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Introduction

This contribution looks at the distribution of GPS signal strengths experienced in practice, focussing particularly on the smaller signals, and the important role that they play in the performance of GPS in practical A-GPS applications.

A crucial test for A-GPS receivers is the accuracy achieved in practice by the receiver and GPS signal processing.  The sensitivity has a strong role in this, determining how many satellites are received (the more the better) and thereby whether a fix is possible, and the accuracy of the fix produced.  This is illustrated with some experimental results

The results of experiments show that:

1. Accuracy varies strongly according to the number of satellite signals that can be received and processed

2. For 95% confidence performance predictions it is necessary to consider scenarios containing signals from only three or four satellites, with a wide range of signal levels.

3. Much of the time performance will be better, and a somewhat richer satellite environment can be used to give an impression of typical performance.

This then leads to some suggestions for a way forward for test scenarios, for discussion.

Experiments on accuracy and GPS signals indoors

An investigation was carried out to look at the accuracy of GPS fix achievable indoors, related to the number of GPS signals.

A large number of measurements were made at a fixed indoor location.  The fix results were plotted in a scatter plot, with an indication of the number of satellite signals used.  The results are in figure 1.

The location would probably be described as “deep indoors”, with the level of the strongest GPS signal down to around –145dBm.  Over the measurement period of many hours signals were received from 17 satellites, giving over the period a good spread of constellations.  Accurate GPS time assistance was provided to allow the detection of weak satellite signals, and the fix algorithms used require signals from three satellites to produce a fix - height assistance being used and assumed to be approximately correct.  

The results were good overall, with 73% of the fixes produced being accurate to within 50m of the actual location, and 95% being within 150m, even in this difficult scenario.  
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Figure 1 - GPS fix error, and number of satellites used

The interest in these results in this context is that as more satellites are received the accuracy reliability is clearly better – no fixes with 5 satellites or more are visible outside the 100m radius circle, and on only six occasions when there are 6 satellites or more was the fix result error more than 50m.  With three satellites a fix is calculated (which is, after all, good news!), though the error distribution is broader.

This is shown in the following plot of the horizontal error cumulative distribution, for the different number of satellites received in this indoor environment, figure 2.

From this it is clear that the more satellites are received, the better the accuracy.  In fact, even in this difficult environment, 5 satellites were received and used for about a quarter of the fixes, and resulted in a fix in those cases almost always accurate to within 60m.  

In roughly the same number of cases, however, signals could only be received from three satellites, resulting in a much larger error;  indeed lying outside 150m in over 15% of cases.

Interestingly, in just four remarkable cases signals were received from 8 satellites.  Then, even in this difficult environment, an excellent fix was able to be produced.
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Figure 2 – Cumulative horizontal error distribution for different numbers of satellite signals

Two conclusions are inescapable in terms of designing and dimensioning such practical A-GPS systems and specifications 

· That it is the occasions when only three satellites are received which will determine the percentage of large position errors experienced.

· That a good sensitivity allowing the detection of the smaller signals is important to achieve the reception of four signals and to get a good position fix. 

The question then arises, what are the signal levels of the third and successive satellite signals in practice?  With this in mind useful performance criteria can be established, and applications and systems be appropriately designed. 

Experiments on likely GPS signal strengths

Experiments were conducted to investigate the GPS signal strength conditions indoors in a domestic environment.   The conditions for the experiments, carried out over several days, were as follows:

· Initial measurement made with a strong signal to synchronise the receiver to GPS time

· Measurements snapshots of GPS data, analysed to extract the signal strength of the strongest and of less strong GPS signals in a period of approximately 1s.

