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Diffuse scattering measurements and
mechanism analysis at 8, 12, and 28 GHz
for typical building surfaces
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This study investigates the fundamental diffuse scatteringmechanisms from three typical buildingwall
surfaces, conducting measurements and model parameterization at 28 GHz and two key FR3
frequencies (8 GHz and 12 GHz). A novel three-dimensional (3D)measurement procedure is proposed
to capture comprehensive spatial characteristics, and its effectiveness in improving parameterization
accuracy was verified using 28 GHz data. For parameterization, we developed a newmethod utilizing
two dimensions of the high-bandwidth power delay profile-received power and delay spread-thereby
fully leveraging the rich information provided by such measurements. Furthermore, we introduce the
ER-BK hybrid model, which integrates the Beckmann-Kirchhoff (BK) model’s high accuracy and
cross-frequency adaptability with the Effective Roughness (ER) model’s simplicity, applying it to the
building surfaces. Our results show that diffuse scattering at 8 GHz and 12 GHz is highly similar,
distinct from that at 28 GHz. A comparison revealed that the BKmodel provides a better fit for our FR3
measurement data. Crucially, we validated the angular generalization of the parameterized BKmodel
using data from a different incident angle than the one used for fitting. The feasibility of the ER-BK
hybrid model was also verified through simulation of the parameterized marble surface.

In future 6G networks, the FR2 band (24.25–71 GHz) and the FR3 band
(7.125–24.25 GHz) have garnered significant attention from both aca-
demia and industry1,2. These two bands are particularly valued for their
ability to address coverage, capacity, and deployment challenges in
typical wireless scenarios. Additionally, they offer substantial advan-
tages for emerging technologies, including non-terrestrial networks,
reconfigurable intelligent surfaces, and integrated sensing and com-
munications (ISAC)3,4.

Electromagnetic (EM) wave propagation mechanisms typically
include free-space propagation, penetration, reflection, diffuse scattering,
and diffraction5. Among these, research on diffuse scattering is essential for
reliable propagation analysis, particularly in the field of ISAC, as the
modeling of scatteredwaves plays a critical role in sensing applications6–8. In
the sub-6 GHz band, diffuse scattering is negligible in most scenarios9,10.
This holds true when the primary scatterers are building surfaces and
relatively regular road surfaces, with minimal structural irregularities.
However, in the FR2 and FR3 bands, which operate at higher frequencies,
diffuse scattering effects become significantly more pronounced.

Diffuse scattering models have been extensively investigated
through measurements and theoretical analysis. Full-wave simulations
such as the finite-difference time-domain method, which is based on
Maxwell’s equations, have been used to study diffuse scattering
models11,12. The physical optics approximation (PO) has also been
applied in the research of diffuse scattering models13. However, both
methods require detailed parameters of the surface and involve a high
computational complexity. The works in14 and15 proposed integrating
an ER based diffuse scattering model into ray tracing algorithms. This
concept was subsequently validated through multitudinous measure-
ments in the millimeter-wave band16,17. Another well-known DS model
is the Beckmann–Kirchhoff (BK) model, which is based on the
Kirchhoff approximation. It can describe the diffuse scattering prop-
erties across frequency bands using only two parameters: the root-
mean-square (RMS) height of surface roughness and the spatial irre-
gularity known as the correlation length18. It performs well in the ter-
ahertz band5,19, however, its computational complexity is higher
compared to the ER model.
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Although existing studies have conducted measurements across
multiple frequency bands and for various materials, there still exist a
few limitations. First, to our best knowledge, few studies have explored
diffuse scattering measurements in the FR3 band, and existing work
lacks a robust integration of theoretical models and experimental data
to evaluate the practical performance of diffuse scattering models in
this frequency range. Second, most existing measurement efforts have
focused only onmeasurements where the transmitter (Tx) and receiver
(Rx) are in the same plane, resulting in a lack of acquisition of 3D
spatial information of diffuse scattering. Third, existing para-
meterization methods only consider the angular spectrum of power,
which fails to fully utilize high-bandwidth measurement data. Finally,
the current ER model struggles with low accuracy, and the BK model
suffers from high complexity; a new approach is therefore needed to
enhance diffuse scattering simulations. Addressing these limitations,
our study makes four key contributions.
• We conduct measurements on three typical outdoor building surfaces

at two representative frequencies in the FR3 band, namely 8 GHz and
12GHz, alongwith the 28 GHzmillimeter-wave frequency, and collect
high-bandwidth power delay profile (PDP) data.

