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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.”
In this contribution, we propose a few HARQ schemes for NR 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 to mention in a time varying interference scenario, where interference value is unpredictable on top of channel fading, in that case, 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 30% (for CQI periodicity of 5ms.) 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 know 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][bookmark: _GoBack]Figure 3: Average bandwidth (in units of RB) needed to support URLLC at different geometries under stationary interference
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 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.) 
Considerations for uplink URLLC
To meet the requirements of URLLC on the uplink direction is a challenge especially for devices that are in very poor channel conditions. If we use the legacy HARQ framework only, the very-high reliability requirement for URLLC implies that cell-edge user devices may need several retransmissions in order to meet the reliability target. However, since each retransmission incurs a round-trip delay to receive the ACK/NACK before proceeding with the next HARQ transmission attempt, multiple retransmissions can result in a large delay. This makes it difficult to achieve the low latency requirement of URLLC. In other words, the overall URLLC coverage and system capacity could suffer due to this issue.
Rateless HARQ
One approach to address the issue described above is to modify the HARQ framework to allow the user device to transmit continuously until the TRP successfully decodes. In comparison with the legacy design that uses multiple round-trips for retransmissions, such a continuous transmission mode allows the user device to transmit useful information without gaps (and associated delays) needed for ACK / NACK reception. In the continuous transmission mode design, the user device would transmit its message until it receives an ACK message from the TRP. Such a mode may be called rateless HARQ. The reception of the ACK is used to terminate the transmission. 
The rateless HARQ mode relies on a mechanism that allows the user device to monitor the medium for the reception of the ACK message transmitted by the TRP even during the uplink data transmission. In case of FDD system, user device may monitor the ACK / NACK in the downlink channel while the data transmission proceeds on the uplink channel. The difference from legacy HARQ would be that if an ACK has not been received, the user device is not required to wait in order to proceed with the next HARQ attempt. 
Figure 5 compares the timeline of an uplink transmission that uses legacy HARQ retransmissions versus the timeline of an uplink transmission that uses rateless HARQ in an FDD system. 
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[bookmark: _Ref466011041]Figure 5: Legacy vs. rateless HARQ timeline
In this example, multiple HARQ attempts are required in order to decode the transmission. In the legacy HARQ case, each retransmission must wait for the ACK / NACK to be received. In comparison, the rateless HARQ mode allows the uplink retransmission to proceed even before the ACK / NACK is received, with the only requirement that the transmission must terminate upon reception of an ACK. This allows several retransmissions to occur without any gaps in transmission, and as a result, the packet decoding happens earlier. The overall latency is thus significantly lower with rateless HARQ. 
This mode is thus well-suited for URLLC UL in the case where latency bound is very tight. In particular, it is suited for situations where several retransmissions are needed for successful decoding. For example, this could happen for cell-edge user devices for uplink. In general, the concept also applies to downlink. 
Based on this observation, we propose that NR should support rateless HARQ for URLLC. It can also be seen that very fine HARQ retransmission granularity is needed for rateless HARQ.
Proposal 2: NR should support rateless HARQ for URLLC.
We also make the following observation on the requirements on the channel coding scheme in order to support rateless HARQ operation.
Observation 4: The channel coding scheme has to be sufficiently flexible to allow the rateless HARQ operation. Specifically, it should allow a fine granularity of channel coding rates to allow the user device to transmit continuously until the ACK is received.
As discussed in [2], LDPC code is a natural fit for rateless HARQ support for URLLC.
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. 
Observation 4: The channel coding scheme has to be sufficiently flexible to allow the rateless HARQ operation. Specifically, it should allow a fine granularity of channel coding rates to allow the user device to transmit continuously until the ACK is received.
Proposal 1: NR should support adaptive HARQ with asynchronous CQI for URLLC.
Proposal 2: NR should support rateless HARQ for URLLC.
References
[1] [bookmark: _Ref450583331][bookmark: _Ref430766234]R1-160671, New SID Proposal: Study on New Radio Access Technology 
[2] R1-1612087, Further evaluation and comparison of NR HARQ


7/7
image1.jpg
Residual BLER

10°

10°

107

Baseline

=@ =1st Tx BLER 10%, 1ms periodic CQl
=& =1st Tx BLER 10%, Filtered 5ms CQl
=&=1st Tx BLER 1%, 1ms periodic CQl
—&—1st Tx BLER 1%, Filtered 5ms CQl

SINR (dB)





image2.emf
Nominal TTI

D

a

t

a

Thin TTI

2

nd

HARQ

1

st

HARQ

Periodic CQI-

reports

Thin Feedback

Super-ACK 

(async.  CQI)


oleObject1.bin
Nominal TTI


Data


Thin TTI


2nd HARQ


1st HARQ


Periodic CQI-reports


Thin Feedback


Super-ACK (async.  CQI)



image3.emf
-4 -3 -2 -1 0 1 2 3

SINR (dB)

0

5

10

15

20

A

g

g

r

e

g

a

t

e

 

B

W

 

i

n

 

R

B

s

Baseline, 1ms periodic CQI

Adaptive-HARQ, 1ms periodic CQI

Baseline, Filtered 5ms CQI

Adaptive-HARQ, Filtered 5ms CQI


image4.emf
0 0.2 0.4 0.6 0.8 1

Interferer ON probability

0

5

10

15

20

25

30

A

g

g

r

e

g

a

t

e

 

B

W

 

i

n

 

R

B

s

Adaptive-HARQ, Filtered 5ms CQI

Baseline, Filtered 5ms CQI


image5.png
Legacy
HARQ

Rateless
HARQ

lPackel‘ decoded

Tx1 Tx2 Tx3 Uplink

[ A 1
\ o /A o /o / /
\ \ P \ \ \/
LR Y A \

NACK NACK ACK Downlink

lPackez‘ decoded .
— — > Time

Tx1 | Tx2 | Tx3 | Tx4 | Tx5 Uplink

AN A A

\ N N N

\ NN N N
\ v/ / Y

NACK | NACK | AcK Downlink




