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1	Introduction
In RAN1#90b, the following requirements were defined for the LTE URLLC operation:
Agreement: 
· 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.

Agreement: 
· 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.

To achieve the above-mentioned targets, this paper presents some possible enhancements as follows:
1) The support for the 1-symbol sTTI applicable on top of the Rel. 15 sTTI 
2) Turbo HARQ for DL performance enhancement
3) SR for UL LTE-URLLC 
4) Pre-emption indication for improving legacy LTE performance. 
[bookmark: p3][bookmark: b]2	One-Symbol sTTI with Repetitions and HARQ Re-Transmissions for LTE-URLLC 
Due to URLLC’s requirements of very high reliability and very low latency, any one-shot transmission scheme would suffer from low spectral efficiency. In particular, in a time varying interference scenario, where interference value is unpredictable on top of channel fading, it will be impossible to achieve high reliability with a one-shot transmission, and at the same time supporting a reasonable number of UEs for URLLC and regular LTE/sTTI services. Hence, it is important to rely on re-transmissions to achieve the reliability requirement within the latency bound. This can be done in two ways: (1) a single TB is transmitted multiple times before receiving the HARQ ACK/NAK. This scheme is called repetition-based scheme, and aims at successfully delivering a packet without relying on the HARQ re-transmissions. The downside of this scheme is that since it is not relying on HARQ re-transmissions, it is still need to aggressively allocate the available resources to a given UE in order to make sure that the packet will be received successfully within the repetition window. (2) The second approach is based on solely relying on HARQ re-transmissions. However, given the stringent latency requirements defined for LTE-URLLC, sufficient number of HARQ re-transmission opportunities are not available within the latency bound. As an example, even with the shortest sTTI length, i.e., 2-symbol sTTI, and the shortest processing timeline, i.e., , the 2nd transmission (1st re-transmission) may not be decoded in time as shown in Figure 1. As seen in the figure, assuming the decoding delay of 2 sTTIs, and without even considering the scheduling delay, the total delay from DL scheduling to successfully decoding a packet with one re-transmission is 1.4ms. Also, even if the decoding delay is not considered, and if the lengths of all sTTIs is considered to be 2, the total latency is 8 sTTIs = 16 symbols = 1.13ms, which is still larger than the latency requirement. 



Figure 1: The total delay assuming 1 reTx, 2-symbol sTTI, n+4 timeline, and 2 sTTIs for decoding a TB.

Observation 1: Both the one-shot and repetition-based schemes may be able to meet the LTE-URLLC requirements, but at the expense of significantly degrading network capacity.
Observation 2: With the currently specified sTTI lengths, processing timelines, and relying solely on HARQ re-transmissions, the LTE-URLLC latency requirements cannot be met.
A proper scheme should be able to integrate the complementary benefits of both the repetition-based scheme and HARQ re-transmission, while being compatible with the sTTI design. This objective can be achieved by adopting a 1-symbol sTTI in the following manner:
For both sPDSCH and sPUSCH, the starting point of the transmission is aligned with the starting boundary of an sTTI. Then, depending on the lengths of the sTTI, a TB is transmitted either 2 or 3 times with possibly different RVs, MCSs, or over different RBs. In particular, each 1-symbol transmission is self-decodable, while the repetition window is of the size equal to the sTTI length. The benefit of this approach is that the processing timeline can now be defined in terms of the number of symbols, e.g.,  symbols, instead of the number of sTTIs, e.g.,  sTTIs. 
Now considering the sPDSCH transmission, for providing the HARQ ACK/NAK, two scenarios can be considered:
· Case 1: Assume UL ACK/NAK transmission should be aligned with the UL sTTI boundaries as shown in Figure 2.



Figure 2: An example of 1-symbol sTTI with both repetition-based and HARQ re-transmissions. The HARQ transmission is aligned with the UL sTTI boundaries.

Case 2: Assume UL ACK/NAK transmission does not need to be aligned with the UL sTTI boundaries as shown in Figure 3. Since the 2-symbol sPUCCH designed so far to carry up to two bits of ACK.NAK + SR consists of two frequency-


hopped symbols, it is possible to use one of the two symbols to report HARQ ACK/NAK. This allows for removing the need to be aligned with the UL sTTI boundaries. 







Figure 3: An example of 1-symbol sTTI with both repetition-based and HARQ re-transmissions. The HARQ transmission does not need to be aligned with the UL sTTI boundaries.

