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Introduction
In RAN1#90bis, for URLLC, “Reliability” is defined as the success probability R of transmitting X bits within L seconds, 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 Q (e.g., coverage-edge). Moreover, the latency bound L includes transmission latency, processing latency, retransmission latency and queuing/scheduling latency (including scheduling request and grant reception if any). In addition, two targeted reliability and latency requirements are agreed be evaluated: 
	1. URLLC for LTE should target the requirement defined by ITU, i.e., 10-5 error probability in transmitting a layer 2 PDU of 32 bytes within 1 ms. Additional less stringent requirements can be considered.
2. In addition to (10-5, 1ms, 32 bytes packet), URLLC for LTE should target the requirement of 10-4 error probability in transmitting a layer 2 PDU of 32 bytes within 10 ms.



In this paper, we discuss design aspects on data and control transmission in both DL and UL, and in particular repetition techniques to increase the reliability, i.e., the success probability within the latency bound, in particular for low SINR in coverage-edge. 
[bookmark: _Ref178064866]Discussion
Data Repetition
In LTE, retransmission mechanisms to ensure a reliable communication are already in place on different layers. In MAC layer, HARQ-based retransmission is used and BLER target for each transport block is usually set to 10% (i.e. each transport block transmission is considered as a one-shot transmission having a BLER of 10%). Retransmission are triggered when HARQ NACK or UL grants (for asynchronous UL operation) are received. The RLC AM mode can further capture the remaining errors. The issue is that the latency introduced by retransmissions, especially at the RLC layer, could be too large for the latency performance targets identified for URLLC.
If a strict latency bound is put on the delivery of packet (transport block), this corresponds to a smaller number of retransmissions opportunities being possible in HARQ, and hence a stricter BLER requirement on each packet transmission. For the target of an error rate of 10-5 within 1ms, only one HARQ-based transmission (i.e., one-shot transmission) can be supported within the 1ms latency bound with 2/3-OS sTTI. For the relaxed requirement of 10-4 within 10ms, more but still a limited number of HARQ-based transmissions can be supported. 
Retransmission based on HARQ feedback is very spectrally efficient. However, it requires the transmitting side to wait for feedback to be received, and thus the delay increases with one HARQ RTT for every retransmission. An alternative to HARQ-based retransmission is “automatic” retransmission or repetitions. Since these do not require feedback they can be executed back-to-back without any further delay. In NR, it has been agreed that for an UL transmission scheme with dynamic grant or without dynamic grant (i.e., configured SPS-grant), K repetitions including initial transmission for the same transport block are supported. See the following figure as an example.


Figure 1 Illustration of latency with repetition.
A thorough latency analysis can be found in our companion paper [1]. It is shown there that one extra round of retransmission increases the latency by one HARQ RTT, e.g., 8ms for Rel-14 and 6ms in Rel-15, for 1ms operation. For repetition-based approach, only one TTI latency is increased for one more repetition.
Suppose BLER for each PUSCH transmission is 1% and (re)transmissions are independent, one additional retransmission/repetition gives 10-4 BLER (lower if transmissions are combined, and higher if there is correlation between block errors), two retransmissions/repetitions are needed to reach a target BLER of 10-6 (less than the 10-5 requirement, again combining transmissions will give lower BLER and correlation between the transmissions will give higher BLER). If we want to reach the target of an error rate of 10-5 within 10ms, only a repetition based scheme can be used since any attempt to use a HARQ based scheme to reach the target BLER will require much more than 10ms assuming 1ms TTI. 
If users were dynamically scheduled, there is the extra uncertainty of decoding error of PDCCH which will effectively serve to further increase the latency experienced when attempting to realize the target BLER using HARQ based retransmissions. As such, it is clear that the target BLER and latencies expected for URLLC will require the use of a transport block repetition scheme.
[bookmark: _Toc498532298][bookmark: _Toc498609748][bookmark: _Toc498700888][bookmark: _Toc498704884]Transport block repetition is supported for ultra-high reliability within the latency bound.
One may argue that time repetition is a simple repetition coding scheme and a better reliability can be achieved with more advanced coding scheme. However, time repetition scheme can achieve a lower latency and consequently can better reach the latency related reliability target defined in URLLC. For example, time repetition has a smaller alignment delay, and thus more time can be used for actual transport block transmission within the latency target. In addition, transport block might be successfully decoded earlier when the initial or the first transmission is successfully decoded. 
