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In RAN1#94bis, the following agreements were reached regarding the evaluation of the reference signal for RIM [1]:
· Clarify that 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.
· For fair comparison of evaluation results, more evaluations assumptions need to be aligned.
· Performance metrics are evaluated at reference SNR, the reference SNR is defined as follows: SNRref(dB)=P0(dBm)-N(dBm) where P0 is the reference receiver power and N is the noise power both within the length of 1 OFDM symbol.
· False alarm is defined based on detecting any sequences transmitted in the same time-frequency resource in the network with only AWGN input, i.e. only thermal noise is input to the receiver, and should be limited under [1]% over 2 symbols
· For simulation, the detector (window length and sliding granularity) should be consistent when calculating false alarm and detection probability
· For different detectors, the false alarm rate will be scaled proportionally over the detection duration 
· Clarify that the detection probability is defined as the probability of detecting a sequence in a detection window given that the sequence is present in the detection window, i.e,
Pd_k = Prob{sequence k is detected in a detection window | sequence k is present in the detection window}.
· For symbol-level detection, only sequences present in the detection window are counted for detection probability.  “Sequence k is present in the detection window” means that the power of at least one RS copy using sequence k captured in the detection window is no less than that captured in other detection windows
· For case 2-1, the metric is the minimum SNR required for one-shot detection with 90% detection probability under 1% false alarm requirement.
· For case 2-2A and 2-2B, the metric is the minimum SNR required for one-shot detection with [90]% detection probability under [1]% false alarm and [1]% error detection requirement.
· Add Case 2-2B as simulation case, and provide results under various number of copies per sequence to reflect the impact of number of gNBs that share the same set ID on detection probability.
· Case 2-2B (Multiple sequences and multiple RSs): The number of distinctive sequences received within the window is smaller than the number of RS copies. Multiple RSs copies may use the same sequence. Number of total RS sequences is more than 1.
· Add “Error detection probability”, which is defined as the detected sequence IDs do not match with the sequence IDs actually arrived within the detection window, as the other metric for RIM RS evaluation. 
· [bookmark: _GoBack]The metric is counted as follows: Pe=max_n{1,2,4}Perr,n, where Perr,n is the probability of detecting at least one sequence different from all the one(s) that actually arrived within the detection window, and n is the number of sequences arriving within the window. 
We provide in this contribution our evaluation results according to the RAN1#95 agreements.
Performance evaluation
Evaluation Cases
The received signal in a detection window is modelled by



where the channel impulse response hi(t) is a single path with random phase, i.e., , {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:𝑎𝑖=1} is the set of active reference signals. We remark that and that, in general, not all unique sequences need to be active and not all copies per unique sequence need to be active. Figure 1 shows an example of the received signal in a detection window.



[bookmark: _Ref525601835]Figure 1. RS arrival with respect to the detection window and active/inactive status.

The following cases have been agreed to be evaluated:
· 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)

Evaluation Metrics
There are three metrics for evaluation:
· The false alarm probability is defined based on detecting any sequences transmitted in the same time-frequency resource in the network with only AWGN input, i.e. only thermal noise is input to the receiver.
· The detection probability is defined as the probability of detecting a sequence in a detection window given that the sequence is present in the detection window.
· The error detection probability is defined as the detected sequence IDs do not match with the sequence IDs actually arrived within the detection window.
The exact definition of metrics in given in the appendix.
Simulation Assumptions
In RAN1#95, it was agreed that the performance metrics are evaluated at reference SNR where the reference SNR is defined as follows: SNRref(dB) = P0 (dBm) – N (dBm) where P0 is the reference receiver power and N is the noise power both within the length of 1 OFDM symbol. Table 1 and Table 2 summarize the simulation parameters used for the simulations.

[bookmark: _Ref525626644]Table 1. Simulation parameters.
	SCS
	30 kHz

	Simulation bandwidth
	20 MHz

	gNB MIMO configuration
	1T1R

	Frequency offset
	0 Hz

	RS sequence
	PN sequence defined in TS 38.211 Sec. 5.2.1. In Case 2-2A and Case 2-2B, different initializations cinit are used to generate multiple unique sequences.

	RS sequence length
	600

	Frequency pattern
	Consecutively mapped in frequency domain, i.e, no comb.

	Time pattern
	2 symbols (one CP + 2 repetitions)

	FFT size
	1024

	Channel model
	AWGN with random complex phase 

	Delay of received RS
	When one or multiple RSs arrive in the detection window, 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

	For the single RS case (Case 1), the power of the received RS is set to the reference power P0 and hence is not varying over time.
For multiple RS case (Cases 2-1, 2-2A and 2-2B), the power of the i-th
received RS Pi has a power offset with respect to the reference power P0, where the power offset is randomly selected from [-0.5 dB, 0.5 dB], i.e., 10 log10(Pi/P0) is uniformly distributed in [-0.5,0.5].

