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1 Introduction
The document provides a summary of the evaluation results on TSN reliability, latency and synchronization based on the contributions submitted to agenda item 7.2.6.4. This is in response to the RAN2 LS in [1], and the agreed evaluation methodology and assumptions are listed in the Appendix for reference. Some observations based on the evaluation results are proposed for further discussion.
2 Summary
2.1 Achievable reliability
	Contribution [ZTE, R1-1900156]

· Link level simulation (LLS)

· PDCCH performance
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Figure-1: Link Performance of PDCCH
· PUSCH/PDSCH performance
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Figure-2: Link Performance of PUSCH
· System level simulation (SLS)
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Figure-3: CDF of geometry SINR for factory automation
Observation 2:
·  Rel-15 NR PUSCH/PDSCH (with payload size = 50 Bytes @ MCS=2) can meet the reliability requirement of 99.9999% at 4 GHz.
·  Rel-15 NR PDCCH (with DCI payload size = 40 bits and AL= 16 CCEs) can meet the reliability requirement of 99.9999% at 4 GHz.


	Contribution [Ericsson, R1-1900180]
· System level simulation (SLS):
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Figure 1: DL and UL geometry for Case I according to TR 22.804
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Figure 2: DL and UL geometry for Case I according to TS 22.104

· Link level simulation (LLS):

· For PDCCH:
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Figure 3: PDCCH BLER for different AL
· For data channels:
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Figure 4: PDSCH/PUSCH BLER (single transmission) for different MCSs

Observation 1 With the system level simulation assumption in Table A-1 for factory automation, the 1%-tile DL and UL SINR according to the Case I scenario in TR 22.804 are -0.07dB and -0.75 dB, respectively. 
Observation 2 With the system level simulation assumption in Table A-1 for factory automation, the 1%-tile DL and UL SINR according to the Case I scenario in TS 22.104 are 0.72 dB and 0.06 dB, respectively. 


	Contribution [Intel, R1-1900500]
· System level simulation (SLS):
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Figure 1- DL SINR geometry for agreed TSN setting
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Figure 2- UL SINR geometry and corresponding TX power distribution for agreed TSN setting - Under 40 PRB @ 15 kHz SCS there is no power limitation to achieve at least 15 dB SNR

Observation 2: 

· For the deployment assumptions agreed at RAN1 #95, the reliability targets of 10-4 or 10-6 residual BLER can be comfortably achieved even when subject to the 0.5 ms latency budget, implying one-shot Tx/Rx.


	Contribution [NOKIA, R1-1900156]
Assume 4-symbol TTI with 30 kHz SCS. With payload size of 50 bytes (the closest TBS being 408 bits), assuming the first symbol being used as DMRS. 
·  System level simulation (SLS)
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Figure 2.2-1 DL and UL SINR distribution from full-buffer system-level simulation

· Link level simulation (LLS)
[image: image14.png]BLER

10°

10~

10°

10°

1TU2020, 30khz, 4GHz, 106RBs TDL-D 30ns, 3km/h, 1TTX1RX

PDCCH AL16, 1os
Data mcs3t3

&

SNR [dB]




Figure 2.2-2 Link level performance for PDCCH and PDSCH/PUSCH with CP-OFDM.

Observation 2: The reliability requirement of 1e-4 can be satisfied with the latency target of 0.5 ms for use case I with the agreed methodology and assumptions.


	Contribution [Samsung, R1-1901072]

[image: image15]
Figure 3. BLER for PUSCH
Observation #4: 0.5ms latency and 10-6 reliability can be achieved for PUSCH/PDSCH with 50 bytes.  


	Contribution [Huawei, R1-1901252]

Observation 2: The evaluations show that the 1e-6 reliability target can be achieved under the cases of 30kHz SCS, which can guarantee the 0.5ms latency.

….

The other point is that PDCP duplication is not always available for practical network deployment such as single carrier case. This is also the RAN1 conclusion drawn in #94bis meeting [3] as shown below:
Conclusion:

· PDCP duplication is not evaluated in RAN1 in this study item. 

· PDCP duplication is not always available/applicable. 

· Rel-15 higher layer mechanisms PDCP duplication may be applicable for improving reliability.
Proposal 1: The RAN1 conclusion that PDCP duplication is not always available/applicable should be included in the LS reply.



Overall, the evaluation results on reliability of different companies can be summarized as:
Observation:

· The reliability target of 1e-4 to 1e-6 can be achieved with Rel-15 NR for use case I with the agreed methodology and assumptions. It is RAN1 conclusion that PDCP duplication is not always available/applicable.
2.2 Achievable latency
	Contribution [ZTE, R1-1900156]

