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Modeling the Effect of Periodic Wall Roughness on the Indoor Radio
Propagation Channel

Vincent A. Fono* and Larbi Talbi

Abstract—A deterministic model based on ray tracing and dealing with periodic roughness is
developed, for an indoor radio propagation channel and experimentally validated at a frequency of
10 GHz. Two different scenarios are studied, namely a smooth corridor and a corridor having artificial
periodic roughness. The periodic roughness consists of a set of conductive semi-cylinders attached to
the corridor sidewalls. Two different antenna setups are considered during the measurements, horn-
horn antennas and patch-patch antennas, in transmitter-receiver configurations. Excellent agreement is
achieved in terms of the received powers versus distance and the power delay profiles. The signal fading
is analyzed. The statistical parameters are also generated, and a good agreement is observed between
the simulation and measurement results.

1. INTRODUCTION

Radio propagation in wave guiding structures such as tunnels, canyons and corridors have received
increasing interest from cellular networks operators and the research community. Many of the recent
studies have focused on Radio-Local Area Network (R-LAN) and Personal Communication Services
(PCS) [1–3]. In these wireless systems, the main concern was the study of the received power in
terms of the receiver position [4]. Moreover, indoor propagation exhibits both large scale and small
scale multipath fading, which affect the signal quality and limit transmission data rates. Hence,
the last generation of communication systems incorporates Multiple Input Multiple Output (MIMO)
antenna systems that are known to exploit fading and improve signal transmission quality. The study
of multipath fading in MIMO systems starts with an understanding of this phenomenon in the simpler
Single Input Single Output (SISO) systems, where deterministic and statistical models are considerably
simpler to develop.

Wireless channel models aim to predict the effect of the channel without the expense of deploying
a dedicated measurement system. Different modeling techniques exist and differ in terms of accuracy
and complexity. The development of a deterministic model requires an understanding of the signal
wave propagation behaviour inside confined environments such as buildings. Depending on the
walls’ surface roughness, radio waves may experience reflection, refraction, diffraction and scattering
(from rough surfaces and in-building furniture). Pertaining to straight corridors, several radio wave
channel characterization and modeling studies have been published in the last decades [2, 5–9].
For instance, the propagation environment of an open-trench drain was explored for Line-Of-Sight
(LOS) and Non-Line-Of-Sight (NLOS) conditions by carrying out field measurements at 900 MHz,
2.4 GHz and 5.8 GHz [2]. Three different polarization arrangements (vertical-vertical, horizontal-vertical
and horizontal-horizontal) were taken into account and the path loss exponent of the propagation
model was derived. In another study, the performance of an ultra-high frequency Radio Frequency
Identification (RFID) system operating at 869 MHz was validated using propagation models and
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practical measurements [7]. Moreover, ray-based models in indoor corridors were proposed in [8], and
compared with results from vertically and horizontally polarized propagation channel measurements in
the 60 GHz frequency band. Additionally, the multipath power richness has been studied extensively,
for different environments and frequency bands. Some received signal strength measurements have been
reported in [9] as a mean to validate a ray tracing model at 900 and 1800 MHz frequency bands. The
study concludes that ray tracing models, neglecting diffraction effects, perform better on LOS scenarios
than on NLOS ones.

In a previous work [10], a deterministic model, able to predict radio wave propagation in a rough
tunnel with periodical profile, was presented. The model concerned the 60 GHz frequency band and
compared the results obtained for smooth walls, such as, path loss (PL), impulse response, and coherence
bandwidth with those of rough walls. However, no experimental measurements were performed at that
time to validate the model. In this paper, however, the deterministic model presented, based on ray
tracing, is experimentally validated in a rough and a smooth corridor at 10 GHz. The received power
is predicted through simulation and compared with real measurements. Narrowband and wideband
modeling approaches are developed. Moreover, statistical analysis is performed in order to determine
the PL exponent and study the fast and slow fading characteristics.

