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Abstract Propagation characteristics at 26, 28, and 38 GHz (Ka band) in outdoor environments are
analyzed through path loss measurements in two different urban scenarios and used to tune a ray-tracing
model, with specific focus on nonspecular scattering and vegetation attenuation.

The contribution from nonspecular components in non-line-of-sight conditions is shown to be much more
important than expected even for narrowband prediction, differently to what was found in previous studies
at lower frequencies. Attenuation through vegetation is also very important and can be described using
vegetation polygons and a simple linear attenuation model. When these effects are modeled inside the
ray-tracing tool, prediction accuracy is good. However, scattering from vehicles and other cluttering objects
is shown to give a relevant contribution in deep non-line-of-sight locations, and further work is needed to
systematically model such effects into the ray-tracing engine.

1. Introduction
Millimeter wave (mm-wave) frequencies are being considered for fifth generation (5G) and beyond mobile
wireless communications due to the availability of free bandwidth and other desirable characteristics
(Rappaport et al., 2013; Salous et al., 2016). Mm-wave spectrum will definitely support higher data rate
transmission and allow the implementation of Massive MIMO and beamforming schemes, to optimize
system performance and achieve a high throughput density. Among all frequencies under consideration
within the World Radio Conference 2019 Agenda Item 1.13 (WRC-19 A.I. 1.13), in accordance with Reso-
lution 238 WRC-15 (World Radiocommunication Conference, Geneve (CH), November 2015), the Ka band
(26.5-40 GHz) has attracted particular attention as a candidate for urban microcells, also boosted by the
European Commission's 5G Action Plan (EU law and publications, Bruxelles, 14/09/2016, 2016), which has
identified the spectrum at 24.25 - 27.5 GHz as the “pioneer”mm-wave band for Europe (Radio SpectrumPol-
icyGroup,Brussels, 09November 2016) and by the FCC's 5G fast plan (Federal CommunicationsCommission,
Washington D.C., 28/09/2018, 2018), which includes among other key topics, actions to make additional
spectrum available for 5G services . While mm-wave frequencies offer much higher bandwidths, they suffer
from isotropic path-loss and higher blocking due to obstacles such as buildings, trees, and terrainwhen com-
pared to the lower frequency bands currently used in mobile networks (Salous et al., 2016). Connectivity in
non-line-of-sight (NLOS) conditions has traditionally relied onmultipath propagation,which is nevertheless
not as effective at higher frequencies due to lower diffraction effects, and whether mm-wave communica-
tions will work in NLOS conditions in practical deployments still needs to be fully understood. Considerable
effort has been spent in recent years in the characterization of mm-wave propagation, both in indoor
(Ai et al., 2017; Fuschini et al., 2017; Inomata, Imai, et al., 2017; Inomata, Sasaki, et al., 2017; Cheng
et al., 2017; Huang et al., 2016; Nielsen & Pedersen, 2016; Karstensen et al., 2016) and in outdoor scenarios
(Rappaport, Xing, et al., 2017; Sun et al., 2018; Weiler et al., 2016; Rappaport, MacCartney, et al., 2017;
Rappaport et al., 2015; Leonor et al., 2014 ; Solomitckii et al., 2016; Zhong et al., 2017; Park et al., 2016;
Hur et al., 2015). Among the latter, some papers are comprehensive surveys on mm-wave communications
(Rappaport, Xing, et al., 2017) or on mm-wave propagation models for 5G systems (Rappaport et al.,
2015); others deal with narrowband path-loss or shadowing models (Rappaport, MacCartney, et al., 2017;
Weiler et al., 2016) or with wideband mm-wave models (Rappaport et al., 2015; Hur et al., 2015; Park et al.,
2016). Very few papers address peculiar characteristic of outdoor mm-wave propagation such as the effect
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Figure 1. 2-D radiation patterns of the Tx directional antenna used in the
measurements.