Table-1: Downlink UP latency in FDD
15k SCS
30k SCS
60k SCS
PDSCH duration
2OS
4OS
7OS
2OS
4OS
7OS
2OS
4OS
7OS
gNB processing(PDCCH/PDSCH preparation)
2.5
2.5
2.5
2.75
2.75
2.75
5.5
5.5
5.5
PDCCH alignment
0.57
0.93
2
0.57
0.93
2
0.57
0.93
2
PDCCH duration(overlap with PDSCH)
0
0
0
0
0
0
0
0
0
PDSCH duration
2
4
7
2
4
7
2
4
7
PDCCH/PDSCH decoding at UE
2.5
2.5
1.5
3.25
3.25
2.25
5.5
5.5
4.5
Total latency
0.54
0.71
0.93
0.31
0.39
0.50
0.24
0.28
0.34
Table-2: Uplink UP latency in FDD
15k SCS
30k SCS
60k SCS
PUSCH duration
2OS
4OS
7OS
2OS
4OS
7OS
2OS
4OS
7OS
UE processing(PUSCH preparation)
2.5
2.5
2.5
2.75
2.75
2.75
5.5
5.5
5.5
PUSCH alignment
1
2.36
3.5
1
2.36
3.5
1
2.36
3.5
PUSCH duration
2
4
7
2
4
7
2
4
7
PUSCH decoding at gNB
1.5
1.5
1.5
2.25
2.25
2.25
4.5
4.5
4.5
Total latency
0.50
0.74
1.04
0.29
0.41
0.55
0.23
0.29
0.37
Table-3: Downlink UP latency in TDD
15k SCS
30k SCS
60k SCS
PDSCH duration
2OS
4OS
7OS
2OS
4OS
7OS
2OS
4OS
7OS
gNB processing(PDCCH/PDSCH preparation)
2.5
2.5
2.5
2.75
2.75
2.75
5.5
5.5
5.5
PDCCH alignment
3.07
4.36
7
3.07
4.36
7
3.07
4.36
7
PDCCH duration(overlap with PDSCH)
0
0
0
0
0
0
0
0
0
PDSCH duration
2
4
7
2
4
7
2
4
7
PDCCH/PDSCH decoding at UE
2.5
2.5
1.5
2.25
2.25
2.25
5.5
5.5
4.5
Total latency
0.72
0.95
1.29
0.40
0.51
0.68
0.29
0.35
0.43
Table-4: Uplink UP latency in TDD
15k SCS
30k SCS
60k SCS
PUSCH duration
2OS
4OS
2OS
4OS
2OS
4OS
UE processing(PUSCH preparation)
2.5
2.5
2.75
2.75
5.5
5.5
PUSCH alignment
2.71
7
2.71
7
2.71
7
PUSCH duration
2
4
2
4
2
4
PUSCH decoding at gNB
1.5
1.5
2.25
2.25
4.5
4.5
Total latency
0.62
1.07
0.35
0.57
0.26
0.38
Observation 1: 

· In FDD, the UP latency can meet the 0.5ms requirement under following configurations
· For downlink, TTI duration is 2, 4, 7 OS at SCS 30kHz and 60kHz. 
· For uplink, TTI duration is 2 OS at SCS 15kHz, 2, 4 OS at SCS 30kHz and 2, 4, 7 OS at SCS 60kHz 
· In TDD with D:S:U = 7:1:6 symbols in one slot, the UP latency can meet the 0.5ms requirement under following configurations
· For downlink, TTI duration is 2 OS at SCS 30kHz and 2, 4, 7 OS 60kHz. 
For uplink, TTI duration is 2 OS at SCS 30kHz and 2, 4 OS 60kHz.


	Contribution [Ericsson, R1-1900180]

TDD deployment is studied with reliability requirement of 99.9999% within one-way latency of 0.5 ms. 
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Figure 4: Worst-case latency for a single transmission of 2os PDSCH in TDD with specific slot pattern
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Figure 5: Worst-case latency for a single transmission of 2os configured grant PUSCH in TDD with specific slot pattern

Observation 3      It is possible to have single DL and UL transmission with 2os duration in a TDD configuration with 30 kHz SCS within 0.5 ms one-way latency.
Observation 4      Reliability requirement of 99.9999% within 0.5 ms one-way latency for TSN service according to R1-1812110 can be achieved.


	Contribution [Intel, R1-1900500]

Table 1– UL user plane worst-case latency for NR FDD with grant free transmission (msec)
UL user plane latency (Grant free) – NR FDD

UE capability 2

UE capability 2

UE capability 2

SCS 60kHz, FDD

SCS 30kHz, FDD

SCS 15kHz, FDD

PDCCH every symbol

PDCCH every 2-symbol

PDCCH every 4-symbol

PDCCH every symbol

PDCCH every 2-symbol

PDCCH every 4-symbol

PDCCH every symbol

PDCCH every 2-symbol

PDCCH every 4-symbol

Resource mapping Type B
M=2 (2OS)

Initial TX

0.2500
0.2500
0.2500
0.3214
0.3214
0.3214
0.5714
0.5714
0.5714
1 reTX

0.6786
0.6786
0.7143
0.8214
0.8929
0.9643
1.4286
1.4286
1.5714
M=4 (4OS)

Initial TX

0.3750
0.3750
0.3750
0.5714
0.5714
0.5714
1.0714
1.0714
1.0714
1 reTX

0.8750
0.8750
0.8750
1.2143
1.2143
1.3214
2.0714
2.0714
2.0714
M=7 (7OS)

Initial TX

0.4286
0.4286
0.4286
0.6786
0.6786
0.6786
1.2857
1.2857
1.2857
1 reTX

0.9286
1.0536
1.0536
1.4286
1.4286
1.6786
2.7857
2.7857
2.7857
M=14 (14OS)

Initial TX

0.6786
0.6786
0.6786
1.1786
1.1786
1.1786
2.2857
2.2857
2.2857
1 reTX

1.4286
1.4286
1.4286
2.1786
2.1786
2.6786
4.2857
4.2857
4.2857
Table 2 - DL user plane latency for NR FDD (msec)
DL user plane latency – NR FDD

UE capability 2

UE capability 2

UE capability 2

SCS 60kHz, FDD

SCS 30kHz, FDD

SCS 15kHz, FDD

PDCCH every symbol
PDCCH every 2-symbol

PDCCH every 4-symbol

PDCCH every symbol

PDCCH every 2-symbol

PDCCH every 4-symbol

PDCCH every symbol

PDCCH every 2-symbol

PDCCH every 4-symbol

Resource mapping Type B
M=2 (2OS)

Initial TX

0.2589
0.2589
0.2946
0.3393
0.3393
0.4107
0.6071
0.6071
0.7500
1 reTX

   0.6875
   0.6875
   0.7232
  0.8750
  0.9107
    1.0536
    1.4643
    1.4643
    1.7500
M=4 (4OS)