The proposed model may have applications in many factories and sensitive environments where
metallic, stainless steel or aluminium cylindrical tanks and tubes are used [11–13]. Such cylinders are
most of the time arranged to be bracketed to a wall mounted installations using frame for multiple
cylinder free standing installation supplied by the fire extinguishing system’s installer [12, 14]. The
cylinders can be present in the structure as oil, wine, fuel and gas storage tanks or as fire prevention
systems and especially as fixed mounted fire suppression systems. Such systems are essential to protect
data centers, control rooms, server rooms, electrical rooms, telephones rooms, archive and storage
rooms [11, 12]. These modern fire suppression systems are fully automatic as they don’t require a
person to hear alarm or take action [12]. Therefore propagation modeling can be helpful for designing
fire detection and alarm systems in such corridors or indoor environments. In accordance to the typical
assembly of the gas cylinder installation close to the rough area studied in [10], validation of the
proposed model could be very helpful to understand the behavior of electromagnetic waves in a real
location containing a gas fire suppression system.

To the best of the authors’ knowledge, no study of the effect of surface roughness on wave
propagation, based on ray tracing and statistical analysis, has been performed at the 10 GHz band. The
rest of the paper is organized as follows: In Section 2, a deterministic model that predicts the received
power in terms of the transmitter-receiver (Tx-Rx) separation distance is described. In Section 3,
narrowband and wideband measurement results are presented to validate the simulation model. In
Section 4, large scale and small scale propagation mechanisms are obtained and statistically analyzed.
Finally, the paper is concluded in Section 5.

2. PROPOSED MODEL

In this study, a deterministic model based on Geometrical Optics combined with the Uniform Theory of
Diffraction (GO-UTD) is developed. The first step consists of a well-known 3-D ray tracing model for
empty narrow corridor with smooth wall surfaces [3, 5, 15, 16]. Then, the model is extended to deal with
rough wall surfaces by introducing the effect of scattering. Subsequently, the measurement procedure
for the model validation is presented.

2.1. Indoor Measurement Scenario and Building Description

Figure 1 shows a photograph of the propagation environment where the artificial roughness is clearly
identified. Figure 1(a) represents the smooth corridor and Figure 1(b) denotes the rough corridor made
of steel semi-cylinders attached to the corridor with smooth side walls. The environment studied is a
straight narrow corridor whose dimensions are 24.6 m long, 1.8 m wide and 2.43 m high. It is located in
the second floor of the Lucien-Brault building at the University of Quebec in Outaouais (UQO). The
geometry sketch of the rough surface profile is also given with its top and side views in Figure 2.

Figure 2 illustrates the geometry of the rough corridor where R = 8cm and D = 2R = 16 cm
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Figure 1. Photography of the undertaken corridor and the measurement setup. (a) Smooth corridor.
(b) Rough corridor.

(a) (b)

Figure 2. Geometry sketch of the rough corridor profile. (a) Top view. (b) Side view.

Table 1. Dielectric parameters of the corridor materials [17].

Material Ceiling Floor Side Walls
Steel rough profile

(Metal)
εr (F/m) 1.5 5.31 2.94 1
σ (S/m) 0.0131 0.3780 0.1064 107

thickness (m) 0.03 0.3 0.003 0.0015

are the radius and diameter of each of the n semi-cylinders respectively, n = 10 is the number of semi
cylinders forming the periodic roughness on each of the side walls and l = 2Rn = 160 cm represents the
total length over which the periodic roughness is distributed.

The electromagnetic properties of the corridor materials are described in Table 1, where εr and σ
are the relative permittivity and the conductivity respectively [17]. The modeling technique is based on
these parameters to calculate the scattering (or diffraction from the rough surface) and reflection (on
the flat surfaces) coefficients used to get the simulation results.

