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1	Introduction
At RAN#80, a new study item on remote interference management for NR was approved, see [1].
The work started at RAN1#94 with agreements so far made listed in [2] and [3].
The purpose of this paper is to propose options for the RS design, discuss these options and propose a way forward.
For RI detection, there are several aspects that are important when considering the RS design:
-	The added complexity in the gNB (RX and TX)
-	The minimum SNR where RS should be detectable.
-	The ability to suppress interference from other gNB transmitting RSs with different sequences (processing gain)
-	The overhead cost
-	The allocation of RS REs in the OFDM time-frequency grid
-	The PAPR when transmitting the RS
-	The impact on existing UEs in the network shall be avoided
All these aspects, and possible others, must be considered to provide a good system solution.
It can be noted that a framework for RS transmission and identification is discussed in [5].
[bookmark: _Ref178064866]2	Discussion
2.1	RS for RI detection
To enable a reliable 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 to 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: ]
Figure 1: Asymmetric RI detection scenario (Scenario#2)
2.2	RS symbol pattern	
At RAN1#94 it was agreed that:
“The whole network with synchronized macro cells has a common understanding on a DL transmission boundary (denotes as the 1st reference point) which indicates the ending boundary of the DL transmission, and an UL reception boundary (denotes as the 2nd reference point) which denotes the starting boundary of the first allowed UL reception within a DL-UL transmission periodicity.”
The principle is shown in Figure 2.
[image: ]
[bookmark: _Ref525731562]Figure 2: Reference points of DL and UL transmission
Given the above agreement, it is advantageous to use the last symbol(s) allowed for DL transmission (i.e. the last symbols before the 1st reference point) for transmitting the RS for RI detection. If all RSs are mapped in the same way, the receiving node can easily understand the propagation delay under the assumption that nodes are synchronized. Compared to for example transmitting in the last DL symbols of each cell (where different cells can have different configurations in the special slot), the propagation cannot be derived without knowing the special slot configuration of the cell transmitting the RS.
[bookmark: _Toc525926727]The RS shall be mapped to the last symbols before the 1st reference point (maximum DL transmission boundary)
The option of re-using existing RS designs have been proposed. The available RS to consider are DMRS, CSI-RS and PSS/SSS (TRS is just an instance of the one-port CSI-RS). 
PSS/SSS is a poor option for RI detection as it may confuse UEs that are trying to performance initial synchronization to the system and should therefore be avoided.
[bookmark: _Toc525729343][bookmark: _Toc525926719]PSS/SSS is a poor option for RI detection as it may confuse UEs that are trying to performance initial synchronization, and therefore, PSS/SSS like signals should be avoided.
The DMRS is always associated with PDSCH transmission and is optimized for demodulation. DMRS type 1 is comb based with 2 CDM groups and has comb repetition factor equal to two (density 6). DMRS type 2 is non-comb based with 3 CDM groups. DMRS is currently not mapped to the last symbol of a slot.  As we will show below, the DMRS design does not offer any further advantages compared to the one port CSI-RS and can thus be ignored in the search for an RS suitable for RI detection. 
[bookmark: _Toc525926720]The DMRS design does not offer any further advantages compared to the one port CSI-RS and can thus be ignored in the search for an RS suitable for RI detection.  
A one-symbol RS can be obtained using the one-port CSI-RS, see description in 7.4.1.5 in [4]. The one-port CSI-RS can be mapped to any symbol in the slot with a flexible bandwidth. The density (number of CSI-RS REs per PRB per symbol) of the one-port CSI-RS can be varied as 12/(comb-repetition factor). Density 3, 1, and 0.5 are supported in NR Rel-15.  Thus, the one-port CSI-RS design is a decent candidate for RIM-RS and can be used as a starting point for the design. 
[bookmark: _Toc525729345][bookmark: _Toc525926721]The one-port CSI-RS design is a suitable candidate for RI detection that can be used as a starting point for the design
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 RS for RI detection should be possible to configure in a system operating with minimum system BW. Thus, the minimum bandwidth of the RIM-RS needs to be 20 PRBs. 
[bookmark: _Toc525926728]At least a RIM-RS bandwidth of 20 PRBs is supported.
Power boosting of the RS used for RI detection could potentially be useful to improve performance.  However, to enable the receiving gNB to assess the impact of the RI it is important that the receiving gNB is aware of the amount of boosting. To limit peer-to-peer communication between gNBs it is advantageous if potential boosting is implicated by the RS format. For instance, by the comb repetition factor used.  
[bookmark: _Toc525926729]Potential boosting of the RS for RI detection should be defined in such a way that the receiving base station can figure out boosting without the need of additional signaling.   
The single-RS scenario (Case 1) is evaluated in [7]. From these evaluations we draw the following conclusions; 
-	RS bandwidth and RS comb repetition factor does not matter for the single RS (case-1) performance if the energy is conserved, see also e.g. van Trees [6].  
However, it is also shown in the same paper that in the multi-RS case (Case 2-2A), processing gain is needed to suppress other sequences. Thus, for a system with only 20 PRBs bandwidth it is advantageous to use as many REs as possible to improve the probability of detection, i.e. increasing the density of the RS. Going from a RS density equal to three (one-port CSI-RS) to a density equal to 12, with fixed bandwidth, gives a 6 dB gain. Alternatively, the BW can be reduced by a factor of four, without negatively affecting performance if the density is increased with a factor of four (Figure 3). It should be noted that considering the low duty cycle expected of the RS, overhead is less of a concern, while maximizing processing gain is important.
[bookmark: _Toc525926722]Due to the low expected duty cycle of the RS, overhead is not a big concern
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[bookmark: _Ref525556700]Figure 3. Decreasing the BW while keeping the same processing gain/energy. Density 3 (top) with 4 PRBs BW and density 12 with 1 PRBs BW. 
[bookmark: _Toc525729348][bookmark: _Toc525926730]Consider using the one-port CSI-RS design with high density (=12) for detecting RI to enable efficient detection of RI in case of small system bandwidth
The possibility to use different comb repetition factors when designing the RS for RI detection does not bring any advantage when it comes to performance as shown in the evaluations presented in [7]. To limit the signaling it is advantageous to limit the number of configurations.
[bookmark: _Toc525926731]Consider only allowing density 12, or equivalently, comb repetition factor equal to one, for the RS used for detecting RI

