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1	Introduction
In RAN1# 94 agreements where made about evaluations of reference signals in the RIM-RS framework, see [2].
An email discussion after RAN1#94 was also assigned to finalize the additional simulation assumptions for RIM. The outcome of the email discussion is summarized and concluded in [1]. 
In this paper, we discuss remaining issues on evaluation methodology for RS simulations and present the evaluation results for Case 1, Case 2-1, Case 2-2A for AWGN and TDL-E channel. 
This paper is a revision of R1-1811436. The updates are highlighted in orange font.
2	Discussion
2.1	Remaining issues on evaluation methodology
Common assumptions for the RS evaluation have been agreed at RAN1#94, see [2], and in the email discussion following the meeting, see [1].
In this section, we bring up remaining issues to be determined for a complete set of simulation parameters.
2.1.1	Detection window 
The agreement at RAN1#94 was for companies to report their detection window size considering that different designs might make different assumptions on how to perform the RS detection. This was captured in the below agreement:
	Length of detection window Lsymbol: to be provided


There is however an associated agreement related to the RS delay in which the delay was taken based on the UL RS symbol numerology where the same notation, Lsymbol, is used to denote the RS delay. This causes confusion.
Hence it is proposed to simply state that the length of the detection window is to be provided, with a symbol Wdet, not relating it to Lsymbol.
[bookmark: _Toc526795415]Change the agreement from RAN1#94 related to detection window simulation assumption to: Length of detection window WdetLsymbol: to be provided
2.1.2	RS delay
Furthermore, the agreement on the RS delay is quoted below. From the assumption, it is not clear if the delay is to be applied in the single RS case or not (“When multiple RSs arrive ….”). The intention is however believed to be that the delay model is applied in both single and multi-RS scenarios.
	Delay of received RS: When multiple RSs arrive in the detection window, the arrival time of the i-th RS respect to the start of the detection window, △i , is uniformly distributed within [-Lsymbol, Lsymbol], where Lsymbol is the length of UL symbol based on the numerology of RS



[bookmark: _Toc526795416]Change the agreement from RAN1#94 related to RS delay model to: Delay of received RS: When multiple RSs arrive in the detection window, tThe arrival time of the i-th RS respect to the start of the detection window, △i , is uniformly distributed within [-Lsymbol, Lsymbol], where Lsymbol is the length of UL symbol based on the numerology of RS
2.1.3	RS power
Similarly, as for the delay, the RS power is only defined in the multi-RS case as of now:
	· Power of received RS: 
· Option1: Pi of multiple RSs have a power offset with respect to the reference power P0, where the power offset is randomly selected from [-0.5dB, 0.5dB]. 
·  Use option1 as starting point for evaluation, FFS other option(s), e.g., different power offset ranges

	For power of received RS, Option1(as in last RAN1 agreement): Pi of multiple RSs have a power offset with respect to the reference power P0, where the power offset is randomly selected from [-0.5dB, 0.5dB] is used as starting point for multiple RS evaluation. The SNR for each RS is defined based on P0.



It is proposed to clarify that the RS power does not vary in the single RS case and hence is set at P0.
[bookmark: _Toc526795417]The power of the received RS in case of single RS (Case 1) is set to the reference power P0 and hence is not varying over time.
2.1.2	Detection probability and false alarm
At RAN1#94, the following was agreed related to the performance metrics to be provided:
	· Simulation cases and related metrics
·  Case 1: Single RS + AWGN (mandatory)
· Metric: the minimum SNR where detection probability of [90%] and a false alarm requirement of [1%]
· FFS: successful detection time, e.g., one-shot.
·  Case 2: Multiple RS + AWGN (mandatory)
· Number of total RSs arrived within one detection window: FFS
· Number of base sequences arrived within the detection window: FFS
· Metric: FFS.



At the following email discussion, the following was agreed.
	For Case 1 single RS+AWGN, the metric is the minimum SNR required for one-shot detection with 90% detection probability and 1% false alarm requirement
False detection rate of RS is evaluated by only AWGN input to the receiver, i.e. modelling thermal noise, and should be no larger than 1% for all evaluation cases.