	Length of detection window
	1 symbol

	Detection algorithm
	Cross correlation with symbol-level sliding window

	Detection variable
	Correlation peak assuming the interference-plus-noise power is known at the receiver



[bookmark: _Ref525626655]Table 2. Parameters for the evaluation cases.
	Case
	Description
	Nu
	Nc
	Na

	Case 1
	Single unique sequence with a single copy
	1
	1
	1

	Case 2-1
	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]






Simulation Results
The threshold used for detection in all following simulation is chosen to meet a target false alarm probability (per detection window) of 0.5%.
Case 2-1
We observe in Figure 2 that the detection probability is improved by transmission of multiple copies of the same sequence. This implies that gNB grouping to share the same sequence is beneficial for improving the detection probability.

Observation 1: gNB grouping to share the same sequence is beneficial for improving the detection probability when there is a single unique sequence.
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(a) Delay is in [-Tsymbol, Tsymbol].
	
(b) Delay is in [-Tsymbol, 0].


[bookmark: _Ref525609429]Figure 2. Case 2-1: detection probability.

Case 2-2A
In Case 2-2A, where multiple unique sequences are allowed in the same time-frequency resource 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 in order to meet the false alarm and detection error requirements. We observe from Figure 3 that the detection probability deteriorates as the number of active sequences increases. We also observe that Figure 3(b) suffers loss in performance compared with Figure 3(a) because in Figure 3(b) all the sequences are fully spanning the detection window and the good cross-correlation properties are maintained.  Figure 4 shows that the overall detection error Pe decreases as the number of active sequences increases. This can be explained as follows: if there is Na active sequence, there are (Nu- Na) other sequences that can cause error. When the all sequences are active, the detection error probability is zero. Figure 4(b) shows how the average per-sequence detection error is kept flat over the range of SNR by proper choice of the detection threshold. By comparing Figure 4(a) and Figure 4(b), it is observed that Pe, = (# unique sequences - # active sequences) Pe,avg. In all scenarios, the detection error probability is < 1%.
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(a) Delay is in [-Tsymbol, Tsymbol].
	
(b) Delay is in [-Tsymbol, 0].


[bookmark: _Ref525609620]Figure 3. Case 2-2A: average detection probability.
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	(a) Average per-sequence detection error Pe,avg
	(b) Overall detection error Pe.


[bookmark: _Ref528916815]Figure 4. Case 2-2A: detection error probability.

Observation 2: When multiple unique sequences are allowed in the same time-frequency resource, the detection probability deteriorates as the number of active sequences increases.

Case 2-2B
In this case, there are multiple unique sequences and multiple copies per unique sequence. Figure 5 shows the detection probability deteriorates as the number of active reference signals increases. By comparing Figure 5 and Figure 3(b), we observe that increasing the number of copies does not necessarily improve the detection performance: transmitting 10 copies per sequence improves the detection probability if there are up to 4 active sequences whereas transmitting 10 copies per sequence degrades the detection probability if all 8 sequences are active. This can be explained as follows. On the one hand, multiple copies per sequence provide more opportunities to detect the sequence which makes detection easier. On the other hand, it also means that the undesired sequences would have higher interference power which makes the detection harder. The outcome of increasing the number of copies per sequence depends on which of the two mentioned effects dominates the other. Finally, Figure 6 shows that the detection error probability is < 1% in all scenarios.
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[bookmark: _Ref528918095]Figure 5. Case 2-2B: average detection probability.
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	(a) Average per-sequence detection error Pe,avg.
	(b) Overall detection error Pe.


[bookmark: _Ref528918215]Figure 6. Case 2-2B: detection error probability.
Observation 3: When multiple unique sequences are allowed in the same time-frequency resource, the detection probability may increase or decrease as the number of copies per sequences increases. For a given system, there could be an optimal value on the number of unique sequences and copies.
Conclusions
In this contribution, we provided evaluation results for RIM-RS in different scenarios using the metrics: detection probability, false alarm probability and detection error probability. Our observations and proposals are summarized by the following.
Observation 1: gNB grouping to share the same sequence is beneficial for improving the detection probability when there is a single unique sequence (Case 2-1).
Observation 2: When multiple unique sequences are allowed in the same time-frequency resource, the detection probability deteriorates as the number of active sequences increases (Case 2-2A).
Observation 3: When multiple unique sequences are allowed in the same time-frequency resource, the detection probability may increase or decrease as the number of copies sequences per increases (Case 2-2B). For a given system, there could be an optimal value on the number of unique sequences and copies. 