• We propose a 3D measurement procedure to capture richer spatial
information of diffuse scattering and carry out real-world measure-
ments to verify the effectiveness of this procedure.

• We propose a model parameterization method that combines the
power angular spectrum and the delay spread angular spectrum to
make full use of the high-bandwidth PDP data.

• Wepropose anER-BKhybridmodel that leverages the simplicity of the
ER model and the cross-frequency band characteristics of the BK
model. The effectiveness of this method has been verified using our
measurement data.

Method
Diffuse scattering models
First, the general diffuse scattering geometry is shown in Fig. 1. The incident
wave E

!
i has a zenith angle θi and an azimuth angle π. The reflected wave

E
!

r features a zenith angle θr = θi and an azimuth angle 0, whereas the
scattered wave E

!
s has a zenith angle θs and an azimuth angle ϕs. Here, ψi

and ψr denote the spatial angles between the scattered wave and incident
wave directions, and between the scattered wave and reflected wave direc-
tions, respectively.

The ERmodel, one of the most widely-used diffuse scattering models,
characterizes the diffuse scattering process through a two-step approach.

First, it calculates theproportionof diffuse scattering energy to incident
energy.Using the energy conservation relationship, the ratio of the scattered
power to the incident power can be obtained as follow15:

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� ρ2ÞΓ2

q
; ð1Þ

where Γ represents the smooth surface reflection coefficient, and ρ is the
reflection reduction factor that can be estimated by 18,20:

ρ ¼ exp � 1
2

k2h2rmsðcos θi þ cos θsÞ
� �2� �

; ð2Þ

where hrms represents the standard deviation of the surface protuberance
height about the mean height, k = 2π/λ represents the wave number.

Second, energy-normalizeddiffuse scattering patterns can be described
by empirical formulas, and there are several classic empirical formulas,
including the Lambertian model, directive model, and backscattering lobe
model. Each one represents a distinct physical scenario and accounts for
different diffuse scattering patterns.

Directive model postulates that the primary energy concentration
occurs along the specular reflectiondirectionwith a certain angular spread21.
The angular distribution of the field intensity be expressed as14 :

∣�Es∣
2
θi; ϕi ¼ π; θs; ϕs
� �

¼ K�S
ri�rs

� �2
� cos θidSFαR

� 1þcosψR
2

� �αR ð3Þ

Here, K is a constant depending on the amplitude of the impinging wave:

K ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
60PtGt

p ð4Þ

Substituting it into eq. (3), we can get:

∣�Es∣
2 θi; ϕi ¼ π; θs; ϕs
� �

¼ 60 ∣�Ei ∣
240π

2
S2

ri2rs2
cos θidS
FαR

� 1þcosψr
2

� �αR

¼ ∣�Ei ∣
2S2

4πri2rs2
� cos θidSFαR

� 1þcosψr
2

� �αR

ð5Þ

where ri and rs denote the distances from the Tx antenna to the incident
point and from the incident point to the Rx antenna, respectively. θi
represents the incident angle. ψs is the angle between the diffuse scattering
and the specular reflection directions. The parameter αR determines the
beamwidth of the diffuse scattering pattern. As it decreases, the beamwidth
expands, resulting in a more dispersed angular distribution of the scattered
energy. FαR is the normalization factor, and is given by :

FαR
¼ 1

2αR
�
XαR
j¼0

αR
j

� �
� Ij ð6Þ

and
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2π
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2

� �
: ð7Þ

Fig. 1 | Geometry of general diffuse scattering.The diagram illustrates the incident
ð~Ei; redÞ, reflected ð~Er ; blueÞ, and scattered ð~Es; purpleÞ waves defined by their
respective zenith ðθÞ and azimuth ðϕÞ angles. Specifically, θi , θr , and θs represent the
zenith angles, while ϕs denotes the scattering azimuth. The spatial angles ψi and ψr

