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Abstract
This is a major revision of the RAN1#92 contribution [1].
We address the system design and performance issues of supporting dynamic sharing between eMBB and URLLC on the uplink via power control and preemption indication.
Introduction
In RAN#71, the technology study item for 5G new RAT (NR) has been approved. URLLC (ultra-reliable and low latency communication) requirements were discussed in the RAN plenary in June 2016. Between RAN1#86bis and RAN1#92, the following agreements were made regarding URLLC and eMBB multiplexing and mini-slot designs.
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
Agreements:
· For DL, support indication of time and/or frequency region of impacted eMBB resources to respective eMBB UE(s)
· FFS: Details of  the granularity for impacted region used in the indication 
· e.g., PRB (group)/symbol (group)/mini-slot (group)/CB (group)/TB/Slot
· The indication is transmitted at one of the following (will be down selected later)
· during current eMBB TTI
· after current eMBB TTI
· during  and after current eMBB TTI
· The indication is one of the following (will be down selected later)
· explicit
· implicit
· explicit and implicit
Agreements:
· Indication of URLLC transmission overlapping the resources scheduled for an eMBB UE in downlink can be dynamically signaled to the eMBB UE to facilitate demodulation and decoding
· FFS details
Agreements:
· Indication can be dynamically signaled to a UE, whose assigned downlink resources have  partially been preempted by another downlink transmission, to increase the likelihood of successful demodulation and decoding  of the TB(s) transmitted within the above mentioned assigned resource
· The indication may be used to increase the likelihood of successful demodulation and decoding of the transport block based on the pre-empted transmission and/or subsequent (re)-transmissions of the same TB
Agreements:
· No new physical channel specific for indication of DL resources being preempted by another DL transmission is introduced 
· FFS whether the indication is based on NR-PDCCH or a group common PDCCH
· FFS location of the indication
· FFS timing of the indication

Agreements:
· The minimum periodicity for UE to monitor group common DCI for DL preemption indication is down-selected between
· Option 1: one slot
· Option 2: less than a slot
Agreements:
· The time duration of the reference downlink resource for pre-emption indication equals to the monitoring periodicity of the group-common DCI carrying the pre-emption indication 
· In TDD, at least the semi-statically configured UL symbols are excluded from the reference downlink resource
· Note: This means the reference downlink resource only includes the DL or unknown symbols given by semi-static configuration within the semi-statically configured time duration of the reference downlink resource.
· FFS for the handling of reserved resource especially at RE level
Agreements:
· For minimum monitoring periodicity of pre-emption indication:
· At least slot level monitoring periodicity of preemption indication is supported
· FFS to additionally support other cases (e.g. non-slot level monitoring)
Agreements:
· For slot level monitoring periodicity, UE is not required to monitor preemption indication for a slot in which PDSCH is not scheduled
· UE is not required to monitor preemption indication in DRX slots
· UE is not required to monitor preemption indication for the deactivated DL BWP
· Note: not necessarily all of the above bullets will have spec impacts

Agreements:
· The HARQ timeline for a PDSCH transmission is not affected by preemption indication. 

Agreements:
· No concensus to introduce an explicit RRC configuration for frequency region of the reference downlink resource for pre-emption indication in Rel-15
· (working assumption) the frequency region of the reference downlink resource for pre-emption indication is the active DL BWP

Agreements:
· A fixed payload size (excluding CRC and potential reserved bits) of the group-common DCI carrying the downlink pre-emption indication (PI), in the format of a bitmap is used to indicate preempted resources within the semi-statically configured DL reference resource
· The bitmap indicates for one or more frequency domain parts (N>=1) and/or one or more time domain parts (M>=1)
· There is no RRC configuration involved in determining the frequency or time-domain parts
· The following combinations are supported and predefined {M, N} = {14, 1}, {7, 2}
· A combination of {M,N} from this set of possible {M,N} is indicated 1bit by RRC configuration for a UE
Agreements:
· Within a PUCCH group, UE can be configured to monitor group common PDCCH for pre-emption indication for a Scell on a different serving cell
· One DCI can contain one or more pre-emption indication field(s) corresponding one or more serving cells
· Each field (14bits bitmap) for one serving cell
· RRC configures the PI field location in the DCI format that is applied to that cell

Agreements:
· Supported periodicities for slot level preemption monitoring are
· 1, 2, TBD1, TBD2 slots

Agreements:
· No concensus to support mini-slot level monitoring periodicity of preemption indication in RAN1#91

Agreements:
· Confirm the following working assumption in RAN1#90bis
· The frequency region of the reference downlink resource for pre-emption indication is the active DL BWP
Agreements:
· Configuration of UE monitoring of preemption indication is per DL BWP

Agreements:
· For the bitmap indication, the time-frequency blocks of the reference DL resource determined by {M, N} ({M, N}={14, 1}, {7, 2} ) are indexed in frequency first manner
· Note: The reference DL resource is partitioned with M time domain parts and N frequency domain parts. 
· Note: Current TS38.213 needs to be updated according to the above agreement.