2.2. Narrowband and Wideband Channel Modeling

The analytical study of the radio wave propagation, in the rough corridor described in Figure 1, is
performed in two parts. Firstly, a narrowband model is derived. Then, the channel impulse response
for wideband channel is determined. The two modeling techniques allow to predict the electromagnetic
wave propagation in the corresponding corridor.
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2.2.1. Narrowband Channel Modeling

In order to compute the narrowband parameters of the studied propagation channel, the rough profile
is divided into a set of n smooth perfectly conducting convex surfaces. Hence, the undertaken problem
consists in a diffraction (or scattering) of an arbitrary electromagnetic ray by a smooth perfectly
conducting convex semi-circular surface. Our approach consists in using GO to locate all realistic
rays, traveling from the transmitter to the receiver, that satisfy the generalized Fermat’s principle [18].
Then, using UTD, the received power, from scattering on the rough profile, is derived by combining the
powers from all scattering paths. Moreover, the reflected path powers on both the floor and the ceiling
are expressed using ray-tracing [5, 15]. The analytical formula of the proposed propagation model,
computing the total received power, is expressed as follows:

PR =
(
λ

4π

)2

PT

∣∣∣∣∣
∑
w
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)
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2

(1)

where PT is the transmitted power; GT (θw) and GR (θw) are the radiation patterns of the transmitting
and the receiving antennas, respectively; ui (dw) is the incident field of the wth ray with an unfold length
dw which is determined using analytical geometry theory and numerical methods, as described in [18].
ΓFock (θlw) and RFresnel (θmw) are the Fock scattering and Fresnel reflection coefficients, respectively.
θlw and θmw are the reflection angles of a given wth path that intercepted the rough profile by l
reflections and the planar sides of the corridor (lateral walls, ceiling or floor) by m reflections. ρr

1l and
ρr

2l are the principal radii of curvature for the lth location in which the wth path interacts with the
rough surface [19].

Figure 3 depicts a detailed geometry for the scattering path that occurs on one of the cylinders
forming the rough surface.

Figure 3. Detailed geometry of scattering problem leading to Eq. (1).

Additional details regarding the computation of ΓFock (θlw) and RFresnel (θmw) are provided
in [3, 19, 20].

ΓFock (θlw) is the Fock reflection coefficient also named the generalized reflection coefficient [18]. It
is described by three parameters; the first parameter is the modified Pekeris caret function coefficient
(named Fock scattering function) p̃; the second parameter is a transition function (named Fresnel

integral) F defined as F (x) = 2j
√
xejx
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each semi-cylinder. For the reflection on flat surfaces, the Fresnel reflection coefficients are expressed
as:
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(3)

The point Ql
r in Figure 3 is determined by solving the following transcendental equation obtained by

applying Fermat’s principle:

g (θlw) =
R− r0n cos (θlw − ψ)√

R2 + r20n − 2Rr0n cos (θlw − ψ)
− R− rn cos (θlw − φ)√
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= 0 (4)

Then the total path length dw of diffraction by a semi cylinder is derived as dw = Li
lw + Ld

lw. With
Li
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√
R2 + r20n − 2Rr0n cos (θlw − ψ) and Ld
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.

The propagation path loss (PL) can be derived from (1) as the ratio of PR/PT .

2.2.2. Wideband Channel Modeling

The wideband model consists in finding the channel frequency response in the [f0 − fN−1] frequency
band, for a fixed Tx-Rx separation distance d. From (1), the channel frequency response is obtained by
combining the attenuation factors of each ray of the model.

The transfer function is denoted by:
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The channel impulse response is then expressed as:
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dependent attenuation of wth path in the vth frequency sub-band; τw = dw
c is the propagation delay

associated with the wth path [21].
The RMS delay spread and the coherence bandwidth, which characterize the time and frequency

dispersive properties, are expressed as follows:

τRMS =
√
τ2 − τ2 (7)

where τ denotes the mean excess delay and τ2 is the second moment of the Power Delay Profile
(PDP) [22].

BC =
1

5τRMS
(8)

3. NARROWBAND AND WIDEBAND CHANNEL MEASUREMENTS

In order to validate the proposed models, previously discussed, two different measurement
campaigns have been conducted using a VNA (Agilent N5247A vector network analyzer of Keysight
Technologies [23]). The experimental validation is done in the X-Band, precisely, at 10 GHz due to the
significantly smaller path loss compared to Ka and V bands. Several applications as radio-localisation
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can be applied at this band. Moreover, alarm systems are generally designed to operate in this frequency
band [24].

