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,e determination for diffuse scattering model parameters is of critical importance to improve the accuracy of prediction and
analysis for millimeter-wave radio propagation. In this paper, a reliable parameterization method with a simplified tuning
procedure for a diffuse scattering model is proposed and validated based on measurements and ray-tracing simulations. Typical
construction materials are measured from 40GHz to 50GHz, and the complex permittivity is estimated by the propagation
coefficients match method. ,e directive model, which can better characterize the scattering patterns of construction materials in
this paper, is adopted to calibrate the ray-tracing simulation. Model parameterization is performed and simulated results with the
optimal model parameters show distinct accuracy improvement.

1. Introduction

As a typical scenario of millimeter-wave (mmWave) network
deployments, indoor communication encounters great
challenges in complex propagation environments with vari-
ous materials [1]. Radio propagation in indoor environments
can be studied using stochastic and deterministic based ap-
proaches. As an accurate deterministic simulation method
with detailed and reliable environment description, ray
tracing (RT) has been widely adopted to catch the multipath
information for predicting and analyzing channel propaga-
tion characteristics in various scenarios [2]. Since the surface
irregularities of some materials are comparable to the
mmWave wavelengths, the impacts of diffuse scattering (DS)
in mmWave bands become more severe than conventional
wireless communication bands. A few studies have demon-
strated that DS is a significant propagation mechanism for

characterizing the multipath components of radio signals in
mmWave bands and beyond [3, 4]. Although RT simulation
has been validated to be an effective method for predicting the
specular reflection, transmission, diffraction, and multiple
propagation, it cannot predict the dense multipath compo-
nents from DS propagation, which leads to the inability to
accurately analyze mmWave channel characteristics. ,ere-
fore, the DS propagation phenomena must be studied and
modeled to calibrate the RT simulation for accurate channel
analysis in mmWave bands.

In the past years, many measurement campaigns and
researches have been launched for the sake of acquiring an in-
depth knowledge of scattering characteristics at several very
promisingmmWave frequencies in order to predictmmWave
propagation and analyze channel characteristics in indoor
and outdoor environments, which is essential for the de-
ployment of future mmWave communication systems. For
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example, the interaction of radio waves with a typical office
building and resulting scattering characteristics is analyzed at
60GHz and 70GHz in [5] through measurements and RT
simulations on a scale model of the building. Results show
that scattering from buildings can be modeled neglecting the
internal structure, while proper modeling of nonspecular
propagation is necessary. In [6], DS has been demonstrated to
make a noticeable contribution to the received signal power of
non-line-of-sight links in mmWave bands through the ray
launching tool with the DS model, and the contribution can
be higher with increasing frequency. Despite DS measure-
ment campaigns conducted at 28GHz, 70GHz, and more
recently at 60GHz, the propagation characteristics of DS in
mmWave bands still need further investigations, especially in
the band from 40GHz to 50GHz.

With respect to researches on DS propagation modeling,
three DS models characterizing different scattering patterns
have been proposed and validated in [7] based on the
measurement and RT simulation, including the Lambertian
model, the directive model, and the backscattering lobe
model. ,e influence of typical objects in rural railway
environment to the mmWave propagation channel is ana-
lyzed in [8], and the directive scattering model is adopted in
RT simulation. In [9], the three-dimensional characteristics
of DS are analyzed by performing electromagnetic simula-
tion and measurements on building materials, and results
show that DS is more evident in the backward half-space
than in the forward. Scattering mechanisms in Terahertz
bands have been investigated in [10] through the directive
scattering model and radar cross-section model. ,e mea-
sured results for drywall show that received power in the
reflected direction is greater at larger incident angles, while
the backscattering power becomes weaker.

In order to determine the DS characteristics in complex
environments for accurate channel analysis, the appropriate
set of DS model parameters should be estimated for different
construction materials to calibrate the RT simulation. In
[11], the tuning procedure for DS model parameterization is
proposed based onmeasurements at 60GHz and the optimal
parameters are included in the RT tool for channel analysis
with dense components. ,e procedure, however, is rela-
tively complex because several groups of comparisons are
required to determine the appropriate range of scattering
coefficient. Moreover, the dielectric parameter estimation
for materials under test (MUT) is not involved, which can
impact the accuracy of model parameterization. In addition,
the lack of various types of materials and model parame-
terization in other mmWave bands restricts the application
of DS model in RT simulation. ,erefore, a multicoefficient
estimation method for dielectric parameters of rough ma-
terials and effect level based parameterizationmethod for DS
models are proposed in [12].,e rough rock commonly used
as a building material and the plastic carpet considered as
indoor decorative material are parameterized, respectively,
for the directive model and double-lobe model. Further-
more, a complete methodology for DS model parameteri-
zation and RT calibration is proposed and validated in this
paper, and more accurate parameter sets are obtained in
terms of dielectric parameters, propagation coefficients, and

DS model parameters for two additional construction ma-
terials, i.e., granite and marble, at the mmWave band
spanning from 40GHz to 50GHz.