Agreements:
· When a PI is detected, the time location of the corresponding reference DL resource (RDR) is determined by:
· The RDR starts at the 1st symbol of the previous CORESET for PI monitoring and ends right before the current CORESET at which the PI is detected. 

Agreements:
· The UE is not expected to take into account a PI detected in a BWP for a PDSCH scheduled in a different BWP of the same serving cell.
Agreements:
· Support 4 as additional PI monitoring periodicity value as part of the RRC configuration for the UE
· No other additional values in Rel-15
Agreements:
· To adopt the TP in section 3 of R1-1801155 (for Section 11.2 of 38.213)

Agreements:
· Study the options to support dynamic resource sharing between eMBB UL and URLLC UL from different UEs (comparing with existing techniques)
· Option 1: eMBB UE cancels UL transmission when an indication is detected. Details to be discussed/clarified
· UE processing timeline for cancelation
· UE monitoring periodicity
· Group common or UE specific signalling (including the possibility to use eMBB scheduling DCI)
· reliability of indication
· Any impact due to timing advance
· Option 2: UL power control. URLLC UE transmits over the same resource with eMBB UE transmission. The transmission power for URLLC UL is boosted and/or transmission power for eMBB UL is reduced. Details need to be discussed/clarified
· Performance impact to eMBB/URLLC transmission
· How to signal the URLLC transmission power boosting
· How to signal the eMBB transmission power reduction after UL grant
· UE monitoring periodicity
· Processing timeline
· Feasibility of changing eMBB Tx power during the transmission 
· reliability of indication
· Any impact due to timing advance
· Other options including gNB receiver interference cancelation schemes are not precluded
· Aspects to be included in the study
· Processing timeline for grant-based procedure for URLLC in UL
· Applicability of the options to TDD and/or FDD can be studied
· Cases for GB-based & GF-based

Dynamic resource sharing of eMBB and URLLC on the uplink
It was agreed that the dynamic multiplexing of eMBB and URLLC transmissions in both time and frequency domains is supported on the downlink as shown in Section 1. This system design optimizes the outage capacity of non-slot-based URLLC transmissions by exploiting the statistical multiplexing gain over the entire system bandwidth, and maximizes the capacity of slot-based eMBB transmissions by fully utilizing the time and frequency resources. The same design principles are applicable to uplink URLLC and eMBB transmissions. Wideband resources allow more URLLC uplink transmissions to be dynamically FDM’ed in the same mini-slot, reducing the latency overhead at the UE side and increasing the number of URLLC UEs that can be connected to the network. In contrast, if uplink resources are statically or semi-statically reserved for URLLC, either the overall system utilization is very low (reserving too much bandwidth to URLLC) or the URLLC capacity is significantly reduced (reserving too little bandwidth to URLLC).
See further the system-level simulation results in Section 4.3 to support the dynamic resource sharing.
Proposal 1: NR supports dynamic resource sharing between different latency and/or reliability requirements for the eMBB and URLLC services on the uplink.
eMBB and URLLC multiplexing via uplink power control 
In uplink power control, one proposal to reduce the interference of ongoing eMBB transmissions to URLLC ones in a cell is by either boosting the transmission power of URLLC UEs or reducing the transmission power of eMBB UEs.
Boost of transmission power of URLLC UEs
There are several issues with boosting the transmission power of URLLC UEs.
1. The outage cell capacity of the URLLC service is dominated by the cell-edge URLLC UEs, which may not have the power headroom for power boosting.
2. Increasing transmission power goes against the long-standing practice of controlling the interference-over-thermal (IoT) to achieve stability in cellular networks. In the interference-limited regime where there may or may not be URLLC UEs in neighboring cells, increasing transmission power provides little improvement of system capacity at the cost of high power consumption.

Observation 1: Boosting transmission power of URLLC UEs is infeasible for cell-edge UEs that have limited power headroom, and is ineffective in the interference-limited regime for all URLLC UEs.