of vegetation and of diffuse scattering and their modeling in ray-tracing
(RT) tools (Solomitckii et al., 2016; Leonor et al., 2014; Mani et al.,
2018). Ray-tracing propagation models, having the capability to simu-
late the multipath characteristics of the channel, are particularly suitable
for mm-wave frequencies, where propagation characteristics are quasi
ray-optical due to the small wavelength compared to main obstacles' size,
and the computational burden is less severe due to the smaller prop-
agation domain compared to lower frequencies. As measurements are
costly and time consuming, RT represents a valid alternative for radio
coverage assessments, channel simulation, and even as a study tool for
propagation analysis and measurements interpretation. Unfortunately,
commercial RT tools rarely consider the foregoing propagation effects,
not to mention scattering from cluttering objects (e.g., lampposts and
cars) that can become very important at mm-wave frequencies (Salous
et al., 2016). Moreover, very little work has been carried out to assess
the importance of such propagation mechanisms versus measurements
to achieve the best performance in different environments at mm-wave
frequency bands. In this work, measurements are used to analyze prop-
agation in the Ka band and to test an advanced 3-D RT model (Vitucci
et al., 2015; Fuschini et al., 2015). The RT model is first extended to con-

sider attenuation by vegetation and diffuse scattering from surface and material irregularities at mm-wave
frequencies, then tested versus measurements. Challenging outdoor urban scenarios are considered, with
the presence of vegetation and cluttering (lamp posts and parked cars). With respect to preliminary work
shown in Mani et al. (2018), the analysis here is improved and extended to an additional urban scenario
with mid-rise buildings, little vegetation, and a street with cars, an additional frequency, and different
transmitter antenna heights (see section 2.1). Results show that diffuse scattering from building walls
and objects close to them (signs, poles, etc.) is much more relevant than expected even when only nar-
rowband radio frequency (RF) coverage is considered, especially in NLOS locations. This contrasts with
previous work on sub-6 GHz propagation, where nonspecular scattering was found to have an important
impact on wideband propagation parameters, but a minor one on narrowband outdoor coverage except
for specific cases (Degli-Esposti et al., 2004). Vegetation attenuation is also very relevant, as highlighted
in previous work Leonor et al. (2014), and can be modeled using the 3-D vegetation polygons available in
most ESRI-SHAPE building databases (ESRI Company, July 1998) using a simple specific attenuation for-
mula. Moreover, a preliminary analysis is carried out on the effect of back-scattering from cars, modeled
as simple metal sheets with a given curvature, to understand whether their contribution can explain the

Figure 2. 2-D radiation patterns of the Rx omnidirectional antenna used in
the measurements.

presence of RF coverage in some deep-NLOS locations, where RT pre-
diction suffers from an underestimation of over 20 dB if the sole building
database—without cluttering objects—is considered. This paper is orga-
nized in the following way: Section 2 describes the considered urban
scenarios and the measurement campaigns, Section 3 describes the RT
model and its features, Section 4 presents and analyzesmeasurement and
RT simulation results, while Conclusions are drawn in Section 5.

2. Scenarios andMeasurement Campaigns
Measurements were carried out in Shanghai (China) in two different
scenarios: Tengfei, an office district, and the Shanghai Jiao Tong Univer-
sity campus (SJTU). In both cases, the base stations (BS) were elevated
with respect to ground and employed a directional horn transmitting
(Tx) antenna with a gain of about 8.3 dBi, while the receiving (Rx) unit
employed an omnidirectional antenna located at 1.5 m from the ground
level. The 2-D radiation patterns of the antennas in the E and H planes
are shown in Figure 1 and 2 for the directive and omnidirectional anten-
nas, respectively. The horn antenna has a half-power beam width in the
horizontal plane of about 110◦, which emulates quite well a typical sector
antenna of a cellular site. The Tx unit of the channel sounder consisted

VITUCCI ET AL. 1113
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Figure 3. Aerial pictures of the Tengfei measurement scenario, including
BS and Rx routes.

of aKeysight 4438C signal generatorwith 350MHzbandwidth connected
to an up-converter module and a high-gain power amplifier operating
in the 26-40 GHz band, while at the Rx unit a Keysight N9030B signal
analyzer was used. More details on the measurement equipment can be
found in Zhong et al. (2017).

2.1. Tengfei Scenario
This scenario, depicted in Figure 3, is an office park that can be com-
pared to a modern urban scenario with little vegetation and including
complex structures as pedestrian bridges and ark-shaped buildings. The
BS antenna with the Tx equipment was placed on a lift platform at four
different heights: 5 m, 10 m, 14 m, and 17 m (see Figure 4). Since the BS
height was always below the average building height, the measurement
scenario can be regarded as typical urban microcellular scenario. The
receiving User Equipment (UE) was installed on a trolley that traveled
alongmultiple routes both in line-of-sight (LOS) and inNLOS conditions.
Along each route, static measurements were recorded in different loca-
tions, with a distance of about 2 m between adjacent positions. All the

measurement locations were referenced using GPS. Moreover, the BS antenna was pointed in two different
directions corresponding to two different groups of measurement routes (red and yellow lines in Figure 3),
in order to have the radial line connecting BS andUE always fallingwithin themain beam of the Tx antenna.
Two measurement frequencies were used for this scenario: 28 and 38.6 GHz.