Multiple sequences and multiple copies per sequence shall be supported in RIM-RS.
The number of sequences allowed in the same time-frequency resource shall be configurable.
The number of copies per sequence shall be configurable.
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Appendix: Definitions of Evaluation Metrics
Let  be the (max) number of unique sequences in the network and  be the (random) set of active sequences, i.e., actually transmitted sequences.
False alarm probability
False alarm can be defined per sequence or as overall false alarm:
· The false alarm probability for sequence k is defined as

where  = , i.e., only thermal AWGN noise and   is the noise variance.
The average false alarm probability over all unique sequence is 

· The overall false alarm probability is defined as

It can be shown that

Detection probability
The detection probability of sequence k is defined as:

where  =  , i.e., sequences that partially spans the detection window are not expected to be detected.
· The average detection probability over all unique sequences

· The worst case detection probability over all unique sequences

Detection error probability
The detection error probability can be defined per sequence or as overall detection error.

Per-sequence detection error probability
The detection error probability of sequence k is defined as:

where  = , i.e.,

· The average detection error probability over all unique sequences

· The worst case detection error probability over all unique sequences


Overall detection error probability
A detection error occurs when at least one sequence is detected which different than all present (active) sequences, i.e., the error probability (over all unique sequences) is defined as

It can be shown that (see “upper bound” appendix)

If the bound is tight, then

Appendix: Upper Bound

An upper bound on the overall error probability, in terms of the average per-sequence error probability, is derived. The overall error probability 

can be equivalently expressed as

Then, by using the union bound, we have

We express  as

where

and therefore, we have

In conclusion, we have
.
2

oleObject1.bin

image2.wmf
0

}

{,,

auc

N

N

N

Î¼


oleObject2.bin

image3.emf
Detection Window

1 OFDM symbol

Δ

0

Δ

1

Δ

2

Δ

3

Δ

4

Δ

7

Δ

6

Beginning of detection window

Arriving time of RS

RS0 RS0

RS1 RS1

RS2 RS2

RS3 RS3

RS4 RS4

RS5 RS5

RS6 RS6

RS7 RS7

Inactive signals


Microsoft_Visio_Drawing1.vsdx
Detection Window
1 OFDM symbol
Δ0
Δ1
Δ2
Δ3
Δ4
Δ5
Δ7
Δ6
Beginning of detection window
Arriving time of RS
RS0
RS0
RS1
RS1
RS2
RS2
RS3
RS3
RS4
RS4
RS5
RS5
RS6
RS6
RS7
RS7
Inactive signals



image4.emf
-25 -20 -15 -10 -5 0 5

SNR (dB)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

P

d

,

a

v

g

SCS = 30 kHz, N

c

 = 10, N

u

 = 1

N

a

=1

N

a

=2

N

a

=5

N

a

=10


image5.emf
-25 -20 -15 -10 -5 0 5

SNR (dB)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

P

d

,

a

v

g

SCS = 30 kHz, N

c

 = 10, N

u

 = 1

N

a

=1

N

a

=2

N

a

=5

N

a

=10


image6.wmf
i

D


oleObject3.bin

oleObject4.bin

image7.emf
-25 -20 -15 -10 -5 0 5

SNR (dB)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

P

d

,

a

v

g

SCS = 30 kHz, N

c

 = 1, N

u

 = 8

N

a

=1

N

a

=2

N

a

=4

N

a

=8


image8.emf
-25 -20 -15 -10 -5 0 5

SNR (dB)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

P

d

,

a

v

g

SCS = 30 kHz, N

c

 = 1, N

u

 = 8

N

a

=1

N

a

=2

N

a

=4

N

a

=8


oleObject5.bin

oleObject6.bin

image9.emf
-25 -20 -15 -10 -5 0 5

SNR (dB)

10

-4

10

-3

10

-2

10

-1

10

0

P

e

,

a

v

g

SCS = 30 kHz, N

c

 = 1, N

u

 = 8

N

a

=1

N

a

=2

N

a

=4

N

a

=8


image10.emf
-25 -20 -15 -10 -5 0 5

SNR (dB)

10

-4

10

-3

10

-2

10

-1

10

0

P

e

SCS = 30 kHz, N

c

 = 1, N

u

 = 8

N

a

=1

N

a

=2

N

a

=4

N

a

=8


image11.emf
-25 -20 -15 -10 -5 0 5

SNR (dB)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

P

d

,

a

v

g

SCS = 30 kHz, N

c

 = 10, N

u

 = 8

N

a

=10*1

N

a

=10*2

N

a

=10*4

N

a

=10*8


image12.emf
-25 -20 -15 -10 -5 0 5

SNR (dB)

10

-4

10

-3

10

-2

10

-1

10

0

P

e

,

a

v

g

SCS = 30 kHz, N

c

 = 10, N

u

 = 8

N

a

=10*1

N

a

=10*2

N

a

=10*4

N

a

=10*8


image13.emf
-25 -20 -15 -10 -5 0 5

SNR (dB)

10

-4

10

-3

10

-2

10

-1

10

0

P

e

SCS = 30 kHz, N

c

 = 10, N

u

 = 8

N

a

=10*1

N

a

=10*2

N

a

=10*4

N

a

=10*8


image1.wmf
1

0

()()()()

i

i

N

N

uc

iii

i

yttst

a

zt

P

h

f

-

=

D

=-+

å

å


