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Abstract: This paper investigates the effects of scattering on the received signal at mmWave bands. Four surfaces commonly found in indoor scenarios 
were analyzed to determine their roughness and scattering effects on radio wave signals. The received signal energy was determined from a modified 
version of the Saleh Valenzuela Ultrawideband (SV UWB) model through simulations at frequencies of 28GHz, 73GHz and 140GHz.  Results show that 
scattering at mmWave frequencies cannot be neglected as a propagation mechanism due to its dependence on material surface texture, grazing angle 
and frequency. Therefore, optimal designs and successful deployment of high performance indoor wireless networks – 5G and 6G require a good 
understanding of scattering effects resulting from indoor surfaces. 

 
Index terms: indoor, mmWave, roughness, scattering 
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1    INTRODUCTION 
Wireless connectivity has increased in its demand for both 
indoor and outdoor applications. In a few years, this increase 
will overwhelm the existing wireless spectrum. The increase 
in demand for wireless services is most evident in indoor 
applications since most people spend approximately ninety 
percent of their time indoors (offices, laboratories, factories, 
airports e.t.c.) [1]. There is the need for optimal designs and 
successful deployment of high performance indoor wireless 
networks. Technical issues and challenges arise due to the 
dynamic nature of the indoor environment. Its dynamic 
nature results from reflections on obstacles/scatterers, 
surfaces of indoor materials and human traffic [2]. Many 
indoor surfaces are either rough (e.g concrete walls, brick 
walls, asbestos) or relatively smooth/reflective (e.g glass 
doors and windows). The actual received signal in the radio 
environment is often stronger than what is predicted. This is 
because when the transmit signal is incident on rough 
surfaces, the reflected energy is spread out in all directions 
due to scattering and the channel energy in the specular 
direction is reduced [3]. Roughness plays an important role 
in determining how a real object will interact with its 
environment. Surface roughness can be defined as the 
measure of the texture of a material surface as quantified by 
the vertical deviations of a real surface from its ideal form [4], 
[5], [6]. The power of scattering waves varies with roughness 
of surfaces. Surface roughness induces propagation effects 
that are different from those encountered on a plane/smooth 
surface. Therefore, the knowledge of how materials found 
within an indoor environment affect signal propagation would 
provide significant insights into the capabilities and limitation 
of new and emerging RF technologies within these 
environments. 

