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1 
Introduction

The minimum performance requirements for A-GANSS are essentially completed in Annex O of 3GPP TS 45.005 [1]. One open item is the sensitivity level for Galileo (in the Sensitivity and Dynamic Range tests).

This contribution proposes the missing sensitivity levels for Galileo Sensitivity and Dynamic Range tests.

2
Background

The performance requirements for A-GANSS are currently defined in such a way, that for each system a similar “challenge level” for the receiver is obtained. E.g., the requirements for GLONASS or other systems are not more stringent or relaxed compared to GPS. This must also be true for Galileo, since it not sensible to demand more stringent performance requirements for Galileo receivers compared to e.g., GPS or GLONASS receivers. I.e., if more advanced performance requirements for Galileo are feasible (or needed), then they are also feasible (or needed) for other GNSSs, and the requirements have to be adapted accordingly. However, since it was agreed not to modify the GPS L1 C/A requirements, these requirements form a somewhat “common basis” for developing the requirements for the other GNSSs, but taking the specifics of the individual systems into account. This has essentially been done for the test cases in Annex O of 45.005 (e.g., Multipath Test, etc.), and must also be done for the missing Sensitivity and Dynamic Range tests in case of Galileo. 
In [2], the current GPS L1 C/A sensitivity requirements were analyzed, and the pre-detection SNR associated with these requirements and given assumptions was derived. Based on this, the sensitivity requirements for the other GNSSs were obtained. In the following, additional background information and refinements of the content in [2] for Galileo E1 is provided.
3
SNR Worksheet and Assumptions
In [2], an SNR work sheet was proposed to derive Galileo signal levels using reasonable assumptions and first principles, equally challenging compared to the current GPS L1 C/A requirements. This worksheet is shown in Annex A for GPS L1 C/A and Galileo E1 signals. In the following, additional background information on the used assumptions is provided.
3.1
RF Front End
For minimum performance testing, the GNSS signals are provided by a GNSS signal simulator, and therefore, the signals are generated at ambient temperature T0, which is commonly assumed to be 290˚ K. With a noise figure F of 3 dB, which is a reasonable assumption for GNSS front ends integrated in mobile phones (e.g., where SAW filters are needed to reduce interference from MS transmitter), an effective temperature Teff of 579˚ K is obtained.
For both, GPS and Galileo, the minimum IF bandwidth is assumed which captures the main lobe(s) of the signals. I.e., for GPS the IF bandwidth assumed is 2 MHz, and for Galileo E1 the assumed bandwidth is 4 MHz.
3.2
Coherent IntegrationTime
For the GPS L1 C/A signal, coherent integration is performed over 1 ms (1023 chips). However, multiple 1 ms correlation results can be coherently accumulated with low risk of crossing a 20 ms data bit boundary. A 10 ms coherent integration time is assumed for the GPS L1 C/A signal in Annex A. In 20 ms of data at most there can be only one data transition. If one takes the first 10 ms of data and there is a data transition, the next 10 ms will not have one. (Even if only 1 ms of data will be used, there is a possibility that a data phase transition may occur in the data set).

For the Galileo E1 signal, the primary code period is equal to the length of one data bit. The Galileo E1 primary code length is 4 ms (or 4092 chips). The total E1 signal power is divided equally between a data channel and a pilot channel. The pilot channel is modulated with a secondary code of 25 secondary code chips, forming a long ‘tiered’ code of 25 x 4 = 100 ms length. For cold start signal acquisition, when the receiver is not synchronized with the secondary code, the effect of the secondary code is the same as the effect of unknown data  bits. Therefore, for the coherent integration time Tc used for the initial acquisition of the Galileo E1 signal, there appears to be only two options:
(a) Tc = 4 ms, as proposed in [2]. In this case, coherent integration is performed over one primary code period of 4092 chips. With the Galileo modulation scheme, the integration can be done on the data and pilot channel, and therefore, the full available signal power is exploited for acquisition. With a sampling rate of 4 samples/chip, 16,368 code bins must be searched for each frequency bin (compared to 2046 for GPS L1 C/A, a factor 8 increase of complexity).
(b) Tc = 100 ms, as proposed in [3]. In this case, coherent integration is done over 25 primary code periods with the secondary code on top of it. I.e., the long tiered code must be acquired in a single step, since the phase of the secondary code is unknown. Using the pilot channel, a 3 dB reduced power signal is used for acquisition, since only half of the useful power is employed. With a sampling rate of 4 samples/chip, 409,200  code bins must be searched for each frequency bin (compared to 2046 for GPS L1 C/A, a factor 200 increase of complexity).

