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1 Introduction
In 3GPP RAN1#86, subframe duration, slot & mini-slot time-domain structure and RB frequency-domain structure have been agreed.  However, the time length of slot and mini-slot remains open and RB time-domain structure is still for further study.  In addition to the time-domain & frequency-domain structure, timing relationship remains as open issue.  This paper provides our views and evaluation on slot time length, timing relationship, RB time-domain structure and slot aggregation for scheduling.
2 Slot Time Length
2.1 eMBB services
According to TR38.913, the user plane latency requirement for eMBB is 4ms in both UL and DL.  Based on the latency requirement and the required steps of physical-layer operation, the baseline time length of an NR subframe and UE/eNB processing time can be determined for further system design. 
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Figure 1. DL latency analysis for eMBB, assuming slot N→(N+2) timing relationship

Figure 1 shows the DL latency analysis for eMBB, assuming slot N→(N+2) timing relationship.  According to Figure 1, the slot time length should be ≤ 1ms and maximal UE Rx processing time can be around 1.5ms.  Figure 2 shows the UL latency analysis, assuming slot N→(N+2) timing relationship.  According to Figure 2, the slot time length should be ≤ 0.61ms and maximal UE Tx processing time can be around 1ms (0.61ms x 1.7).
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Figure 2. UL latency analysis for eMBB, assuming slot N→(N+2) timing relationship

From the above analysis, observations can be drawn as follows.
Observation #1: To meet the latency requirements for eMBB in TR38.913 (i.e. 4 ms for both DL & UL), 0.61 ms or smaller slot time length is needed, assuming slot N→(N+2) timing relationship.
Observation #2: Self-contained operation (i.e. DL data transmission and its corresponding HARQ-ACK are within the same subframe; UL grant and its corresponding UL data transmission are within the same subframe) is not required to meet the latency requirements for eMBB in TR38.913.
Proposal #1: For eMBB using subcarrier spacing of 15KHz, NR slot time length should be equal to 0.5ms (i.e. 7 OFDM symbols).
Proposal #2: For all eMBB UEs, non-self-contained timing relationship (e.g. slot N→(N+2)) should be supported.
2.2 URLLC services
According to TR38.913, the user plane latency requirement for URLLC is 0.5ms in both UL and DL.  Assuming dynamic scheduling for both UL and DL in URLLC, the steps of physical-layer operation for eMBB can be applied.  Figure 3 shows the DL latency analysis for URLLC, assuming slot N→(N+2) timing relationship.  According to Figure 3, the slot time length should be ≤ 0.125ms and maximal UE Rx processing time can be around 187.5µs.
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Figure 3. DL latency analysis for URLLC, assuming slot N→(N+2) timing relationship
Figure 4 shows the UL latency analysis for URLLC, assuming slot N→N timing relationship (self-contained operation).  Since there are more steps in UL physical-layer operation than those in DL, self-contained operation is considered to allow reasonable slot time length.  The following are assumed to reduce the total latency in Figure 4.

· UL grant transmission from an eNB in DL shortly (1 OFDM symbol time or less) after receiving the scheduling request in UL

· UL data transmission from an UE shortly (1 OFDM symbol or less) after receiving the UL grant in DL
· HARQ-ACK transmission from an eNB in DL shortly (1 OFDM symbol time or less) after receiving UL data

· UL data retransmission from an UE shortly (1 OFDM symbol time or less) after receiving HARQ-ACK in DL

According to Figure 4, the subframe time length should be ≤ 0.19ms and maximal UE Rx processing time can be around 26.6µs.
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Figure 4. UL latency analysis for URLLC, assuming self-contained operation

Though self-contained operation is very beneficial for UL URLLC to meet the latency requirement, hardware requirement is very high and it’s not the only solution.  Other solutions shown as follows can also be considered to support UL URLLC with more relaxed hardware requirement.
Alternative #1: Semi-persistent scheduling for UL data in UL URLLC
Alternative #2: Shorter slot time length for URLLC, e.g. 2 or 3 OFDM symbols
From above analysis, observations can be drawn as follows.

Observation #3: To meet the latency requirements for URLLC in TR38.913 (i.e. 0.5 ms for both DL & UL), 0.125 ms or smaller slot time length is required.

Observation #4: Self-contained operation (i.e. DL data transmission and its corresponding HARQ-ACK are within the same subframe) is not required to meet the latency requirements described in TR38.913 for DL URLLC if dynamic DL scheduling and ≤ 0.125 ms subframe time length is considered.

