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1. 
Introduction
A new work item on "UE Positioning Accuracy Enhancements for LTE" was approved at RAN#75 [1] and updated at RAN#76 [2]. The objectives of this work item include support for Real-Time Kinematic (RTK) positioning:

· GNSS positioning enhancements:
· Specify the signalling and procedure to support RTK GNSS positioning over LPP and LPPa, taking into account both UE and network complexity. [RAN2, RAN3, RAN1]

RTK is a technique that uses carrier-based ranging measurements which can enable centimetre-level accurate baseline determination (i.e., the distance and attitude between two receivers). If the absolute position of one receiver is known with a high accuracy, the absolute position of the other receiver can easily be determined. 

At RAN2#98 RTK positioning was discussed with the following agreements [3,4]:

1. Correction data (for RTK GNSS) is provided by E-SMLC. RAN2 will not discuss how ESMLC gets this data in 3GPP. 

2. Send LS to SA3 on the provision of an encryption solution for broadcast positioning information.
3. Support both UE-based and UE-assisted modes for RTK GNSS. How to support them is FFS.
4. RAN2 will first discuss the details of carrier phase measurement (accumulated delta range) reporting which is already supported in LPP protocol and then see whether to send LS to RAN1 in next RAN2 meeting.
5. It is FFS whether the eNB shall broadcast the corrections data as a transparent payload in the SIB and is not aware of the contents of correction data.
6. Whether SSR and PPP are supported or not will be decided after RAN2 decides whether correction data is signalled to UE transparently or not.
This contribution discusses the UE measurements for RTK and the limitations of UE-assisted RTK support currently specified in LPP. 
Note, the UE measurement definition for RTK will be discussed in RAN1, but is also included here in section 2 below to provide additional background information for the proposed LPP changes in section 3.

2. 
GNSS Code- and Carrier Phase Measurements
UE-assisted RTK requires the UE to report code- and carrier-phase measurements periodically to the location server. The location server can process the measurements and combine the UE measurements with measurements from RTK reference stations to derive the UE location. I.e., there are no additional assistance data (beyond those already specified in LPP) required. 
2.1
Code Phase Measurement

The basic GNSS receiver measurement is the code-phase measurement. The principle of code-phase measurements is the correlation of the codes received from a GNSS satellite with replicas of those codes generated within the receiver. The GNSS code-phase measurement is reported by the UE in LPP GNSS‑MeasurementList [5] and is used for UE-assisted GNSS (where the position calculation function resides in the E-SMLC). 
The GNSS code-phase measurement is defined in 3GPP TS 36.214 [6] as follows:

UE GNSS code phase measurement

	Definition
	The GNSS code phase (integer and fractional parts) of the spreading code of the ith GNSS satellite signal. The reference point for the GNSS code phase shall be the antenna connector of the UE.

	Applicable for
	Void (this measurement is not related to E-UTRAN/UTRAN/GSM signals; its applicability is therefore independent of the UE RRC state)


2.2
Carrier Phase Measurement
The carrier phase measurement can be considered as an indirect measure of the range between a satellite and receiver expressed in units of cycles of the carrier frequency. This measurement can (in principle) be made with very high precision (in the order of 0.01 – 0.03 cycles), but the whole number of cycles between satellite and receiver is not measurable. 

The GNSS carrier phase measurement is reported by the UE in LPP GNSS‑MeasurementList [5] and is used for UE‑assisted GNSS (where the position calculation function resides in the E-SMLC). However, the GNSS carrier phase measurement is currently not defined in 3GPP TS 36.214.

