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ABSTRACT A compact method for extracting the parameters of the effective roughness model is introduced,
which predicts statistical field scattering from rough surfaces. The proposed method includes quasi-plane
wave generation using a parabolic reflector, sampling the near-field data, transforming the near-field data
to the far field, and fitting using a cost function that provides for a greater contribution from the diffuse
scattering than conventional methods. The proposed method was validated through a set of experiments
using twomaterials under test with distinct roughness characteristics at 40 GHz. The scattering patterns were
measured, and the directive model parameters were extracted using conventional and proposed methods.
The results were compared to show that the proposed method is consistent with the conventional results,
confirming its validity. The proposed method combines the advantages of a compact range and near-field
measurements and can be used as an effective technique for extracting site-specific model parameters within
indoor environments across mm-wave bands.

INDEX TERMS Directive model, effective roughness model, millimeter wave measurements, near-field to
far-field transformation technique, parameter extraction, reflector antennas, surface roughness.

I. INTRODUCTION
The rapid expansion of wireless applications in both indoor
and outdoor urban environments has led to an increased
demand for electromagnetic wave propagation models that
account for the influences of building structures and materi-
als [1], [2], [3]. Fresnel’s equation describes the reflection of
electromagnetic waves at the boundary between two media
with waves reflected in the specular direction. This equation
is also applicable to building surfaces assuming that they
are smooth and uniform. However, when surfaces are rough,
electromagnetic waves diffuse or scatter in multiple direc-
tions. This phenomenon is particularly noticeable when the
surface roughness is comparable to the wavelength. Several
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case studies have reported that the effect of material surfaces
reduces the prediction accuracy of propagation in applica-
tions such as 5G NR and automotive radar using mm-wave
bands [4], [5], [6]. To enhance the prediction accuracy of
emerging high-frequency band applications, it is essential
to incorporate diffuse-scattering models into existing mod-
els [7], [8].

Various diffuse-scattering models have been developed
using both analytical and numerical methods [9], [10], [11],
[12], [13], [14]. Analytical methods such as the small pertur-
bation method and Kirchhoff approximation require bound-
ary conditions and statistical information on the geometry.
Consequently, detailed geometric measurements are required
for the application of these methods. However, for actual
buildings, obtaining detailed measurements may be challeng-
ing because of the scale of structures. In contrast, numerical
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methods use a realistic mesh structure to obtain a diffuse pat-
tern, replacing the need for analytical boundary conditions.
However, these methods also require detailed geometry and
dielectric constant measurements.

As an alternative approach, the effective roughness (ER)
model was proposed to predict the statistical field scattered
from rough surfaces based on empirical measurements [15].
The ER model assumes that the material under test (MUT)
with an actual rough surface has a flat surface geometry that
produces a coherent specular reflection and incoherent dif-
fuse scattering under plane-wave illumination. When applied
to building- or city-level propagation, the coherent compo-
nent predicts polarization and phase information from ray
optics perspective, whereas the incoherent component pre-
dicts statistical diffuse scattering that disregards polarization
and phase information. Although not as rigorous a solution
as the analytical method, the ER model has been shown to
produce predictions similar to the actual measurement results
fromMUTswith random roughness when it is integrated with
conventional interactions [16].

ERmodels, such as the Lambertian, directive, double-lobe,
and hybrid models, exhibit distinct patterns [17], [18], [19].
An appropriate pattern should be determined empirically
based on the specific application requirements. Once a model
is selected, its parameters are determined by fitting them to
the measured values. ER models are practical because they
can be applied without requiring information on the dielectric
constant or a statistical definition of surface roughness.