Observation #5: Self-contained operation (i.e. UL grant and its corresponding UL data transmission are within the same subframe) is beneficial to meet the latency requirements described in TR38.913 for UL URLLC if dynamic UL scheduling is considered.
Proposal #3: For eMBB & URLLC using subcarrier spacing of 60KHz or larger, NR subframe time length should be equal to 0.125 ms.
Proposal #4: Consider the following candidate solutions to support UL URLLC.
· Self-contained operation

· Semi-persistent scheduling

· Shorter slot time length, e.g. 2 or 3 OFDM symbols

3 Timing Relationship
3.1 UE processing time

Regarding UE processing time, the following processing components should be considered for DL data decoding and UL data encoding.

· DL data processing components for processing time calculation

· DL scheduler decoding and parsing

· Inner receiver processing (e.g. FFT and channel estimation etc.)

· DL channel decoding

· Processing for acknowledgement transmission in UL

· UL data processing components for processing time calculation

· UL grant decoding and parsing

· UL channel encoding

· Inner transmitter processing

For DL data UE processing time, 125µs is a reasonable estimation for the DL channel decoding, assuming 0.125ms slot time length in NR.  Additional 35us should be added to accommodate the latency due to inner receiver processing (e.g. FFT and channel estimation etc.) & processing for acknowledgement transmission in UL.  Therefore, for eMBB UEs, the suggested value for DL data processing time should be at least 160μs.
For UL data UE processing time, it could be shorter than 160μs because the processing time of encoding is usually shorter than decoding.  However, the latency due to UL grant decoding & parsing and inner transmitter processing need to be considered so 160µs is also a good estimation.  Therefore, for eMBB UEs, the suggested value for UL data processing time should be at least 160µs.
Proposal #5: For eMBB UEs, 160µs of UL/DL data processing time can be assumed to support up to 5Gbps data rate.
3.2 Timing relationship
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Figure 5. Illustration of the timing relationship of slot N→(N+2)

Considering slot time length = 7/28 OFDM symbols, the timing relationship of slot N→(N+2) provides at least 12/48 OFDM symbols for UE processing time as shown in Figure 5, which is 857.32μs (12 OFDM symbols) for 15KHz subcarrier spacing, 214.33μs (12 OFDM symbols) for 60KHz subcarrier spacing and 214.33μs (48 OFDM symbols) for 240KHz subcarrier spacing.  Compared to the estimated UE processing time in previous section, it’s quite sufficient and no UE hardware over-design is needed.  Considering slot time length of 14/56 OFDM symbols, the timing relation of slot N→(N+1) provides at least 12/48 OFDM symbols for UE processing time as shown in Figure 6, which is the same as the UE processing time with timing relationship of slot N→(N+2) and slot time length = 7/28 OFDM symbols.
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Figure 6. Illustration of the timing relationship of slot N→(N+1)

Considering the best trade-off between forward compatibility and UE complexity on the timing relationship, semi-static configuration of timing relation ship is preferred and each configuration should allow sufficient UE processing time.  Therefore, we have the following proposals.
Proposal #6: The following timing relationship is slot N→(N+2+K), where K is an integer ≥ 0, if the slot time length is 0.5ms or 0.125ms.
· Timing relationship between DL data reception and corresponding acknowledgement

· Timing relationship between UL assignment and corresponding UL data transmission

Proposal #7: The following timing relationship is slot N→(N+1+K), where K is an integer ≥ 0,  if the slot time length is 1ms or 0.25ms.

· Timing relationship between DL data reception and corresponding acknowledgement