GNSS satellites transmit radio frequency (RF) signals in the L-band which consist of an RF carrier modulated by a pseudorandom noise (PRN) code (and usually data). The "carrier phase" for GNSS signal processing is the phase of the pure sinusoid that would result if the PRN code and any other modulations are "wiped off". 
For a plane wave propagating in free space, the phase of the received RF signal can be represented as follows [7]:
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where 
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is the frequency of the transmitted sinusoid in Hertz (e.g., for GPS L1 1575.42 MHz), 
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is the range from satellite to receiver. Therefore, the received carrier phase includes the information regarding the range between satellite and receiver.   Rearranging equation (2) gives:
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where 
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is the true integer number of wavelengths (cycles) between satellite and receiver. If the receiver can estimate the received RF phase, three unknowns usually remain that must be estimated in order to determine the desired range: (1) The receiver time 
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In most carrier phase processing applications (e.g., RTK), the effects of the first two are removed by differencing of observations. Differencing between satellites removes errors in the receiver time component, while differencing between receivers removes errors in the satellite phase offset. (Note, any error effects of e.g., atmosphere etc. are not discussed (since the focus here is on the carrier phase measurement), but some error sources would also cancel in the particular carrier phase processing application when performing the double-differences between receivers and satellites). 
The GNSS receiver estimates the carrier phase observation by integrating the Doppler frequency with the information obtained from the phase-lock-loop (PLL) of the receiver (that’s why the carrier phase measurement is often referred to as "Integrated Doppler" or "Accumulated Delta-Range (ADR)" [8]). To measure carrier phase, the PRN code and any other data modulations must be "wiped off". 

The Doppler shift measurement is directly obtained from the carrier tracking loop, which may be transformed to a pseudo-range-rate measurement. The ADR is the integral of the pseudo-range-rate. In practice, it is obtained from the carrier Numerically Controlled Oscillator (NCO) of the carrier PLL. 
Figure 1 shows a simplified block diagram of a GNSS receiver-tracking loop where the incoming signal is first passed through a low noise amplifier (LNA) and then multiplied by a locally generated sinusoid and filtered (mixer). (At each point in Figure 1 the signal is assumed to be a sinusoid with the phase as indicated in the Figure). The resulting signal is a replica of the RF signal, but shifted down to intermediate frequency (IF). The mixer signal is a sinusoid whose phase is given by:
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where 
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is the intermediate frequency. The phase of the signal at the mixer output (IF signal phase) is therefore:
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	The difference of the received frequency and the receiver locally generated replica of the transmitted frequency is the Doppler frequency shift that is also often termed the "beat frequency".
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Figure 1: Illustration of signal phase from transmission through downconversion and carrier tracking loop.

While only a single phase is indicated in Figure 1, the signal at the antenna is the sum of the signals from all satellites in view. At this point in the receiver the IF signal is passed to several phase locked loops (PLLs) operating in parallel. The purpose of the loop is to ultimately have the numerically controlled oscillator (NCO) generate a signal with the same frequency and phase as the incoming signal (after down-conversion).
The PLL generates a local replica sinusoid with phase 
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. The difference between this local replica and the IF phase is filtered to generate an error signal for the NCO which drives the error signal to zero. Once the PLL is locked to the incoming signal, 
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(mod 1). The carrier phase measurement denoted 
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This shows that the carrier phase observation under ideal conditions equals true range plus terms due to phase offsets in the receiver and the satellite. 
To generate useable phase measurements, the receiver phase observations must maintain a constant integer number of cycles offset from the tracked carrier phase. To do this, both integer and fractional components of the NCO phase are stored. The phase tracking of the signal from satellite s begins at time ts, at which point the phase estimate is typically initialized to zero (or 0.5; see further down below): 
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. At some later time, phase lock is achieved, and the fractional phase of the local replica signal is an estimate of the fractional phase of the down-converted satellite signal. The integer component of the phase is still offset from the true integer component by some arbitrary unknown number of cycles. This offset is referred to as the carrier phase ambiguity.
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 denote the integer component of the NCO phase, then the phase observation is given by:
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where 
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is known as the integer ambiguity.  If continuous phase tracking is maintained, this term would be (a different) constant for each tracked satellite. 
For generating useable phase measurements, the receiver must ensure that the integer ambiguity remains constant, that is, if the range increases by one cycle, the integer component of the NCO phase, 
[image: image28.wmf])