Reduction of transmission power of eMBB UEs
When the URLLC UEs have random traffic, eMBB UEs cannot predict the exact timing of future URLLC transmissions. The effective ways of reducing eMBB transmission power include:
1. Static or semi-static power reduction. The eMBB performance will be significantly impacted in the long run, which is completely unnecessary when there is no URLLC traffic present. There is no new capability needed for the eMBB UEs.
2. Dynamic power reduction in the presence of URLLC transmissions: This scheme requires the gNB to provide on-demand power control and the timing of scheduled URLLC transmissions in DCI to the eMBB UEs. It is similar to the pre-empted scheme that will be discussed later in this contribution, and new eMBB UE capability is needed.

The system-level simulation results in Table I in Section 4.3 show the outage URLLC capacity is significantly degraded even when eMBB UEs in the same cell perform power control. The performance degradation of URLLC is mitigated only if eMBB UEs set a very low target received data SNR, which will result in very low throughput and spectral efficiency for eMBB UEs. Most importantly, this will impact eMBB UE performance even in the absence of URLLC traffic temporarily. The negative impact on long term eMBB performance is costly.
Observation 2: Static or semi-static reduction of the transmission power of eMBB UEs significantly impacts the eMBB performance. Dynamic power reduction is similar to the pre-emption indication scheme.

System-level simulation results
To study the effectiveness of uplink power control and the need of dynamic multiplexing between eMBB and URLLC transmissions on the uplink, we provide the system-level simulation (SLS) results in the following. The detailed SLS assumptions are given in Section 9. We consider one URLLC serving cell with 21 URLLC UEs and one eMBB UE, surrounded by 20 eMBB cells with ISD=200m. eMBB UEs in the neighbouring cells have full-buffer traffic and are scheduled dynamically, and the inter-cell interference is captured in the simulations. In the URLLC serving cell, the eMBB UE has the best path gain among all intra-cell UEs and is not power-limited, and intra-cell interference is captured by using a linear MMSE receiver at the gNB. The eMBB and URLLC UEs in all cells apply open-loop power control with partial pathloss compensation. All eMBB UEs in the neighbouring cells and all URLLC UEs in the serving cell set the target data received SNR to 20dB above thermal. The eMBB UE in the serving cell is power-controlled at different operating points to study the impact of intracell interference from eMBB to URLLC.
Table I shows the cell capacity of URLLC UEs on the uplink, subject to different available frequency resources to URLLC and different target received data SNR values for the eMBB UE in the serving cell. Target received data SNR of “-inf dB” means that all eMBB transmissions are suspended, at least during scheduled URLLC transmissions, in the serving cell. The cell capacity corresponds to the largest traffic load at which all URLLC UEs meet the QoS requirements of 1ms latency and 1e-5 reliability in the serving cell (see an example in [Section 3.2.2, 2]). We observe that the URLLC capacity and the associated spectral efficiency increase with frequency resources across all received data SNR targets of the jamming eMBB transmissions. The associated resource utilization of URLLC transmissions, shown in Table II, is relatively low even when the URLLC traffic load is at the capacity-achieving level. The simulation results confirm our observations that URLLC needs wideband resources, and dynamic multiplexing between eMBB and URLLC is needed to maximize total system resource utilization on the uplink. It should also be observed that power control does not solve the problem for URLLC and eMBB dynamic multiplexing. We can see from the BW = 20MHz case, even with P0 = 14dB at the eMBB interferer, the URLLC capacity can drop by a factor of 3. FDM-ing URLLC and eMBB is also not a good idea as the capacity drops superlinearly as the URLLC frequency resources are reduced.
It is also clear that, lowering target received data SNR for UEs in good channel condition is essentially performing channel inversion, which significantly handicaps the capacity of the corresponding eMBB system, with and without the presence of URLLC transmission.
Table I: The URLLC cell capacity under different frequency resources available to URLLC and target received data SNR values of the eMBB UE in the serving cell.
	Target received data snr of incell eMBB UE
	URLLC resources 20MHz
	URLLC resources 10MHz
	URLLC resources 5MHz

	-inf dB (eMBB transmissions are preempted)
	16.13Mbps
	5.38Mbps
	1.08Mbps

	2dB
	15.05Mbps
	5.38Mbps
	1.08Mbps

	8dB
	11.83Mbps
	4.3Mbps
	negligible

	14dB
	5.38Mbps
	2.15Mbps
	negligible

	20dB
	2.15Mbps
	negligible
	negligible



Table II: The resource utilization of URLLC transmissions at the maximum URLLC capacity under different frequency resources available to URLLC and target received data SNR values of the eMBB UE in the serving cell.
	Target received data snr of incell eMBB UE
	URLLC resources 20MHz
	URLLC resources 10MHz
	URLLC resources 5MHz

