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New methods for a location service (LCS) in the Wideband Code Division Multiple Access
(WCDMA) system are elaborated. These methods base on the observed time difference of arrival
(OTDOA) algorithm. The classic OTDOA in the WCDMA system, to calculation of the geographical
position of a mobile station (MS), needs a knowledge of relative time differences (RTDs) between base
stations. In this reason, the LCS implementation is difficult and rather expensive, The proposed methods
do not require RTDs. The elimination of the RTD parameters significantly simplifies the localization
process in the 3G (3" Generation) real-life cellular networks. The usefulness of the methods for location
service implementation is analysed. The simulation model is outlined and simulation results of the
proposed methods are presented. These results show that in the extremely bad conditions, i.e. in urban
environment, the proposed algorithms fulfil the requirements for emergency calls from cellular phones
in relation to accuracy of MS position calculation.
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1. INTRODUCTION

The interest in mobile station positioning for cellular networks is rapidly growing. Many
services are based on position information LBS (Location Based Services), for instance access
to the databases including restaurant addresses, hotels and offices in the vicinity. For a network
operator the location information can be used to select channels or for management of handover
processes. One of the most important applications of location services is to automatically locate
people who make emergency calls from their cellular phone.

To fulfil the requirements for emergency call service in the European Union or in the USA,
the location service in cellular phone networks should be based on the observed time difference
of arrival (OTDOA) between a MS and a minimum of three (one serving and two auxiliary) base
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stations (BSs). Implementation of a location service in the WCDMA system, in the frequency
division duplex (FDD) mode, is difficult and rather expensive due to asynchronous operation of
the base stations in this system. As depicted in Fig. 1, the Universal Mobile Telecommunications
System (UMTS) requires dedicated components to control positioning [1]. Base stations
are equipped with an associated location measurement unit (LMU) that provides for timing
synchronization with neighbouring base station. To prevent accurate measurements in a bad
radio conditions, operators can alternatively establish stand-alone ILMUs. In this context, the
LCS in the WCDMA/FDD is based on the actual RTDs between base stations. Each RTD slowly
changes with time. The rate of change depends on the frequency differences and jitters between
BSs. Therefore, the measurements of this relatively slow rate of drift are needed using the
LMUs. The measurement results are then stored in special databases which are later used for the
calculation of MS position. The LMUs complicate positioning architecture in WCDMA/FDD
system. When the RTD measurements to estimate the position of the MS are not needed, the
location service is cheaper.

Stand-alone
LMU

Fig. 1. UMTS positioning architecture, (LMU - location measurement unit; RNC — Radio Network Controller; SMLC
— Serving Mobile Location Centre; SAS - Stand-alone SMLC; UE - User Equipment (mobile station); Uu — radio
interface; fub, Iur and Iupc — telecommunications interfaces)

In this paper two methods, which enable the calculation of the geographical position of a
mobile station without knowledge of relative time differences, are described. There are following
methods:

* OTDOA+RTT-LMU, which is supported by round trip time (RTT) [2],
* OTDOA+IPDL-LMU, which is based on idle period downlink (IPDL) mode [3].

The new methods were tested in a finite microcellular environment with outdoor and indoor
users — similar to Manhattan structure. The simulation investigations show that the estimation
accuracy of the mobile station using the new methods is close to the classic one.
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2. THE OTDOA+RTT-LMU METHOD
2.1. PROPOSED SOLUTION

The classic OTDOA method, in a two-dimensional plane, is reduced to a solution of the
following set of non-linear equations [4]:

¢-[t,(n) = RTD, —t,(m)] = yflx, = x(m)]* +1y, - y(m)]* +

—JIx, = x()]* +1y, - y(m)P
¢[t,(n) = RTD, —t,(n)] =[x, = x(0)]* +[y, — y(m)T* + M

—JIx;, = x(W) +Ly, - y(m)T?

