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Introduction
In RAN #71, the technology study item for 5G new RAT (NR) has been approved [1]. URLLC (ultra-reliable low latency communication) requirements has been discussed in RAN plenary in June 2016:
“ The time it takes to successfully deliver an application layer packet/message from the radio protocol layer 2/3 SDU ingress point to the radio protocol layer 2/3 SDU egress point via the radio interface in both uplink and downlink directions, where neither device nor Base Station reception is restricted by DRX.
For URLLC the target for user plane latency should be 0.5ms for UL, and 0.5ms for DL. Furthermore, if possible, the latency should also be low enough to support the use of the next generation access technologies as a wireless transport technology that can be used within the next generation access architecture.
NOTE1:	The reliability KPI also provides a latency value with an associated reliability requirement. The value above should be considered an average value and does not have an associated high reliability requirement.”
“Reliability can be evaluated by the success probability of transmitting X bytes within 1 ms, which is the time it takes to deliver a small data packet from the radio protocol layer 2/3 SDU ingress point to the radio protocol layer 2/3 SDU egress point of the radio interface, at a certain channel quality (e.g., coverage-edge).
The target for reliability should be 10^-5 within 1ms.
A general URLLC reliability requirement for one transmission of a packet is 10^-5 for X bytes (e.g., 20 bytes) with a user plane latency of 1ms.”

[bookmark: _Ref471634189]Scheduling request for uplink URLLC
In LTE, uplink data transmission is preceded by a scheduling request (SR) from the UE and an uplink data transmission grant signalled back from eNB after the SR reception. Such a transaction adds at least a round-trip time worth of delay in the uplink data transmission. 
For uplink URLLC, such a round-trip delay before commencing the uplink data transmission may increase the end-to-end URLLC latency. One alternative is to eliminate the round-trip delay associated with SR-grant by allowing URLLC transmissions to use a grant-free mode. In RAN1-87 [2], it was agreed that at least an UL transmission without a grant is supported for URLLC (if not also for eMBB, etc.):
Agreements:
· At least an UL transmission scheme without grant is supported for URLLC
· Resource may or may not be shared among one or more users 
· FFS: resource configuration details
· FFS other details of design

For a grant-free mode of operation, the gNB could pre-allocate certain resources for a UE. In some scenarios, if the traffic pattern is known or predictable, then pre-allocating a resource for each URLLC UE may be useful. However, more generally, such pre-allocation may be wasteful, as it reduces the 
benefits of statistical multiplexing.
A more general approach for grant-free operation is to allow the UEs to operate in a contention-based manner not only among URLLC UEs, but also between URLLC and eMBB UEs in order to utilize the available bandwidth resource to achieve high reliability with low latency. However, contention-based operation may result in low reliability at high load when collisions occur, and meeting the 1e-5 requirement may become difficult. This may not only lower the URLLC capacity of the system, but also make it very difficult to achieve the desired latency/reliability due to high collision in some scenarios. More specifically, failure to detect the presence of UL data will cause substantial latency and reliability loss and hence presence of URLLC UL data has to be communicated with high reliability.
The importance of reliable scheduling request (SR)
UL SR detection is similar to UL 1-bit ACK detection in the presence of DTx. To characterize the performance of such a detection scheme, we consider the similar problem of detecting a 1-bit ACK/NACK uplink signal. 
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[bookmark: _Ref478025969]Figure 1: 1-bit ACK to DTX/NACK error rate
Figure 1 shows the ACK to DTX/NACK error rate for PUCCH as a function of the uplink CINR. The results are shown for the EPA channel assuming wideband ACK transmission. The results are for 1 antenna at the UE and 4 antennas at the gNB. Realistic channel estimation is assumed. 
Since the overall reliability requirement for URLLC is 1e-5 error rate, the requirement for detection of the presence of uplink data should be at least the same value. It can be seen from the figure that even for ACK bit, achieving such a low error rate as 1e-5 requires a high CINR. 
Consider the problem of detecting the presence of an uplink URLLC transmission when operating in a grant-free mode. If there is no control signal to indicate the presence of such data, the gNB may have to rely on blindly detecting the presence of such data using DMRS and others RS or data signals.  Moreover, when URLLC and eMBB traffic is multiplexed in a grant-free mode, the URLLC DMRS may contend with eMBB traffic, and blindly detecting the presence of such DMRS may be even more challenging because eMBB may be power controlled differently and also the data may happen to be spatially correlated with the URLLC DMRS sequence (leading to high detection error). In contrast, SR-based detection may be more feasible using a sequence detection approach with appropriate power control and with properly designed SR sequences, and this can be extended using multiple sequence detection even when URLLC UEs collide with each other in a grant-free mode.
Observation 1: Achieving high reliability in the detection of the presence of grant-free uplink URLLC transmission using blind detection of DMRS may be very challenging. 
Based on this observation, we propose that URLLC should support an indication of the presence of uplink URLLC data in the form of an SR transmission.
Proposal 1: URLLC UL should support SR transmission.