	-inf dB (eMBB transmissions are preempted)
	63.9%
	41.7%
	17.3%

	2dB
	63.8%
	44.5%
	18.6%

	8dB
	58.8%
	41.3%
	negligible

	14dB
	39.4%
	28.1%
	negligible

	20dB
	25.4%
	negligible
	negligible



Observation 3: In intra-cell eMBB and URLLC multiplexing on the uplink, semi-static power control of eMBB UEs significantly degrades the URLLC performance, unless the target received data SNR of eMBB is very low, resulting in significantly degraded eMBB performance.
Uplink pre-emption indication (ULPI)
The URLLC data on the uplink needs to be scheduled as soon as practically feasible at the minislot level due to its low latency requirement. URLLC transmissions need wideband resources to exploit trunking efficiency and may require a fair amount of system resources to achieve high reliability. Due to the different scheduling granularity of eMBB and URLLC transmissions, gNB may reallocate eMBB resources to the URLLC transmissions to meet the QoS requirements. See Figure 1 for an example.
Section 4 discusses the use of uplink power control and the performance impact on the eMBB and URLLC services. The other option is that, gNB can send an indication to eMBB UEs to suspend transmissions during the scheduled URLLC PUSCH. This is referred to as uplink pre-emption indication (ULPI). Unlike downlink pre-emption indication that can takes place after the completion of eMBB transmissions, the ULPI should be sent before the scheduled URLLC PUSCH to allow eMBB UEs to take actions. The monitoring periodicity of uplink pre-emption indication can be aligned with that of URLLC UL scheduling DCIs and should be non-slot-based. See Figure 1 for an illustration.
[image: ]
Figure 1. When URLLC UEs are scheduled on the uplink based on DCIs in the minislot scheduling occasions, eMBB UEs receive uplink pre-emption indication (PI) from gNB to suspend their transmissions during the URLLC PUSCH transmissions.
By preventing eMBB from interfering with URLLC on the uplink, the reliability performance of URLLC is improved and the end-to-end HARQ transmission latency is reduced consequently. As a result, more URLLC traffic/UEs can be admitted into the network, leading to higher URLLC capacity. Table I shows that the URLLC outage capacity under eMBB suspension/ULPI (that is, eMBB transmissions are preempted in the table) is higher than that under various eMBB power-control setpoints. Moreover, compared to the semi-static power control scheme, uplink pre-emption indication improves the eMBB performance because eMBB transmissions are only suspended when URLLC PUSCH is scheduled. eMBB UEs can return to normal high-spectral-efficiency operations in the absence of URLLC transmissions. More importantly, from a practical point of view, changing the transmission power dynamically while keeping the phase continuity after power control is much more challenging to achieve in practice than suspending UE transmission and resume after pre-emption period.
Observation 4: Uplink pre-emption indication maximizes the URLLC performance by muting eMBB transmissions that interfere with the URLLC ones. Compared to semi-static power control, the eMBB performance is substantially improved since eMBB transmissions are only suspended when URLLC transmission is present.
ULPI monitoring as an eMBB UE capability
eMBB UEs need to monitor ULPI on the minislot level in advance of the occurrence of URLLC data transmission. This can be done based on UE capability. In practical deployments, ULPI-enabled eMBB UEs can dynamically avoid interfering URLLC UEs in a cell. eMBB UEs not capable of monitoring ULPI may not be able to dynamically multiplex their transmissions with the URLLC ones, losing the statistical multiplexing gains.
We note that the monitoring and reacting to ULPI takes less processing time than monitoring UL grants and preparing for uplink data transmissions by URLLC UEs. Hence, the grant processing timeline N2 for URLLC should be sufficient for ULPI processing timeline (ULPI processing can be further reduced from URLLC grant processing timeline N2). 
Observation 5: The monitoring and reacting to ULPI, per UE capability, takes less processing time than monitoring UL grants and preparing for uplink data transmissions by URLLC UEs.
[bookmark: _Hlk510792495]Timing advances alignments across different UEs 
ULPI can be efficiently signalled to all eMBB UEs that have ongoing transmissions via group-common PDCCH. One issue raised is that when eMBB UEs have different timing advances and may not be in sync when receiving the GC-PDCCH. However, after some examination, this does not seem to be an issue. Specifically, uplink transmission cancellation signalled by GC-PDCCH is already supported in the spec as in SFI (where it requires UEs to refrain from ULGF and SRS transmission whenever the transmission falls on a flexible symbol). In that sense, there is really no issue since similar UL transmission suspension mechanism should have already been supported in the spec. For TA adjustment, further technical issues, if any is identified, can be addressed the same way as SFI monitoring.
Observation 6: The timing alignments of UEs with different TAs for ULPI processing can be done the same way as how they are handled in SFI (which are signalled similarly in GC-PDCCH).
Proposal 2: NR should support uplink pre-emption indication for eMBB and URLLC dynamic multiplexing on the uplink. Monitoring of ULPI by eMBB UEs, per UE capability, should be non-slot-based to align with non-slot-based UL URLLC transmissions. ULPI needs to be a current indication scheme and is received by eMBB UEs before the scheduled URLLC PUSCH resources.
Inter-UE vs intra-UE multiplexing of eMBB and URLLC
The multiplexing of the eMBB and URLLC communications, both from different UEs (i.e., inter-UE multiplexing) and at the same UE (i.e., intra-UE multiplexing), received attention in past meetings. On a high level, supporting the eMBB and URLLC services simultaneously at the same UE is a higher UE capability than that of supporting either the eMBB or the URLLC service (but not both) at a UE. It is reasonable to prioritize the discussions and decisions of inter-UE multiplexing in the following RAN1 meetings before the discussions of intra-UE multiplexing at a higher UE capability.
Proposal 3: The discussions of inter-UE multiplexing of eMBB and URLLC should be prioritized over that of intra-UE multiplexing.
Conclusion
Proposal 1: NR supports dynamic resource sharing between different latency and/or reliability requirements for the eMBB and URLLC services on the uplink.
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Observation 2: Static or semi-static reduction of the transmission power of eMBB UEs significantly impacts the eMBB performance. Dynamic power reduction is similar to the pre-emption indication scheme.

