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1	Introduction
In TSG RAN WG1 #94bis [8] multiple agreements were made relating to the RS design. In this contribution, we address many of the open issues regarding the RIM-RS design. In particular, we investigate the impact of choosing a comb repetition factor larger than one, and the implications of using a one symbol RIM-RS instead of a two symbol RIM-RS. 
We also discuss RS sequences with the aim to illustrate that it is easy to find many good sequences for maintaining good detection performance and low probability of error.
[bookmark: _Ref178064866]2	Discussion
2.1	RS for RI detection
To enable a robust RIM framework, relying on a correct detection of the RS is essential. This is true both for the symmetric scenario (Scenario#1) and the asymmetric scenario (Scenario#2). In case of Scenario#2, the aggressor will not be able to detect the remote interference (the interference is present but not strong enough to be detected). However, the RS still need to be detected for any adaptive framework to work. Hence, the processing gain of the RS need to be substantial to rise above thermal and be detected at the aggressor.
To assist in the RS design, the following principles have also been agreed:
-	The detection of the RS should be limited in complexity
-	The overhead should be minimized
-	The impact on existing UEs in the network shall be avoided
[image: ]
[bookmark: _Ref528907230]Figure 1. Asymmetric RI detection scenario (Scenario#2).
2.2	RS symbol mapping
At RAN1#94b it was agreed that:
Agreements:
-	Transmission position of RIM RS-1 in framework 1 and RS in framework 2 is fixed in the last X symbols before the DL transmission boundary, i.e., the ending boundary of the transmitted RIM-RS aligns with the 1st reference point
-	X is the number of symbols that RIM RS(s) are mapped to.
-	FFS for transmission position of RS-2 in framework 1
The transmission position for RS-2 in FW-1 is not used in the same way as RS-1 since the receiver would not have to determine the number of symbols to mute from the received timing of the RS (as for RS-1). Still, it is believed that the estimation of the propagation delay also in the case of victim reception is of interest for network diagnostics. Furthermore, the timing reception of the same RS over time would be predicable if mapped to the same symbol position for all gNBs. It should however be noted that from a specification point of view, it is expected that the network can configure the symbol position of the RS, and hence, the actual position of RS-2 can be up to network implementation.
[bookmark: _Toc528941431]It is helpful for propagation delay estimation and detection purposes to know the position of RS-2
[bookmark: _Toc528941432]In the specification, the symbol whereon to map the RS is expected to be configurable by OAM
[bookmark: _Toc528941440]Assume in the SI, that RS-2 for FW-1 is mapped in the same way as RS-1, i.e. aligning with the DL transmission boundary at the 1st reference point
2.3 	RS symbol pattern
In NR, the minimum system BW is limited by the BW of the PSS/SSS which is 20 PRBs. Since such deployments with narrow spectrum allocations are possible, the RIM-RS should be possible to configure in a system operating with the minimum system BW. Thus, the RIM-RS need to perform well with a 20 PRB bandwidth. 
[bookmark: _Toc528941441]At least a RIM-RS bandwidth of 20 PRBs is supported.
The probability of detection of one sequence in AWGN (case-1) for a bandwidth of 20 PRBs (valid for both 15kHz and 30 kHz SCS) for different comb repetition factors {1,2,4} are plotted in Figure 2. Power boosting is applied to even out the EPRE differences related to configuration of comb repetition factor; for comb repetition factor equal to two the RIM-RS EPRE is boosted 3 dB and for comb repetition factor equal to four the RIM-RS EPRE is boosted 6dB, so that the same total power in the time domain is used for all cases. It can be observed that the detection performance is very similar for all comb repetition factors simulated. 
[image: ]
[bookmark: _Ref528907343][bookmark: _Ref528915476]Figure 2. The probability of detection of one sequence in AWGN performance (case-1) for 20 PRBs for different comb repetition factors {1,2,4}.