Initial TX

0.3304
0.3304
0.3661
0.4821
0.4821
0.5536
0.8929
0.8929
1.0357
1 reTX

    0.8304
    0.8304
    0.8661
    1.0893
    1.1250
    1.1964
    1.8929
    1.8929
    2.0357
M=7 (7OS)

Initial TX

0.4286
0.4464
0.4821
0.6786
0.7143
0.7857
1.2857
1.3571
1.5000
1 reTX

0.9286
0.9464
0.9821
1.3571
1.4286
1.7857
2.4286
2.5000
2.7857
M=14 (14OS)

Initial TX

0.6786
0.6786
0.6786
1.1786
1.1786
1.1786
2.2857
2.2857
2.2857
1 reTX

  1.4286
  1.4286
   1.4286
  2.1786
  2.1786
  2.1786
  4.2857
  4.2857
 4.2857
Table 3– UL user plane worst-case latency for NR TDD (each slot has 7 DL symbols, and 7 symbols for UL) with grant free transmission (msec)
UL user plane latency (Grant free) – NR TDD

UE capability 2

UE capability 2

SCS 60kHz, TDD

SCS 30kHz, TDD

PDCCH every symbol

PDCCH every 2-symbol

PDCCH every 4-symbol

PDCCH every symbol

PDCCH every 2-symbol

PDCCH every 4-symbol

Resource mapping Type B
M=2 (2OS)

Initial TX

0.3929
0.3929
0.3929
0.6071
0.6071
0.6071
1 reTX

    0.8929
    0.8929
    0.9643
    1.1071
    1.1786
    1.2500
M=4 (4OS)

Initial TX

0.5000
0.5000
0.5000
0.8214
0.8214
0.8214
1 reTX

    1.0000
    1.0000
    1.2500
    1.8214
    1.8214
    1.8214
M=7 (7OS)

Initial TX

0.5536
0.5536
0.5536
0.9286
0.9286
0.9286
1 reTX

    1.3036
    1.3036
    1.3036
    1.9286
    1.9286
    1.9286
Table 4– DL user plane worst-case latency for NR TDD (each slot has 7 DL symbols, and 7 symbols for UL) (msec)
DL user plane latency – NR TDD 

UE capability 2

UE capability 2

SCS 60kHz, TDD

SCS 30kHz, TDD

PDCCH every symbol

PDCCH every 2-symbol

PDCCH every 4-symbol

PDCCH every symbol

PDCCH every 2-symbol

PDCCH every 4-symbol

Resource mapping Type B
M=2 (2OS)

Initial TX

0.3839
0.4018
0.4018
0.5893
0.6250
0.6250
1 reTX

    0.8839
    0.9018
    0.9732
    1.1250
    1.1964
    1.2679
M=4 (4OS)

Initial TX

0.4554
0.4732
0.5089
0.7321
0.7679
0.8393
1 reTX

    1.0446
    1.0804
    1.2589
    1.3393
    1.4107
    1.4821
M=7 (7OS)

Initial TX

0.5536
0.5536
0.5536
0.9286
0.9286
0.9286
1 reTX

    1.1429
    1.1607
    1.3036
    1.6071
    1.6429
    1.9286
Observation 1: 

· Depending on the choice of subcarrier spacing and PDCCH periodicity, Rel-15 NR can satisfy the 0.5 latency budget for both UL and DL in certain cases, relying on one-shot transmission/reception.




	Contribution [NOKIA, R1-1900156]

Table 2.1-1 Downlink UP latency

Step

Description

Value [ms]

30 kHz

60 kHz

TTI duration (symbols)

14

7

4

2

14

7

4

2

1

BS TX processing delay

0,098

0,098

0,098

0,098

0,098

0,098

0,098

0,098

2

Frame alignment

0,500

0,250

0,143

0,071

0,250

0,125

0,071

0,036

3

TTI for data packet transmission

0,500

0,250

0,143

0,071

0,250

0,125

0,071

0,036

4

a) UE processing delay

0,161

0,161

0,196

0,196

0,161

0,161

0,179

0,179

 

b) Alignment to control opportunity

0,018

0,018

0,018

0,018

0,000

0,000

0,000

0,000

 

c) Transmission of the HARQ-ACK

0,036

0,036

0,036

0,036

0,018

0,018

0,018

0,018

 

d) BS processing delay

0,196

0,196

0,196

0,196

0,196

0,196

0,196

0,196

 

e) Frame alignment

0,089

0,018

0,018

0,018

0,125

0,000

0,036

0,000

 

f) TTI for data packet transmission

0,500

0,250

0,143

0,071

0,250

0,125

0,071

0,036

5

UE RX processing delay

0,080

0,080

0,116

0,116

0,080

0,080

0,098

0,098

Total one-way user plane latency without retransmission (1+2+3+5)

1,179

0,679

0,500

0,357

0,679

0,429

0,339

0,268

Total one-way user plane latency with 1 retransmission (1+2+3+4+5)

2,179

1,357

1,107

0,893

1,429

0,929

0,839

0,696

Table 2.1-2 Uplink UP latency

Step

Description

Value [ms]

30 kHz

60 kHz

TTI duration (symbols)

