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1 Introduction

For the 3GPP New Radio Access Technology (NR), a diverse set of usage scenarios and applications is envisioned, foremost of which are: enhanced mobile broadband (eMBB) communications, massive machine-type communications (mMTC), and ultra-reliable and low-latency communications (URLLC) [1]. These usage scenarios or applications are sometimes also referred to as “verticals” and TR 38.913 describes the mapping between requirements and deployment scenarios for different verticals. In particular, for URLLC, the key performance indicators (KPIs) are given as follows:

User Plane Latency
	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
	Reliability can be evaluated by the success probability of transmitting X bytes NOTE1 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 1-10-5 within 1ms.

A general URLLC reliability requirement for one transmission of a packet is 1-10-5 for X bytes (e.g., 20 bytes) with a user plane latency of 1ms.

NOTE1: Specific value for X is FFS


In this contribution, the implications of the aforementioned requirements for URLLC on the frame structure definition for NR are discussed and different design approaches to achieve these requirements are surveyed from a frame structure perspective. Other aspects pertaining to the NR URLLC design are treated in our companion contribution in [2].
2 User plane latency and reliability requirements for URLLC
TR 38.913 [1] defines user plane latency as the time it takes to successfully deliver an application layer packet from the radio protocol layer 2/3 SDU ingress point to the radio protocol layer 2/3 SDU egress point via the radio interface. For URLLC, the target user plane latency is 0.5ms for UL and DL. In our understanding, this is an average target latency for URLLC without a specified requirement for payload and/or reliability. In addition, a URLLC reliability requirement for one transmission of a packet is defined, namely, 1-10-5 for X bytes with a user plane latency of 1ms. We understand this requirement as a guaranteed target latency for URLLC. The payload X is currently FFS in RAN Plenary but RAN1 evaluation assumptions for URLLC assume 32 bytes as an example and RAN has assumed 20 bytes as an example. In addition to possible payloads, the traffic models for URLLC are likewise still under discussion. 
In comparison, for eMBB, the target for user plane latency is 4ms for UL and DL, respectively. 

