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1 Introduction

In the previous RAN1 WG meeting, the basic time domain structures for NR were discussed and multiple agreements and working assumptions were made:
Agreements:
	· For SCS of up to 60kHz with NCP, y = 7 and 14

· FFS: whether/which to down select for certain SCS(s)

· For SCS of higher than 60kHz with NCP, y = 14

· From network perspective, multiplexing of transmissions with different latency and/or reliability requirements for eMBB/URLLC in DL is supported by  

· Using the same sub-carrier spacing with the same CP overhead

· FFS: different CP overhead

· Using different sub-carrier spacing 

· FFS: CP overhead

· NR supports both approaches by specification

· NR should support dynamic resource sharing between different latency and/or reliability requirements for eMBB/URLLC in DL

· Working assumption: The NR frame structure should support both slots and mini-slots

· FFS: Timeline granularity for monitoring control of the mini-slot

· FFS: Terminologies of mini-slot

· Slot aggregation is supported

· Data transmission can be scheduled to span one or multiple slots


In this contribution, we first discuss the transmission formats for DL URLLC in standalone mode when there is no need to handle multiplexing with eMBB. Then, the case of multiplexing with eMBB is also analyzed. Other aspects related to NR URLLC are discussed in our companion contributions [1]-[6].
2 DL URLLC Transmission
In this section, we discuss the DL URLLC transmission for both one-shot and HARQ based transmission assuming paired or unpaired spectrum. The following latency components need to be taken into account in DL URLLC scheduling procedure:

1. gNB processing delay;
2. Frame alignment delay;
3. TTI duration;
4. UE processing delay + frame alignment for feedback transmission + timing advance;
5. TTI duration of the feedback;
6. gNB processing of feedback + frame alignment for sending retransmission;
7. TTI duration of retransmission;
8. UE processing delay of retransmission.
In legacy LTE systems, (until latency reduction enhancements in Rel.13), the processing delay for gNB and UE was assumed to be 3 ms. If we assume 10 times lower delay for URLLC, it becomes 0.3 ms. Obviously, with such processing delay it is challenging to meet 0.5 ultra-low latency KPI. Therefore, the even lower delays may be needed to achieve the required latency and reliability in spectrum efficient manner. In order to achieve the low processing delay, the same principles as discussed for self-contained transmission may need to be applied: symbol-by-symbol processing, data rate restriction, etc. Taking into account these aspects, further in this contribution we assume that the following processing delay/latency for both UE and gNB are hold:

Assumption on Processing Latency:

· gNB/UE TX processing delay is a half of 15 kHz symbol = 35.7 us.
· gNB/UE RX processing delay is a half of 15 kHz symbol = 35.7 us.
2.1 Paired Spectrum

In case of paired spectrum, the DL resources are continuous in time (if there is no TDM with configured reserved resources) that is beneficial for URLLC in terms of latency vs. reliability tradeoff. In this case, the frame alignment (FA) latency component depends only on scheduling granularity in time domain.
2.1.1 One-shot DL Transmission
In order to analyze the maximum TTI duration and scheduling granularity for one-shot DL transmission, we consider two different latency targets for URLLC: 0.5 ms and 1 ms. It is commonly understood, that 0.5 ms is an “average” latency without requirement on reliability, and the reliability should be met within 1 ms strict latency bound in user plane [7].
For one-shot transmission, after excluding the TX and RX processing delays, we get the following:

· 0.5 ms: FA + TTI < 0.4286 ms (0.5 – TX processing – RX processing);
· 1 ms: FA + TTI < 0.9286 ms (1.0 – TX processing – RX processing).
We note, that FA may have interpretation of “maximum” (i.e. scheduling granularity) or “average” (i.e. half of scheduling granularity). In case of strict latency bound with target reliability, the “maximum” FA notion should be used since the cases when the FA is larger than the average value will lead to violation of reliability requirements. In that sense, the 0.5 ms requirement may be met using the “average” FA interpretation and 1 ms should be analyzed using the “maximum” FA value. In the analysis below, we further use the interpretation of “maximum” FA assuming the latency target is a strict bound.
The FA latency is characterized by resource scheduling granularity in time, i.e. resources access granularity. Usually, the scheduling granularity equal to TTI duration is assumed (e.g. one subframe in LTE). However, as it was discussed in [9], it is reasonable to allow finer scheduling granularity than the typical TTI duration. Such approach is beneficial to extract better coverage within the strict latency bound.

