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Abstract—This paper is concerned with the generation
of accurate radio channel propagation models for mmWave
transmissions for vehicle-to-everything (V2X) communica-
tions in urban scenarios. We emphasize the importance
of capturing diffuse scattered rays for improved large-
scale and small-scale radio channel propagation models.
Our paper focuses on directive transmissions and compares
various diffuse scattering models, arguing their advantage
for the analysis of the mmWave radio links. The conclusions
are that both received power levels and delay spread
produce better estimates when the diffuse scatter models
are enabled in the Wireless InSite ray-tracer that we use.

I. INTRODUCTION

Aiming at overcoming the many problems of cur-
rent wireless networks, next generation (5G) wireless
standards will provide unique features like ubiquitous
connectivity, very low latency, and high-speed data
transfers. One way to achieve these goals is through
spectrum extension at frequencies in the millimeter-wave
(mmWave) band (30–300 GHz) with its multiple GHz
of unused bandwidth. Unlike sub-6 GHz wireless sys-
tems, communications in the mmWave spectrum suffer
from higher propagation loss, sensitivity to blockage,
atmospheric attenuation and diffraction loss. So, imple-
menting transmissions at these high frequency bands
brings in new challenges [1], [2]. These include range
and directional transmissions, shadowing, fading due to
atmospheric conditions, rapid channel fluctuations due to
mobility, and multiuser coordination for increased spatial
reuse and spectral efficiency.

In this paper we are concerned with providing an
accurate radio channel propagation model for mmWave
transmissions with multipath fading. For this study, we
show that by considering various diffuse scattering mod-
els we improve the initial estimates of the root mean
square (RMS) delay spread values and of the received
power levels. Another contribution of our paper is the
comparison between the use of isotropic vs. directive
antennas for this analysis. While a higher gain can be ob-
tained in isotropic transmissions when diffuse scattering
is considered, we show that even for directive antennas,
the extra gain in the received power is still relevant.

Our investigation uses Remcom’s Wireless InSite [3]
ray-tracer software tool, and focuses on the challenging

non line-of-sight (NLOS) transmissions that are an en-
abler for the communications in the mmWave spectrum.
Through the proposed channel modeling and analysis
we emphasize important design aspects of mmWave
networks related to directionality of transmissions and
the effect of various beamwidths.

The rest of the paper is organized as follows. Section II
is a brief introduction to channel propagation modeling.
Section III describes various models of diffuse scattering
used in the literature in connection with multipath fad-
ing channel models. Section IV provides the results of
our simulations for the scattering models and types of
antennas that we use. Section V draws conclusions on
the effects of diffuse scattering to channel propagation
modeling in mmWave urban communications, and offers
ideas for future research.

II. CHANNEL PROPAGATION MODELING

A suitable radio channel model is required to evaluate
the performance of mmWave networks. It can be ob-
tained through extensive measurements performed with
steerable antennas and channel sounders, or via software
ray-tracing simulators. In this paper we chose the latter
option by using a professional tool (Wireless InSite)
designed by Remcom. The advantage is the speed of
producing viable results and the flexibility in making
changes to the simulated scenario. Thus, as a first step,
the ray-tracer provides a relatively quick methodology to
estimate the challenges of designing a mmWave network
for a specific use-case scenario.

In a radio channel, the received power is affected by
attenuation characterized by a combination of three main
effects: Path loss, shadowing loss and fading loss. The
first two are important for characterizing the large-scale
propagation model of the radio channel. The third one
is mainly addressed in connection with the small-scale
propagation model. This is the subject of our paper.

In a non-line of sight (NLOS) reception mode, the ra-
dio waves arrive at the receiver from different directions
and with different propagation delays after reflection,
diffraction and scattering. Multipath components (MPC)
with randomly distributed amplitudes, phases and angles-
of-arrival (AoAs) combine at the Rx causing the received
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signal to distort or fade. Besides multipath, other fac-
tor that influences the small-scale propagation channel
model is the Doppler spread due to mobility and speed
of Tx and Rx (represented by cars, people and other
moving objects). In a nutshell, the small-scale effects are
considered rapid changes of the received signal strength
over a small travel distance or time interval, random
frequency modulation due to Doppler shifts, and time
dispersion caused by multipath propagation delays.

