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1 Introduction

In order to evaluate and compare different positioning measurement systems, it is highly desirable to define a common positioning simulator.

The single most important effect when evaluating positioning performance is multi-path propagation. The performance of positioning measurement systems is very dependent on the severity of the multi-path propagation. A simulator is more efficient than field trials when evaluating performance with respect to multi-path, since it can model a vast number of radio channels. Due to the importance of multi-path, it is essential to define a common channel model when comparing positioning performance.

This document proposes a complete positioning simulator. The details are however focused on the essential channel model. The proposed channel model has a multi-path statistic that corresponds to a large number of field measurements.

The outline is as follows. In Section 2 an overview of the positioning simulator is provided. The remaining part of the document describes the various components of the positioning simulator:

· System Simulator (see Section 3)

· Radio Link Simulator (see Section 4)

· Channel Model (Sections 5-7) 

· Position Calculation and Statistical Evaluation (Section 8)

2 Positioning Simulator

In order to evaluate the positioning performance, it is not sufficient to only simulate the measurement performance over a radio link. Instead an integrated positioning simulator is needed. The positioning simulator performs the following steps (see Figure 2.1):

1. Define environments and system parameters. This includes multi-path channel characteristics, path loss parameters, inter-BS distance and frequency plans. 

2. System simulation. Generate frequency and cell plan. Randomly place MS on the cell pattern. For each MS:

· Select measurement links:
A strategy needs to be implemented which links to use when to positioning the particular MS

· Determine characteristics for each link:
For example: C/I, C/N, C/A, distance (d), angle ()

3. Radio Link Simulation. For each link a realization of the channel model needs to be utilized by the radio link simulator to determine the measurement value and its corresponding measurement quality for the specific link.

4. Position Calculation and Statistical Evaluation. Estimate the position of the MS given the measurement data and BS locations. Compute circular error and present statistics.
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Figure 2.1.  Positioning Simulator

3 System Simulator

The System Simulator is the basis of the Positioning Simulator. Here a cell and frequency plan is created and mobile stations to be positioned are randomly distributed over the cell structure (see Figure 3.1). In order to save infra-structure costs, usually one physical base station is built to serve three different cells. Directional antennas are used to differentiate the coverage areas, as shown in Figure 3.1. Each base station serves three surrounding cells. The coverage area of the cells are represented by hexagons. 

[image: image2.wmf]
Figure 3.1. A MS in system
3.1 Initiation

BS’s are placed over an area in a uniform hexagonal pattern, and a frequency plan is defined. The frequency plan assigns each BS a number of traffic channels and one Broadcast Control Channel (BCCH). MS’s are placed randomly on the cell plan. The number of MS’s is chosen corresponding to the desired offered traffic. In order to avoid that MS’s close to the borders of the cell area have a more advantageous interference situation, a wrap around technique is used. This means for example that an MS located on the northeast border can be disturbed by BS’s on the southwest side.  


3.2 Path loss calculations

The received signal power is computed according to the Okumura-Hata formula (see [15]) as 
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In (3.1),
[image: image4.wmf]t

P

 is the transmitted power,
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 is the antenna gain in the direction to the MS,
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 and ( are environmental dependent constants, d is the distance in km, and
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 is the lognormal fading. The lognormal fading is determined from a “lognormal fading map”, which defines the excess path loss at different points on the cell plan. Parameters such as correlation distance for the lognormal fading and inter-BS lognormal fading correlation are taken into account. If the inter-BS lognormal fading correlation is zero the excess path losses to different BS’s are independent. 

The excess path loss in indoor environments is modeled as a lognormal random variable with mean m and standard deviation (. In practice this is implemented by adding m to the path loss and increasing the standard deviation of the lognormal fading, so that the lognormal fading consists of the sum of the outdoor and indoor fading. 