Hence, from these agreements, it is clear that false alarm of 1% applies to all cases, while the detection probability of 90 % is only applicable to the single RS case. It is believed that the assumption on detection probability from the single case, can be extended to the multi-RS case. Using a common baseline will also simplify comparisons between the different cases.
[bookmark: _Toc526795418]Apply a one-shot 90% detection probability for the multi-RS case (aligning the metrics between single-RS and multi-RS cases). As for the single-RS case, the metric is the minimum SNR required where detection probability and false alarm requirements are fulfilled
2.2	RS evaluation
In this section we discuss and compare RS detection for Case 1, Case 2-1, and Case 2-2A. Simulations were performed for both AWGN and TDL-E channels. For the evaluations we use an RS design similar to the one port CSI-RS with two modifications; 1) comb-factor 1 and 2 are also allowed, and 2) the CP is extended into the next symbol as discussed below. More details can be found in [3].
To handle large uncertainties in time we propose to extend the CP of the RS from  to  where  (similar design as for PRACH). This is done by simply copying the last part of the first OFDM symbol, ignoring the CP, and using that copy to extend the signal in length by adding it after the first OFDM symbol, as shown in Figure 1. In this way the symbol length is extended to cover almost two OFDM symbols. We henceforth refer to it as the two-symbol RS design. 
[image: ]
[bookmark: _Ref525547794]Figure 1: Extending the CP to allow for larger timing uncertainties


The sequences for a non-zero-power CSI-RS configured by the NZP-CSI-RS-Resource IE, shall be generated according to clause 7.4.1.5.2 and mapped to resource elements according to clause 7.4.1.5.3 in [5]. A pseudo-random sequence defined in clause 5.2.1 of [5] is used in the construction of the sequence. The resulting sequence varies over the radio frame as the slot index is used in the initialization.  Furthermore, sequences are also differentiated by initializing the pseudo-random sequence using the parameter  which equals the higher-layer parameter scramblingID. The parameter is used to generate different RS sequences that are be used to, at least partly, identify the gNB, and distinguish it from RSs belong to other gNBs.
2.2.1	Simulation assumptions
The evaluation setup is according to Table 1. 
[bookmark: _Ref525712635]Table 1: Simulation assumptions
	Simulation parameters

	SCS
	30 kHz / 15 kHz 

	Simulation bandwidth
	20 MHz

	gNB MIMO configuration
	1T1R 

	Frequency offset
	0 Hz

	Oversampling in receiver
	61.44 MHz (for 30 kHz SCS) / 30.72 MHz (for 15 kHz SCS)

	FFT size
	2048 

	Length of detection window Wdet
	Wdet  =  2*Lsymbol.

	Channel model
	AWGN with random complex phase 
TDL-E (K-factor = [22] dB, DS = [30] ns, Doppler [0] Hz)

	Delay of received RS
	The arrival time of the i-th RS respect to the start of the detection window, △i , is uniformly distributed within [-Lsymbol, Lsymbol], where Lsymbol is the length of UL symbol based on the numerology of RS. 

	Power of received RS

	For Case 1, constant P0
For Case 2-1 and Case 2-2A Option1: Pi of multiple RSs have a power offset with respect to the reference power P0, where the power offset is randomly selected from [-0.5dB, 0.5dB]. SNR is derived using P0. 

	Comb-factor
	1, 2, 4

	RS BW
	25 RBs, 50 RBs

	Sequence
	Pseudo random

	Length of RS sequence
	300 (for 25 RBs), 600 (for 50 RBs)



Comb-factor of 1, 2, and 4 were analyzed with RS bandwidth of 25 RBs and 50 RBs. 

