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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 DL, dynamic resource sharing between URLLC and eMBB is supported by transmitting URLLC scheduled traffic
· URLLC transmission may occur in resources scheduled for ongoing eMBB traffic

· NR strives for efficient support of dynamic resource allocation of different numerologies in FDM/TDM fashion.
· Potential specification impact includes but is not limited to:
· FFS:CSI-RS measurement

· FFS: the time and frequency granularity of dynamic resource allocation

· FFS: If spectrum confinement (filtering, windowing, …) can be dynamically varied or not

· Possible use cases for the extended CP include

· Multiplexing of eMBB and URLLC deployed below 6 GHz

· SCS for eMBB 15(NCP)/30/60kHz, SCS for URLLC = 60 kHz

· Transmission of URLLC with 60 kHz SCS

· High speed scenarios for 30kHz and 60kHz

· Support extended CP at least for 60 kHz SCS

· UE support for ECP may depend on UE type/capability

· FFS how to configure UE using different CP overhead

· FFS the length of ECP

· FFS extended CP for other scenarios/numerologies
· Mini-slots have the following lengths

· At least above 6 GHz, mini-slot with length 1 symbol supported

· FFS below 6 GHz including unlicensed band

· FFS for URLLC use case regardless frequency band

· FFS whether DL control can be supported within one mini-slot of length 1
· Lengths from 2 to slot length -1

· FFS on restrictions of mini-slot length based on restrictions on starting position
· For URLLC, 2 is supported, FFS other values
· Note: Some UEs targeting certain use cases may not support all mini-slot lengths and all starting positions

· Can start at any OFDM symbol, at least above 6 GHz

· FFS below 6 GHz including unlicensed band

· FFS for URLLC use case regardless frequency band

· A mini-slot contains DMRS at position(s) relative to the start of the mini-slot


In this contribution, we analyze aspects relevant to DL multiplexing of URLLC and eMBB transmissions. Other aspects related to NR URLLC are discussed in our companion contributions [1]-[6].
2 DL eMBB and URLLC Multiplexing Approaches
The following options for dynamic multiplexing of DL URLLC and eMBB transmissions are possible:

1) Scheduling based. In this approach, a gNB may follow the minimum granularity of scheduling for both eMBB and URLLC transmissions, e.g. 4 symbol mini-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 may be 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. every 0.0714 ms comparing to 0.5-1 ms) that is several times larger comparing to the case of typical eMBB operation without enabled URLLC service.
2) Preemption based. The URLLC transmission may preempt an ongoing eMBB transmission, i.e. replace the part of resource elements already scheduled for eMBB by URLLC data. Such approach may even work without additional mechanisms to inform the eMBB UE about the preemption event, depending on transmission code rate and channel coding scheme. However, in the high data rate regime, eMBB may not work without additional recovery information. Therefore, the dynamic preemption needs a mechanism of recovery of a longer transmission due to multiplexing with a shorter URLLC transmission.
3) Superposition based. The superposition of eMBB and URLLC transmissions is a generalization of preemption 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. 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 preemption 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, which is similar to preemption indication but may require more complicated signaling.
The first approach may be easily enabled by introduction of mini-slots and configuring eMBB UEs with appropriate control channel monitoring timelines, therefore it does not require special consideration at this stage. The preemption and superposition based approaches are similar in some sense however the superposition require more complicated receive processing and sophisticated signaling and does not work in case of the mixed numerologies. Therefore for Phase 1 studies we propose to focus on preemption based techniques for eMBB and URLLC multiplexing.
Proposal 1
· Prioritize the work on preemption approach for Phase 1 NR development.
In the next sections, we assume the dynamic preemption based multiplexing approach and discuss the design aspects for its support in NR.

3 Numerology and Frame Structure Aspects

In order to support preemption based multiplexing, additional considerations on frame structure and numerology should be made. Note, that in this contribution we consider the usage of normal CP for both eMBB and URLLC as a main scenario, while our considerations on support of extended CP in case of 60 kHz SCS for URLLC are provided in our companion contribution [7].
For the normal CP, the following considerations regarding numerology multiplexing and alignment could be made:
1) Subcarrier spacing (SCS). Any combination of SCS for eMBB and URLLC should be allowed by specification. However, the cases of longer symbols for URLLC than for eMBB (e.g. 60 kHz eMBB and 30 kHz URLLC) should not be considered for real deployments.
2) Crossing and alignment. According to previous agreements, symbol level alignment is achieved for different numerologies for the case of normal CP. However, it should be discussed whether URLLC mini-slot based transmissions are restricted to start or end at some boundaries or cross them, e.g. slots of eMBB numerology.

