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[bookmark: OLE_LINK13][bookmark: OLE_LINK14]Introduction
The current WID for V2X [1] states that RAN4 shall specify RRM core requirements for V2X operation.
RAN1 has agreed on working assumptions stating that absolute velocity of 250km/h and relative velocity of 500km/h is to be supported for V2V operation. Given the discussions at RAN4#80 where consensus was reached only for GNSS-based synchronization, with other synchronization options still are under discussion, only the absolute velocity is considered in this contribution. 
The use case for which the simulation results are applicable is:
· UE is out-of-network coverage,
· UE maintains frequency synchronization via reception of GNSS signals, and
· UE has detected a potential cell and is conducting RSRP and RSRQ measurements as part of the evaluation on whether a cell has been found and whether it fulfills the requirements.
Since currently a working assumption on the highest carrier frequency to consider for the network cell has not been agree, a carrier frequency of 6GHz, stemming from the V2V WID, is considered. Thus the following channel conditions are investigated:
· AWGN with 1350Hz perceived carrier frequency offset (CFO),
· EVA1350 with CFO 0Hz
· ETU500   with CFO 0Hz
It shall be noted that with other synchronization sources, such as PC5 (sidelink), the UE may experience a larger frequency offset.
The RSRP and RSRQ measurements are described in Section 2, along with a sensitivity analysis with respect to carrier frequency offset. Simulation assumptions and simulation results are provided in Section 3. The simulations are summarized and concluded in Section 4.
RSRP and RSRQ measurements
RSRP measurements are carried out on CRSs that are transmitted in a cell. The minimum distance between two OFDM symbols carrying CRSs for the same antenna port(s) is three OFDM symbols (0.214µs). The measurements are carried out by a combination of coherent and non-coherent averaging operations. The CRS in a subframe are de-rotated to obtain channel samples and then an average is calculated based on a number of adjacent channel samples. 
In legacy LTE the baseline assumption has been that the 8 CRSs available for antenna port 0 in a PRB pair are used for forming one coherent average, thereby allowing an improvement in SNR of up to 9 dB compared to a single CRS. The averaging over a PRB pair was chosen since it provided a good balance between robustness to frequency and time characteristics of the propagation channel respectively.
In order to estimate the power, the absolute values of the channel sample averages are squared and averaged non-coherently. The non-coherent averaging may extend over multiple subframes, where in legacy LTE the baseline was to average non-coherently over 10 subframes during a period of 200ms.
RSRQ is carried out by measuring RSSI over the same symbols and bandwidth as used for the RSRP measurements, and then forming the ratio between RSRP and RSSI. 
The received signal is subjected to Doppler shift when the transmitter and/or receiver are moving at speed. The Doppler shift is proportional to the carrier frequency fc and to the relative velocity ∆v between the transmitter and receiver;
.
Since UE speed up to 250km/h and carrier frequency up to 6GHz potentially are to be supported, the Doppler shift experienced is within ±1.35 kHz when measuring RSRP, provided that the UE does not have a CFO, e.g. when the synchronization source is GNSS; Figure 1. 



[bookmark: _Ref458763976]Figure 1: Maximum frequency offset between UE reference frequency and target cell when the UE’s synchronization source is GNSS.


Since a higher CFO can be expected than in legacy LTE scenarios, particularly when using another synchronization source than GNSS, it is crucial that the RSRP and RSRQ estimator is robust to frequency offsets. When measurement performance requirements were derived for LTE legacy the RSRP measurements provided by us were conducted using coherent averaging over 2x4 CRSs. This does however make the RSRP estimator sensitive to CFO since the coherent accumulation is extended over multiple OFDM symbols. Therefor in this contribution we are using a symbol-based RSRP estimator that has been used in commercial legacy products. The two approaches are illustrated in Figure 2.


[bookmark: _Ref458764430]Figure 2: Coherent averaging for RSRP measurements. (left): coherent averaging assumed when determining legacy core requirements; (right): symbol-based coherent averaging used in this the simulations. 