indicate the angular separation between the scattered wave and the incident or
reflected directions, respectively.
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The backscattering lobe model extends the directive model by incor-
porating anadditional term toaccount for backscattering effects. Inpractical
scenarios where surfaces display significant irregularities (e.g., balconies or
columns) and the incident angle approaches grazing incidence, diffuse
scattering contributions become substantial near the incident direction. To
address this, the model integrates a diffuse scattering lobe aligned with the
incident direction. The formulation is expressed as follows15:

j�ESj2ðθi; ϕi ¼ π; θs; ϕsÞ ¼ E2
S0 � Λ 1þcosψr

2

� �αR
h

þð1� ΛÞ 1þcosψi
2

� �αi
i

αi; αR ¼ 1; 2; . . . ;N; Λ 2 ½0; 1�

ð8Þ

In this model, ψi denotes the angle between the scattered and incident
directions, andψR denotes that between the scattered direction and specular
reflection direction, αi governs the width of the back lobe, while αR controls
that of the forward lobe—with larger values for both parameters narrowing
their respective lobes and concentrating scattered energy. Additionally,Λ, a
distribution coefficient within the range Λ∈ [0, 1], regulates the amplitude
ratio between the forward and backscattering lobes; when Λ = 1, the model
simplifies to the directive model, retaining only the forward lobe
contribution.

The maximum amplitude ES0 is calculated by14 :

E2
S0 ¼

K � S
ri � rs

� �2

� cos θidS
FαR;αi

ð9Þ
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Compared to the ERmodel, the twomost critical parameters in the BK
model are the variance of surface height hrms and the surface correlation
lengthT. The BKmodel assumes that the height distribution of thematerial
surface follows a Gaussian profile18,22:

W Δhð Þ ¼ 1=hrms

ffiffiffi
2

p� �
exp �Δh2=2hrms

2� � ð12Þ

and the surface correlation function is also Gaussian, satisfying:

C τð Þ ¼ exp �τ2=T2
� � ð13Þ

The primary distinction between the BKmodel and the ER model lies
in the form of the diffuse scattering pattern. The diffuse scattering power
distribution in the BK model can be expressed as18,22,23:

j�ESj2ðθi; ϕi ¼ π; θs; ϕsÞ ¼ j�Eij2Γ2
ð4πÞ2r2i r2s

� cos θidS � πT2
� �

� F2ðθi ;θs;ϕsÞ
exp gðθi;θsÞ½ � �

P1
n¼1

gnðθi;θsÞ
n! n

n
� exp �T2

4n v2xyðθi; θs; ϕsÞ
h io

;

ð14Þ

where θi and θs represent the zenith angles of the incident field and the
scattered field, respectively, as illustrated in Fig. 1.And

g θi; θs
� � ¼ hrms

2v2z θi; θs
� �

; ð15Þ

vx θi; θs; ϕs
� � ¼ k sin θi � sin θs cos ϕs

� �
; ð16Þ

vy θs; ϕs
� � ¼ k sin θs sin ϕs

� �
; ð17Þ

vz θi; θs
� � ¼ �k cos θi þ cos θs

� �
; ð18Þ

Besides, F in (14) is called the geometric factor, which can significantly affect
the diffuse scattering pattern. The most classic geometric factor is the
Beckmann geometric factor24:

FBeck θi; θs; ϕs
� � ¼ 1þ cos θi cos θs � sin θi sin θs cos ϕs

cos θi cos θi þ cos θs
� � : ð19Þ

In addition, there is theOgilvy factor,which is calculated basedonboundary
conditions:

FOgil ¼ FBeck cos θi
� �

ð20Þ

The ER model can simply describe the diffuse scattering effects of
different types of surfaces. However, its empirical parameters, including S
and α, are difficult to determine in practical applications. Even for the same
surface, these parameters will change with the frequency of the incident
wave and the incident angle. In contrast, the BKmodel computes scattering
results across frequency bands and incident angles via physical calculations
once its two parameters are determined. However, its algorithmic com-
plexity remains a limitation.

It has been pointed out in ref. 25 that the ER model, such as the ER
directive model, can be used to fit the BKmodel. Notably, the improved ER
directivemodel is employedhere, as the BKmodel’s scattering results donot
always exhibit peak energy in the specular reflection direction. To achieve a
better fit to the BK simulation results, we adjust the ER directive model by
replacing the original variable ψs with a new variable ψ0, which represents
the angle between the scattering direction and the peak scattering power
direction.This demonstrates that theERmodel canaccuratelymatch theBK
simulation results, significantly simplifying scattering calculations. Addi-
tionally, it enables efficient determination of cross-frequency scattering
parameters in ray tracing.