Using  Tc = 100 ms for initial acquisition would reduce the squaring loss, and could thus increase receiver sensitivity, even though there is an inherent loss of 3 dB. However, apart from the significantly increased complexity of the receiver when using long codes (i.e., 200 times compared to GPS L1 C/A), there are several obstacles with a 100 ms coherent integration requirement for cold start acquisition of the Galileo E1 signal (note, the minimum performance tests are performed under cold start conditions). 
If the locally generated PRN code does not have exactly the same frequency as the received PRN code, the phase of the correlation response will change. If the coherent integration time is Tc seconds, the correlation response rolls off as a sinc function with a null at 1/Tc Hz. In other words, if the reference frequency uncertainty is F Hz, then there is an upper bound on the coherent integration time of 1/F seconds.

Figure 1 below shows the frequency roll-off for three different coherent integration times (10 ms as assumed for GPS L1 C/A, and the 4 or 100 ms option for Galileo E1). The horizontal dashed line shows the frequency at which a loss of 1.5 dB in the ideal coherent gain would occur, and is summarized in the Table below:
	Tc
	Frequency offset at which 1.5 dB correlation loss occurs
         [ppb]                      [Hz]

	4 ms
	± 50.52
	± 79.60

	10 ms
	± 20.21
	± 31.84

	100 ms
	± 2.02
	± 3.18
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Figure 1: Frequency roll-off for three different coherent integration times.

Therefore, allowing for a 1.5 dB loss in the ideal coherent gain (see section 3.3 below), the frequency bin width for the signal acquisition would be 100 ppb (160 Hz) for 4 ms coherent integration, 40 ppb (60 Hz) for 10 ms coherent integration, and 4 ppb (6 Hz) for 100 ms coherent integration. 
The available assistance data [1] and their contribution to the frequency uncertainty are summarized in the Table below:

	Assistance Information
	Contribution to Frequency Search Space [Hz]
	Contribution to Frequency Search Space [ppb]

	Time Assistance: ± 2 seconds
	± 1.6 Hz
	± 1 ppb

	Reference Location UNC: 3 km
	± 3 Hz
	± 2 ppb

	Reference Oscillator UNC: ± 100 ppb
	± 157.5 Hz
	± 100 ppb

	Receiver Speed: Unknown: ~ 1ppb/kph
	± 47.3 Hz
	± 30 ppb

	Total:
	± 210 Hz
	± 133 ppb


The receiver speed is usually unknown during initial acquisition, and in the Table above it is assumed the receiver is designed to handle an unmodeled receiver velocity of about 30 km/h. Therefore, the required number of frequency bins to search for the three cases can be summarized in the Table below:
	
	Tc =10 ms
	Tc=4ms
	Tc=100 ms
	Unit

	Acceptable freq. roll-off loss
	-1.5
	-1.5
	-1.5
	dB

	Frequency Bin Width
	40
	100
	4
	ppb

	Frequency Search Space
	266
	266
	266
	ppb

	Total # of Frequency Bins to Search
	7
	3
	67
	


For the GPS L1 C/A case with Tc = 10 ms, a total of seven frequency bins would have to be searched to find the satellite signal. With the requirement of a total dwell time of 1 second, the satellite signal could be found in 7 seconds. 
For the Galileo E1 case and an assumed coherent integration time of Tc = 100 ms, a total of 67 (!) frequency bins would have to be searched to cover the whole frequency uncertainty space. In [3], it is proposed to use Tc=100 ms as baseline for Galileo minimum performance together with a total dwell time of 0.5 seconds. Therefore, it would take about 34 seconds to search the entire frequency uncertainty space to find the satellite signal. Even if we assume one receiver channel per satellite, this is more than the 20 seconds total allowed response time.