The measurement accuracies as function of CFO for the two RSRP estimators are shown in Figure 3. The SNR is 0 dB which means that ideally the RSRP/N should also be 0 dB. However, due to averaging coherently over a finite number of channel samples – 8 and 12, respectively – some noise remains after the averaging and gives rise to bias. In this case the bias for both RSRP estimators is less than 0.5 dB for the 50th percentile when CFO is 0 Hz. However as the CFO increases it becomes evident that the legacy estimator is very sensitive to frequency offsets, whereas the symbol-based RSRP estimator is more robust; see Figure 3. At a CFO of 1.35 kHz the symbol-based RSRP estimator has degraded less than 0.5dB compared to the case when CFO is 0 Hz.
Observation 1: A symbol-based RSRP estimator is robust to CFOs in the range foreseen for V2X operation.
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[bookmark: _Ref458764730]Figure 3: Impact of frequency offsets in the range -7.5 to 7.5 kHz on RSRP estimates for (left): legacy RSRP measurement (2x4), and (right): symbol-based RSRP measurement. Propagation condition: AWGN, SNR 0 dB. Percentiles: 5th, 50th and 95th.

Although the symbol-based RSRP estimator is robust to very large carrier frequency offsets one still need to consider the case when the UE has determined that it now is in the coverage of RAN, and shall select the detected cell. In order to do so, the UE needs to tune in to the RAN carrier frequency to within about ±100Hz in order to acquire MIB, SIB1 and SIB2. This implies that the UE need to accurately determine the CFO and compensate for it. The general principle for frequency offset estimation used in AFC is based on first determining the phase difference between channel samples taken at two instants in time. The rotation θ in radians over the time Δt can then be used to determine the frequency offset  via
.
The frequency offset estimate is only unambiguous when -π < θ < π, hence the smaller the  between the two instants, the larger frequency offset can be detected without ambiguity. If θ is outside this interval, wrap-around or aliasing occur in the estimator, by which an incorrect frequency offset is estimated. The capture range of the frequency estimator is ±2.3 kHz based on the 3 OFDM symbols distance between CRSs, hence when considering only GNSS-based synchronization the capture range of the frequency offset estimator suffices. However, for other synchronization options, such as PC5 or RAN-based, this might not be true.
Observation 2: With GNSS-based synchronization the capture range of a legacy frequency offset estimator is sufficient. However, for PC5- and RAN-based synchronization the frequency offset may exceed the capture range of ±2.3 kHz.
Simulations
Simulation assumption
The simulation assumptions are provided in Table 1.

[bookmark: _Ref458765533]Table 1: Simulation assumptions

	Parameters
	Value
	Comments

	Frame structure type
	1
	FDD

	Measurement bandwidth
	6 resource blocks
	

	System bandwidth
	50 resource blocks
	 

	L1 measurement period
	200ms
	

	Snapshot periodicity
	40ms
	

	L3 filtering
	Disabled
	 

	Transmit antenna
	1
	 

	Receive antennas
	2
	Strongest value after L1 filtering over RX1 and RX2 branches is reported

	Propagation conditions
	AWGN CFO 1350Hz,
ETU500 CFO 0Hz,
EVA1350 CFO 0Hz
	CFO: carrier frequency offset

	CP length
	Normal
	 

	Carrier frequency
	5.9GHz
	No working assumption has been agreed. Figure is based on the V2V WID. 

	Es/Iot
	-10 dB … 10 dB
	AWGN noise 

	Cell load condition
	100%
	OCNG with same power as CRS is used



AWGN propagation condition
The simulation results for AWGN (static one-tap) propagation conditions with carrier frequency offset 1350Hz is provided in Figure 4, and the 5th, 50th and 95th percentiles of the deviations between measured and ideal RSRP and RSRQ are provided in Table 2 .
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[bookmark: _Ref458765600]Figure 4: Measurement performance for (left): RSRP and (right): RSRQ for SNR range -10 to 10 dB. Propagation condition AWGN, CFO 1350Hz. Percentiles: 5th, 50th and 95th.

