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Introduction
Study item on remote interference management for NR was approved in RAN#80 meeting. In RAN1#94 meeting, mechanism for remote interference management was discussed, and three RIM frameworks were agreed as starting point for further study, with framework 0 as basis for comparison. Framework 0 has already been deployed in commercial TD-LTE network.
It was also agreed that both symmetric and asymmetric scenarios (Scenario#1 and Scenario#2) shall be considered for RIM study:
Agreements:
· In terms of the IoT (interference over thermal) increase between two sets of gNBs causing remote interference to each other, two scenarios should be considered for NR-RIM,
1. Scenario #1: IoT increases are detectable by one or more gNBs in both sets,
2. Scenario #2: IoT increase is detectable by one or more gNBs in only one set.
In this contribution we provide our views on the identification of strong gNB interferers, especially on the design of reference signal for identifying remote interference and/or gNB interferers. Preliminary evaluation results are also provided in this contribution.
Considerations on reference signal design

Resources of the reference signal
The reference signal shall be transmitted in downlink resources for the victim or aggressor to detect the remote interference. It should be as close to the GP as possible giving the receiver the best opportunity to detect the signal in the GP or uplink symbols.

Proposal 1:
The reference signal shall be transmitted in the last downlink OFDM symbols before GP.

Information carried by the reference signal
The receiver needs to perform blind detection of the reference signal to obtain identity information of the transmitter (if necessary). The information can be carried by the sequence of reference signal or by time/frequency position of the reference signal, or both. For example, the SFN of radio frame in which the reference signal is transmitted can be used to encode part of the information. By this way, one gNB can only send its reference signal in a subset of the radio frames. Depending how much information is encoded in the SFN, the periodicity of the reference signal may be made enlarged. 
Another example is to use the center frequency of the reference signal to encode part of the information. But requiring the receiver to search for multiple frequency locations will increase the computational complexity of gNB. 
If the information is solely encoded in the sequence of the reference signal, the number of sequences that the receiver needs to detect blindly would be very large making it difficult to implement in real network. As reference signal may arrive at the receiver at any time in an OFDM symbol, the receiver may need to search for the reference signal sample by sample. This incurs huge computational burden to the gNB, especially when there are heavy uplink traffic.

Proposal 2:
The number of reference signals shall be minimized to limit the detection complexity at receiver side. 

Detection performance
Though the remote interference is strong enough to deteriorate uplink transmission, it is the contribution of a large number of gNBs. Considering reference signal sent by one particular gNB, the receiving SINR at the victim gNB could be very low. The receiver shall be able to reliably detect the reference signal at low SINR.
Proposal 3:
The reference signal shall meet a minimum requirement of detection probability at given SNR and false alarm rate.

Complexity
As the reference signals will arrive at the receiver asynchronously, the receiver needs to search for both the signal and the time domain position of the signal. This imposes significant complexity on the receiver. It is desirable that the reference signal can be detected with low complexity algorithm.
 
Proposal 4:
The detection complexity of the reference signal shall be considered.

Overhead
Sending the reference signal brings additional overhead to the system as those resources cannot be used for downlink transmission. The overhead is determined by periodicity and bandwidth of the reference signal. The number of OFDM symbols occupied by the reference signal also relates to the overhead. If more than one OFDM symbols are used to transmit the signal, the coverage of the reference signal can be extended, but with higher overhead. Another benefit of multiple OFDM symbols transmission is that it simplifies the detection of the reference signal as illustrated in section 3.

Proposal 5:
The design shall consider tradeoff between overhead, coverage, and detection complexity.

Bandwidth
Frequency position of the reference signal – center frequency and bandwidth shall be aligned between gNBs.

The reference signal is neither usable by UE for demodulation nor CSI measurement. It is a dedicated reference signal for RIM and shall impose minimum impact to UE.  
Proposal 6:
The reference signal shall be dedicated for RIM operation and the impact to UE shall be minimized.
Preliminary evaluation results of reference signal
In this section, we provide preliminary evaluation results for reference signal design. In order to avoid sample-by-sample search at the receiver, two consecutive OFDM symbols are used to transmit the reference signal. The structure of the reference signal is shown in Figure 1. The first OFDM symbol is a normal OFDM symbol with cyclic prefix. The second OFDM symbol has a cyclic postfix. That is, a number of samples from the beginning are copied to the end of the OFDM symbol. By transmitting in this way, any segment with length of an OFDM symbol is a cyclically shifted version of the reference signal.
The length of the detection window is one OFDM symbol. The receiver only needs to search the reference signal symbol by symbol rather than sample by sample. The reason is that there is at least one detection window (OFDM symbol) covering a complete copy of the reference signal (maybe cyclically shifted) regardless the arrival timing of the reference signal.  