For the uplink, the MS peak output power used is 0.8W (29dBm) and receiver noise in the BS 
-118dBm as suggested in [6].  It is possible to simulate the effect of MS power control. If this option is used less output powers can be used e.g. close to the serving cell. 
On the downlink, the BS transmits continuously with full power on the BCCH channel and is not subject to any power control. Simulations are run for balanced links, i.e. the relation between transmission power and receiver noise is the same as for uplink.  Note that absolute values of transmit power and noise do not affect the result and do not need to be specified.
Figure 3.2 displays the characteristics of the (sector) antenna used in the system simulator. 
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Figure 3.2. Antenna gain in dB as a function of azimuth 
3.3 Channel allocation

The system simulator is static, i.e. snapshots of the system are taken. To model the dynamic behavior, handover margins are used. A mobile randomly tries to connect to a BS with a signal strength that is within the handover margin from the strongest BS. The number of available channels in the system is fixed and finite. Thus, only a part of the MSs is able to connect. The fraction of connected MS’s to the total number of channels is calculated and is called channel utilization. The total number of placed MS’s is chosen to give desired channel utilization.

3.4 C and I calculations

Based on the channel allocations, the total received signal powers and interference powers for all possible radio links are computed. Thereby, cochannel and adjacent channel interference, and receiver noise is taken into account. For communication, only C/I
 on the allocated channel for a particular MS is interesting. For positioning, C and I for all BS-MS radio links are interesting since measurements must be performed to more than one BS. The C and I values are passed to the radio link simulator. Note that the calculated C and I are average values. Fast fading and multi-path propagation is modeled in the radio link simulator. 

On TCH channels Discontinuous Transmission (DTX) may be used. With this feature the MS does not transmit during speech pauses. The model assumed is that MS  is active 60 % of the time. The effect of DTX is that the interference levels are lowered. DTX does not apply to BCCH channels. 
3.5 Dropping calls with too low C/I

The C/I on the traffic channel is checked. If TCH C/I is below 9 dB on downlink or uplink traffic channel, the MS is considered not to be able to maintain the call, and the MS is omitted from the calculation. From a positioning perspective this is acceptable since MS will anyway not be able to communicate its position. 

3.6 System simulator parameters

All parameters common to the system simulator are listed in Table 3.1 below. Environment dependent parameters are listed in Table 3.2. 

	Parameter
	Suggested Value

	Receiver Noise 
	-118 dBm

	Adjacent Channel Attenuation
	18 dB

	Frequency Plan (3 Sector) on TCH
	3/9


	Frequency Plan (3 Sector) on BCCH
	4/121

	Antenna Peak Gain (Sector)
	17.5 dB

	MS Peak Power
	0.8 W

	Frequency Bands
	900 MHz

	BS Receiver Antenna Diversity 
	2 Antennas 6 m apart

	Handover Margin
	3 dB

	Log-Normal Fading (outdoors)
	6 dB

	Lognormal correlation distance
	110m

	Inter-BS lognormal fading correlation 
	0

	Base Station Antenna Height
	30 m


Table 3.1. Common System Parameters

	
Environment
	Distance Between BS [m]
	Mobile Speed [km/h]
	Average Channel Utilization
	Log-normal fading std (outdoor + indoor) [dB]
	
(900 MHz)
	Lp (+m) [dB]
(900 MHz)
	Channel Model (see Section 5)

	Bad Urban
	1500
	3

50 
	80%
	6
	35
	126
	Bad Urban

	UrbanA
	1500
	3

50
	80%
	6
	35
	126
	Urban A

	UrbanB
	1500
	3

50
	80%
	6
	35
	126
	UrbanB 

	Suburban
	4500
	3

50
	80%
	6
	35
	116
	Suburban

	Rural
	30000
	3

100
	40%
	6
	35
	98
	Rural

	Indoor UrbanA 
	1500
	3
	80%
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	35
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	Indoor UrbanB 
	1500
	3
	80%
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Table 3.2. System Environments
4 Radio Link Level Simulator

The radio link simulator needs to be developed according to the proposed positioning measurement method. As stated, an essential part is the channel model. Multi-path propagation and fading which is inherent in mobile communications has a great influence on the positioning performance. 

It is therefore crucial that the same channel model is used when evaluating different positioning measurement systems. The proposed channel model is presented in its wide-band version in Section 5 and with a GSM adaptation in Section 6. 

Assuming a certain channel model environment, a measurement value and quality can be determined for each link realization based on distance, angle, speed, C/I, C/A and C/N. These results are of course interesting, e.g., to find the rmse under certain assumptions, but the bottom line results are achieved when combined with the system simulator in Section 3.