The following crossing options are assumed:
· Option 1. Crossing slot boundary only and no crossing of subframe boundary.
· Option 2. No crossing of slot boundary (and therefore subframe boundary). In this option it is assumed that gNB may always utilize eMBB PDCCH region in the start of the slot for scheduling of eMBB in the rest of the slot. However, the assumption to postpone or shorten the URLLC transmission in this case may lead to unsatisfactory URLLC performance which requires more spectrum to be ultra-reliable.

· Option 3. Crossing slot and subframe boundary (i.e. no crossing restrictions). In this option, potential overlap with eMBB PDCCH regions is assumed to be handled by gNB scheduling. For example, gNB may reserve some PDCCH regions to schedule eMBB in the unutilized part of the slot.
Since it was agreed to use 2 symbols mini-slots for URLLC, there are a few combinations on the table which can be discussed separately. Please refer to our companion contribution for more details on mini-slot length and start time for URLLC in [5]. Note, that we focus on 15-60 kHz SCSs assuming other combinations are handled in a similar manner.
The following three main configurations are considered (see Figure 1):

1) URLLC SCS = eMBB SCS. URLLC mini-slots always start and end at eMBB symbol boundaries every two eMBB symbols.
2) URLLC SCS = 2 x eMBB SCS (e.g. 60 & 30, 30 & 15 kHz). URLLC mini-slots always start and end at eMBB symbol boundaries every eMBB symbol.
3) URLLC SCS = 4 x eMBB SCS (e.g. 60 & 15 kHz). URLLC mini-slots may either start or end at eMBB symbol boundaries every half eMBB symbol in case of paired spectrum. In case of unpaired spectrum, the position of URLLC mini-slot within an eMBB symbol may be adjusted in order to insert TX-RX switching gaps in case of multiplexing of different transmission directions.
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Figure 1. Mini-slot starting positions within eMBB numerology.
In case of longer URLLC transmissions (e.g. 4, 6, 8 symbols), the same rules are applied, i.e. the minimum resource access granularity may still be configured to two symbols (see the Figure 2). For more details on URLLC mini-slot, please refer to our companion contribution [5].
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Figure 2. Multi-mini-slot scheduling within eMBB numerology.

Proposal 2
· For FDD in case of different numerologies, the URLLC mini-slot starts and/or ends at eMBB symbol or half symbol boundaries.
· For TDD, it is FFS whether mini-slots always start and/or end at eMBB symbol boundaries or can be placed apart of eMBB symbol boundaries in order to accommodate TX-RX switching gaps.

4 Multiplexing with eMBB in DL

In previous sections, we proposed to focus on preemption based DL eMBB and URLLC multiplexing. The preemption of eMBB resource elements may lead to transmission failure in many cases.
4.1 Impact on eMBB
In this section, we first analyze whether some knowledge and/or indication of preemption is required for eMBB in order to recover from multiplexing with URLLC.
In Figure 10, we show how preemption affects BLER performance of LTE-like eMBB transmission for the following three evaluated cases:
· Scenario 1. Rate matching around mini-slot symbols to emulate ideal multiplexing.

· Scenario 2. Preemption at TX side without knowledge at RX side.

· Scenario 3. Preemption at TX and RX side.

The listed scenarios are checked for different positions of the preempted symbols (#2, #3, and #5) and for different MCSs which provide different number of codeblocks in a transport block. For more details on evaluated eMBB physical structure refer to Appendix B.
We first analyse the case of single-shot, i.e. initial transmission. The results could be found in Appendix C. From the provided link level analysis presented in Appendix C, it can be concluded that:

Observation 1

· Low code rates and modulations with a few codeblocks per transport block can sustain to preemption.
· For medium to high code rates, there is a several dB degradation comparing to the ideal rate matching.
· Preemption of systematic bits even with knowledge at the receiver side substantially degrades performance (i.e. systematic bits more sensitive to preemption).
However, it can be argued that HARQ retransmissions could provide recovery from the preemption even without knowledge at RX side. In the next set of figures we analyze the retransmission performance in case of preemption for both incremental redundancy (IR) and Chase combining (CC) schemes. Note, that eMBB retransmission is not corrupted in our analysis.
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	Figure 3. Puncturing impact on eMBB with one retransmission.


