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In this contribution we analyze the RRM requirements for Rel-18 TDCP measurements. 
Discussion
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In RAN4#108, following agreements are made for TDCP amplitude channel autocorrelation.

· Do not define TDCP measurement delay requirements. 

· Further identify feasibility of methodology and test setup to define TDCP accuracy requirements including at least ideal TDCP definition, channel models.
· Define TDCP accuracy requirements subject to conclusions of feasibility analysis.

· For TDCP measurement averaging across RX ports should be left to UE implementation.
· The reported TDCP amplitude is expected to between the minimum and maximum measured values across the Rx branches if receiver diversity is used.

Based on the last meeting agreement, RAN4 needs to identify and agree on following aspects to define the TDCP accuracy requirements.

· Ideal TDCP definition
· Channel models
· Accuracy requirements framework 


Ideal TDCP definition or determination 

For any feature in RAN4, RAN4 introduced core or performance requirements are to be verified with test cases to guarantee minimum performance for the feature. In the test, the UE measured value will be reported to test equipment (TE) and the TE compare the UE reported value with expected value (i.e., the ideal value). In last meeting there were concerns from companies on how to determine the ideal value or expected value for verification in the tests. This is mainly due to the fact that majority of the RAN4 tests are introduced with AWGN channel and since TDCP is a channel auto correlation matric, RAN4 cannot introduce TDCP tests with AWGN channel but with fading channels. For the test cases of other features, ideal value or expected value computation for AWGN channel is straight forward. The method to compute the ideal value for fading channels has to be discussed and agreed in RAN4.

In last meeting, following channel models are briefly discussed concerning which channel models to use for feasibility study of TDCP requirements. 
· TDL-A/B/C
· CDL

To determine which channel model to use, we look at the autocorrelation equation for TDL and CDL channel models to determine which channel model to consider for feasibility study.

For TDL-A/B/C channel model, the autocorrelation is given by
· [bookmark: _Hlk146038675]

Where, 
· A is the channel auto-correlation. 
· J0 () is Bessel function.

For CDL channel model, the autocorrelation is given by
· 
Where, 
·  is the angle between the UE direction and the direction of arrival of channel ray k.
·  is the normalized power of channel ray k after taking into account of the UE and BS antenna gain which depends on the direction of arrival and the direction of departure of channel ray k.

Autocorrelation for CDL-A, for different UE directions phi, using omnidirectional UE and BS antennas is shown in figure 1.
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[bookmark: _Ref146705840]Figure 1: Auto correlation for CDL-A for different UE directions in the horizontal plane as given by the azimuthal angle phi

Which channel model to use:
From the above auto correlation equations and figure, we compare the auto correlation of CDL and TDL below to highlight the differences in CDL and TDL based auto correlations.

	CDL Channel
	TDL Channel

	Spatial characteristics modelled
	Spatial characteristics not modelled as we can assume to apply the same channel to all UE antennas.


	Autocorrelation dependent on UE location, UE orientation, UE direction, UE antenna gains and BS antenna gain.

	Autocorrelation independent on UE location, UE orientation, UE direction, UE antenna gains and BS antenna gain.


	The ideal value can be calculated based on simulations or through a complex formula.

	Well known ideal value given by Bessel function without any need for simulations.


	Risk that companies make slightly different implementations that result in differences in the autocorrelation.

	Easy for companies to agree on ideal value.


	Note: Autocorrelation dependent on detailed implementation of angular scaling which is not correctly described in 38.901 as per our understanding
	



Based on the analysis in the above table, we can clearly observe that using TDL channels is convenient and contains lesser workload for RAN4. 

Proposal 1:  Use TDL channel model for deriving ideal autocorrelation value for the TDCP tests and feasibility.

If the TDL channel is assumed, ideal auto correlation value can be derived/calculated from the formula mentioned above or using the simulation results. Since it can be derived using the formula, we think RAN4 can skip simulation effort and derive the ideal value from the formula. If we observe the formula, , auto correlation depends on doppler spread which can be denoted as  and the delay (). For the delay value,  RAN1 agreed on the set of values that are supported or configurable.  For each delay, auto correlation can be calculated for different fmax. 

In the tables below we tabulate the autocorrelation for some example values of the doppler spread  and the RAN1 agreed correlation delays. Note that the tables are independent of carrier frequency but depends on the subcarrier spacing since the slot length depends on the subcarrier spacing.

Table 1 Autocorrelation for different combinations of Doppler spread  and correlation delay  for 30kHz subcarrier spacing (slot length of 0.5ms) 
	 
	Correlation delay  [slots]

	 
	4/14
	1
	2
	3
	4
	5
	6
	10

	8Hz
	0,999987
	0,999842
	0,999368
	0,998579
	0,997475
	0,996056
	0,994323
	0,984271

	16Hz
	0,999948
	0,999368
	0,997475
	0,994323
	0,989919
	0,984271
	0,977389
	0,937825

	32Hz
	0,999794
	0,997475
	0,989919
	0,977389
	0,959981
	0,937825
	0,911089
	0,762857

	64Hz
	0,999175
	0,989919
	0,959981
	0,911089
	0,844717
	0,762857
	0,667953
	0,21777

	128Hz
	0,996703
	0,959981
	0,844717
	0,667953
	0,450557
	0,21777
	-0,0041
	-0,39566

	256Hz
	0,986843
	0,844717
	0,450557
	-0,0041
	-0,32457
	-0,39566
	-0,23276
	0,161559




Table 2 Autocorrelation for different combinations of Doppler spread  and correlation delay  for 15kHz subcarrier spacing (slot length of 1ms)
	 
	Correlation delay

	fmax
	0,29
	1
	2
	3
	4
	5
	6

	8
	0,999948
	0,999368
	0,997475
	0,994323
	0,989919
	0,984271
	0,977389

	16
	0,999794
	0,997475
	0,989919
	0,977389
	0,959981
	0,937825
	0,911089

	32
	0,999175
	0,989919
	0,959981
	0,911089
	0,844717
	0,762857
	0,667953

	64
	0,996703
	0,959981
	0,844717
	0,667953
	0,450557
	0,21777
	-0,0041

	128
	0,986843
	0,844717
	0,450557
	-0,0041
	-0,32457
	-0,39566
	-0,23276

	256
	0,947892
	0,450557
	-0,32457
	-0,23276
	0,249325
	0,161559
	-0,2158



Based on the above analysis we think it is feasible to calculate the ideal value that has to be captured in the spec for tests cases. 

Proposal 2:  RAN4 to agree that ideal value can be calculated for each delay value and over different doppler spread (fmax).

Proposal 3:  RAN4 to define TDCP accuracy requirements as the feasibility (i.e., ideal value calculation) is identified. 

With TDCP accuracy requirements are feasible to define, we look at how to define the requirements. In other words, we look at how to derive the accuracy value of auto correlation in the subsequent sections.

TDCP accuracy 

In our understanding, to define the accuracy requirement, we first need to understand the sources of error that can introduce the in accuracy in the measurement at the UE. The sum of errors amy be specified as the range for the accuracy. In this section we look at the error sources for channel auto correlation to compute the accuracy error.