 
The third generation (3G) and fourth generation (4G) 
technologies were known to operate in the microwave 
frequency band which is typically defined to lie between 3-
30GHz. When considering indoor transmissions at lower 
frequencies (e.g. 2.4 GHz, 3.1 - 10.6GHz) the scattering 
phenomenon is not considered. This is because the 
wavelength (λ) at 2.4 GHz and 10.6GHz is around 12.5 cm 
and 2.8cm respectively. For scattering to have an effect on 
the incident signal, λ must be less than the surface 
roughness of the material on which the signal impinges. 
Since indoor materials have surface roughness that is in the 
order of millimeters, scattering on such surfaces can be 
neglected. However, as technologies such as the internet of 
things (IOT), fifth generation (5G) and future generation 
networks and systems are being rolled out for use, the 
propagation characteristics of the communication link 
continues to change. These technologies have been 
developed for use in higher wave bands such as the 
millimeter wave (mmWave) and the terahertz (THz) 
frequency bands. Unlike the microwave frequency bands, 
the mmWave frequency bands (typically 30-300GHz) have 
very small wavelength (λ) in the order of millimeters. This λ, 
is small when compared to the vertical deviations on most 
surfaces on which the transmit signal impinges. The effect of 
these material surfaces on impinging mmWave signals is 
important because the λ is comparable to or smaller than the 
surface roughness of these materials [4, [7], [8], [9]. It is 
important that the different propagation phenomena existing 
in literature (scattering, reflection, diffraction) be reviewed 
and studied as they relate to mmWave and THz 
technologies. Different models – measurement, simulation 
and analytical models have been developed in literature to 
study the effect of different propagation phenomena on 
indoor mmWave systems. A lot of measurement campaigns 
have been undertaken to determine the effect of scatterers 
on high frequency signals (mmWave and THz signals) in an 
indoor environment. Different frequency bands have been 
studied to understand the propagation characteristics of 
these signal using highly directional antennas. Various 
losses were also quantified using different techniques to fully 
understand the impact of these signals on the environment. 
The implementation roadmap for wireless THz Ethernet 
extension in indoor environments presented in [8] measured 
reflection and scattering as well as using ray-tracing 
simulations for a typical office. It was reported that a high 
level of THz signal attenuation and scattering limit the 
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communication range and has to be mitigated in both LOS 
and NLOS cases by using sufficiently directive antennas with 
dynamic beam-forming. As reported in [9], surfaces that 
induce scattering in THz wireless links increases signal loss 
for a given angle of incidence. It was also reported that the 
specular scattering from a rough surface introduces 
perturbations to the beam pattern which resemble 
interference fringes due to diffraction. Measurements at 
28GHz, 38GHz, 73GHz and 140GHz on the analysis of 
indoor radio wave scattering at mmWave frequencies that 
aim to predict mmWave propagation [10], determine the 
PDPs over varying distances, measure path loss models and 
RMS delay spread statistics for line-of-sight and non-line-of-
sight environments using highly directional co- and cross-
polarized antenna configurations [11], [12] have also been 
presented. Channel properties for common building 
materials (drywall and clear glass) were studied at 28GHz, 
73GHz, and 140 GHz using a wideband sliding correlation 
based channel sounder system with rotatable narrow-beam 
horn antennas [13]. Lower reflection losses were observed 
as frequencies increase for a given incident angle. Work in 
[4] applied the ray tracing tool for indoor channel analysis at 
a frequency of 60GHz to determine the PDPs using rough 
material surfaces and scattering parameters that were 
determined through measurements. The analysis of the 
presented PDP indicated that diffuse components are 
weaker at mmWave frequencies and are therefore almost 
negligible. Three-dimensional (3D) and two-dimensional (2D) 
RT techniques have been applied to determine the effect of 
scattering on mmWave communication [5], [10]. These 
measurements are site-specific and cannot be generalized. 
Measurements aimed at determining the far-field diffuse 
scattering pattern of typical walls were used to tune diffuse 
scattering models that are based on the effective roughness 
approach [5]. The applied diffuse scattering models were 
modified and tuned to get the best agreement with 
measurements made using the RT technique. The physical 
interpretation on the main effects of scattering or reflections 
from both smooth and rough surfaces for all propagation 
environments has been discussed extensively in literature 
with the sole aim of analyzing the received energy and/or 
scattered energy. The authors in [7] compared the dual-lobe 
scattering model and the radar cross section models used 
primarily in optics and radar applications to determine the 
received scattered power at indoor frequencies of 1GHz – 
1THz. Material surfaces were generalized and categorized 
into three – smooth intermediate and rough with assumed 
values given for surface roughness and scattering 
coefficient. Furthermore, in addition to the quantitative 
measurements reported in [4], the relationship between the 
scattering parameter, incident fields, scattered fields and 
reflected fields were presented. Their work showed that the 
backscattering phenomena – an effect of diffuse scattering 
are not very important in an indoor environment due to the 
absence of very protruding irregularities.  
   The transmitter and receiver used in an indoor 
environment are usually located at the same elevated 
position. This means that it is highly unlikely to have incident 
or grazing angles that are large. Therefore, the Kirchoff 
approximation theory [14] can be applied as a tool for 
determining the amount of signal energy that is being spread 
out by incident surfaces in all direction otherwise referred to 
as the scattering coefficient. Researchers have also agreed 

