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Abstract. The markets for smart home products and services
are expected to grow over the next years, driven by the in-
creasing demands of homeowners considering energy moni-
toring, management, environmental controls and security.

Many of these new systems will be installed in existing
homes and offices and therefore using radio based systems
for cost reduction. A drawback of radio based systems in in-
door environments are fading effects which lead to a high
variance of the received signal strength and thereby to a diffi-
cult predictability of the encountered path loss of the various
communication links.

For that reason it is necessary to derive a statistical path
loss model which can be used to plan a reliable and cost ef-
fective radio network. This paper presents the results of a
measurement campaign, which was performed in six build-
ings to deduce realistic radio channel models for a high vari-
ety of indoor radio propagation scenarios in the short range
devices (SRD) band at 868 MHz.

Furthermore, a potential concept to reduce the variance of
the received signal strength using a circular polarized (CP)
patch antenna in combination with a linear polarized antenna
in an one-to-one communication link is presented.

1 Introduction

Indoor radio channels suffer usually from slow fading. That
means that the characteristics of the channel vary only slowly
in time compared with the duration of a data symbol. This
can become a very dramatic effect in the communication be-
tween two (or more) radio devices. Especially if these de-
vices are non-mobile devices, like in a smart home system.

The reason for that is, that if the receiver is located in a deep
fade it will probably remain in this deep fade for a long (or
unlimited) time period (Vireerackody, 1993). A deep fade
can significantly decrease the signal-to-noise ratio (SNR) of
a communication link, which results in a reduced data rate or
in a complete drop out of the radio link.

Another effect which can also cause deep fades is fast fad-
ing. Fast fading occurs in indoor scenarios due to moving
obstacles such as moving people (Horvat et al., 2013). In a
fast fading channel, the transmitter may take advantage of
the variations in the channel conditions using time diversity
(which is often used by smart home systems). However, this
paper does not cover the influences of moving people and
objects on the radio channel, for further information on this
topic, see e.g. Horvat et al. (2013).

The main reason for fading in indoor environments is mul-
tipath propagation. Transmitted radio waves are reflected and
scattered on walls, ceilings, floors and other obstacles and
can combine at the receiver in a destructive manner, due
to different phase shifts and amplitudes of the arriving sig-
nal paths (Molisch, 2011). Another effect is depolarization.
The scattered and reflected waves that contribute to multipath
fading can also transfer energy from the transmitted polar-
ization plane into the orthogonal polarization plane (called
cross-polarization coupling) (Cox et al., 1986). Such cou-
pling occurs as a result of oblique reflections from the walls
as well as due to scattering from indoor clutter, such as fur-
niture (Kyritsi and Cox, 2001). This effect can cause signif-
icant degradation in signal quality if the transmitting and re-
ceiving antennas are using the same polarization. This effect
contributes also to fading (polarization fading).

Since the delay spread of indoor channels is in the range of
nanoseconds (Hashemi and Tholl, 1992) and the bandwidth
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(a) (b)

Figure 1. (a)A channel encounters strong fading using two vertical linear polarized antennas. The red graph (PL) represents the actual path
loss the channel encounters (which was measured during the measurement campaign), the blue graph (FSPL) represents the theoretical free
space path loss (for reference) and the green graph (Ideal PL) represents the actual path loss the channel encounters without fading effects.
This graph was created by using formula 5 with a minimum mean square error (MMSE) approach to calculate the path loss exponent based
on the original data set (red graph).(b) Mitigation of fading using a CP antenna in interaction with a vertically linear polarized antenna.

of the most indoor devices is relatively small (the SRD band-
width at 868 MHz is below 600 kHz), the channel can be as-
sumed to show flat fading, so the coherence bandwidth is
much larger than the signal bandwidth and the channel does
not show a frequency-selective behavior.

These fading effects can lead to a significant reduced sig-
nal quality between sender and receiver and represent a sig-
nificant problem for radio communication in indoor trans-
mission scenarios.