Error sources for autocorrelation estimation

In last meeting there were concerns from companies regarding estimation of the autocorrelation amplitude very close to one. We understand that this is a fair concern and, in some cases, noise will make such measurements impossible. Our intention is not to set impossible requirement in such cases. In other cases, it is however, fully possible to make accurate measurements of the autocorrelation quite close to one. To understand this, we need to understand the error sources at hand.

When estimating the autocorrelation there are of course errors due to noise as normal. There is, however, also a second important error source.

The instantaneous channel correlation which the UE measures can be written as a sum of
· The time independent autocorrelation
· consisting of a sum of the diagonal correlation terms correlating each channel ray with itself
· The time dependent sum of correlation cross terms
· correlating channel ray k with channel ray m, for 𝑘≠𝑚

For autocorrelation estimation the cross terms form an extra error source in addition to noise. However, we think we can solve or mitigate this source using averaging techniques (e.g., these cross terms one can average over time and/or frequency).

Another way to say this is that the autocorrelation is the expectation value of the instantaneous channel correlation. The instantaneous channel varies with time and frequency. This time variation is an error source when estimating the autocorrelation and to suppress this error source we have to average over time and/or frequency. To observe and figure out solutions to suppress this error source we did some simulations, and we discuss those simulation results below.

Proposal 4:  RAN4 to agree that TDCP accuracy error is a function of channel estimation noise error and error due to auto-correlation cross terms.

Auto correlation with single shot measurement:
In Figure 2 we show the mean and standard deviation (as given by the error bars) of the autocorrelation estimate based on a single measurement occasion in time but averaged over the full bandwidth of 100MHz. The SNR is large (20dB) so the errors are dominated by the cross term errors. We can see that the errors get larger when the autocorrelation gets further away from 1. In fact the standard deviation of the estimate is roughly proportional to one minus the autocorrelation. The cross-term error is quite large, roughly 50% of (1-autocorrelation). Still, even with such a large errors good gains have been seen for the use-cases studied in RAN1.

The cross-term error often dominates over the noise error, but of course this isn’t always the case. In Figure 3 the RMS error is given for different noise levels both in absolute terms and in relation to (1-autocorrelation). We can see that for low UE speeds, when the autocorrelation is very close to one, noise starts to dominate. The error then quickly blows up becoming larger than (1-autocorrelation). This means that based on the estimate we can’t even distinguish the channel from a constant channel for which the autocorrelation is identically equal to 1. In this region there is no reason to define requirements. However, as long as the cross terms are dominating the error, the error is roughly 50% of (1-autocorrelation). Thus, as long as the cross terms are dominating the error it doesn’t become any harder to perform the estimates of an autocorrelation close to 1 than an autocorrelation further away from one.
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[bookmark: _Ref146715722]Figure 2 The mean autocorrelation estimate and the standard deviation of the autocorrelation estimate (given by the error bars) for an estimate averaged over the full bandwidth of 100MHz but based on a single measurement occasion in time for an SNR of 20dB.
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[bookmark: _Ref146716648]Figure 3 The RMS error of the autocorrelation estimate, to the left given in absolute terms and to the right given as a percentage of (1-autocorrelation). The estimate was based on averaging over the full bandwidth of 100MHz but only on a single measurement occasion in time

Auto correlation with time averaging over last 4 samples:

In Figure 4 we again show the RMS error but now for an autocorrelation estimate averaged over 4 measurement occasions each separated by 40ms. We see that this averaging over time reduce the errors significantly. As long as the cross-term errors dominate the RMS error is roughly 25% of (1-autocorrelation).
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[bookmark: _Ref146718051]Figure 4 The RMS error of the autocorrelation estimate, to the left given in absolute terms and to the right given as a percentage of (1-autocorrelation). The estimate was based on averaging over the full bandwidth of 100MHz and over four measurement occasion in time, each separated by 40ms.

Based on the above analysis we think time averaging can help reducing errors and accuracy.

Proposal 5:  RAN4 to consider time and frequency averaging for setting TDCP accuracy requirements.

[bookmark: _Ref146697625]Configurations for TDCP requirements definition 

A typical configuration in the field is a TRS periodicity of 40ms and a TRS bandwidth of the full bandwidth part. We propose that this can be used for the TDCP requirements.

The range of quantization levels for the autocorrelation amplitude put limits to what TDL UE speeds (or equivalently, what Doppler spreads) are relevant to test for the different correlation lags. Too small UE speeds will result in autocorrelation that is larger than the largest quantization level. Too large UE speed will result in an autocorrelation amplitude that is smaller than the smallest quantization level or is in the oscillatory region of the autocorrelation function which makes the autocorrelation report hard to utilize in an unambiguous way, see Figure 2. The resulting limits are given in Table 1 for 30kHz subcarrier spacing (1ms slot length) and for 15kHz subcarrier spacing in Table 2. The limits are given in terms of fmax to make them independent of the carrier frequency but example limits for the UE speed are also given for the case of 3.5GHz carrier frequency with 30kHz subcarrier spacing and for 900MHz carrier frequency with 15kHz subcarrier spacing. Requirements need to be defined only within these limits.
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[bookmark: _Ref146273893]Figure 4 The autocorrelation amplitude for the Jakes model as a function of UE speed at fixed correlation lag for a carrier frequency of 3.5GHz and 30kHx subcarrier spacing.



[bookmark: _Ref146276199]Table 3 Maximum and minimum levels for the setting of fmax in TDL models in order for the autocorrelation amplitude to be within the range of the quantization levels of the TDCP report for a subcarrier spacing of 30kHz (slot length of 0.5ms). In addition the corresponding maximum and minimum levels for the UE speed are given for the case of a carrier frequency of 3.5GHz. Note that the fmax limits are independent of the carrier frequency but that this isn’t the case for the speed limits.
	Correlation lag
	4symb
0.14ms
	1slot
0.5ms
	2slots
1ms
	3slots
1.5ms
	4slots
2ms
	5slots
2.5ms
	6slots
3ms
	10slots
5ms

	Min fmax [Hz]
	139
	40
	20
	13
	10
	8.0
	6.6
	4.0

	Max fmax [Hz]
	2095
	599
	299
	200
	150
	120
	100
	60

	Min speed at 3.5GHz [km/h]
	43
	12
	6.1
	4.1
	3.1
	2.5
	2.0
	1.2

	Max speed at 3.5GHz [km/h]
	647
	185
	92
	62
	46
	37
	31
	18






[bookmark: _Ref146277265]Table 4 Maximum and minimum levels for the setting of fmax in TDL models in order for the autocorrelation amplitude to be within the range of the quantization levels of the TDCP report for a subcarrier spacing of 15kHz (slot length of 1ms). In addition the corresponding maximum and minimum levels for the UE speed are given for the case of a carrier frequency of 900MHz. Note that the fmax limits are independent of the carrier frequency but that this isn’t the case for the speed limits.
	Correlation lag
	4symb
0.29ms
	1slot
1ms
	2slots
2ms
	3slots
3ms
	4slots
4ms
	5slots
5ms
	6slots
6ms
	10slots
10ms

	Min fmax [Hz]
	84
	24
	12
	8.0
	6.0
	4.8
	4.0
	2.4

	Max fmax [Hz]
	1257
	359
	180
	120
	90
	72
	60
	36

	Min speed at 900MHz [km/h]
	70
	20
	10
	6.6
	5.0
	4.0
	3.3
	2.0

	Max speed at 900MHz  [km/h]
	1048
	299
	150
	100
	75
	60
	50
	30



To understand what UE speeds are most important to put requirements for, we need to look at the use cases studied by RAN1. The use case studied in most depth was TDCP based switching between CSI Type I and CSI Type II feedback based precoding. In Figure 3 we see that for the CDL-A channel with random UE direction we see that CSI Type II gives highest throughput below 8km/h while CSI Type I gives highest throughput above 8km/h. Switching between CSI Type I and CSI Type II based on a threshold of 0.984 for the reported autocorrelation amplitude for a lag of five slots (i.e. the TDCP report) gives a throughput that clearly outperforms both CSI Type I and CSI Type II performance.

