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1   Introduction
In RAN1#94, RIM framework was discussed and four framework were identified for further study. One essential component of RIM frameworks is the RIM-RS. In our contribution [1], we discussed the requirements on the RIM RS to fulfill RIM frameworks.  In this contribution, we discuss the RIM-RS design and provide simulation results following the agreements in the Pre-RAN1#94bis email discussion [2].
2   RIM-RS Design

We discuss the reference sequence structure, time and frequency pattern, bandwidth, multiplexing and periodicity.

2.1   RIM-RS structure

Considering detection requirement of RIM-RS is similar to PRACH (i.e., receiver need to detect RIM-RSs with propagation delay difference up to ms), PRACH-like structure can be considered for RIM-RS, i.e. consists of CP, repeated sequence and GP. As the inter-gNB channel in RIM scenario is mostly a single path channel, normal CP is used, e.g., 4.7 µs for 15 kHz SCS. The sequence is repeated twice and the total length of the RS is two symbols. For a detection window of size equal to 1 symbol, this structure insures that there is at least one detection window at the receiver that is fully spanned by the RS regardless of the delay. The subcarrier spacing for RIM-RS can be either the same as DL SCS or using a fixed SCS independent of DL SCS.
Proposal 1: PRACH-like structure with two repetitions can be applied for RIM-RS.

2.2   RIM-RS length 
Considering gNBs may operate at different bandwidth and the minimum BW can be 5MHz, the RIM-RS could either designed to fit the minimum system bandwidth or designed to be configurable to accommodate different bandwidth scenarios. Longer sequence can be achieved by multiplexing in frequency domain multiple short sequences each fit into the minimum system bandwidth (i.e., 5MHz). 

Proposal 2: RIM-RS shall be applicable to gNBs with minimum system bandwidth. 
2.3   RS time and frequency resource
It was agreed in RAN1#94 [1-2] that, in the RIM study, the whole network with synchronized macro cells is assumed to have a common understanding on a DL transmission boundary (denoted as the 1st reference point) which indicates the ending boundary of the DL transmission. For the resource mapping of RIM-RS in time domain, we suggest to fix the RIM-RS location to be right before the common DL transmission boundary, i.e., the 1st reference point.  This provides a fixed time reference for estimating the propagation delay between the aggressor and the victim, and ultimately, estimating the number of semi-static UL symbols at the victim that suffer from remote interference because of the aggressor. In the frequency domain, RIM-RS can be mapped to consecutive subcarriers in the frequency domain. 
Proposal 3: Fix the RIM-RS time location to be right before the common DL transmission boundary. 
3   Performance evaluation

3.1   Evaluation Cases

The received signal in a detection window is modelled by
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where hi(t) is the channel impulse response (random phase, i.e., 
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 or TDL-E 30ns 22dB), {𝑠𝑗(𝑡):𝑗=1,…, 𝑁𝑢} is a set of 𝑁𝑢 unique reference signals that are derived from 𝑁𝑢 unique sequences, ai in {0,1} is the active/inactive status of an RS, 𝜙𝑖 in {1,…, Nu} is the unique ID of RS i. and z(t) is white Gaussian noise. We define 𝑁𝑎=|𝒜| where 𝒜={𝑖:𝑎_𝑖=1} is the set of active RS’s. We remark that 
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and that, in general, not all unique sequences need to be active and not all copies per unique sequence need to be active. Figure 2 shows an example of the received signal in a detection window.
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Figure 1. RS arrival with respect to the detection window and active/inactive status.