through extensive measurements in [3], [4], [8], [9], [10], [11], 
[12], [13] that surface roughness at mmWave and THz 
frequencies affects the communication link. A proper analysis 
of the characteristics of the indoor environment (e.g. office, 
laboratory e.t.c.) at these high frequencies is very important 
since there is a high clutter of different materials surfaces 
having different surface roughness. The signals that are 
incident on these surfaces scatter in different directions and 
are affected differently depending on the material surface on 
which it impinges. Therefore, a complete model of the indoor 
environment must include the scattering effect of these 
material surfaces. The information on indoor material 
surfaces such as the reflectivity, permittivity, conductivity and 
roughness characteristics have been determined from 
measurements or from analytical results at different 
frequency ranges [2], [4], [13], [15], [22]. Histograms of 
measured surface height distribution for very common indoor 
materials were also presented in [3]. Measurement on 
material properties was done quantitatively to determine the 
standard deviation of the surface height distributions for 
some indoor materials [4]. Values of relative permittivity for 
some materials were determined experimentally in [15]. 
    This paper investigates indoor scattering at mmWave 
frequencies by using a methodical parameterization, 
characterization and quantification of the received signal 
energy.  
Our methodology differs from the ray tracing simulations 
done in [4], [5], [10], the deterministic approach applied in 
[5], [8], [10], [11], [12], 13], the effective roughness 
approaches discussed and analyzed in [4], [5] or a hybrid of 
the aforementioned methods used in [4], [5], [7], [9]. The 
analyses and methods employed in this work are tractable, 
flexible and give physical insight into the problem. Any 
material can be analyzed provided the material properties 
are known at the applied frequencies. Unlike the studies that 
were aforementioned, this work employed an existing indoor 
channel model – the SV UWB model and impressed on it the 
scattering effects of indoor material surfaces. The modeling 
approach is as shown in fig. 1 
 

 
 
Figure 1: Modeling approach - showing the parameters that 

made up the model. 
  
Therefore, the scattering coefficient will be determined from 
formulations in [14], [17], [18] using parameters that describe 
indoor material properties. These formulations include the 
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rough surface reflection coefficient, the Rayleigh roughness 
factor and the scattering loss factor. The determined 
scattering coefficient for some selected building materials 
would be introduced into the potential gains of the SV-UWB 
model to determine the effect of four material surfaces on the 
strength of the received signal.  
    The main contributions in this paper can be summarized 
as: 

 Considering specific indoor materials, determining their 
roughness factor, scattering coefficient and the effect of each 
material on the indoor environment. 

 Determining the strength of the received signal 
(reflected plus scattered) by modifying the multipath channel 
gains of the SV UWB model. 
    The rest of this paper is organized as follows: Section 2 
describes the indoor signal scattering model, modification to 
the SV UWB model and defining the indoor materials and 
their parameters. Numerical results are discussed in section 
3. Section 4 concludes the paper. 
 

2    RESEARCH METHOD 
 
2.1    Indoor Signal Scattering 

The physical model for the system under discuss is 
represented as shown in fig. 2. The incident signals from the 
transmit antenna (Tx) follows different signal paths to reach 
the receiver antenna (Rx). These signal paths are the line-of-
sight (LOS) path, the reflected signal from the floor (or 
ground) and the scattered signal that result from impinging 
signals on the material surface (m). The parameter 𝜑 is 

referred to as the grazing angle while 1, 2 and 3 are the 
points of reflection from the floor. The Fresnel reflection 
coefficient Г   for a vertically polarized wave defined in (1) 

determines the effect of reflection on smooth surfaces [2], 
[6].  

Г =
        √      

  

       √      
  

                                                           (1)                                                                                                       

where ε = ε − j
  

   
  is the complex dielectric constant and 

ς = cf
  is the material (electrical) conductivity, c and d are 

fitted parameters for the material electrical constants. ε  is 

the relative value of permittivity, f  is the frequency of 

propagation and φ is the grazing angle. When the surface is 
rough, it is better to interpret the reflection as a continuous 
process with scattering from the many small parts of the 
surface (see fig. 1). In general, this is an exceedingly 
complicated problem involving shadowing and multiple 
scattering [6], [14]. However, some approximate solutions 
will be sufficient to show the main effect of surface 
roughness in mobile communications situations [3], [11]. 

 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
Figure 2: Indoor signal scattering on material surfaces and 

ground 
 

Scattering on indoor surfaces can be modeled as a smooth 
reflector with some loss [13] and specular scattering has 
been considered as the major mechanism of interaction 
between electromagnetic waves and scatterers in an indoor 
environment [16]. Scattering on rough surfaces can be 
determined by taking the product of the magnitude of Г  and 

the scattering loss factor [7], [11] given in (2). 
Г     =  Г  ∗ ρ       (2) 

where ρ  is the scattering loss factor given in (3) 

ρ = exp *−
 

 
ϑ + I *

 

 
ϑ +              (3) 