The user plane latency definition in TR 38.913 is vague on the assumptions in the PHY and mainly takes an application layer point of view. When URLLC traffic arrives at the radio protocol layer 2/3 SDU ingress point at the eNB or UE, the UE PHY may be DL and UL synchronized (i.e., the UE has a valid timing advance), DL synchronized but not UL synchronized (i.e., the UE does not have a valid timing advance), or neither DL nor UL synchronized (e.g., the UE may be in RRC_IDLE mode between paging occasions). In the case of the UE being in RRC_IDLE mode, the eNB would first have to page the UE when URLLC traffic arrives at its radio protocol layer 2/3 SDU ingress point whereas the UE would have to autonomously initiate a random access procedure when URLLC traffic arrives at its radio protocol layer 2/3 SDU ingress point. 
In our view, it is not realistic to assume that UEs in RRC_IDLE mode have to fulfil the URLLC requirements in TR 38.913. Hence, we propose RAN1 to assume UEs in RRC_CONNECTED mode when studying URLLC. In addition, these UEs should be assumed to be UL synchronized, i.e., a random access procedure is not required. For the case where the URLLC traffic arrives at the radio protocol layer 2/3 SDU ingress point at the UE, it is proposed that RAN1 studies the feasibility of the requirements when the UE does not have an UL grant, i.e., transmission of a scheduling request is necessary as part of the user plane latency computation.
Proposal 1: RAN1 to assume UEs in RRC_CONNECTED mode with valid timing advance when studying URLLC, i.e., a random access procedure is not part of the user plane latency definition 
· FFS whether UEs are assumed to have an UL grant when studying URLLC or whether transmission of a scheduling request is part of the user plane latency definition in case of URLLC UL traffic
3 Frame structure considerations for URLLC
Different verticals can be multiplexed into the same NR carrier by various means. For example, a narrowband partition in frequency domain could be allocated to mMTC and URLLC similar to NB-IoT in Rel. 13 as illustrated in Figure 1. Time domain multiplexing is equally possible as is the case with MBMS in Rel. 8. In both these examples, different verticals may use different numerologies. Notwithstanding, the same vertical can also use different numerologies. For instance, in the NB-IoT UL 3.75kHz and 15kHz subcarrier spacing can be time-division and/or frequency-division multiplexed. Regardless of whether different numerologies are time-division or frequency-division multiplexed, so far, they did not occupy overlapping resources. For example, for the serving cell on which EPDCCH is monitored, a UE is not required to monitor the EPDCCH in a subframe which is configured by higher layers to be part of a positioning reference signal occasion if the positioning reference signal occasion is only configured within MBSFN subframes and the cyclic prefix length used in subframe #0 is normal cyclic prefix [3]. 
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Figure 1: Multiplexing of difference services, e.g., mobile broadband, massive MTC, and URLLC
For URLLC, however, due to the stringent requirements on latency and reliability, a semi-static separation of time/frequency resources would not be efficient. For example, a separate partition in frequency domain could be reserved for URLLC which coexists with other frequency partitions—e.g. MBB or mMTC—within the same NR carrier (cf. Figure 1). However, if URLLC traffic is sporadic, the semi-statically reserved frequency resources remain unused most of the time. More importantly, in order to fulfil the URLLC reliability requirement, wideband transmission of URLLC data may be desirable to reap the benefits of frequency diversity. The overall system efficiency would be further degraded due to the over-reserved URLLC-dedicated resources.  
Note that for mMTC services, the situation is somewhat different. First of all, mMTC transmissions are inherently narrowband in nature due to the coverage and low cost requirements for mMTC devices. Secondly, mMTC transmissions at least in medium to extreme coverage conditions require hundreds if not thousands of repetitions and thus by design occupy considerable time resources. URLLC transmissions, on the other hand, are potentially wideband in nature and last only a few microseconds in order to fulfill the reliability and latency constraints for mission critical services. As both RAN and RAN1 have not finalized the requirements and evaluation assumptions for URLLC yet, e.g., traffic model and payloads are still under discussion, further study is needed on whether a semi-static configuration of URLLC resources in the frequency domain as depicted in Figure 1 is a feasible approach for multiplexing URLLC with other NR verticals.
Proposal 2: Further study is needed on whether a semi-static configuration of URLLC resources in the frequency domain is a feasible approach for multiplexing URLLC with other NR verticals

Alternatively, URLLC resources could be semi-statically reserved in the time domain, e.g., to facilitate the aforementioned wideband transmissions. Recall that there are basically two ways to achieve low latency communications in coexistence with mobile broadband communications. URLLC and MBB may have different TTI lengths but identical subcarrier spacing (for example, 15kHz subcarrier spacing with 14 OFDM symbols per TTI for eMBB and 15kHz subcarrier spacing with 2 OFDM symbols per TTI for URLLC) or, alternatively, URLLC and MBB may use different subcarrier spacings, e.g., 15kHz subcarrier spacing (1ms TTI) for eMBB and 60kHz subcarrier spacing (0.25ms TTI) for URLLC. 
Focusing on the case of paired spectrum, where duplex constraints do not apply, TTI shortening with identical subcarrier spacing could in principle be used to meet URLLC requirements even if 15 kHz subcarrier spacing is assumed. An example is provided in Figure 2 where minimum scheduling and HARQ A/N delays are assumed but no additional switching gaps.
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Figure 2: URLLC frame structure with TTI shortening and identical subcarrier spacing for paired spectrum
Proposal 3: In paired spectrum, TTI shortening with identical subcarrier spacing can be used to meet URLLC requirements even with 15 kHz subcarrier spacing at least in principle
· Further study is needed to assess the feasibility from a processing time, channel design, and systems perspective
It was mentioned before that time domain multiplexing of verticals is similar to Rel. 8 MBSFN subframes which allow time-division multiplexing of MBMS and unicast channels on a subframe level. Unlike MBMS, however, which delivers data via the SYNC protocol to the eNBs, URLLC traffic arrives randomly at the MAC buffer and hence does not follow a schedule like MBMS. Hence, when URLLC traffic arrives at the MAC buffer during a long MBB TTI (e.g., 1ms), time-division multiplexing of the two cannot fulfil the URLLC requirement as also depicted in Figure 3 and Figure 4 below.
In an exemplary dynamic TDD system, where the transmission direction of a subframe of length 1ms is indicated by the PDCCH on the first symbol of a subframe, once the eNB has prepared the DCI to designate a subframe as UL, it cannot change the duplex direction for 1ms, i.e., until the first symbol of the subsequent subframe. If URLLC traffic arrives at the eNB MAC buffer during said MBB UL subframe the eNB can cease receiving MBB transmissions and start transmitting URLLC data. However, URLLC UEs may experience excessive interference from MBB UL UEs when decoding the URLLC DL data. This situation is illustrated in Figure 3 and further details can be found in our companion contributions in [2] and [4].