The reason why TDCP based switching can be significantly higher than the maximum of the CSI Type I and Type II throughputs is that the channel variability for a spatial channel like CDL-A depends strongly on the UE direction, as can be seen in Figure 4. The switchover point between Type I and Type II occurs at different UE speeds for different UE directions. In terms of the autocorrelation amplitude for a lag of 5slots, the switching point is, however, at 0.984, independently of the UE direction. This corresponds to a Doppler spread (defined as the second moment of the Doppler power spectrum relative to the first moment of the Doppler power spectrum[footnoteRef:2]) of [2:  Note that for spatial channel models  isn’t a useful measure of Doppler spread as should be obvious from Figure 4.] 


    

To find a TDL-A model with the same Doppler spread we note that for the Jakes model we have



A TDL-A channel should thus have  (or for 3.5GHz carrier equivalently a UE speed of 5.0km/h) in order to have the same Doppler spread as the CDL-A channel at the CSI Type I - Type II switching point. As a double check, one may use the Jakes expression for the Autocorrelation function to check that   does give an autocorrelation value of 0.984 for a correlation lag of 5 slots.

We conclude that an important scenario to test is TDL-A with  around the switching point of 16Hz, which for a 3.5GHz carrier corresponds to 5km/h. Suitable settings for requirements could be 8Hz, 16Hz and 32Hz for . 
[image: ]
[bookmark: _Ref146610559]Figure 5 PDSCH throughput for 100Mhz bandwidth at 3.5GHz carrier frequency and 30kHz subcarrier spacing for CDL-A, 100ns delay spread, 10km/h, averaged over UE directions in the horizontal plane. Separate throughput curves are given (1) for fixed CSI Type I feedback based precoding, (2) for fixed CSI Type II feedback based precoding, (3) for TDCP based switching between CSI-Type I and CSI Type II feedback based precoding, (4) for ideal switching between CSI-Type I and II and (5) for random switching between CSI-Type I and II. The correlation lag for the TDCP autcorrelation amplitude estimation was 5 slots and the autocorrelation amplitude threshold used for switching was 0.984.
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[bookmark: _Ref146610305]Figure 6 The autocorrelation amplitude for the TDL-A channel as well as for the CDL-A channel with different UE directions in the horizontal plane. The UE speed is 10km/h. The right hand figure is zoomed in on the low correlation lags most relevant here.

Proposal 6:  RAN4 to consider table 3 and 4 as configuration parameters for TDCP accuracy definition.


[bookmark: _Ref146718911]Simulation results and preliminary requirements 

In this section we provide simulation results for estimation of the autocorrelation amplitude for the lags 10slots, 1 slot and 4symbols, showing the feasibility of setting requirements and discussing the importance of each lag in relation to different use-cases.

We think it’s very important to set requirements for the autocorrelation amplitude estimation for large lags since large lags is necessary to support the most important use-cases studied in RAN1. This is our top priority. We also think it’s important to set requirements for the basic TDCP feature which only support up to 1slot lag. 

Finally, we think it’s important to set requirements for a lag of two slots, since some chipset manufacturers indicated that it’s significantly lower complexity for them to implement lags smaller than or equal to two slots, than to implement longer lags.

Thus, we propose that RAN4 define accuracy requirements at least for
· Large lags, e.g. 4slots and 10slots (top priority)
· Basic feature lags, i.e. 4symbol and 1slot lag
· Two slot lag

Proposal 7:  RAN4 to define channel autocorrelation accuracy for following delay values.
· 10 slots
· 4 symbols or 1 slot.
· 2 slots

Simulation results for delay value of 10 slots 

Impact of averaging over multiple measurement occasions in time
For a delay spread of 100ns autocorrelation estimation gives decent accuracy even without averaging over time as can be seen in the bottom figure of Figure 3. The accuracy is, however, significantly improved by averaging over two or four measurement occasions in time as can be seen in the mid and top figures of Figure 3. Without averaging over time, the allowed reporting range would need to extend over about 5 quantization levels in order to ensure that the probability of UE reporting outside the allowed range is smaller than 10%. Averaging over four measurement occasions can bring down the allowed reporting range to extend over only 2 to 3 quantization levels.
Without averaging over time, one may note from the bottom figure of Figure 3 that it’s possible to separate 2km/h from 5km/h with good confidence (with a separation threshold between quantization levels Q4 and Q5), but that it’s not possible to separate 2km/h from 3km/h or 3km/h from 5km/ with any good confidence.
Averaging over four measurement occasions one may note from the top figure of Figure 3 that it is possible to separate 2km/h from 3km/h (with threshold between quantization levels Q3 and Q4) as well as 3km/h from 5km/ (with threshold between quantization levels Q6 and Q7), with good confidence.

Low delay spread
If the delay spread is small the accuracy without averaging over time gets worse (averaging over frequency gives worse channel correlation cross term suppression when the coherence frequency is large). I this case, averaging over time is necessary to get decent accuracy, and thus to allow for switching gains in the use cases studied by RAN1. Without averaging over time, the allowed reporting range would need to extend over about 7 quantization levels in order to ensure that the probability of UE reporting outside the allowed range is smaller than 10%. Averaging over four measurement occasions can bring down the allowed reporting range to extend over about 4 quantization levels.

Impact of noise
For many scenarios the errors coming from the channel correlation cross terms dominate and the impact of noise is very small, as can be seen in the top figure of Figure 5. For low UE speeds, corresponding to an autocorrelation close to one, there is, however, an effect of noise as can be seen in the mid and bottom figures of Figure 5. Averaging over time makes it possible to support lower UE speeds and/or lower SNR with reasonable accuracy, as can be seen in Figure 6.

Example requirements
In Table 3, Table 4, Table 5 and Table 6 in the Appendix a wide set of numerical results are given covering SNRs from 0dB to 20dB and delay spread of 30ns and 100ns. Based on these results it’s clearly possible to design accuracy requirements for the TDCP autocorrelation amplitude.