(

rx

s

r

t

L

, also increments by one cycle. This is usually accomplished by integrating the NCO frequency and incrementing the number of integer cycles. 
The carrier phase measurement can be converted from cycle units to length units by multiplying the phase with the nominal wavelength of the tracked GNSS signal λ. 
The received GNSS signals could be lost temporally because of various disturbing factors such as blockage by trees, buildings, etc. or by large vehicle dynamics. Such signal loss causes a discontinuity of the integer number of cycles 
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in the measured carrier phase, known as "cycle slips". Consequently, the integer counter is reinitialized, meaning that the integer ambiguities become unknown again and must be resolved once more by the carrier phase processing function (position calculation function). This is a computation-intensive and time-consuming task. It usually takes several minutes to resolve the ambiguities.
In addition to the integer cycle ambiguity there is usually also a half-cycle ambiguity in the carrier phase measurement. The half-cycle ambiguity means a 180-degree carrier phase reversal. 
The carrier tracking loop is usually not a pure PLL because of data modulation on the GNSS signal (modernized GNSS signals which include a pilot channel may allow usage of a pure PLL for carrier tracking). The carrier tracking loop is usually a Costas loop which is insensitive to the presence of data modulation [8], but has a 180-degrees phase ambiguity. That is, the detected data bit stream may be either normal or inverted. This ambiguity is usually resolved during the phase synchronization process comparing the known preamble at the beginning of each subframe both ways (normal and inverted) with the receiver detected data bit stream. If a match is found with the preamble pattern inverted, the bit stream is inverted, otherwise the bit stream is normal. Once this ambiguity is resolved it remains resolved until the PLL loses phase lock or slips cycles. If the data bit stream is inverted, the carrier phase measurement is corrected by half a cycle as mentioned above (i.e., the phase estimate is initialized with 0.5 instead of 0). This correction may be done at the "measurement function" or at the "processing function" (e.g., position calculation function).
Based on the discussion above, the following definition is proposed for the GNSS carrier phase measurement for 3GPP TS 36.214 [6]:
UE GNSS carrier phase measurement

	Definition
	The number of carrier-phase cycles (integer and fractional parts) of the ith GNSS satellite signal, measured since locking onto the signal. Also called Accumulated Delta Range (ADR). The reference point for the GNSS carrier phase shall be the antenna connector of the UE. 

	Applicable for
	Void (this measurement is not related to E-UTRAN/UTRAN/GSM signals; its applicability is therefore independent of the UE RRC state)


3. 
GNSS Measurement Reporting in LPP

UE-assisted RTK requires the UE to report code- and carrier-phase measurements periodically to the location server. The measurements are provided in the IE GNSS-MeasurementList which includes the GNSS-SatMeasElement for each satellite and is defined as follows [5]:
-- ASN1START

GNSS-MeasurementList  ::= SEQUENCE (SIZE(1..16)) OF GNSS-MeasurementForOneGNSS
GNSS-MeasurementForOneGNSS ::= SEQUENCE {

gnss-ID




GNSS-ID,


gnss-SgnMeasList 

GNSS-SgnMeasList,


...

}

GNSS-SgnMeasList ::= SEQUENCE (SIZE(1..8)) OF GNSS-SgnMeasElement

GNSS-SgnMeasElement ::= SEQUENCE {


gnss-SignalID


GNSS-SignalID,


gnss-CodePhaseAmbiguity
INTEGER (0..127)

OPTIONAL,


gnss-SatMeasList 

GNSS-SatMeasList,


...

}

GNSS-SatMeasList ::= SEQUENCE (SIZE(1..64)) OF GNSS-SatMeasElement

GNSS-SatMeasElement ::= SEQUENCE {


svID 



SV-ID,


cNo 



INTEGER (0..63),


mpathDet 


ENUMERATED {notMeasured (0), low (1), medium (2), high (3), ...},


carrierQualityInd 
INTEGER (0..3) 



OPTIONAL, 
 


codePhase 


INTEGER (0..2097151),


integerCodePhase 
INTEGER (0..127) 


OPTIONAL,


codePhaseRMSError 
INTEGER (0..63), 





 


doppler 


INTEGER (-32768..32767) 
OPTIONAL,


adr 



INTEGER (0..33554431) 

OPTIONAL,


...