Diffuse pattern measurements are typically produced by
placing a transmitting antenna in the far-field to illuminate
an MUT with a plane wave. Ideally, the diffuse scattering
pattern should bemeasured using an antenna in the far field of
the illuminated area of the MUT. However, for MUTs prein-
stalled in indoor environments, satisfying far-field conditions
can be challenging due to its spatial limitation, particularly
at higher frequencies [20]. To address this aspect, we pro-
pose a compact measurement method for model parameter
extraction that can be applied even when an adequate far-field
range is unavailable. In the proposed method, the MUT is
illuminated by a quasi-plane wave generated by a parabolic
reflector antenna, and a diffuse scattering pattern is obtained
by transforming the near-field measured data. The proposed
method was validated using actual measurements and com-
parisons with the conventional measurement approach.

II. DIRECTIVE MODEL AND MODEL PARAMETERS
In this study, we focus on the directive model, which has
been effectively used in practical applications [21], [22], [23].
The scattering of electromagnetic waves from an MUT is
shown in Fig. 1(a). A global coordinate system is set up
centered on the MUT, with the MUT surface aligned in the
x-y plane. In addition, a local coordinate system is defined
with the center at the reflection pointQ on the MUT. θi and θr
are the incident and specular reflection angles, respectively.
A transmitting antenna located at (ri, θi, φi) radiates the total
power of Pt with a gain of G towards the center of the

FIGURE 1. Scattering of electromagnetic waves: (a) point source
illumination and (b) plane-wave illumination.

MUT, illuminating the footprint area A′. If the surface of the
MUT is smooth and uniform, the scattered electromagnetic
waves from the incident wave on each infinitesimal area dA
can be represented solely by the coherent component dEc.
If the surface of the MUT is rough, with a geometry that
can be described using random characteristics, the incoherent
component dEs must also be included. At an observer point,
the total reflected field from the footprint area A′ is the
superposition ofEc andEs, which are obtained by integrating
dEc coherently and dEs incoherently, respectively.
In the directive model, the incoherent components can be

described as [17]∣∣∣Emodel
s (θs, φs)

∣∣∣2 =

∫
A′

ηGtPt
2πr2i

|0|
2
|S|

2

·

(
1 + cosψ

2

)α cos θi
Fα

dA (1)

where Fα =
∫ 2π
0

∫ π/2
0

(
1+cosψ

2

)α
sin θsdθsdφs, ψ is the

angle difference between the directions of the specular
reflection (θr , φr ) and the observation (θs, φs); η is intrinsic
impedance of the medium; Fα is the surface integral value of
the directive model scattering lobe pattern within the ranges
of 0 < θs < π/2 and 0 < φs < 2π ; α is themodel directivity;
and 0, R, and S represent the reflection coefficient, reflection
reduction factor, and scattering factor, respectively, which are
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defined as

|0|
2

=
Pr
Pi
, |R|

2
=
Pc
Pr
, and |S|

2
=
Ps
Pr
, (2)

where Pi is the total power incident on theMUT, and Pr is the
total power reflected from theMUT. The total reflected power
can further be divided into a coherent power component Pc
and incoherent power component Ps. Thus,

Pr = Pc + Ps and |R|
2
+ |S|

2
= 1. (3)

As illustrated in Fig. 1(b), when the transmitting and
receiving antennas are located in the far field of the MUT,
the incident electromagnetic wave can be locally assumed to
be a plane wave, and θi may be considered constant over A′.
Consequently, the incident field intensity and the total power
radiated from the transmitting antenna can be expressed as

|Ei|
2

=
ηGtPt
2πr2i

=
2ηPi

A′ cos θi
. (4)

Under these conditions, the incoherent component of the
directive model can be rewritten as∣∣∣Emodel

s (θs, φs)
∣∣∣2 =

2ηPi
Fα

|0|
2
|S|

2
(
1 + cosψ

2

)α
. (5)

The total reflected power from the MUT is obtained by
integrating the reflected power in all directions. That is,

Pr =
1
2η

2π∫
0

π/2∫
0

∣∣Er,MUT(θs, φs)
∣∣2 sin θsdθsdφs, (6)

where Er,MUT(θs, φs) is the field reflected from the MUT
measured at observation angle (θs, φs). If a flat perfect electric
conductor (PEC) is placed on the surface of the MUT, the
total reflected power is equal to the total incident power since
|0PEC| = 1. Therefore, the total power incident on the MUT
can be obtained as

Pi =
1
2η

2π∫
0

π/2∫
0

∣∣Er, PEC(θs, φs)
∣∣2 sin θsdθsdφs, (7)

where Er,PEC(θs, φs) is the field reflected from the flat PEC
measured at observation angle (θs, φs).