Similarly, for a MBB DL subframe in the exemplary dynamic TDD system with subframes of length 1ms, once the eNB has prepared the DCI to designate a subframe as DL it cannot change the duplex direction for 1ms either. If URLLC traffic arrives at the UE MAC buffer during the MBB DL subframe the eNB cannot receive URLLC UL transmissions due to full duplex constraints discussed in detail in our companion contribution in [2]. This situation is illustrated in Figure 4.
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Figure 3: MBB/URLLC causality issue in MBB UL subframes
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Figure 4: MBB/URLLC causality issue in MBB DL subframes
Consequently, in order to fulfil the URLLC requirements in TDD systems, frequent UL and DL resources for URLLC need to be allocated in the time domain which may severely impact MBB performance. In fact, the situation is no different from TD-LTE where the HARQ RTT in UL and DL also depends on the TDD UL/DL configuration only that switching of the duplex direction is defined on a symbol level rather than a subframe level as a consequence of the latency requirements as illustrated in Figure 5. 
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Figure 5: URLLC frame structure with TTI shortening and identical subcarrier spacing for unpaired spectrum
Hence, in case of unpaired spectrum, TTI shortening with identical subcarrier spacing can be used to meet URLLC requirements even with 15 kHz subcarrier spacing, however, additional switching guards have to be configured to allow the duplexer in the transceiver circuitry to switch from transmitting to receiving and vice versa. This leaves less and less resources for semi-static multiplexing of UELLC and MBB in a time-division manner.
Proposal 4: Further study is needed on whether a semi-static configuration of URLLC resources in the time domain is a feasible approach for multiplexing URLLC with other NR verticals
Proposal 5: In order to fulfil the URLLC requirements in TDD systems, frequent UL and DL resources for URLLC need to be allocated in the time domain
Proposal 6: In unpaired spectrum, TTI shortening with identical subcarrier spacing can be used to meet URLLC requirements even with 15 kHz subcarrier spacing at least in principle 

· Further study is needed to assess the feasibility from a processing time, channel design, and systems perspective
In the considerations above, we have assumed 15kHz subcarrier spacing for URLLC and MBB and a resulting subframe length of 1ms. As illustrated in Figure 6, the subcarrier spacing puts a fundamental limit on the achievable latency and further shortening of the TTI may only be achieved by increasing the subcarrier spacing. So far, we have assumed identical subcarrier spacing for MBB and URLLC and the focus has been on the potentially different switching times between UL and DL for MBB and URLLC in TDD systems where, for example, switching the duplexing direction once every subframe (1ms for 15kHz subcarrier spacing) may not be sufficient for URLLC. We will now focus our attention to the case where MBB and URLLC potentially use different sub-carrier spacing. 
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Figure 6: TTI shortening by decreasing the OFDM symbol duration
From the discussions so far, it is evident that multiplexing URLLC and MBB using the same subcarrier spacing is rather straight forward at least in FDD systems. URLLC and MBB channels can be multiplexed on an RE level within one OFDM symbol as they share the same numerology, similar to the latency reduction studies in LTE and a search space can be defined that incorporates opportunities to schedule URLLC transmissions throughout a subframe (see, e.g., Figure 2). 
Using Rel. 10 MBMS as an example, the eNB MAC scheduler can dynamically allocate resources reserved for MBMS to a different vertical, namely MBB, in MBSFN subframes without PMCH transmissions. The presence of PMCH transmissions is, however, a priori known to the eNB MAC scheduler via the schedule broadcasted on the MCCH and hence, if subframe n is an MBSFN subframe not used for PMCH transmission, the eNB MAC scheduler can instruct the eNB PHY in subframe n-k to prepare a PDSCH transmission in subframe n using TM9 or TM10 where k is the assumed processing delay to encode the MAC PDU for transmission on a PDSCH. In addition, each resource reserved for MBMS, viz., the MBSFN subframe, contains a non-MBSFN region which can be used to schedule said MBB transmissions in TM9 or TM10 in the MBSFN region of the resources reserved for MBMS. In other words, different verticals (MBMS and MBB) use the same TTI duration, namely, one subframe. 