Observation 2

· Both HARQ schemes provide recovery at low-to-medium code rates, if receiver is not aware about preemption.

· Performance of preemption aware receivers is close to ideal rate matching and several dB better than performance of preemption unaware receivers.

· Preemption unaware receivers have error floor in case of high code rates.

From the analysis of the LTE-like channel coding, codeblock segmentation, interleaving, and retransmissions, it can be concluded that preemption awareness is necessary for stable system operation. However, it may not be the case for other channel coding, mapping, and retransmission schemes currently considered for NR. In the next section we analyze whether other mapping and retransmission schemes could be applied to sustain the preemption without additional indication.
Observation 3

· LTE-like mapping, codeblock segmentation, and retransmission does not provide sufficient performance if receiver is preemption unaware, especially at high code rates.
4.2 Techniques for Recovery
In this section, we analyze possible techniques to sustain or recover from preemption events. First, we analyze whether the frequency-first codeblock mapping can be modified to spread bits over multiple symbols. For this analysis, we evaluate the following schemes (see Figure 4):

· Scheme 1. Frequency-first mapping (LTE-like).
· Scheme 2. Time-first mapping.

· Scheme 3. Block time-first mapping. For this scheme, the time-first mapping is done by blocks of 4 symbols as shown in Figure 4.
· Scheme 4. Pseudo-random time-frequency mapping (not shown in the figure). The resource elements are mapped in pseudo-random manner across the whole slot.
	Frequency first mapping
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	Time first mapping with granularity 4 symbols
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	Time first mapping
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Figure 4. Resource element mapping schemes for evaluation.
The evaluation results are presented in Figure 5.
	[image: image12.emf]-5 0 5 10 15