where ¢ (n), t,(n) and £ ,(n) denote the measured signal of transfer times from the BS,BS, and BS,
to the MS at the same discrete time n, (x 1) (x,.,) and (x,,y.) represent the co-ordinates of base
stations, ((x(n),y(n)) are the co-ordinates of a mobile station at the discrete time n, ¢ is a speed of
light and RTD,, RTD, describe the relative time differences between serving BS , and auxiliaries
BS, or BS,. However, the solution of this set of equations (1) is possible only when we know RTD,
and RTD, (in the UMTS standard the RTD, and RTD, are measured in LMUs.). In connection with
this, the second set of non-linear equations at the discrete time n+/ is proposed (2):

c{t(n+1)~RTD, ~t,(n+ 1] =
= JIx —x(n+DF +y, - y(n +DF +

| Al =xatDF +1y, - i+ DF
¢ [t,(n+1) = RTD, —t,(n+1)] = 2)

=[x = x(n+ DF +[y, - y(n+ DF +
—JIx, = x(n+DF +[y, - y(n +DP

The relative time differences RTD, and RTD, are the constants at the discrete time n and
n+1. By transforming the non-linear equations (1) and (2) respectively, we can get the new non-
linear set of equations with six variables (3a):

f

Vi = x()F +y, — y(m)F —c-4,(n) =0
Nz, = x(WF +1y, ~ y()F —c-[1,(n) + RTD,]1 = 0

VX% = x(WF +1y; = ¥ —c-[t,(n) + RTD,] = 0
V% —x(n+DF +[y, - y(n+ D —c-,(n+1) =0

(3a)

JIx, =x(n+DF +Ly, = y(n+ )P —c-[t,(n+1)+ RID,] =0
I = x(n+ DI +1y, = y(n + DF —¢-[t;(n +1)+ RTD,] = 0
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or with four variables (3b):

Vi = 2T +1y, - ymP —c-,(n) =0

JIx = x(n+DP +1y, - y(n+ DI =c-f,(n+1) =0

J = x(n+DF +[y, - y(n +DF + -
—\Ix, = x(WF +1y, = YW)F —c-[ty(n+1)—1,(n)] =0

Vg = x(n+ P +y; - y(n+ DT +
% = x(WF +1y, = y()F —c-[1,(n+1) = 1,()] = 0

These results can be used to calculate the geographical position of a mobile station without
the knowledge of relative time differences. In the UMTS, the variables of t(n) and t(n+1)
can be calculated by measuring the round trip times (RTTs), and the elements #(n)+RTD, and
t{n+1)+RTD, (for i=2,3) by measuring observed time differences in the system frame number

SEN [5].

The solution of the above problem is shown in Fig. 2. As we can see, it is necessary to find
the coordinates of a mobile station ((x(#), y(n)) and (x(n+1),y(n+1))). However, we must assume

that we know:

BS,
BS, RTD, (xy¥)
(x,y) =
gy M5
n
Gy S )
MS
(x(n+l), y(n+1))

BS,
(x, )

B

X

Fig. 2. The graphical illustration of the problem’s solution. (MS — mobile station, BS ~ base station,

RTD - relative time difference)
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* the coordinates of BS,,BS, and BS,,
* the distances between BS, and the mobile station (R(n)and R (n+1)),
¢ the distance differences between BS,, BS, and mobile station (R(n+1) - R(n) and
R(n+1) - R (n)) at the discrete time n and n+/.

The distance, d ., between two distinct positions of a mobile station at the discrete time
n and n+1, depends on the resolution of the measured times of transition signals from BSs to
MS. It is obvious that the smaller the d . distance, the more useful is the new algorithm for
the position estimation of a very slowly moving mobile station (uncertainty of 10 nanoseconds
contributes to the 3 meter error in the position estimation).