In the table below, we estimate the number of symbols in each numerology that may be allocated to single-shot DL transmission for two different latency targets.

Table 1. TTI durations for one-shot URLLC transmission.

	
	15 kHz
	30 kHz
	60 kHz

	Scheduling granularity
	1 TTI
	1 OS
	1 TTI
	2 OS
	1 OS
	1 TTI
	4 OS
	2 OS

	TTI length to meet 0.5 ms latency
	3
	5
	6
	11
	12
	12
	23
	25

	TTI length to meet 1 ms latency
	6
	12
	13
	25
	26
	26
	51
	53


From the table, we draw the following observations:
Observation 1

· For 15 kHz, up to 5 symbols one-shot mini-slot transmission with 1 symbol access granularity may fit to 0.5 ms latency.

· For 60 kHz, up to 25 symbols one-shot mini-slot transmission with 2 symbol access granularity may fit to 0.5 ms latency.
· For 60 kHz, the 7 symbol slot based scheduling may meet 0.5 ms requirement with one-shot transmission.

· Two times longer one-shot transmissions are possible for 1 ms latency requirement.

2.1.2 HARQ based DL Transmission

As it was agreed at the last meeting, the HARQ based transmissions for URLLC should be studied assuming at least one retransmission. The HARQ is beneficial to achieve reliable transmission in a spectrum efficient way is it is shown in [8]. However, the retransmission requires more transactions (steps 5-8 in the discussion above). In this section we analyze the TTI durations for data and feedback assuming one initial transmission and one retransmission.
First, we analyze the minimum achievable latency for 1 symbol with NCP and 15 kHz SCS. As it can be seen in Table 2, the usage of 1 symbol does not meet 0.5 ms latency requirement assuming the fastest HARQ timeline and strict processing latency (0.5 symbol). It should be noted, that FA latency components are dependent on numerology and corresponding symbol duration. Therefore, in larger SCS, the better situation may be observed. We further look into the latency of 60 kHz with 4 symbols TTI duration (71.4 us) and 2 symbols scheduling granularity (35.7 us) as well as slot-based URLLC transmission (7 symbols TTI with 7 symbols granularity).
Table 2. Latency analysis for HARQ-based URLLC transmission.
	Latency component
	Value, symbols/us

	
	15 kHz, 1 OS TTI, 1 OS granularity
	60 kHz, 4 OS TTI, 2 OS granularity
	60 kHz, 7 OS TTI, 7 OS granularity

	gNB processing delay + FA
	1.5
	4
	11

	TTI duration
	1
	4
	7

	UE processing delay + FA for feedback transmission + TA
	1
	2
	2

	TTI duration of the feedback
	1
	4
	3

	gNB processing of feedback + FA for sending retransmission
	1
	2
	2

	TTI duration of retransmission
	1
	4
	7

	UE processing delay of retransmission
	0.5
	2
	2

	Total
	500 us
	392.9 us
	607.1 us


In Figure 1, the mentioned alternatives for URLLC transmission format are illustrated. Note, that 30 kHz SCS with 2 symbols TTI and 1 symbol scheduling granularity is also added to the figure.
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Figure 1. HARQ-based DL URLLC transmission latency in different numerologies.
According to the table and the diagram above, the usage of larger SCS may provide 0.5 ms latency with one HARQ retransmission. Note, that remaining latency budget (107.1 us) may be used for the following purposes:

· Relax TX/RX processing requirements or,

· Improve reliability of e.g. ACK/NACK transmission by using 10 symbols instead of 4 for transmission (see Figure 2), given that there may be significant imbalance between DL and UL URLLC transmissions.
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Figure 2. Usage of latency budget to improve ACK/NACK coverage. 

For the case of 1 ms latency, the almost 0.5 ms remaining latency budget may be used to improve coverage/reliability of the transmission by either adding more retransmissions or by increasing transmission intervals.