· Timing relationship between UL assignment and corresponding UL data transmission
Proposal #8: Semi-static indication of K to a UE should be supported as baseline in NR.
4 Further Details of Time-domain Structure
4.1 RB time-domain structure
In 3GPP RAN1#86, RB grids are defined  as the subset/superset of the RB grid for subcarrier spacing of 15kHz in a nested manner in the frequency domain and RB frequency-domain definition is narrowed down to 12 or 16 subcarriers.  Regarding RB frequency-domain definition, both link-level performance and packing efficiency should be considered and it is discussed in another companion contribution [1].  Regarding RB time-domain structure, packing efficiency, scheduling overhead and mmWave applications should be considered.  There is a trade-off between packing efficiency and scheduling overhead.  With the support of wider carrier bandwidth up to at least 80MHz, NR can already provide better scheduling overhead than LTE due to the saving of CRC bits and other duplicate scheduling information.  This allows more room for NR to enhance packing efficiency.  In LTE, the minimal scheduling unit is a PRB pair, which consists of up to 13x12 = 153 resource elements (REs).  For better packing efficiency, especially for small data services, NR should consider a smaller scheduling unit as one PRB, which consists of up to 7x12 = 84 or 7x16 = 112 REs.  In addition, in mmWave applications, the scheduling will be mainly TDM due to the wireless channel property and hardware limitation.  Therefore, we have the following proposals for RB time-domain structure.
Proposal #9: For eMBB services, a RB consists of 7 OFDM symbols in time domain no matter which subcarrier spacing is applied and a slot may consist of one or more RBs in time domain.
Proposal #10: For URLLC services, FFS RB time-domain structure.
4.2 Slot aggregation

In LTE, per-subframe scheduling allows fast link adaptation and it’s also beneficial to apply it for 1ms subframe using 15KHz subcarrier spacing and spectrums below 3GHz.  In NR, the considered slot time length can be much smaller than 1ms using various subcarrier spacing and the applied spectrums can be up to 100GHz so per-slot scheduling may not be beneficial in some cases due to unnecessary control overhead.  Therefore, in addition per-slot scheduling, multi-slot scheduling should be considered in NR.  In order to reduce unnecessary control overhead, slot aggregation, which removes DL control region in the middle slots when multi-slot scheduling is applied, shown as the following figure should be considered in NR.  Table 1 shows our evaluation results to benchmark LTE with proposed multi-slot scheduling with slot aggregation when 2GHz carrier frequency & 3km/hr UE mobility are considered.
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Figure 7. Comparison between per-slot scheduling and multi-slot scheduling with slot aggregation
Table 1. System-level performance for LTE and multi-slot scheduling with slot aggregation considering 2GHz & 3km/hr
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LTE (1,2 or 3 OFDM symbols) 2.25 34.5% 24.75 7.02

2.75 52.8% 17.00 3.42

Multi-Slot Scheduling: Up to 

4ms (0, 1, 2, or 3 OFDM 

symbols)

2.25 31.4%

27.60

(+11.52%)

8.08

(+15.10%)

2.75 46.6%

20.42

(+20.12%)

4.91

(+43.57%)


Proposal #11: For eMBB services, both per-slot scheduling and multi-slot scheduling with slot aggregation should be considered in NR.
5 Conclusion
Proposals are summarized as follows.
Proposal #1: For eMBB using subcarrier spacing of 15KHz, NR slot time length should be equal to 0.5ms (i.e. 7 OFDM symbols).
Proposal #2: For all eMBB UEs, non-self-contained timing relationship (e.g. slot N→(N+2)) should be supported.
Proposal #3: For eMBB & URLLC using subcarrier spacing of 60KHz or larger, NR subframe time length should be equal to 0.125 ms.
Proposal #4: Consider the following candidate solutions to support UL URLLC.
· Self-contained operation

· Semi-persistent scheduling

· Shorter slot time length, e.g. 2 or 3 OFDM symbols
Proposal #5: For eMBB UEs, 160µs of UL/DL data processing time can be assumed to support up to 5Gbps data rate.

Proposal #6: The following timing relationship is slot N→(N+2+K), where K is an integer ≥ 0, if the slot time length is 0.5ms or 0.125ms.

· Timing relationship between DL data reception and corresponding acknowledgement

· Timing relationship between UL assignment and corresponding UL data transmission

Proposal #7: The following timing relationship is slot N→(N+1+K), where K is an integer ≥ 0,  if the slot time length is 1ms or 0.25ms.

· Timing relationship between DL data reception and corresponding acknowledgement

· Timing relationship between UL assignment and corresponding UL data transmission

Proposal #8: Semi-static indication of K to a UE should be supported as baseline in NR.
Proposal #9: For eMBB services, a RB consists of 7 OFDM symbols in time domain no matter which subcarrier spacing is applied and a slot may consist of one or more RBs in time domain.
Proposal #10: For URLLC services, FFS RB time-domain structure.

Proposal #11: For eMBB services, both per-slot scheduling and multi-slot scheduling with slot aggregation should be considered in NR.
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