The possibility to offset the CSI-RS in frequency is useful also for an RS used for RI detection. Such an offset could enable different RSs to be frequency multiplexed when the system bandwidth allows for it. 
[bookmark: _Toc525729349][bookmark: _Toc525926732]Consider allowing frequency multiplexing of the RS for RI detection by allowing the RS resource allocation to be configured with an offset in frequency.
One important aspect of RI detection is that the delay of the remote interference is unknown. This uncertainty forces the gNB to search for the RS at multiple time intervals. For optimal RS detection (maximum SNR), the search must start in the cyclic prefix (CP) of the RS. In NR, the normal CP is about 5% of the symbol length. Thus, for a timing uncertainty of 2 symbols, 2/0.05 = 40 different search occasions are needed to ensure optimal RS detection. More search occasions increase the complexity of the gNB receiver and hence it is desirable to keep the number of needed search occasions as low as possible. 
[bookmark: _Hlk525828257]A simple solution to this problem is to extend the CP of the RS from the normal CP length  to  where  is the OFDM symbol length disregarding the CP, similar to what is done for the 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, see Figure 4. In this way the symbol length is extended to cover almost two symbols. 

[image: ]
[bookmark: _Ref525547794]Figure 4 Extending the CP to allow for larger timing uncertainties

With this “super extended CP”, the effective CP length is thus   . One benefit with this super extended CP is that it is possible to re-use the output of the FFT used for PUSCH demodulation also for the RS used to detect RI. Thus, this solution has a significant benefit in that it saves complexity in the gNB. 
With this new “super extended CP”, the RS will occupy two symbols (n-1 and n) in the slot, see Figure 5.  Thus, we henceforth refer to it as the two-symbol RS.
[image: ]
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[bookmark: _Ref525557400]Figure 5. An example of an allocation of a two symbol RS with a super extended CP of length larger or equal to  in symbol n-1 and symbol n.

[bookmark: _Toc525729350][bookmark: _Toc525729351][bookmark: _Toc525926733]Consider using the one-port CSI-RS design with a super extended CP, of length to , extending into two symbols, for RI detection, to limit complexity impact on the gNB.
	