,e remaining sections of this paper are organized as
follows. In Section 2, measurement campaigns are described
and the estimation for dielectric parameters is explained.
,en, the DS model parameterization method is proposed
and numerical results are analyzed in Section 3. ,e pa-
rameterization method is validated for RT calibration in
Section 4. Finally, conclusions are addressed in Section 5.

2. Measurement and Dielectric Parameters

2.1. Measurement Description. ,e measurement for typical
construction materials is performed from 40GHz to 50GHz
containing 1001 sweep frequency points in an indoor sce-
nario as the essential link for DS model parameterization,
which can also provide the primary understanding of DS
propagation characteristics. ,e measurement system, as
shown in Figure 1, consists of an N5235B vector network
analyzer operated from 100MHz to 50GHz (the dynamic
range is 122 dB), which is used to collect the S21 data in the
frequency domain, a pair of wideband horn antennas
(working at 40–60GHz), respectively, as the transmitter (Tx)
and receiver (Rx), a pair of connecting cables which has a
length of 3m (the total loss is 20 dB at 45GHz), and MUT,
i.e., granite and marble, which are commonly used to cover
the surface of floor and wall.

,e reflection coefficient is mainly related to frequency and
incident angle [13]. In this paper, we investigate the transmission
coefficient from 40GHz to 50GHzwith a fixed incident angle of
30 degrees. ,e other key parameters for the measurement
system are given in Table 1, meanwhile, the dimensions and
surface irregularities ofMUTare recorded in Table 2, andwe can
appreciate that the marble is with rougher surface compared to
the granite. In addition, all themeasurements were continuously
carried out under identical conditions.

For each material, two measurement campaigns were
carried out: the first one is to obtain propagation coefficients
for dielectric parameters’ estimation by performing the
reflection and transmission measurements; the second
measurement is to collect received power of each Rx position
to study the power angular profiles (PAP) for model pa-
rameterization and RTcalibration. Moreover, the Tx and Rx
are always orienting towards the center of MUT in each
measurement, and the time gating technique is applied in the
process of collecting measured data to decrease the impact
from unwanted multipath components caused by other
construction materials in the indoor environment, such as
building floor, ceiling, or wall.

In reflection measurement as depicted in Figure 2(a), the
Tx and Rx were positioned on the same side of MUT and at
the distance of 0.5m from the center ofMUTto satisfy the far-
field condition. ,e incident angle θi was set to be 30 degrees,
and the Rx was in the specular direction of Tx. ,e reference
values of the reflection coefficient were measured by replacing
MUT with a metal slab, which can be used to eliminate the
undesired components including antenna radiation pattern
and other effects from the propagation environment.
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In transmission coefficient measurement (Figures 2(b)
and 2(c)), the Tx and Rx were placed on the opposite sides of
MUTand aligned with each other at the distance of 1m, and
the MUT was placed in the middle of them. ,e reference
measurement is also performed by removing MUT to obtain
the transmission coefficient of air.

In themeasurement for received power (Figure 2(d)), the
Tx illuminated the center of MUT from a static incident
direction where θi� 30° while the Rx was moved along
equispaced positions with the angular separation of 15° on a
semicircle arc with the radius of 50 cm from the center of
MUT. ,erefore, 11 receiver positions in total were mea-
sured for model parameterization and PAP analysis.

2.2. Dielectric Parameters Estimation. Considering the def-
inition of propagation coefficients and power balance, it is

feasible to split the signal power after impinging the material
surface into reflection, transmission, and scattering plus
dielectric loss.,erefore, with the assumption of ideal power
balance, the scattering coefficient S can be expressed as [7]

S �
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where the theoretical values of reflection coefficient Γ and
transmission coefficient T can be calculated by the complex
permittivity η, which is composed of permittivity ε as the real
part and conductivity σ constituting the imaginary. ρS and R

are the reflection loss factor and the Fresnel reflection
coefficient.

