glass, and n = 1.62 for
concrete. The refractive index of glass is notably higher than
the reported refractive index of 2.3 at 60 GHz [23] and 2.6 at
70 GHz [45] and the reported value of 2.25 at 140 GHz [46].
The refractive index of concrete corresponds to the reported
value of 1.73 at 140 GHz [46]. The estimated refractive index
values are lower than the values for drywall and plywood,
based on the measurements from [36]. A higher reflection loss
results in a lower refractive index.

Measurements with different angles with respect to the
surface’s normal of the TX and RX nodes reveal a limited
effect of diffuse scattering but show that a reflected path can
be found with low PL. This is illustrated in Fig. 6, for the fiber
cement and glass facades, with an angle of 45◦ between the TX
node and the facade’s normal, and an angle of 0◦ between the
RX node and the normal. Combining the measurement setup
and TX and RX beam angles shows that the reflected paths
correspond to a reflection on the wall structure that is indicated
by the dashed rectangle in Fig. 2. This is also the case for the
measurements from Fig. 2d. Reflection on the glass window
with an incident angle of 4◦ results in a reflection loss of
6.2 dB, which is slightly higher than for the coated glass
from Fig. 2a. The measurements and comparison to literature
confirm that there is a large variation in reflection loss of glass
windows, depending on the glass type [46]. Apart from the
specular reflection, the PLAP also shows reflected paths with
an additional loss, with a reflection on the metallic window
frame. Specular reflection on the concrete part of the building
results in a reflection loss of 13.5 dB for incident angle 22.5◦.
The presence of measurable reflections, even in non-specular
scenarios, enables communication at 60 GHz even when the
LOS path is blocked.

C. Double-edge diffraction

Figure 7 shows diffraction loss as a function of RX angle
for two TX angles, as well as the calculated loss according to
the KED model. No valid data is measured for the TX and RX
angle combinations (θ=45◦, φ=25◦) and (θ=40◦, φ=35◦). As
expected, the loss increases with increasing diffraction angle,
i.e., decreasing RX angle considering a fixed TX angle. The
KED model provides a good fit to the measured loss, with an
RMSE between the model and measurements of 2.60 dB.
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(a) Fiber cement facade

(b) Coated glass

Figure 6. PLAP of scattering measurements, with an angle of 45◦ between
the TX node and the normal to the surface, and an angle of 0◦ between the
RX node and the surface’s normal.

D. Vegetation loss

Figure 8 shows the PLAP for the three measurement sce-
narios, i.e., LOS, OBS, and NLOS, for an antenna separation
of 6 m. The LOS vegetation measurements show one main
component at AoD and AoA equal to 0◦, with PL values close
to FSPL. Fitting the PL values of the direct path to the FI PL
model from (2) results in a reference PL of 67.3 dB at 1 m,
a PL exponent of 1.9, and a standard deviation of 1.6 dB.
For the OBS and NLOS measurements, more reflections are
present in the PLAP. For the OBS measurements, i.e., with one
tree obstructing the direct path, the minimum PL is found for
the diffracted path with AoD and AoA equal to 0◦, whereas a
reflected path with lower PL than the direct (obstructed) path
exists for the NLOS measurements.

Figure 9 shows the measured PL for the three measurement
scenarios from Fig. 3 as a function of distance. Fitting the
NLOS PL values with the AoD and AoA equal to 0◦,
visualized by the green squares in Fig. 9, to the FI PL model
from (2) results in a reference PL of 82.5 dB, a PL exponent
of 3.4, and a standard deviation of 3.3 dB. The PL variations
depend on the exact RX node location as follows. When the
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Figure 7. Diffraction loss as a function of RX angle, for TX angles 40◦ and
45◦.

RX node is behind a tree, the PL is higher, whereas the PL gets
lower when the distance from the RX node to the nearest tree is
higher. The PL values of the best reflected path, represented by
the yellow diamond symbols, are up to 7 dB lower than the PL
of the direct (obstructed) path. These reflections have an AoD
and AoA with opposite signs and are expected to correspond to
paths path with a single tree reflection. For increasing distance,
the ratio of the power of the obstructed LOS component to the
power of the reflected components, i.e., with non-zero AoD
and AoA, decreases. With only one tree in between the TX and
RX nodes, visualized by the purple crosses in Fig. 9, the PL
exponent is lower, as the diffraction angle decreases for longer
distances, resulting in a lower diffraction loss. The excess loss
when a single tree obstructs the LOS path ranges from 12 to
15 dB, which is higher than for sub-6 GHz frequencies, but
lower than the tree trunk attenuation up to 25 dB at D-band
frequencies [47].