The first campaign consists of the continuous wave (CW) measurements taken at 10 GHz with
two types of antennas arrangement (patch-patch and horn-horn). For each antennas arrangement, the
transmitter (Tx) and the receiver (Rx) are positioned in the middle of the corridor as described in
Figure 1. The receiver is mounted on a trolley at a height ht = 1.3 m and is initially positioned at
d0 = 1m from the transmitter. The transmitter and the receiver are positioned at the same height from
the floor. In order to measure both the fast and the slow fading, the distance between two consecutive
measurement points is set at 0.3λ [25–28].

The second set of measurements is carried out in a wide frequency band, exactly in the X band.
The complex channel transfer function is measured in the [8 GHz–12 GHz] frequency band. System
calibration is performed with the cables connected to the VNA in order to remove the cable induced
phase shifts from the frequency response H(f) = S21. Table 2 specifies the different devices used to
carry out the measurement campaign.

Figure 4 provides the antennas photography associated to their normalized radiation patterns in
E and H planes.

4. RESULTS AND ANALYSIS

4.1. Narrowband Results

The validation of the model is done by comparing experimental and predicted results at the frequency
of f = 10 GHz. Figure 5 shows the predicted and measured received power levels for the scenario
described in Figure 1(b). This scenario takes into account the effect of roughness on the received power
when the transmitter is fixed in the middle of the corridor and the receiver is moved at a very slow
speed along a straight path away from the transmitter. Simulation results are compared to the recorded
CW measurements for both antenna pairs. The maximum number of reflections and scattering, on
the semi-circular surface, that a ray can undergo is set to 2. Due to the filtering properties of the
antenna beam-width, the realistic rays depend on the type of antennas used in the modeling and the
measurements.

Table 2. Measurement parameters.

Parameter Value
Center frequency 10 GHz

Bandwidth 4GHz
IF BW 10 Hz

Sweep points 4096
CW frequency 10 GHz
Time resolution 0.25 ns

Transmitted power −10 dBm
Dynamic range 110 dB

Noise floor −120 dBm
Patch antennas characteristics Gain: 7.7 dBi; frequency 10.525 GHz
Horn antennas characteristics Gain: 13.8 dBi; frequency 10.50 GHz
A pair of 5m Teledyne storm

microwave flexible Coaxial cables
9.4723 dB

Power amplifier (PA: PE15A4006) 30 dB Gain
Low noise amplifier
(LNA: PE15A1026)

30 dB Gain
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From the results of Figure 5, it can be concluded that the patch antennas generate more fluctuations
on the received power. This is due to their half power beam-width of 87.14◦ in the E plane, resulting
in an increased multipath contribution adding at times constructively and other times destructively. In
Figures 5(a) and 5(c), it is observed that the multipath causes extensive fluctuation in the received signal,
producing deep fades at particular locations. Concerning the horn antennas setup results, presented
in Figures 5(b) and 5(d), the small scale fading is less important than those occurring with patch
antennas setup. This is due to the fact that the horn antennas are characterized by a narrow half
power beam-width of 30◦. Hence, these antennas favor the LOS and the multipath signals traveling the

(c)(a) (b)

Figure 4. (a) Antennas models used, (b) horn antennas radiation pattern, (c) patch antenna radiation
pattern.

(c)

(a)

(d)

(b)

Figure 5. Received power in terms of antennas separation distance (Tx-Rx). (a) Patch-patch (smooth).
(b) Horn-horn (smooth). (c) Patch-patch (rough). (d) Horn-horn (rough).
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smallest distances (loosing a minimum power along the way). Moreover, since the detectable number
of multipath signals for the horn antennas setup is smaller than that of the patch antennas setup, the
destructive power combining is less likely to occur. As can be observed from Figures 5(a) and 5(c),
which correspond to the smooth and rough corridor, respectively, when the pair of antennas used is
patch-patch, the roughness effect due to the semi-cylinders is perceptible. For the Tx-Rx separations
lower than 4meters, the roughness effect is less obvious. It becomes clearly noticeable around 4.7 m and
beyond. This roughness effect increases the average power at the receiver, which results in a less steeply
decayed curves corresponding to the rough tunnel. The same behavior is observed when the patch-patch
antennas are replaced by horn-horn antennas. This scenario is illustrated in Figures 5(b) and 5(d) for the
smooth and rough corridors, respectively. Furthermore, in both antenna setups, measurement results
are in excellent agreement with those of the proposed model. Few differences are observed in the deep
fades due to the fact that the model is limited in terms of multipath combinations.