,us, dielectric parameters of MUT can be estimated by
tuning the values of ε and σ for the optimal match between
the calculated and measured propagation coefficients, where
the root-mean-square error (RMSE) of all frequency points
is employed for quantitative evaluation, which can be
written as
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where Γmea.i, Tmea.i, and Smea.i are the measured reflection
coefficient, transmission coefficient, and scattering coeffi-
cient, respectively, at i th frequency point, and M is the
number of sweeping frequencies.

,e theoretical values of Γ and T are derived from the
well-known Fresnel formula, where the Gaussian rough
surface model is adopted to calculate the scattering loss.
Based on the measurement for propagation coefficients in

Section 2, the measured reflection coefficient Γmea and
transmission coefficient Tmea can be expressed as

Γmea �
S21,MUT

S21,metal
,

Tmea �
S21,MUT

S21,air
.

(3)
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Tx Rx
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dS

θi
0.5

m 0.5m

Figure 1: Measurement setup and snapshots of MUT.

Table 1: Measurement system parameters.

Parameter Value
Center frequency 45GHz
Bandwidth 10GHz
Sweep frequency points 1001
Polarization type Vertical
Tx power − 2 dBm
Measured radius 0.5m
Tx incident angle 30°
Rx step angle 15°

Table 2: Dimensions and surface irregularities of MUT.

Material Length
(cm)

Width
(cm)

,ickness
(cm)

Std. dev.
(μm)

Granite 76.8 42.0 1.52 0.361
Marble 60.0 60.0 2.36 0.928
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Numerical comparison for the minimum RMSE between
the two estimation methods and the optimal dielectric pa-
rameters of MUT are given in Table 3. Compared with the
conventional tuning method (only estimates by reflection co-
efficient), the multicoefficient method in this paper can effec-
tively improve the accuracy of material electromagnetic
parameter estimation. And a more remarkable improvement
can be observed for the granite; this is because the impact of
diffuse scattering is greater due to its more protruding surface
irregularity.,erefore, the accuracy of the parameter estimation
of granite is improved by 43%, while that of marble is only 5%.

In Figure 3, the best-fit result in the frequency domain
between the calculated andmeasured propagation coefficients
is shown when the material is granite and θi� 30° to give an
example for determining the optimal dielectric parameters.
,e coefficients change periodically in 40GHz–50GHz fre-
quency, and the resonant phenomenon takes place due to a

series of waves undergoing multiple reflections and trans-
missions within the MUT which can be formally described
using the internal successive reflection (ISR) model. More-
over, the estimated ε and σ are 5.37 and 0.19 for the granite
and 5.57 and 0.37 for the marble, respectively.

3. Directive Model Parameterization

Once the measured scattering coefficient Smea and dielectric
parameters of MUT have been obtained in Section 2, RT
simulation for DS propagation can be performed to achieve
the model parameterization. Meanwhile, measurements for
the received power in the angle domain as shown in
Figure 2(d) are conducted for tuning model parameters.
Considering the measured received power distribution and
surface roughness ofMUT, the directive model is selected and
the module of scattering electric field can be written as [7]
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Figure 2: Measurement schemes for the reflection coefficient (a), transmission coefficient (b, c), and PAP (d).
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,erefore, the DS patterns of MUT can be characterized
by the parameter set:

ΘD ≜ S, αR, θi, ΨR, ri, rs , (5)

where S is a scattering coefficient controlling the percentage
of scattering power in the total power impinging on MUT
element, ψR is the angle between the direction of the re-
flected wave and the scattering direction, αR is the scattering
lobe width factor controlling the shape of the scattering
pattern that greater αR is corresponding to narrower scat-
tering lobe, and the rest are angle and distance parameters,
and ri and rs are the distances from the transmitting antenna
and receiving antenna to the incident point on the surface of
the material, respectively. Hence, the directive model pa-
rameterization is to determine the optimal values of S and
αR for MUT.,e tuning procedure for S and αR is as follows
based on the match between the simulated power Psim.i and
measured power Pmea.i at each received position, and the
RMSE is adopted for evaluating the match which can be
written as

RMSEpow �
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Step 1: set Smea as the initial value of S and compare the
RMSE with different values of αR in the range [1, 10],
which simplifies the procedure to determine the

optimal αR and no longer needs multiple comparisons
for different S in [11]
Step 2: adopt the optimal αR and vary S around the Smea
to obtain the appropriate range of S according to RMSE

Based on the proposed method, model parameterization
has been performed for MUT. ,e optimal results of model
parameterization are determined through curve analysis and
numerical comparison for RMSE. Tuning results, respec-
tively, at 40GHz, 45GHz, and 50GHz for MUT are pre-
sented in Figures 4 and 5. It can be observed that the
variation trends of RMSE are clearly distinguished for each
MUT at the presented frequency points, but they are ac-
ceptable because of their different dielectric characteristics
and surface roughness.