2.2. CALCULATION OF A POSITION

The resulting relative time differences cause inaccuracies in the calculation of signal transit
times and distances. As a result, the distances between BS,, BS, and MS are measured, which are
known as pseudo distances (PSDs). In this way, the pseudo distances at the discrete time n and
n+1 can be expressed as:

PSD,(n) = R,(n) +c-RTD,
R(n)=lx =2 +13, - y()T
PSD,(n+1) =R (n+1)+c-RTD,
R(n+D)=[x, - x(n+DF +[y, - y(n+ P

4

where R, (i = 1, 2, 3) is the real distance between BS, and a mobile station, RTD, equals
zero. The solution of the non-linear equation (3) is difficult. One of the possible ways is the
linearization of the equation on the basis of the Taylor-series expansion and then solving it
iteratively [6]. In order to solve the set of equations (3), only the first part of the Taylor model is
being exploited. After transforming all six equations, we can solve them according to the rules
of a linear algebra:

g=A'-d 5)

where

C Aen)
Ay(n)

Ax(n+1)

8= Ay(n+1) ©
RTD,

RTD
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PSD,(n)— R, (n)
PSD,(n)—R,(n)
PSD,(n)—R,(n)
d= .
PSD(n+1)~R{n+1) )
PSD,(n+1)—-R,(n+1)
| PSDy(n+1)~Ry(n+1) |

~x(”)"')ﬁ y(n)—y, 0 0 0 0
R, (n) R, (n)
M-z ym-y o co0
R,(n) R, (n)
-x(n)—x3 )’(n)*)’s 0 0 0 ¢
Al| B R
0 0 x(n+D=-x  yr+DH-y 0 0 ()
R(n+1) R(n+1)
0 0 x(n+l)-x, yn+h)-y, 0
R,(n+1) R,(n+1)
0 0 xn+)—-x;, yn+D-y,

L Ry (n+1) Ry(n+1)

The unknown variables Ax(n), Ay(n), Ax(n+1), Ay(n+1) represent the estimation error. The

values obtained from the solution of Ax(n), Ay(n), Ax(n+1), Ay(n+1) are used to recalculate the
“estimated position of x(n), y(n), x(n+1) and y(n+1) in accordance to the equations (9):

X0, (1) = X,y () + Ax(n)
ynew (n) - .yold (n) + Ay(n) (9)
X, (n+D)=x,m+)+Ax(n+1)

Ve BAHD =y (n+D+Ay(n+1)

The estimated values of x  (n),y  (n),x  (n+1),andy  (n+]) can now be substituted
into the set of equations (5) by applying the normal iterative process, until the error of
components Ax(n), Ay(n), Ax(n+1), Ay(n+1) is smaller than the assumed one. As a result of
simulation, depending on the initial estimation of parameters, three to five iterative calculations
are generally required to obtain an error of the unknowns of less than 1 cm. The calculated
values of RTD, and RTD, using the equation (5), correspond to the synchronization error of
base station and they can be used to reduce the algorithm of a location service in the next steps
of position calculations.
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3. THE OTDOA+IPDL-LMU METHOD
3.1. PROPOSED SOLUTION

As we know, in the WCDMA/FDD system a mobile station measures observed time
differences in the system frame number (SEN) for downlink. When the base stations work
asynchronously and taken into account the expression (1), the MS measures (in this case, to
simplify the notation a symbol of the discrete time, n, was omitted):

tsiyi =6 —t, —RTD, =, —t, =tg, + RTD,
tsny =t —ty — RTDy = t, —t, =t + RTD, (10)

Normally, in order to facilitate the OTDOA location measurements and to avoid near-
far problems, the WCDMA/FDD standard includes idle periods in downlink, during which
transmission of all channels from a base station is temporarily seized. A typical frequency of idle
periods is 1 slot (about 667 us) every 100 ms, i.e. 0.7 % of the time [7]. In this respect the mobile
station is able to receive the pilot signal of the neighbour cells even if the best pilot signal on the
same frequency is very strong. For elimination of the relative time differences (RTDs), the idle
period downlink mode is suggested. A graphical illustration of the proposed method is shown in
Fig. 3. This method is based on finding time differences of the radio signal arrival between the
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Fig. 3. The graphical illustration of the proposed method. {t, — measured signal of transfer times from BS, to MS; t, —