4.2. Wideband Results

The wideband channel parameters are essential for the characterization of radio channels. They are
used to quantify the time dispersion and frequency-selectivity of the channel. This study uses the
frequency response analysis in order to derive and analyse the PDP of the channel. Using the PDP, the
characteristics of the multipath fading channel is specified. In order to obtain the PDP, two different
approaches have been used. First, wideband measurements have been carried out using the VNA
as described in Section 3. The VNA sweeps the channel at discrete frequencies fk = f0 + kΔf with
0 ≤ k < 4096, where Δf = 976.6 kHz is the frequency resolution within the frequency band or bandwidth
parameter (B). This means that 4096 samples of the frequency response’s magnitudes and phases are
collected, in B from 8 GHz to 12 GHz. During measurements, the transmitter is fixed while the receiver

(c)

(a)

(d)

(b)

Figure 6. Channel impulse responses for Tx-Rx separation distance of 3 m. (a) Horn-horn (smooth).
(b) Horn-horn (rough). (c) Patch-patch (smooth). (d) Patch-patch (rough).
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is moved to 30 different locations. At each of the 30 locations, measurements are collected in 3 samples
and then averaged. The complex frequency response at each location is normalized by the response at
the reference position (when Tx and Rx are separated by 1m at LOS) [26, 29, 30].

The next step consists in using the Inverse Fourier transform (IFT) in order to get the channel
impulse response as illustrated in Figure 6.

The PDP is then obtained as the square of the impulse response. Moreover, in order to validate the
wideband model (described by (6), (7) and (8)), the impulse response of the corresponding frequency
transfer function has been calculated using IFT. The resulting curve is compared with the corresponding
measurement results. The impulse responses shown in Figure 6 demonstrate the dominance of the
direct path over the other contributions for each case. This is due to the fact that the antennas are in
LOS propagation condition from each other. For the horn-horn antennas scenario, there is a stronger
dominance of the direct path than the secondary paths. This is a result of its greater directivity
compared to patch antennas. However, it is noted that the roughness has the effect of increasing the
number of secondary paths and also their contribution to the received energy. This can be observed by
comparing Figures 6(a) and 6(b) for the pair of horn antennas and the Figures 6(c) and 6(d) for the pair
of patch antennas. A peak detection algorithm is applied in order to determine the arrival times of the
multipath signals. This allows describing the channel impulse response as a tap delay vector. In order
to achieve path detection, a threshold level of −30 dB was considered. This eliminates the noise and
improves the system performance. A detailed explanation regarding the peaks detection is represented
in [31]. The considered multipath resolution for the PDP curves is Δτ = 1

B = 0.25 ns. Hence, the
system can distinguish the signals with difference in path length greater than Δd = cΔτ = 7.5 cm.
Where c = 3 × 108 m/s is the speed of light in vacuum. This condition is in agreement with the
measurement approach used to carry out the experiment.

Using the tap delay profile in Figure 6, the RMS delay spread and the K factor curves have been

(c)

(a)

(d)

(b)