2.2. SJTU Scenario
The second scenario, depicted in Figure 5, is a University campus with more traditional buildings but sur-
rounded by abundant vegetation. The BS was placed on top of a low building at 10 m from the ground. The
UE was always located in NLOS condition with the radial path blocked either by buildings or vegetation.
Also in this case, the BS antenna was rotated to keep the main radiation lobe pointed toward the UEmoving
along differentmeasurement routes (white lines in Figure 5). The operation frequency is in this case 26GHz.

3. TheModel and its Extended Features
The employed model is an advanced 3-D RT tool (Fuschini et al., 2015), which is able to model propagation
in outdoor environments throughmultiple interactions, including specular reflection, transmission, diffrac-
tion modeled through the uniform theory of diffraction (Kouyoumjian & Pathak, 1974; Balanis, 1989), and
diffuse scattering modeled through the Effective Roughness (ER) method (Degli-Esposti et al., 2007). Any
combination of the different interaction types is possible. Anyway, the maximum number of interactions
in the same ray is limited to four reflections and two diffractions, while diffuse scattering is limited to a

Figure 4. BS and UE configuration during the measurement in Tengfei
scenario.

single bounce, due to computation time constraints. Transmission is
neglected in RT simulations except for vegetation polygons, according
to the usual practice for outdoor environment. The RT model is also
able to consider multiple diffractions on building rooftops, which can be
important in NLOS situations. Due to theoretical limitations in the rig-
orous computation of the diffracted field for arbitrarily oriented wedges
using the approach, in the RT model the over-roof-top contribution is
computed through a heuristic, simplified approach (Vitucci et al., 2018;
ITU-R, 2013; Epstein and Peterson, 1953). Over-roof-top (as diffraction in
general) is not expected to be very important at the Ka band frequencies
compared to other interaction mechanisms, anyway.

With respect to standard RT, the additional features shortly outlined in
the following subsection are implemented in the RT model used in this
work. In the following subsection, short descriptions of the extended
features that are relevant to the present work are provided.

3.1. Extended Features
When extending RT capabilities to propagation mechanisms not taken
into account by traditional geometrical optics, one of the major problems

VITUCCI ET AL. 1114
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Figure 5. Aerial pictures of the SJTU measurement scenario, including BS
and Rx routes.

is to identify simple and yet sound models that can be easily embedded
into the tracing engine and that require the same, simplified environ-
ment description based on commonly used format such as the ESRI
Shapefile Format (ESRI Company, July 1998). According to this format,
buildings and vegetation blocks are stored as polygons with an associ-
ated height to derive right prisms—that is, polyhedrons with polygonal
base and ceiling, parallel to each other—having the same height as the
buildings or trees they represent. For the case of nonspecular scattering,
the ER model has been conceived specifically for ray-based propagation
models (Degli-Esposti et al., 2007), while for vegetation attenuation we
considered two simple models that could be easily implemented in the
RT engine, as described below.
3.1.1. Diffuse Scattering
According to the ER method (Degli-Esposti et al., 2007), diffuse scat-
tering due to deviations in building walls from being smooth, uniform
layers—and therefore including the effect of structures not present in the
building database such as signs, columns, decorations, window frames,
and so forth—is generated by dividing the walls into surface elements
(tiles). Diffuse rays are supposed to originate from the centre of each
of these tiles. The model assigns an amplitude scattering coefficient S
and scattering pattern model to each surface. S sets the amount of scat-
tered power, and this is linked to a reduction factor of the specular rays
R =