Figure 1: Illustration of reference signal and detection window
Gold sequence specified in 3GPP TS 38.211 is used. Initialization value is randomly chosen within [0, 2^31-1]. If multiple sequences are used, multiple different initialization values are randomly chosen. Length of the sequence is 511. In frequency domain, the sequence is mapped to consecutive subcarriers in the center of the system bandwidth.
The length of detection Lsymbol = 1. The arrival time of the received RS with respect to the start of the detection window is uniformly distributed within [-Lsymbol , 0]. For RS arrives within [0, Lsymbol], it would be detected in the next detection window. 
The other simulation parameters are summarized in Table I.
Table I: Simulation assumptions
	Parameters
	Assumptions/Explanation

	SCS
	30kHz

	Simulation bandwidth
	20MHz

	gNB MIMO configuration
	1T1R

	Frequency offset
	0Hz

	FFT size
	1024

	Length of detection window Lsymbol
	1

	Channel model
	AWGN

	Delay of received RS
	[-Lsymbol , 0]



Case 1
For case 1, there are Nseq = 1 sequence in the network. Only one copy of the sequence (RS) falls within the detection window. Figure 2 shows the detection probability given different SNR value. The minimum SNR required to achieve 90% detection probability is -14.4dB. False alarm rate is below 1% as shown in Figure 3.
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Figure 2: Detection probability of Case 1
[image: ]
Figure 3: False alarm rate of Case 1
Case 2-1
Case 2-1 is similar to case 1. A single sequence is transmitted in the network. Ten copies of the sequences fall within the detection window.
Figure 4 shows the detection probability given different SNR values. The minimum SNR required to achieve 90% detection probability is -17.55dB. False alarm rate is below 1% as shown in Figure 5.
Comparing case 1 and case 2-1, it can be seen that more RS of the same sequences in the detection window is beneficial in improving the detection probability. Table II presents detection probability when more RS arrive in the detection window. It can be seen that N = 20 achieves the best detection performance. More than 20 RS does not further improve the detection performance. 
[image: ]
Figure 4: Detection probability of Case 2-1
[image: ]
Figure 5: False alarm rate of Case 2-1

Table II: Detection probability of Case 2-1
	
	Number of total RS arriving within the window

	N
	10
	20
	30
	40
	50
	60
	70
	80
	90
	100

	Detection probability
	90.38%
	93.76%
	91.00%
	88.94%
	87.82%
	87.17%
	87.40%
	87.90%
	87.65%
	86.68%



Case 2-2A
For case 2-2A, there are Nseq = 8 sequences in the network. Each RS that falls within the detection window corresponds to a different sequence. The number of sequences within the detection window n = 1, 2,…, 8. In each drop of the simulation, the n sequences within the detection window are randomly selected from the Nseq = 8 sequences.  SNR is -14.4 dB in the simulation.
The detection probability of sequence k is defined as:
Pd,k = prob{sequence k is detected in the detection window | sequence k is present the detection window}.
Table III shows the detection probability of each sequence given different number of sequences in the window. As the number of transmitted sequences increases from 1 to 8, the detection probability decreases from around 90% to around 75%. The average and worst case detection probability across all sequences are also show in the Table. According to the results, they do not show much difference.
The detection error of sequence k is defined as: 
Pe,k = prob{sequence k is detected in the detection window | sequence k is NOT present the detection window}.
Table IV shows the detection error of each sequence given different number of sequences in the window. The detection error is around 1% for all sequences all number of sequences in the window. There are three options to define the overall detection error:
· Option 1: Perr,K is the probability of detecting a different sequence than all the one(s) that actually arrived within the detection window, where K is the number of actually arrived sequences.  
· Option 2-1: Average detection error among all sequences  Perr,K = (Pe,1 +…+ Pe,K)/K.
· Option 2-2: Worst case among all the sequences, Perr,K = max (Pe,1 , Pe,2, …, Pe,K).
The overall detection errors of all three options are also show in Table IV. From the results, Option 2-1 and Option 2-2 do not show much difference.
Table III: Detection probability of Case 2-2A
	Detection Probability ( Pd,k)
	Number of transmitted sequence (n)