SNR, dB

10

-2

10

-1

10

0

B

L

E

R

URLLC, 1 Tx, 2 Rx, CDL-A, 2GHz, 3kmh, QPSK, TBS 4584

Random, RM

Random, Punct Tx and Rx

Random, Punct Tx

Freq First, RM

Freq First, Punct Tx and Rx

Freq First, Punct Tx

Time First 4, RM

Time First 4, Punct Tx and Rx

Time First 4, Punct Tx

Time First, RM

Time First, Punct Tx and Rx

Time First, Punct Tx


QPSK, TBS 4584
	[image: image13.emf]0 2 4 6 8 10 12 14 16 18 20

SNR, dB

10

-2

10

-1

10

0

B

L

E

R

URLLC, 1 Tx, 2 Rx, CDL-A, 2GHz, 3kmh, QPSK, TBS 14112

Random, RM

Random, Punct Tx and Rx

Random, Punct Tx

Freq First, RM

Freq First, Punct Tx and Rx

Freq First, Punct Tx

Time First 4, RM

Time First 4, Punct Tx and Rx

Time First 4, Punct Tx

Time First, RM

Time First, Punct Tx and Rx

Time First, Punct Tx


QPSK, TBS 14112

	[image: image14.emf]0 2 4 6 8 10 12 14 16 18 20

SNR, dB

10

-2

10

-1

10

0

B

L

E

R

URLLC, 1 Tx, 2 Rx, CDL-A, 2GHz, 3kmh, 16QAM, TBS 17568

Random, RM

Random, Punct Tx and Rx

Random, Punct Tx

Freq First, RM

Freq First, Punct Tx and Rx

Freq First, Punct Tx

Time First 4, RM

Time First 4, Punct Tx and Rx

Time First 4, Punct Tx

Time First, RM

Time First, Punct Tx and Rx

Time First, Punct Tx


16QAM, TBS 17568
	[image: image15.emf]10 12 14 16 18 20 22 24 26 28 30

SNR, dB

10

-2

10

-1

10

0

B

L

E

R

URLLC, 1 Tx, 2 Rx, CDL-A, 2GHz, 3kmh, 16QAM, TBS 28336

Random, RM

Random, Punct Tx and Rx

Random, Punct Tx

Freq First, RM

Freq First, Punct Tx and Rx

Freq First, Punct Tx

Time First 4, RM

Time First 4, Punct Tx and Rx

Time First 4, Punct Tx

Time First, RM

Time First, Punct Tx and Rx

Time First, Punct Tx


16QAM, TBS 28336

	[image: image16.emf]10 12 14 16 18 20 22 24 26 28 30

SNR, dB

10

-2

10

-1

10

0

B

L

E

R

URLLC, 1 Tx, 2 Rx, CDL-A, 2GHz, 3kmh, 64QAM, TBS 39232

Random, RM

Random, Punct Tx and Rx

Random, Punct Tx

Freq First, RM

Freq First, Punct Tx and Rx

Freq First, Punct Tx

Time First 4, RM

Time First 4, Punct Tx and Rx

Time First 4, Punct Tx

Time First, RM

Time First, Punct Tx and Rx

Time First, Punct Tx


64QAM, TBS 39232
	[image: image17.emf]15 20 25 30 35

SNR, dB

10

-2

10

-1

10

0

B

L

E

R

URLLC, 1 Tx, 2 Rx, CDL-A, 2GHz, 3kmh, 64QAM, TBS 51024

Random, RM

Random, Punct Tx and Rx

Random, Punct Tx

Freq First, RM

Freq First, Punct Tx and Rx

Freq First, Punct Tx

Time First 4, RM

Time First 4, Punct Tx and Rx

Time First 4, Punct Tx

Time First, RM

Time First, Punct Tx and Rx

Time First, Punct Tx


64QAM, TBS 51024

	Figure 5. Impact of mapping order on initial eMBB transmission. Symbol #3 is punctured.


From the evaluations, it can be seen that time-first mapping is less sensitive to preemption but suffer from the lack of channel frequency selectivity. The frequency selectivity problem can be addressed by more intelligent mapping.
Observation 4
· The time-first mapping and its modification provides increased robustness to time-selective preemption, however still require preemption-aware receiver to operate at medium and high code rates.
· Random time-frequency mapping shows the best performance and can sustain time selective preemption even for high MCS if receiver is preemption aware.
· Advanced mapping does not provide sufficient recovery from preemption if receiver is preemption unaware.

From the presented evaluation and observations, we draw the following proposal:

Proposal 3
· Preemption indication is supported for DL eMBB/URLLC multiplexing.
One of the potential drawbacks in applying the time-first and pseudo-random mapping is that the preemption impact is spread over all codeblocks, therefore, potential usage of per-codeblock HARQ may not provide benefits comparing to the transport block level retransmissions. At the same time, the frequency-first mapping can localize the preempted resource elements in a few codeblocks, therefore, the codeblock-level retransmission may be beneficial. In order to check these considerations, we further evaluate HARQ schemes for the considered mapping schemes.
· Scheme 1. Transport block retransmission.

· Scheme 2. Codeblock retransmission.

In order to compare these schemes, we plot throughput curves derived from the BLER vs. SNR and present them in Figure 6.
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	Figure 6. Transport block vs. code block retransmissions.


Observation 5
· In case of pseudo-random mapping, the CB and TB retransmission mechanisms show similar performance in average throughput.

· In case of TB retransmissions

· Pseudo-random mapping shows the best performance achieving the same throughput as the CB level HARQ.
· Block time-first mapping provides better performance in terms of peak throughput than frequency first mapping which does not achieve a peak throughput.
· In case of CB retransmissions

· For medium MCSs, performance of the considered mapping schemes is comparable.

· For high MCSs, the frequency first mapping does not achieve peak rate.
The considered non frequency-first mapping schemes may also provide robustness to bursty time-selective interference that may be caused by inter-cell URLLC transmissions. In that sense, it is beneficial to have a common mechanism of recovery from intra-cell preemption and inter-cell interference.
Proposal 4
· In addition to the preemption indication, study pseudo-random and time-first mapping schemes, which can be aligned with mini-slot configurations.
4.3 Indication Mechanisms
As we concluded above to provide knowledge of preempted resources, the methods of indications should be analyzed. The two main options are considered:

1) Explicit indication.

2) UE-based preemption detection.

From UE complexity perspective, the mechanism should provide the same complexity as without URLLC service enabled. Therefore, the efforts of detecting the preemption need to be minimized. In that case, the explicit coherent processing is more beneficial. Additionally, as it was pointed in [3], the explicit indication may be commonly used for both DL and UL preemption indication. Thus, the explicit indication is a more attractive scheme for NR.