√
1 − S2, which sets the amount of power subtracted by diffuse scat-

tering to specular reflection. The diffused field from a surface element dS
is computed as

|Es (rs, 𝜃s) |2 = E2s0
F𝛼r

(
1 + cos𝜓r

2

)𝛼r

with E2s0 =
(
K0ΓS
rirs

)2

· cos𝜃i,
(1)

where K0 is a function of the transmitting antenna gain, S is the scattering coefficient, ri and rs are the
lengths of the incident and of the scattered rays, respectively, 𝜃i and Γ are the angle of incidence and the
corresponding reflection coefficient, F𝛼r is a coefficient that can be found in Degli-Esposti et al. (2007), 𝜓 r
is the angle between the reflection and scattering directions, and 𝛼r is a coefficient thats set the width of
the scattering lobe. In the following, 𝛼r = 2 is assumed, which gave the best results in previous studies in
outdoor scenarios at lower frequencies (Mani & Oestges, 2011).
3.1.2. Attenuation by Vegetation
As vegetation may be present in many outdoor environments, its effect must be taken into account. Some
models for vegetation scattering and absorption have been presented in the literature based on propagation

Table 1
Simulation Parameters

Sim. parameter value
Transmitted power [dBm] 34
Relative permittivity 5.3
Conductivity [S/m] 0.4
Scattering parameter S 0.6
Max. number of reflections 4
Max. number of diffractions 2
Max. number of reflections and diffractions combined 2
Max. number of reflections combined with scattering 1
Average simulation time (minutes) - Tengfei scenario 70
Average simulation time (minutes) - SJTU scenario 720

VITUCCI ET AL. 1115
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Figure 6. 2-D map of the simulated Tengfei scenario, including buildings, vegetation polygons, and Tx/Rx locations.

in random media (Leonor et al., 2014; ITU-R, 2016). Such models consider both scattering and attenuation
from trees, but while the latter is simple to model and certainly important at mm-wave frequencies, the
former is difficult to implement into a ray-based model as commercially available environment databases
usually contain generic polygons of vegetated areas (parks, flowerbeds, roadside trees, etc.) but very rarely
information on the exact location, size, and characteristics of each tree. The ITU 833-9 model (ITU-R, 2016)
is very useful for RF coverage prediction in large vegetated areas of well-defined characteristics, but requires
a number of parameters such as the ratio of the forward scattered power to the total scattered power, that
are not available for vegetation polygons in urban databases. Moreover, backscattering from trees, being
generated in random sparse media, is most probably weaker than scattering from objects such as cars and
lampposts, where incoming waves are totally backscattered by curvedmetal surfaces. Therefore, we decided
to take into account the vegetation effect simply as an excess loss applied to each ray intersecting one ormore
vegetation volumes, depending on the length of each ray section inside vegetation polygons, assumed as
semitransparent solidsmade of a lossy isotropicmedia. Backscattering fromvegetation polygons is neglected
in the present work. Two simple models for vegetation loss have been considered. The first one is the
well-knownWeissberger model (Weissberger, 1982), which covers a frequency range between 230MHz and
95 GHz and a penetration depth up to 400 m. Its formulation for a loss in dB is the following:

Lv =
{
1.33𝑓 0.284d0.588 14 < d ≤ 400
0.45𝑓 0.284d 0 < d ≤ 14,

(2)

Figure 7. 2-D map of the simulated SJTU scenario, including buildings, vegetation polygons, and Tx/Rx locations.

VITUCCI ET AL. 1116

where f is the frequency in GHz and d is the total ray path length inside vegetation expressed in meters. The
second one is a simple model where the specific attenuation γ (dB/m) is multiplied by the distance traveled
by the ray inside vegetation: Lv= γd. Typical values of γ can be found in literature. As an example, in de Jong
and Herben (2004), γ = 1 dB/m is considered for 2 GHz propagation, but γ strongly depends on the simu-
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Figure 8. Comparison of measurements with simulations with and without scattering in Tengfei scenario at 28 GHz
and for hBS = 5m.

lation frequency. In Goldhirsh and Vogel (1998), the following frequency scaling formula for attenuation in
dB is proposed:

Lv
(
𝑓2
)
= Lv

(
𝑓1
)√𝑓2

𝑓1
, (3)

where f2 is the target frequency and f1 is the original frequency where the excess loss Lv
(
𝑓1
)
is assumed

known.

4. Measurement and Simulation Results
4.1. Simulation Parameters and ValidationMetrics
Table 1 presents the simulation parameters used in the two scenarios, where the number and type of bounces
are chosen to provide a good trade-off between prediction accuracy and simulation time. A calibration of the
building material parameters (relative permittivity 𝜖r and conductivity 𝜎) has been carried out, in particular
initial values of the parameters in the Ka band were derived from a literature survey (Salous et al., 2016;

Figure 9. Comparison of measurements with simulations with and without scattering in Tengfei scenario at 28GHz
and for hBS = 10m.