[bookmark: _Toc498700894][bookmark: _Toc498704877]Extending the block transmission over multiple TTIs by applying a lower code rate, compared to applying time repetitions might lead to both longer alignment delay and decoding delay, and might not bring performance benefits in the end.

 
Figure 2 Shorter alignment delay and decoding delay for “Time Repetition” versus “Longer coding”.
Support of data repetition 
For DL transmission and SR-based UL transmission, the repetition can be done by network implementation without specification impact. More specifically, eNB transmits consecutively in time on PDCCH(DL-assignment)/PDSCH(DL-data)/UL-grant for the same HARQ process with NDI not-toggled. 
[bookmark: _Toc498532294][bookmark: _Toc498609743][bookmark: _Toc498700895][bookmark: _Toc498704878]Repetition in DL and SR-based UL is supported without specification impact.
[bookmark: _Toc492481979][bookmark: _Toc492483220][bookmark: _Toc492483472][bookmark: _Toc492483729][bookmark: _Toc492987553][bookmark: _Toc492987557][bookmark: _Toc492994510][bookmark: _Toc492999884]For SPS UL, specification work is needed, but the concept of repetition has been studied for LTE previously.  In pre-Rel-13, transport block repetition is supported by TTI bundling. In TTI-bundling, a UE sends four copies of one transport block with a fixed RV pattern. Each additional copy is treated as one non-adaptive retransmission, that is, the same MAC procedure to produce a non-adaptive retransmission is reused.  In rel-13, multi-subframe repetition is introduced as coverage-extension feature to support MTC devices with higher coupling loss. The repetitions take place by default in consecutive subframes (i.e., it does not introduce excessive additional latency as in HARQ-based retransmissions) and can have inter-subframe frequency hopping.  The number of repetitions to use for a certain data transmission is a combination of semi-static configuration by RRC and dynamic selection on a per-transmission basis by DCI format-6. 
Although the initial motivation for TTI bundling/multi-subframe repetition is to improve coverage, a similar framework can be re-used to achieve URLLC BLER targets while minimizing specification workload. 
The number of automatic repetitions after an initial transmission should be configurable. In other words, a variable repetition based transmission scheme to support transmission of URLLC data is seen to be beneficial, since the number of needed repetitions for URLLC data might be different for different latency-reliability requirements and channel conditions.  
[bookmark: _Toc498532299][bookmark: _Toc498609749][bookmark: _Toc498700889][bookmark: _Toc498704885]A variable number of repetitions for SPS UL should be supported and is to be controlled by the eNB.
[bookmark: _Toc493860959][bookmark: _Toc494385764]Downlink Data
In addition to the data repetition described above, a number of other techniques can be applied to improve latency and reliability of the PDSCH channel. In particular, the shortened TTI approaches from the sTTI&SPT WI become useful also here.
Shortened TTI
From the sTTI&SPT WI, in addition to subframe-PDSCH, also slot-PDSCH and subslot-PDSCH have been defined. Figure 3 shows the division of a 1ms-subframe into subslots, where 5 (in case of 2-3 symbols PDCCH) or 6 subslots (for 1 symbols PDCCH) can be used for separate PDSCH transmissions.
This will give the possibility to use more of the data repetitions described above, as well as more HARQ retransmissions, within the latency budget. It is thus well suited for improving reliability.
[bookmark: _Toc498532295][bookmark: _Toc498609744][bookmark: _Toc498700896][bookmark: _Toc498704879]Using subslot PDSCH transmissions will, compared to 1ms TTI transmission, provide lower latency, also allow for allow more HARQ based retransmissions, thereby improving spectral efficiency and possibly reliability.
[image: ]
[bookmark: _Ref498528521]Figure 3 Division of a subframe into subslots. Pattern 1 is used for control region of 1 and 3 symbols, and pattern 2 is used for 2-symbol control region.
Code rates for high reliability
To support better reliability than provided with the MCS values in LTE, a set of lower TBS values may be defined for URLLC. In the sTTI&SPT WI, a modification of the TBS is defined where the TBS value from the legacy table is scaled according to TTI length with a configured factor  such that
[bookmark: _Toc493499910]
which can then be adjusted to byte size and corrected for CRC. The sTTI solution is therefore to reuse the existing MCS set and scale the table. The DL TBS scaling factor  is 1/2 for slots, and 1/6 for subslots.
For URLLC operation, the legacy set of MCS may not be sufficient. Instead of extending or modifying the MCS set, it is possible to define an additional factor <1 such that

scaled for the configured service such that the code rate corresponding to a MCS is reduced. The factor  can be configured for the service, e.g. when using URLLC operation, and either always applied when a certain DCI is used, or applied when indicated in the DCI.