The received signal can be classified into the following cases, as shown in Figure 1:
· Case 1: Single RS

· Case 2-1: Multi-RS (multiple copies of the same sequence)

· Case 2-2A: Multi-RS (each RS is unique)

· Case 2-2B: Multi-RS (multiple unique sequences with possibly multiple copies per unique sequence)
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	(a) Case 1
	(b) Case 2-1
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Figure 2. Evaluation Cases

3.2   Sequence detection
The atmospheric ducting interference can occur up to 300 km away which means that a transmitted RS may take up to 1 ms to arrive at the receiver. Therefore, the receiver needs to monitor a window of 1 ms. For a detection window of size = 1 symbol, there are M (non-overlapping) detection windows in the monitoring window (M=14 for 15 kHz SCS and M=28 for 30 kHz SCS), e.g., as illustrated in Figure 3. Because of the PRACH-like structure of the RIM-RS, there is (at least) one detection window that captures the full sequence. Therefore, it is sufficient for the receiver to use symbol-level crosscorrelation, i.e., the detection window slides by one symbol rather than a sample-by-sample sliding window. The symbol-level crosscorrelation has a reduced complexity compared with traditional sample-level crosscorrelation algorithms as outlined below.
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Figure 3. Monitoring window.
Symbol-level crosscorrelation

· Uses FFT/multiplication/IFFT with an IFFT/FFT size that fits the number of samples in one detection window.

· The detection complexity per detection window = complexity of FFT + complexity of complex multiplication + complexity of IFFT. The complexity of N-point split-radix FFT/IFFT is 
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 real multiplications and additions. Therefore, the detection complexity per detection window = 
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 and the total detection complexity over the entire monitoring window =
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. For SCS = 30 kHz and 20 MHz bandwidth, we have N=1024 and M=28 giving a total complexity of 402 MOPS (million operations per second).
Sample-level time-domain crosscorrelation:
· The complexity over the entire monitoring window ≈ number of samples in the monitoring window x number of multiplications per sample shift 
· For SCS = 30 kHz and 20 MHz bandwidth, the complexity = (30720) * (6*1024) = 188744 MOPS.
Sample-level fast crosscorrelation:
· Using FFT/multiplication/IFFT with an IFFT/FFT size that fits the number of samples in the monitoring window
· For SCS = 30 kHz and 20 MHz bandwidth, the complexity over the entire monitoring window is equal to 
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with N = 32768 which yields 786 MOPS.
Observation 1: The PRACH-like structure of the RIM-RS enables detection at the receiver with reduced complexity.

3.3   Evaluation Metrics
3.3.1   Single unique sequence
The false alarm probability (per detection window) at threshold 𝛾 is
q𝐹𝐴 (𝛾) = ℙ{the sequence is detected | NO sequence is present in detection window}
More precisely, q𝐹𝐴 (𝛾)  = ℙ{the sequence is detected | 𝑁𝑎 = 0}. The detection probability (per detection window) at threshold 𝛾 is:
q𝑑 (𝛾) = ℙ{the sequence is detected | the sequence is present in the detection window}
where the sequence is considered to be “present in the detection window” if it is active. This definition would result in a pessimistic estimate of detection probability because it requires the RS to be detected even if it is partially falling in the detection window. The missed detection probability qMD = 1-q𝑑 (𝛾).
3.3.2   Multiple unique sequences
The false alarm probability is still defined as before. The detection probability of sequence k (per detection window) at threshold 𝛾 is defined as:
q𝑑,𝑘(𝛾) = ℙ{sequence 𝑘 is detected | sequence 𝑘 is present in the detection window}.
Then averaging over all unique sequences, we have the average detection probability
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The detection probability can be calculated conditioned on the event that the number of active RS’s 𝑁𝑎 = n:
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where q𝑑,𝑘(𝛾; n) = ℙ{sequence 𝑘 is detected | sequence 𝑘 is present AND number 𝑁𝑎 of active RS’s is n}. We remark that 
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3.4   Simulation Assumptions

The simulation parameters in Table 1 and Table 2 summarize the agreements in pre-RAN1#94bis email discussion [3], which are used for performance evaluation in this paper.
Table 1. Simulation parameters.
	SCS
	30 kHz, unless otherwise mentioned

	Simulation bandwidth
	Depends on sequence length and SCS. The maximum bandwidth is 20 MHz.

