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Introduction
In this contribution, we propose ultra reliable HARQ design with an asynchronous CSI feedback mechanism for NR URLLC. In traditional HARQ process, retransmission could take the same amount of resource as the first transmission and takes multiple HARQ retransmissions to get final successful reception of the packet. However, in URLLC, we may not have the luxury of taking so many retransmissions to get the packet due to the tight (<1ms) latency constraint. On the other hand, based on the received channel condition, the receiver could actually provide some feedback on how much additional resource it needs for the successful reception of the data and instruct the transmitter to allocate that much resource in the immediate subsequent retransmission. That way, the overall HARQ turnaround timeline could be substantially reduced in order to meet the URLLC latency target.
In this contribution, we discuss the design details of async CSI feedback based design for URLLC.
Need for HARQ in 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. For example, simulations show that achieving a packet error rate of 1e-5 for a payload size of 32 bytes requires allocating 14RB bandwidth for a UE at -3dB geometry. As can be seen from Figure 3, an adaptive HARQ scheme would only require 10RB to achieve the same performance, i.e., a 40% gain. The reason behind this inefficiency is that to guarantee a low error rate, one shot scheme needs to be very conservative in terms of BW allocation such that it can deliver the packet successfully even under worst fading conditions. Note that this result assumes that the scheme knows UE’s long-term SINR (i.e., geometry), otherwise it will still need to be more conservative. Note that 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 one shot transmission and at the same time supporting a reasonable number of UEs for URLLC and eMBB services.
HARQ schemes, on the other hand, do not need to be as conservative on their 1st transmission. They can allocate less bandwidth on 1st transmission and still deliver the packet successfully under most channel conditions. They will use re-transmissions to take care of the worst fading conditions.
Need for Adaptive HARQ in URLLC
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. For example, Figure 1 shows the residual BLER of a traditional non-adaptive HARQ scheme after two transmissions (i.e., maximum of one re-transmission) with 1st Tx target BLER’s of 10% and 1%. Note that a 1st Tx target BLER of 10% does not provide the desired residual BLER of less than 1e-5. To achieve the desired residual BLER, one needs to reduce 1st Tx target BLER to, e.g., 1%. However, running rate-controller’s outer loop at such low 1st Tx target BLER is not efficient. As can be seen from Figure 3, for a UE at -3dB a non-adaptive HARQ requires 14RB where as an adaptive HARQ only requires 10RB, i.e., a gain of 40% (for 1ms periodic CQI.) Note that this result assumes stationary interference; bursty interference only increases the gain of adaptive-HARQ over non-adaptive one.  
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[bookmark: _Ref465956090]Figure 1: Residual BLER of non-adaptive HARQ scheme after two transmissions 
(i.e., maximum of one re-transmission.)

Adaptive HARQ with asynchronous CQI
To “efficiently” achieve the URLLC’s very low target error rate 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 two transmissions. This naturally leads to an adaptive HARQ scheme with asynchronous CQI, where the receiver informs the transmitter of instantaneous channel conditions either explicitly (e.g., CQI) or implicitly (e.g., the needed BW, MCS, etc.) in the form of extended ACK, a. k. a., super-ACK. Figure 2 gives more details on such a scheme.


[bookmark: _Ref465958605]Figure 2: An adaptive HARQ w Async. CQI. The re-transmission BW is adapted to instantaneous channel conditions based on feedback provided by the receiver along side the ACK, collectively known as extended/super ACK  
Performance under Stationary Interference
Figure 3 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 CQI update rate of 5ms) across different geometries. As mentioned earlier, 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 CQI has to be more conservative and target a lower 1st Tx BLER (e.g., 1%.)
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[bookmark: _Ref465861403][bookmark: _Ref465861392]Figure 3: Average bandwidth (in units of RB) needed to support URLLC at different geometries under stationary interference
Observation 1: Adaptive HARQ provides significant gains over one-shot and non-adaptive HARQ schemes in terms of spectral efficiency.
Observation 2: Adaptive HARQ naturally leads to asynchronous CQI in the form of extended/super ACK, where receiver informs transmitter of instantaneous channel conditions either explicitly (i.e., CQI report) or implicitly (i.e., required bandwidth, MCS, etc.) 

Performance under Bursty Interference
Figure 4 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, hence increased gain over non-adaptive HARQ.
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[bookmark: _Ref465959486]Figure 4: Bursty interference
Observation 3: Adaptive HARQ’s gain over non-adaptive HARQ increases under bursty interference. 

Conclusion
Observation 1: Adaptive HARQ provides significant gains over one-shot and non-adaptive HARQ schemes in terms of spectral efficiency.
Observation 2: Adaptive HARQ naturally leads to asynchronous CQI in the form of extended/super ACK, where receiver informs transmitter of instantaneous channel conditions either explicitly (i.e., CQI report) or implicitly (i.e., required bandwidth, MCS, etc.) 
Observation 3: Adaptive HARQ’s gain over non-adaptive HARQ increases under bursty interference. 
Proposal 1: NR should support adaptive HARQ with asynchronous CSI feedback for URLLC.
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