	
	1
	2
	3
	4
	5
	6
	7
	8

	Sequence index
	1
	90.32%
	88.00%
	86.69%
	84.48%
	82.35%
	79.18%
	77.26%
	75.56%

	
	2
	91.16%
	87.38%
	86.47%
	83.71%
	81.93%
	79.53%
	77.44%
	74.60%

	
	3
	89.60%
	87.67%
	85.68%
	83.78%
	81.81%
	79.05%
	77.72%
	74.89%

	
	4
	89.88%
	88.71%
	86.23%
	83.25%
	82.59%
	79.62%
	77.58%
	74.71%

	
	5
	90.41%
	88.89%
	86.48%
	83.99%
	82.17%
	79.70%
	76.77%
	74.64%

	
	6
	89.43%
	89.23%
	86.77%
	84.83%
	81.83%
	79.38%
	77.13%
	75.43%

	
	7
	89.98%
	87.87%
	86.76%
	84.69%
	81.86%
	79.92%
	78.54%
	74.04%

	
	8
	88.98%
	88.75%
	86.57%
	84.05%
	82.72%
	79.26%
	76.81%
	75.10%

	Average detection probability
	89.97%
	88.31%
	86.46%
	84.10%
	82.16%
	79.46%
	77.41%
	74.87%

	Worst case detection probability
	88.98%
	87.38%
	85.68%
	83.25%
	81.81%
	79.05%
	76.77%
	74.04%



Table IV: Detection error of Case 2-2A
	Detection error (Pe,k)
	Number of transmitted sequence (n)

	
	1
	2
	3
	4
	5
	6
	7
	8

	Sequence index
	1
	0.79%
	1.01%
	0.92%
	1.05%
	0.81%
	1.02%
	0.78%
	NA

	
	2
	0.97%
	0.77%
	1.16%
	1.04%
	0.69%
	0.91%
	0.99%
	NA

	
	3
	0.85%
	0.94%
	0.99%
	1.16%
	0.77%
	1.08%
	1.34%
	NA

	
	4
	0.81%
	1.01%
	0.96%
	0.85%
	0.95%
	1.04%
	0.81%
	NA

	
	5
	0.89%
	0.84%
	1.09%
	0.85%
	0.83%
	1.14%
	0.78%
	NA

	
	6
	0.72%
	0.80%
	0.83%
	0.91%
	0.95%
	0.80%
	0.71%
	NA

	
	7
	0.96%
	0.97%
	0.79%
	0.84%
	1.00%
	0.84%
	0.96%
	NA

	
	8
	0.98%
	0.77%
	0.81%
	0.71%
	0.96%
	1.08%
	0.75%
	NA

	Option 1 (Perr,K)
	6.40%
	5.53%
	4.47%
	3.46%
	2.65%
	2.10%
	0.96%
	0%

	Option 2-1 (Perr,K)
	0.87%
	0.89%
	0.94%
	0.93%
	0.87%
	0.99%
	0.89%
	NA

	Option 2-2 (Perr,K)
	0.98%
	1.01%
	1.16%
	1.16%
	1.00%
	1.14%
	1.34%
	NA



Case 2-2B
For case 2-2B, there are Nseq = 8 sequences in the network. The number of sequences within the detection window n = 1, 2,…, 8. Ten RS corresponds to a sequence are present in the detection window with different delay if the sequence is within the window. In each drop of the simulation, the n sequences within the detection window are randomly selected from the Nseq = 8 sequences. SNR is -17.55 dB in the simulation.
Table V shows the detection probability of each sequence given different number of sequences in the window. As the number of transmitted sequences increase from 1 to 8, the detection probability decrease from around 90% to around 22%. The average and worst case detection probability across all sequences are also show in the Table.  From the results, they do not show much difference.
Table VI shows the detection error of each sequence given different number of sequences in the window. The detection error is around 1% for all sequences all number of transmitted sequences. Overall detection errors according to the three options are also given in the table. For Case 2-2B, Option 2-1 and Option 2-2 do not show much difference either.
Table V: Detection probability of Case 2-2B
	Detection Probability ( Pd,k)
	Number of transmitted sequence (n)