In the evaluations the parameter is used to generate different RS sequences. For simplicity it is also assumed that the slot index used for initializing the pseudo-random sequence is set to zero for all slots. 
2.2.2	Detector description
The detection algorithm used in the evaluations below rely on estimating the variance of the noise plus interference to scale the threshold to obtain the desired probability of false alarm for all SNRs assuming the detection window of length Wdet. Noise variance is estimated using only REs (symbols and subcarriers) where the RS is mapped. Minor improvements are expected if more REs is used for estimating this variance.
All the simulations in this paper have performed with a detection window [-Lsymbol, Lsymbol] and the detector has been calibrated to achieve 1% probability of false-alarm. It is well known that increasing the threshold to decrease the probability of false-alarm decreases the probability of detection, and vice versa. Also, changing the detection window length changes the probability of false-alarm. For instance, decreasing the length of the detection window to Lsymbol, while fixing the threshold, halves the probability of false-alarm. 
It is important to have the same probability of false-alarm for the agreed detection problem when comparing probability of detection performance between companies. The detection problem states that all signal should arrive within [-Lsymbol, Lsymbol]. We have also agreed that the probability of false alarm should be calibrated to 1%. If different detection window sizes are used, even if the probability of false alarm are calibrated to 1%, it is difficult to compare performance in terms of probability of detection. 
1. [bookmark: _Toc526795403]It is important to have the same probability of false-alarm for the agreed detection problem when comparing probability of detection performance.
This problem can be avoided by taking the detection window into account when adjusting calibration of the probability of false alarm. For example, if we have 1% probability of false alarm with a detection window [-Lsymbol, Lsymbol]. Then, if a detection window of length Lsymbol is used, then effectively two detectors are needed to solve the detection problem, and consequently, the probability of each detector should be calibrated to 0.5% probability of false alarm to provide 1% total probability of false alarm.
[bookmark: _Toc526795404]If a detection window of length Lsymbol is used, then the probability of false alarm could be calibrated to 0.5 % to enable 1% probability of false-alarm for the agreed detection problem.  
2.2.3	Case 1: Single RS case
In Figure 2, 15 kHz SCS is used for different comb factor and different RS bandwidth for AWGN channel. 
Similarly, Figure 3, is for 30 kHz for different comb-factors for AWGN channel 
The results for the optional channel model TDL-E is shown in the Annex.

The RS sequence was chosen by setting the parameter= 1.
[image: ]
[bookmark: _Ref525910562]Figure 2: 15 kHz SCS and AWGN channel for different comb factors
[image: ]
[bookmark: _Ref525910592]Figure 3: 30 kHz SCS and AWGN channel for different comb factors
Solid and dashed lines represent simulations with a RS bandwidth of 25 and 50 RBs respectively.  The following observations can be made based on these figures
-	For low SNR (when noise is dominating) the probability of detection (Pd) approaches the probability of false detection (Fd). It can thus be observed that the probability of false alarm is slightly below 1% for this setup.
-	There is 3 dB gain in SNR for a fixed detection probability when going from comb-4 to comb-2 and 3 dB gain going from comb-2 to comb-1 This is proportional to the number of REs allocated to the RS This is expected as it is only the energy of the RS that matters for the single-RS case, see e.g. van Trees [4].
-	If we halve the RS BW and change from comb-4 to comb-2 the Pd performance is expected to be similar (considering the same number of REs are used for the RS). This is also observed in the figures. For example, in Figure 2, solid green (comb-4, RS BW of 50 RBs) and dashed red (comb-2, RS BW of 25 RBs) overlap. 
-	the probability of detection has no impact with respect to the SCS
It can be concluded that it is the number of resource elements (REs) that are used for RS BW that determines the performance and not the comb repetition factor. The same conclusion holds for 15 kHz SCS and TDL-E channel.
The detection probability for different comb factors and number of RBs is summarized in Table 2 without specifying SCS and channel model. 
[bookmark: _Ref525713379]Table 2: SNR [dB] required at 90% probability of detection for 15 kHz/30 Khz SCS for AWGN and TDL-E channels for different comb factors
	SNR [dB] @ 90% Prob. detection
	Case 1

	
	25 RBs
	50 RBs

	Comb-factor=1
	-12.1
	-15.1

	Comb-factor=2
	-9.1
	-12.1

	Comb-factor=4
	-6.1
	-9.1



[bookmark: _Toc526795405]There is no difference in probability of detection for 15 kHZ and 30 kHz SCS
[bookmark: _Toc526795406]There is no observable difference in performance for one path AWGN, and TDL-E based channel model.
[bookmark: _Toc526795407]For Case 1, it is the energy of the RS that determines the performance in terms of probability of detection and not the comb repetition factor nor the bandwidth of the allocation 
Since there is no difference in performance between 15 kHz and 30 kHz SCS, in the rest of the document, we provide results for 30 kHz SCS only. Also, since there is no impact on the comb repetition, we used comb 1 for the rest of the document. 
2.2.4	Case 2-1, Multi RS case
Case 2-1 is when all RSs received within the detection window correspond to the same sequence and the number of total RS base sequence is only 1, for comb-factor of 1 and 30 kHz SCS.  