VITUCCI ET AL. 1117
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Figure 10. Comparison of measurements with simulations with and without scattering in Tengfei scenario at 28GHz
and for hBS = 14m.

Fuschini et al., 2016), and then, a finer tuningwas performed versusmeasurements, yielding to the following
optimum values: 𝜖 r = 5.3, 𝜎 = Figure 6 presents 2-D map of the Tengfei simulated scenario while
Figure 7 presents 2-D map of the SJTU simulated scenario. The available input database, as it is often the
case formaps of large scenarios, did not include some details, for example, pedestrian bridges and vegetation
polygons in Tengfei and someminor buildings in SJTU.When possible, this was overcame by hand-drawing
the missing building or vegetation blocks, after visual inspection of the scenario. The reference metric is
normalized path loss (PL), defined in dB as

PL = Pt − Pr + Gt + Gr , (4)

where Pt is the transmitted power, Pr is the received power, and Gt and Gr are the transmitting and
receiving antenna gains, respectively. Local averages have been considered for both the measured and the

Figure 11. Comparison of measurements with simulations with and without scattering in Tengfei scenario at 28GHz
and for hBS = 17 m.

VITUCCI ET AL. 1118
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Figure 12. Comparison of measurements with simulations with and without scattering in Tengfei scenario at 38 GHz
and for hBS = 5 m.

RT-simulated PL values by applying a 5-m wide averaging sliding window on samples along the considered
routes.

4.2. Results in Tengfei Scenario
Figures 8–11 present the simulated PL compared with measurements for different Tx heights (from hBS =
5 m to hBS = 17 m) at 28 GHz, and, in particular, the contribution of diffuse scattering is highlighted
by showing simulation results when this feature is enabled or not. The results clearly show the impor-
tance of this type of interaction to get a realistic prediction in deep NLOS positions where most of the
received power comes from nonspecular contributions, that is, diffuse scattering. Deep NLOS locations are
Rx positions where the LOS path is obstructed by at least two buildings, that is, Rx route sections facing
the curved street at the bottom of Figure 3. This result was somehow unexpected, since previous studies at

Figure 13. Comparison of measurements with simulations with and without scattering in Tengfei scenario at 38 GHz
and for hBS = 10 m.

VITUCCI ET AL. 1119
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Figure 14. Comparison of measurements with simulations with and without scattering in Tengfei scenario at 38 GHz
and for hBS = 14 m.

lower frequencies have highlighted that diffuse scattering is important to model the temporal/angular
dispersion characteristics of the channel such as delay spread and angle spread (Fuschini et al., 2008;
Degli-Esposti et al., 2009), rather than for PL prediction. Recent studies on outdoor propagation atmm-wave
frequencies have actually shown the importance of nonspecular scattering, but to a lesser extent than what
found here (Solomitckii et al., 2016). It is interesting to note that the shape of the measurement curve is
well reproduced by simulations with scattering even where PL is overestimated by simulations. A rigorous
comparison of the plots for different Tx heights is not possible, because during the measurements the NLOS
streets were traveled by the mobile terminal each time in a slightly different way. However, in all cases, we
observe that the overestimation of the PL in NLOS locations is slightly increasing with Tx height. In a simi-
lar way, Figures 12–15 present the results at 38 GHz for different Tx heights (from hBS = 5 m to hBS = 17 m).
The measured and simulated PL values appear to be similar to, or slightly higher than, the 28 GHz case,
as they should since the expected PL difference for the LOS component only at the two frequencies can be
computed as

ΔPL[dB] = 20log10
(38.6
28

)
= 2.8 dB. (5)

The quality of the prediction is on average similar to the other frequency, and the contribution of diffuse
scattering is equally—if not more—decisive. This is in agreement with previous studies that found prop-
agation at the two very same frequencies to show very similar characteristics (Park et al., 2016). Tables 2

Table 2
Summary of Prediction Errors [dB] in Tengfei Scenario When Scattering is Included in
the Simulations