2.3 RI detection performance aspects
For determining what SNR to target for RIM detection it is useful to outline two scenarios:
1.	RIM detection without UL traffic in the cell
2.	RIM detection in presence of UL traffic in the cell.
It can further be assumed that N RSs, having different sequences, are received with an even distribution within the detection window.  
Both scenarios can be described by Figure 6. There is also an assumption that the sequences used have decently good autocorrelation and cross-correlation properties, which should anyway be a design target of the RS.
      [image: ]       
[bookmark: _Ref525923187]Figure 6: Schematic link budget for RIM detection

The RIM detector must achieve an SNR after the matched filter which is equal to dB. The parameter d is the square root of the SNR after the matched filter and it determines the probability of detection and the probability of false alarm that we want to achieve. In van Trees [6]  figure 2.9 page 39 it can be observed that d = 4 should be sufficient for achieving 90% probability of detection at 1 % probability of false alarm. The result is obtained by assuming knowledge of the variance of the interference. In our case we must estimate this variance and thus it is reasonable to assume that some margin is needed.  Comparing this analysis with evaluations for case-1 in [7], for comb-1 and 25 RB bandwidth we a detection probability of 90% at -12.1dB. With comb repetition factor one and 25 RBs bandwidth we have 300 REs, and thus the processing gain is . As can be observed in Figure 3 in [7], the 90% probability of detection is achieved at about -12.1 dB. Thus, the SNR after the matched filter can be calculated as 24.77-12.1 = 12.67 dB, which is close to the  that is given by theory. The small difference, can at least partly be explained by the estimation of the noise variance. 
Assume further that N RSs are received with the same energy RI and that they are evenly distributed in the detection window.  Based on d, x, and N, RI, and N0, we can calculate the needed processing gain as

As the processing gain is equal to the length of the sequence of the RS, or in other words the number of REs in the frequency domain per symbol, we can now use the equation above to understand what sequence lengths that are needed to achieve the desired performance. In Figure 7-9, the minimum sequence length is plotter versus the SNR for each RS, here denoted SNR(RI), for different values of X = {15, 0, -10} dB, varying N= 1, 2, 4,…128. 
[image: ]
Figure 7 The Minimum sequence needed to achieve 90% Pd and 1% Pf plotted versus SNR(RI) for different number of received RSs assuming a desired UL SNR of X= -30 dB. 
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Figure 8 The Minimum sequence needed to achieve 90% Pd and 1% Pf plotted versus SNR(RI) for different number of received RSs assuming a desired UL SNR of X=-6 dB.
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Figure 8 The Minimum sequence needed to achieve 90% Pd and 1% Pf plotted versus SNR(RI) for different number of received RSs assuming a desired UL SNR of X=0 dB.
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Figure 8 The Minimum sequence needed to achieve 90% Pd and 1% Pf plotted versus SNR(RI) for different number of received RSs assuming a desired UL SNR of X=10 dB.

It can be observed in figure 7-9 that the required processing gain is highly sensitive to the number of RS sequences received when the RI is received with high power. 
The model is compared with the LLS evaluations for Case-1 in [7]. The outcome is presented in table 1. It can be observed that for the one RS case (X is small and N = 1) there is a very good match in performance.  
[bookmark: _Ref525713379][bookmark: _Toc525926723]Table 1 Case 1: 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
	From LLS evaluations
	Predicted performance with the model using X= -30dB and N=1

	
	25 RBs
	50 RBs
	25 RBs
	50 RBs

	Comb-factor=1
	-12.1
	-15.1
	-12.7 dB (pg = 300)
	-15.7 dB(pg = 600)

	Comb-factor=2
	-9.1
	-12.1
	-9.7 dB (pg = 150)
	-12.7 dB (pg = 300)

	Comb-factor=4
	-6.1
	-9.1
	-6.7 dB (pg = 75)
	-9.7 dB (pg = 150)




[bookmark: _Toc525926724]The performance of RI detection can be predicted quite accurate using simple SNR calculations for the single-RS (case-1).

The model is also compared with the LLS evaluations for Case-2-2A in [7]. The outcome is presented in table 2. It can be observed that for the even for the multi-sequence case RS there is a very good match in performance.  