The reflection coefficient 0 can then be determined from
(6) and (7) as

|0|
2

=
Pr
Pi

=

2π∫
0

π/2∫
0

∣∣Er,MUT(θs, φs)
∣∣2 sin θsdθsdφs

2π∫
0

π/2∫
0

∣∣Er, PEC(θs, φs)
∣∣2 sin θsdθsdφs . (8)

Equation (5) can then be rewritten using (7) as∣∣∣Emodel
s,MUT(θs, φs)

∣∣∣2 =
|0|

2
|S|

2

Fα

(
1 + cosψ

2

)α

·

2π∫
0

π/2∫
0

∣∣Er, PEC(θs, φs)
∣∣2 sin θsdθsdφs.

(9)

The parameters S and α are obtained through fitting from
the total reflected field. The scattered fields in the model are
assumed to have equal magnitudes for the two orthogonal
linearly polarized components, and due to their incoherent
nature, the phases are disregarded [17].

III. PROPOSED PARAMETER EXTRACTION METHOD
In the previous section, we discussed the directive model
parameters of the MUT for a geometry in which the trans-
mitting and receiving antennas are located in the far field.
If the transmitting and receiving antennas are in an outdoor
space, the far-field conditions can be easily satisfied. How-
ever, it may be difficult to satisfy far-field conditions in many
indoor scenarios, necessitating near-field measurements.
The geometry shown in Fig. 2 was considered for indoor
scenarios.

FIGURE 2. Top view of proposed near-field diffuse scattering
measurement method.

Fig. 2 shows the top view of the setup of the proposed
measurement method. Instead of positioning the transmitting
antenna in the far field, a plane wave is generated in the near
field using an offset parabolic reflector antenna. A virtual grid
was established on a 2D plane perpendicular to the direction
of specular reflection, and planar near-field (PNF) data were
sampled at each grid point using a probe antenna. The field
data obtained in the near field are then converted into far-field
data using the near-field to far-field transformation (NTFT)
technique. The parameters 0, R, S, and α can be determined
by fitting the transformed far field to the directive model.

A parabolic reflector with a feed-horn antenna at the focal
point is used to generate a quasi-plane wave around theMUT.
The reflector is designed such that the amplitude and phase
variations in the equiphase plane around the MUT are small
for the measurement accuracy [24]. An offset feed reflector
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FIGURE 3. Planar near-field measurement dimensions.

is used to minimize the disturbances caused by the feed horn
antenna.

Fig. 3 shows the dimensions of the near-field measure-
ments for the proposed PNF scanning. Grid distance Rs is
the shortest distance between the scanning grid points and
the MUT along the n̂ direction, R0 is the shortest distance
measured from the scanning grid points to the antenna foot-
print, w is the major diameter of the antenna footprint on the
MUT, ψm is the maximum observable angle of the diffuse
scattering, D is the dimension of the scanning grid, and
(u, v, n) are the axes of the local coordinates of the near-
field grid. Note that Rs is not allowed to be larger than R0
and needs to be in the range of R0 ≥ Rs ≥ 3λ/ cos θr to
suppress the multiple reflections between the MUT and the
probe and also to suppress the exponentially decaying evanes-
cent fields to approximately -150 dB in the lowest-order
mode [25], [26], [27]. Moreover, for the scanning area cov-
ering the footprint reflected rays, R0 tanψm = w cos θr .
For ψm ≥ ψm,min, R0 and Rs need to be selected such
that w cos θr/ tanψm,min ≥ R0 ≥ Rs ≥ 3λ/ cos θr . Then, the
dimensions of the scanning grid can be established as D =

w cos θr +2 (R0 −Rs)/ tan θr by assuming a square scanning
grid whose center coincides with the specular ray from the
center of the footprint area. The maximum observable angle
of diffuse scattering can then be obtained as