Mean Error Standard Deviation RMSE
f = 28 GHz hBS = 5 m −4.4 4.4 6.2
f = 28 GHz hBS = 10 m −5.3 7.2 8.9
f = 28 GHz hBS = 14 m −6.8 7.9 10.4
f = 28 GHz hBS = 17 m −9.3 8.2 12.4
f = 38 GHz hBS = 5 m −7.9 4.6 9.1
f = 38 GHz hBS = 10 m −7.6 7.9 11.0
f = 38 GHz hBS = 14 m −8.9 8.1 12.1
f = 38 GHz hBS = 17 m −10.5 8.0 13.2

VITUCCI ET AL. 1120
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Figure 15. Comparison of measurements with simulations with and without scattering in Tengfei scenario at 38 GHz
and for hBS = 17 m.

and 3 summarize the prediction errors in Tangfei Scenario for both frequencies, when scattering is included
(Table 2) and not included (Table 3) in the ray-tracing tool. Since diffuse scattering appears to be a very
important feature in NLOS locations at mm-wave frequencies, we also tested the simulation versus mea-
surements for different values of the scattering parameter S. While diffuse scattering components become
more powerful with S, specular reflection attenuates according to reduction factor R =

√
1 − S2. There-

fore, the dependance of PL on S is not trivial. We also tested S = 1 as a reference, extreme case where
building surfaces would act as pure sources of diffuse scattering and no specular reflection would occur.
Figure 16 shows a comparison betweenmeasurements and simulations for different values of S in the range
[0.4 − 1], considering the case of 28 GHz and hBS = 14 m. Table 4 shows the related RMSE values. Accord-
ing to the errors, optimal values seem to range between 0.6 and 0.8. Similar results have been obtained for
different antenna heights and for the higher frequency. S = [0.6 ÷ 0.8] are quite high values compared
to what found in previous studies at lower frequencies (Degli-Esposti et al., 2007; Mani & Oestges, 2011).
An explanation could be that outdoor construction materials such as bricks, cement, asphalt, and so forth
have a roughness standard deviation comparable to the wavelength at mm-wave frequencies and there-
fore generate considerable nonspecular scattering. Another possible explanation can be that high-scattering
coefficient values might compensate other issues, that is, inaccuracies in the geometrical input database or
some contributions RT could not reproduce that caused a PL overestimation in most NLOS locations. Such
faults are more evident at mm-wave frequencies because of the relative lack of diffraction and over-roof-top
compensating contributions. However, it is interesting to note that PL overestimation tends to increase
with the Tx height. In fact, since the Tx antenna is quite directive in the vertical plane, most of the power
tends to remain on a plane at the same height as the Tx even after multiple reflections on vertical build-

Table 3
Summary of Prediction Errors [dB] in Tengfei Scenario When Scattering is Excluded
From the Simulations

Mean Error Standard Deviation RMSE
f = 28 GHz hBS = 5 m −20.8 20.9 29.5
f = 28 GHz hBS = 10 m −19.5 24.1 30.1
f = 28 GHz hBS = 14 m −15.8 19.7 25.2
f = 28 GHz hBS = 17 m −18.4 18.4 26.0
f = 38 GHz hBS = 5 m −24.2 21.4 32.2
f = 38 GHz hBS = 10 m −21.0 25.6 33.1
f = 38 GHz hBS = 14 m −26.5 25.8 37.0
f = 38 GHz hBS = 17 m −21.5 18.7 28.5
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Figure 16. Tengfei scenario: Comparison of measurements and simulations with different values of the Scattering
coefficient (28 GHz, hBS = 14 m).

