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Abstract. In this paper an approach for indoor localiza- deploy the already installed network infrastructure. Thus it
tion based on already installed communication transceivercan be trusted that only little additional hardware is needed
infrastructure is presented. Only marginal additional hard-for the purpose of localization. One possible approach is to
ware is required to implement the localization functionality. combine the observed power levels at the access points of
The idea is to use a power level detection evaluation of thehe system with a-priori knowledge about the properties of
received signals in communication receivers to localize parthe antenna systen$éha et a).2003 into an estimator for
ticipants. In the planned configuration the power transmittedthe positions of the client terminals.

from mobile terminals is received by a leaky wave cable. Its A serious disadvantage of this positioning approach is the
length and coupling properties are dimensioned according tdact that amplitude detection is rather sensitive with respect
the dynamic range of two access points connected to the twio the inherent amplitude fading effects. Hence a larger num-
cable heads. In order to adapt the problem to circuit-basedber of access points (observations) is necessary to reach the
analysis techniques the leaky wave cable is represented byrmquired accuracy. A refinement of the positioning resolu-
distributed antenna system. Thereby the considered desigtion can be reached by placing distributed antenna systems
consists of a cascade of coupling structures with broadbanttetween the access poin&aleh et a].1987).

Vivaldi antennas connected to the coupling ports. An exper- A novel approach is to achieve localization via power level
imental system has been built and also tested using an autaletection by using leaky wave cablesngelbrecht et al.
mated frequency domain measurement setup. Measureme010. Furthermore communication systems for tunnels and
results relating the system bandwidth to positioning accuracyndoor environments based on leaky wave cables are well in-
show good agreement with theoretical investigations. vestigated Delogne and Deryckl98Q Motley and Palmer
1983. However, the dimensioning of a leaky wave cable is
very challenging as it is difficult to allocate a radiation pat-
tern to a radiating sloMyalter, 1965. Furthermore any mod-
ification of the cable performance involves a redesign of the

In recent years indoor positioning systerteg] have gained entire cable structure. To derive design rules a distributed
importance in research as commercially available satellitea_ntenna system is perfectly suited as it is possible to change

based positioning systems become inaccurate or even droﬁngle components with well known properties individually.
out completely inside buildingsQu et al, 2009. Ultra- In this paper the evaluation of the localization performance

wideband UWB) or active radio frequency identification of a distributed an_tenna system relgted to the propertieg ofa
(RFID) systems are a state-of-the-art replacemBiit ¢t al., leaky wave cable is reported. Sectidrmomprises the basic

2004. They can provide accuracy down to the centimeterPrinciples of the localization system followed by a descrip-
range tion of the developed antenna architecture in S8ctThe

However, these systems are very costly due to Comple)&<ey features of the implemented simulation tool is described
digital signal processing. A very cost efficient approach is to!n Sect4. In Sect.5 the performance of the wireless indoor

positioning system is analyzed by simulations and measure-
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ments before the paper is concluded in Séct.
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Fig. 2. Photo of the developed coupling structure prototype.
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Fig. 1. Schematical diagram of an indoor wireless coverage system
and the positioning approach under study. The leaky wave cable is ~ -10f  _.cceemsmmmrmmemmmmmmmimene e g
represented by an equivalent distributed antenna system with appro - ) .
priate coupling factors. 20
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The functional principle of the wireless indoor positioning -40t .
system is depicted in Figl. A leaky wave cable is used — 1S, (OlindB
to realize the radio link of a participant with a mobile. The 501 == =150 " a8
position of the mobile should be estimated by means of a — 15,0 n dB
comparison of the output power levels at the cable heads. 5 ‘ ‘ ~ 15,0 in dB
The output power level difference 05 1 15 2 25

fin GHz

AP P . . .
- = Plet _ Zfight Q) Fig. 3. Scattering parameters of the developed coupling structure
dB  dBm dBm (measurement).