Figure 7. Rms delay spread and K factor in terms of Tx-Rx separation distance. (a) RMS delay spread
(smooth). (b) RMS delay spread (rough). (c) Rice K factor (smooth). (d) Rice K factor (rough).
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derived. The comparison of the RMS delay spread and the K factor, based on the developed model
and the measurements, is shown in Figure 7. Regarding the horn antenna setup, both the theoretical
and experimental curves of the K factor and the RMS delay spread have the same behaviour and are in
good agreement. As for the patch antennas, there is a difference between the measurement and model
parameter values. This can be explained by the approximation made when modeling antenna patterns
and the electrical properties of material. Moreover, it can be explained by the assumed maximum
reflections and scattering (on the curved surface), which makes the number of detectable multipath
signals substantially less than the realistic number of rays detected by the patch antennas (having a
relatively large beam width). It can also be noted that the experimental RMS delay spread generally
increases with distance due to the increase in the number of multipath detections. As expected, the
K factor results express the opposite trend of those of the RMS delay spread. The K factor curves,
based on measurements, generally decrease with the increase in distance. This is due to the fact that
the K factor, which represents the relative strength of the direct and scattered components of the
received signal, is inversely proportional to the sum of the multipath powers. However, as illustrated
in Figures 7(c) and 7(d), the roughness tends to reduce K factor value in several receiver locations
when the separation distance between antennas increases. This is partly due to the additional amount
of multipath components generated by the roughness effect. The RMS delay spread increases as the
antennas separation distance increases, for both antennas setup regarding rough corridor study, as seen
in Figures 7(a) and 7(b). Furthermore, the roughness tends to reduce the delay spread at almost all
Tx-Rx positions. However, a decrease of delay spread at the position of 3m is observed for experimental
results when corridor is smooth. This can be explained by the effect of corridor materials’ electrical
properties on the multipath components when the receiving antenna is moving.

4.3. Model Validation by Statistical Analysis of Results

A statistical analysis of the received power has been carried out with the purpose to validate the
proposed model in Section 3. In order to get the large scale fading, the overall measured received power
in Figure 5 has been filtered using a sliding window of 40λ wide, as illustrated in Figure 8 [32, 33].

(a) (b)

Figure 8. Small scale variations extraction by sliding window filtering. (a) Patch-patch (rough).
(b) Horn-horn (rough).

Furthermore, a linear regression analysis (in log-log scale) is applied to these slowly varying curves,
resulting in a straight line with a slope of n. This slope corresponds to the path loss exponent. Table 3
summarizes the statistical parameters of the two sets of antennas and specifies the standard deviation
(Std) of minimum mean square error (MMSE) between the developed model and the measurements.
The power prediction error is found to be less than 8 dB in all scenarios. Additionally, the path loss
exponent follows the trend observed in most corridors and indoor areas when transmitter and receivers
are located at the same floor in LOS configurations [34–37]. Its value for the patch antennas is less than
2. Hence, the propagation inside the corridor, when patch antennas are used, is not carried out under
free space conditions. Instead, we observe a wave guiding effect.
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Table 3. Statistics of measurement data for a rough corridor.

Type of

antennas

Path loss

exponent

Mean received

power value

(dBm)

Max received

power value

(dBm)

Std of

received

power value

Std of

MMSE between

measurement

and model

Patch-Patch 1.6 −48.35 −34.39 5.735 7.19

Horn-Horn 2 −39.02 −24.93 3.731 5.84

Equation (9) is used to compute the Std of the MMSE [38]:

σMMSE =

√√√√ 1
N

N∑
i=1

[PLmeasured (di) − PL mod el (di)]
2 (9)

The cumulative distribution functions (CDFs) of the received powers, based on the proposed model and
the measurements, are noted in Figure 9. It is observed that the measurements and the model’s results
are in good agreement.

(a) (b)

Figure 9. CDFs of the received powers based on the measurements and the proposed model (rough
corridor). (a) Patch antennas case. (b) Horn antennas case.

5. CONCLUSION

An analytical model combining ray-tracing with UTD has been proposed. Narrowband and wideband
parameters have been derived through simulations and compared to those of the experimental
measurements. The deterministic model is able to predict radio wave propagation in a rough tunnel with
periodical profile. The theoretical and experimental curves of the K factor and the RMS delay spread
showed good agreement for the set of horn antennas. However, the set of patch antennas showed a small
discrepancy between the theoretical and the measured RMS delay spread, due to the model limitation
in terms of the number of reflected and scattered rays on rough profile. Important statistical parameters
have been computed and analyzed for the complex confined area measurements. A wave guiding effect
has been observed for the patch antenna measurements. Moreover, the power prediction error is found
to be less than 8 dB. Despite the lack of information about electrical properties of the indoor materials,
a good agreement has been observed between the proposed model and the measurement results. The
proposed model of this work can be adapted to any environment having a periodic roughness. This work
opens the door for studying structures with different periodic roughness, such as a pyramidal roughness.
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