}

-- ASN1STOP

	[…]

	carrierQualityInd

This field indicates the quality of a carrier phase measurement. The LSB indicates the data polarity, that is, if the data from a specific satellite is received inverted, this is indicated by setting the LSB value to ‘1’. In the case the data is not inverted, the LSB is set to ‘0’. The MSB indicates if accumulation of the carrier phase has been continuous, that is, without cycle slips since the previous measurement report. If the carrier phase accumulation has been continuous, the MSB value is set to ‘1X’. Otherwise, the MSB is set to ‘0X’.

This field is optional but shall be included if the adr field is included. See table Bit toPolarity Indication relation below.

	codePhase

This field contains the whole and fractional value of the code-phase measurement made by the target device for the particular satellite signal at the time of measurement in the units of ms. GNSS specific code phase measurements (e.g. chips) are converted into unit of ms by dividing the measurements by the nominal values of the measured signal chipping rate.

Scale factor 2-21 milli‑seconds, in the range from 0 to (1-2-21) milli‑seconds.

	[…]

	codePhaseRMSError

This field contains the pseudorange RMS error value. This parameter is specified according to a floating-point representation shown in the table below.

	adr

This field contains the ADR measurement measured by the target device for the particular satellite signal. This information can be used to compute the 3-D velocity or high-accuracy position of the target device. ADR measurements are converted into units of meter by multiplying the ADR measurement by the nominal wavelength of the measured signal.

Scale factor 2-10 meters, in the range from 0 to 32767.5 meters. This field is optional, but shall be included, if the adrMeasReq in GNSS-PositioningInstructions  is set to TRUE and if ADR measurements are supported by the target device (i.e., adr-Support is set to TRUE in A-GNSS-ProvideCapabilities).


Bit toPolarity Indication relation

	Value
	Polarity Indication

	0
	Data Direct, carrier phase not continuous

	1
	Data Inverted, carrier phase not continuous

	2
	Data Direct, carrier phase continuous

	3
	Data Inverted, carrier phase continuous


The carrierQualityInd field contains the information of cycle-slips and half-cycle ambiguities, as discussed in section 2.2 above. However, the description/meaning of the LSB (data polarity) is confusing/unclear. The receiver would only be able to set this bit if any half-cycle ambiguities have been resolved successfully. But if the half-cycle ambiguities have been resolved, the carrier phase measurement is usually corrected accordingly and there is no need for this bit in the carrierQualityInd field.  In addition, for data-less signals (i.e., pilot-signals such as GPS L2C-L, or L5-Q) the "data polarity" is meaningless (since there is no data). The information which is needed at the E-SMLC (position calculation function) is whether any half-cycle ambiguities are present or not (i.e., a "half-cycle ambiguity indicator" similar to DF420 in [12] would be needed). If the target device corrects the half-cycle ambiguity, the target device must inform the E‑SMLC of this 90-degrees phase jump for high precision applications, such as RTK. There seems to be two possibilities for this:
(1) Add a single-bit "half-cycle ambiguity indicator" to the GNSS-SatMeasElement, with value ‘0’ meaning that no half-cycle ambiguities are present, and with value ‘1’ meaning that there are half-cycle ambiguities.
(2) Redefine the LSB (data polarity bit) as a "half-cycle ambiguity indicator" with the meaning as in (1) above.
Both options require to clarify whether the adr measurement report has been compensated for any half-cycle ambiguities or not. 

For option (1) the target device should not compensate the measurements for resolved data polarity, otherwise the LSB in carrierQualityInd field is meaningless. I.e., the receiver reports the information about the (resolved) data polarity in the LSB and the E-SMLC handles this information accordingly. However, if the "half-cycle ambiguity indicator" flag is set to ‘1’ (meaning there are half-cycle ambiguities) it needs to be specified that the E-SMLC should ignore the LSB in carrierQualityInd field (since this information is not available at the receiver at this stage).