ψm = tan−1 w cos θr + (R0 − Rs)/ tan θr
R0

. (10)

The grid spacing, 1u and 1v should be smaller than λ/(1 +

sinψm) to minimize aliasing from diffuse scattering at the
maximum observable angle [27], [28].
The flowchart in Fig. 4 shows the procedure for obtain-

ing the directive model parameters 0, R, S, and α using
(8) and (9). To evaluate (8) and (9) in section II above,
the measured field must be integrated across all directions.
However, because most of the reflected power from the MUT

FIGURE 4. Fitting procedure flowchart.

is concentrated in the direction of the specular reflection, the
total reflected power can be approximated to the total power
passing through the near-field scanning area. Therefore, the
far field obtained from theNTFT technique should be approx-
imately the same as the results of (8) and (9).

The fitting algorithm starts with 2D near-field measure-
ment data from theMUT and PEC using themethod bymeans
of plane-wave generation and near-field scanning. Upon com-
pletion of the NTFT, directive model generation and cost
function evaluations are conducted to obtain the optimal fit
parameters. Each step is performed in detail as follows.
Step 1. MUT and PEC near-field data acquisition from 2D

planar scanning
In the proposed setup around the MUT, data are obtained

on scanning grids to produce MUT-reflected near-field data.
A PEC sheet is placed on top of the MUT, and the same
measurement is repeated to produce PEC-reflected near-field
data.
Step 2. MUT and PEC far-field data determination using

NTFT
The NTFT technique is applied to the MUT- and PEC-

reflected near-field data to obtain far-field data,

ENTFT
r (θs, φs) = NTFT {Er(u, v)} . (11)
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Step 3. Reflection coefficient extraction
The reflection coefficient is determined using (8), where

the integration angle is limited to the maximum observable
angle. Because most of the reflected power is concentrated in
the specular direction, (8) can be applied by substituting the
NTFT far-field data with limited integration angles.

|0|
2

=
Pr
Pi

≃

∫ φr+ψm
φr−ψm

∫ θr+ψm
θr−ψm

∣∣∣ENTFT
r,MUT(θs, φs)

∣∣∣2 sin θsdθsdφs∫ φr+ψm
φr−ψm

∫ θr+ψm
θr−ψm

∣∣∣ENTFT
r, PEC(θs, φs)

∣∣∣2 sin θsdθsdφs .
(12)

Step 4. Directive model generation and cost function evalua-
tion for S and α
The directive model is generated using the0 obtained from

the previous step over the ranges of S and α. The reflection
reduction factor R is also updated with S according to (3). The
incoherent component with the ranges of limited integration
angle is expressed as∣∣∣Emodel
s,MUT(θs, φs)

∣∣∣2
≃

|0|
2
|S|

2

Fα

(
1 + cosψ

2

)α
·

∫ φr+ψm

φr−ψm

∫ θr+ψm

θr−ψm

∣∣∣ENTFT
r, PEC(θs, φs)

∣∣∣2 sin θsdθsdφs. (13)

The total reflected field is obtained by the summation
of the coherent and incoherent components. The coherent
component is represented by scaling NTFT far-field data of
PEC.∣∣∣Emodel

r,MUT(θs, φs)
∣∣∣2 =

∣∣∣Emodel
c,MUT(θs, φs)

∣∣∣2 +

∣∣∣Emodel
s,MUT(θs, φs)

∣∣∣2
(14)

where
∣∣∣Emodel

c,MUT(θs, φs)
∣∣∣2 = |0|

2
|R|

2
∣∣∣ENTFT

c,PEC(θs, φs)
∣∣∣2 .