In case of URLLC, where the TTI duration is considerable shorter than for MBB, the eNB may have to schedule a URLLC transmission during an on-going MBB transmission as exemplified in Figure 2. If MBB and URLLC use different subcarrier spacings, this entails dynamically switching the numerology within one subframe as depicted in Figure 7. In case 1, the URLLC is not capable of monitoring a URLLC search space with 15kHz subcarrier spacing whereas in case 2, the UE receives both MBB and URLLC with 15kHz subcarrier spacing and dynamically switches numerology if a URLLC PDCCH is detected. 
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Figure 7: Examples of switching the numerology within a subframe

While changing the numerology allows for further shortening of the TTI duration, it is not clear if this is actually required to fulfill the URLLC requirements. Moreover, increasing the subcarrier spacing for just one vertical does not alleviate the problems arising from the full duplex constraints in TDD systems. However, increasing the subcarrier spacing may minimize the required switching guards as illustrated in Figure 8. 
If it is deemed beneficial to use larger subcarrier spacing for URLLC traffic, another alternative is to also operate MBB with the larger, identical subcarrier spacing. This would immediately alleviate latency and duplexing constraints as URLLC and MBB operation would be identical from a frame structure perspective, albeit with potentially different channel design to achieve the URLLC reliability requirements. Hence, we propose to start studying URLLC multiplexing with MBB when both use the same subcarrier spacing and potentially to first focus on the case of paired spectrum. Regardless, all the different design approaches (e.g., same numerology with small or large subcarrier spacing for both MBB and URLLC, different subcarrier spacing for MBB and URLLC, …) need to be evaluated in terms of efficiency both with respect to MBB and URLLC performance. 
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Figure 8: Example of increasing the subcarrier spacing to decrease switching guards
Proposal 7: Start studying URLLC multiplexing with MBB when both use the same subcarrier spacing 
· Potentially to first focus on the case of paired spectrum
4 Conclusion

In this contribution, we discussed frame structure aspects of URLLC and potential solutions for MBB and URLLC coexistence. The following is proposed: 
Proposal 1: RAN1 to assume UEs in RRC_CONNECTED mode with valid timing advance when studying URLLC, i.e., a random access procedure is not part of the user plane latency definition 

· FFS whether UEs are assumed to have an UL grant when studying URLLC or whether transmission of a scheduling request is part of the user plane latency definition in case of URLLC UL traffic
Proposal 2: Further study is needed on whether a semi-static configuration of URLLC resources in the frequency domain is a feasible approach for multiplexing URLLC with other NR verticals

Proposal 3: In paired spectrum, TTI shortening with identical subcarrier spacing can be used to meet URLLC requirements even with 15 kHz subcarrier spacing at least in principle

· Further study is needed to assess the feasibility from a processing time, channel design, and systems perspective
Proposal 4: Further study is needed on whether a semi-static configuration of URLLC resources in the time domain is a feasible approach for multiplexing URLLC with other NR verticals
Proposal 5: In order to fulfil the URLLC requirements in TDD systems, frequent UL and DL resources for URLLC need to be allocated in the time domain

Proposal 6: In unpaired spectrum, TTI shortening with identical subcarrier spacing can be used to meet URLLC requirements even with 15 kHz subcarrier spacing at least in principle 

· Further study is needed to assess the feasibility from a processing time, channel design, and systems perspective

Proposal 7: Start studying URLLC multiplexing with MBB when both use the same subcarrier spacing 

· Potentially to first focus on the case of paired spectrum
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