As agreed in [1] for Case 2-1, the number of RS arrived within the detection window is N=10. The RSs were generated by setting the parameter= 1 for all RSs. Besides the agreed N=10, simulations were also performed with varying the number of sequences N between 1, 2, 4, 8, 10, 16 and 32  and the results are presented In Figure 4 and Figure 5 for RS bandwidth of 25 and 50. 
In the Annex, Case 2-1 is compared using AWGN and TDL-E. As for Case 1, it can be concluded that no performance difference exists.
[image: ] 
[bookmark: _Ref525810983]Figure 4: Probability of detection as a function of SNR for 30 kHz SCS, comb-factor of 1 and AWGN for Case 2-1 with N=1, 2, 4, 8
[image: ]
[bookmark: _Ref525810986]Figure 5: Probability of detection as a function of SNR for 30 kHz SCS, comb-factor of 1 and AWGN for Case 2-1 with N=10, 16, 32
A summary of SNR required for the 90% probability of detection is given in Table 3. 
[bookmark: _Ref525811088]Table 3: SNR [dB] required at 90% probability of detection for 30 KHz SCS, comb factor=1 for AWGN and TDL-E channels for different number of RS sequences
	SNR [dB] @ 90% Prob. detection
	Case 2-1
	Difference

	N
	25 RBs
	50 RBs
	

	1
	-12
	-15
	3

	2
	-13.2
	-16.2
	3

	4
	-14.1
	-17.2
	3.1

	8
	-14.8
	-18.2
	3.4

	10
	-14.9
	-18.5
	3.6

	16
	-14.9
	-19
	4.1

	32
	-14.3
	-19.5
	5.2



When the number of RSs is increased, the difference in SNRs for 90 % detection probability between 25 RBs and 50 RBs is increased, while the SNR required for 90% probability of detection is decreased.
[bookmark: _Toc526795408]For Case 2-1, as the number of RSs is increased, the difference in performance between 25 RBs and 50 RBs is increased. 
[bookmark: _Toc526795409]For Case 2-1, as the number of RSs is increased, SNR required for 90% Pd is decreased 
This improvement in performance is expected. As the number of RSs with the same (base) sequence is increased (with some variation in power and using a random phase), there is a higher probability of detecting of one of these sequences, and thereby lower SNR is required for the same probability of detection.
2.2.5 Case 2-2A, Multi RS case

The RS sequences was chosen by setting the parameter= {1,2,…,n}.
Evaluation results in terms of probability of detection for eight sequences can be found in Figure 6. Here we always transmit 8 different base sequences and we detect each one of the RS sequences and plot the result.  In the Annex, the same exercise has been performed with 32 sequences. 
[image: ]
[bookmark: _Ref525827003][bookmark: _Ref525827000]Figure 6: AWGN, comb repetition factor 1, 30 kHz SCS, eight sequences transmitted with unique nID = {1:8}, nID sequence nID = {1:8} used for detection
The following conclusions can be drawn from Figure 6 :
-	The probability of detection does not vary much depending on the sequence (nID). 
-	90% detection is achieved for all eight sequences at about -11 dB for an RS having 12* 25 = 300 REs and at about -14 dB for an RS having 50*12=600 REs in case of Nseq=8.
-	Compared to Figure 12 in Annex, the slope of 25 RBs is seriously degraded with Nseq = 32 compared to Nseq=8 
[bookmark: _Toc526795410]For Case 2-2A, with N_seq=8 or 32, the probability of detection does not vary much depending on the sequence (NID)	
It is clear that the sequence NID does not matter. Therefore, in the rest of the section, we change the number of RS sequences transmitted in the network and measure the probability of detection using only one of the RS sequences. 
In Figure 7, we change the number of sequences within the detection window (n) to analyze the impact of ‘n’ on the probability of detection. 
The performance of TDL-E is shown in the Annex.
 [image: ]
[bookmark: _Ref525747651]Figure 7: AWGN channel 30 kHz SCS with different number of sequences within the detection window for different RS BW
From Figure 7, we can conclude the following
-	Similar to Case 1 and Case 2-1, AWGN and TDL-E have same performance. 
-	For a fixed probability of detection, as the number of RS sequences are increased, the difference between the SNRs obtained in 25 RBs and 50 RBs is increased. 
[bookmark: _Ref525913888]Table 4: SNR [dB] required at 90% probability of detection for 30 kHz SCS, comb-factor=1 for AWGN/TDL-E channels for Case 2-2A
	Total number of sequences used in the network
(N_seq)
	Number of sequences arriving within the window
(n)
	25 RBs
	50 RBs
	Difference