One way to mitigate fading introduced by cross-
polarization coupling is to use a circular polarized antenna
in interaction with a linear polarized antenna. The benefit of
using a circular polarized antenna at one end of the commu-
nication link is the irrelevance of the orientation angle of the
polarized wave, so the CP antenna can receive radio waves
at an arbitrary polarization plane and the effect of cross-
polarization coupling can be annihilated. The only drawback
of this method is the additional 3 dB polarization loss intro-
duced by using a circular polarized antenna in combination
with a linear polarized antenna. One example of the reduction
of fading using a circular polarized antenna in comparison to
a vertical linear polarized antenna can be seen in Fig. 1. So
this method is based on the idea that all values are decreased
by 3 dB but the mean value of the received power level is
much higher than without this method. This is due to the fact
that the influence of the fading spikes is drastically reduced.

The variance of the received power in case of two linear
polarized antennas is obviously much larger than in case of
using one linear and one circular polarized antenna for the
same radio link. Another positive effect of using a CP an-
tenna is that the orientation of the linear polarized antenna
does not influence the communication link anymore. This is
particularly advantageous since the orientation of the anten-

nas can seldom be guaranteed for the most indoor application
scenarios. This approach is especially practical if a master-
slave relationship between a central radio module and one or
more radio subunits is given (like in centralized smart home
systems). The central radio module can use the CP antenna
while the minor radio devices still use low-cost and space-
saving linear polarized antennas.

To verify this theoretical concept a measurement campaign
in six buildings was performed (see Sect. 4).

So the two main objectives of this paper are:

1. Presentation of the results of a potential fading mitiga-
tion technique using a circular polarized patch antenna
in combination with a linear polarized antenna. This an-
tenna is subject to further improvements regarding size
and cost reduction. The antenna itself is a well-known
design (truncated-corner square patch), however the ad-
vantage of using a circular polarized antenna at one end
of the link and a linear polarized antenna at the other
end of the link in comparison to the conventional us-
age of linear polarized antennas at both ends should be
proven on the basis of a comprehensive measurement
campaign.

2. Development of a path loss prediction model which cov-
ers a versatile number of scenarios and can be used for
a simple estimation of the expected path loss in an ac-
tual smart home installation. There does not exist many
of these prediction models for this specific frequency
domain which are based on an extensive measurement
campaign.
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2 Measurement setup and procedure

2.1 Measurement setup

The measurement setup is depicted in Fig. 2. The transmit-
ting part of the setup is shown on the left side of the figure.
The transmitting antenna is a cross polarized log-periodic
antenna which is used to generate a horizontal and vertical
polarized electromagnetic wave (denoted with XSLP9142,
Schwarzbeck Mess-Elektronik, 2013). The circular polarized
patch antenna can be used as an alternative transmitting an-
tenna.

The two input ports of the cross polarized antenna are
fed by two carrier wave (CW) generators at 873.8 MHz and
874 MHz (The prototype antenna was designed for a reso-
nance frequency atf = 873.9 MHz and not for the actual
SRD frequency atf = 868.3 MHz.) at an output power of
PCWdBm = 14 dBm.

These slightly different frequencies were chosen to distin-
guish between the two polarizations states in the spectrum
which were received by a circular polarized (CP) patch an-
tenna (or a dipole antenna as reference) and measured by a
spectrum analyser (SA) which stored it on a PC for further
data processing.

The height of the phase center of the transmitting and re-
ceiving antenna wash = 1.16 m. The transmitting antenna
was located at a fixed position while the receiving antenna
was moved along the measuring track during a single mea-
surement run. A truncated-corner patch antenna design was
used for the circular polarized antenna with a beamwidth
of θ−3dB ≈ 60◦, an antenna gain ofg = −1 dBi and a re-
turn loss of RL = 30.8 dB. The spatial resolution of a sin-
gle measurement path wasd = 0.05 m (distance between two
measurement points) which results in a spatial sampling rate
(SSR) of

λ =
c0
f

=
c0

874MHz = 0.343m

SSR=
λ
d

=
0.343m
0.05m = 6.86

(1)

samples per wavelength which results in a sufficient de-
tectability of fading spikes (whereλ is the wavelength,c0
is the speed of light andf is the operating frequency).