[bookmark: _Ref458765672]Table 2:  Percentiles for deviations from ideal RSRP and RSRQ. Propagation condition AWGN with CFO 1350Hz. 
	SNR
	Δ [dB]

	
	RSRP
	RSRQ

	
	5th
	50th
	95th
	5th
	50th
	95th

	-10
	1,24
	2,45
	3,52
	1,28
	2,45
	3,51

	-9
	1,04
	2,08
	3,07
	1,04
	2,07
	3,07

	-8
	0,83
	1,73
	2,59
	0,81
	1,73
	2,59

	-7
	0,56
	1,42
	2,25
	0,57
	1,42
	2,24

	-6
	0,38
	1,18
	1,90
	0,41
	1,17
	1,86

	-5
	0,24
	0,92
	1,59
	0,25
	0,91
	1,58

	-4
	0,18
	0,78
	1,35
	0,19
	0,77
	1,32

	-3
	0,12
	0,63
	1,18
	0,13
	0,62
	1,17

	-2
	0,04
	0,51
	1,00
	0,04
	0,50
	0,98

	-1
	-0,04
	0,41
	0,82
	-0,02
	0,41
	0,81

	0
	-0,08
	0,31
	0,72
	-0,07
	0,31
	0,69

	1
	-0,12
	0,25
	0,59
	-0,10
	0,25
	0,56

	2
	-0,12
	0,18
	0,50
	-0,12
	0,19
	0,48

	3
	-0,15
	0,13
	0,40
	-0,14
	0,13
	0,39

	4
	-0,12
	0,11
	0,38
	-0,11
	0,11
	0,36

	5
	-0,16
	0,07
	0,29
	-0,15
	0,06
	0,27

	6
	-0,17
	0,04
	0,26
	-0,17
	0,04
	0,25

	7
	-0,16
	0,01
	0,20
	-0,15
	0,01
	0,19

	8
	-0,17
	0,00
	0,17
	-0,16
	0,00
	0,16

	9
	-0,18
	-0,02
	0,13
	-0,17
	-0,02
	0,12

	10
	-0,17
	-0,02
	0,12
	-0,16
	-0,03
	0,11






ETU500 propagation condition
The simulation results ETU500 propagation conditions with carrier frequency offset of 0Hz are provided in Figure 5, and the 5th, 50th and 95th percentiles of the deviations between measured and ideal RSRP and RSRQ are provided in Table 3.
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[bookmark: _Ref458765825]Figure 5: Measurement performance for (left): RSRP and (right): RSRQ for SNR range -10 to 10 dB. Propagation condition ETU500, CFO 0Hz. Percentiles: 5th, 50th and 95th.


[bookmark: _Ref458765875]Table 3: Percentiles for deviations from ideal RSRP and RSRQ. Propagation condition ETU500 with CFO 0Hz. 

	SNR
	Δ [dB]

	
	RSRP
	RSRQ

	
	5th
	50th
	95th
	5th
	50th
	95th

	-10
	0,58
	2,18
	3,55
	0,62
	2,16
	3,43

	-9
	0,16
	1,67
	2,96
	0,23
	1,66
	2,86

	-8
	-0,04
	1,43
	2,82
	0,04
	1,37
	2,59

	-7
	-0,30
	1,07
	2,39
	-0,23
	1,01
	2,12

	-6
	-0,60
	0,82
	2,25
	-0,50
	0,74
	1,93

	-5
	-0,90
	0,43
	1,75
	-0,76
	0,38
	1,40

	-4
	-1,00
	0,30
	1,59
	-0,87
	0,21
	1,16

	-3
	-1,38
	0,06
	1,53
	-1,12
	-0,01
	1,00

	-2
	-1,42
	0,03
	1,39
	-1,11
	-0,11
	0,77

	-1
	-1,22
	0,16
	1,55
	-0,99
	-0,07
	0,75

	0
	-1,53
	-0,04
	1,47
	-1,19
	-0,26
	0,55

	1
	-1,48
	-0,07
	1,42
	-1,13
	-0,33
	0,39

	2
	-1,47
	0,00
	1,49
	-1,09
	-0,35
	0,30

	3
	-1,69
	-0,18
	1,37
	-1,22
	-0,47
	0,16

	4
	-2,06
	-0,56
	0,94
	-1,35
	-0,66
	-0,08

	5
	-1,89
	-0,56
	1,14
	-1,25
	-0,67
	-0,09

	6
	-1,82
	-0,34
	1,09
	-1,22
	-0,64
	-0,18

	7
	-1,76
	-0,39
	1,31
	-1,16
	-0,68
	-0,22

	8
	-1,68
	-0,29
	1,14
	-1,14
	-0,67
	-0,30

	9
	-1,73
	-0,39
	0,97
	-1,11
	-0,70
	-0,37

	10
	-1,80
	-0,24
	1,18
	-1,12
	-0,68
	-0,36





EVA1350 propagation condition
The simulation results for EVA1350 propagation condition with carrier frequency offsets of 0Hz are provided in Figure 6, and the 5th, 50th and 95th percentiles of the deviations between measured and ideal RSRP and RSRQ are provided in Table 4.
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[bookmark: _Ref458765965]Figure 6: Measurement performance for (left): RSRP and (right): RSRQ for SNR range -10 to 10 dB. Propagation condition EVA1350, CFO 0Hz. Percentiles: 5th, 50th and 95th.