	8
	1
	-12.1
	-15.1
	3

	
	2
	-11.9
	-15.0
	3.1

	
	4
	-11.4
	-14.7
	3.3

	
	8
	-10.3
	-14.3
	4

	16
	16
	-6
	-13.1
	7.1

	32
	32
	-
	-9
	-



From Figure 7, Table 4 (and Figure 12 and Figure 13 from Annex), we can conclude the following:
-	It is number of sequences that degrades the performances and not the sequences themselves. 
-	As the number of sequences is increased, higher processing gain is needed to maintain the performance as we increase the number of RS sequences. 
· For a fixed probability of detection, as the number of RS are increased, the difference between the SNRs obtained in 25 RBs and 50 RBs is increased.

[bookmark: _Toc526795411]For Case 2-2A, it is number of sequences that degrades the performances and not the sequences themselves 
[bookmark: _Toc526795412]For Case 2-2A, higher processing gain is needed to maintain the performance as we increase the number of RS sequences.
[bookmark: _Toc525914113][bookmark: _Toc525914847][bookmark: _Toc526795413]For Case 2-2A, for a fixed probability of detection, as the number of RS are increased, the difference between the SNRs obtained in 25 RBs and 50 RBs is increased.  
2.2.5 Case 2-2B, Multi RS case

The RS sequences was chosen by setting the parameter= {1,2,…,n}.
Evaluation results in terms of probability of detection for eight sequences can be found in Figure 8. Here, the total number of sequences used in the network is 8 and the number of total RSs arriving within one detection window is chosen to be 10*n, where n= {1,2,4,8}. We detect each one of the RS sequences and plot the result. A summary of the SNRs for the worst case of each set is shown in Table 5 .
[image: ]
[bookmark: _Ref526518409]Figure 8: Pd as a function of SNR for AWGN channel 30 kHz SCS for case 2-2B with different number of sequences within the detection window for different RS BW (Pe for n = 8 not plotted as it is always zero) 

[bookmark: _Ref526518566]Table 5: SNR [dB] required at 90% probability of detection for 30 kHz SCS, comb-factor=1 for AWGN/TDL-E channels for Case 2-2B 
	Total number of sequences used in the network
(N_seq)
	Number of sequences arriving within the window
(n)
	Number of total RSs arriving within one detection window (10*n)
	50 RBs

	8
	1
	10
	-18.4

	
	2
	20
	-18.1

	
	4
	40
	-16.6

	
	8
	80
	[-12.6, -9.5]