measured signal of transfer times from BS, to MS; t, ~ measured signal of transfer times from BS, to MS; 7, — time

difference between moments of switch off of BS, transmission and BS, detected by mobile station; 7, ~ time difference

between moments of switch off of BS, transmission and BS, detected by mobile station; t,, ~ real time difference

between moments of switch off of BS, transmission and BS,; 1, , - real time difference between moments of switch off of
BS, transmission and BS,; IPDL ~ idle period downlink; BS - base station; MS — mobile station)
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mobile station and base station No. | and No. 2, and between the mobile station and base station
No. 1 and No. 3. For this purpose, the moments of switch off of pilot channel transmission can be
used. In connection with this, according to Fig. 3, we can get the following expressions (11):

t,~t, =5, T,

1 2 1,2 i (11)
L=t =t;—1T,

where ¢,, and t,, represent the real time differences between moments of switch off BS,

transmission and BS, or BS3, T, and T, denote the time difference between moments of switch off

BS, transmission and BS, or BS, detected by a mobile station. In the WCDMA/FDD system all
base stations work asynchronously, therefore the variables 7, , and ¢, , can be expressed as:

12
t, =t RTD, (1

13 per2 -

{tl,z =1y ~ RTD,

where Lo and Ly TEPrESENL the theoretical time differences between moments of switch off
of BS, transmission and BS, or BS,, when RTD, and RTD, equal zero. These variables can be
calculated on the basis of the parameters sent to the mobile station via higher layers [7]. By
transforming the equations (1) and (10) + (12), we can get the new non-linear set of equations
with two variables (13):

r-

Lsrmy 'Hperl -7
C W emeem—————————
2

J:\/(xx —x)2+<)71 "}’)2 +

(13)

& -0+, - y)’
c-[%&:&}:‘/(ﬁ 0P+ (-9 +

"\/(xa __x)z +(¥s ‘Y)z

This method can be used to calculate the geographical position of a mobile station without
knowledge of RTDs. The solution of the non-linear equation (13) is commonly known [4]. To
sum up, the new method consists of:

* measurement of observed time differences of arrival between a mobile station and a minimum
of three base stations (BS , BS, and BS,) in the system frame number for downlink (classic
method which is proposed to be implemented in WCDMA/FDD system) — measurement of
ZLSFNI and tSFNZ’

* measurement of time differences between moments of switch off of pilot channel transmission
for serving base station and BS, and BS, detected by mobile station during IPDL mode -
measurement of T, and z,,

¢ calculation of Lot and L variables using parameters which are sent to the mobile station via
higher layers,

» the geographical position calculation of the mobile station using equations (13).
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3.2. DETECTION OF SWITCH OFF OF BASE STATION TRANSMISSION

The detection of switch off of base station transmission is based on a matched filter correlator
(MFC) [8], which is matched to the common pilot channel (CPICH). In the WCDMA, each radio
frame consists of 38400 chips (10 ms)A and is divided into 15 slots, i.e. 2560 chips per slot. The
CPICH is scrambled by the primary downlink scrambling code of the cell. There are 10 pilot
symbols within each time slot. The position in the radio frame and the length of idle period
downlink mode is expressed in the number of CPICH symbols [7]. Therefore, according to

Fig. 4, where the MFC output is presented, the moment of switch off of base station transmission
can be measured.