Figure 4.1. Radio Link Simulator
5 Channel Model 

In order to compare different proposals for positioning measurement systems, a common channel model is required. In this section, such a channel model is proposed based on requirements specific to evaluation of positioning techniques.  

5.1 Channel model requirements 
Important factors when modelling the radio channel for positioning evaluation are the following:

· The channel model should be based on physical, measurable parameters. Such parameters are; power delay profile shape, delay spread, angle of arrival distribu​tions and fading statistics.

· Mean excess delays are important, due to the fact that positioning techniques often use time estimations to position the mobile, and the accuracy of such techniques depends on the  mean excess delay of the impulse response. Therefore the mean excess delays generated by the model should conform to measurements.

· The model should be based on a wide-band channel that can be adapted to the GSM bandwidth.

· The model should represent the general channel behaviour in a range of typical environments, corresponding to geographically diverse conditions.

· It should be possible to study the influence of antenna diversity.
5.2 Channel model

The channel model uses the same basic structure as the CODIT model [1], [2], but with some fundamental differences. These differences are due to the following:

· The modelling of the delay spread as a distance dependent parameter.

· Field measurements presented by Motorola [3]-[5], and by Ericsson [6]-[7], and results found in the literature [8]-[10]. 

· Modelling of base station antenna diversity.

Generation of the modelled radio channel for a specific MS-BS configuration is a 6-step process:

1. Generate the delay spread

2. Generate an average power delay profile (apdp)

3. Adjust the power delay profile so that it produces the desired delay spread.

4. Generate short-term fading of the impulse response by the physical process of summation of partial waves. 

5. Generate multiple, partially correlated channels for multiple BS antennas (space diversity).

6. Filtering to GSM bandwidth.

5.3 Delay spread

Due to the impact of multi-path propagation on positioning accuracy, modelling of the delay spread is of importance. The model used is from Greenstein [8], and is based on two conjectures:

· At any given distance from the base station, the delay spread is lognormally dis​tributed.

· The median delay spread increases with distance.

Both these conjectures are supported by measurements to a certain degree. The proposed model is the following:
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Here rms is the rms delay spread,
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 is the median value of the delay spread at d = 1 km,  is a distance-dependence exponent, and y is a lognormal variate, meaning that 
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 is a Gaussian random variable with standard deviation Y.  

Parameter values have been chosen based on the recommendations in [8] and the following reported measurements:
· In [3], Motorola reports on field measurements where the distance dependence is weaker than what is suggested by [8], suggesting a lower value for . 

· In [6] and [7], Ericsson reports on field measurement results showing that for the urban environment the original recommendations for  in [8] gives the best fit.

To accomodate both types of distance dependence of the delay spread into the model, two Urban environments are included: UrbanA which fits the Ericsson observations and UrbanB which fits the Motorola observations. In other environments the weaker distance dependence is used.

The parameter values of the model are given in Table 5.1.

	Environment
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	
	Y

	Bad Urban
	1.0 s
	0.3
	4 dB

	UrbanA
	0.4 s
	0.5
	4 dB

	UrbanB
	0.4 s
	0.3
	4 dB

	Suburban
	0.3 s
	0.3
	4 dB

	Rural
	0.1 s
	0.3
	4 dB


Table 5.1. Parameter values for the delay spread model
The model also assumes that there is no correlation between delay spread values measured to different base stations from the same mobile [6].

5.4 Average power delay profile

The average power delay profile (local average of the squared magnitude of the impulse response) is modelled as the sum of a number of discrete impulses
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Each impulse corresponds to an infinite bandwidth representation of an impinging wave which has been scattered (reflected, diffracted) in the propagation environment.

The original procedures for generating
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in the CODIT model [2] has been expanded and changed as more information on the shape of the apdp has been presented, such as:

· The field measurement results presented by Motorola [3]-[5], which shows that the ratio between delay spread and mean excess delay is of the order 2:1 for rural and suburban,, and of the order 1:1 to 2:1 for urban environments.

· Measurement results by Ericsson [6]-[7] showing a 1:1 ratio for urban environ​ments, also supported by [9] and [10].

Table 5.2 shows the parameters used for generating the apdp:s in the different environments. Again, the UrbanA parameters correspond to the results presented by Ericsson and the UrbanB parameters correspond to Motorola’s results.