I  represents the modified Bessel function of zero order. The 
parameter ϑ is referred to as the Rayleigh roughness 

criterion. In order to account for the specular scattering on 
indoor surfaces, the scattering loss factor has been modified 
by applying an expression that has shown to be more fitted 
to measured data [17].  
    The Rayleigh criterion can be determined from the 
characteristic function of the material surface height 
distribution. The rough surface height distribution is 
represented in fig. 3. The zero mean Gaussian pdf given in 
(4) is chosen for this distribution since most real world 
processes can be described by the Gaussian pdf [6].  

p (x) =
 

√   
e 
   

       (4) 

where x is a  continuous random variable which takes an 

infinite number of possible height fluctuations.  
 
 
 
 
 
 
 
 

Figure 3: Material surface; each ridge represents an 
independent height fluctuation 

 
The characteristic function ∅ (t) determined in (13) is often 

complex-valued and can be defined as the expectation of the 
random variable, x.  

∅ (t) = E[e
   ] =  ∫ p (x)e

    

  
dx.        (5) 

Consider n independent random height 
fluctuations(x  x  …  x  ), the random variable x can be 
defined as their average: 

x =
 

 
(x + x + …+ x ).       (6)  

The Central Limit Theorem states that, as  𝑛 → ∞ x 
becomes Gaussian. Therefore, 

∅ (t) = ∬…∫p(x  x  …  x  )exp (
  

 
(x + x + …+

x )) dx dx …dx                (7) 

The elements in the sequence (x  x  …  x  ) are statistically 

independent and identically distributed. Therefore, the 
characteristic function becomes; 

∅ (t) = ∬…∫p (x ) p (x )… p (x ) exp (
  

 
(x + x + …+

x )) dx dx …dx                                                               (8) 

Rough surface 

height distribution 

𝝋 𝝋 

Material 

surface; m 

Rx 

Floor 

LOS 

ƟT 

 ƟR 

1 2 3 

    Tx 
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∅ (t) = (∅ (
 

 
))
 

                            (9)         

∅ (t) is the Fourier transform of 𝑝 (x), where 

∅ (t) = 1 + 0 −
  
 

 
t + …                                                 (10) 

Therefore; 

∅ (
 

 
) = 1 −

  
 

 

  

  
            (11) 

As n → ∞  

∅ (t) → (1 −
  
 

 

  

  
)
 

                                                          (12) 

As n → ∞ (1 +
 

 
)
 

→ e ;  

eq. (9) can be re-written as in eq. (13) 

∅ (t) = e
   
     ⁄                (13) 

Equation (13) refers to the characteristic function of the 

Gaussian pdf with standard deviation, є = ς √n⁄ . The 

transformation variable, t, can be equated to a wave number, 
ks, since they both have dimensions of inverse length [6]. 
Equation (13) can be re-written as given in (14) 

∅ = e 
(  є)

 

       (14) 

Considering only the specular direction and the fact that 
indoor materials usually have small roughness, ks can be 
equated as twice the vertical component of the wave vector. 
In addition, the wave term can also be represented in terms 
of the free space wave number, k = 2πf c ⁄  for small 

surface roughness as given in (15). 

∅ = e 
(          є)

 

     (15) 
The exponent in (15) is referred to as the Rayleigh 
roughness criterion, ϑ. The Rayleigh criterion gives a 

measure of the smoothness or roughness of a surface. It 
defines the critical height of a surface and depends on the 
grazing angle and the frequency of the transmitted signal 
impinging on the material surface [3], [6], [7]. 
The incident signal energy that is spread out in all direction 
can be quantified from the scattering coefficient, ∈      given 

in (16) [4], [5], [7].  It is also a function of the property of the 
material on which the signal impinges. 

∈    = Г     ∗ √G      (16) 

where G is the power ratio of the antenna gain toward the 
specular reflection point.  
 