Measurement campaign
We used a time domain channel sounding system based on National
Instruments (NI) hardware to conduct the measurement campaign26. The
system operates under a superheterodyne architecture with an intermediate
frequency (IF) range of 8–12 GHz.With the addition of our up-converter, it
can also output millimeter waves spanning from 27.5 to 29.5 GHz.

The baseband signal of this system is aZadoff-Chu (ZC) sequencewith
a length of 65,535. It employs a field programmable gate array module for
real-time signal processing. Leveraging the autocorrelation properties of the
ZC sequence, the PDP of the channel can be obtained27,28, with a multipath
time delay resolution of up to 0.65 ns. Synchronization between the Tx and
Rx is achieved using two pre-synchronized rubidium atomic clocks.

The PDP data directly obtained from the channel sounding sys-
tem includes the hardware response of the system. When using such
data, employing the widely accepted threshold (peak value of the PDP
minus 30 dB) to get the filtered PDP data results in numerous fake
multipath components that do not exist in reality (such as the mul-
tipaths appearing hundreds of nanoseconds after the peak in Fig. 2(a),
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corresponding to path lengths of tens to hundreds of meters, which do
not exist in actual diffuse scattering meassurement with path of
hundreds of meters).

To eliminate the hardware response, we employed a back-to-back
calibration:

hcal n½ � ¼ IFFT Hraw k½ �=G k½ �� � ð21Þ

where hcal denotes the PDP after calibration, while hraw represents the raw
PDP. The termG[K] is derived by directly connecting the Tx andRx using a
cable. After calibration, as Fig. 2(b) shows, the previously observed fake
multipaths are shown to have disappeared, with a significant reduction in
the noise floor.

After calibration, noise at the several-hundred-nanosecond mark may
still appear above the threshold. To mitigate this risk, we have therefore
added a 20 nswindowaround the peak, a setting that captures allmultipaths
within 6 meters while filtering out unreasonable noise points.

We conducted measurement campaigns on three types of building
surfaces at theMinhang campus of Shanghai JiaoTongUniversity at 8 GHz,
12 GHz, and28GHz.The surfaces of themeasuredbuildingwalls are shown
in Figs. 2 and 3.

Themeasurements used two tripod-mounted horn antennas at the Tx
and Rx, respectively. Their technical specifications at 8 GHz, 12 GHz, and
28GHz frequencies are detailed in Table 1. Four types of measurements
were designed and conducted on the aforementioned three materials at the
three carrier frequencies.
• Tx and Rx antennas at the same height, incidence angle = 30°:

Fig. 2 | Comparison of typical Power Delay Profiles (PDP) before and after back-
to-back calibration. a The raw PDP observed before calibration, where significant
fake multipath components (highlighted by red rectangles) appear hundreds of
nanoseconds after the peak due to system hardware response. b The calibrated PDP
using the back-to-back method, showing the elimination of fake multipaths and a

reduction in the noise floor. The red dashed line indicates the multipath extraction
threshold (defined as the peak value minus 30 dB). Grey dots represent the original
data samples, blue dots denote the filtered valid multipath components, and the
vertical magenta dashed line marks the position of the peak power.
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Figure 5a depicts the measurement configuration with the Tx
and Rx in the same plane, in which the Tx antenna is fixed at a
height of 1.7 meters and positioned 1.5 meters from the center of
the target wall surface (which is significantly greater than the
Rayleigh distances of the antenna corresponding to each of the
three frequencies, thereby ensuring the far-field condition is met
for all test cases), oriented at a 30-degree angle relative to the
normal direction. The Rx antenna is placed at the same height
and distance from the center, and is systematically rotated in 10-
degree increments.

• Tx and Rx antennas at the same height, incidence angle ≠ 30°: To
evaluate the generalization ability of our parameterized model under
other incidence angles for the same surface, we performed measure-
ments on marble and smooth wall surfaces with Tx angles of 40°, 50°,
and 60°, and Rx angles fixed at 0° and the specular reflection direction,
respectively.