Observation 2

· Larger SCS (>15 kHz) may provide possibility to fit one HARQ retransmission into 0.5 ms latency budget using mini-slots of less than 7 symbols.
· Larger SCS may provide better link budget for ACK/NACK transmission still meeting 0.5 ms latency requirement.
2.2 Unpaired Spectrum

In an unpaired spectrum, the URLLC transmission is more challenging due to the need to switch transmission directions and therefore retune/reconfigure some RF/BB components and also handle transmission/reception timing difference (timing advance). Additionally, dynamic transmission direction switching/adaptation to the instantaneous traffic needs may be exploited in the unpaired spectrum that further complicates URLLC operation.
2.2.1 One-shot DL Transmission

For one-shot transmission, the periodicity of switching of UL-DL directions contributes to the FA. As it was analyzed for the paired spectrum, for 0.5 ms latency there is 0.4286 ms available for FA + TTI duration (and 0.9286 ms for 1 ms latency) under the assumed TX/RX processing. One possible solution is to allocate DL and UL symbols as shown in Figure 3, where DL and UL are repeated with 7 OS periodicity and interlace each other.
Assuming the TTI duration is equal for UL and DL, the switching should happen at least every 107.2 microseconds (1.5 OS of 15 kHz) w/o taking into account a gap required at least for DL-to-UL switching.
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Figure 3. One-shot DL URLLC transmission in unpaired spectrum.
Observation 3
· In unpaired spectrum, the 0.5 ms latency can be met with one-shot transmission, if 1 OS mini-slot with 15 kHz SCS is used.

2.2.2 HARQ-based DL Transmission

For HARQ-based DL transmission, there is no possibility to meet 0.5 ms even using 1 symbols mini-slot with the 15 kHz SCS as it is shown in Figure 4.
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Figure 4. HARQ-based transmission for 15 kHz SCS in unpaired spectrum.

However, usage of larger SCS provides possibility to meet 0.5 ms with HARQ. It may be shown in Figure 5 simply shrinking the UL-DL configuration used for 15 kHz analysis.
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Figure 5. HARQ-based transmission for 30 kHz SCS in unpaired spectrum.

Observation 4
· In unpaired spectrum, the 0.5 ms latency cannot be met if HARQ transmission with 1 OS mini-slot with 15 kHz SCS is used. The HARQ in unpaired spectrum can be supported for SCSs which are above 15 kHz.
2.3 System Level Evaluation

In this section, we evaluate the URLLC performance at system level assuming the different mini-slot durations: 4 and 7 symbols in 60 kHz SCS with normal CP. From the analysis above we assume that to meet 0.5 ms strict latency bound, the 4 symbol mini-slot may use HARQ-based transmission, while 7 symbol mini-slot is transmitted only one time. The detailed evaluation assumptions can be found in the Appendix section.
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Figure 6. 7 vs 4 symbol mini-slot for 60 kHz SCS.

Observation 5
· The 4-symbol mini-slot outperforms 7-symbol mini-slot transmission due to possibility to use HARQ to meet 0.5 ms latency.

From the discussion and presented evaluations, the following proposals could be made:
Proposal 1

· DL mini-slot with flexible duration is supported.

· Scheduling granularity less than 7 symbols slot duration is supported for 60 kHz SCS.

· Further study support of 1 symbol mini-slot duration for the case of 15 kHz SCS.
3 Multiplexing with eMBB in DL

In the previous section, the candidate transmission formats for URLLC DL were discussed assuming there is no other services (eMBB and/or mMTC) enabled in the spectrum. In this section, the problem of efficient multiplexing of DL URLLC and eMBB transmissions in the same spectrum are discussed. The paired spectrum is considered for simplicity. Note, that in case of periodic URLLC traffic, the gNB may pre-schedule a set of resources which are exclusive to URLLC. Therefore we assume that, the main scope of dynamic multiplexing of eMBB and URLLC should focus on the case of sporadic URLLC traffic arrival, when semi-static reservation of spectrum resources would lead to low spectrum efficiency and resource utilization.
3.1 Intra-cell Multiplexing