ing walls, and probably such multiple reflections can reach NLOS or even deep-NLOS locations, partially
compensating the lack of other contributions. Conversely, when the Tx antenna is much higher than the
Rx, multiple reflections do not help much. Even with the addition of diffuse scattering, RT simulations still
overestimate PL in most NLOS locations. This might be due to the presence of cluttering objects (e.g., cars,
lampposts, etc.) which are actually present in the environment, but not considered in RT simulations. This
effect is clearly visible if we refer for instance to the deep-NLOS zone highlighted in Figure 9 (green dot-
ted circle, “considered deep-NLOS zone”) and Figure 17 (red circle): since the Tx is facing a street with
parked cars, the Rx locations can be reached through a single bounce from such cars (see Figure 17, 18).
If the cluttering objects contribution is not considered, simulations overestimate the path loss by 20 dB on
average. Increasing the number of bounces does not help much: we tried to increase the number of reflec-
tions from four to eight (with an increase of the computation time from 70min to about 1 day), but we got an
improvement of the predicted power of less than 1 dB. On the other hand, if we take somehow into account
the cars, we can easily achieve a PL similar to the measurements. In order to prove that, let us consider the
scenario of Figure 17 and the formulation for reflection from a perfect electric conductor curved surfacewith
principal curvature radii R1 and R2, as detailed in Appendix A. For the considered car and NLOS locations,
distances are 𝜌i=150 m, s=80 m (see Figure 17). If we consider as a proxy for the car surface a spherical sur-
face of radius 2.8 m, that is, R1=R2=2.8 m, which can represent the low-curvature hood or side surface of a
car, from equation (A3) of Appendix A we get PL = 140 dB, that is, exactly the average measured path loss
shown in Figure 9 for the considered deep-NLOS location. This means that the car model reflection is 100
times stronger than all the other contributions predicted by the RT tool. The chosen curvature radius value
is probably excessive and unrealistic for a car, but in this simplified calculation we are considering the effect
of a single car only, while in reality there is an effect that is the combination of multiple reflections caused
by several cars. On the other hand, if we modeled backscattering from cars as reflection from a flat surface,
we would get PL = 120 dB, that is, we would overcompensate the attenuation by about 20 dB. In order to

Table 4
Comparison of RMSE for Different Values of Scattering Coefficient in the Tengfei
Scenario (28 GHz, hBS = 14m)

S=0.4 S=0.6 S=0.8 S=1 S=0 (no scat)
RMSE 11.17 10.39 10.41 11.62 25.2
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Figure 17. Tengfei scenario: Considered deep-NLOS location.

model the effect of the car reflection in a more realistic manner, we should consider surfaces with a double
curvature, instead of spherical surfaces. Large and low-curvature surfaces such as the hood and the side of a
car can generate a relatively strong reflection but a very directive reflection cone; therefore, such a reflection
can only take place for small set of car orientations and therefore is unlikely to actually occur. On the other
hand, surfaces with one high-curvature direction such as the upright rod of a car's windshield are probably
much more likely to generate reflection for a wide angular range. To investigate this case, let us consider
an upright rod oriented at 45 degrees to the ground, with R1 = 15 m and R2 = 0.5 m, 𝜃1=𝜋/2, 𝜃2=𝜋/2-𝜃i.
Using again the formulation of Appendix A, we get PL = 140 dB, again the same value as in Figure 9. Just to
have an idea of the potential improvement, even with this simple off-line model and by repeating the same
calculation for all deep-NLOS locations corresponding to case of Figure 9, the average prediction error can
be reduced from −5.3 dB to about −2 dB, while RMSE is reduced from 9 dB to about 7.5 dB. Therefore, we
can infer that by modeling in a simplified way cluttering objects such as cars where they are expected to
be present—for example, in parking lots and along busy streets—and embedding such models into the RT
prediction tool, much better error statistics could be achieved with respect to what reported in tables and
figures above. This idea will have to be fully developed in future work.

Figure 18. Tengfei scenario: Contribution of reflecting cars.
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Figure 19. SJTU scenario: Comparison between measurements and simulations when diffuse scattering is included or
not in the simulations.

4.3. Results in SJTU Scenario
The first result, presented in Figure 19, shows once again the importance of diffuse scattering, similar to
what we have found in the Tengfei scenario. As amatter of fact, in deep NLOS locations, diffuse scattering is
decisive to achieve good prediction capability. By properlymodeling attenuation by vegetation, a RMSE error
equal to 7.3 dB is achieved. Also in this case, satisfactory results are obtained assuming S = 0.6. Figure 20
presents simulation results with andwithout vegetation attenuation and a comparison between the two veg-
etation attenuation models is introduced in section 3.1. As it could be expected, not including vegetation
yields a significant underestimation of the PL. Also, the Weissberger model appears to yield an underesti-
mation. Therefore, we can conclude that a specific loss model is more suitable for the considered scenarios
at the Ka-band frequencies. As a starting point, we have considered , by applying equation (3)
and considering a specific loss of 1 dB/m at 2 GHz (de Jong &Herben, 2004). As we can see in Figure 21, we

Figure 20. Comparison of measurements and simulations with and without vegetation in SJTU scenario.