Figure 3 shows the probability of detection of one sequence when receiving eight different base sequences (case_2_2a with n = , M=1, and [0.5dB,0.5dB] power variation) with different comb repetition factors {1,2,4} and RIM-RS bandwidth of 20 PRBs. In this case, the performance differences are significant; comb repetition factor four does not reach 45% and comb repetition factor two does not reach above 92% at 10 dB SNR, while comb repetition factor one reaches 100% probability of detection already at -2dB. The reason for this is that processing gain matters whenever there are interfering sequences to suppress; comb repetition factor one has two times higher processing gain than comb repletion factor two and four times higher processing gain that comb repetition factor four.
[image: ]
[bookmark: _Ref528915511]Figure 3. The probability of detection of one sequence when receiving eight different base sequences (case 2-2a with n = 8 and M=1) with 20 PRB bandwidth and different comb repetition factors {1,2,4}.
[bookmark: _Toc528930346][bookmark: _Toc528930347][bookmark: _Toc528941433]There is no performance benefit with using a comb repetition factor larger than one for the RIM-RS. For 20 PRB bandwidth, increasing the comb repetition factor limits the much-needed processing gain of the RIM-RS, and severely degrades performance. 
[bookmark: _Toc528930365][bookmark: _Toc528941442]Consider only density 12, or equivalently, comb repetition factor 1, for the RIM-RS
The RIM SI scope is limited to FR1. The sub-carrier spacings specified for FR1 are 15kHz and 30 kHz (60kHz is also allowed by 38.211 but it is not likely to be used as it is out of scope for RAN4). Thus, it is sufficient to consider sub-carrier spacing of 15 and 30 kHz. 
[bookmark: _Toc528941443]The RIM RS sub-carrier spacing should be configurable, with a candidate set equal to {15kHz, 30kHz}
In the RAN1#94bis meeting it was agreed that:
Agreements:
· The following requirements are at least considered in the RIM RS design
· The RIM RS should be distinguished from existing RSs used for other purposes, by resource configurations and/or RS sequence design.
· The RIM RS should be well designed to handle large path delay
Agreements:
· Time-domain circular characteristics should be satisfied for NR-RIM design. The following alternatives are used for further evaluation.
· Alt 1: 1 symbol RS using existing CSI-RS with comb-like structure in frequency-domain; 
· Comb factor = 2 and 4;
· Alt 2: 2 symbol RS, where two copies of the RS sequence are concatenated and one CP is attached at the beginning the concatenated sequences; 
· Alt 3: 2 symbol RS, where the CP is separately added to the front of each OFDM symbol, but in frequency domain, the RIM-RS in different OFDM symbols need to be multiplied with different linear phase rotation factors.
Note that Alt 2 and Alt 3 may be identical in terms of performance. It is claimed that Alt 3 can use the same FFT as PDSCH generation. Under proper CP design, Alt 2 can also use the same FFT as PDSCH generation.

Alt 1 is simply the one-port CSI-RS with the addition that comb repetition factor 2 should be allowed (comb repetition factor 4, 12 and 24 are already supported by CSI-RS in Rel. 15). With this solution the Cyclic Prefix (CP) length would be very short and can only handle very small path delays of around 5% of the OFDM symbols length . One important aspect of RI detection is that the path delay of the remote interference is unknown. This uncertainty forces the gNB to search for the RS in time. For optimal RS detection, the receiver can handle a timing uncertainty when placing the OFDM window corresponding to the cyclic prefix (CP). In NR, the normal CP is about 5% of the symbol length. Thus, for a timing uncertainty of two symbols, 2/0.05 = 40 different delay hypotheses are needed for optimal RS detection. With the RIM-RS Alt 2/3 (PRACH like) the CP is extended to    and the two-symbol uncertainty can be handled optimally with 2 hypotheses. The complexity of the receiver scales linearly with the number of hypotheses and thus it would then imply that Alt 2/3 RIM-RS is significantly more efficient w.r.t. receiver complexity. 
[bookmark: _Toc528930350][bookmark: _Toc528930351][bookmark: _Toc528930352][bookmark: _Toc528930353][bookmark: _Toc528930354][bookmark: _Toc528930355][bookmark: _Toc528941434]RIM-RS Alt 1 (1 symbol RS using existing CSI-RS with comb-like structure in frequency-domain) implies significantly more complex RIM-RS detector compared to RIM-RS Alt 2/3 (2 symbol RS) to handle the timing uncertainty. Thus, RIM-RS Alt 1 is not aligned with the RAN1# 94bis agreement that “The RIM RS should be well designed to handle large path delay” considering also that keeping receiver complexity low is one of our design criteria
Let us compare the performance between RIM-RS Alt 1 and RIM-RS Alt 2/3 in a scenario with 2 symbol timing uncertainty while fixing the receiver complexity; both receivers, for Alt1 and Alt 2, are limited to two hypotheses.  This is the optimal configuration for Alt 2/3 while it limits the performance of Alt1 (40 hypothesis needed for optimal performance). The result of that comparison with one sequence in AWGN (case-1) is shown in Figure 4. The difference in performance at Pd=90% is found to be almost 10 dB, where Alt2 outperforms Alt1. If more sequences where transmitted (case 2-2a) even larger difference is expected due to the difference in comb repetition factor, compare with results shown in Figure 3.
[image: ]
[bookmark: _Ref528907954]Figure 4. Comparison between Alt 1 and Alt 2/3 in AWGN (case 1) with 50 PRBs bandwith varying the comb repetion factor.