• Metal plate reflection measurement:
To verify the rationality of our measurement setup and simulation
method, we conducted measurements on the power-angle spectrum
of metal plate reflections at the three frequencies, as shown in Fig. 4.
Specifically, using the same measurement setup as illustrated in
Fig. 5a—with an incidence angle of 30°, the Rx rotated in 10-degree
increments, and electromagnetic wave absorbingmaterials placed on
both sides to prevent scattering interference fromareas other than the
target wall—the only difference is that the target wall surface was
replaced with a metal plate.

• Tx and Rx antennas at different heights:
In addition, to providemore information formodelparameterization
from the measured data, as suggested in ref. 26, additional spatial

anglemeasurements can be implemented. As Fig. 5b, we conduct the
spatial anglemeasurements on the roughwall. For themeasurement,
the Tx antenna is fixed at a height of 1.7 meters in the horizontal
plane, aligned with the center of the wall and at a 30-degree angle to
the normal. The Rx antenna is adjusted to heights of 1.7m, 1.8 m,
1.9 m, and 2.0m, while moving along a circular path with a radius of
1.5 m, with a step size of 10 degrees for each measurement.

Simulation and parameterization
We conducted simulations of the measurement scenario based on the
ray-tracing algorithm (as shown in Fig. 6). To enable the integration of
different diffuse scattering models, we utilized a self-developed ray-
tracing software. Parameters involed in ray tracing, such as the
antenna’s gain and HPBW, are its actual parameters, which are pro-
vided in Table 1.

In the simulations, the multi-hop paths and the ray paths from
ground reflection and diffuse scattering have minimal impact on the
PDP. To demonstrate this, we compared the measured reflection power
spectra of the metal plate at three frequencies with the simplified ray-
tracing simulated power angle spectrum (considering only the specular
reflection of the metal plate) and calculated the RMSE between them.
The RMSE values for 8 GHz, 12 GHz, and 28 GHz are 5.41 dB, 4.89 dB,
and 4.74 dB, respectively. Such small discrepancies between the

Table 1 | Parameters of Experiment Setup

Parameters Frequency

8 GHz 12 GHz 28 GHz

Bandwidth (GHz) 1.532

Transmit power (dBm) 10

Baseband signal ZC Sequence

Multipath delay resolution (ps) 650

Antenna type Horn

Antenna gain (dBi) 19.4 21.8 15

Antenna HPBW (°) 18.7 12.5 23

Fig. 4 | Measurement scenario of metal plate reflection.

Fig. 3 | Photographs of the three types of building surfaces measured in the
campaign. a The marble surface. b The smooth wall surface. c The rough wall

surface. These measurements were conducted at the Minhang campus of Shanghai
Jiao Tong University.
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simplified simulation results and themeasured data indicate that, under
ourmeasurement setup, the energy of the PDP is primarily derived from
first-order scattering and reflection on the target surface.

We parameterize the diffuse scattering model by minimizing the dis-
crepancy between measured data and ray-tracing simulation results. The
high-bandwidthPDPdata, featuring a time resolution of 0.65 ns (equivalent
to a multipath resolution of approximately 0.195m), enables enhanced
multipath characterization. Consequently, our parameterization process
extends beyond conventional power angular spectrum analysis10,17, pro-
viding a more comprehensive framework than prior scattering model
studies.

We integrate both the angular spectrum of the delay spread and the
angular spectrum of power derived from the PDP of diffuse scattering
measurement to fit the diffuse scattering model:

PN
k¼1 l τRMSk

; τ̂RMSk

� �
þ l Pk; P̂k

� �� �
2N

ð22Þ

where:

l x; y
� � ¼ ∣x � y∣

x þ y
2 0; 1½ � ð23Þ

The metric employed is the symmetric mean absolute percentage error
(SMAPE), an accuracymeasure based on percentage errors with both lower
and upper bounds; a smaller value indicates higher model accuracy. It is
widely used in assessing the performance of channel models29,30,31. Pkand
τRMSk

represent the received power and delay spread at each location in the
measurement, while P̂k and τ̂RMSk

denote the received power and delay
spread at the corresponding locations in the simulated scenario.N stands for
the number ofmeasured locations; for example, inmeasurementswhere the
TxandRxare in the sameplane,N = 16.Akey advantageof SMAPE is that it
allows the fitting accuracy of different parameters (i.e., power and delay
spread) to be compared collectively. Combining the simplicity of the ER
model and the accuracy of the BK model in prediction across frequency
bands and under arbitrary incident angles, we propose the ER-BK hybrid
diffuse scattering model.