As an example, consider CDL-A with 100ns delay spread at 3.5GHz carrier frequency, 100MHz bandwidth and 30kHz subcarrier spacing.
If we assume that the UE can average over four consecutive measurement occasions then for a UE speed of 2km/h with autocorrelation=0.98966 and 10dB or 20dB SNR we can set the lower limit between quantization levels Q4=0.9844 and Q3=0.9890 and the upper limit between quantization levels Q2=0.9922 and Q1=0.9945, e.g as
Lower limit = ideal value - 0.003 = 0.98966 – 0.003 = 0.98666
Upper limit = ideal value + 0.003 = 0.98966 + 0.003 = 0.99266
Based on Table 3 this gives less than 10% probability of reporting outside the allowed interval both for 10dB and 20dB SNR. For lower SNR a larger allowed interval would be needed.
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[bookmark: _Ref146557771]Figure 7 Probability distribution over quantization levels for the estimated autocorrelation amplitude for a 10 slot lag for TDL-A with 100ns delay spread, 20dB SNR, 3.5GHz carrier frequency, 100MHz bandwidth. The bottom figure is without averaging over measurement occasions in time, while the mid and top figures are for averaging over respectively two and four measurement occasions, each separated by 40ms.


[image: ][image: ][image: ][image: ]
Figure 8 Effect of low delay spread. Probability distribution over quantization levels for the estimated autocorrelation amplitude for a 10 slot lag for TDL-A with 30ns delay spread, 20dB SNR, 3.5GHz carrier frequency, 100MHz bandwidth. The bottom figure is without averaging over measurement occasions in time, while the mid and top figures are for averaging over respectively two and four measurement occasions, each separated by 40ms.
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[bookmark: _Ref146556213]Figure 9 Effect of Noise. Probability distribution over quantization levels for the estimated autocorrelation amplitude for a 10 slot lag for TDL-A with 100ns delay spread, 3.5GHz carrier frequency, 100MHz bandwidth. The UE speed is respectively 5, 3 and 2 km/h in the top, mid and bottom figures. No averaging over time was performed.
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[bookmark: _Ref146556949][bookmark: _Hlk146557165]Figure 10 Effect of noise. Probability distribution over quantization levels for the estimated autocorrelation amplitude for a 10 slot lag for TDL-A with 100ns delay spread, 3.5GHz carrier frequency, 100MHz bandwidth. The UE speed is respectively 5, 3 and 2 km/h in the top, mid and bottom figures. Averaging was performed over four measurement occasions each separated by 40ms.

[bookmark: _Ref146718913]Simulation results and requirements for delay of 4 symbols

From Table 3 we know that for 30kHz subcarrier spacing the range in Dopplerspread as defined by fmax, covered by the 1 slot lag autcorrelation report is 139Hz to 2095Hz. For a carrier frequency of 3.5GHz this corresponds to a range in UE speed from 43km/h to 647km/h. From section 2.4 we know that for the use case of switching between CSI type I and CSI type II based precoding we would ideally like to be able to separate different Doppler spreads as defined by fmax around 16Hz or equivalently to separate different UE speeds around 5km/h. Clearly reporting of the autocorrelation amplitude for a lag of 4symbols would not be useful for Type I – Type II switching. It could, however, be useful for other use-cases like e.g. switching between two and three additional DMRS symbols (see Figure 10).
In addition, the basic TDCP feature only supports reporting of autocorrelation for lags of 4symbols and 1slot, and clearly the basic feature needs to be tested.
Based on simulation results (see Figure 9) it’s clearly feasible to design accuracy requirements and tests.
Thus we propose that accuracy requirement are specified for reporting of the autocorrelation amplitude for a lag of 4symbols.
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[bookmark: _Ref146705675][bookmark: _Ref146705663]Figure 11: Probability distribution over quantization levels for the estimated autocorrelation amplitude for a 4 symbol lag for TDL-A with 100ns delay spread, 3.5GHz carrier frequency, 100MHz bandwidth. Averaging was performed over four measurement occasions each separated by 40ms.
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[bookmark: _Ref141366006]Figure 12 Throughput for switching between 1 and 2 additional DMRS symbols based on the estimated channel correlation amplitude over a delay of 4 symbols at an SNR of 18dB. The cross over point between one and two additional DMRS symbols is at roughly 280km/h. TDCP based switching gives close to ideal switching performance.

[bookmark: _Ref146718915]Simulation results and requirements for delay of 1 slot 

From Table 3 we know that for 30kHz subcarrier spacing the range in Dopplerspread as defined by fmax, covered by the 1 slot lag autcorrelation report is 40Hz to 599Hz. For a carrier frequency of 3.5GHz this corresponds to a range in UE speed from 12km/h to 185km/h. From section 2.4 we know that for the use case of switching between CSI type I and CSI type II based precoding we would ideally like to be able to separate different Doppler spreads as defined by fmax around 16Hz or equivalently to separate different UE speeds around 5km/h. This is clearly not possible with the 1 slot lag report. As can be seen from Figure 11 the best one could do would be to set the threshold between quantization levels Q0 and Q1. This would put the Type I – Type II switch at roughly 15km/h. Based on Figure 11 this threshold would select Type II for UE speeds below or equal to 10km/ and would select Type I for UE speeds higher than or equal to 20km/h. At 15km/h the selection between Type I and Type II would be random. Such switching could possibly give some minor gains for the use case of switching between CSI type I and CSI type II based precoding.
Reporting of the 1 slot lag autocorrelation could of course also be useful for some other use case for which some mode switching needs to be done within the range of Doppler spread / UE speeds covered by the 1 slot range.
Reporting of the 1 slot lag autocorrelation could also be useful together with reporting of the autocorrelation for a larger lag (TDCP support simultaneous reporting of the autocorrelation for up to four different correlation lags). When taking decisions based the reported autocorrelation amplitude it’s typically assumed that the reported value comes from the low lag region of the autocorrelation function, before the start of the oscillations (see Figure 1 and Figure 2). If a reported high autocorrelation value would come from one of the later oscillations of the autocorrelation function rather than from the low lag region of the autocorrelation function this could therefore lead to the BS taking the wrong decision. Such ambiguities could be avoided by reporting the autocorrelation for multiple lags.
The basic TDCP feature only supports lags up to one slot and clearly the basic feature needs to be tested.
Based on above arguments we think it would be useful to set requirements for TDCP reporting of the autocorrelation amplitude for a lag of one slot.
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[bookmark: _Ref146705794]Figure 13: Probability distribution over quantization levels for the estimated autocorrelation amplitude for a 1 slot lag for TDL-A with 100ns delay spread, 3.5GHz carrier frequency, 100MHz bandwidth. Averaging was performed over four measurement occasions each separated by 40ms.


Summary and Conclusion
In this contribution we analyzed potential RAN4 RRM requirements impact and made following observations and proposals. 
Proposal 1:  Use TDL channel model for deriving ideal autocorrelation value for the TDCP tests and feasibility.

Proposal 2:  RAN4 to agree that ideal value can be calculated for each delay value and over different doppler spread (fmax).

Proposal 3:  RAN4 to define TDCP accuracy requirements as the feasibility (i.e., ideal value calculation) is identified. 

Proposal 4:  RAN4 to agree that TDCP accuracy error is a function of channel estimation noise error and error due to auto-correlation cross terms.