The cost function is evaluated by comparing the total
reflected field of the model with the measured field. The
optimal model parameters S and α are determined when the
cost function is minimized. The cost function may depend on
the type of application.

Note that the small roughness assumption is used when we
determine the reflection coefficient from (12). For surfaces
with large roughness, the discrepancy between the actual
reflected power and the reflected power collected by the scan-
ning grid may be significant. This discrepancy can lead to an
error in the determination of the reflection coefficient, which
in turn could affect subsequent parameter fitting. Assum-
ing that the incoherent components can be represented by a
directive model, the error in the reflection coefficient can be

estimated using the following inequality:

|0total|
2
−

∣∣0grid∣∣2
|0total|

2

=
Pr,total − Pr,grid

Pr,total
<
Ps,total − Ps,grid

Ps,total

=

Fα −
∫ φr+ψm
φr−ψm

∫ θr+ψm
θr−ψm

(
1+cosψ

2

)α
sin θsdθsdφs

Fα
, (15)

where the subscripts ‘total’ and ‘grid’ denote the measure-
ment from the upper half-space and grid space, respectively.
The right-hand side error term of (15) is a function of both
the model directivity α and the maximum observable angle
ψm. The corresponding errors of 1, 5, and 10% are illustrated
in Fig. 5. In the case of large roughness where α is small,
a larger observable angle is required. For instance, ψm > 50◦

is necessary to limit the error to 10% or less as α < 10.

FIGURE 5. The maximum observable angle versus the model directivity
for the tolerances of 1, 5, and 10% |0|2 error.

The far-field measurements have the advantage of a wide
maximum observable angle but are limited by the distance.
With adequate setup dimensions, the near-field measurement
can still extract far-field parameters, but with a more com-
pact measurement setup. This compactness of the setup is a
significant advantage compared to the far-field measurement.
The further near-field measurement technique and associ-
ated error analysis methods are comprehensively described
in [29].

IV. MEASUREMENT SETUP AND RESULT
An indoor experiment was conducted on rough materials to
validate the effectiveness of the proposed fitting algorithm
and measurement method. The MUTs with rough mate-
rial surfaces were implemented on 150-mm-thick expanded
polystyrene slabs. They were covered with water-soluble
paint with a thickness of approximately 3.5 mm using either
a plastering or a rolling method. To compare only the effects
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FIGURE 6. Photographs of rough surfaces made with (a) plastering and
(b) rolling methods and (c), (d) corresponding height histograms
measured with a 3D laser scanner.

TABLE 1. Statistical properties of implemented rough surface materials.

of the rough surface without the influence of slab thickness,
conductive paint was applied to the surface of the MUTs after
the former paints had completely dried.

The surface height data were obtained using a 3D laser
scanner to analyze the roughness of the MUTs, and their
distributions are displayed as histograms in Fig. 6. Both
plastering and rolling methods exhibit asymmetric Gaussian
distributions or a linear combination of multiple Gaussian
distributions. The surface roughness is expressed as the
surface height standard deviation, correlation length, and
root mean square (RMS) surface slope, and is tabulated in
Table 1.

The reflector antenna was designed with a focal-length-
to-diameter (F/D) ratio of 1.4 and an offset angle of 45◦

to enhance its cross-polarization performance. The reflector
shape was fabricated using stereolithography 3D printing
technology, and the surface was coated with a conduc-
tive paint. An A-INFO LB-45500 wideband ridged horn
antenna was used as the feed, and the resulting co- and
cross-polarization radiation patterns were measured using the
near-field technique, as shown in Fig. 7. An A-INFO standard
rectangular open-ended waveguide antenna with a gain of

FIGURE 7. (a) E-plane (φ = 90◦) and (b) H-plane (θ = 90◦) far field
patterns of the reflector antenna.