In Fig. 9, we see that the excess loss, i.e., the difference
between the measured NLOS PL and FSPL, ranges from 14
to 30 dB. The measured excess loss is high compared to
well-known vegetation models for out-of-leaf scenarios. The
Weissberger model from (7), with L the excess loss in dB, f
the frequency in GHz, and d the distance in meter (limited
to 14 m), predicts a loss ranging from 3.5 dB to 17.5 dB.
The Weissberger model underestimates vegetation loss by up
to 18 dB.

L = 0.45f0.284d (7)

The COST 235 vegetation model from (8), with L the excess
loss in dB, f the frequency in MHz, and d the distance in
meter, predicts an even lower loss ranging from 1.1 dB to
2.6 dB.

L = 26.6f−0.2d0.5 (8)



8

(a) LOS

(b) NLOS

(c) OBS

Figure 8. PLAP for an antenna separation of 6 m for the three scenarios.

The FITU-R vegetation model from (9), with L the excess
loss in dB, f the frequency in MHz, and d the distance in
meter, estimates losses ranging from 14.4 dB to 39 dB.

L = 0.37f0.18d0.59 (9)

The measured excess loss is larger than the estimated
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Figure 9. Path loss as a function of distance for three measurement scenarios:
LOS with no trees between TX and RX nodes, OBS with a single tree between
TX and RX, and NLOS with multiple trees between the TX and RX nodes.

Table I
LINK BUDGET PARAMETERS

Parameter Value
Receiver sensitivity -78 dBm to -53 dBm

Maximum throughput 27.5 Mbps to 4.620 Gbps
Transmit power 10.0 dBm

Total antenna gain 32.3 dBi
Feeding loss 2.5 dB

Implementation margin 4 dB

loss from the Weissberger and COST 235 model because
of the small antenna beamwidth. These models are fitted
to measurements that are performed with antennas with a
larger beamwidth. Larger-beamwidth antennas receive more
incoherent components that are caused by scattering, which
results in a higher received power and lower attenuation.
For distances up to 9 m, the FITU-R model has a good
fit to the measurement data, whereas, for larger distances, it
overestimates the vegetation attenuation.

IV. LINK BUDGET CALCULATIONS FOR FWA NETWORKS

In this section, we use the channel modeling results to
perform link budget calculations for FWA networks in the
60 GHz band. We consider IEEE Std. 802.11ad technology
for which modulation schemes and corresponding receiver
sensitivities and throughputs are provided in [4]. The link
budget parameters are listed in Table I. A typical FWA node
contains an antenna array of patch antennas. Considering a
patch gain of 7.7 dBi [48] and an array of 36x8 elements
(with a patch gain of 24.6 dB) results in a total antenna gain of
32.3 dBi. To apply to exposure regulations, the transmit power
is considered to be 10 dBm [49]. Adding the TX antenna gain
and subtracting a feeding loss of 2.5 dB results in a total
effective isotropic radiated power (EIRP) of 39.8 dBm. We
estimate received power using the models from Section III,
by adding the antenna gain of the RX antenna to the EIRP
and subtracting the feeding loss. An implementation margin
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of 4 dB is added to account for system uncertainties. The
maximum throughput that can be obtained depends on the
received power and the receiver sensitivity. With a single
carrier, a throughput up to 4.62 Gbps is possible using a square
quadrature amplitude modulation (QAM) with 16 constellation
points and a 3/4 code rate, i.e., modulation and coding scheme
index 12 of the IEEE Std. 802.11ad specification.