Our analysis is concerned with multipath fading and
provides a more comprehensive channel model that also
includes diffuse scattering, besides the reflections and
diffractions suffered by the traveling waves.

III. MULTIPATH AND DIFFUSE SCATTERING

One major concern in any wireless channel is multi-
path, which corrupts the wanted signal by producing
distortions and time-delayed copies of the transmitted
signal. To evaluate the channel time dispersive pro-
perties, we analyzed the RMS delay spread of the rays
received at the receiver. The RMS (root mean square)
value is similar to the standard deviation of a statistical
distribution, and provides an indication about the severity
of Inter Symbol Interference (ISI), which translates to
more complicated schemes for symbol recovery at the
receiver and in limitations of the maximum achievable
channel data rate. As a rule of thumb, an RMS delay
spread ten times smaller than the transmitted symbol
time period guarantees no requirement for an ISI equal-
izer at the receiver.

Besides reflections and diffractions that are predomi-
nantly studied through measurements and simulations
and thus captured in channel models, there is also sca-
ttering, which is much less considered and many times
omitted. Thus, this section provides a brief overview of
the diffuse scattering (DS) models considered in research
literature. While scattering is not a new propagation
model because it has been studied for sub-6 GHz fre-
quencies, we can say that there are not many papers
describing its effect in the mmWave spectrum. Our
paper has the intention to fill-in this gap by producing
more data for this topic while using a ray-tracer as a
preliminary analysis tool.

Diffuse scattering refers to signals that are scattered in
many directions, including the usual specular direction.
These signals are generated because of gaps and sharp
changes in the walls of a building that destroy its flat
layer (e.g., windows, balconies, brick or stone decora-
tions, beams). Last but not least, the type of material
matters, creating an effective roughness parameter [4] for
each wall that can be used with ray-based propagation
tools.

The concept of diffuse scattering has been studied
for many years. Starting with [5], continuing with
microcellular propagation studies [6], and considering
more recent works for both indoor [7], [8], [9] and

Fig. 1. Reflection and Diffuse Scattering from a surface [3].

outdoor [4], [10] mmWave transmissions, all have shown
the importance of considering the effects of diffuse
scattering. The conclusion is that multipath components
resulted from diffuse scattering from building walls
and other static or moving objects, in both indoor and
outdoor scenarios, have to be considered in conjunction
with channel characteristics (e.g., RMS delay spread,
received power, angle of arrival) by comparing the effect
of scattered fields with that of reflected/diffracted fields.
Thus, various models for the DS propagation mechanism
have been proposed. Three of the most well known
DS models are the Lambertian model, the directive
model and the directive with backscattering lobe model.
Kirchhoff model is yet another model used for the
general scattering geometry in which a wave is incident
on a rough surface under angle θ with the normal to
that surface, and is scattered to a direction given by
elevation and azimuth angles. According to [11], this
model provides good results if the surface does not
contain sharp edges, spikes or other sharp irregularities,
which is totally impossible to eliminate in many real
use-case scenarios. Therefore, we will focus on the first
three models mentioned above (Fig. 1).

In [6], the Lambertian model is applied, and the
incident ray is partially reflected to the usual specular di-
rection, partially transmitted and partially scattered with
respect to the normal to the surface. The same model
is used in [4] where an effective roughness is associated
with each building wall by taking into consideration the
real surface roughness as well as any wall discontinuities.
Each wall has a scattering coefficient S and a reflection
loss factor R that represents the loss of power in the
specularly reflected wave.

In [10], a more realistic scenario is considered where
the lobe of scattered rays is oriented toward the specular
direction. This is the so-called directive model. It is
stated that the shape of the scattering pattern strongly
depends on the characteristics of wall irregularities.
Therefore, three different kinds of scattering patterns
are analyzed. The Lambertian model has its scattering
radiation lobe in a direction perpendicular to the wall.
The Directive model assumes a scattering lobe steered
towards the specular reflection direction. Finally, the
Directive with Backscattering model adds to the directive

�������	
���	���������
�
��
���������	�����
	�������������������	������������ �
�
�����������	���

924



Fig. 2. Urban V2X scenario: LOS and NLOS reception.

model an extra scattered lobe in the incident direc-
tion (i.e., backscattering phenomena); this effect can be
experienced with protruding surface irregularities (e.g.,
balconies, columns). All three models can be used to
predict the intensity of the scattered field, but careful
consideration should be allocated to the polarization
characteristics. Also, depending on the characteristics
of the investigated use-case scenario, one model or the
other could provide better results. In [10], the authors
concluded that indeed the directive model performed best
in all their simulations.