In Figure 4, larger values of αR are found to be more
suitable for describing the DS propagation phenomenon. It
can be explained that scattering rays caused by the MUT
surface are mainly concentrated around the specular di-
rection, which validates the selection for the directive model
rather than the other two models proposed in [7]. In ad-
dition, the tuning results for S are presented in Figure 5
based on the optimal αR, where the RMSE values show
approximate parabola variation and the lowest point is
corresponding to the optimal S for specific frequency and
MUT.

Numerical results of model parameterization including
the optimal αR, S, and fitting errors are recorded in Table 4.
,e optimal values of αR equal to 10 for both MUT at
presented frequency points. Fluctuation within 0.1 around
the optimal value can be accepted as the proper range of S
since the very slight RMSE differences.,e values of S for the
marble are distinctly larger than those for the granite, which
is corresponding to the more severe surface irregularity of
the marble. Besides, it can be observed that the optimal S is
slightly smaller than measured values because the dielectric
loss power has been counted in measured scattering power,
which causes the value of Smea to be larger than the actual.
Moreover, this analysis can be demonstrated by the fact that
the difference is more remarkable for the marble, which
generates more dielectric loss due to larger conductivity and
inherent thickness.

4. Performance Evaluation

For the sake of performance evaluation for the proposed
parameterization methodology in RTcalibration, the overall
workflow is shown in Figure 6. Note that the environment
modeling and configuring deployment corresponding to the
measurement is the precondition for RTsimulation. In order

Table 3: ,e minimum RMSE comparison between the conventional and proposed methods.

MUT Conventional tuning method Multicoefficient method Enhanced accuracy (%)

Optimal
dielectric
parameters

εr σ

Granite 0.0849 0.0480 43 5.37 0.19
Marble 0.0586 0.0559 5 5.57 0.37
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Figure 3: Measured (dotted line) and calculated (solid line)
propagation coefficients for the granite when θi� 30°.
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to limit the running time and computational burden of RT
simulation, the maximum numbers of reflection, trans-
mission, and diffraction for one ray path are set to be 3, 1,
and 1, respectively.,en, the dielectric parameters estimated
in Section 2 are used for the parameter initialization of
MUT, which is different from the method in [7]. Moreover,

the directive model is parameterized to enable RT calibra-
tion, and the RMSE between the measured and simulated
power from the tuning procedure is used as the evaluation
criterion to determine the optimal model parameters.

Each ray receives power and the channel characteristic
parameters are obtained from RT simulation in the
40–50GHz band. ,e parameters for the environment de-
scription are set to the value used in Table 1. All paths are
modeled by reflection, diffraction, and penetration based on
the geometrical optics (GO) and uniform theory of dif-
fraction (UTD) using the software Wireless InSite by
REMCOM. ,e main RT simulation process is as follows:

(i) Step 1: Propagation environment modeling. ,e
indoor millimeter-wave propagation environment
model in RT simulation is presented in Figure 7(a),
which is modeled according to the actual measure-
ment scenario. Dimension and the location of
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Figure 4: RMSE comparisons for different values of αR for the granite (a) and marble (b).
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Figure 5: RMSE comparisons for different values of S for the granite (a) and marble (b).

Table 4: Summary of parameterization results.

MUT Frequency (GHz)
Optimal

parameters Smea Minimum RMSE
αR S

Granite
40 10 0.5–0.6 0.62 0.7712
45 10 0.4–0.5 0.56 0.5244
50 10 0.3–0.5 0.52 0.3926

Marble
40 10 0.5–0.6 0.76 1.0299
45 10 0.5–0.6 0.78 0.3933
50 10 0.6–0.7 0.82 0.8183
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objects, including wall, floor, ceiling, door, window,
wooden table, metal cabinet, and measured material,
are shown in Figure 7(b). With the exception of
MUT, the standard electromagnetic characteristic
parameters of typical indoor materials in the milli-
meter-wave band are set, as recorded in Table 5.