The total delays are presented in the following two tables for both cases assuming that the HARQ ACK/NAK is sent for each DL transmission and the timing of  symbols.
Table 1: Total delay under case 1 for each 1-symbol sTTI transmission.
	Packet Arriving in symbol
	Start eNB Tx
	Start UE Tx
	End UE Tx
	Start eNB Tx
	Total Delay in Symbols

	0
	3
	7
	8
	15
	16

	1
	3
	7
	8
	15
	15

	2
	3
	7
	8
	15
	14

	3
	5
	9
	10
	15
	13

	4
	5
	9
	10
	15
	12

	5
	7
	11
	13
	17
	13

	6
	7
	11
	13
	17
	12

	7
	9
	14
	16
	21
	15

	8
	9
	14
	16
	22
	15

	9
	11
	17
	18
	23
	15

	10
	11
	17
	18
	23
	14

	11
	14
	19
	20
	25
	15

	12
	15
	19
	20
	25
	14

	13
	15
	19
	20
	25
	13



Table 2: Total delay under case 2 for each 1-symbol sTTI transmission.
	Packet Arriving in symbol
	Start eNB Tx
	Start/End UE Tx
	Start eNB Tx
	Total Delay

	0
	3
	7
	11
	12

	1
	3
	7
	11
	11

	2
	3
	7
	11
	10

	3
	5
	9
	15
	13

	4
	5
	9
	15
	12

	5
	7
	11
	17
	13

	6
	7
	11
	17
	12

	7
	9
	13
	17
	11

	8
	9
	13
	17
	10

	9
	11
	15
	19
	11

	10
	11
	15
	19
	10

	11
	15
	19
	23
	13

	12
	15
	19
	23
	12

	13
	15
	19
	23
	11



As shown in the two tables above, if the HARQ transmission needs to be aligned with the UL sTTI boundaries, the total latency budget cannot be met in some of the cases. However, under case 2, the latency requirement is always met. In particular, case 2 allows for multiple re-transmissions; some in the form of repetitions, and some in the form of HARQ re-transmissions. 
The same computations can be done for the UL, where the repetitions are performed within the UL sTTI boundaries, and the re-transmission grants are sent via a CRS-based sPDCCH either in the first or the second symbol of the sTTI.
Proposal 1: For sPDSCH in LTE-URLLC, the 1-symbol repetition based transmission, where the repetition window size is the same as the 2/3-symbol DL sTTI length is supported. The DL HARQ timing is defined as  symbols, and is sent using a 1-symbol sPUCCH.  
Proposal 2: For sPUSCH in LTE-URLLC, the 1-symbol repetition based transmission, where the repetition window size is the same as the 2/3-symbol UL sTTI length is supported. The UL scheduling timing is defined as  symbols, and is sent either in the 1st or the 2nd symbols of the DL sTTI.
3	Turbo HARQ for DL Performance Enhancement
Due to URLLC’s requirements of very high reliability and very low latency, traditional non-adaptive HARQ schemes, where re-transmissions use the same bandwidth, MCS, etc., as 1st transmission are inefficient and suffer from low spectral efficiency. To efficiently achieve the very low target error rate of URLLC within the maximum tolerable delay (i.e., limited number of HARQ re-transmissions), HARQ needs to target a 1st Tx BLER that allows the rate-controller’s outer loop to work efficiently, but adapt the re-transmission BW, MCS, etc. to instantaneous channel conditions to ensure the desired residual BLER is achieved after a number of transmissions. This naturally leads to an adaptive HARQ scheme with asynchronous CQI, where the receiver informs the transmitter of instantaneous channel conditions in the form of asynchronous CSI feedback.




Figure 4 shows the average bandwidth (in units of RB) required by adaptive and non-adaptive (i.e., baseline) HARQ to support UEs at different geometries with a payload size of 32 bytes. For this plot, the interference is stationary. As can be seen from the plot, adaptive HARQ provides a consistent gain of 30% (for CSI update rate of 5ms) across different geometries. The reason for the gain is that adaptive-HARQ, due to varying 2nd transmission bandwidth based on channel conditions, affords to target a higher 1st Tx BLER, e.g., 10%, where as a non-adaptive scheme due to lack of asynchronous CSI has to be more conservative and target a lower 1st Tx BLER (e.g., 1%.)
[image: ]
[bookmark: _Ref465861403][bookmark: _Ref465861392]Figure 4: Average bandwidth (in units of RB) needed to support URLLC at different geometries under stationary interference.
Observation 3: Adaptive HARQ provides significant gains over one-shot and non-adaptive HARQ schemes in terms of spectral efficiency.
Observation 4: Adaptive HARQ naturally leads to asynchronous CSI feedback, where receiver informs transmitter of instantaneous channel conditions.
Figure 5 shows the average bandwidth (in units of RB) required by adaptive and non-adaptive (i.e., baseline) HARQ to support a UE experiencing bursty interference with a payload size of 32 bytes. The interference model consists of an interferer turning on and off with a probability p represented by the x-axis. When the interferer is off, the UE sees a geometry of 0dB, however when the interferer turns on, the geometry drops to -3dB. The interferer has no memory, i.e., at the beginning of each 1ms interval, it flips a coin with probability p and decides whether it is on or off. As can be seen, adaptive HARQ shows a consistent gain of about 30% to 40% over non-adaptive HARQ depending on p. This is because the asynchronous CQI provided as part of the extended/super ACK enables adaptive-HARQ to cope with changing interference profile better, thereby increasing gain over non-adaptive HARQ.