[bookmark: _Toc528941435]RIM-RS Alt 1 (1 symbol RS using existing CSI-RS with comb-like structure in frequency-domain) has significantly worse performance compared to Alt 2 and Alt 3 when limiting the complexity of the RIM-RS receiver to that of Alt 2/3.
A potential drawback with the RIM-RS Alt 2/3 is that the RIM-RS occupies 2 symbols instead of one. However, it should be noted that the low duty cycle expected for RIM-RS and the fact that the RIM-RS is only transmitted when atmospheric duct is expected, and/or experienced, the overhead of the RIM-RS is less of a concern.  
[bookmark: _Toc528941436]Due to that the RIM-RS only is transmitted when ducting is expected and its low expected duty cycle, and the fact that the RIM-RS is only transmitted when atmospheric duct is expected, and/or experienced, the overhead of the RIM-RS is less of a concern.
Finally, as noted above that it has been agreed in RAN194bis that “The RIM RS should be distinguished from existing RSs used for other purposes, by resource configurations and/or RS sequence design.”. 

[bookmark: _Toc528941437][bookmark: _Toc525729350][bookmark: _Hlk525828257]RIM-RS Alt 1 (1 symbol RS using existing CSI-RS with comb-like structure in frequency-domain) does not comply to the RAN1# 94bis agreement that “The RIM RS should be distinguished from existing RSs used for other purposes, by resource configurations and/or RS sequence design.”  in that equals the CSI-RS by design and can be configured in the same resources as CSI-RS. 
RIM-RS Alt 2 is described in Figure 5. Two symbol RS, where two copies of the RS sequence are concatenated, and one CP is attached at the beginning the concatenated sequences. RIM-RS Alt 3 is described in Figure 6.

[image: ]
[bookmark: _Ref528908311]Figure 5. The one symbol Alt 1 and the two symbol Alt 2 where two copies of the RS sequence are concatenated, and one CP is attached at the beginning the concatenated sequences.
[image: ]
[bookmark: _Ref528908363]Figure 6. Alt 3: 2 symbol RS, where the CP is separately added to the front of each OFDM symbol, but in frequency domain, the RIM-RS in different OFDM symbols need to be multiplied with different linear phase rotation factors.
[bookmark: _Toc528930360][bookmark: _Toc528941438]RIM-RS Alt 2 and Alt 3 results almost identical reference signals, the only difference is that Alt 3 will have a slightly longer efficient CP.
RIM-RS Alt 2 has a CP of length  and Alt3 has a CP of length However, RS Alt 2 already has a CP that is long enough to enable alignment with the OFDM window used for, e.g.  PUSCH processing. Complexity-wise Alt 2 and Alt 3 are similar when considering signal generation and the detectors, with a small difference in how the second symbols time domain signal is generated.  The larger effective CP of Alt 3 could potentially be used to be further reduce the sensitivity for timing uncertainties. However, since the difference is so small the difference is neglectable both in complexity and performance.
[bookmark: _Toc528941439]RIM-RS Alt 2 and Alt 3 are very similar in design and performance.
[bookmark: _Toc528930368][bookmark: _Toc528941444]Consider only the 2 symbol RS design with an efficient CP of at least length  for RIM-RS to distinguish it from existing RSs used for other purposes (by resource configurations and/or RS sequence design) and for it to be well designed to handle large path delay”. 	
2.4 	RS sequences
In RAN1#94bis it was agreed that
Agreement:
· The pseudo-random sequence (length-31 Gold sequence) specified in NR is adopted as the RIM RS sequence

The pseudo-random sequence (length-31 Gold sequence) in NR  is defined by


where the pseudo-random sequence  is generated by a length-31 Gold sequence generator, defined by


where  and the first m-sequence  shall be initialized with. The initialization of the second m-sequence, ), is denoted by  with the value depending on the application of the sequence.
Different sequences are distinguished by different initialization  and the sequence lengths. To ensure good detection performance the set of sequences  should be chosen to have good cyclic cross correlation properties in the time domain (ideal cyclic auto correlation in the time domain is guaranteed by design). 