CPICH CPICH
CPICH SYMBOL PERIOD SYMBOL PERIOD
LSYMBOL PERIOI{L BEFORE tPDL | LENGHT OF IPDL Y AFTER IPDL |
__CHIP MOMENT OF
PERIOD SWITCH OFF
QF CPICH

TRANSMISSION

<

boomaisssy st o

Fig. 4. The MFC output. (IPDL - idle period downlink; CPICH — common pilot channel)

To simplify our analysis, we can consider the single multipath situation where the receiver
signal r(t) is given by [9]

r@)=s@)+as(t—Dy)+n(t), 0<t<T (14)

where s(#) and n(t) are uncorrelated Gaussian random processes, a is an attenuation coefficient,
and D, is a multipath time delay. The autocorrelation function of r(t), R(D),is

T
R(D)= % Oj r(t)r(t—D)dt (15)

Note that R (D) has a peak at D=0 and peaks at D close to #D,. The latter peaks may not
be exactly at £D, due to slight biases caused by the superposition of the various correlograms.
We can now determine the error performance (variance) of the multipath time delay estimate via
autocorrelation, i.e. we estimate the location of the peak near D, by finding where R(D)/dD is
equal to zero in the vicinity of D; we call this point [ . A useful approximate result for var[D]
can be found if we assume that s(7) and n(t) have uniform, low pass spectra in the band } fl =B/2
. For highly resolvable multipath (BD,>>1), large observation time with respect to multipath
delay (T/D,>>1}, and BT>>1 we find [9]:
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2\2 2 2 2 ‘ 5
var[D] = ———> 2 [(1+a*) +ad*]S 2+%(1+a )SN + N
BT 7°B s -

where S and N are the spectrum levels of s(t) and n(1).

In Fig. 5, we show estimation variance (normalized by 77) versus SNR (Signal to Noise
Ratio) for the autocorrelator. The CPICH has a fixed rate (30 kbps, SFE=256 - Spreading Factor),
hence 7=33.3us and B=5MHz. Additionally, we assumed that D is equal to 2.3us — the mean
value for typical urban environment, and a=1. The above analyses can be used to the error of
switch off of pilot channel transmission detected by the mobile station.

SNR [dB]
-35 -30 -25 =20 -15 -10 -5 0

Normalized variance [dB]

Fig. 5. Normalized variance versus SNR. (7=33 3us; D =2.3us; B=5MHz; BT=167; BD =11.3; T/D=14; a=1)

4. SIMULATION INVESTIGATIONS
4.1. SIMULATION MODEL

The experiments were carried out using the simulation model required for the UMTS [10].
This is a typical bad urban environmental modei (Manhattan model). The area consisted of 12
by 11 blocks with a total number of 72 base stations. The street width was 30 m and the distance
between two street corners was 230 m (see Fig. 6). Base station antennas were placed 10 m
above the mobile users but below rooftops. The mobile station was located outdoor (25% of
simulation time) and indoor (75% of simulation time). [n our implementation, we covered the
simulation area with a regular grid with resolution of 10 m. In the simulation model, the effect of
a multipath propagation was implemented. The time of radio signal arrival between the mobile
station and base stations under the multipath environment was modelled by the sum of true value
7, and non-line of sight (NLOS) error 7 [11]

T=17,+7, an

The variable 7 is defined as mean excess delay and essentially correlated with the root
mean squared delay spread | [12]
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Fig. 6. Simulation model of the bad urban environment (Manhattan model)
Tt ~k-T, =k-T-dy (18)

where £ is a constant proportional coefficient (k=1 in urban region), 7T, is the median value of
T at d=1km (for urban environment T =0.7ps), d is the distance between the mobile station
and base station, ¢ is an exponent (for urban environment £=0.5) and y is a lognormal variate.
Specifically, Y=10logy is a Gaussian random variable over the terrain at the distance d, having

zero mean and a standard deviation o, (for urban environment 0y=4dB).
4.2. SIMULATION RESULTS

The cumulative probability distribution functions (CDF) of the absolute position error were
obtained from the simulation investigations. The absolute position error is defined as