	gNB MIMO configuration
	1T1R

	Frequency offset
	0 Hz

	FFT size
	Depends on sequence length

	Length of detection window
	1 symbol

	Channel model
	Option1: AWGN with random complex phase 
Option2: TDL-E (K-factor = 22 dB DS = 30 ns, Doppler 0 Hz)

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

	Power of received RS


	The power offset Pi/P0 (dB) is uniformly distributed in [-0.5,0.5]


Table 2. Parameters for the evaluation cases.
	Case
	Description
	Nu
	Nc
	Na

	Case 1
	Single unique sequence
	1
	1
	1

	Case 2
	Single unique sequence with multiple copies
	1
	10
	10

	Case 2-2A
	Multiple unique sequences with a single copy per unique sequence
	8
	1
	[1,2,4,8]

	Case 2-2B
	Multiple unique sequence with multiple copies per unique sequence
	8
	10
	10*[1,2,4,8]


3.5   Simulation Results

The threshold used for detection in all following simulation is chosen to meet a target false alarm probability (per detection window) of 1%.
3.5.1   Case 1
Sequence type and length

We evaluate two types of sequences

· Zadoff-Chu sequence: different root indices are used to generate multiple unique sequences.
· Pseudo-Noise sequence (based on the PN sequence defined in TS 38.211 Sec. 5.2.1): different initializations cinit are used to generate multiple unique sequences.
We observe from Figure 3 that, for both sequence types, the detection probability of longer sequence is better than shorter sequence. For long sequence length, the detection probabilities of the both sequence types are similar. For short sequence length, the detection probability of the PN sequence is better than that of the ZC sequence over some SNR range.

Observation 2: For both PN sequence and ZC sequence, the detection probability of longer sequence is better than shorter sequence.
Observation 3: For short sequence length, the detection probability of the PN sequence is better than that of the ZC sequence over some SNR range.
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Figure 4. Case 1. Sequence type and length. Detection probability if RS partially falling in the detection window is required to be detected.
We remark, however, that if we require only the RS fully spanning the detection window to be detected, the detection probability of PN and ZC sequence is the same, as shown in Figure 4.
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Figure 5. Case 1. Sequence type and length. Detection probability if RS partially falling in the detection window is NOT  required to be detected.
Subcarrier spacing

We evaluated the performance for different subcarrier spacings (15 kHz and 30 kHz) under different channel models (random phase and TDL-E). We observe that, for both subcarrier spacings, the detection probability is slightly worse under TDL-E channel than the random phase channel, especially in the low SNR region. We also observe from Figure 5 that, the detection probability of 15 kHz SCS is similar to that of 30 kHz at any given SNR. Larger SCS is more resilient to carrier frequency offset and Doppler shift, but since the RS is transmitted between gNBs with negligible frequency offset and Doppler shift, the performance is not sensitive to SCS.
	
[image: image21]
	[image: image22.emf]-20 -15 -10 -5 0 5 10 15 20

SNR (dB)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

D

e

t

e

c

t

i

o

n

 

p

r

o

b

a

b

i

l

i

t

y

N

c

 = 1, N

u

 = 1

SCS=15kHz, TDL-E

SCS=15kHz, Random Phase

SCS=30kHz, TDL-E

SCS=30kHz, Random Phase



	(a) RS partially in the detection window is expected to be detected.
	(b) RS partially in the detection window is NOT expected to be detected.


Figure 6. Case 1. Different subcarrier spacing and channel model with PN sequence.
Observation 4: For the considered channel scenario in NR RIM, performance of RIM-RS is not sensitive to SCS.  
For the remaining simulation results, the channel is random phase, the subcarrier spacing is 30 kHz, the sequence type is PN and the sequence length is 512. The bandwidth of the RIM-RS is 512*30kHz = 15.36 MHz < 20 MHz.
3.5.2   Case 2-1

We observe in Figure 6 that the detection probability is improved when multiple copies of the same sequence are received. This implies that gNB grouping to share the same sequence is beneficial for improving the detection probability.
Observation 5: gNB grouping to share the same sequence is beneficial for improving the detection probability.
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	(a) RS partially in the detection window is expected to be detected.
	(b) RS partially in the detection window is NOT expected to be detected.