· 308 snapshots taken within and around a brick-built house in the UK, in a variety of locations just outside (with trees around), and in North, South, West-facing and internal rooms, up to 4m from windows

[image: image2.emf]-155

-150

-145

-140

-135

-130

-125

-150 -145 -140 -135 -130 -125

Signal level of strongest signal, dBm 

Signal level of smaller signals in snapshot, dBm

2nd

3rd

Figure 3 shows a plot of the results, to explore the distribution of signal strengths in the measurement snapshots.  For each measurement snapshot the successively smaller GPS signals (2nd, 3rd, 4th … strongest) are plotted, against the signal strength of the strongest signal on the x axis.  

Figure 3 – Distribution of signal strength for GPS signals

Each measurement snapshot then produces a vertical column of points on the graph, the second strongest at the top, and successively weaker signals below it.  For example there was one snapshot with a strongest signal of –125dBm (on the far right of the graph), with the second strongest signal at –129dBm, the third strongest at –137dBm, etc..  The results for all measurement snapshots are plotted on top of each other, to give an overall picture. 

The results show a wide range of signal levels.  Under strong signal conditions where there is good visibility of the sky there are many strong signals, but once the strongest signal drops to around –130dBm then there is a large and consistent spread in the relative signal of the 2nd strongest, 3rd strongest and successive GPS signals.
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This is perhaps clearer, if we look at just the strongest to third strongest signals only (a minimum of three signals being necessary here to calculate a location fix), and with the symbols modified slightly so that both the populations of second strongest and third strongest signals can be seen;  Figure 4.

Figure 4:  Distribution of signal level for second and third strongest GPS signals

Again, outside there are relatively strong signals, but as propagation conditions become more difficult and the strongest signal drops below about –130dBm there is a large spread in signal level distribution experienced even with the second and third strongest GPS signals.  This difference spread shows a similar pattern across the range of indoor signal strengths.

Signals at around –153dBm and below are difficult to detect and measure reliably in the experimental set-up, explaining the relative lack of points in the bottom left hand corner.  We are, it must be remembered, getting to very weak collections of GPS signals on the left hand side of this graph! 
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As a step to presenting the cumulative distribution, and to get a better feel for the distribution of relative signal strengths in this type of practical environment we can collect the difference statistics between the signal levels of the strongest and successive GPS signals.  These are plotted in figure 5 – with only snapshots with a strongest signal of at least -140dBm being included in the statistics, in order to avoid too much influence from the limited receiver dynamic range.

Figure 5 - Distribution of relative signal strengths.

This shows for example, that in 20% of measurement snapshots the second strongest GPS signal is 1dB below the strongest signal, with a tail down to a signal strength 10dB below the strongest signal 2% of the time.  The third strongest signal has a broad distribution, from 2dB to 7dB down relative to the strongest signal, each occurring around 10% of the time.  The fourth and fifth strongest signals, etc., occur at progressively smaller signal levels.

From the point of view of establishing a level of performance and availability a cumulative distribution is required, and this is shown in figure 6. 

This quantifies the practical distribution results already seen.  For example the third strongest signal (the yellow curve) is within 5dB of the strongest signal only 35% of the time.  10% of the time the third strongest signal is 14dB or more smaller than the strongest signal

[image: image5.emf]
Figure 6 - Cumulative distribution of relative signal strengths.

From the point of view of standardisation  the behaviour at percentage limits is of interest.  From this experimental data can be summarised the following table of typical and limit signal strengths, table 1.   The blank entries reflect a gap greater than 25dB between the strongest and smaller signal.

	Difference between strongest signal and the …
	67%
	95%

	2nd strongest signal
	4dB
	9dB

	3rd strongest signal
	7dB
	15dB

	4th strongest signal
	12dB
	22dB

	5th strongest signal
	18dB
	

	6th strongest signal
	25dB
	


Table 1 –  Limits within which the smaller GPS signals lie in a light indoor environment, for different likelihood percentages

Overall then, as mentioned in the introduction, we can draw the following conclusions:

1. Accuracy varies strongly according to the number of satellites received

2. For 95% confidence performance predictions it is necessary to consider scenarios containing signals from only a few satellites, which will be as much as 15dB smaller in signal level than the strongest signal

3. Much of the time performance will be better, and a somewhat richer satellite environment can be used to give an impression of typical performance.