Therefore, only the Tc = 4 ms option is considered for Galileo minimum performance. 

3.3
Ideal Coherent Gain and Integration Losses

With idealized coherent integration (i.e., infinite bandwidth and uncorrelated noise), the signal magnitude grows linearly with the number of samples Nc, and the noise standard deviation by 
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[image: image3.wmf]c

c

c

N

N

N

=

2

2

/

for uncorrelated noise. However, in practice, this ideal coherent gain can not be fully achieved for the following reasons:
(a) Bandlimiting effects. The front-end noise and signals are bandlimited. This has two impacts on the ideal coherent gain. First, the PRN codes are not square waves, and therefore, the correlation function is not a true triangle. This makes the maximum correlation peak lower, compared to the ideal, unfiltered correlation function.  Secondly, the noise after filtering is not white (i.e., not uncorrelated between samples). Thus, the noise standard deviation will not grow as 
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, but as something larger. 
(b) Quantization effects. In practice, A/D converters quantize the signal when converting the analog signal into digital samples (typically, 1 to 4 bits), which affects the ideal coherent gain. 

(c) Frequency offset. In practice, the reference signal into the mixer will not match exactly the carrier frequency of the received signal. The correlation function rolls-off with a sinc function, as shown in Figure 1 above. In the analysis of section 3.2 above, a 1.5 dB loss is considered acceptable. This is a trade-off between performance and complexity. 
(d) Code misalignment. The correlation process provides a sampled correlation function. In practice, before signal acquisition, the replica code has a random alignment, and the correlation function will not be sampled at the maximum of the ideal correlation function. For example, considering a GPS BPSK correlation triangle and a misalignment of a quarter-chip, then the correlator output will be one quarter of the way down the ideal correlation peak, resulting in a loss of ¾ or 2.5 dB. 
In the SNR worksheet in Annex A, all the losses above are summarized into a 3 dB loss, equal for GPS L1 C/A and Galileo E1. One may argue that the code misalignment (item (d)) is lower for Galileo, since the signal is sampled at 4 samples/chip, and therefore, the correlation function on average is sampled closer to its maximum. However, 4 samples per chip also increase the correlation between the noise samples, further reducing the ideal coherent gain (item (a)). Therefore, a 3 dB overall loss in the ideal coherent gain equally for GPS and Galileo is considered as a reasonable approximation for the coherent integration losses. 

3.4
Squaring Loss and Noncoherent Integration

Since the maximum possible coherent integration time is limited, weak signal acquisition requires noncoherent accumulation of correlation results. In this stage, the square of the correlator outputs are further accumulated, and the noncoherent processing gain increases by 10log(N) dB, where N is the number of noncoherent accumulations. However, squaring of the signal results in a loss (“squaring loss”), which has to be taken into account. This squaring loss can be calculated as shown in e.g., [4] and [5], and has been included in the SNR worksheet shown in Annex A. Reference [4] also provides a comparison of the squaring loss between numerical simulation and analytical results, which show a good match between numerical simulation and analytical results.
3.5
Implementation Margin
An overall implementation/handset integration margin of 3 dB is finally applied in the SNR worksheet of Annex A, as commonly used in 3GPP. This accounts for any unmodeled affects and obstacles when integrating the GNSS receiver in a mobile phone environment. This general implementation margin is the same for GPS and Galileo.
3.6 
Pre-Detection SNR
With the given assumptions summarized above, and a total dwell time of 1 second, a pre-detection SNR ratio for GPS L1 C/A of 7.5 is obtained. This value sets the final detection threshold. Any correlation result above the threshold is considered to be correct detection results. Since the noncoherent integration comprises many samples (100 in the GPS L1 C/A case of Annex A), the resulting probability distribution is very close to a Gaussian distribution, thanks to the central limit theorem, and the corresponding detection/false alarm probabilities can be easily calculated. This is also acknowledged in [3]. 
With a false alarm threshold of 7.5, the single-bin probability of false alarm is about 10-14 (i.e., extremely low. Usually, the threshold could be lowered, lets say to 6 or 5, which would allow for lower signal strength. However, this is true for both, GPS and Galileo, and is therefore not relevant for this analysis. I.e., the A‑GPS requirements are not modified). For GPS L1 C/A with a delay-hypothesis spacing of 0.5 chips, and a code length of 1023 chips, the cummulative probability of false alarm in a single frequency bin would be 
1(110-14)2042  2(10-11. As shown in section 3.2, 7 frequency bins would have to be searched in the given assistance scenario. For each GNSS, at least 7 satellites are visible [1]. Assuming the GNSS receiver searches all 7 SVs in parallel, there would be 49 frequency bins searched. The cummulative probablity of false alarm in all frequency bins is then 1(110-14)2042(49 ~ 10-9 (i.e., not that small after all).
For the Galileo E1 case, the delay-hypothesis spacing is 0.25 chips, and the code length is 4092 chips. As shown in section 3.2 above, 3 frequency bins would have to be searched for 7 satellites. Therefore, the cummulative probablity of false alarm in all frequency bins for Galileo E1 is then 1(110-14)16360(21 ~ 3(10-9. 
Although, the number of frequency bins which have to be searched for Galileo is less compared to GPS (3 versus 7), the number of time bins to search is considerable higher (16368 compared to 2046), the overall cummulative probability of false alarm is approximately the same. 