[image: ]
[bookmark: _Ref465959486]Figure 5: Average BWs (in units of RB) for both the non-adaptive and adaptive HARQ scheme under bursty interference.
Observation 5: Adaptive HARQ’s gain over non-adaptive HARQ increases under bursty interference.
Proposal 3: Supporting turbo HARQ, i.e., reporting back the CSI or the number of additional resources needed for successfully decoding the TB along with each HARQ ACK/NAK, can be considered for LTE-URLLC.
4	SR for UL LTE-URLLC
For NR design, two UL transmission schemes have been discussed: (1) the SR based UL transmission, and (2) the grant-free UL transmission.
For a grant-free mode of operation, the eNB 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 (for example, the SPS operation). However, more generally, such pre-allocation may be wasteful, as it reduces the benefits of 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 a high reliability with a low latency. The downside of the contention-based operation is that it may result in a low reliability at a high load, when collisions occur. In such a scenario, meeting the 1e-5/1e-4 reliability 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; hence, the presence of URLLC UL data has to be communicated with high reliability.
Let us consider the problem of detecting the presence of an uplink URLLC transmission operating in a grant-free mode. If there is no control signal to indicate the presence of such data, the eNB may have to rely on blindly detecting the presence of data using DMRS and other RS types or data signals.  Moreover, when URLLC and legacy LTE/sTTI traffic are multiplexed in a grant-free mode, the URLLC DMRS may contend with the legacy/sTTI traffic. Blindly detecting the presence of such DMRS may be even more challenging because the legacy traffic may be power controlled differently and/or 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.
Proposal 4: LTE-URLLC should support SR transmission for UL scheduling as a baseline.
5	Pre-Emption Indication
In a network that supports different services, it is essential to understand how users with different TTI lengths and requirements, e.g., legacy LTE users vs. LTE-URLLC users, should be multiplexed in both the DL and UL. Specifically, 

one important question that arises in this context is whether pre-allocating a portion of the bandwidth for LTE-URLLC users is more beneficial than dynamic multiplexing with pre-emption indication or not. Figure 6 shows that the capacity increases super-linearly as the bandwidth allocated to URLLC increases. It is therefore more beneficial to allocate wide bandwidth to URLLC services to yield better spectral efficiency. (Simulation details are given in [1].)


Figure 6: The URLLC system capacity under different reserved bandwidth and hard latency requirements. The reliability requirement is 1e-5.
Observation 6: URLLC capacity increases super-linearly as the bandwidth increases. It is therefore beneficial to allocate wide bandwidth to URLLC services, yielding better spectral efficiency.
Once a large bandwidth is allocated to URLLC, some resources assigned to legacy LTE services should be punctured. As shown in [2] via link-level simulations, dynamic puncturing indication can significantly enhance the performance of the legacy LTE services.
Observation 7: When a large bandwidth is assigned to URLLC, the dynamic puncturing indication can enhance the performance of legacy LTE users.
Proposal 8: When a UE is configured with both legacy LTE and LTE-URLLC, the pre-emption indication is supported.  
6	Conclusions 
In this paper, we discussed some of the possible enhancements needed to meet the LTE-URLLC requirements. The following proposals and observations are presented:
Observation 1: Both the one-shot and repetition-based schemes may be able to meet the LTE-URLLC requirements, but at the expense of significantly degrading network capacity.
Observation 2: With the currently specified sTTI lengths, processing timelines, and relying solely on HARQ re-transmissions, the LTE-URLLC latency requirements cannot be met.
Proposal 1: For sPDSCH in LTE-URLLC, the 1-symbol repetition based transmission, where the repetition window size is the same as the 2/3-symbol DL sTTI length is supported. The DL HARQ timing is defined as  symbols, and is sent using a 1-symbol sPUCCH.  
Proposal 2: For sPUSCH in LTE-URLLC, the 1-symbol repetition based transmission, where the repetition window size is the same as the 2/3-symbol UL sTTI length is supported. The UL scheduling timing is defined as  symbols, and is sent either in the 1st or the 2nd symbols of the DL sTTI.


Observation 3: Adaptive HARQ provides significant gains over one-shot and non-adaptive HARQ schemes in terms of spectral efficiency.
Observation 4: Adaptive HARQ naturally leads to asynchronous CSI feedback, where receiver informs transmitter of instantaneous channel conditions.
Observation 5: Adaptive HARQ’s gain over non-adaptive HARQ increases under bursty interference.
Proposal 3: Supporting turbo HARQ, i.e., reporting back the CSI or the number of additional resources needed for successfully decoding the TB along with each HARQ ACK/NAK, can be considered for LTE-URLLC.
Proposal 4: LTE-URLLC should support SR transmission for UL scheduling as a baseline.
Observation 6: URLLC capacity increases super-linearly as the bandwidth increases. It is therefore beneficial to allocate wide bandwidth to URLLC services, yielding better spectral efficiency.
Observation 7: When a large bandwidth is assigned to URLLC, the dynamic puncturing indication can enhance the performance of legacy LTE users.
Proposal 8: When a UE is configured with both legacy LTE and LTE-URLLC, the pre-emption indication is supported.  
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