[bookmark: _Ref525913888]Table 2: Case 2-2A: SNR [dB] required at 90% probability of detection for 30 kHz SCS, comb-factor=1 for AWGN/TDL-E channels
	
	From LLS evaluations
	Predicted performance with the model using X= -30dB and M=n

	Nrof of sequences (n)
	25 RBs
	50 RBs
	25 RBs (pg = 300)
	50 RBs (pg = 600)

	1
	-12.1
	-15.1
	-12.7
	-15.7

	2
	-11.9
	-15.0
	-12.5
	-15.6

	4
	-11.4
	-14.7
	-12.0
	-15.4

	8
	-10.3
	-14.3
	-10,7
	-14.8

	16
	-6
	-13.1
	-5.7
	-13.5

	32
	-
	-9
	-
	-8.1





[bookmark: _Toc525926725]Processing gain is critical to the performance. To agree on the processing gain needed for RI detection it is important to first agree on the scenarios in terms of number of sequences to detect and the amount of UL traffic that should be supported simultaneously.
[bookmark: _Toc525926726]To agree on the processing gain needed for RI detection it is important to first agree on the scenarios in terms of the maximum number of RS expected at the receiver, that is N_seq * n, and the amount of UL traffic that should be supported simultaneously.
2.4 RS sequences
The sequence used for modulating the RS should support good auto correlation, and good cross correlation properties. Furthermore, the sequence should also provide good PAPR properties so that the implementation requirements of the gNB are unchanged. 
From the evaluations in [7] we conclude that the CSI-RS sequences used performs well in terms of probability of detection. From this we draw the conclusion that the pseudo-random sequence used for CSI-RS should be considered for the RS for RI detection. 
[bookmark: _Toc525926734]Consider using the pseudo-random sequence used for CSI-RS as the baseline for the RS design.
If power boosting is considered for the RS for RI detection, the PAPR properties should be assessed to avoid unnecessary complexity and cost in the gNB. Then alternative sequences such as Zadoff-Chu sequences could be considered.


[bookmark: _Hlk525828384]For a non-zero-power CSI-RS configured by the NZP-CSI-RS-Resource IE, the sequence 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 [4]. A pseudo-random sequence defined in clause 5.2.1 in [4] 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. Thus, the can be used to generate different sequences that can be used to, at least partly, identify the gNB, and distinguish it from other gNBs that transmits the RS for the purpose of RI detection.

[bookmark: _Toc525729352][bookmark: _Toc525926735]Consider using the pseudo-random sequence as defined for CSI-RS with different  to distinguish different RSs for RI detection as the baseline for the RS design. 
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	4/4	
Conclusion
In the previous sections we made the following observations: 
Observation 1	PSS/SSS is a poor option for RI detection as it may confuse UEs that are trying to performance initial synchronization, and therefore, PSS/SSS like signals should be avoided.
Observation 2	The DMRS design does not offer any further advantages compared to the one port CSI-RS and can thus be ignored in the search for an RS suitable for RI detection.
Observation 3	The one-port CSI-RS design is a suitable candidate for RI detection that can be used as a starting point for the design
Observation 4	Due to the low expected duty cycle of the RS, overhead is not a big concern
Table 1 Case 1: SNR [dB] required at 90% probability of detection for 15 kHz/30 kHz SCS for AWGN and TDL-E channels for different comb factors
Observation 5	The performance of RI detection can be predicted quite accurate using simple SNR calculations for the single-RS (case-1).
Observation 6	Processing gain is critical to the performance. To agree on the processing gain needed for RI detection it is important to first agree on the scenarios in terms of number of sequences to detect and the amount of UL traffic that should be supported simultaneously.
Observation 7	To agree on the processing gain needed for RI detection it is important to first agree on the scenarios in terms of the maximum number of RS expected at the receiver, that is N_seq * n, and the amount of UL traffic that should be supported simultaneously.


Based on the discussion in the previous sections we propose the following:
Proposal 1	The RS shall be mapped to the last symbols before the 1st reference point (maximum DL transmission boundary)
Proposal 2	At least a RIM-RS bandwidth of 20 PRBs is supported.
Proposal 3	Potential boosting of the RS for RI detection should be defined in such a way that the receiving base station can figure out boosting without the need of additional signaling.
Proposal 4	Consider using the one-port CSI-RS design with high density (=12) for detecting RI to enable efficient detection of RI in case of small system bandwidth
Proposal 5	Consider only allowing density 12, or equivalently, comb repetition factor equal to one, for the RS used for detecting RI
Proposal 6	Consider allowing frequency multiplexing of the RS for RI detection by allowing the RS resource allocation to be configured with an offset in frequency.
Proposal 7	Consider using the one-port CSI-RS design with a super extended CP, of length to , extending into two symbols, for RI detection, to limit complexity impact on the gNB.
Proposal 8	Consider using the pseudo-random sequence used for CSI-RS as the baseline for the RS design.

Proposal 9	Consider using the pseudo-random sequence as defined for CSI-RS with different  to distinguish different RSs for RI detection as the baseline for the RS design.
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