Simultaneous SR and data
In this section, we consider the following enhancement to the contention-based grant-free approach: the UE sends a scheduling request (SR) together with its first HARQ transmission. The first HARQ transmission may occur in a grant-free contention-based manner, thereby avoiding the round-trip delay for grant reception. The purpose of this SR is for the UE to indicate the presence of URLLC UL data and to request the gNB to schedule resources for subsequent HARQ transmissions of the data, in case the first HARQ transmission fails to decode. The SR may be transmitted on a dedicated (reserved) resource to ensure higher reliability. This mechanism could then be used to ensure that the retransmissions are not subject to severe collisions, and this is expected to improve the reliability. As a result, the overall URLLC capacity of the system is expected to improve compared with the case where first transmission data is granted only after gNB successfully receives SR, especially in scenarios where the packet deadline is very stringent.
The following figures show a conceptual timeline diagram comparing these approaches. The diagrams in Figure 2 and Figure 3 use a two-symbol mini-slot for illustration. Figure 2 shows the SR-grant based approach (where the SR duration could be smaller than 2-symbol mini-slot to further reduce latency). An initial delay of 2 mini-slots (ignoring the queueing delay from packet arrival to the mini-slot boundary, which is 1 mini-slot in the worst case) is incurred due to the SR-grant message (SR-G1) exchange. Figure 3 shows the approach where the SR is sent together with the grant-free first HARQ transmission. Here, the first transmission (shown with a shaded background) is grant-free and therefore has no initial delay, but it may collide with other uplink transmissions. However, the SR indicates to the gNB that the UE has attempted a transmission and allows the gNB to schedule resources for the second (and subsequent) transmission attempts if needed. These resources are indicated to the UE in the form of grant G2. 
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[bookmark: _Ref470163082]Figure 2: SR-grant based approach: 2-symbol mini-slot
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[bookmark: _Ref470163091]Figure 3: SR sent with grant-free first HARQ tx: 2-symbol mini-slot

Figure 4 and Figure 5 show similar timeline diagrams for the two approaches for the case of 4-symbol mini-slot. The SR-grant based approach has an initial delay of 1 mini-slot (4 symbols), whereas the approach of simultaneously sending SR with a grant-free first HARQ transmission does not have an initial delay (excluding the queueing delay incurred between packet arrival and the next mini-slot boundary). 
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[bookmark: _Ref471633852]Figure 4: SR-grant based approach: 4-symbol mini-slot
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[bookmark: _Ref471633854]Figure 5: SR sent with grant-free first HARQ tx: 4-symbol mini-slot
Performance evaluation
We next compare the schemes discussed in Section 2. While the second approach (Figure 3 and Figure 5) is ahead of the first approach (Figure 2 and Figure 4) in terms of the timeline, it has the potential drawback that the first transmission may collide with other uplink transmissions. 
The metric used for comparison is the maximum arrival rate of packets at the UEs such that both reliability and latency targets can be met simultaneously.
Table 1: Simulation assumptions
	Quantity
	Value

	Packet size
	32 bytes

	Interference over thermal due to ongoing eMBB traffic
	6 dB

	URLLC reliability target
	1e-4

	Total uplink bandwidth
	20 MHz

	Mini-slot duration
	2 symbols (62.5 us) or 
4 symbols (125 us)

	Round-trip time
	3 mini-slots (for 2-sym mini-slot case), or 
2 mini-slots (for 4-sym mini-slot case)