2.2    The Received Signal     

    The received signal resulting from scattering or reflections 
on indoor surfaces was modeled by modifying the SV UWB 
model. The SV UWB model was chosen because it is flexible 
and simple to use in simulation and analysis of various 
indoor communication [19]. The model is characterized by 
multipath components which arrive at the receiver in 
clusters. Within each cluster, there are subsequent arrivals 
called rays. Therefore, multipath components were modeled 
in the SV UWB model as clusters and rays. The time-of-
arrival statistics used in the SV UWB model is the same as 
that of the original Saleh-Valenzuela model presented in [20]. 
With roughness or surface scattering, the rays and clusters 
will increase in number and be reradiated in various 
directions. This will increase the losses in the signal being 
reflected off the rough surfaces and reaching the receiver [7], 
[13], [21]. The scattering coefficient ∈      is a parameter that 

can be applied to quantify these losses by introducing it into 
the multipath gain coefficient of the model. 
 
Neglecting shadowing, the channel impulse response, h(t), 
of the modified SV-UWB model is given in (17) 

h(t) = ∑ ∑ β   e
    δ(t − T − τ  )

 
   

 
                               (17) 

 
The multipath gain of the modified SV UWB model is given 
in (18) to include the scattering coefficient. 
β   = p   ξ α   ∈               (18) 

 
where 𝜉  represents the fading associated with the lth cluster 

and α    represents the fading associated with the kth ray of 

the lth cluster. p     takes on the value of ±1 to account for 

signal inversions due to reflections. The received signal 
energy was determined from (19) as the summation of all the 
channel impulse realizations. 
channel energy = ∑|h|                                                     (19) 

 
The SV-UWB model determines a mean for the received 
channel energy (mean channel energy) whose value 
depends on the given channel type adopted. However, the 
inclusion of scattering on material surfaces characterized the 
mean channel energy differently from results that were 
presented in [19]. 
 
2.3    Indoor Materials and Parameters 
Table 1 shows the parameters of four indoor materials. 
These materials are hand chiseled concrete, brick, plywood 
and ceiling board. The applied material parameters are the 
relative permittivity, εr, electrical conductivity of the materials, 
σe , constants c and d determined by data fit in [22] and the 
standard deviation of the surface height distribution, є. 
These parameter values were collected from measurements 
made in [4], [13], [22]. The range of frequencies at which 
measurements were made was between 1GHz – 100GHz 
 

Table 1: Indoor material parameters 
 
 
 
 
 
 
 
 
 
 
 

 
3   NUMERICAL RESULTS 

All simulations were performed at frequencies of 28GHz, 
73GHz and 140GHz. The applied grazing angles were 0˚ to 
70˚. The values in Table 1 were used to determine the 
magnitude of Г     . The simulations for the mean channel 

energies assume measurement scenario CM3 for non-line of 
sight (NLOS) at distances of 4 – 10m [19]. The transmitter 
and receiver were both vertically polarized with an antenna 
gain   of 40dBi.  

Material 
Relative 

permittivity, εr 

Electrical 
conductivity, 

σe = cf
d
 

Standard 
deviation, є 

(μm) 

  c d  

Concrete(hand 
chiseled) 

5.31 0.0326 0.8095 0.59 

Brick 3.75 0.038 0.001 1.872 

Plywood 1.99 0.0047 1.0718 0.2483 

Ceiling board 1.5 0.0005 1.1634 0.7368 
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The roughness of a material depends on frequency and 
grazing angle [3]. Figs 4, 5 and 6 illustrate the relationship 
between the surface roughness of four indoor materials and 
varying grazing angles at frequencies of 28GHz, 73GHz 
and 140GHz respectively. The result show that the 
roughness factor for the four materials increases linearly 
with increase in grazing angle. As expected, an increase in 
the standard deviation of the surface height results in an 
increase in the roughness factor. Observe that as the 
frequency is increased, the material roughness factor of the 
four materials also increases for a given grazing angleThe 
reason is that an increase in frequency reduces the 
penetration of the transmitted signal into the material. 
Therefore, signal distribution will be concentrated on the 
material’s surface which will increase the material’s surface 
roughness. 

Fig-5 

 
 
 

    
 

 Fig. 7 presents the result of the scattering coefficient for the 
test materials. The different points where the graphs meet 
the axis of the grazing angle is referred to as the grazing 
incidences. The grazing incidence indicates the points of 
total internal reflection for the five different materials. At 
these angles, the scattering coefficient approaches zero. The 
values at this point vary for each material. Simulation results 
show that the grazing incidences are approximately 23˚, 27˚, 
35˚ and 40˚ for concrete, brick, plywood and ceiling board, 
respectively. Irrespective of the applied frequency the value 
of the grazing incidence remains the same for a given 
material. 
 