Other examples of papers that use the directive model
include [8] for estimating the received power, RMS delay
spread and maximum excess delay for an indoor scenario
at 60 GHz, [12] for a more accurate channel char-
acterization and estimation of the power delay profile
(PDP) for 60 GHz indoor applications, and [7] where
PDP, delay and angle characteristics models were better
estimated by including diffuse scattering effects. In [9],
both Lambertian and directive models were compared
and used to estimate the PDP of indoor transmissions
at 60 GHz, and included even a double bounce diffuse
scattered wave for the Lambertian model following the
description in [13].

IV. SIMULATION RESULTS

This section provides the results of our simulations,
and emphasizes the role of capturing diffuse multipath
components and of selecting the appropriate diffuse
scattering model parameters, to provide a more compre-
hensive small-scale propagation channel model.

As mentioned in Section III, RMS delay spread is one
important parameter that reflects the quality of the radio
channel. To realize how RMS delay spread is affected
by various transmission factors, we performed a series
of experiments. We analyzed the effect of beamforming
and directional transmissions as two very important
techniques used in mmWave communications to combat
path loss.

We simulated 28 GHz transmissions between transmit-
ter and receiver units using one of the urban scenarios
(Rosslyn, VA) delivered with the ray-tracing tool. The

Fig. 3. Beamwidth effect in NLOS: Beam alignment.

Tx (base station) was located at a fixed site on a
light/traffic pole (with a height of 8 m) in the North
part of Fig. 2, and the Rx point was installed in a
vehicle at approximately 1.5 m above ground. The LOS
transmission was simulated in the North-South direction
by placing the vehicle along the wide-open boulevard at
different locations up to 150 m in front of the transmitter.
The NLOS reception mode was simulated in the East-
West orientation in Fig. 2 by moving the vehicle at
distances 70 to 150 m from Tx, on a side street behind
very tall buildings. Through the GUI of the ray-tracer,
we selected two horn antenna models with different
half-power beamwidth (HPBW) and gain (7◦/25 dBi
and 22◦/15 dBi). In all simulations described in this
paper, the same antennas were used at both Tx and Rx
locations. The transmitted signal had a maximum power
of 24 dBm and a bandwidth of 800 MHz. The ray-tracer
was set to follow a certain number of reflections (6) and
diffractions (1) for each path from transmitter to receiver.

To prove the contribution of directivity, we used the
NLOS scenario. At each Tx-Rx separation distance, we
used Matlab to generate 300 random points (i.e., Rx
points) that were given to the ray-tracer for simulation.
The result was a decrease of the RMS delay spread value
when the antenna beamwidth changed from 22◦ to 7◦

(Fig. 3). The reduction in beamwidth implies an increase
in gain (15 dBi vs. 25 dBi). We mention that the two
simulations used a beam alignment procedure in which
the Rx orients its antenna to the direction associated
with the most powerful signal received at that specific
location. By doing that, the Rx latched on the strongest
received rays that dominated the delay spread, so the
result was smaller values for the RMS delay spread for
both antenna beamwidths comparing with the same test
closer to the edge of the cell (i.e., Tx-Rx separation of
max. 200 m).

To realize the importance of diffuse scattering, we
repeated our experiment by enabling this propagation
model in our ray-tracer. Most of the available ray-tracers
only account for rays that undergo specular reflections or
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Fig. 4. Scattering effect on RMS delay: 22◦, no beam alignment.