Fig. 5 | Illustration of the experimental measurement configurations.
aMeasurement setup in the horizontal plane (2D). The transmitter (Tx) is fixed at a
height of 1.7 m and a distance of 1.5 m from the center with a 30° incidence angle,
while the receiver (Rx) is rotated along the arc in 10° increments. bMeasurement

setup in a 3D scenario showing the spatial distribution of measurement points. The
red arrow indicates the fixed Tx orientation, and the yellow arrows and dots
represent the Rx positions located on arcs with 0.1 m vertical spacing.

Fig. 6 | Illustration of the simulation scenario.The
3D plot visualizes the geometric configuration used
in the simulation. The red dot represents the trans-
mitter (Tx) antenna, and the green square denotes
the receiver (Rx) antenna. The light blue plane
corresponds to the reflection surface. Black lines
trace the specular reflection paths, whereas purple
lines illustrate the diffuse scattering components.
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• Get parameters for BK model (T and hrms): First, we acquire the two
parameters T and hrms of the surface in accordance with the mea-
surement and parameterization scheme we proposed above.

• Simulation based on BK model: Second, based on these two acquired
parameters, we perform simulations of the BK model for the target
frequency toobtaindiffuse scatteringpatterns at different angleswithin
this frequency band.

• Fit simulation result with ER model: Third, we use the modified ER
Directive model to fit the simulation results of the BK model, so as to
obtain the three empirical parameters S, α, and θp (angle of the peak of
the diffuse scattering power) of the ER Directive model under the
desired frequency and different incident angles.

Results
Effectiveness of 3D Rx measurements for parameterization of
DS models
As an example, we use the 3D Rx measurement data to parameterize the
28 GHz backscattering lobe model. In traditional parameterization
processes17,32,33, only the RT results within the incident plane are considered
for fitting the measured data to determine the diffuse scattering model
parameters, as demonstrated previously. This fitting process overlooks the
changes caused by the spatial distribution of diffuse scattering power. To
address this, under rough wall measurement conditions, we varied the
height of Rx byΔh, integrated the obtained data, and then applied the fitting
process described above.

The receivedpower at various 3Dpositions is illustrated inFig. 7,where
the blue circles represent the results of the ray tracing with the best para-
meters using data only in the incident plane (Δh = 0 cm), the red dots
represent the results of the ray tracing with the best parameters at four Rx
heights (Δh = 0, 10, 20, 30 cm), and the colored surface represents the
measured data. As theRxheight increases, it can be observed that the diffuse
scattering model determined based on the incident plane (S = 0.60, αR = 1,
αi = 10,Λ = 0.2) incorrectly predicts the actual backscattering power outside
the plane. On the other hand, by fitting the data obtained from multiple
stereoscopic positions, the scatteringmodel (S = 0.42,αR = 6,αi = 4,Λ = 0.2)
can partially correct this error while still maintaining a good fitting per-
formance within the incident plane. This indicates that for a more accurate
and detailed analysis of diffuse scattering effects, it is necessary to consider
the diffuse scattering effects in the stereoscopic space, within an acceptable

level of complexity, to jointly determine the actual diffuse scattering model
parameters.

Material and frequency dependence of diffuse scattering effect
among 8 GHz, 12 GHz and 28 GHz
Figure 8a–f show the angular power spectrum and delay spread spectrumof
three material surfaces at the three frequencies. It can be first observed that
the type of material has a significant impact on both the power angular
spectrumand the delay spread angular spectrum.Regarding the influenceof
frequency, as shown in Fig. 8a–c, the received power of these threematerials
at the three frequencies is all concentrated in the specular reflection direc-
tion, exhibiting a certain degree of angular broadening. Moreover, com-
pared with the power angular spectrum at 28 GHz, those at 8 GHz and
12GHz show obvious similarity. Specifically, the received power at 8 GHz
and 12GHz ismuch stronger than that at 28 GHz. Figure 8d–f indicate that,
at all three frequencies, the angular spread of PDP is more pronounced in
the incident plane. In addition, the delay spread at 28 GHz is quite different
from (much larger than) that at the other two frequencies. However, for the
two frequencies in the FR3 band, the change from 8GHz to 12 GHz has
minimal impact on the scattering power and delay spread. So, in the sub-
sequent discussion on thefittingperformance of the scatteringmodel for the
FR3 band, we only present the fitting results from the 8 GHz scattering
measurement.