Proposal 5:  RAN4 to consider time and frequency averaging for setting TDCP accuracy requirements.
Proposal 6:  RAN4 to consider table 3 and 4 as configuration parameters for TDCP accuracy definition.
Table 3 Maximum and minimum levels for the setting of fmax in TDL models in order for the autocorrelation amplitude to be within the range of the quantization levels of the TDCP report for a subcarrier spacing of 30kHz (slot length of 0.5ms). 
	Correlation lag
	4symb
0.14ms
	1slot
0.5ms
	2slots
1ms
	3slots
1.5ms
	4slots
2ms
	5slots
2.5ms
	6slots
3ms
	10slots
5ms

	Min fmax [Hz]
	139
	40
	20
	13
	10
	8.0
	6.6
	4.0

	Max fmax [Hz]
	2095
	599
	299
	200
	150
	120
	100
	60

	Min speed at 3.5GHz [km/h]
	43
	12
	6.1
	4.1
	3.1
	2.5
	2.0
	1.2

	Max speed at 3.5GHz [km/h]
	647
	185
	92
	62
	46
	37
	31
	18





Table 4 Maximum and minimum levels for the setting of fmax in TDL models in order for the autocorrelation amplitude to be within the range of the quantization levels of the TDCP report for a subcarrier spacing of 15kHz (slot length of 1ms). 
	Correlation lag
	4symb
0.29ms
	1slot
1ms
	2slots
2ms
	3slots
3ms
	4slots
4ms
	5slots
5ms
	6slots
6ms
	10slots
10ms

	Min fmax [Hz]
	84
	24
	12
	8.0
	6.0
	4.8
	4.0
	2.4

	Max fmax [Hz]
	1257
	359
	180
	120
	90
	72
	60
	36

	Min speed at 900MHz [km/h]
	70
	20
	10
	6.6
	5.0
	4.0
	3.3
	2.0

	Max speed at 900MHz [km/h]
	1048
	299
	150
	100
	75
	60
	50
	30




Proposal 7:  RAN4 to define channel autocorrelation accuracy for following delay values.
· 10 slots
· 4 symbols or 1 slot.
· 2 slots
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Appendix
Appendix A, Autocorrelation estimator
Let  be the received signal for the TRS subcarrier n 



where  is AWGN with



and  is the known transmitted signal (i.e. the TRS) on the TRS subcarrier n and .
We also define



(which may be viewed as a first rough estimate of the channel ) and 



The autocorrelation estimator we used in the evaluations can be written as



Here  is an interval in the time domain containing the part of the channel which is above noise. Identifying this interval is a standard part of channel estimation and should already be performed by UEs as a part of channel estimation.  is the length of the interval in samples and  is an estimate of the noise. The negative term  in the denominator corrects for the noise bias in . Note that there is no corresponding bias in the numerator since the noise at the instances  and  is uncorrelated.
The estimator may alternatively be calculated in the frequency domain in order to avoid the FFT as



where  is  filtered with a sinc-filter corresponding to the interval .

Averaging over multiple symbols within a TRS burst was done coherently. Averaging over multiple measurement occasions was, however, done incoherently taking the absolute value of  for each measurement occasion before averaging. This makes the estimator robust against phase jumps.

For normalization (i.e. in the denominator) we used the geometric average over the time instances  and  in order to make the estimator robust towards AGC as requested by UE manufacturers.

Appendix B, Simulation assumptions
All simulations were performed for a carrier frequency of 3.5GHz with 30kHz subcarrier spacing. A TRS with two slot bursts and a periodicity of 40ms was used. The system bandwidth as well as the TRS bandwidth was 100MHz unless stated otherwise. The channel used was either CDL-A or TDL-A. The Doppler spread was 100ns unless stated otherwise.

Appendix C, Simulation results in tabular form for 10 slot lag



[bookmark: _Ref146637678]Table 5 Autocorrelation amplitude estimation probability distribution in percent over reporting quantization levels averaging over 4 consecutive measurement occasions each separated by 40ms for the TDL-A channel with a delay spread of 100ns for 3.5GHz carrier frequency, 100MHz bandwidth and 30kHz subcarrier spacing. The correlation lag used was 10 slots.
	UE speed[km/h] and autocorrelation
	SNR [dB]
	Q15
0.2929
	Q14
0.5000
	Q13
0.6464
	Q12
0.7500
	Q11
0.8232
	Q10
0.8750
	Q9
0.9116
	Q8
0.9375
	Q7
0.9558
	Q6
0.9688
	Q5
0.9779
	Q4
0.9844
	Q3
0.9890
	Q2
0.9922
	Q1
0.9945
	Q0
0.9961

	2km/h, ac=0.98966
	20
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0.19489
	4.9664
	47.46
	44.785
	2.5941
	0

	2km/h, ac=0.98966
	10
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0.14113
	3.1586
	36.243
	52.997
	7.2984
	0.16129

	2km/h, ac=0.98966
	5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0.10081
	1.9422
	21.022
	47.601
	22.923
	6.4113

	2km/h, ac=0.98966
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0.0067204
	0.10753
	3.172
	15.141
	26.714
	20.255
	34.603

	3km/h, ac=0.97681
	20
	0
	0
	0
	0
	0
	0
	0
	0
	0.42339
	15.094
	65.793
	18.32
	0.36962
	0
	0
	0

	3km/h, ac=0.97681
	10
	0
	0
	0
	0
	0
	0
	0
	0
	0.36962
	12.392
	63.145
	23.394
	0.69892
	0
	0
	0

	3km/h, ac=0.97681
	5
	0
	0
	0
	0
	0
	0
	0
	0
	0.25538
	8.7702
	55.074
	33.239
	2.5672
	0.087366
	0.0067204
	0

	3km/h, ac=0.97681
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0.23522
	7.6411
	39.133
	36.445
	10.974
	3.0108
	1.1626
	1.3978

	5km/h, ac=0.93626
	20
	0
	0
	0
	0
	0
	2.8159
	20.43
	43.81
	27.843
	4.7782
	0.32258
	0
	0
	0
	0
	0

	5km/h, ac=0.93626
	10
	0
	0
	0
	0
	0
	2.668
	19.745
	43.199
	28.703
	5.3159
	0.3629
	0.0067204
	0
	0
	0
	0

	5km/h, ac=0.93626
	5
	0
	0
	0
	0
	0
	2.4059
	18.246
	42.238
	29.94
	6.6465
	0.51075
	0.013441
	0
	0
	0
	0

	5km/h, ac=0.93626
	0
	0
	0
	0
	0
	0
	2.1505
	16.431
	39.039
	31.727
	9.4422
	1.082
	0.10753
	0.020161
	0
	0
	0

	7km/h, ac=0.877
	20
	0
	0
	0
	0.18817
	11.868
	58.622
	27.836
	1.4852
	0
	0
	0
	0
	0
	0
	0
	0

	7km/h, ac=0.877
	10
	0
	0
	0
	0.17473
	11.499
	58.038
	28.609
	1.6801
	0
	0
	0
	0
	0
	0
	0
	0

	7km/h, ac=0.877
	5
	0
	0
	0
	0.20833
	10.625
	57.043
	30.168
	1.9556
	0
	0
	0
	0
	0
	0
	0
	0