As an alternative to a TBS scaling factor, a separate MCS table for URLLC can be considered, supporting lower code rates. For efficient CQI reporting, a separate CQI table for URLLC can be defined, to align with the MCS table.
[bookmark: _Toc498700890][bookmark: _Toc498704886]Either a TBS scaling factor should be applied to MCS and CQI, or, separate MCS and CQI tables can be considered for URLLC.
Downlink Control
To support high reliability with PDCCH (sPDCCH), which is required both for UL and DL data transmission, the code rate should be low enough to achieve the targeted reliability. If the current DCI sizes are not achieving low enough code rate, it can be lowered by two means: 
· Increasing the code length (aggregation level). PDCCH has up to 8 CCE, and EPDCCH has up to 32 ECCE. Although both CCE and ECCE nominally consist of 36 RE, they are not directly comparable, since the number of available resource in ECCE is reduced by colliding CRS, CSI-RS etc. For SPDCCH, a similar setup is used, using up to 8 SCCE, where an SCCE nominally consists of 48 RE, which also can be punctured by e.g CRS.
· Reducing the payload (DCI size). Already for sTTI&PT WI, the number of layers was reduced, to reduce the number of bits required in the DCI.

These two enhancements should be considered for reliable DL control.
[bookmark: _Toc498532302][bookmark: _Toc498609751][bookmark: _Toc498700891][bookmark: _Toc498704887]Consider compact DCI size and higher aggregation levels for reliable DL control.
Uplink Data
UL repetition
In LTE, transport block repetition is already supported by TTI bundling. UE sends always four copies of one transport block with a fixed RV pattern. Each additional copy is treated as one non-adaptive retransmission, and thus it can be configured for both dynamic scheduling and SPS.  The initial motivation for TTI bundling is to improve uplink coverage, and a couple of changes based on TTI bundling may be needed, for example, on the repetition number K and RV pattern. This should extend naturally to sTTI.
[bookmark: _Toc498609752][bookmark: _Toc498700892][bookmark: _Toc498704888]sTTI bundling is supported.
In the UL, eNB could indicate in the dynamic grant or configure semi-statically that UE should repeat K times with a given RV pattern. For SR-based scheduling, this is similar to TTI bundling.
For SPS UL, the K-factor could be given in the same way. However, with skipUplink and possibility to start transmission at any time, several issues need to be sorted-out. With SkipUplink, the RV scheme needs to be set to avoid the error case that the initial transmission is missed. In addition, if we configure a small SPS period and repetitions can happen on the SPS resources of the next periods, then HARQ process IDs computation needs to be studied.
[bookmark: _Toc498609746][bookmark: _Toc498700897][bookmark: _Toc498704880]Repetition in SPS UL requires modification of HARQ PID and RV rules. 
Reliability mode for SPS UL
In UL SPS transmission with SkipUplink being configured in LTE, the network (eNB) does not expect a transmission in every resource specified by the configured grant, and thus does not react if a transmission is not detected at eNB. In order to cover the potential error case that the not-detected transmission attempt was actually a non-decodable transmission, the eNB could react to that by sending a NACK on PHICH, and only sends an ACK on PHICH if an UL MAC PDU is correctly received.  In other words, eNB could always send NACK on PHICH unless an MAC PDU is successfully received. On the UE side, UE would only inspect PHICH channel after an associated UL transmission, and acts accordingly. 
This mechanism exploits PHICH channel, but PHICH may not always exist for UL channel introduced in the sTTI&PT WI. For UL SPS sTTI, it has been agreed that “PHICH-less asynchronous UL HARQ for sPUSCH is supported” and “RAN2 sees benefits to support SPS for short TTI”. In addition, RAN1 agree that “PHICH-less asynchronous HARQ for UL is used for 1ms TTI with shortened processing time”. 
One mitigation mechanism is to enforce the transmission of ACK feedback for each UL data transmission. Consequently, if no feedback is received within the configurable feedback time T, then UE considers that the transmission is not successful and should retransmit the packet. 
[bookmark: _Toc498609753][bookmark: _Toc498700893][bookmark: _Toc498704889]For UL data transmission without grant, a reliability enhancement feedback mode is introduced: UE waits for ACK feedback and assumes NACK if no-feedback is received.
This scheme is used in the scenario that packets might require a very high reliability but in general has a lower traffic rate. In such a scenario, sending ACK feedback for each UL transmission does not lead to a large resource utilization. 