At RAN1#86bis it was agreed to signal reserved resources with further details FFS [8]. The indication of preemption can be classified as signaling of reserved resources that can provide common mechanism for both eMBB/URLLC multiplexing and forward compatibility with new technologies. From eMBB/URLLC multiplexing point of view, the following properties are required:
1) Explicit physical layer signal. A downlink control channel format or a sequence may be used for these purposes.
2) Same numerology as eMBB is desired. Since this channel is processed by eMBB UEs, it is natural to use eMBB numerology in order to simplify the eMBB UE processing.
3) The signaling is implicitly or explicitly linked with the preempted resources:
a. Implicit timing relation may be exploited. For example, for DL eMBB and URLLC multiplexing the reservation signal may point to frequency resources located in the same symbols where the reservation signal is detected (as illustrated in Figure 7). The signal may also point into future or past resources depending on scenario, e.g. it may be carried in a slot control part and point to the reserved resources in the previous slot.
b. Implicit frequency sub-band relation. In case of wideband operations, the signal may be located near the preempted sub-band.
c. Explicit signaling part. Besides encoding the time-frequency resources, the signaling may indicate the type of preemption/reservation. The following types are considered:
i.  Transmission direction (DL or UL or e.g. SL). In our companion contribution [3] we discuss the usage of reservation signaling for eMBB UL eMBB and URLLC multiplexing. In our view, the signaling of DL and UL reserved resources may be done in a common way, thus a differentiation of transmission direction is needed.
ii. Puncturing or rate-matching. Depending on timing relation with the resource reservation indication, the resources at TX side may either be punctured or rate matched.
1. In case the reservation occurs on resources which transmission already scheduled, the puncturing type is used since there is no chance to update the resource element mapping because a part of the transmission was done in other assumptions.

2. In case the reservation occurs on resources which are not yet scheduled, the rate matching around the reserved resources may be exploited.

4) Depending on application and UE capability, these reservation signals may be mandated to be processed with different latency.
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Figure 7. Example of a reservation signal for URLLC and eMBB multiplexing.
In other option, the reservation signal may be multiplexed within eMBB shared channel similar to UCI transmission in PUSCH in LTE or to ePDCCH.
Proposal 5
· Explicit reserved resources signaling is used for indication of preempted resources.

· At least preempted symbols are indicated.

5 Conclusions

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

· Prioritize the work on preemption approach for Phase 1 NR development.
Proposal 2
· For FDD in case of different numerologies, the URLLC mini-slot starts and/or ends at eMBB symbol or half symbol boundaries.

· For TDD, it is FFS whether mini-slots always start and/or end at eMBB symbol boundaries or can be placed apart of eMBB symbol boundaries in order to accommodate TX-RX switching gaps.
Proposal 3
· Preemption indication is supported for DL eMBB/URLLC multiplexing.
Proposal 4
· In addition to the preemption indication, study pseudo-random and time-first mapping schemes, which can be aligned with mini-slot configurations.
Proposal 5
· Explicit reserved resources signaling is used for indication of preempted resources.

· At least preempted symbols are indicated.
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 Appendix A – Evaluation Assumptions 

	
	eMBB
	URLLC

	Channel model
	CDL-A, 100 ns, low Doppler
	-

	MCS
	TBD
	-

	Numerology
	SCS = 15 kHz

CP – normal
	SCS = 60 kHz

CP – normal

	Scheduling unit
	Slot of 14 symbols (13 useful in order to account for CCH)

100 PRB
	Mini-slot of 4 symbols with boundaries aligned to eMBB symbols.

Appears in every slot in wideband.

	Channel coding
	LTE CTC
	-

	RX antenna
	2 RX, high correlation
	-

	TX antenna
	1 TX
	-

	RS signals
	CRS-like


	-

	Puncturing knowledge
	Option 1. Ideal (rate-matching known to TX and RX)
Option 2. Punctured at TX side.

Option 3. Punctured at both TX and RX side.
	-

	Retransmissions
	Option 1: no retransmission

Option 2: with retransmissions (both CC and IR)
	-

	Interleaving
	LTE like frequency first codeblock mapping
	-


Appendix B – eMBB Physical Structure for Evaluation
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Figure 8. Evaluated eMBB PRB structure
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Figure 9. Codeblocks location in case of frequency first mapping.

Appendix C – Evaluation Results
Impact of puncturing on initial transmission only is presented in Figure 10.
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	Figure 10. Puncturing impact on initial eMBB transmission
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