	7km/h, ac=0.877
	0
	0
	0
	0
	0.14785
	9.6169
	52.863
	34.22
	3.1452
	0.0067204
	0
	0
	0
	0
	0
	0
	0

	10km/h, ac=0.75718
	20
	0
	0.040323
	9.2003
	53.091
	34.919
	2.6949
	0.053763
	0
	0
	0
	0
	0
	0
	0
	0
	0

	10km/h, ac=0.75718
	10
	0
	0.040323
	9.0121
	52.614
	35.484
	2.789
	0.060484
	0
	0
	0
	0
	0
	0
	0
	0
	0

	10km/h, ac=0.75718
	5
	0
	0.040323
	8.797
	51.922
	36.19
	2.9906
	0.060484
	0
	0
	0
	0
	0
	0
	0
	0
	0

	10km/h, ac=0.75718
	0
	0
	0.040323
	8.0511
	50.06
	37.789
	3.9852
	0.073925
	0
	0
	0
	0
	0
	0
	0
	0
	0

	15km/h, ac=0.49662
	20
	3.7366
	62.796
	32.312
	1.1559
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	15km/h, ac=0.49662
	10
	3.7097
	62.52
	32.507
	1.2634
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	15km/h, ac=0.49662
	5
	3.5887
	62.056
	33.051
	1.3038
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	15km/h, ac=0.49662
	0
	3.4812
	60.249
	34.516
	1.7473
	0.0067204
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	20km/h, ac=0.20305
	20
	73.797
	25.968
	0.23522
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	20km/h, ac=0.20305
	10
	73.636
	26.129
	0.23522
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	20km/h, ac=0.20305
	5
	73.125
	26.647
	0.22849
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	20km/h, ac=0.20305
	0
	71.082
	28.595
	0.32258
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0


[bookmark: _Ref146637680]Table 6 Autocorrelation amplitude estimation probability distribution in percent over reporting quantization levels averaging over 4 consecutive measurement occasions each separated by 40ms for the TDL-A channel with a delay spread of 30ns for 3.5GHz carrier frequency, 100MHz bandwidth and 30kHz subcarrier spacing. The correlation lag used was 10 slots.
	UE speed and autocorrelation
	SNR [dB]
	Q15
0.2929
	Q14
0.5000
	Q13
0.6464
	Q12
0.7500
	Q11
0.8232
	Q10
0.8750
	Q9
0.9116
	Q8
0.9375
	Q7
0.9558
	Q6
0.9688
	Q5
0.9779
	Q4
0.9844
	Q3
0.9890
	Q2
0.9922
	Q1
0.9945
	Q0
0.9961

	2km/h, ac=0.98966
	20
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0.32258
	1.0148
	9.5968
	42.634
	37.117
	8.5013
	0.81317

	2km/h, ac=0.98966
	10
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0.31586
	1.0013
	9.5699
	41.19
	37.937
	8.8978
	1.0887

	2km/h, ac=0.98966
	5
	0
	0
	0
	0
	0
	0
	0
	0
	0.013441
	0.33602
	1.0349
	9.3884
	38.999
	38.233
	10.444
	1.5524

	2km/h, ac=0.98966
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0.020161
	0.35618
	1.1022
	10.074
	33.454
	34.348
	14.456
	6.1895

	3km/h, ac=0.97681
	20
	0
	0
	0
	0
	0
	0
	0
	0.30914
	2.6613
	19.906
	51.358
	22.823
	2.7554
	0.18817
	0
	0

	3km/h, ac=0.97681
	10
	0
	0
	0
	0
	0
	0
	0
	0.30242
	2.6613
	19.845
	50.638
	23.448
	2.9032
	0.20161
	0
	0

	3km/h, ac=0.97681
	5
	0
	0
	0
	0
	0
	0
	0
	0.32258
	2.6142
	19.516
	49.53
	24.368
	3.4476
	0.18145
	0.020161
	0

	3km/h, ac=0.97681
	0
	0
	0
	0
	0
	0
	0
	0.0067204
	0.34274
	2.6815
	18.555
	46.001
	26.761
	4.9664
	0.57124
	0.10081
	0.013441

	5km/h, ac=0.93626
	20
	0
	0
	0
	0
	0.91398
	5.6989
	20.054
	33.985
	27.016
	10.397
	1.6801
	0.25538
	0
	0
	0
	0

	5km/h, ac=0.93626
	10
	0
	0
	0
	0
	0.94758
	5.6586
	19.98
	33.911
	26.922
	10.659
	1.6532
	0.26882
	0
	0
	0
	0

	5km/h, ac=0.93626
	5
	0
	0
	0
	0
	0.93414
	5.625
	19.798
	33.79
	27.204
	10.659
	1.7204
	0.26882
	0
	0
	0
	0

	5km/h, ac=0.93626
	0
	0
	0
	0
	0
	0.9207
	5.504
	19.637
	32.789
	27.392
	11.324
	2.0901
	0.34274
	0
	0
	0
	0

	7km/h, ac=0.877
	20
	0
	0
	0.040323
	0.93414
	17.016
	43.77
	32.332
	5.7661
	0.12769
	0.013441
	0
	0
	0
	0
	0
	0

	7km/h, ac=0.877
	10
	0
	0
	0.040323
	0.9543
	16.888
	43.642
	32.406
	5.9207
	0.13441
	0.013441
	0
	0
	0
	0
	0
	0

	7km/h, ac=0.877
	5
	0
	0
	0.040323
	0.97446
	16.808
	43.649
	32.372
	6.0081
	0.14113
	0.0067204
	0
	0
	0
	0
	0
	0

	7km/h, ac=0.877
	0
	0
	0
	0.033602
	1.0282
	16.418
	43.233
	32.681
	6.4315
	0.14785
	0.026882
	0
	0
	0
	0
	0
	0

	10km/h, ac=0.75718
	20
	0
	0.5578
	12.124
	41.815
	35.531
	9.3347
	0.63844
	0
	0
	0
	0
	0
	0
	0
	0
	0

	10km/h, ac=0.75718
	10
	0
	0.53091
	12.11
	41.781
	35.511
	9.3817
	0.68548
	0
	0
	0
	0
	0
	0
	0
	0
	0

	10km/h, ac=0.75718
	5
	0
	0.55108
	11.989
	41.761
	35.383
	9.6237
	0.6922
	0
	0
	0
	0
	0
	0
	0
	0
	0

	10km/h, ac=0.75718
	0
	0
	0.51075
	12.016
	41.055
	35.948
	9.7245
	0.73925
	0.0067204
	0
	0
	0
	0
	0
	0
	0
	0

	15km/h, ac=0.49662
	20
	3.0175
	48.313
	42.278
	6.3306
	0.060484
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	15km/h, ac=0.49662
	10
	3.0108
	48.165
	42.379
	6.371
	0.073925
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	15km/h, ac=0.49662
	5
	3.0175
	47.95
	42.608
	6.3374
	0.087366
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	15km/h, ac=0.49662
	0
	3.004
	47.359
	42.675
	6.8817
	0.080645
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	20km/h, ac=0.20305
	20
	42.09
	53.884
	3.9919
	0.033602
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	20km/h, ac=0.20305
	10
	41.902
	53.999
	4.0591
	0.040323
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	20km/h, ac=0.20305
	5
	41.727
	54.133
	4.0927
	0.047043
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	20km/h, ac=0.20305
	0
	41.035
	54.637
	4.2675
	0.060484
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0