The path loss PL can be fairly simple measured by using
the relationship:

PL = PTxdBm − PRxdBm (2)

wherePTxdBm is the transmitted andPRxdBm is the received
power. Taking into account antenna gains and cable losses it
follows:

PL = (PCWdBm − aTx + gTx) − (PSAdBm + aRX − gRx)

PL = PCWdBm − aTx − aRX + gTx + gRx − PSAdBm

(3)

wherePSAdBm is the power at the spectrum analyzer anda is
the cable loss andg is the respective antenna gain at Rx and
Tx.

Figure 2. Measurement and test setup for the indoor radio channel
modeling and the circular polarized patch antenna. (SA = spectrum
analyser, CW = carrier wave generator).

2.2 Measurement procedure

The measurements were performed in six buildings on the
campus of the Hochschule Darmstadt. All of these buildings
differ in parameters like material, geometry, usage etc. So a
huge variety of different fading scenarios was achieved (see
Table 1).

Although all measurements were mostly taken in office-
like environments there are some similarities between these
environments and residential environments. For example the
Building D1617 shows similar room geometry, building ma-
terials and furniture like many residential areas.

A section of a floor plan of one of the buildings can be
seen in Fig. 3. The plan shows the entrance and the hall-
way of building B11. Basically two types of measurements
were performed, line-of-sight (LOS) measurements within
rooms and floors (denoted with yellow arrows) and non-line-
of-sight (NLOS) measurements with walls, doors and furni-
ture between transmitter and receiver (denoted with red ar-
rows). The starting point and the direction of the single mea-
surement runs were chosen randomly to guarantee an equal
distribution of all possible propagation scenarios within the
building.

3 Path loss prediction model

The log-distance path loss model was used for the path loss
prediction model (Seidel and Rappaport, 1992). It is based on
the assumption that the (mean) path loss (PL) is a function of
distance d to theγ -th power

PL ∼ dγ (4)

whereγ is the path loss exponent which indicates how fast
path loss increases with distance. A logarithmic distance is
used in the actual model, so the exponentγ becomes a factor
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Table 1.List of buildings which were used during the measurement campaign.

Building
(name)

Type Building materials Designated usage

B11 One-story lightweight
construction building

Wood Lectures and seminars

B14 Two-storied shipping
container architecture

Metal and wood Lectures and seminars

C10 High-rise building (15
floors)

Reinforced concrete Offices, lectures, semi-
nars and labs

D11 Industrial building Bricks and metal Workshops, lectures
and labs

D1617 Office building (5 floors) Bricks and drywalls Offices, seminars and
labs

Figure 3. Section of a floor plan of one of the buildings (B11) used for the measurement campaign.

and the formula reads:

PL = PL0 + 10· γ · log10
d

d0
+ Xg (5)

where PL0 is the path loss at a certain distanced0 andXg is a
normal distributed random variable which represents fading
with zero mean and a standard deviationσ in dB. PL0 andd0
represent the path loss from the transmitter to the distanced0
where the measurement starts.d0 can be freely chosen and
was determined to be one meter for all LOS measurements
(d0 = 1 m). The value ofγ is dependent on the propagation
scenario of the measurement, it is two (γ = 2) for free space
path loss (FSPL), greater than two (γ > 2) when the path
loss increases faster than in free space and smaller than two
(γ < 2) when it increases slower than in free space.

For a homogenous environmentγ can be assumed to re-
main constant for different distances between transmitter and

receiver. However, if the propagation properties are changing
(e.g. a wall separates transmitter and receiver) the path loss
exponentγ is also changing. For this reason it is appropriate
to divide the measuring track into several separate segments.
γ can then be calculated separately for each of the segments.
To compensate the additional path loss introduced by obsta-
cles which influence the path loss exponent it is necessary
to introduce new attenuation factors in Eq. (5) (Seidel and
Rappaport, 1992):

PL = PL0+10·γ ·log10
d

d0
+Xg+m·FAFdB+n·WAFdB (6)

where FAFdB represents a “Floor Attenuation Factor” and
WAFdB means “Wall Attenuation Factor”.m andn are rep-
resenting the number of floors respectively walls which are
penetrated by the radio wave (Seidel and Rappaport, 1992).
This model is more flexible and more accurate than the
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Table 2.Path loss exponentγ and standard deviationσ in dB of fading for every building.