When performing the evaluations for detection performance [9], we noticed that the choice of sequences primarily affected the Pe at high SNR. Based on this we decided to use sequences that do not introduce a systematic increase in Pe for high SNR. Examples of such sequences of length L = 50*12 = 600, and for   is found in Table 1. From the experience from searching for sequences with good correlation properties it can be concluded that it is easy to find good sequences, at least for . 

The usage of OCC in the frequency domain has been discussed in RAN1#94bis to further improve the cross-correlation properties and improve performance in the presence of interfering sequences (case 2-2a and case 2-2b). Applying OCC in the frequency domain would be equivalent to selecting a different RS sequences, as also elaborated upon in [9]. As mentioned above, it has been agreed in RAN1#94bis what RS sequences to use for RIM-RS, and thus, significant benefits with improved cross correlations properties must be proven and comparison should be done using good sequences with the current decision on sequence generation as the baseline. Also, potential impact on receiver complexity must be assessed.

[bookmark: _Ref528681159]Table 1: Examples of sequences with good enough cross correlation properties (length L = 600)
	
	 (L= 600)
	Max relative time domain  cyclic correlation 

	8
	281, 305, 517, 610, 657, 802, 845, 872
	0.1195

	16
	60, 75, 96, 153, 176, 201, 245, 261, 263, 315, 330, 357, 401, 433, 450, 538
	0.1458

	32
	60, 75, 96, 153, 176, 201, 245, 261, 263, 315, 330, 357, 401, 433, 450, 538, 550, 569, 580, 796, 799, 819, 870, 876, 885, 900, 915, 930, 939, 974, 998, 1001
	0.1534



Conclusion
In the previous sections we made the following observations: 
Observation 1	It is helpful for propagation delay estimation and detection purposes to know the position of RS-2
Observation 2	In the specification, the symbol whereon to map the RS is expected to be configurable by OAM
Observation 3	There is no performance benefit with using a comb repetition factor larger than one for the RIM-RS. For 20 PRB bandwidth, increasing the comb repetition factor limits the much-needed processing gain of the RIM-RS, and severely degrades performance.
Observation 4	RIM-RS Alt 1 (1 symbol RS using existing CSI-RS with comb-like structure in frequency-domain) implies significantly more complex RIM-RS detector compared to RIM-RS Alt 2/3 (2 symbol RS) to handle the timing uncertainty. Thus, RIM-RS Alt 1 is not aligned with the RAN1# 94bis agreement that “The RIM RS should be well designed to handle large path delay” considering also that keeping receiver complexity low is one of our design criteria
Observation 5	RIM-RS Alt 1 (1 symbol RS using existing CSI-RS with comb-like structure in frequency-domain) has significantly worse performance compared to Alt 2 and Alt 3 when limiting the complexity of the RIM-RS receiver to that of Alt 2/3.
Observation 6	Due to that the RIM-RS only is transmitted when ducting is expected and its low expected duty cycle, and the fact that the RIM-RS is only transmitted when atmospheric duct is expected, and/or experienced, the overhead of the RIM-RS is less of a concern.
Observation 7	RIM-RS Alt 1 (1 symbol RS using existing CSI-RS with comb-like structure in frequency-domain) does not comply to the RAN1# 94bis agreement that “The RIM RS should be distinguished from existing RSs used for other purposes, by resource configurations and/or RS sequence design.”  in that equals the CSI-RS by design and can be configured in the same resources as CSI-RS.
Observation 8	RIM-RS Alt 2 and Alt 3 results almost identical reference signals, the only difference is that Alt 3 will have a slightly longer efficient CP.
Observation 9	RIM-RS Alt 2 and Alt 3 are very similar in design and performance.


Based on the discussion in the previous sections we propose the following:
Proposal 1	Assume in the SI, that RS-2 for FW-1 is mapped in the same way as RS-1, i.e. aligning with the DL transmission boundary at the 1st reference point
Proposal 2	At least a RIM-RS bandwidth of 20 PRBs is supported.
Proposal 3	Consider only density 12, or equivalently, comb repetition factor 1, for the RIM-RS
Proposal 4	The RIM RS sub-carrier spacing should be configurable, with a candidate set equal to {15kHz, 30kHz}
Proposal 5	Consider only the 2 symbol RS design with an efficient CP of at least length  for RIM-RS to distinguish it from existing RSs used for other purposes (by resource configurations and/or RS sequence design) and for it to be well designed to handle large path delay”.
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