VITUCCI ET AL. 1124
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Figure 21. Comparison between measurements and simulations with different excess vegetation loss models in SJTU
scenario.

tend to overestimate PLwith this level of specific loss, so we also tested lower values. Table 5 summarizes the
prediction errors for both models and different values of specific attenuation. The RMSE of the four tested
values differs only by fractions of dB. Nevertheless, while 5 dB/m seems to overestimate the vegetation loss
and 2 dB/m to underestimate it, we can safely assume that values between 3 and 4 dB/m can be considered
suitable for this kind of scenario at these frequencies. Note that this value of specific attenuation is much
lower than what found in other investigations, such as in Leonor et al. (2014) where the parameter Attk is
found to lay in the range 10 to 20 dB/m depending on the kind of tree. In our case however, we consider
attenuation through a "vegetation polygon" not through a single tree. Vegetation polygons in the environ-
ment database refer to vegetated areas in cities where trees probably occupy less than 50% of the area and
20% of the volume, and this can explain the discrepancy of the specific attenuation figures.

5. Conclusion
This work is on the improvement and tuning of a RT model versus measurements in outdoor scenarios in
the Ka band. By considering a modern office-building scenario with little vegetation (Tengfei) and a univer-
sity campus scenario with copious vegetation (SJTU), we could analyze the impact of different propagation
characteristics.We have shown that both diffuse scattering from buildings and objects, and attenuation from
vegetation, can have a relevant impact for RF-coverage analysis at mm-wave frequencies, and we believe
these findings have great importance for the design and the deployment of present and future mm-wave
transmission systems. In particular, properly modeling diffuse scattering from building walls appears to
be decisive—much more than we expected—to get realistic prediction results in NLOS conditions, even
just considering narrowband RF coverage. Moreover, even if prediction accuracy is sufficiently good, with

Table 5
Summary of Prediction Errors in SJTU Scenario

Mean Error Standard Deviation RMSE
No Vegetation 18.0 6.2 19.0
Weissberger 7.5 7.3 10.5
Specific Att. 5 dB/m −2.4 8.0 8.3
Specific Att. 4 dB/m −1.3 7.6 7.7
Specific Att. 3 dB/m 0.5 7.3 7.3
Specific Att. 2 dB/m 3.3 7.4 8.1
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an average RMSE of the order of 8 − 9 dB, further improvements seem possible if the presence of clutter-
ing, for example, parked cars, is considered in the simulations, according to a preliminary evaluation we
have shown in the paper. The analysis of attenuation by vegetation in the SJTU scenario suggests that a
properly tuned specific attenuation model can provide good results. Specific attenuation values between 3
and 4 dB/m applied to all rays going through vegetation polygons give the best results at the considered
frequencies. A systematic modeling of scattering from cluttering objects, which will be developed through
a wideband analysis of experimental results, will be object of future work.

Appendix A: Reflection from a PEC Curved Surface
In this Appendix, we compute the contribution of a single-bounce reflection from a perfect electric conduc-
tor (PEC)-curved surface that approximates a car's metal body surface. It is known that the generic-curved
surface at every point has two principal directions corresponding to two different principal curvature radii
R1,R2. Assuming that a far-field spherical wave with curvature radius 𝜌i reflects on the curved surface, with
𝜃i the incidence angle and 𝜃1, 𝜃2 the angles between the incidence direction and the two principal direc-
tions, the reflected wave is an astigmatic wave with curvature radii 𝜌1r , 𝜌

2
r (see Kouyoumjian & Pathak, 1974,

Appendix I):

1
𝜌
1∕2
r

= 1
𝜌i

+ 1
cos 𝜃i

[
sin2𝜃1
R2

+
sin2𝜃2
R1

]
+

±

√√√√√ 1
cos2𝜃i

[
sin2𝜃1
R2

+
sin2𝜃2
R1

]2

− 4
R1R2

,

(A1)

in which the plus sign is associated with 𝜌1r and the minus sign with 𝜌
2
r . The spreading factor of the reflected

wave at a distance S from the surface can be therefore expressed as (Balanis, 1989)

SF =
𝜌1r𝜌

2
r(

𝜌1r + s
) (
𝜌2r + s

) , (A2)

and the overall dB path-loss from the source to the receiving point, at a distance S from the PEC surface, can
be written as

PL = LI0 − 10log10SF, (A3)

where LI0 is the isotropic free-space path-loss for the impinging wave

LI0 = 20log10
4𝜋𝜌i
𝜆

. (A4)
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