Results
Tx antenna
Propagation

γ

V
γ

H
γ

CP
σ

V
LOS

σ

H
LOS

σ

CP
LOS

σ

V
NLOS

σ

H
NLOS

σ

CP
NLOS

B11 1.59 1.95 1.8 3.18 4.54 2.51 5.28 4.91 11.60
B14 1.94 1.70 1.71 4.59 4.11 4.58 5.45 5.19 7.25
C10 1.69 1.56 1.65 4.84 5.00 4.86 7.93 6.94 5.63
D11 1.99 2.07 2.03 3.86 4.28 3.3 5.50 5.50 4.15
D1617 1.95 2.3 2.17 4.3 5.02 3.67 5.33 5.12 6.01
Average Value 1.83 2.00 1.90 4.21 4.68 3.83 5.62 5.39 5.98

Table 3.Standard deviationσ in dB of fading in dependency of the used receiver antenna. Rx antenna: V = vertical polarized dipole, CP =
circular polarized patch antenna.

Rx antenna
Tx antenna
Propagation

V
V
LOS

V
H
LOS

CP
V
LOS

CP
H
LOS

CP
CP
LOS

V
V
NLOS

V
H
NLOS

CP
V
NLOS

CP
H
NLOS

CP
CP
NLOS

σ/dB 4.90 5.40 3.52 3.96 3.83 6.00 5.67 5.52 5.12 5.98

conventional log-distance path loss model (Hernandez et al.,
2012), since the hard-to-predict influences of walls and floors
on the path loss is shifted in separate summands. So the path-
loss exponent becomes only dependent from the geometry of
the room. All later presented results show only the path-loss
exponent and not the FAF and WAF values since there was
not enough data to calculate these values for single walls and
floors. However, since the path-loss exponent is calculated
separately for every segment between walls (or floors) there
is no need to calculate these values (d0 was chosen according
to the actual distance between sender and starting point for
NLOS measurements).

4 Results

The results of over 13 000 measuring points and 270 000 sin-
gle measurements were recorded and processed to obtain a
general fading model of the investigated buildings and an ad-
equate data set to study the effects of the optimized circular
polarized antenna in combination with a linear polarized an-
tenna on fading.

Table 2 shows the cumulated results of the measure-
ment campaign separated for every building. The first three
columns are representing the path loss exponents for a verti-
cally (V), horizontally (H) and circular polarized (CP) trans-
mitted wave.

The last six columns representing the standard deviation of
fading for a LOS and NLOS connection between transmitter
and receiver. All results are mean values of the results of the
two available receiving antennas: a vertical polarized dipole
and the circular polarized patch antenna.

Some observations in Table 2 are remarkable:

1. The path loss exponent is smallest if a vertically po-
larized wave is transmitted. One possible explanation
for that is that the walls in a building can be treated
as dielectric materials. Horizontal polarized waves can
penetrate the walls if the angle of incidence fits to the
permittivity of the wall material (Brewster angle phe-
nomenon). Vertical waves do not suffer a similar effect
and will be therefore reflected (according to Kyritsi and
Cox, 2001).

2. The average path loss exponent is below two (γ < 2).
This means that the path loss inside of the measured
building increases slower than in free space. The rea-
son for that is that the rooms and hallways of the build-
ings serve as a kind of wave guides due to reflections
at floors and ceilings (see also the previously mentioned
subitem).

3. For a NLOS scenario the standard deviation is smallest
if a horizontal wave is transmitted. A possible expla-
nation for this phenomenon is the following: horizontal
waves suffer less from reflections on walls (see the first
subitem), so multipath fading becomes less important.

The results of Table 2 are independent from the used re-
ceiver antenna. Table 3 shows the standard deviation in de-
pendency of the used receiver antenna (vertically polarized
dipole or circular polarized patch antenna). Two points are
remarkable:

1. The standard deviation is the smallest for the transmit-
ter/receiver antenna combination linear to circular (or
vice versa). This outcome confirms the theoretical con-
siderations introduced in Sect. 1.
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Figure 4. Percentile measure of fading (Dipole/Patch = Rx antenna; Ver/Hor/CP = Tx antenna).