Figure 7. Case 2-1 with PN sequence.
3.5.3   Case 2-2A

In Case 2-2A, where multiple unique sequences are allowed in the network, we use a multi-RS detector that consists of multiple (parallel) correlators: one correlator for each unique sequence. The receiver always correlates the received signal against all candidate sequences in the network regardless of how many are actually active. To simplify the simulation, the receiver is assumed to be able to perfectly estimate the thermal noise power plus interference power from undesired sequences and to choose the detection threshold appropriately. The detection probability depends on number of active sequences as shown in Figure 7. We observe that the detection probability deteriorates as the number of active sequences increases.
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	(a) RS partially in the detection window is expected to be detected.
	(b) RS partially in the detection window is NOT expected to be detected.


Figure 8. Case 2-2A.
Observation 6: When multiple unique sequences are allowed in the network, the detection probability deteriorates as the number of active sequences increases.
3.5.4   Case 2-2B
In this case, there are multiple unique sequences and multiple copies per unique sequence. We observe from Figure 9 trends that combine our observations in Case 2-1 and Case 2-2A. Namely, the detection probability improves by increasing the number of RS copies allowed per unique sequence and deteriorates when more unique sequences are active. We remark that in this simulation, either the maximum number copies per a unique sequence are active or the unique sequence is not transmitted at all. For more realistic simulation, the number of active copies per unique sequence should be random.
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Figure 9. Case 2-2B. Detection probability if RS partially in the detection window is expected to be detected.
4   Conclusions

In this contribution, we discussed our views on the design of the reference signal for RIM and provided simulation results for RS evaluation. Our proposals and observations are summarized by the following.
Proposal 4: RS shall have PRACH-like structure with two repetitions.

Proposal 5: RS design shall support multiple sequence lengths to accommodate available bandwidth.

Proposal 6: RS shall be multiplexed in time domain, in frequency domain and in sequence domain (i.e., use multiple unique sequences).

Proposal 7: Fix the RIM-RS time location to be right before the common DL transmission boundary, i.e., the 1st reference point. 
Proposal 8: RIM-RS SCS is either the same as the DL SCS or a fixed SCS. 

Observation 1: The PRACH-like structure of the RIM-RS enables detection at the receiver with reduced complexity.
Observation 2: For both sequence types, the detection probability of longer sequence is better than shorter sequence.

Observation 3: For short sequence length, the detection probability of the PN sequence is better than that of the ZC sequence over some SNR range.

Observation 4: There is no benefit in using larger SCS for RS in terms of the detection probability because the frequency offset and the Doppler shift between two gNBs is negligible.

Observation 5: gNB grouping to share the same sequence is beneficial for improving the detection probability.

Observation 6: When multiple unique sequences are allowed in the network, the detection probability deteriorates as the number of active sequences increases.
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6   Appendix

	Symbol
	Meaning

	𝑁𝑢
	Max number of unique sequences

	𝑁c
	Max number of copies per unique sequence

	𝑁𝑎
	Number of active RS’s
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	Delay of RS i w.r.t. the beginning of the detection window

	Pi/P0 (dB)
	Power offset of RS i w.r.t RS 0
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	Index of  the unique sequence of RS i

	ai
	Active/inactive status of RS i

	𝛾
	Detection threshold

	PMD
	Missed detection probability over the entire monitoring window

	PFA
	False alarm probability over the entire monitoring window

	qMD
	Missed detection probability over one detection window

	qFA
	False alarm probability over one detection window

	M
	Number of detection windows in a monitoring window


7   Additional Simulation Results

This section includes addition results for Case 2-2A and Case 2-2B when the delay of each RS with respect to the start of the detection window is uniformly random in [-Tsymbol, 0].
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Figure 10. Case 2-2A. Delay 
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Figure 11. Case 2-2B. Delay
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