is detected by subtracting the logarithmic power lev@ls
and Prigh at the cable heads from each other. By compar-5
ing the result with an a-priori known reference characteristic

the power levels are mapped to an estimated position in thehe experimental antenna system has been built-up as a chain
room Weber et al.2009. This so-called RF fingerprinting  of identical individual parts including a coupling structure
technique has the advantage that the estimate is based on thfid an antenna (see Fi. This elementary cell is supposed
level differenceA P rather than absolute levels. Thus the SYS-to represent a radiating slot (or agroup of SlOtS) on the shield-
temis very robust against motions Orthogonal to the cable aﬁqg of the |eaky wave cable. Thus the Coup”ng structure of
well as polarization loss. The system requirements have beeghe elementary cell has been dimensioned in such way that
chosen to achieve a linear curve progression with respect ®nly a small portion of the guided energy from the backbone
position and level difference. Thus the location error of sim- caple is radiated by each antenna element. A prototype of a
ulation and measurement is referred to the deviation fromsing|e coupling structure is depicted in F&. The structure

a least mean square errdMSE) algorithm Hagan et al.  consists of two mirrored Lange coupletsagge 1969 and
1996. a four stage broadband Wilkinson divid&¥i{kinson, 1960).

The slots of the leaky wave cable have been replaced by &imilar to a single radiating slot it implements a weak cou-
cascade of coupling structures and antenna elements. Consgting with no directivity. A drawback of this concept is that
quently the design complexity reduces significantly as cou-almost the complete received energy of the antennas is dissi-
pling between the radiating elements can be neglected. Fulpated in the load elements. The scattering parameters of the
thermore the leaky wave cable has to be considered as agoupling structures are illustrated in Fy. The signal from

array of single radiating elements. The radiation behav-the antenna is attenuated by 9 dB and the signal which passes
ior of one slot is not that easy to determine and to controlthe coupling structure is attenuated by 3 dB.

whereas the radiation pattern of a single antenna element is
well known.

Antenna prototype
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Fig. 4. Photograph of the developed Vivaldi antenna prototypes.

Based on the simulation results we found that Vivaldi an-
tennas Gibson 1979 are perfectly suited as receiving an-

tennas. Two antenna prototypes with rear and front view are

depicted in Fig4. By feeding the antennas with a balun a

81

To obtain accurate and reliable simulation results the re-
ceiving antenna elements were characterized by angle and
frequency dependent transfer functions similaKiaisch
(2007, Farr and Baun{1998. Consequently this approach
also enables to test the system with different antenna prop-
erties. The antenna transfer functions have been chosen in a
way that the electrical field in free space is related with the
power waves at the output ports of the antennas. Given the
wavea(w) incident at the antenna port and the normalized
vector valued antenna transfer functiéhrx n(w,¢,?) the
electrical field launched by the TX antenna (mobile phone)
can be expressed by

joZro
Etx(w,0,0)= 2—HTX,N(0)»€0J9)
7T Co
JZ
'—La(w) (2
Zpn(w)+Z,

with ¢g the speed of light,Za(w) the antenna terminal

symmetrical radiation pattern can be achieved. FurthermorénpedanceZgg the intrinsic impedance of free space and

the antenna is low directive within the frequency range from
800 MHz to 2 GHz and thus field distributions from different
angle of arrivals are equally weighted.

4 System simulation tool

A detailed comparison between various scenarios within dif-
ferent environments provides a deep insight into fundamen-

tal limitations of positioning accuracy and reliability. Espe-
cially inside large buildings like concert halls or train stations

prototypes are costly as many elementary cells are needeg,

and the timbering can be difficult. Hence a simulation tool

the reference impedance of the transmission lines, respec-
tively. Thereby the normalized antenna transfer function is
related to the antenna transfer function in the receiving case.
Assuming that the transmit antenna and receive antenna
are separated by a distanceRy in free space, the field in-
cident at antenna is given by