Fitting results using ER and BKmodels
We fitted the received power angular spectrum and delay spread angular
spectrum data for the threematerial at 8 GHz using both the ERmodel and
the BK model (using planar data for marble walls and smooth walls, and
data from four receiver heights for brick walls).

For the brick wall, the backscattering lobe model within the ER
model was employed. Figures 9 and 10, respectively, present the best
fitting results of two parameters, received power and delay spread,
under the ER and BK models for three materials, while Table 2 pre-
sents the parameters of the two scattering models for the three sur-
faces. It is evident that when simultaneously considering the energy
angular spectrum and the delay spread angular spectrum, the ER
model does not fit the measurement data well, whereas the BK model
demonstrates better adaptability in fitting both the energy spectrum
and the delay spectrum.

Evaluation of the generalization capability of the parameterized
model under different incidence angles
The parameterized BKmodel is capable of predicting the angle spectrum of
received power under arbitrary incidence angles. Using the aforementioned
parameterized BK model, scattering simulations were performed for two
types of surfaces (marble and smooth wall) at two frequencies (8 GHz and
12GHz)with incidence angles of 40°, 50°, and 60°. As illustrated in Fig. 11, a
comparison between the simulated results and the measured power values
shows that the model parameters fitted under the 30° incidence angle can
effectively predict the scattering power under other incidence angles. This
shows that the model, parameterized using measured data from a single
incidence angle, can be generalized to scenarios involving other incidence
angles.

Parameterization results of the ER-BK hybrid model
Following the ER-BK hybrid model introduced in Section before, we con-
ducted BK model simulations at 28 GHz using the BK model fitting para-
meters derived from the above 8 GHz measurement data. Figure 12 shows
the BK scattering patterns of marble material and the corresponding
parameter fitting results of the improved ER model under three incident
angles (20°, 40°, 60°, and 80°) at 28GHz.

First, it can be observed that in our proposed method, the
improved ER model can effectively fit the simulated scattering patterns
of the BKmodel. Second, we can observe the variation patterns of some
parameters of the ER model with the incident angle. It can be seen that

Fig. 7 | Comparison of measured and simulated received power at different
spatial positions.The 3Dplot displays the received power distribution relative to the
azimuth angle and receiver height variation ðΔhÞ. The colored surface represents the
actual measured data. Blue circles denote the ray tracing simulation results using
diffuse scattering parameters fitted exclusively from data within the incident plane
ðΔh ¼ 0 cmÞ. Red dots indicate the simulation results utilizing parameters fitted
from data collected at four different receiver heights ðΔh ¼ 0; 10; 20; 30 cmÞ.
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the larger the incident angle, the smaller the scattering coefficient S,
which is consistent with the conventional ER model. Meanwhile,
beamwidth α increases as the incident angle becomes larger, meaning
that the lobe widens with the increase of the incident angle. This is a
phenomenon that cannot be described by the traditional ER model.

One plausible physicalmechanism behind it is that as the incident angle
increases, the illuminated area expands; this causes the phase of elec-
tromagnetic waves to become more disordered after interacting with
the surface, ultimately leading to a more dispersed spatial distribution
of the waves.

Fig. 8 | a, c, eAngular spectrum of received power for three different surfaces at 8 GHz, 12 GHz, and 28 GHz. b, d, fAngular spectrumof the delay spread of the PDP for these
surfaces at the same three frequencies. Blue, orange, and green, respectively, represent 8 GHz, 12 GHz, and 28 GHz.
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Discussion
In this study, we investigate diffuse scattering mechanisms across
centimeter-wave and millimeter-wave bands, performing measure-
ments and model parameterization on three typical building wall
surfaces. measurements cover the 28 GHz millimeter-wave frequency

and two frequencies within the FR3 band (8 GHz and 12 GHz). Spe-
cifically, we propose three key improvements for building surface
scattering measurement and modeling: Firstly, we introduce a 3D
measurement scheme to capture spatial scattering data. This enables
the extraction of comprehensive spatial scattering information, a