TABLE 2. Measurement setup parameter.

7.0 dBi and a cross-polarization level of 35.0 dB was used
as the probe antenna.

The measurement parameters are listed in Table 2. The
incident angle was set to 45◦ and exhibited transverse electric
(TE) polarization. The near-field scanning area was chosen to
be 191 mm× 191 mm with a 100 mm grid distance consid-
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ering the footprint area and evanescent modes. The near field
in the scanning area was sampled at a spacing of 3.75 mm
(= λ/2) to prevent aliasing. The maximum observable angle
was determined to be ψm = 48.14◦ according to (10).
A Keysight E5080B vector network analyzer was configured
covering a frequency range of 24-44 GHz with a bandwidth
of 20 GHz, ensuring an equivalent pulse width of 50 ps in
the time domain. In addition, the frequency sample spacing
was chosen to be 20 MHz, which allows for a time win-
dow of 50 ns. The unwanted coupling and multipath reflec-
tions are eliminated by applying proper gating within the
time window.

Fig. 8 shows the plane-wave spectrum obtained by the
discrete Fourier transform of the raw data from two different
materials. It is reported that the diffuse scattering is normally
weak when the standard deviation of surface height satisfies
the Rayleigh criterion [14]. However, in this experiment, sig-
nificant diffuse scattering was observed, as shown in Fig. 8,
although the standard deviation of the surface heights for both
samples was less than λ/10. The intensity of diffuse scatter-
ing appears to be related not only to the standard deviation of
the surface height, but also to statistical parameters such as
the correlation length [30].
The reflection coefficient of the MUT can be calculated by

substituting the transformed far-field of the PEC and MUT
into (12). By integrating the field patterns in the regions of
θr−ψm < θs < θr+ψm and φr−ψm < φs < φr+ψm, reflec-
tion coefficients were determined to be 0.773 and 0.648 for
the plastered and rolled MUTs, respectively. A directive
model pattern was generated with the extracted0 parameters.
A typically used cost function is the fraction of vari-

ance unexplained (FVU) [31]. This potentially ignores the
weak diffuse power difference because even a small power
difference in the specular direction is dominant. Therefore,
we propose the following cost function:

C(S, α) =

φr+ψm∑
φs=φr−ψm

θr+ψm∑
θs=θr−ψm

∣∣∣f (
20 log10

∣∣ENTFT
r,MUT(θs, φs)

∣∣)
−f

(
20 log10

∣∣Emodel
r,MUT(θs, φs)

∣∣)∣∣∣ , (16)

where f is the envelope function. A logarithmic function
was used to emphasize the difference in weak diffuse powers
and reduce the difference in the specular direction. However,
the logarithmic function overemphasizes the null point dif-
ferences, especially when the null points of the two field
patterns do not match. To avoid dependence on null points,
we considered the envelope of the radiation patterns. This
envelope was obtained by interpolating the local maximum
along θs using a cubic spline function for each φs angle.
The local maximum points were determined by taking the
maximum point within a sliding window in θs, whose width
was the 3 dB width of the specular lobe. The range of the
summation angle was limited to ±ψm around the specular

FIGURE 8. Plane-wave spectrum from rough materials formed by
(a) plastering and (b) rolling.

direction because a pattern beyond this range is unreliable in
PNF scanning.