Therefore, the Galileo sensitivity level approximately equivalent to the current GPS L1 C/A requirement is ‑145.28 dBm, as shown in Annex A, which is proposed to be rounded to -145 dBm.
Figure 2 below summarizes the sensitivity for GPS L1 C/A and Galileo E1 for various total integration times, given the assumptions summarized above. As can be seen, in order to reach the same performance as GPS L1 C/A, a bit more than twice the total integration time would be required for Galileo (2.1 seconds) per frequency bin.
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Figure 2: Acquisition sensitivity versus total integration time per frequency bin for GPS L1 C/A (blue) and Galileo E1 (red) for the given assumptions.

4
Navigation Data Decoding Performance

The current GPS L1 C/A sensitivity performance requirements in case of coarse time assistance only allow for one stronger satellite signal. This is to allow the receiver to decode the broadcast time from the satellite signal embedded in the navigation data message. Therefore, to derive the corresponding Galileo requirements the achievable bit error rate needs to be compared with the existing GPS L1 C/A requirements. 
Galileo E1 navigation data is encoded using convolutional encoding with constraint length 7 and coding rate ½. The symbol rate for Galileo E1 is 250 sps. GPS L1 C/A uses unencoded BPSK with 50 bps.  
The theoretical decoding performance can be calculated as shown in e.g., [6] and [7]. Figure 3 below compares the theoretical bit error rates achievable for GPS L1 C/A and Galileo E1. The x-axis shows the total input power as needed for the specification of the requirements [1], i.e., the 3 dB power loss for Galileo E1 data channel is already taken into account in Figure 3. These curves are essentially the same as provided in [3]. The horizontal dashed line in Figure 3 shows the bit error rate which corresponds to the current  -142 dBm requirement for GPS L1 C/A. Therefore, the corresponding equivalent requirement for Galileo E1 would be about -140.5 dBm. 
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Figure 3: Theoretical Bit Error Rate for GPS L1 C/A and Galileo E1.

However, during GERAN#44 concerns were raised whether the theoretical bit error rate for Galileo can be achieved in practice at these low signal levels. I.e., in order to achieve the theoretical demodulation performance for Galileo, a coherent phase reference would be required. Therefore, further study is needed and it is proposed to use a -140.5 dBm requirement in square brackets for the sensitivity of the strong satellite in the coarse time sensitivity scenario. Future contributions may result in a need to revise this requirement.

Further, it is currently unclear whether a 20 seconds response time requirement as currently specified in [1] is achievable for Galileo only receivers in the coarse time acquisition scenario. As mentioned above, the motivation for the strong satellite signal is to decode time from the satellite signal. For GPS L1 C/A, time is available every 6 seconds (i.e., in the second word of each 6 seconds subframe).