Implications for accuracy and sensitivity specifications

In this section we will look at the existing proposal R4-030823, and how it can be extended to characterise the performance in the sort of practical situations described above.

Specification scenario portfolio

The proposal of R4-030823 does a good job in presenting a variety of different test aspects, which can be summarised as follows in table 2:

	Test case
	Number of signals
	Signal levels
	67% accuracy
	95% accuracy

	Accuracy
	8
	8 at -130dBm
	≤25m
	≤75m

	Multipath
	5 
+ 3 multipath
	5 at -130dBm
+ 3 at -133dBm
	≤60m
	≤180m

	Dynamic Range
	6
	-129, -135, -141, 
+ 3 at -147dBm
	≤60m
	≤180m

	Sensitivity 
(±2s assistance)
	8
	1 at -142dBm
7 at -147dBm
or 8 at -147dBm
	≤60m
	≤180m


Table 2 – Summary extract of the specification scenarios of R4-030823

This represents strong signal environments well, but has a weaknesses in not being representative of practical weak signal environments where there are rather few signals.  It is also not easy to interpret overall performance in a network, or of a user.

Bearing in mind the results from the experiments, a suggestion for a way forward is to recast these test cases as an integrated and extended portfolio, as follows in table 3:

	Environment scenario
	Number 
of signals
	Signal levels
	≤25m
	≤50m
	≤150m

	Rural, outdoor
[Accuracy]
	8
	8 at -130dBm
	
	
	

	Urban and canyon
[Multipath, dynamic range]
	Typical
	5 + 3
	To be reviewed
	
	
	

	
	Limit
	4 + 3
	To be reviewed
	
	
	

	Suburban, light indoor
[Dynamic range, sensitivity]
	Typical
	5
	See Table 7
	
	
	

	
	Limit
	4
	See Table 6
	
	
	


Table 3 – Suggested test case scenario portfolio

The intention here is that Typical and Limit scenarios are representative of the range of GPS conditions usually found in a particular environment.  It would save effort to stick to one scenario, but at least for light indoor environments the use of a Typical scenario that is valid for 67% of cases would be too optimistic for concluding 95% confidence limits, while a Limit case, valid for 95% of cases, would be generally too pessimistic for an indication of typical behaviour.

There is some evidence that a similar range of scenarios applies to Urban environments – which might then be described as Urban and Dense Urban.  The multipath effects of course play a strong role in urban canyon performance.

It is suggested that the results for each test in the portfolio are collected, collated, and reported as follows in table 4:

	Percentage for which fix produced within the time to fix limit TTFL
	F

	Percentage in which a fix is produced within the time to fix limit TTFL and with a horizontal accuracy better than…
	150m
	A150

	
	50m
	A50

	
	25m
	A25

	Average time taken to produce the fixes that were achieved within the time limit TTFL
	TTFT


Table 4 – data collection from the specification measurement process

The collection of the 25m accuracy results is in some respects a luxury – however they are of particular interest for outdoor operation, and as has been seen in the above results can also be achieved indoors.  Little extra effort is involved in collecting this extra accuracy data, as it is only an additional data category in the collation of the results produced.

Fixes are only included if they are calculated within the specified time limit.  This could for example be 30s, for best coverage and accuracy in emergency call applications.  There are consumer applications where a faster experience (typical) performance is valued, but also asset tracking applications where a longer period would be perfectly acceptable.

The average time to fix is also collected as useful data, reflecting typical performance.    