14

7

4

4

Rel. 16
2

14

7

4

2

1

UE TX processing delay

0,098

0,098

0,098

0,098

0,098

0,098

0,098

0,098

0,098

2

Frame alignment

0,500

0,250

0,250

0,143

0,071

0,250

0,125

0,125

0,036

3

TTI for data packet transmission

0,500

0,250

0,143

0,143

0,071

0,250

0,125

0,071

0,036

4

a) BS processing delay

0,161

0,161

0,161

0,161

0,161

0,161

0,161

0,161

0,161

 

b) Alignment to control opportunity

0,018

0,018

0,018

0,018

0,018

0,000

0,000

0,000

0,000

 

c) Transmission of the HARQ-ACK

0,036

0,036

0,036

0,036

0,036

0,018

0,018

0,018

0,018

 

d) UE processing delay

0,196

0,196

0,196

0,196

0,196

0,196

0,196

0,196

0,196

 

e) Frame alignment

0,089

0,089

0,089

0,089

0,018

0,125

0,000

0,054

0,018

 

f) TTI for data packet transmission

0,500

0,250

0,143

0,143

0,071

0,250

0,125

0,071

0,036

5

BS RX processing delay

0,080

0,080

0,080

0,080

0,080

0,080

0,080

0,080

0,080

Total one-way user plane latency without retransmission (1+2+3+5)

1,179

0,679

0,572

0,465

0,321

0,679

0,429

0,375

0,250

Total one-way user plane latency with 1 retransmission (1+2+3+4+5)

2,179

1,429

1,215

1,108

0,821

1,429

0,929

0,875

0,679

Based on the analysis shown in Tables 2.1-1 and 2.1-2 the following can be concluded:

Observation 1: Using IMT-2020 evaluation methodology,
· For 30 kHz SCS, the 0.5ms latency can be satisfied in downlink by using 4-symbol and 2-symbol TTI durations. The 0.5ms latency could be satisfied in uplink by using 4-symbol (assuming Rel. 16 enhancements) and 2-symbol TTI durations.
· For 60 kHz SCS, the 0.5ms latency can be satisfied in both downlink and uplink by using 7-symbol, 4-symbol and 2-symbol TTI durations.
· For 30 kHz or 60 kHz SCS, the 0.5ms latency cannot be reached when there is a retransmission.


	Contribution [Samsung, R1-1901072]
Table 3: The maximum number of transmission within 0.5ms in Rel-15 NR

[image: image18.emf]2OS 4OS 7OS 2OS 4OS 7OS 2OS 4OS 7OS

DL 0 0 0 1 1 0 1 1 1

UL 0 0 0 1 1 0 1 1 1

15kHz 30kHz 60kHz


Observation #3: In case of grant based downlink scheduling and grant-free based uplink scheduling, 2/4 symbol data scheduling for 30kHz and 2/4/7 symbol data scheduling for 60kHz satisfy the latency requirement of 0.5ms. 


	Contribution [Huawei, R1-1901252]

Observations are based on the analysis done in TR 37.910
Table 1 Observations for user plane latency of TR 37.910 [4]
For NR FDD, the evaluation results assuming an initial transmission error probability of p=0 and p=0.1 are provided in Table 5.7.1.1.1-2.

Table 5.7.1.1.1-2 DL user plane latency for NR FDD (ms)
DL user plane latency – NR FDD

UE capability 1

UE capability 2

SCS

SCS

15 kHz

30 kHz

60 kHz

120 kHz

15 kHz

30 kHz

60 kHz

Resource mapping Type A

M=4 (4OS non-slot)

p=0

1.37
0.76
0.54
0.34

1.00
0.55
0.36
p=0.1

1.58
0.87
0.64
0.40

1.12
0.65
0.41
M=7 (7OS non-slot)

p=0

1.49
0.82
0.57
0.36

1.12
0.61
0.39
p=0.1

1.70
0.93
0.67
0.42

1.25
0.71
0.44
M=14 (14OS slot)

p=0

2.13
1.14
0.72
0.44

1.80
0.94
0.56
p=0.1

2.43
1.29
0.82
0.51

2.00

1.04
0.63
Resource mapping Type B

M=2 (2OS non-slot)

p=0

0.98
0.56

0.44

0.29

0.49
0.29
0.23

p=0.1

1.16
0.67
0.52

0.35

0.60
0.35

0.28

M=4 (4OS non-slot)

p=0

1.11
0.63
0.47

0.31

0.66
0.37

0.27

p=0.1

1.30
0.74
0.56

0.36

0.78
0.45
0.32

M=7 (7OS non-slot)

p=0

1.30
0.72
0.52

0.33

0.93
0.51
0.34

p=0.1

1.49
0.83
0.61

0.39

1.08
0.59
0.40
<Omitted>
For NR FDD, the evaluation results assuming an initial transmission error probability of p=0 and p=0.1 are provided in Table 5.7.1.1.2-2.

Table 5.7.1.1.2-2 UL user plane latency for NR FDD with grant free transmission (ms)
UL user plane latency (Grant free) – NR FDD

UE capability 1

UE capability 2

SCS

SCS

15 kHz

30 kHz

60 kHz

120 kHz

15 kHz

30 kHz

60 kHz

Resource mapping Type A

M=4 (4OS non-slot)

p=0

1.57
0.86
0.59
0.37

1.20
0.65
0.41
p=0.1

1.78
1.01
0.69
0.43

1.39
0.75
0.47
M=7 (7OS non-slot)

p=0

1.68
0.91
0.61

0.38

1.30
0.70

0.43

p=0.1

1.89
1.06
0.71

0.44

1.50
0.80
0.49

M=14 (14OS slot)

p=0

2.15
1.15
0.73
0.44

1.80
0.94
0.56
p=0.1

2.45

1.30
0.84
0.51

2.00

1.06
0.63
Resource mapping Type B

M=2 (2OS non-slot)

p=0

0.96
0.55

0.44

0.28

0.52

0.30

0.24

p=0.1

1.14
0.65

0.52

0.34

0.62
0.36

0.28

M=4 (4OS non-slot)

p=0

1.31
0.72
0.52

0.33

0.79
0.43
0.30
p=0.1

1.50
0.84
0.61

0.39

0.96
0.55
0.37

M=7 (7OS non-slot)

p=0

1.40
0.77

0.55
0.34

1.02
0.55
0.36
p=0.1

1.60
0.89

0.63

0.40

1.19
0.64
0.42

M=14 (14OS slot)

p=0

2.14

1.14

0.74

0.44

1.81

0.93

0.56

p=0.1

2.44

1.30

0.84

0.51

2.01

1.03

0.63

Observation 1: The requirements on 0.5ms UP latency can be fulfilled under at least some Rel-15 NR configurations from RAN1 perspective. E.g., 0.5ms latency can be achieved for 30kHz or 60 kHz SCS, 2OS or 4OS mini-slot transmission, resource mapping type B, and UL transmission with configured grant under UE capability #2.