	Environment
	Scatterer #
	Time delay i
	Relative Powerpi
	Average delay spread to mean excess delay ratio
	Nakagami-m parameter

	Bad Urban
	1-20
	0-max
	{0.5-1.5}*exp(- 6/max)
	1:1
	1

	UrbanA
	1-20
	0-max
	{0.5-1.5}*exp(- 6/max)
	1:1
	1

	UrbanB
	1-20
	As UrbanA, but adjust time delays after calculating relative powers:
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	1.5:1
	1

	Suburban
	1
	0
	4.3
	2:1
	15

	
	2-6
	0-max
	0.1-0.4
	
	1-5

	Rural
	As suburban 


Table 5.2. Parameters for the average power delay profile
5.5 Matching the delay spread of the channel model to the delay spread model

A simple rescaling of the time delay axis is used to compress or expand the average power delay profiles to give the desired delay spread. To elaborate, if a given realization of an average power delay profile has delay spread d1, but the delay spread model realization value is d2, the time delays of the apdp scatterers are simply multiplied by d2/d1. The apdp will then have delay spread d2.

5.6 Short-term fading

The modelling assumption is that each of the scatterers in the impulse response fades individually. The fading is modelled by the physical process of summation of a large number of waves, where the power distribution of the waves is chosen in order to generate Nakagami-m fading statistics [11]. The m-parameter values in the model are given in Table 5.2. (m = 1 for Rayleigh, m>>1 for Rice). The complex phase of each wave is random. 

The arrival angles of the waves at the mobile are generated from a truncated Gaussian distribution (standard dev. = 0.15 rad) around a mean AoA. The mean AoA for each scatterer is generated from a uniform (0-2) distribution. 100 waves are used for each scatterer.

The knowledge of all arrival angles, amplitudes and phases of the waves allows us to calculate the complex sum at any position of the mobile. In this way we are able to physically generate the fading of the scatterers as the mobile moves.

5.7 Diversity

When using more than one base station antenna for reception/transmission, we need to model the channel for each antenna, with a certain amount of decorrelation between the antenna signals. This is modelled in the same physical manner as the short-term fading, we only need to obtain knowledge about the angles of arrival (departure) at the base station. The following assumptions are made:

Scattering is primarily occurring close to the mobile [12], so that each scatterer can be viewed as a point source from the base station. (All partial waves for that scatterer have the same angle of arrival at the BS)

The angle of arrival of each scatterer is modelled from a Gaussian with standard deviation:
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This approach is is similar to that in [13], but with the inclusion of the time delays of the scatterers. The expression above can be shown [6] to lead to approximately a Laplacian power azimuth spectrum, which has been observed in measurements [14].

5.8 Limitations

The following limitations of the model should be kept in mind, so as not to apply the model outside its area of validity.

· Wide-Sense Stationarity is assumed, so dynamic changes in the propagation envi​ronment is not modelled. All movement of the mobile is assumed to be on a local scale, with no movements around street corners or into houses etc.

· The model, especially the delay spread model, is intended to give the average behaviour rather than be able to reproduce the specifics of any given real-world location. 

5.9 Summary of the channel model

The model is summarized below:

Delay spreads are generated according to 
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 (see equation 5.1). The chosen parameter values are given in Table 5.3.

	Environment
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	
	Y

	Bad Urban
	1.0 s
	0.3
	4 dB

	UrbanA
	0.4 s
	0.5
	4 dB

	UrbanB
	0.4 s
	0.3
	4 dB

	Suburban
	0.3 s
	0.3
	4 dB

	Rural
	0.1 s
	0.3
	4 dB


Table 5.3. Delay spread model parameters for the different environments
Parameters for generation of apdp:s and fading are given in Table 5.4.

	Environment
	Scatterer #
	Time delay i
	Relative Powerpi
	Average delay spread to mean excess delay ratio
	Nakagami-m parameter

	Bad Urban
	1-20
	0-max
	{0.5-1.5}*exp(- 6/max)
	1:1
	1

	UrbanA
	1-20
	0-max
	{0.5-1.5}*exp(- 6/max)
	1:1
	1

	UrbanB
	1-20
	As UrbanA, but adjust time delays after calculating relative powers:


[image: image23.wmf]3

.