To validate the proposedmethod, a conventional free-space
measurement method was conducted on the same MUT sam-
ples and the FVU was applied. An LB-45500 horn antenna
pair was used as the transmitter and receiver, with the trans-
mitter and receiver antennas positioned 3 m and 1 m from
the MUT, respectively. Fig. 9 illustrates the values of the
cost functions obtained using the conventional and proposed
methods. It can be seen that both cost functions areminimized
with similar S and α parameters. The minimized values for
the plastered MUT were determined to be |0| = 0.691,
|S| = 0.291, and α = 113 for the conventional method, and
|0| = 0.773, |S| = 0.289, and α = 65 for the proposed
method. For the rolled MUT, the values were |0| = 0.812,
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FIGURE 9. Cost function evaluations: (a) plastered MUT with conventional method, (b) plastered MUT with proposed method, (c) rolled MUT with
conventional method, and (d) rolled MUT with proposed method.

|S| = 0.431, and α = 137 for the conventional method, and
|0| = 0.648, |S| = 0.452, and α = 129 for the proposed
method. From Fig. 5, the error in the reflection coefficient
is estimated to be less than 1% for the smallest value of
α = 65 with ψm = 48.14◦.

In Fig. 10, the radiation patterns using ER model parame-
ters extracted from 2D near-field measurement data for each
cost function are shown and compared with the measure-
ment result. Compared to the results from the proposed cost
function, the results from FVU are fitted with higher values of
α. In both Fig. 10 (a) and (b), the results from FVU show nar-
rower patterns, which illustrate that the weak diffuse power is
underweighted. In Fig. 10(b), the incoherent component from
FVU does not increase as high as the measurement pattern
near −10◦ < ψ < 10◦ due to the coupling between S and R.
When a high value of S causes a decrease in R, a significant
change in the coherent component around ψ = 0◦ results

in a large error. The results from the proposed cost function
show a similar trend across the range of the summation
angle.

The resulting directive model patterns in the plane of
incidence for the minimum values of Fig. 9 are compared
in Fig. 11. The predicted patterns were similar for both
the conventional and proposed methods. The backscattering
observed in the measurement near 135◦ was not modeled in
the directive model. If backscattering is necessary, other ER
models, such as the double-lobe model, may be considered.
Also note that with the plastered MUT, slightly more diffuse
scattering was observed near 90◦ in the proposed method
than in the conventional method. As shown in Fig. 8(a),
the plane-wave spectrum has an elongated distribution in
the vertical direction. The conventional method considers a
1D scan corresponding to the plane-wave spectrum in the
plane of incidence (kv = 0). By contrast, the proposed
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FIGURE 10. Directive model patterns from FVU and proposed cost
function on 2D near-field measurement data in comparison with the
average of measured pattern for (a) the plastered MUT and (b) rolled
MUT.

method considers the entire 2D domain data and produces
α parameter that is slightly underestimated in the plane
of incidence. Despite these differences in the measurement
setup and the algorithms, the pattern in the proposed method
followed that of the conventional method, thus confirming the
validity of the proposed method.

V. CONCLUSION
In this study, we introduced a compact technique for extract-
ing ER model parameters. This approach involves the gener-
ation of a plane wave using a parabolic reflector antenna, the
collection of near-field data, the conversion of the near-field
data to the far field, and model fitting to the transformed
data. Two MUTs exhibiting distinct roughness characteris-
tics were prepared and their diffuse scattering was measured
at 40 GHz using both the proposed and conventional meth-
ods. Model parameters were extracted using both techniques.

FIGURE 11. Directive model patterns from conventional and proposed
method in comparison with 1D measured pattern for (a) the plastered
MUT and (b) rolled MUT.

The scattering patterns predicted from these models were
compared. This comparison demonstrates that the model
derived from our proposed method is consistent with the
model obtained using the conventional approach.

The proposed technique incorporates the advantages of a
compact range and near-field measurement methods, thereby
significantly reducing the size of the measurement setup
around the MUT. Consequently, this can serve as an effec-
tive method for extracting site-specific model parameters
directly from indoor environments for the applications such
as the prediction of mm-wave propagation. Although the
selected PNF scanning grid exhibited limitations regard-
ing the diffuse scattering angle range, the resulting model
proved effective compared with conventional methods.
When backscattering also needs to be modeled, spherical
near-field scanning coupled with a double-lobemodel may be
considered.
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