Overall, the evaluation results on latency of different companies can be summarized as:

Observation 2.2-1: For 15 kHz SCS, the 0.5ms one-way latency target cannot be achieved with Rel-15 NR.
Observation:

· For FDD, the 0.5ms one-way latency target can be achieved for both DL and UL for 30kHz (and higher) SCS with Rel-15 NR for single shot transmission.

Observation:

For TDD:

· For 60kHz (and higher) SCS, the 0.5ms one-way latency target can be achieved with the respectively assumed UL/DL configuration for both DL and UL with Rel-15 NR for single-shot transmission. 

· For 30kHz SCS, 2 out of 3 companies report that the 0.5ms one-way latency target can be achieved with the respectively assumed UL/DL configuration, whereas 1 company indicates that it cannot be achieved with Rel-15 NR for the assumed UL/DL configuration. 
2.3 Achievable time synchronization accuracy
7 companies provided input on the achievable time synchronization accuracy based on the RAN1#95 agreements:

· For the LS reply to R1-1812110,

· For the analysis of time synchronization accuracy,

· RAN1 analysis only considers Uu interface (i.e., between gNB and a single UE).

· RAN1 does not consider the effects of the granularity & accuracy of the absolute timing indication information by the gNB, and assumes perfect timing is sent by the gNB.

· 100 square meter service area is assumed (as required in TR 22.804 for <1us accuracy).

· Companies may in addition report values for larger service areas / ISDs. But it will be subject to further discussion whether to include such analysis in the LS reply.

The input by different companies can be summarized as follows (details below): 

· [ZTE, R1-1900156] evaluated the achievable accuracy with and without propagation delay compensation according to the agreed RAN1 evaluation methodology.

· [Ericsson, R1-1901353] evaluated the achievable accuracy without propagation delay compensation for different gNB to UE distances according to the agreed RAN1 evaluation methodology. 

· [Intel, R1-1901334] evaluated the achievable accuracy with propagation delay compensation according to the agreed RAN1 evaluation methodology. 

· [Qualcomm, R1-1900903] evaluated the achievable accuracy without propagation delay compensation for small service area / indoor solutions according to the agreed RAN1 evaluation methodology. This contribution specifically highlights the synchronization accuracy to be defined between the sync master and a single device (i.e. no UE to UE sync needed from SA1 perspective). 

· [Nokia, R1-1900935] evaluated the achievable accuracy with and without propagation delay compensation according to the agreed RAN1 evaluation methodology.

· [Samsung, R1-1901072] evaluated the achievable accuracy without propagation delay compensation for small service area (10x10m) according to the agreed RAN1 evaluation methodology. The final number in the TDoc is given as UE-to-UE sync accuracy for two UEs connected to the same gNB. In the summary table, gNB to UE numbers are included.
· [Huawei, R1-1901252] evaluated the achievable accuracy with and without propagation delay compensation according to the agreed RAN1 evaluation methodology.

We summarize the results in the following tables, Table 2.3.1 for different service areas without propagation delay compensation and Table 2.3.2 for large service areas with path delay compensation: 

 Table 2.3.1: Summary of companies results for different service areas without propagation delay compensation

	Source
	15kHz
	30kHz
	60kHz
	120kHz
	Remarks

	[ZTE, 
R1-1900156]
	[-278ns,376ns]
	[-147ns,245ns]
	
	[-82ns,180ns]
	

	[Qualcomm, R1-1900903]
	355ns (57m ISD)
	
	
	
	

	[Nokia, R1-1900935]
	215ns (20m ISD)
315ns (60m ISD)
	
	
	
	

	[Samsung, R1-1901072]
	133ns (10m ISD)
	
	
	
	½ of the values reported in TDoc to only account for gNB to UE (and not UE to UE connected to the same gNB) to align with other companies results

	[Huawei, R1-1901252]
	506ns (20m ISD)
	441ns (20m ISD)
	343ns (20m ISD)
	
	

	[Ericsson, R1-1901353]
	315ns (10m ISD)
350ns (20m ISD)
1080ns (250m ISD)
	
	
	
	Result clearly shows, that delay compensation needed for longer gNB-to-UE distances (such as 250m)


Table 2.3.2: Summary of results for large service areas with propagation delay compensation
	Source
	15kHz
	30kHz
	60kHz
	Remarks

	[ZTE, 
R1-1900156]
	488ns
	357.5ns
	276.5ns
	

	[Intel, R1-1901334]
	505ns
	371ns
	287.5ns
	

	[Nokia, R1-1900935]
	472.5ns
	338.5s
	
	

	[Huawei, R1-1901252]
	536ns
	438ns
	357ns
	ISD=500m


In addition, we would like to highlight, that if propagation delay compensation is needed (for larger service areas / ISDs), the UE will need to know that the compensation is to be applied (and the compensation would need to be implemented / related Rel-16 UE feature will be needed). 