7j")tm

ERX,m(ws(pvﬁ):ETX(wvgovﬂ) (3)

m

with the path delayr,, = R,,/co. In the receiving cas&
different raysERrx, . (w, ¢k, Ux) arrive from arbitrary direc-
ns (¢, ) at the surface of the antenna. Thus the outgo-
ing wave at the antenna poti is related to the sum of all

which enables to plan the entire system has been developeg},,ming electrical field contributions and the antenna trans-

An overview of the system simulation approach is given in
Fig. 5. According to the individual system requirements the
number of antenna elements and the spacing between the

antenna elements can be variably chosen. The entire systefn.m (@) =
of cascaded couplers is modeled by a scattering matrix which

enables to compute the power waves at the output pHatd
andM + 2 from the input waves at th& antenna ports. They

fer function in the receiving case by

VZL

Zpam(w)+Z

K
Y HRXNm (@, 0k 00 Erxm (@, 01, 0%). (4)
k=1

are computed from the incoming rays of a ray tracing process

weighted with the antenna properties.
To estimate the maximum fidelity which can be achieved

According to the reciprocity theorem of antennas the afore
stated ansatz leads to the equivalence of the normalized trans-

by the antenna system we identified the impact of reflectiongnitting and receiving antenna transfer functions
in the environment and on the antenna system itself as essen-

tial effects for signal distortions. Thus a ray tracer based on &1 TX.N(@.¢.?) = Hrxn(®.¢. D).

shooting and bouncing ragBR) algorithm similar to Bud-
dendick and Eibert2010 has been applied. As ray finding
in complex scenarios can be very time intensB&R algo-

®)

Furthermore both transmitting and receiving transfer func-
tions can be related to the classical properties of antennas.
Thus the magnitude of the transfer function in the transmit-

rithms are a good choice to characterize complex scenario§ng case is related to the antenna g@if (w, ¢, 9) accord-

(Ling et al, 1989. Thereby the electrical field at the receiver

ing to

is computed from the arriving rays on a sphere around the

nominal receiver position. Furthermore Computer Aided De-
sign (CAD) data can be applied and simulated.
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Fig. 5. Architecture of the system simulation.
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: : : : tion can either be deduced from simulations or from mea-
:iﬁgzggg m:; : g;g mg surements in an anechoic chamber.
—— AP(f=800 MHz - 1 GHz) || Furthermore the wavels; ,,(w) are used as input waves
- - = AP(f=800 MHz - 2 GHz) into the coupling structures. To obtain accurate results all
coupling structures and transmission lines are cascaded and
mathematically described within one scattering matrix. To
obtain the system matrix an efficient algorithm according to
Simpson(198)) is applied. To accelerate the computation
time the entire scattering matrix of the system is computed
in a preprocessing step before the simulation is started. The
power level difference of the system is determined according

101

AP indB
o

_10 to
AP fe+B/2 | 27 f)|?
T 2 s 4 s 6 7 8 s gg—100gwo / Pl o PLay
xinm fe=B/2
fe+B/2 2
Fig. 6. Simulated level difference at the output ports of a 9 m long —10-log;, / ¢ Mdf . (8)
distributed antenna system with four equally spaced antenna ele- fo—B/2 2B
ments.
Thereby the influence of the signal baseband bandwidh
considered by computing the mean value of the output waves
Similarly, the receiving transfer function at the center frequencj.
4Ae(w, 9, V) RE(ZA(w)}
|Hrx.N(@,9,0)[> = — (7)

ZFo 5 Performance analysis

is related to the effective arede(w, ¢, ). By considering A prototype with four antenna elements was tested in a 6 m
a transmission between two antennas in free space it is po$igh building with a length of 12 m and a width of 10m. The
sible to extract the antenna properties from the transmissiospacings of the single antenna elements was chosen to 3 m.
scattering parameteb1(w). Thus the antenna transfer func- In this paper exemplary results of stationary measurements at
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Distributed Antenna System
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Fig. 7. lllustration of the automated frequency domain measurement setup.