The URLLC UEs are assumed to be power-controlled to be received at SINR = 0 dB over the thermal and eMBB interference when there is no collision among URLLC UEs. Collision among the URLLC UEs is modelled as an SINR degradation – for example, the SINR when k URLLC UEs transmit simultaneously is assumed to be -10 log10(k) dB. 
Note that, in this study, only the data channel reliability/latency/capacity is evaluated with the assumption that SR is perfectly detected by gNB via a genie. In practice, power split between SR and data may be necessary, which will further degrade performance of the simultaneous SR and data scheme. Hence, the simulation results here only serve as a reference upper bound for such grant-free transmission schemes.
Figure 7 and Figure 7 show the tradeoff between the URLLC system capacity and the delay bound. The results shown in Figure 6 are for a cell with 1 URLLC UE. The results in Figure 7 are for the case of 5 URLLC UEs. In each case, two resource allocation options are compared for each HARQ transmission of a packet: 
· 10 MHz bandwidth allocation with 2-symbol mini-slot duration
· 5 MHz bandwidth allocation with 4-symbol mini-slot duration 
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[bookmark: _Ref471467383]Figure 6: UL URLLC capacity vs. delay bound, single user case
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[bookmark: _Ref470174599]Figure 7: UL URLLC capacity vs. delay bound, 5 user case
For the single URLLC user case (Figure 6), the first grant-free transmission may only collide with ongoing eMBB transmissions. Hence, the approach of sending the SR together with the first grant-free transmission shows improvement in the capacity compared to the baseline approach where data transmission is preceded by an SR-grant exchange. However, the benefit of this approach diminishes as the delay bound becomes more relaxed. 
With 5 URLLC users in the cell (Figure 7), the first grant-free transmission of a URLLC user may collide with ongoing eMBB transmissions as well as with other URLLC users. Hence, the benefit of the grant-free transmission is less than in the single user case, and even leads to a performance loss compared to the grant-based approach in the 5 MHz, 4 symbol mini-slot case.
Figure 8 shows the fraction of resources utilized for URLLC under the different approaches as a function of increasing URLLC offered load. The plot corresponds to the 10 MHz, 2-symbol mini-slot case, with a delay bound of 1 millisecond. 
In Figure 8, “Baseline” refers to the first approach of SR followed by grant-based transmission. In this case, the resources used by URLLC are unavailable to eMBB since they have been granted to URLLC UEs. In comparison, the second approach uses granted resources only for retransmissions, which is shown by the black region. The other coloured regions indicate the resources used by URLLC in a contention-based manner. These resources are categorized based on how many UEs contended on the resource. Specifically, the plot shows the resource utilization fraction for the second approach in a cumulative manner, starting with retransmissions at the bottom and then proceeding from 5-UE contention to 1-UE contention at the top. Since URLLC is assumed to also contend with eMBB on these resources, the region representing the contention-based access are also available to eMBB, although these resources are subject to some interference from the URLLC grant-free transmissions. 
This resource utilization plot also illustrates the light loading nature of URLLC and motivates the dynamic multiplexing of eMBB and URLLC in the UL as well.
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[bookmark: _Ref471637197]Figure 8: Resource utilization for URLLC
Conclusion
In summary, the need for scheduling request for uplink URLLC was studied. It is shown that at least sending an SR message together with a grant-free first transmission attempt helps to both reduce the turn-around time from SR request to 1st transmission of data and at the same time to ensure SR reliability (by preserving dedicated resource for SR to avoid high interference from intra-cell URLLC and eMBB UL data). This SR could serve as an indication to the gNB that would enable it to schedule dedicated resources for the URLLC UE for subsequent HARQ transmissions of the packet to ensure successful reception.
Based on simulations, the study concludes that this approach of sending SR together with the first transmission does improve system capacity of URLLC. However, this benefit may diminish as the delay budget increases. Also, this benefit may diminish when power split between SR and data is needed in order to achieve high reliability.
Observation 1: For uplink URLLC, sending SR together with grant-free contention-based first transmission improves the system capacity compared to regular SR-grant based uplink. However, this benefit may diminish as the delay budget increases. Also, this benefit may diminish when power split between SR and data is needed in order to achieve high reliability.
Based on this observation, we propose that URLLC UL should support SR followed by grant based (or pre-granted) data transmission as baseline.
Proposal  1: URLLC UL should support SR transmission.
Proposal 2: URLLC UL should support SR followed by grant based (or pre-granted) data transmission as baseline.
Proposal 3: Study further the benefits of different SR transmission schemes including simultaneous transmission of SR with data.
Based on the simulation study [3], it is also observed that allowing URLLC to be dynamically multiplexed with eMBB could be beneficial to overall system performance. In addition, eMBB transmission backoff based on indication for URLLC retransmission is crucial to achieve high reliability with tight latency bound.
Observation 2: Allowing URLLC to be dynamically multiplexed with eMBB could be beneficial to overall system performance 
Observation 3: eMBB transmission backoff based on indication for URLLC retransmission is crucial for URLLC to achieve high reliability with tight latency bound.
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