Proposed Observation 2.3: 
Based on the results provided by different companies, the following can be concluded:
· For small service areas with dense small cell deployments (such as ISD of [20/50]m) without propagation delay compensation, a gNB-to-UE timing synchronization accuracy of 130 to 506ns based on the RAN1 agreed evaluation assumptions can be achieved for Rel-15 NR with 15kHz SCS. 2 out of 6 sources note that a better sync accuracy can be achieved for higher SCS (i.e. the higher the SCS, the better the accuracy). 
· For larger service areas with more sparse cell deployments (such as ISD>[100/200]m) with propagation delay compensation, a gNB-to-UE synchronization accuracy of 470 to 540ns for 15kHz SCS can be achieved and the synchronization accuracy improves for higher SCS (i.e. the higher the SCS, the better the accuracy).
· [Some potential Rel-16 enhancements improving these numbers have been identified by several sources]. 
· The propagation delay compensation may need to be supported by the TSN UEs for larger service areas with more sparse cell deployments.
Excerpt from the companies contributions:

	Contribution [ZTE, R1-1900156]

Table 5: Uu timing error results (with propagation delay compensation)

15kHz

30kHz

60kHz

120KHz
TAE

65ns

65ns

65ns

65ns
Te

391ns
260ns
228ns
114ns
Error_ULRX

100ns

100ns

100ns

100ns
TAG

260ns
130ns
65ns
32.5ns
TAAA

130ns 
130ns 
65ns 
16.25ns
PDD
30ns
30ns
30ns
30ns
Uu timing error

488ns

357.5ns

276.5ns

178.9ns

Note: the SCS is for the uplink signal.

Observation 3: The Uu timing errors are evaluated and can satisfy the TSN requirement from RAN1 aspect.

Proposal 1: If 15KHz SCS is needed in factory automation scenario, enhancement of the time synchronization accuracy on 15KHz SCS could be considered.

Table 6: Downlink reception timing error (without propagation delay compensation)
15kHz

30kHz

120kHz

240KHz
TAE

±65ns

±65ns

±65ns

±65ns

Error_DL

±262ns
±131ns
±66ns
±33ns
Pd

19ns

19ns

19ns

19ns
Ds

30ns
30ns
30ns
30ns
Timing error

[-278ns,376ns]

[-147ns,245ns]

[-82ns,180ns]

[-49ns,147ns]

Observation 4: In case of considering the downlink reception timing error regardless involving TA, the UE-UE timing error can satisfy the TSN requirement.



	Contribution [Ericsson, R1-1901353]

Table 1. Time synchronization error components
Timing error components
Values (for different radii)

Description

~10 m

~20 m

~250 m

UE SFN tracking accuracy (DL tracking accuracy)

~50 ns

It is an accuracy error when UE synchronizes to SFNs, and component depends on implementation, reference signals, BW and SNR. For larger radius would be > 50 ns.

The value ½ TA is not that accurate for the IIoT cell if RF propagation time is not small. For a case with small cells ~10m generally the RF air delay would be small and therefore, TA compensation is not required (at least not from ½ TA which only will give larger errors, see R2-1817173). Hence, the primary error sources will depend on –

· UE SFN tracking accuracy, and 
· UE internal timing accuracy.
Internal UE timing accuracy
4 x 64 Tc = 130 ns
The value for the timing inaccuracy, as an example can be assumed for TA inaccuracy for 15 KHz SCS scenario (Clause 7.3.2.2, TS 38.133). The value should be scaled with SCS.

LOS compensation
~35 ns
~70 ns

~800 ns

A fixed LOS compensation as an average delay could be used based on deployment and then removed from the budget. However, NLOS would add to an error in the budget.

UE Modem to Chipset

~50 ns

Chipset to IIoT end stations

~50 ns

Equivalent to single hop PTP inaccuracy

Timing error
±315 ns
±350 ns

±1080 ns

Observation 4
The reference time value received by a UE from a gNB and increased by the value of ½ the final TA can realistically be expected to be subject to a total uncertainty of up to ±315 ns for 10x10 m2 IIoT configurations (e.g., up to 10 m distance from UE to antenna) and ±350 ns for 100x100 m2 IIoT configurations (e.g. up to 20m from UE to gNB antenna).

Observation 5
The reference time value received by a UE from a gNB and increased by the value of ½ the final TA can realistically be expected to be subject to a total uncertainty of up to ±1080 ns for power grid related deployments where there may be up to 250 m from UE to gNB antenna.


	Contribution [Intel, R1-1901334]
….

Since the error in TA estimation is composed of BS detecting error, TA indicating error, and DL frame timing error, it can be shown that the error in DL propagation delay estimation can be computed as half of the addition of DL/UL asymmetry error and the error in TA estimation.
Accordingly, the total error of the time synchronization between UE and the timing source (via the Uu interface) can be estimated as the aggregated errors of each element, as listed in the table below for different SCSs. 

In Table 5 below, the component C is negated (in calculation of the total error in the last row) in order to account for the fact that the DL frame timing error (component C1) and the TA error (to which component C contributes) are negatively correlated. This follows from the expectation that the overall UL Tx timing error and the DL frame timing errors are positively correlated. That is, a positive error (actual time occurs earlier than what the UE estimates) in the DL frame timing contributes to an error in the estimated TA value by increasing the TA (an earlier UL timing).
Table 5– Worst-case timing synchronization inaccuracies considering generic deployment scenarios (i.e., considering outdoor cases as well)
Inaccuracy component

SCS 15kHz 


SCS 30kHz 

SCS 60kHz 

Frame timing inaccuracy of BS transmitter (A)
65ns

65ns

65ns

UE determination of DL frame timing (C1)

< 390ns
([12].64.Tc)

< 260ns
([8].64.Tc)

< 227ns
([7].64.Tc)

Asymmetry between DL and UL links in propagation delay (B)

~0ns

~0ns

~0ns

UE UL transmit timing (C)