Step 2: Deployment of receiving and transmitting
antenna. ,e Tx and Rx were placed 67 cm above the
ground and the parameters such as aperture size and

Environment modeling, configuring deployment

Parameters 
initialization

Dielectric 
parameters

Enabled DS 
model

Tuning 
procedure

Measured 
received power 

Match evaluation

Exit and return optimal model parameters

Minimum
RMSE?

No

Yes

Simulated 
received power

RT simulation

Update DS 
parameters

Figure 6: Workflow of RT calibration based on measurement and DS model parameterization.
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table
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window Wooden 

doors

2.12m 1.07m

Brick 
wall

7.58m

Wooden 
table

1.76m

5.07m

Metal 
cabinet

TX RX

(b)

Figure 7: RT simulation model (a) and the actual size of the propagation environment (b).

Table 5: Electromagnetic parameters of various materials.

Material Relative dielectric
constantεr

Conductivityσ ,ickness d
(cm)

Wood 1.99 0.378 3.00
Glass 6.27 0.567 0.30
Metal 1.00 107 —
Floor 3.66 1.113 3.00
Ceiling 1.50 0.059 0.95
Brick 4.44 0.001 12.50
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transmitting power of the horn antenna are set
according to the configuration of the measurement
platform. ,e point type and arc type deployment
modes are, respectively, adopted for the transmitting
antenna (green) and receiving antenna (red) in
Figure 7(a).
Step 3: Set propagation characteristics of the MUT.
,e structure of MUT is set as a single-layer me-
dium, and the best estimation value obtained in
Section 3 is used for the electromagnetic parameters.
,e directive model is selected as the diffuse scat-
tering model, and the directive model parameters
are set according to the corresponding tuning
method in Section 3.
Step 4: Set up the RT simulation domain and ray
propagationmodel.,e simulation domain is created
by the automatic fitting of the whole propagation
environment model boundary, and the X3D model is
selected as the ray propagation model to support
diffuse scattering propagation calculation. Table 6
gives the calculation of different propagation
mechanisms in RT simulation.

After the RTsimulation, the visible propagation path and
receive power for marble are shown in Figure 8, in which 104
propagation paths are included, different colors of path
correspond to different values of power, the power dynamic
range of receiver at 120 degrees is − 30.6 dBm to − 172.9 dBm,
and the delay spread and time of arrival channel charac-
teristic also can be obtained in output. In order to verify the
accuracy improvement of RT simulation with the proposed
DS model parameterization methodology and the feasibility
for both MUT, the optimal match results of PAP are
depicted in Figures 9 and 10, where the specular power
without scattering model (black dashed line) and received
power using the directive model without the optimal model
parameters αR and S (green solid line) are presented as
comparisons.

It can be observed that simulated power distribution
with the optimal model parameters presents better agree-
ment with the measured values than other simulated results.
Furthermore, it is worth noting that the measured received
power is approximately 20 dBm stronger than simulated
results without the DS model in nonspecular directions,
which demonstrates that the significant proportion of DS in
mmWave propagation components can no longer be
neglected. ,erefore, the optimal DS model parameters of
materials are essential for high-performance RT simulation
in mmWave bands to achieve the accurate channel analysis.

5. Conclusions

In this paper, the optimal scattering model parameters of
MUT are determined and embedded into RT simulation for
the DS propagation at mmWave frequencies. ,e complex
permittivities of granite and marble are estimated through
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Table 6: Calculation methods of different propagation
mechanisms.

Propagation mechanism Calculation method
LOS Friis formula
Reflection Fresnel formula
Transmission Fresnel formula
Diffraction Uniform theory of diffraction
Scattering Directive model

Figure 8: Visible propagation path and receive power for marble.
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propagation coefficients match between the measured and
calculated values, where the scattering coefficient is derived
from the ideal power balance. A remarkable conclusion can
be drawn from comparative results between the measured
and simulated PAP for MUTwhere calibrated RTsimulation
with the optimal DS model parameters enables higher ac-
curacy for predicting mmWave propagation. Moreover, the
proposed DS model parameterization methodology is val-
idated to be suitable for materials with different surface
irregularities and inherent properties at mmWave fre-
quencies. Our future work will be focused on building the
database of DS model parameters for different types of
construction materials in various mmWave bands by con-
ducting extensive measurement and simulation campaigns.
Furthermore, the effects of polarization properties on
scattering should be investigated.
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