From Figure 8 and Table 5, it can be observed that for n=1, 2, 4, the probability of detection does not vary between sequences that are present in the detection window. For n=8, the probability of detection varies between sequences, the spread, in SNR between sequences at Pd = 90%, is approximately 3 dB. 
Interference between the RSs, and the cross-correlation between sequences, starts to play a role when the number of sequences is increased. The performance, in terms of the SNR where the probability of detection equals 90%, is summarized in Table 5.
Pe equals the probability of false alarm and is calculated for those sequences that are not present in the detection window. It can be observed that Pe is very similar for all sequences and n = {1,2,4} and close to 1% almost independently of SNR (there is only a very small increase in probability of false-alarm with SNR).
[bookmark: _Toc526795414]For Case 2-2B, as the number of sequences is increased, the probability of detection varies between the sequences as the interference between the RSs and the cross-correlation between sequences starts to play a role.  
3 	Conclusion
In the previous sections we made the following observations: 
Observation 1	It is important to have the same probability of false-alarm for the agreed detection problem when comparing probability of detection performance.
Observation 2	If a detection window of length Lsymbol is used, then the probability of false alarm could be calibrated to 0.5 % to enable 1% probability of false-alarm for the agreed detection problem.
Observation 3	There is no difference in probability of detection for 15 kHZ and 30 kHz SCS
Observation 4	There is no observable difference in performance for one path AWGN, and TDL-E based channel model.
Observation 5	For Case 1, it is the energy of the RS that determines the performance in terms of probability of detection and not the comb repetition factor nor the bandwidth of the allocation
Observation 6	For Case 2-1, as the number of RSs is increased, the difference in performance between 25 RBs and 50 RBs is increased.
Observation 7	For Case 2-1, as the number of RSs is increased, SNR required for 90% Pd is decreased
Observation 8	For Case 2-2A, with N_seq=8 or 32, the probability of detection does not vary much depending on the sequence (NID)
Observation 9	For Case 2-2A, it is number of sequences that degrades the performances and not the sequences themselves
Observation 10	For Case 2-2A, higher processing gain is needed to maintain the performance as we increase the number of RS sequences.
Observation 11	For Case 2-2A, for a fixed probability of detection, as the number of RS are increased, the difference between the SNRs obtained in 25 RBs and 50 RBs is increased.
Observation 12	For Case 2-2B, as the number of sequences is increased, the probability of detection varies between the sequences as the interference between the RSs and the cross-correlation between sequences starts to play a role.
Based on the discussion in the previous sections we propose the following:
Proposal 1	Change the agreement from RAN1#94 related to detection window simulation assumption to: Length of detection window WdetLsymbol: to be provided
Proposal 2	Change the agreement from RAN1#94 related to RS delay model to: Delay of received RS: When multiple RSs arrive in the detection window, tThe arrival time of the i-th RS respect to the start of the detection window, △i , is uniformly distributed within [-Lsymbol, Lsymbol], where Lsymbol is the length of UL symbol based on the numerology of RS
Proposal 3	The power of the received RS in case of single RS (Case 1) is set to the reference power P0 and hence is not varying over time.
Proposal 4	Apply a one-shot 90% detection probability for the multi-RS case (aligning the metrics between single-RS and multi-RS cases). As for the single-RS case, the metric is the minimum SNR required where detection probability and false alarm requirements are fulfilled
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Annex A
A.1	Case 1
[image: ]
Figure 9: 15 kHz SCS and TDL-E channel for different comb factors
[image: ]
Figure 10 30 kHz SCS and TDL-E channel
A.2	Case 2-1
The probability of detection for AWGN and TDL-E for different RS BW is shown in Figure 12. 
[image: ]
Figure 11 Probability of detection as a function of SNR for 30 kHz SCS, comb-factor of 1 and AWGN/TDL-E for Case 2-1 with N=10
The following can be concluded:
-	There is no impact in performance for AWGN and TDL-E channel models (similar to what we have observed in Case 1)
-	There is 3 dB difference in performance when going from 50 RBs to 25 RBs for RS BW as was observed also for Case 1
A.3	Case 2-2A
In Figure 12, we use 32 sequences instead of 8 sequences as in Figure 6 to analyze if there is an impact on the performance when increasing the number of base sequences. 
[image: ]
[bookmark: _Ref525913126]Figure 12: AWGN Comb repetition factor 1, 30 kHz SCS, 32 sequences transmitted with unique NID = {1:32}, NID sequence NID = {1:32} used for detection.
[image: ]
[bookmark: _Ref525913930]Figure 13: TDL-E channel, 30 kHz SCS with different number of sequences within the detection window for different RS BW
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