Fig. 8 – Fig. 11 compares the mean channel energies at 
frequencies of 28GHz, 73GHz and 140GHz for grazing 
angles of 0˚ to 70˚. At lower grazing angles, in the ranges of 
1 – 23˚, 1 – 27˚, 1 – 35˚ and 1 – 40˚ for glass, concrete, 
brick, plywood and ceiling board, respectively, the results of 
all four materials show that the values for the channel 
energies are very close for the different carrier frequencies. 
This is because at lower grazing angles, the value of |Гv|≈1 
[6]. 

Figure 4: Roughness factors of the four test materials at 28GHz 

Figure 5: Roughness factors of the four test materials at 73GHz Figure 6: Roughness factors for the four test materials at 

140GHz 

Figure 7: Scattering coefficient for the four test 

materials 
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At these angles much of the channel energies penetrate the 
surfaces for less rough surfaces like plywood or be 
reradiated directly back to the transmitter for surfaces with 
protruding irregularities such as brick [6], [7]. For surfaces 
such as plywood that have very minimal roughness 
(0.2483μm), the values of the mean channel energies for the 
applied frequencies are in the order of 10-3 for all ϕ. This 
implies that |Гv| ≈1 also depends on the nature of the 
material surface. The extent of the reflected power in the 
specular direction is akin to the strength of the received 
signal as pointed out in [3]. From fig. 8 to fig. 11, the values 
of the mean channel energies for rougher surfaces which are 
concrete and brick ranges from 9dB to 48dB and 1.3dB to 
48dB respectively. Less rough surfaces – plywood and 
ceiling board have values of mean channel energies that 
range from -1.3dB to 48dB and -9.5dB to 48dB respectively. 
From these values it is obvious that the less rough surfaces 
present a higher range for the mean channel energies and 
this implies a higher received signal strength for plywood 
and ceiling board. Observe also that for the four materials, a 
higher frequency results in an increased mean channel 
energy. Therefore higher frequencies result in lower 
reflection losses. These results have good comparisons with 
simulations and measurement campaigns that exist in 
literature. Since the first medium of transmission is air, the 
refractive indexes of the four surfaces are greater than the 
refractive index of air. Therefore, there is the possibility of 
achieving total internal reflection. The mean channel energy 
attains a maximum at total internal reflection which occurs at 
the grazing incidences. Therefore, virtually all the channel 
energies are reflected. 
 

 
 
     
As the ϕ is increased from the value at which total internal 
reflection occurred, the mean channel energy decays 
exponentially. This is analogous to what gives rise to the so-
called evanescent field in optics where the transmitted signal 
in the y-direction decays exponentially with the distance 
between the transmitter and receiver as the boundary of total 
internal reflection is exceeded [23]. At this region, the total 
value of energy decreases but the proportion of energy that 
leaves remains constant over time. Therefore, at the 
evanescent field, there is no net energy flow in that region. 
At the region of evanescence, signals have low power levels.  

Figure 8: Mean channel energies for plywood 

Figure 9: Mean channel energies for concrete 

Figure 10: Mean channel energies for ceiling 

board 

Figure 11: Mean channel energies for brick 
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4    CONCLUSION 
This paper investigates scattering effects on indoor signals 
at mmWave frequencies. The roughness factor, scattering 
loss factor, scattering coefficient and indoor material 
properties for four material surfaces were introduced as 
parameters into the channel gains of the SV UWB model. 
The simulation result of the modified SV UWB compared 
the received signal energies (mean channel energies) of 
the four test materials at frequencies of 28GHz, 73GHz and 
140GHz. Simulations show that the scattering on indoor 
surfaces affect the received signal in three ways – 
penetration, total internal reflection and evanescence. It 
was observed that the surface roughness factor is 
frequency-dependent and that surface roughness increases 
with increasing grazing angle. The graph of the scattering 
coefficient docks at specific points on grazing angle 
irrespective of the applied frequency. These points (grazing 
incidence) are the points of total internal reflection for each 
material surface. Therefore, the extent of scattering or 
reflection on any surface depends on the material’s texture 
and the grazing angle. 
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