The Galileo E1 navigation data structure appears to be significantly different comparted to GPS L1 C/A. As shown in e.g.,  [8], the Galileo E1 fame structure has a period of 30 seconds. In the middle of the 30 seconds frame, about 10 seconds of data is “reserved” and currently unknown. This means that only in the first 10 seconds and the last 10 seconds of a Galileo E1 frame, time may be embedded in the navigation data. With a 20 seconds total response time, it needs to be investigated whether there is a sufficient propability to read time information out of the 30 seconds navigation data frame. Therefore, the response time requirement for Galileo only receivers (i.e., where time can not be decoded from the GPS signal) may need to be revisited when a final Galileo ICD is available.

5
Summary of Proposal

Given the investigations in the sections above, the following is proposed:

1. For the coarse time assistance Galileo sensitivity test, the high signal power level requirement is set to [-140.5] dBm, since further studies will be needed. The low signal power level is set to -145 dBm.

2. For the fine time assistance Galileo sensitivity test, the signal power level requirement is set to -145 dBm.
3. For the Galileo dynamic range test, the low power signal level is set to the sensitivity level (-145 dBm) and the high signal power level is set to 0.5 dB below the nominal level (-127.5 dBm).

A corresponding CR is provided in GP-100512.
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Annex A: SNR Worksheet
	
	 
	 
	Units
	Notes

	
	GPS L1 C/A
	Galileo E1
	
	

	RF Front End
	
	
	
	

	Signal Strength (SS); 
Acquisition Sensitivity
	-147
	-145.28
	dBm
	At antenna connector from simulator

	T0
	290
	290
	K
	Ambient temperature

	Front End Noise Figure, F
	3
	3
	dB
	Overall Noise Figure to characterize the entire front end

	Teff
	578.6
	578.6
	K
	Effective temperature of the entire front end; F*T0

	C/No at IF
	24.0
	25.7
	dB-Hz
	SS(dBW)-k*Teff(dBW/Hz)

	IF Bandwidth
	2
	4
	MHz
	Two-sided IF bandwidth

	Noise Power
	-108.0
	-105.0
	dBm
	k*Teff*BW in dBm

	SNR IF
	-39.0
	-40.3
	dB
	SS-Noise Power

	
	
	
	
	

	Coherent Integration
	
	
	
	

	Samples per chip
	2
	4
	
	

	Chip rate
	1.023
	1.023
	MHz
	

	Sample rate
	2.046
	4.092
	MHz
	

	Coherent integration time Tc
	10
	4
	ms
	Length of coherent integration interval

	Number of points, Nc
	20460
	16368
	
	

	Ideal coherent gain
	43.1
	42.1
	dB
	10*log10(Nc); in absence of any bandlimiting effects on the signal and noise, so that noise is uncorrelated

	Sum of Integration losses
	-3
	-3
	dB
	Includes filtering effects, A/D quantization, frequency mismatch, code missalignment

	Actual coherent gain
	40.1
	39.1
	dB
	

	SNR coherent:
	1.1
	-1.2
	dB
	IF SNR + Coherent gain

	SNR ratio
	1.3
	0.8
	ratio
	

	
	
	
	
	

	Noncoherent Integration
	
	
	
	

	Squaring loss
	-0.5
	-2.3
	dB
	I,Q squaring loss

	Total integration time
	1000
	1000
	ms
	

	Number of noncoherent sums
	100.0
	250.0
	
	

	Noncoherent gain
	20.0
	24.0
	dB
	

	
	
	
	
	

	Implementation/
handset integration margin
	-3
	-3
	dB
	General implementation margin

	
	
	
	
	

	Predetection SNR
	17.5
	17.5
	dB
	

	Magnitude SNR ratio
	7.5
	7.5
	ratio
	


� One may assume the availability of a sufficient number of complex correlators to search also the entire frequency space in parallel. This would require for this Galileo case about 10  times the number of correlators compared to GPS L1 C/A to reach the same response time for Galileo as for GPS (ignoring the fact that the time domain search for Galileo also requires a significantly higher number of correlators compared to GPS). However, the additional correlators could then also be exploited for GPS or GLONASS, so the relative results remain essentially the same.
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