	
	1
	2
	3
	4
	5
	6
	7
	8

	Sequence index
	1
	90.67%
	78.03%
	62.99%
	51.44%
	41.17%
	33.76%
	27.37%
	22.46%

	
	2
	90.44%
	78.81%
	64.74%
	52.91%
	41.28%
	33.89%
	27.42%
	21.95%

	
	3
	89.87%
	77.96%
	65.20%
	51.02%
	41.88%
	33.25%
	27.25%
	23.31%

	
	4
	89.46%
	76.74%
	62.43%
	52.78%
	42.44%
	33.29%
	27.86%
	22.71%

	
	5
	90.34%
	77.93%
	63.13%
	51.53%
	41.03%
	33.35%
	27.24%
	22.06%

	
	6
	90.52%
	77.61%
	64.45%
	52.72%
	40.99%
	33.72%
	27.60%
	23.03%

	
	7
	90.91%
	77.88%
	63.97%
	51.46%
	40.61%
	33.13%
	28.46%
	22.72%

	
	8
	89.38%
	76.65%
	61.79%
	51.09%
	42.00%
	34.03%
	27.82%
	23.41%

	Average detection probability
	90.20%
	77.70%
	63.59%
	51.87%
	41.43%
	33.55%
	27.63%
	22.71%

	Worst case detection probability
	89.38%
	76.65%
	61.79%
	51.02%
	40.61%
	33.13%
	27.24%
	21.95%



Table VI: Detection error of Case 2-2B
	Detection error (Pe,k)
	Number of transmitted sequence (n)

	
	1
	2
	3
	4
	5
	6
	7
	8

	Sequence index
	1
	1.03%
	0.91%
	1.00%
	1.06%
	0.72%
	0.71%
	0.93%
	NA

	
	2
	0.79%
	0.85%
	0.83%
	0.88%
	0.87%
	1.06%
	0.79%
	NA

	
	3
	0.86%
	1.06%
	1.05%
	0.79%
	0.57%
	0.90%
	0.62%
	NA

	
	4
	0.82%
	0.67%
	1.15%
	0.73%
	0.80%
	0.96%
	0.64%
	NA

	
	5
	0.77%
	1.00%
	0.74%
	0.89%
	0.98%
	0.90%
	0.48%
	NA

	
	6
	0.84%
	0.87%
	0.76%
	0.79%
	1.19%
	0.80%
	1.05%
	NA

	
	7
	0.72%
	0.89%
	0.94%
	0.86%
	0.85%
	0.71%
	1.56%
	NA

	
	8
	0.92%
	0.77%
	0.86%
	1.01%
	0.71%
	0.91%
	0.56%
	NA

	Option 1 (Perr,K)
	6.20%
	5.11%
	4.59%
	3.23%
	2.63%
	1.84%
	0.92%
	0%

	Option 2-1 (Perr,K)
	0.84%
	0.88%
	0.92%
	0.88%
	0.84%
	0.87%
	0.83%
	NA

	Option 2-2 (Perr,K)
	1.03%
	1.06%
	1.15%
	1.06%
	1.19%
	1.06%
	1.56%
	NA



Conclusion
In this contribution we provide our views on the design of reference signal for identifying remote interference and/or gNB interferers. Preliminary evaluation results are also provided in this contribution. The proposals are summarized below:
Proposal 1:
The reference signal shall be transmitted in the last downlink OFDM symbols before GP.
Proposal 2:
The number of reference signals shall be minimized to limit the detection complexity at receiver side.  
Proposal 3:
The reference signal shall meet a minimum requirement of detection probability at given SNR and false alarm rate.
Proposal 4:
The detection complexity of the reference signal shall be considered.
Proposal 5:
The design shall consider tradeoff between overhead, coverage, and detection complexity.
Proposal 6:
The reference signal shall be dedicated for RIM operation and the impact to UE shall be minimized.
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