It is important to have a consistent set of accuracy criteria across scenarios, so that they can be combined in an overall estimate with a straightforward probability weighting, for example as illustrated by table 5: 

	Environment
	Usage probability
	Scenario
	Resulting weighting factor

	Rural, Outdoor
	28%
	
	RO
	28%

	Urban, Canyon
	34%
	Typical
	67%
	UCT
	22%

	
	
	Limit
	33%
	UCL
	12%

	Suburban, Light Indoor
	38%
	Typical
	67%
	SLIT
	25%

	
	
	Limit
	33%
	SLIL
	13%


Table 5 – Combining scenarios’ results into an overall performance measure

One important decision open to a network operator is the full or partial deployment of accurate timing assistance, in order to improve performance, particularly in difficult GPS environments.  Timing assistance with an accuracy of ±5μs allows a GPS to receive more, smaller, signals, improving availability and accuracy achieved, and/or reducing the time to fix.

For equipment claiming an advantage with accurate timing the above tests are repeated with this assistance provided, with the results also reported. 

If the deployment of accurate timing is expected to be widespread then it may be worthwhile adding a Deep Indoor scenario, representative of really difficult GPS environments. 

The output of the test results

Following this test process the overall pass criteria for an operator is then whether the overall weighted results satisfy:

Weighted A150 > 95%

Weighted A50 > 67%

It is suggested that this pass criteria is set for a benchmark distribution of usage probabilities across scenarios that should be agreed.  This is then the minimum performance criteria for the A-GPS component.

In addition the test results should also state:

· The results achieved for each scenario, for accurate timing assistance as well as “coarse” timing assistance if any advantage is claimed in this respect.  Network operators can then take into account their usage distribution and make an appropriate weighting, also in respect of timing assistance provision.

· The weighted results for 

· A25, for high location accuracy performance 

· TTFT, for the typical response time 

· F, for fix percentage achieved, i.e. the availability 

· The time limit TTFL used, within which the A-GPS system had to produce a fix report.  

Scenario descriptions

The scenarios for Light Indoor signal levels could be along the following lines, with –135dBm taken as a benchmark middle power level for such environments, and signal levels as follows in Table 6, derived from the 95% difference limits for small signals from the experimental results summarised in table 1.

	Strongest signal*
	-135dBm

	2nd strongest*
	-144dBm

	3rd strongest
	-150dBm

	4th strongest
	-157dBm


Table 6 – Suggestion for light indoor signal limit (95%) conditions

It should also be noted*, and included in the definition of the scenario, that the strongest signal is very likely to be from the satellites with the highest elevation in the sky.  Those near the horizon will be more attenuated, and more likely to be obstructed and subject to multipath.  This will for example affect the solution geometry experienced in practice.  To reflect this the strongest two signals should be selected at random from the five satellites with highest elevation.  

Similarly a scenario profile corresponding to the light indoor environment experienced about 67% of the time would look as shown in table 7, again using the results summarised in table 1.

	Strongest signal*
	-135dBm

	2nd strongest*
	-139dBm

	3rd strongest
	-142dBm

	4th strongest
	-147dBm

	5th strongest
	-153dBm


Table 7 – Suggestion for light indoor signal typical (67%) conditions

These scenarios can be improved and developed with further experience and data, beyond the experiments presented here.

Conclusion 

This investigation showed that:

· In practice accuracy is closely related and dependent on the number of GPS signals that can be received.  Often only a few satellites will be able to be received, and these occasions then result in the fix reports with larger position errors.

· Accuracy and sensitivity (particularly for the 3rd and 4th strongest signals) are thus closely linked.

· Unfortunately in many situations the 3rd and 4th strongest GPS signals are at a signal level much lower than that of the strongest signal.  Although presented on the basis of one set of experiments, we have seen a similar general pattern from our experience of GPS in a range of different environments.

And as a result we suggest that:

· The tests of R4-03-0823 are restructured into a portfolio of a limited number of test scenarios representing a range of realistic scenarios with different characteristics, from excellent outdoor conditions, to sparse indoor signal environments.

· Limit and Typical scenarios be used in combination to give a balanced reflection of the worst case (95%) conditions and the normally expected performance.

· The minimum performance requirement be the weighted average across the test portfolio, with individual scenario results also being reported.
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