different transmitter positions are presented. Starting under 10
the first antenna element of the system measurements rangin R

from O m to 9 m with an incremental step of 0.5 m were car- 8 _igg;ggg m:i _ Tgﬁg?z)’
ried out. To identify the potential for commercial use the im- - - - AP(f=800 MHz - 2 GHz)
pact of the system bandwidth was analyzed. Therefore con-
tinuous wave (CW) sweeps over the entire frequency range
from 800 MHz to 2 GHz at equidistant frequency steps were @
performed. Averaging the received level differences at differ- .€
ent frequency ranges yields an estimation of the localization %
accuracy. To achieve comparable results equivalent condi-
tions were considered in the simulations.

—— AP(f=800 MHz - 810 MHz)

5.1 Simulations

In the simulations the ray tracing process was started for dis- 5
crete frequencies with a step width of 1 MHz over the entire xinm

frequency range at each transmitter position. In Bigimu-

lated level differences at varying system bandwidths are preFig. 8. Measured level difference at the output ports of a 9m long
sented. It can be observed that with increasing bandwidth théistributed antenna system with four equally spaced antenna ele-
curves become smoother with less variations and therefor&"ents:

less ambiguities in the estimation of positierfrom power

differenceAP. An almost linear behavior is reached when

the signal baseband bandwidth exceeds 70 MHz. ables to test the system under ideal conditions and makes the
measurement results comparable to the simulations with an
5.2 Measurements isotropic transmitting antenna. Instead of root mean square

(RMS) level detection two spectrum analyzers were con-
Measurements were carried out using an automated mearected to the output ports of the distributed antenna system.
surement setup including two spectrum analyzers and a sigA remote personal computer is used to provide communi-
nal generator. An important advantage of frequency domaircation between the devices over Local Area NetwavkN)
analysis is that the measured data can be used flexibly foand General Purpose Interface BG®(B) connections. This
evaluation of different system bandwidths. A schematicalsetup enables to characterize the entire frequency range of
drawing of all components of the measurement setup is dethe signal by applying a CW sweep. Thus predictions within
picted in Fig.7. The transmitting part consists of a sig- the entire system bandwidth are possible without filtering the
nal generator connected to an omnidirectional low dispersignal. Furthermore a larger dynamic range can be investi-
sive biconical antennadtt and Eibert2010. This setup en- gated compared to measurements with network analyzers.
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Figure 8 shows the measurement results carried out in aEngelbrecht, J., Collmann, R., Birkel, U., and Weber, M.: Method-
hall at the authors institute. As expected from the simula- ical leaky feeder design for indoor positioning considering mul-
tions location accuracy is increased significantly with arising ~ tipath environments, in: Proc. IEEE Radio and Wireless Sympo-
bandwidth. Within this measurement campaign the required Sium (RWS), pp. 164-167, New Orleans, LA, 2010.
localization fidelity of 3m is achieved at a system bandwidth Fa™: E- G. and Baum, C. E.: Time Domain Characterization of An-
of 70 MHz. Comparing measurement and simulation results tennas with TEM Feedsttp://www.farr-research.com/Papers/

’ . . . ssn426.pdf1998.
S.tronge.r frequenc_y selective Tadmg effects occurred in theGibson, P. J.: The Vivaldi Aerial, in: Proc. IEEE 9th European Mi-
simulations at a signal bandwidth of 10 MHz. A reasonable

S < i . crowave Conference, pp. 101-105, Brighton, UK, 1979.
explanation is that within the simulations much stronger mul-, v, o, A., and Niemegeers, I.: A Survey of Indoor Positioning

tipath effects occurs due to walls with metallic surfaces. Systems for Wireless Personal Networks, IEEE Communications
] Surveys & Tutorials, 11, 30—32, 2009.
5.3 Appraisal of results Hagan, M. T., Demuth, H. B., and Beale, M. H.: Neural Network

Design, PWS Publishing, Boston, MA, 1996.
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