[bookmark: _Ref458765988]Table 4: Percentiles for deviations from ideal RSRP and RSRQ. Propagation condition EVA1350 with CFO 0Hz.
	SNR
	Δ [dB]

	
	RSRP
	RSRQ

	
	5th
	50th
	95th
	5th
	50th
	95th

	-10
	0,87
	2,25
	3,48
	0,91
	2,25
	3,43

	-9
	0,88
	2,01
	3,17
	0,85
	1,97
	3,05

	-8
	0,43
	1,64
	2,74
	0,45
	1,59
	2,59

	-7
	0,23
	1,34
	2,37
	0,26
	1,28
	2,23

	-6
	-0,15
	0,92
	2,00
	-0,04
	0,89
	1,80

	-5
	-0,30
	0,74
	1,79
	-0,17
	0,71
	1,55

	-4
	-0,25
	0,74
	1,71
	-0,18
	0,63
	1,36

	-3
	-0,53
	0,44
	1,52
	-0,36
	0,38
	1,13

	-2
	-0,66
	0,39
	1,58
	-0,46
	0,28
	1,03

	-1
	-0,93
	0,14
	1,33
	-0,63
	0,07
	0,76

	0
	-0,75
	0,19
	1,21
	-0,53
	0,06
	0,64

	1
	-1,21
	0,03
	1,18
	-0,77
	-0,09
	0,47

	2
	-0,92
	0,04
	0,97
	-0,59
	-0,12
	0,31

	3
	-1,00
	0,00
	1,04
	-0,60
	-0,17
	0,28

	4
	-1,12
	-0,07
	0,94
	-0,66
	-0,24
	0,15

	5
	-1,35
	-0,07
	0,95
	-0,70
	-0,25
	0,08

	6
	-1,08
	-0,03
	1,04
	-0,62
	-0,28
	0,02

	7
	-0,67
	0,17
	1,14
	-0,50
	-0,26
	-0,02

	8
	-1,29
	-0,25
	0,97
	-0,64
	-0,35
	-0,09

	9
	-1,15
	-0,12
	0,89
	-0,59
	-0,34
	-0,13

	10
	-1,12
	-0,10
	1,03
	-0,58
	-0,36
	-0,16




Summary and Conclusion
We have provided simulation results for RSRP and RSRQ measurement accuracy for the propagation conditions AWGN with 1350Hz frequency offset (modelling Doppler effect on LOS channel), EVA1350, and ETU500. The simulation assumptions cover the case where the vehicle is moving at maximum absolute speed 250km/h and where the RAN carrier frequency is 5.9GHz. This particular carrier frequency is not likely to be used for RAN since it is the ITS band, but the original V2V WID does not preclude RAN operation at that carrier frequency. Operating at a lower carrier frequency the performance will be somewhat better although not dramatically since the symbol-based RSRP estimator used in the simulations (and previously qualified in commercial products) is robust against frequency offsets as shown in Figure 3.
The simulation results indicate that for SNR -6dB or higher, the largest absolute value of the 5th and 95th percentiles is less than 2.3dB.
The simulation results are applicable to the scenario when the UE is using GNSS as synchronization source. For other synchronization options there may be additional frequency offset components, e.g. shifting the spectrum for EVA1350 up or down in frequency.
We made the following observations:
Observation 1: A symbol-based RSRP estimator is robust to CFOs in the range foreseen for V2X operation.
Observation 2: With GNSS-based synchronization the capture range of a legacy frequency offset estimator is sufficient. However, for PC5- and RAN-based synchronization the frequency offset may exceed the capture range of ±2.3 kHz.
Since no guidance is given in the WID on the highest RAN carrier frequency to consider, we make the following proposal:
Proposal 1: RAN4 shall agree on working assumptions on highest RAN carrier frequency to consider for V2X operation.
A related contribution on cell identification is provided in [3].
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