Adz\/(x—vco)z+(y—yo)2 (19)

where x and y represent the real coordinates of a mobile station and x,and y, denote the estimated
coordinates of a mobile station. All timing values have been assumed to be accurate within + %
of a WCDMA chip (the uniform random time error corresponds to a maximum distance error
of about + 19 m). Additionally for the second method, the error of switch off of pilot channel
transmission detected by the mobile station was determined from (16) for two SNR values:
~15dB and -20dB.
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The simulation results are presented in Fig. 7. The proposcd methods (OTDOA+RTT-LMU
and OTDOA+IPDL-LMU) were compared with the classical OTDOA method. Our investigation
show that all methods in the analysed environment (bad urban) fulfil the US E911 phase I
requirements of positioned emergency calls within 125m in 67% of the time [13]. In the classic
OTDOA method calls from cellular phones were located within 125m in 75.7% of the time. In the
OTDOA+RTT-LMU method cellular phones were located within 125m in 67.7% of the time. In
the last method OTDOA+IPDL-LMU, when the SNR decreases, the mobile station was located
within 125m in 69.5% (SNR=-15dB) and 41.9% (SNR=-20dB) of the time. When the moment of
switch off of pilot channel transmission detected by the mobile station reaches the ideal, for high
SNR, the CDF of the proposed OTDOA-+IPDL-LMU method converges to the classical one.

e OTDOA — ] - OTDOA+IPDL-LMU (SNR=-15dB)

v el e OTDOA+RTT-LMU cewe - OTDOAHIPDL-LMU (SNR=-20dB)
. .

R b el
B e
- . ——
0.8 r N e S

0.67 4 7 iy ‘,A""

CDF

0.6 & ;
///// I3
/ .
0.4 4 # R -
//;}“ A
0.2 45 e
125

0 56 160 150 200 250 300 350 460 450 500
Absolute position error [m]

Fig. 7. The CDFs of absolute position error for the classical OTDOA and proposed methods.
(CDF - cumulative probability distribution function; OTDOA ~ observed time difference of arrival; OTDOA+RTT-LMU
and OTDOA+IPDL-LMU ~ OTDOA methods without using location measurement unit; SNR — Signal to Noise Ratio)

All simulation investigation was carried out in the bad urban environment, where a multipath
propagatiyon effect is very intensive. In other environments, i.e. urban area or rural area, the US
E911 phase II requirements for emergency calls in relation to MS position will be fulfilled in
eXCess.

Even though the proposed methods are worse than the conventional one with respect to the
location estimation of a MS, they significantly simplify the localization process in the WCDMA/
FDD system.

5. CONCLUSIONS

A new approach for the location service in the WCDMA/FDD system are proposed.
As a result, the new techniques of calculation of the geographical position of a MS without
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the knowledge of relative time differences are proposed. The complexity of localization
processes of these methods is comparable. New methods fulfil the requirements of E911
phase II in the bad urban environment in relation to accuracy of MS geographical position
calculation. The OTDOA+RTT-LMU method requires active connection with the cellular
network to determine round trip time parameter. The accuracy of this method depends on
initial estimation of parameters: co-ordinates of a mobile station at the discrete time 7 and
n+1.The OTDOA+IPDL-LMU method is based on the moment of switch off of pilot channel
transmission during IPDL mode detected by a mobile station. Therefore, this method needs
extra information from higher layer to calculate the theoretical time differences between
moments of switch off of base station transmission, when the relative time differences equal
zero. The practical usefulness of this method depends on the “hearing” of distant base stations
and detection accuracy moment of switch off of pilot channel transmission. Several authors
have proved, for example in [14], that the same solutions allow for a good measurement
precision of the time of radio signal arrival for distant base stations without using switch
off of all channel transmission in a serving BS. Therefore the detection of switch off pilot
channel transmission is possible. Moreover, using a modified IPDL. method suggested in
[15], which improves the system capacity, the proposed method OTDOA+IPDL-LMU can be
available in 95% of the area network. In this case, the described method should be slightly
modified. Instead of detecting the switch off of pilot channel transmission, we have to detect
the moment of switch off of other channels.

Implementation of the OTDOA method for LCS in contemporary cellular networks is
very expensive and brought by operators into effect rather reluctantly. Taking into account the
obtained results, the proposed new methods for the geographical position of a mobile station
exemplifies the low cost alternative to the classic one.
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