The previous studies have shown [9] that URLLC transmission may require very wide bandwidth in a random moment so that semi-static resource partitioning may provide low data rate / capacity and low resource utilization. Based on that considerations, it was agreed to support dynamic multiplexing in DL. The following general approaches could be applied to handle dynamic eMBB and URLLC multiplexing:
Fine time granularity scheduling of both eMBB and URLLC
In this approach, a gNB may follow the smallest granularity of scheduling for both eMBB and URLLC transmissions, e.g. 7 symbol slot in 60 kHz SCS. The benefits of this approach are clear in terms of transparency to UE receiver and resource utilization efficiency. However, there is a large impact on eMBB UE complexity and data rate. In this approach, eMBB UE needs to monitor downlink control channel as frequent as URLLC UE (e.g. at least every 0.125 ms comparing to 0.5-1 ms) that is several times larger comparing to the case of typical eMBB operation without enabled URLLC service. Additionally, it may not be possible to extract full channel coding gain due to relatively small code-block sizes available for short transmissions. Another point, is that such short eMBB transmissions may suffer from limited coverage.
Preemption of eMBB by URLLC
The URLLC transmission may preempt an ongoing eMBB transmission, i.e. puncture the resource elements already scheduled for eMBB. Such approach may even work without additional mechanisms to inform the eMBB UE about the puncturing event, depending on transmission code rate and channel coding scheme which may sustain the puncturing of a small number of resource elements. However, in the high data rate regime, eMBB may not work without additional information about puncturing events and/or recovery information. Therefore, the dynamic preemption needs a mechanism of recovery of a longer transmission due to multiplexing with a shorter URLLC transmission.
In general, the following two approaches may be applied for DL eMBB transmission recovery:

· Increase of eMBB transmission robustness. Channel coding and/or time domain interleaving can be used to improve the robustness to time-frequency selective interference.
· Match receive processing with recovery information. This mechanism relies on detection of the preemption event or acquiring information about the preemption in order to align receive processing and therefore maximize probability to decode the transport block.
· gNB may re-schedule the corrupted transport block or codeblock for another transmission opportunity without waiting for ACK/NACK from the UE whose transmission was corrupted.

· gNB may rely on HARQ mechanism and re-send the failed transport blocks only after reception of NACK for the corrupted slot. Codeblock-wise ACK/NACK may also help for more efficient recovery of only corrupted symbols.
As it can be seen, both general approaches of eMBB transmission recovery rely on some signaling of recovery information. The following mechanisms for signaling the recovery information are considered:

Pre-indication of preemption
· URLLC DCI decoding. In this case eMBB UE, decodes a URLLC downlink control channel to check the corrupted resource elements. This may be possible especially when numerology of eMBB and URLLC (including CP type) are the same due to lower complexity imposed for eMBB UE. However, in this case the eMBB UE needs to be configured with frequent control channel monitoring occasions that may lead to larger UE complexity and power consumption. In order to minimize the impact on eMBB UE, the URLLC control channel decoding complexity may need to be optimized.

· URLLC channel decoding. eMBB UE detects a dedicated channel/signal which indicates the corrupted symbols or resource elements. This approach assumes the introduction of a new channel which indicates reserved/punctured spectrum resources. Note, that the explicit indication of reserved resources was already agreed at RAN1#86bis without additional details on timescale of the indication. This approach also requires monitoring at URLLC timescale that increase eMBB UE processing complexity.

Post-indication of preemption
eMBB UE may be informed about the preemption event during downlink control channel reception in the monitoring window right after the preemption event (e.g. in the DCI of the next slot). A UE may use this indication in order to adjust receiver behavior during the decoding of the previously buffered data. Moreover, the gNB may send the punctured part of the transport block and instruct UE how to combine it with the previous transmission. Although this approach keeps the same control channel monitoring rate, it naturally increases the decoding latency of the eMBB transport block and therefore the self-contained transmission for eMBB may not be efficient w/o additional enhancements to HARQ combining/operation.