Uplink Control
Reliability
In contrast to data repetition discussed above, if possible within latency bound, HARQ-based retransmission scheme allows the system to meet the strict reliability targets (e.g. 10-4 error probability within 10ms) with better spectral efficiency. 
One important aspect of HARQ-based transmission is the reliability of feedback channel. In DL transmission, feedback information such as HARQ-ACK is transmitted over PUCCH/sPUCCH. With retransmissions, we can set a relaxed requirement on PDSCH reliability. However, the reliability of the HARQ feedback (NACK received) must be considered. The PUCCH/sPUCCH reliability will in effect place a minimum requirement on how reliable a first transmission needs to be.
[bookmark: _Toc498532296][bookmark: _Toc498609745][bookmark: _Toc498700898][bookmark: _Toc498704881]PUCCH/sPUCCH reliability is critical for DL retransmissions.
In legacy LTE, requirements on HARQ-ACK are Pr(N2A) <10-3, Pr(ACK error)<10-2, and Pr(DTX2ACK)<10-2. Depending on the number of retransmissions allowed within the latency budget, the requirements above may need to be strengthened. For example, if only one retransmission is possible, Pr(N2A) <10-4 may be required. In the context of URLLC, sPUCCH is relevant for carrying HARQ-ACK for fast feedback operation. It has been studied in sTTI&SPT WI that reliability of HARQ-ACK can be improved by configuring longer sPUCCH durations. Performance of different sPUCCH durations are given for example in [2].
Apart from HARQ-ACK, scheduling request (SR) is also carried by sPUCCH. For SR, the same mechanism in legacy LTE can be used, e.g., repetition with configurations of prohibit timer and maximum number of repetitions. 
[bookmark: _Toc498700899][bookmark: _Toc498704882]SR repetitions can be catered for by appropriate settings of prohibit timer and maximum number of retransmissions
To achieve ultra-high reliability, it is reasonable to assume that BS and UE operating with URLLC will be equipped with advanced antenna configurations. Multiple transmit and receive antennas at the BS and UE can provide a high order of diversity for sPUCCH transmission and thus improves overall reliability even further.
[bookmark: _Toc498532297][bookmark: _Toc498609747][bookmark: _Toc498700900][bookmark: _Toc498704883]Strengthened requirements on HARQ feedback for URLLC especially Pr(N2A) should be considered.
Latency
Techniques developed in the sTTI&SPT WI can be used to provide low latency operation for URLLC. For UL control, sPUCCH is most relevant for carrying HARQ-ACK for fast feedback. Different sPUCCH durations can be configured to suit reliability and latency requirements. For SR, it has been agreed [3] that SR periodicity for sTTI can as small as 2-symbol sTTI. This short periodicity also helps to reduce the alignment delay where the UE can transmit SR quickly without waiting too long for the next SR opportunity. 
Conclusion
In section 2 we made the following observations:
Observation 1	Extending the block transmission over multiple TTIs by applying a lower code rate, compared to applying time repetitions might lead to both longer alignment delay and decoding delay, and might not bring performance benefits in the end.
Observation 2	Repetition in DL and SR-based UL is supported without specification impact.
Observation 3	Using subslot PDSCH transmissions will, compared to 1ms TTI transmission, provide lower latency, also allow for allow more HARQ based retransmissions, thereby improving spectral efficiency and possibly reliability.
Observation 4	Repetition in SPS UL requires modification of HARQ PID and RV rules.
Observation 5	PUCCH/sPUCCH reliability is critical for DL retransmissions.
Observation 6	SR repetitions can be catered for by appropriate settings of prohibit timer and maximum number of retransmissions
Observation 7	Strengthened requirements on HARQ feedback for URLLC especially Pr(N2A) should be considered.
[bookmark: _GoBack]
Based on the discussion in section 2 we have the following proposals:
Proposal 1	Transport block repetition is supported for ultra-high reliability within the latency bound.
Proposal 2	A variable number of repetitions for SPS UL should be supported and is to be controlled by the eNB.
Proposal 3	Either a TBS scaling factor should be applied to MCS and CQI, or, separate MCS and CQI tables can be considered for URLLC.
Proposal 4	Consider compact DCI size and higher aggregation levels for reliable DL control.
Proposal 5	sTTI bundling is supported.
Proposal 6	For UL data transmission without grant, a reliability enhancement feedback mode is introduced: UE waits for ACK feedback and assumes NACK if no-feedback is received.
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