diffractions, failing to describe diffuse scattering, which
can have a significant impact in estimating accurately the
channel dispersion. The latest version of the Wireless
InSite ray-tracer offers the option of using three types
of diffuse scattering models (Lambertian, directive, and
directive with backscatter), to increase the multipath
richness of the simulation. We analyzed all three models
and focused mostly on the NLOS case. The following
sets of experiments considered the NLOS reception
mode at the edge of the small cell (i.e., Tx-Rx separation
of 170, 180, 190, and 200 m). In one simulation, we
used 22◦/15 dBi horn antennas with no beam alignment
between the Tx and Rx antennas, and 100 random Rx
points for each Tx-Rx separation distance. First, we
ran the simulation without scattering. Then, we set the
ray-tracer to include the effect of diffuse scattering for
the three methods described above, and we ran three
separate experiments. Plots of the cumulative distribution
function (CDF) of the estimated RMS delay spread
for these transmissions with and without scattering are
presented in Fig. 4. The first observation is that RMS
delay spread values are much bigger at the edge of
the cell comparing with the ones shown in (Fig. 3)
for locations closer to the transmitter. The directive and
directive with backscatter models had the smallest RMS
delay spread because they looked at the rays scattered
in the same direction with the reflected rays, and thus
all received rays arrived with small delays around the
mean excess delay. Lambertian model looks at the rays
scattered around the normal direction to the surface, so in
that case the arrival times for any of those rays that might
have been captured by the Rx antenna had a larger swing
around the mean arrival time; hence, the slight increase
in the RMS delay spread. The same positioning of the
four plots is noticed in Fig. 5 for the 7◦/25 dBi antennas,
although (as expected) with smaller values of the RMS
delay spread due to the increased gain and focus of the
narrower beam antennas.

While all three scattering models used the same no
beam alignment method (i.e., the Tx and Rx antennas

Fig. 5. Scattering effect on RMS delay: 7◦, no beam alignment.

Fig. 6. No proper beam alignment of the Tx and Rx antennas.

Fig. 7. Scattering effect on Rx power: 22◦, no beam alignment.

were simply oriented with the street direction Fig. 6),
they still allowed the receiver to capture more rays
comparing with case that didn’t use any scattering. The
improvement is even more visible if we analyze the
received power levels for scattering vs. no scattering
models. Fig. 7 (for 22◦/15 dBi antennas) shows a sub-
stantial increase of the received power levels for the
diffuse scattering models in comparison with the levels
for the model that does not use any scattered rays. The
reason for that is the reception of many more rays due
to additional scattered lobes, not accounted initially. The
larger increase in received power for the directive model
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Fig. 8. Scattering effect on Rx power: 7◦, no beam alignment.

Fig. 9. Scattering effect on RMS delay: 22◦, beam alignment.

proves that around the specular reflection direction there
are many more scattered rays than around the normal
to the surface. A similar increase in Rx power levels is
noticed for the 7◦/25 dBi antennas (Fig. 8).

To check the impact of beam alignment, we launched
another set of simulations for which we recorded the
RMS delay spread values as well as the received power
levels. Fig. 9 shows the RMS delay spread for the 22◦/15
dBi horn antennas, and proves that beam alignment is
crucial for reliable mmWave communications. Without
using any ”help” from the scattered rays, the alignment
of the two antennas allows the receiver to latch on the
strongest rays that arrive close in time around the mean
arrival time. The RMS delay value drops considerably
for the classic reception that considers only reflections
and diffractions. The RMS values for the receptions
using scattering models remain in the same range as
before, although we notice a much bigger influence
of the beam alignment to the Lambertian scattering
model than to the other two models. A similar model
is followed by the 7◦/25 dBi antennas (Fig. 10).

The fact that beam alignment is more important than
an improvement of the channel propagation model that
captures the effect of diffuse scattering is also confirmed
by a barely noticeable difference in the values of the
received power among the four studied models (Fig. 11).

Fig. 10. Scattering effect on RMS delay: 7◦, beam alignment.

Fig. 11. Scattering effect on Rx power: 22◦, beam alignment.

Fig. 12. Scattering effect on Rx power: 7◦, beam alignment.

For the 22◦/15 dBi horn antennas, the 2-3 dB difference
in Fig. 11 vs. the large differences in received power
in Fig. 7 shows that a more precise channel model
that includes diffuse scattering always helps, but this
improvement is minimal when beam alignment is used.
The 7◦/25 dBi horn antennas behave the same, but they
show a bigger increase in Rx power levels and an even
tighter differentiation among the four curves (Fig. 12).

The next set of experiments were concerned with the
effect of Tx antenna height in NLOS reception. By
placing the antenna on the side-wall of taller buildings
or on top of them, it is possible to clear the height of
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Fig. 13. Scattered rays for 30 m Tx height: 22◦, no beam alignment.