For option (2), the target device would report measurements with any half-cycle ambiguities removed if the (redefined) LSB (which defines now the "half-cycle ambiguity indicator") is set to ‘0’ and there is no need for any additional processing/measurement handling at the E-SMLC. 

Option (2) would be the cleaner solution, but would have backwards compatibility issues. If backwards compatibility is of no concern, Option (2) would be preferred.
Proposal 1: 
Clarify whether half-cycle ambiguities are present or not, and whether the adr report has any half-cycle ambiguity removed or not.
The measured GNSS signal is indicated by the GNSS-SignalID. However, as already indicated in [11], the 8-bit LPP GNSS-SignalID is not sufficient for carrier phase measurements. I.e., there is not enough granularity in the indicated GNSS signal. RTCM [12] uses a 32-bit Signal ID, which should also be used in LPP and is repeated below (empty table entries are reserved). 
	GNSS Signal ID

	Signal ID in Signal Mask
	GPS
	GLONASS
	Galileo
	SBAS
	QZSS
	BDS

	
	Frequ. Band
	Signal
	Frequ. Band
	Signal
	Frequ. Band
	Signal
	Frequ. Band
	Signal
	Frequ. Band
	Signal
	Frequ. Band
	Signal

	1
	
	
	
	
	
	
	
	
	
	
	
	

	2
	L1
	C/A
	G1
	C/A
	E1
	C no data
	L1
	C/A
	L1
	C/A
	B1
	I

	3
	L1
	P
	G1
	P
	E1
	A
	
	
	
	
	B1
	Q

	4
	L1
	Z
	
	
	E1
	B I/NAV
	
	
	
	
	B1
	I+Q

	5
	
	
	
	
	E1
	B+C
	
	
	
	
	
	

	6
	
	
	
	
	E1
	A+B+C
	
	
	
	
	
	

	7
	
	
	
	
	
	
	
	
	
	
	
	

	8
	L2
	C/A
	G2
	C/A
	E6
	C
	
	
	
	
	B3
	I

	9
	L2
	P
	G2
	P
	E6
	A
	
	
	LEX
	S
	B3
	Q

	10
	L2
	Z
	
	
	E6
	B
	
	
	LEX
	L
	B3
	I+Q

	11
	
	
	
	
	E6
	B+C
	
	
	LEX
	S+L
	
	

	12
	
	
	
	
	E6
	A+B+C
	
	
	
	
	
	

	13
	
	
	
	
	
	
	
	
	
	
	
	

	14
	
	
	
	
	E5B
	I
	
	
	
	
	B2
	I

	15
	L2
	L2C(M)
	
	
	E5B
	Q
	
	
	L2
	L2C(M)
	B2
	Q

	16
	L2
	L2C(L)
	
	
	E5B
	I+Q
	
	
	L2
	L2C(L)
	B2
	I+Q

	17
	L2
	L2C(M+L)
	
	
	
	
	
	
	L2
	L2C(L+M)
	
	

	18
	
	
	
	
	E5(A+B)
	I
	
	
	
	
	
	

	19
	
	
	
	
	E5(A+B)
	Q
	
	
	
	
	
	

	20
	
	
	
	
	E5(A+B)
	I+Q
	
	
	
	
	
	

	21
	
	
	
	
	
	
	
	
	
	
	
	

	22
	L5
	I
	
	
	E5A
	I
	L5
	I
	L5
	I
	
	

	23
	L5
	Q
	
	
	E5A
	Q
	L5
	Q
	L5
	Q
	
	

	24
	L5
	I+Q
	
	
	E5A
	I+Q
	L5
	I+Q
	L5
	I+Q
	
	

	25
	
	
	
	
	
	
	
	
	
	
	
	

	26
	
	
	
	
	
	
	
	
	
	
	
	

	27
	
	
	
	
	
	
	
	
	
	
	
	

	28
	
	
	
	
	
	
	
	
	
	
	
	

	29
	
	
	
	
	
	
	
	
	
	
	
	

	30
	L1
	L1C-D
	
	
	
	
	
	
	L1
	L1C(D)
	