[bookmark: _Ref146637682]Table 7 Autocorrelation amplitude estimation probability distribution in percent over reporting quantization levels with no averaging over measurement occasions, for the TDL-A channel with a delay spread of 100ns for 3.5GHz carrier frequency, 100MHz bandwidth and 30kHz subcarrier spacing. The correlation lag used was 10 slots.
	UE speed[km/h] and autocorrelation
	SNR [dB]
	Q15
0.2929
	Q14
0.5000
	Q13
0.6464
	Q12
0.7500
	Q11
0.8232
	Q10
0.8750
	Q9
0.9116
	Q8
0.9375
	Q7
0.9558
	Q6
0.9688
	Q5
0.9779
	Q4
0.9844
	Q3
0.9890
	Q2
0.9922
	Q1
0.9945
	Q0
0.9961

	2km/h, ac=0.98966
	20
	0
	0
	0
	0
	0
	0
	0
	0
	0.19333
	1.3467
	3.9867
	13.033
	25.233
	26.9
	17.847
	11.46

	2km/h, ac=0.98966
	10
	0
	0
	0
	0
	0
	0
	0
	0
	0.18667
	1.16
	3.5733
	10.56
	22.807
	26.287
	19.213
	16.213

	2km/h, ac=0.98966
	5
	0
	0
	0
	0
	0
	0
	0
	0
	0.17333
	0.97333
	3.0667
	8.4133
	17.86
	22.38
	19.107
	28.027

	2km/h, ac=0.98966
	0
	0
	0
	0
	0
	0
	0
	0.0066667
	0.046667
	0.30667
	1.3
	4.24
	9.1067
	13.54
	14.9
	13.5
	43.053

	3km/h, ac=0.97681
	20
	0
	0
	0
	0
	0
	0.053333
	0.29333
	1.98
	6.6067
	20.413
	26.94
	24.067
	12.393
	4.9667
	1.82
	0.46667

	3km/h, ac=0.97681
	10
	0
	0
	0
	0
	0
	0.033333
	0.3
	1.8267
	5.98
	18.847
	26.567
	24.04
	13.787
	5.72
	2.1933
	0.70667

	3km/h, ac=0.97681
	5
	0
	0
	0
	0
	0
	0.046667
	0.25333
	1.6333
	5.3733
	16.54
	24.827
	23.733
	15.447
	7.28
	2.94
	1.9267

	3km/h, ac=0.97681
	0
	0
	0
	0
	0
	0
	0.033333
	0.28667
	1.8867
	5.2733
	14.387
	21.16
	19.967
	14.487
	8.3733
	4.6
	9.5467

	5km/h, ac=0.93626
	20
	0
	0
	0
	0.19333
	1.9867
	7.2467
	19.22
	25.52
	24.807
	13.567
	5.76
	1.4267
	0.27333
	0
	0
	0

	5km/h, ac=0.93626
	10
	0
	0
	0
	0.18667
	1.9467
	7.0667
	18.793
	25.153
	24.7
	14.313
	5.82
	1.7267
	0.28667
	0.0066667
	0
	0

	5km/h, ac=0.93626
	5
	0
	0
	0
	0.18667
	1.8467
	6.8133
	17.627
	24.987
	24.673
	14.787
	6.6733
	1.9733
	0.36667
	0.066667
	0
	0

	5km/h, ac=0.93626
	0
	0
	0
	0.0066667
	0.20667
	1.8
	6.4533
	16.64
	23.62
	23.233
	15.747
	7.6933
	2.9933
	0.96667
	0.22
	0.1
	0.32

	7km/h, ac=0.877
	20
	0
	0.1
	1.2333
	6.12
	17.707
	26.473
	26.467
	14.553
	5.5733
	1.5667
	0.20667
	0
	0
	0
	0
	0

	7km/h, ac=0.877
	10
	0
	0.093333
	1.2133
	6.0133
	17.487
	26.473
	26.267
	14.773
	5.8
	1.66
	0.22
	0
	0
	0
	0
	0

	7km/h, ac=0.877
	5
	0
	0.1
	1.1867
	5.82
	17.193
	25.887
	26.407
	15.253
	6.0067
	1.84
	0.28667
	0.02
	0
	0
	0
	0

	7km/h, ac=0.877
	0
	0
	0.1
	1.1733
	5.8467
	16.007
	24.92
	25.827
	16.32
	6.8933
	2.3
	0.51333
	0.073333
	0.013333
	0.0066667
	0
	0.0066667

	10km/h, ac=0.75718
	20
	0.39333
	4.48
	16.727
	28.773
	28.213
	14.827
	5.46
	1.0267
	0.1
	0
	0
	0
	0
	0
	0
	0

	10km/h, ac=0.75718
	10
	0.38667
	4.52
	16.413
	28.86
	28.04
	15.06
	5.4933
	1.1133
	0.11333
	0
	0
	0
	0
	0
	0
	0

	10km/h, ac=0.75718
	5
	0.39333
	4.4667
	16.353
	28.527
	27.993
	15.293
	5.5933
	1.2867
	0.093333
	0
	0
	0
	0
	0
	0
	0

	10km/h, ac=0.75718
	0
	0.38
	4.4133
	15.873
	27.58
	27.76
	15.88
	6.38
	1.5267
	0.20667
	0
	0
	0
	0
	0
	0
	0

	15km/h, ac=0.49662
	20
	19.607
	34.753
	29.047
	12.66
	3.56
	0.37333
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	15km/h, ac=0.49662
	10
	19.507
	34.78
	29.007
	12.72
	3.6067
	0.38
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	15km/h, ac=0.49662
	5
	19.393
	34.493
	29.153
	12.847
	3.7
	0.41333
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	15km/h, ac=0.49662
	0
	19.08
	33.52
	29.127
	13.493
	4.1933
	0.57333
	0.013333
	0
	0
	0
	0
	0
	0
	0
	0
	0

	20km/h, ac=0.20305
	20
	62.567
	28.52
	7.9267
	0.97333
	0.013333
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	20km/h, ac=0.20305
	10
	62.407
	28.527
	8.06
	1
	0.0066667
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	20km/h, ac=0.20305
	5
	62.147
	28.693
	8.12
	1.02
	0.02
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	20km/h, ac=0.20305
	0
	60.987
	28.873
	8.9133
	1.1867
	0.04
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0


[bookmark: _Ref146637685]Table 8 Autocorrelation amplitude estimation probability distribution in percent over reporting quantization levels with no averaging over measurement occasions, for the TDL-A channel with a delay spread of 30ns for 3.5GHz carrier frequency, 100MHz bandwidth and 30kHz subcarrier spacing. The correlation lag used was 10 slots.
	UE speed and autocorrelation
	SNR [dB]
	Q15
0.2929
	Q14
0.5000
	Q13
0.6464
	Q12
0.7500
	Q11
0.8232
	Q10
0.8750
	Q9
0.9116
	Q8
0.9375
	Q7
0.9558
	Q6
0.9688
	Q5
0.9779
	Q4
0.9844
	Q3
0.9890
	Q2
0.9922
	Q1
0.9945
	Q0
0.9961