2

max

1

÷

÷

ø

ö

ç

ç

è

æ

+

×

=

t

t

t

t


	1.5:1
	1

	Suburban
	1
	0
	4.3
	2:1
	15

	
	2-6
	0-max
	0.1-0.4
	
	1-5

	Rural
	As suburban 


Table 5.4. Parameters for the average power delay profile and short-term fading
Short-term fading is generated with 

· 100 partial waves for each scatterer

· Partial wave phases: {0-2}

Base station angles of arrival are generated from a Gaussian distribution with standard deviation: 
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. The base station angles of arrival, in conjunction with the positions of the base station antennas, are sufficient for calculating the channel at different base antennas.
6 GSM Adaptation

This section describes a FIR Filter Implementation of the Channel Model for GSM Simulations.

6.1 FIR Filter Implementation

The implementation of the CODIT based channel model in GSM simulations is by means of a FIR filter. The channel model delivers the complex amplitude ai(t) and delay i(t) of each path i from which the time-variant infinite bandwidth channel impulse response h(t,) is formed and which is the basis of the FIR filter implementation:





(6.1)

The discrete time implementation of the channel model consists of a tapped-delay-line with a tap spacing defined by the system sampling period T and tap weight coefficients gn(t), where n=0,...,L is the tap index. The number of required taps L, i.e., the length of the FIR filter, is determined by the product of the maximum excess delay of the environment and the system sampling rate.

The tap weights gn(t) can be calculated by taking the signal bandwidth into account. The bandwidth occupied by the real band-pass signal is denoted by W. Then the band occupancy of the equivalent low-pass signal is | f | (½W, which allows to define the system sampling rate 1/T=W. By this, the channel can be considered band-limited with null spectral components out of the system bandwidth, sampling it with the same rate. Thus, the multiplicative tap weights gn(t) are obtained by filtering h(t,) with an ideal low-pass filter with cut-off frequency 1/2T=W/2 and sampled at rate 1/T=W [2]:





(6.2)

Substituting h(t,) (equation (6.1)) into the equation above yields the tap weights of the FIR filter implementation of the channel model:





(6.3)

Thus, each complex amplitude ai(t) delivered by the CODIT model is multiplied by a sinc function shifted by the amount of the corresponding time delay i(t) and summed up for all scatterers N. 

The sampling frequency used for the “Positioning Simulator” has been chosen to 16 times the bit rate in GSM, i.e., 1/T = W = 16 · (13e6/48) Hz ( 16 · 270833 Hz ( 4333333 Hz. This relative high sampling frequency has been chosen to allow in the simulations over-sampling at the receiver which may improve the performance of time delay estimation algorithms in a TOA or TDOA based positioning system. In order to implement the above equation (6.3) the sinc function has to be truncated. In the proposed “Positioning Simulator”, the impulse responses are truncated to 30 microseconds. 

The channel output signal is obtained by convolution of this sampled impulse response with the simulated GMSK signal (sampled at the same rate). Since the channel is power normalized, the signal mean power is kept after this convolution. This allows to simulate interference signals and thermal noise which can be added to the channel output signal.

6.2 Sampling in Time Domain

With time-variance being relatively slow for all bands (900,1800 and 1900 MHz), the channel can be assumed quasi time-invariant, i.e. time-invariant over the duration of one burst. Therefore, no change of the delay profile during a burst has to be modeled and hence, only one sample of the delay profile is required for each burst. Since the channel model is only a function of position, moving vehicles can be easily simulated. For each burst a new channel impulse response is computed based on a given desired position. This allows also to simulate accelerating moving mobiles.

6.3 Frequency Hopping

The radio interface of GSM uses slow frequency hopping. Because the channel impulse response delivered by the proposed modified CODIT model has infinite bandwidth, frequency hopping can be easily implemented by filtering out the frequency bands of interest. The complex impulse response of equation (6.1) for one burst is multiplied by exp(j2fHi(t)), which results in a frequency translation with magnitude fH , i.e., with spectrum H(f-fH). Defining for each burst a different frequency fH the channel to use for each burst is centered around frequency 0 in base-band. This translated impulse responses are then filtered and sampled as described in section 6.1.

7 Matlab Software Package

The channel model has been implemented in three Matlab 5.1 functions:

· chanmod.m

· subscatt.m

· channel.m

The first function, chanmod.m generates the scatterers for a given environment. Next, subscatt.m generates the partial waves according to the CODIT implementation for generation of fading of scatterers. Finally, channel.m calculates the infinite-bandwidth impulse response for different mobile positions and base station antennas.