Observation 3: In intra-cell eMBB and URLLC multiplexing on the uplink, semi-static power control of eMBB UEs significantly degrades the URLLC performance, unless the target received data SNR of eMBB is very low, resulting in significantly degraded eMBB performance.
Observation 4: Uplink pre-emption indication maximizes the URLLC performance by muting eMBB transmissions that interfere with the URLLC ones. Compared to semi-static power control, the eMBB performance is substantially improved since eMBB transmissions are only suspended when URLLC transmission is present.
Observation 5: The monitoring and reacting to ULPI, per UE capability, takes less processing time than monitoring UL grants and preparing for uplink data transmissions by URLLC UEs.
Observation 6: The timing alignments of UEs with different TAs for ULPI processing can be done the same way as how they are handled in SFI (which are signalled similarly in GC-PDCCH).
Proposal 2: NR should support uplink pre-emption indication for eMBB and URLLC dynamic multiplexing on the uplink. Monitoring of ULPI by eMBB UEs, per UE capability, should be non-slot-based to align with non-slot-based UL URLLC transmissions. ULPI needs to be a current indication scheme and is received by eMBB UEs before the scheduled URLLC PUSCH resources.
Proposal 3: The discussions of inter-UE multiplexing of eMBB and URLLC should be prioritized over that of intra-UE multiplexing.
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 System-level simulation assumptions
	Parameters
	Urban Macro

	Layout
	Single macro layer. Hex. Grid, 21 cells wrap around

	Inter-BS distance
	200m

	Carrier frequency
	2GHz

	System bandwidth
	5, 10, 20MHz (FDD UL)

	Channel model
	3D UMa

	Transmission power
	BS: 49dBm PA scaled with simulation bandwidth. UE: 23dBm

	Antenna config
	2 Tx / 2 Rx (X-pol)

	BS antenna height
	35m

	BS antenna element gain+connector loss
	8dBi

	BS/UE receiver noise figure
	5/9 dB

	Open-loop power control
	Target received data SNR=20dB, partial pathloss compensation alpha=0.9. Same for all eMBB and URLLC UEs. The eMBB UE in the serving cell has other target received data SNR values for evaluation.

	Traffic model
	eMBB: full-buffer. URLLC: Poisson with 32-byte packets (FTP3)

	UE distribution
	21 URLLC UEs and 1 eMBB UE (closet to BS) in the serving cell. Uniformly random drop in a cell with 80% indoor and 20% outdoor. 20 eMBB neighboring cells, each has one eMBB UE.

	Scheduling algorithm
	URLLC: delay-based subband 2x2 SU-MIMO

	Inter/intra-cell interference
	Fully captured with beamforming. Linear-MMSE receiver in the URLLC serving cell

	Tone spacing/cyclic prefix
	30KHz/NCP

	Minislot/RTT durations
	2-symbol minislot, 6-symbol RTT

	HARQ
	Incremental redundancy

	Target reliability
	Tx missed deadline + Rx HARQ failure <= 1e-5

	Hard latency bound
	1ms

	Channel estimation
	Demod chanEst error is captured in link sim results

	Control
	Overhead is not captured in capacity analysis
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