390ns
([12].64.Tc)
260ns
([8].64.Tc)

227ns
([7].64.Tc)

Estimation error of UL timing at the gNB (D)

100ns [6]
92ns [6]
88ns [6]
Indicating granularity of TA command (E)
260ns
(8.64.Tc)

130ns
(4.64.Tc)

65ns
(2.64.Tc)

Relative Timing Advance adjustment inaccuracy (F)

130ns 
(256.Tc)

130ns 
(256.Tc)

65ns 
(128.Tc)

Total error (A + C1 + ½ (B - C + D  + E + F)

< 505ns

< 371ns

< 287.5ns

We note that in typical scenarios, most of these error components (except those related to granularity) can be smaller than the worst-case limits as shown in the table.
Observation 3:
· Various error components may play non-negligible roles in the overall accuracy of time synchronization for the strict accuracy requirement of < 1us synchronicity over Uu interface.
· It may still be possible to satisfy the requirement in various scenarios when assuming intra-gNB cases or when assuming tight synchronization between gNBs in a factory environment.  
Proposal 1: 

· The following enhancements towards enabling tight synchronicity performance may be considered:

· Pre-compensation of propagation delay at the gNB when transmitting the time reference information to connected mode UEs via unicast signaling

· Finer granularity of TA command




	Contribution [Qualcomm, R1-1900903]

Interpretation of synchronization accuracy

The synchronization accuracy can be measured between two UEs, or between a UE and a timing source. As per the most recent normative SA1 TS, it can be seen the requirement should be interpreted as between UE and timing source. The relevant section is copied below, with Notes 3 and 4 highlighted.

Observation 2: The requirement in SA1 refers to synchronization accuracy between a UE and a timing source.

Synchronization accuracy for indoor scenario

Taking into account the analysis of Section 2.2.1 through 2.2.4, we can obtain a worst case timing delivery error of 190ns+100ns+65ns=355ns. This is well within the 1us requirement specified by SA1.

Observation 3: For indoor scenario, the worst case error due to components analysed in RAN1 is 355ns. The typical error could be lower if e.g. more than 1 gNB is deployed in the service area, and if base station equipment exceeds the minimum 38.104 requirements.

This accuracy level is achieved by a relatively simple scheme where the UE measures the timing of the first-arriving-path at the UE receiver, and conveys that measured timing to higher layers.
Observation 4: For indoor scenario, a baseline scheme can be considered where the UE measures the timing of the first-arriving-path at the UE receiver, and conveys that measured timing to higher layers. This scheme does not require mechanisms for correcting for round trip time (or timing-advance).

Synchronization accuracy for outdoor scenario

The outdoor scenario specified by SA1 includes an area of 20km2. This clearly maps to an outdoor macro network deployment, where propagation distance will be hundreds of meters. Achieving 1us accuracy will require some form of correction for propagation delay.

Observation 5: Delivery of 1us timing accuracy for outdoor scenario requires some form of adjustment for the propagation delay between eNB and UE. 

Proposal 4: RAN1 should study schemes for outdoor scenarios that can correct for propagation delay and provide 1us accuracy in outdoor scenarios. 




	Contribution [Nokia, R1-1900935]

Table 3.3-1: Summary of the UE timing synchronization errors/accuracy for small service areas

Error source

100m2 gNB
service area
(20m ISD)

20x20m gNB
service area
(40m ISD)

30x30m gNB
service area
(60m ISD)

100x100m gNB
service area
(100m ISD)

(1) gNB time alignment error (TETAE)
<65ns

<65ns

<65ns

<65ns

(2) Max. Propagation delay (TEPD) 

<50 ns
<100ns

<100ns

<250 ns

(3) UE receive timing error (TEUE-DL-RX)
<100ns
<100ns
<150ns
<100ns
UE timing accuracy
TEUE-Uu = (1) + (2) + (3)
<215ns

<265ns

<315ns

<415ns

We would like to note, that the achievable timing synchronization accuracy for small service areas (without propagation delay/ timing advance compensation) is not that much dependent on the applied SCS (in contrast to the larger service areas in Sec. 3.3.2) as the main errors are given by gNB architecture, propagation delay, the RMS delay spread and only the TRS bandwidth being somehow dependent on the SCS (especially for FR2). 

Observation 3: For small service areas without propagation delay compensation, a UE timing synchronization accuracy of 215ns for 100m2 (10x10m), 265ns for 20x20m (40m ISD), 315ns for 30x30m (60m ISD) and 415ns for 100x100m service area of a single gNB can be achieved with Rel-15 NR (largely independent of the applicable SCS).  No possible enhancements foreseen in Rel-16.   

Table 3.3-2: Summary of the UE timing synchronization errors/accuracy for different SCS for larger service areas

Error source

15kHz 
worst-case

15kHz
typical / enhanced

30kHz
worst-case

30kHz
typical / enhanced

gNB time alignment error (TETAE)
65ns

65ns

65ns

65ns

Propagation delay difference (TEΔPD) 

-

-

-

UE transmit timing error (TEUE-DL-to-TX)
390ns
([12]*64*Tc)
Rel-16 for TSN UEs:
<300ns?
260ns
([8]*64*Tc)
Rel-16 for TSN UEs:
<200ns?
gNB UL receive timing estimation error (TEUL-RX)
100ns

100ns

92ns

92ns
Timing advance adjustment granularity (TETA-G)
260ns
(8*64*Tc)
Rel-16: 130ns?
(4*64*Tc)
130ns
(4*64*Tc)
Rel-16: 
65ns?
(2*64*Tc)
TA adjustment accuracy (TETA-err)
130ns 
(256*Tc)
Rel-16:
65ns? 
(128*Tc)
130ns 
(256*Tc)
Rel-16:
32ns? 
(64*Tc)
UE timing accuracy
TEUE-Uu  (1)
472.5ns