	[bookmark: _Hlk146638572]2km/h, ac=0.98966
	20
	0
	0
	0
	0
	0
	0
	0.08
	0.22
	0.88667
	2.5667
	6.0667
	13.007
	17.98
	19.92
	16.993
	22.28

	2km/h, ac=0.98966
	10
	0
	0
	0
	0
	0
	0.0066667
	0.073333
	0.21333
	0.88667
	2.5667
	6.0133
	12.813
	17.893
	19.46
	17.087
	22.987

	2km/h, ac=0.98966
	5
	0
	0
	0
	0
	0
	0.0066667
	0.073333
	0.19333
	0.89333
	2.72
	5.9267
	12.293
	17.333
	19.333
	16.74
	24.487

	2km/h, ac=0.98966
	0
	0
	0
	0
	0
	0
	0.013333
	0.086667
	0.24
	0.88
	2.7867
	6.8333
	11.627
	16.033
	16.427
	14.173
	30.9

	3km/h, ac=0.97681
	20
	0
	0
	0
	0.013333
	0.093333
	0.25333
	1.5667
	3.7667
	8.3733
	15.36
	19.067
	19.92
	15.793
	8.94
	4.0533
	2.8

	3km/h, ac=0.97681
	10
	0
	0
	0
	0.013333
	0.08
	0.28667
	1.5267
	3.7333
	8.2733
	15.253
	19.26
	19.92
	15.487
	9.0667
	4.2333
	2.8667

	3km/h, ac=0.97681
	5
	0
	0
	0
	0.0066667
	0.073333
	0.27333
	1.5533
	3.7133
	8.38
	14.947
	19.007
	19.727
	15.3
	9.2467
	4.5133
	3.26

	3km/h, ac=0.97681
	0
	0
	0
	0
	0.013333
	0.086667
	0.28667
	1.3733
	3.9533
	8.4067
	14.307
	17.847
	18.573
	15.34
	9.68
	4.9867
	5.1467

	5km/h, ac=0.93626
	20
	0
	0.026667
	0.28667
	1.2533
	3.78
	8.2267
	14.74
	19.173
	20.193
	16.353
	9.3867
	4.06
	1.9533
	0.49333
	0.073333
	0

	5km/h, ac=0.93626
	10
	0
	0.02
	0.3
	1.2467
	3.7533
	8.1667
	14.7
	19.113
	20.18
	16.44
	9.3867
	4.1733
	1.94
	0.51333
	0.066667
	0

	5km/h, ac=0.93626
	5
	0
	0.02
	0.3
	1.2133
	3.92
	8.02
	14.78
	18.673
	20.28
	16.46
	9.56
	4.02
	2.1133
	0.52667
	0.11333
	0

	5km/h, ac=0.93626
	0
	0
	0.026667
	0.29333
	1.3467
	3.7867
	7.8933
	14.447
	18.447
	20.053
	16.453
	9.5933
	4.5333
	2.1933
	0.7
	0.15333
	0.08

	7km/h, ac=0.877
	20
	0.04
	0.72667
	3.1133
	7.4133
	14.34
	20.047
	21.74
	16.42
	9.7467
	4.28
	1.7933
	0.31333
	0.026667
	0
	0
	0

	7km/h, ac=0.877
	10
	0.053333
	0.68
	3.1667
	7.4
	14.26
	20.087
	21.513
	16.6
	9.7333
	4.3467
	1.8
	0.32
	0.04
	0
	0
	0

	7km/h, ac=0.877
	5
	0.053333
	0.72
	3.16
	7.4533
	14.093
	19.807
	21.727
	16.593
	9.7
	4.5133
	1.78
	0.36
	0.04
	0
	0
	0

	7km/h, ac=0.877
	0
	0.046667
	0.72667
	3.0733
	7.4333
	14.02
	19.8
	21.053
	16.833
	9.9333
	4.6533
	1.94
	0.43333
	0.046667
	0.0066667
	0
	0

	10km/h, ac=0.75718
	20
	1.7467
	6.6867
	14.453
	21.573
	22.973
	17.84
	9.48
	3.8333
	1.2533
	0.16
	0
	0
	0
	0
	0
	0

	10km/h, ac=0.75718
	10
	1.7467
	6.7067
	14.347
	21.553
	22.927
	17.967
	9.44
	3.9067
	1.2333
	0.17333
	0
	0
	0
	0
	0
	0

	10km/h, ac=0.75718
	5
	1.78
	6.6867
	14.2
	21.547
	22.787
	17.907
	9.7133
	3.9267
	1.2933
	0.15333
	0.0066667
	0
	0
	0
	0
	0

	10km/h, ac=0.75718
	0
	1.8333
	6.7
	13.987
	21.267
	22.653
	18.247
	9.7933
	3.9133
	1.42
	0.15333
	0.033333
	0
	0
	0
	0
	0

	15km/h, ac=0.49662
	20
	18.987
	27.16
	25.7
	17.253
	8.0267
	2.3933
	0.46667
	0.013333
	0
	0
	0
	0
	0
	0
	0
	0

	15km/h, ac=0.49662
	10
	18.953
	27.107
	25.687
	17.327
	7.9667
	2.4667
	0.47333
	0.02
	0
	0
	0
	0
	0
	0
	0
	0

	15km/h, ac=0.49662
	5
	18.987
	26.967
	25.84
	17.02
	8.26
	2.4267
	0.48667
	0.013333
	0
	0
	0
	0
	0
	0
	0
	0

	15km/h, ac=0.49662
	0
	18.907
	26.893
	25.573
	17.14
	8.32
	2.6267
	0.51333
	0.026667
	0
	0
	0
	0
	0
	0
	0
	0

	20km/h, ac=0.20305
	20
	45.76
	32.473
	16.14
	4.72
	0.84667
	0.06
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	20km/h, ac=0.20305
	10
	45.727
	32.347
	16.28
	4.7467
	0.84
	0.06
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	20km/h, ac=0.20305
	5
	45.66
	32.4
	16.193
	4.78
	0.89333
	0.073333
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	20km/h, ac=0.20305
	0
	45.233
	32.567
	16.347
	4.86
	0.90667
	0.086667
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
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TDL;{)-\, 100MHz BW, nl, 100ns delay spread, 10slot lag, 3kmph, ac=0.97681, 4-40 averaging simno = 1047933 1048027 1049617 1048028
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TDL(—S{)-\, 100MHz BW, nl, 100ns delay spread, 10slot lag, 2kmph, ac=0.98966, 4-40 averaging simno = 1047933 1048027 1049617 1048028
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TDL-A, 100MHz BW, 20 dB SNR, 100ns delay spread, 20dB SNR, 4 symbol lag, 4-40 averaging
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CDL-A, 100ns delay spread, 3.5GHz carrier frequency, 100MHz BW, TRS SR = 188, PDSCH SNR =18 d8.
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TDL-A, 100MHz BW, 20 dB SNR, 100ns delay spread, 20dB SNR, 1 slot lag, 4-40 averaging
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