In Fig. 10a, PL and throughput are presented as a function of
distance for three scenarios: unobstructed LOS paths, NLOS
paths with a single building reflection, and obstructed LOS
paths with multiple trees in between the two antennas. For
the LOS links, the maximum throughput of 4.6 Gbps can be
obtained for distances up to 414 m. For the NLOS path, we
use a reflection loss of 15 dB, which is the highest measured
reflection loss in Section III-B, as a worst-case scenario. The
maximum throughput can now only be obtained for distances
up to 55 m, and no communication is possible for distances
above 400 m. Due to the high vegetation loss, the throughput
quickly drops in case multiple tree trunks are obstructing the
LOS path.

During network design, it is important to determine the
range that can be obtained for a certain throughput require-
ment. Therefore, we visualize the maximum link distance
as a function of required throughput in Fig. 10b. While
guaranteeing a throughput of 2 Gbps, LOS links up to 1.3 km
are possible. When the link uses a building reflection, the
maximum link distance decreases to 200 m. For two building
reflections, the link distance further decreases to 30 m. The
maximum link distance is 120 m for a single tree obstruction,
and further decreases to 20 m for multiple trees in the path,
e.g., in an avenue with trees on both sides of the road.

Using the average reflection loss of 10 dB, averaged over
different incident angles and building facades, instead of the
worst-case reflection loss of 15 dB results in a link distance of
440 m for the NLOS scenario with a single building reflection.
It should also be noted that the NLOS vegetation scenario is
a worst-case scenario. It is unlikely that all tree trunks are
aligned with the direct path, or that trees are aligned along the
full path. For links with trees that are partly obstructing the
directed path over a distance of 10 m, an excess loss of 28 dB
is added to a LOS model, and the maximum link distance to
guarantee a throughput of 1 Gbps extends to 43 m.

In FWA deployments, a mesh network is considered where
the user nodes connect to other user nodes, and data gets
routed towards a point of presence which is the connection
to the wired infrastructure. From the link budget calculation
results, we conclude that a wireless mesh network deployment
at 60 GHz will be able to bring high-throughput internet
connectivity to the user. Even for an NLOS scenario with two
building reflections, link distances of 50 m can be used for
throughputs up to 770 Mbps, which is higher than most wired
access networks that are used today. The aggregated data from
multiple users can be combined and sent to another node using
an NLOS link with a single reflection and a distance up to
180 m. Nodes close to the fiber point of presence will need a
LOS link that has enough throughput to transfer the aggregated
data. Planning of FWA networks will require knowledge of
the environment, i.e., locations of buildings and vegetation, to
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Figure 10. Throughput and range estimations via link budget calculations.

optimize the network.

V. CONCLUSION

In this paper, we have investigated outdoor radio propaga-
tion characteristics at 60 GHz that are crucial for fixed wireless
access applications. In the most favorable scenario, a LOS
link exists and PL is close to free space PL. In case a LOS
link does not exist, communication is possible via reflected
paths, e.g., on nearby buildings. We discussed reflection loss
measurements for different building facade materials and in-
cident angles. The measured reflection loss is higher than at
lower frequencies. Compared to literature on reflection loss
at similar frequencies, the reflection loss of glass is up to
7 dB lower, because of a metallic film that is present in safety
glass, whereas the reflection loss of concrete is similar. We per-
formed vegetation loss measurements and showed that existing
models that were developed based on measurements at lower
frequencies and extrapolated to frequencies up to 100 GHz
tend to underestimate actual tree attenuation at 60 GHz, due
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to the narrow beamwidth of a realistic 60 GHz communication
system. The FITU-R vegetation model provides the best fit to
our measurement data. An additional loss up to 30 dB needs
to be taken into account in a vegetated area. We also showed
that a building corner causing double-edge diffraction can
be modeled by a simple knife-edge diffraction model, which
simplifies ray-tracing solutions for outdoor environments. Link
budget considerations for FWA networks are analyzed, using
the presented channel models. High-throughput LOS links
with distances exceeding 1 km are possible, whereas the
distance of NLOS links is limited to a few 100 m (via building
reflection) or to a few 10 m (in an environment where tree
trunks obstruct the direct path).

Future work includes network planning for the design of
FWA networks, i.e., defining the locations of FWA edge nodes
that are required to create a mesh network to connect all users.
Furthermore, a routing algorithm will be designed to define
how traffic is routed in the mesh network, taking into account
the capacity of each wireless link, based on the link budget
calculations presented in this paper.
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