Fig. 9 | Comparison offitting results for received power angular spectra using ER
and BK models across three building materials. a–f, The fitting performance for
the marble wall (a, b), smooth wall (c, d), and brick wall (e, f). The left column
(a, c, e) displays the results using the Effective Roughness (ER)model, while the right

column (b, d, f) corresponds to the Directive Scattering (BK) model. Red dots
represent the measured power data. The blue, cyan, and green solid lines denote the
simulated total power, specular reflection power, and diffuse scattering power,
respectively.
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significant enhancement over the limitations of traditional 2D angular
measurements10,17,32. Secondly, we utilize a parameterization approach
based on total power and delay spread from high-bandwidth PDP. In
contrast to conventional methods that rely only on fitting the angular
power spectrum (e.g.,15,17,33), our technique exploits the full temporal

richness of high-bandwidth PDPs to derive more accurate model
parameters. Finally, we introduce an ER-BK hybrid model that inte-
grates the accuracy of the BKmodel and the simplicity of the ERmodel,
thereby offering a novel and balanced approach to surface scattering
modeling.

Fig. 10 | Comparison of fitting results for delay spread angular spectra using ER
and BK models across three building materials. a–f The fitting performance for
themarble wall (a, b) smooth wall (c, d) and brick wall (e, f). The left column (a, c, e)
displays the results using the Effective Roughness (ER) model, while the right

column (b, d, f) corresponds to the Directive Scattering (BK) model. Red dots
represent the measured delay spread data, and the blue solid lines denote the
simulated delay spread.
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Our results yield several insights: First, the 3Dmeasurement scheme is
validated toenhanceparameterization accuracy, confirming its effectiveness
in capturing spatial scattering features. Second, diffuse scattering char-
acteristics at 8 GHz and12GHzare found to be highly similar, which carries
important implications for FR3 band channel modeling—it may support
the development of a unified or simplified model framework for this fre-
quency range, reducing modeling complexity. Third, the BK model
demonstrates superior fitting performance for FR3 band data, and notably,
models parameterized under a single incident angle exhibit good general-
ization ability for predicting scattering at other angles, simplifying the
parameterization process. Finally, the ER-BK hybrid model proves feasible
for simulating parameterized surfaces, balancing accuracy and computa-
tional efficiency.

However, this work still has two limitations: First, environmental
factors (e.g., temperature, humidity) were not considered in scattering
parameterization, which are critical for real-world applicability. Sec-
ond, the computational complexity of the existing model remains non-
trivial, posing challenges for efficient deployment in large-scale sce-
narios. Corresponding future research directions address these limita-
tions: First, conduct measurements on surfaces under different
environments (e.g., humidity), investigate the impact of environmental
factors, and incorporate them into the model. Second, introduce AI-
driven methods to improve modeling efficiency and accuracy, or
develop hybrid physics-data models that combine physical interpret-
ability with data-driven fitting capability, further boosting modeling
performance.

Table 2 | Fitting parameters of BK and ER models for different materials

Material Model Fitting parameters SMAPE

ϵr hrms (mm) αR αi Λ T (mm)

Marble wall ER Directive model 6.1 1.1 1 - - - 0.3265

BK model 6.2 1.0 - - - 5.0 0.2905

Smooth wall ER Directive model 6.0 4.2 3 - - - 0.3514

BK model 5.7 4.1 - - - 0.8 0.2833

Brick wall Backscattering lobe model 10.1 8 1 4 0.8 - 0.3008

BK model 11.5 6.5 - - - 2.1 0.2168

Fig. 11 | Evaluation of the generalization cap-
ability of the parameterized BK model under dif-
ferent incidence angles. The figure compares the
measured and predicted received power for the
marble wall and the smooth wall at frequencies of 8
GHz and 12 GHz. The model predictions for inci-
dence angles of 40°, 50°, and 60° utilize parameters
fitted exclusively from data collected at a 30° inci-
dence angle. Solid and hatched blue bars represent
the measured power at the receiver angle of 0° and
the specular reflection direction, respectively. Solid
and dashed pink outlines denote the corresponding
predicted power values generated by the model.
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Data availability
The datasets generated and/or analyzed during the current study consist of
channel measurement data (Power Delay Profiles) collected at 8 GHz, 12
GHz, and 28 GHz frequencies.
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