Superposition
The superposition of eMBB and URLLC transmissions is a generalization of puncturing and it assumes that eMBB and URLLC share a set of resource elements in case if overlap happens. This will require power splitting between two different transmission layers (the puncturing is allocation of whole power to URLLC). Such behavior may limit the link budget/reliability of the URLLC transmission and requires some power reservation. The potential performance benefits comparing to the simpler puncturing approach should be carefully analyzed. Moreover, the eMBB UE needs to be informed about the superposition on a set of resource elements in order to do appropriate receive processing.
Analyzing the possible alternatives, it can be seen that there is a tradeoff between eMBB performance and UE complexity/power consumption to handle the multiplexing events. For example, some mechanisms may require an eMBB UE to frequently monitor additional channels or to apply detection of the preemption event. Another mechanisms may require to use less spectrum efficient eMBB transmission schemes in order to sustain or avoid possible packet losses.

Observation 6
· There is a tradeoff between eMBB performance loss and eMBB UE complexity/power consumption to handle the events of dynamic multiplexing with URLLC.

Having this in mind we propose the following:

Proposal 2
· Strive for solutions that minimize eMBB UE complexity when eMBB is multiplexed with URLLC services.

3.2 Inter-cell Interference Considerations
In case of eMBB and URLLC multiplexing, there is also a problem of increased inter-cell interference dynamics due to different scheduling time scales. In this operation scenario, eMBB UE may experience bursty time-selective interference in some symbols. If there is no mechanism to estimate the interference level (e.g. there is no reference signals on the interfered symbols), then the performance may degrade significantly due to mismatched receive processing.
The following principles may be applied to handle the inter-cell interference from short URLLC transmissions:
· Provide mechanisms to estimate interference by placing reference signals with the granularity of URLLC resources access.
· Use single numerology for URLLC and eMBB so that eMBB receiver may cancel the interference.

· Use time domain interleaving (or e.g. code-block interleaving) to sustain the time-selective interference.

· Apply advanced retransmission schemes, e.g. code-block-wise ACK/NACKs for more spectrum efficient HARQ operation.
· Inform inter-cell UEs about URLLC transmissions in order to facilitate proper interference estimation assumptions and matched receive processing.
As it can be seen, some principles are common with the handling of intra-cell preemption events (e.g. efficient retransmission schemes and corruption detection). It is natural to prioritize them for further design.
Proposal 3

· Strive for common solutions to handle intra-cell preemption and inter-cell time-selective interference due to multiplexing of eMBB and URLLC.

4 Conclusions

In this contribution, we discussed the DL URLLC transmission timelines and the issue of multiplexing with eMBB DL. Based on the discussion and analysis, we have the following proposals:
Proposal 1

· DL mini-slot with flexible duration is supported.

· Scheduling granularity less than 7 symbols slot duration is supported for 60 kHz SCS.

· Further study support of 1 symbol mini-slot duration for the case of 15 kHz SCS.
Proposal 2

· Strive for solutions that minimize eMBB UE complexity when eMBB is multiplexed with URLLC services.
Proposal 3

· Strive for common solutions to handle intra-cell preemption and inter-cell time-selective interference due to multiplexing of eMBB and URLLC.
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Appendix – Evaluation Assumptions 
	Parameters
	Urban Macro

	Reliability and latency targets
	0.5 ms with 99.9% reliability

	Layout
	Macro layer: Hexagonal Grid

	Inter-BS distance 
	500 m

	Carrier frequency 
	4 GHz

	Simulation bandwidth
	20 MHz

	Channel model
	36.873 3D UMa

	BS Tx power
	46 dBm per 20 MHz

	UE Tx power 
	23 dBm

	BS antenna configurations
	See 38.802, table A.2.1-4.

	BS antenna height 
	25 m

	BS antenna element gain + connector loss
	See 38.802, table A.2.1-4.

	BS receiver noise figure
	Below 6 GHz: 5 dB

	UE antenna configurations
	See 38.802, table A.2.1-4.

	UE antenna height
	Follow the modelling of TR 36.873

	UE antenna gain
	Follow the modelling of TR 36.873

	UE receiver noise figure
	9 dB

	Traffic model
	URLLC: FTP Model 3 with packet size 50 bytes 

	UE distribution
	20% Outdoor in cars: 30 km/h,
80% Indoor: 3 km/h
URLLC: 10 UE/sector

	UE receiver
	MMSE

	MIMO TX scheme
	SFBC

	Channel estimation
	Ideal channel estimation

	Admission control
	140 dB DL MCL is used for admission control
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