The GSM adaptation is done in one Matlab 5.1 function:

· getchan.m

There are also an example provided, also as a Matlab 5.1 functions:

· example.m

Below follows a brief description of each function including the syntax.

7.1 chanmod.m

[sc,atrms] = chanmod(d,env, NRe,[trms])

d 
=
The base station - mobile separation in kilometers

env
=
The environment type, one of the following:



‘BadUrban’



‘UrbanA’




‘UrbanB’





‘Suburban’



‘Rural’



‘OnePeak’ 
A single, non-fading peak at excess delay 0, useful for testing simulators.

NRe 
=
The number of channel realizations

trms 
=
Delay spread of the channel. Optional. If specified, the generated channels will all have this delay spread value, otherwise delay spread values will be generated according to the Greenstein model.

sc 
=
An array containing the parameters of the scatterers for each realization of the channel. In general, a 3D array, where the third dimension corresponds to the different realizations.

atrms 
=
The delay spread of each generated channel.

7.2 subscatt.m

subsct = subscatt(sct)

sct 
=
The parameters for the scatterers of one channel (2D- matrix). Typically, sct will be a submatrix of sc, corresponding to a single realization.

subsct 
=
2D-matrix with the amplitude, phase, delay, AoA at mobile and AoA at the base station for each partial wave.

7.3 channel.m

Ac = channel(subsct,x,lambda,[b],[aoa])

subsct 
=
The parameters for the partial waves of one channel (2D- matrix). 

x 
=
A vector with positions along the mobile path in meters. 

lambda 
=
The radio wavelength. 

b 
=
A matrix of base station antenna positions, useful for antenna diversity calculations etc. Default [0 0].

aoa 
=
The angle to the mobile as viewed from the base station in the same coordinate system as b. Default value 0.

Ac 
=
A 4D array, with complex amplitude and delay of each peak along the first two dimensions, results for the positions in x along the third and results for the positions in b along the fourth. 

7.4 getchan.m

function [h] = getchan(sc,lambda,x,t,b,aoa,Fs,hopp_freqs,HoppingMode)

Calculates GSM channel impulse response from wideband channel

h           =  GSM channel impulse responses 

sc          =  see function chanmod.m

lambda      =  RF wavelength in meters

x           =  vector of mobile positions in meters

t           =  realization number

b           =  coordinates of BTS antennas

aoa         =  angle from BTS to the MS

Fs          =  internal sampling frequency [Hz]

hopp_freqs  =  hopping frequencies (center frequencies in base band)

HoppingMode = 'random' : creates frequency hopping vector with

                         random order of specified frequencies

              'cyclic' : creates frequency hopping vector ordered

                         cyclic

7.5 example.m

An example script for GSM channel model

8 Position Calculation and Statistical Evaluation 

The position calculation function utilizes the available measurements, e.g time of arrival (TOA) measurements from three or more BS-MS links, to produce a position estimate. It is desirable that a position estimate is delivered even in cases where it is not possible to produce the number of measurements required by the particular method. In the latter case e.g. a position estimate related to the position of the serving cell can be used. 

The statistical evaluation is based on computing the difference between the estimated position 
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 and the true position (x,y). One possible error measure is to define the circular error 
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Here subscript i denotes quantities related to the ith MS. Statistics on the circular error could be presented by

· Plotting the cumulative distribution function (CDF) of ce
· Displaying certain CDF percentile values, like e.g. 67% and 90% levels

· Determine the amount of position estimates satisfying ce < 125 m 

Another possibility is to compute the root mean square error (rmse):
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	(8.2)


Here N is the total number of positioned MS’s. The rmse calculation is very sensitive to occasional poor position estimates (caused e.g. by poor measurements or lack of measurements). A measure which is less sensitive to these rare so-called outliers is obtained by omitting the 10% worst cases in the rmse calculation.  
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� To simplify notation we let I denote the combined effect of cochannel interference (I), adjacent channel interference (A) and receiver noise (N).  


� The frequency reuse strategies are often expressed as m/n, where m denotes the number of sites per cluster and n denotes the number of cells per cluster. 
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