333ns
338.5ns

227ns
1. TEUE-Uu=½* (TETAE + TEΔPD + TEUE-DL-to-TX + TEUL-RX + TETA-G + TETA-err)

As can be seen, depending on the SCS from Uu interface / PHY point of view a UE synchronization of better than 472.5ns for 15kHz SCS and 338.5ns for 30kHZ can be achieved based on NR Rel-15 for larger service areas. Comparing these numbers with the operation without propagation delay compensation, for 100x100m service area per gNB for 15kHz the operation without path delay compensation achieves a better t-sync accuracy whereas for larger SCS (starting at 30kHz) the propagation delay compensation will lead to better results. 
These numbers could be enhanced in Rel-16 by specifying tighter UE requirements on Te for URLLC TSN type of UEs as well as reduced TA granularity and higher TA adjustment accuracies. Moreover, as pointed out for small cell deployments a better UE timing synchronization accuracy (compared to macro deployments) can be achieved in real world TSN deployments such as factory automation use cases. 

Observation 4: For larger service areas of a single gNB/ ISDs with propagation delay compensation, a UE timing synchronization accuracy of 472.5ns for 15kHz SCS and 338.5ns for 30kHz can be achieved based on NR Rel-15. In Rel-16, an improved UE timing synchronization accuracy could be achieved through tighter UE requirements and timing advance enhancements. 


	Contribution [Samsung, R1-1901072]

Considering 100 square meter service area, and base station is placed in the middle of 10m × 10m , we can assume the max distance between UE  to gNB is about 10m, which result in 33ns propagation delay. In this case, TA adjustment may not be needed. Therefore, the procedure for UE to obtain timing can be simplified to:

· UE obtains reference DL timing by receiving a reference DL channel

· Estimation error between actual and estimation DL reference timing

Based on the evaluation result provided in [5] for TDL-C, the estimation error for UE is expected much lower than 100ns for TDL-D 30ns assumption. Therefore, the total relative time difference between two UEs connected to one gNB is (estimation error + propagation delay) ×2 < (33+100) ×2 = 266ns <1us. 

Besides the above impacts, gNB need to broadcast a reference time, which will also have a quantization error. If different UE implemtation has different understanding on the reference time, the quantization error shall also be considered.  In Rel-15 NR, the granularity of the time information is 10ms, which is too large compared with the requirement. In Rel-15 LTE HRLLC discussion, a new IE carrying time reference information with 0.25us granularity was defined.  If in Rel-16 NR, new time reference information with smaller granularity can be introduced, <1us time synchronization accuracy can be achieved without TA adjustment within 100 square meter service area. 
Observation #5: With new time reference information with smaller granularity, <1us time synchronization accuracy can be achieved without TA adjustment within 100 square meter service area.



	Contribution [Huawei, R1-1901252]

The total error of the time synchronization can be calculated as follows:

Table 4: Time synchronization accuracy between gNB and UE (not including the granularity)
Timing accuracy between gNB and UE (+/- ns)
SCS 15kHz
SCS 30kHz

SCS 60kHz
Indoor (ISD 20m)
with TA compensation

407
309
228
w/o TA compensation

506
441
343
Outdoor (ISD 500m)
with TA compensation

536
438
357
w/o TA compensation

1626
1561
1463
Observation 4: If UE does not compensate the obtained reference time information from gNB, the maximum possible time error between gNB and UE (not considering the granularity) is at the level of 1.5us for outdoor case.

The results provided above are not including the granularity & accuracy of the absolute timing indication information by the gNB, i.e. assuming perfect timing is sent by the gNB. 
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Appendix: Evaluation methodology and assumptions agreed in RAN1#95
Agreements:
· For the LS reply to R1-1812110,

· For latency and reliability evaluation, the IMT-2020 evaluation methodology is followed to provide the analysis on latency and reliability, assuming resources are available to schedule the UE without queueing delay, based on use case I in R1-1812110.

· One-way (gNB-to-UE or UE-to-gNB) latency target is 0.5 ms.

· Reliability requirement: 1e-4 and 1e-6

· Companies may in addition evaluate the highest reliability that can be achieved. But it will be subject to further discussion whether to include such analysis in the LS reply.

· Note: 1e-4 requirement is not intended to change previous RAN1 agreements w.r.t. PDCP in URLLC evaluations

· Further discuss detailed simulation assumptions to determine the 5%-ile worst UL/DL SINR

· Update on Friday, R1-1814279 – see below

· For the analysis of time synchronization accuracy,

· RAN1 analysis only considers Uu interface (i.e., between gNB and a single UE).

· RAN1 does not consider the effects of the granularity & accuracy of the absolute timing indication information by the gNB, and assumes perfect timing is sent by the gNB.

· 100 square meter service area is assumed (as required in TR 22.804 for <1us accuracy).

· Companies may in addition report values for larger service areas / ISDs. But it will be subject to further discussion whether to include such analysis in the LS reply.

Agreements:

· The system level simulation assumptions for factory automation use case 4GHz (as summarized in Table A.2.2-1 in R1-1814025) should be reused when applicable, with the following modifications:

	Parameter 
	Value 

	Network layout 
	A single cell placed in the middle of 15 m x 15 m area 

	UE dropping 
	Uniformly dropped over the 15 m x 15 m area 


· The link level simulation assumptions for factory automation use case 4GHz (as summarized in Table A.3-2 in R1-1814025) should be reused when applicable, with the following modifications:

	Parameter
	Value

	Channel model
	TDL-D 30ns

	UE speed
	3km/h

	Payload size for PDSCH/PUSCH
	50 bytes

	PDCCH aggregation level
	16
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