Figure 5. Percentile measure of fading, segment of the 90th percentile.

2. The combination circular/circular shows also good re-
sults, especially for LOS conditions. The explanation
for this is that the energy of single-bounced reflected
paths of the circular polarized transmitted wave disap-
pears at the receiver since an odd number of reflections
cause a reverse of the handedness of the circular polar-
ized wave (Kajiwara, 1995).

A graphical representation of fading can be seen in Fig. 4.
It shows a percentile measure of the encountered fading.
Most measurement values of the patch antenna are below the
according measurement values of the dipole. For example the
90th percentile (see Fig. 5) shows that 90 % of the measure-
ment values of the patch (LOS) are below a value of 5–6 dB,
while 90 % of the measurement values of the dipole are be-
low a fading value of 7.5–8.5 dB. The same situation shows
for a NLOS connection, the fading of 90 % of the measure-
ment values of the patch are below 8–9 dB, while 90 % of the
values of the dipole are below 9–9.5 dB.

Two other papers which describe similar topics like this
paper are e.g. Seidel and Rappaport (1992) and Kajiwara
(1995). Kajiwara (1995) discusses different anti-multipath

fading schemes using circular polarization under LOS con-
ditions at 10 GHz. The results show that the mean ampli-
tude fade level is reduced by 7–11 dB by using CP transmis-
sion/reception. The results by using CP to linear transmis-
sion/reception are slightly less good.

Seidel and Rappaport (1992) introduce a 914 MHz path
loss prediction model with a similar approach like in
this paper. Different propagation scenarios were considered
(e.g. grocery store, retail store and two office buildings).
The path loss exponent and standard deviation was deter-
mined within a value range ofγ = 1.81−5.04 andσ = 4.3−

16.3 dB, these relatively high values occur due to fact that the
knowledge of the number of floors and walls between sender
and receiver were not taken into account (see also Sect. 3). In
relatively open environments (retail/grocery store) the path
loss exponent is much smallerγ = 1.81−2.18 which is sim-
ilar to the values which were encountered in this paper. The
standard deviation of the most scenariosσ = 4.3− 8.7 dB is
also similar to the values presented in this paper.

The paper Molisch et al. (2004) presents results for UWB
(ultra wide band) channel models at 100–1000 MHz and
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2–10 GHz. Even though UWB channel models are not fully
comparable to the narrowband model which was used in
this paper, the results show some similarities to the re-
sults presented in this paper. The path loss exponent and
standard deviation was determined within a value range of
γ = 1.63−1.79 andσ = 0.83−2.22 dB for LOS conditions
andσ = 2− 3.51 dB for NLOS conditions (in the 2–10 GHz
band) for residential and office environments. The results
for the 100–1000 MHz band are only given for an office-
like environment under NLOS conditions withγ = 2.4 and
σ = 5.9 dB.

5 Conclusion

The results of a measurement campaign were presented. This
measurement campaign was performed to create a measure-
ment based fading model and to evaluate the possibility to
fight fading using a circular polarized and a linear polarized
antenna in an one-to-one transmission link within an indoor
scenario.

The path loss exponent was measured within a range of
valuesγ = 1.83− 2 and the standard deviation with mean
value ofσ = 4.24 dB for LOS conditions andσ = 5.67 dB
for NLOS conditions. These values (especially the path loss
exponents which is less or equal 2) seem to be in accordance
with other studies presented in the previous chapter.

The method to combat fading using an optimized circular
polarized truncated corner patch antenna has shown signifi-
cant results. The results have shown that it is possible to mit-
igate fading by a notable amount, up to 3.5 dB for LOS and
1.5 dB for NLOS conditions (based on the 90th percentile),
by replacing a linear polarized antenna (which is normally
used in indoor SRD communication systems) with a circu-
lar polarized antenna. This is of practical importance since
this is a very cost-efficient, space-saving and easy-to-realize
method.
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