Fig. 14. RMS delay for 30 m Tx height: 22◦, no beam alignment.

the smaller buildings that block the receiver. While this
might represent an advantage because more reflections
and diffractions might reach the receiver, all these much
longer paths will lose power at each contact point with
obstacles, which in the end will contribute to a bigger
RMS delay spread. Using 22◦/15 dBi horn antennas and
having the transmitter elevated at 30 m, Fig. 13 shows
many more rays arriving at the receiver in comparison
with Fig. 6. Unfortunately, in this case, the ”tunneling
effect” of the reception on that side street is lost because
the higher positioning of the Tx antenna creates many
other much longer paths to the receiver. The RMS delay
spread increases (Fig. 14), and the overall received power
for the directive and directive with backscatter models
is almost 10 dB smaller (Fig. 15), comparing with the
case when the Tx height was 8 m (Fig. 4, Fig. 7).

In a final set of experiments, we changed the values
of various parameters that influence the diffuse scattering
transmission model. One of these parameters is the sca-
ttering factor (S) that shows the fraction of the incident
electric field scattered diffusely, S = | �ES |/| �Ei|. By dou-
bling this parameter from 0.4 to 0.8 (i.e., capturing more
diffuse scattered rays), we noticed a 5-10 dB increase
in received power levels for all three diffuse scattering
models (Fig. 16). The second parameter (α) models the
shape of the forward lobe containing the diffuse scattered

Fig. 15. Rx power for 30 m Tx height: 22◦, no beam alignment.

Fig. 16. Scattering factor effect on Rx power: 22◦, no beam alignment.

Fig. 17. Scattering forward-lobe size effect on Rx power.

rays centered on the direction of specular reflection.
This parameter applies to both directive and directive
with backscatter DS methods. The larger the value of
α, the narrower the forward lobe is. Our simulations
show that by doubling α (i.e., making the lobe narrower),
we lose approximately 5 dB in the received power
levels (Fig. 17). As last parameter, we increased the
number of incident points that are captured in the diffuse
scattering analysis, to check if our estimates with respect
to received power improve or not. So far, we considered
only the last obstacle that a ray hits before it reaches the
receiver, and only for that point the three DS mechanisms
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were applied. In this one last experiment, we allowed
the ray-tracer engine to capture the effect of diffuse
scattering at each obstacle hit by a ray from Tx to Rx. As
expected, we took a big hit in simulation time (approx.
5.6 times longer). Unfortunately, all this effort showed
almost no improvement comparing with the previous
results. The only exception was an approx. 3 dB increase
in the received power for the Lambertian model. Since
the directive DS model is the most important mechanism,
this model and the directive with backscattering are not
influenced by considering extra analysis points on each
ray trajectory. On the other hand, Lambertian model
is not a dominant mechanism for DS, so any extra
contribution from diffused scatter rays at each incidence
point on the ray’s path might bring at the receiver a little
bit more power.

V. CONCLUSIONS AND FUTURE RESEARCH

As the standard for the next generation 5G wireless
networks is getting more and more defined, having
very accurate channel models for transmissions in the
mmWave spectrum becomes a priority. Thus, our paper
offered a way to improve these channels models by
emphasizing the importance of diffuse scattering (DS)
as a very plausible propagation mechanism in this spec-
trum. Using Wireless InSite, a professional ray-tracer
tool, we analyzed two major characteristics of the radio
transmissions that affect both the large-scale and the
small-scale channel models (i.e., the received power and
the RMS delay spread). Our results showed the clear
advantage of considering various DS models when the
beam alignment was not performed (i.e., the boresight
of the Rx antenna was not aligned with the direction of
the best reception). With this beam alignment in place,
the gain was not relevant.

Our study used directive horn antennas, and confirmed
the results and also the expectations (with respect to
received power levels) of previous work done in [14]
where the authors used only isotropic antennas. The Rx
power metric and the quick analysis via ray-tracer are
very important for the deployment of wireless networks
because they offer a comprehensive view of network
coverage in a certain area without performing expensive
and time consuming measurements in the field. The
other metric (RMS delay spread) is also important at
the receiver for the reasons explained in Section III.

As future research, we plan to capture the effect
of diffuse scattering from multiple transmitters and at
different street intersections, and to quantify the DS
effect on the Doppler spread, in addition to vehicle
speed. Last but not least, we plan to migrate towards
MIMO antenna arrays, to allow a better estimation of
the power angular profile and of the Doppler spread and
Coherence time of the radio channel.
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