	

	31
	L1
	L1C-P
	
	
	
	
	
	
	L1
	L1C(P)
	
	

	32
	L1
	L1C-(D+P)
	
	
	
	
	
	
	L1
	L1C(D+P)
	
	


Proposal 2: 
Extend the currently 8-bit GNSS-SignalID in LPP to 32-bits with the mapping indicated in the Table above.
The carrier phase (adr) is in the range between 0 and 32767.5 meters with a resolution of 2-10 meters. Due to the accumulated nature of the ADR measurement, the reporting range is related to the measurement reporting interval. The change rate of ADR depends on the satellite Doppler, the receiver movement, and receiver oscillator stability. Assuming about 1350 m/s maximum apparent Doppler rate (including about 1000 m/s maximum satellite Doppler rate, about 50 m/s maximum receiver speed, about 1 ppm oscillator stability (300 m/s)), the ADR measurement would roll-over after about 24 seconds (1350m/s × 24s = 32400 meters). The E-SMLC should be able to reliably detect ADR measurement rollovers using 4 consecutive reports. That is, about 24/4 ~ 6 seconds would be the maximum measurement reporting interval. I.e., after 6 seconds the maximum change in ADR would be about 1350m/s × 6s = 8100 meters, and after ~4 reports the roll-over could happen (4 × 8100meters ~ 32400 meter), which should be possible to detect and track at the E-SMLC. 
OMA LPPe [9] uses 29-bits for the ADR measurement with 2-10 meters resolution, providing a range up 524287.999023438 meters. This would allow longer reporting intervals and/or would reduce the need to detect ADR measurement roll-overs at the E-SMLC.  
Since the origin of the 25-bits ADR measurement range currently used in LPP is the limitation of GMS control plane (RRLP [10]), it is proposed to use additional 4 bits for the ADR measurement in LPP. 
Proposal 3: 
Extend the ADR measurement report in LPP from currently 25-bits to 29-bits, with resolution of 2-10 meters (INTEGER(0..536870911)).
The ADR measurement in LPP has currently no associated quality indicator (the codePhaseRMSError field is provided for the code-phase measurement). LPPe suports an adrRMSerror, defined as "the RMS error of the continuous carrier phase" with a resolution of 2-10 meters (7-bits) [9]. The same should be added to LPP.
Proposal 4:
Add an adrRMSerror field to the GNSS measurement report in LPP [5] defined as "RMS error of the continuous carrier phase" (INTEGER(0..127) with resolution 2-10 meters).
The code-phase measurement in LPP has currently a resolution of 2-21 milli‑seconds (~ 14 cm). This is almost one cycle (wavelength) of the L1 carrier frequency (19 cm). Like the ADR above, this is related to the limitations of GSM control plane [10]. LPPe [9] (and RTCM [12]) uses much finer resolution of the code-phase. LPPe uses 24-bits with resolution of 0.02 meters. The same is proposed for LPP.
Proposal 5:
Extend the codePhase measurement report in LPP [5] from currently 21-bits to 24-bits (INTEGER(0.. 16777215) with 2-24 milli-seconds resolution.

4. 
Proposal
In this contribution, we discussed the measurements for RTK and summarized the limitations of current LPP. This led to the following proposals:

Proposal 1: 
Clarify whether half-cycle ambiguities are present or not, and whether the adr report has any half-cycle ambiguity removed or not.
Proposal 2: 
Extend the currently 8-bit GNSS-SignalID in LPP to 32-bits with the mapping defined in [12].
Proposal 3: 
Extend the ADR measurement report in LPP from currently 25-bits to 29-bits, with resolution of 2-10 meters (INTEGER(0..536870911)).

Proposal 4:
Add an adrRMSerror field to the GNSS measurement report in LPP [5] defined as "RMS error of the continuous carrier phase" (INTEGER(0..127) with resolution 2-10 meters).

Proposal 5:
Extend the codePhase measurement report in LPP [5] from currently 21-bits to 24-bits (INTEGER(0.. 16777215) with 2-24 milli-seconds resolution.
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