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Introduction
According to [1], RAN1 should identify techniques for supporting the ultra-reliable part of URLLC requirements. 
[bookmark: _Hlk485323842]In this contribution, we discuss options for PUCCH/SPUCCH reliability enhancement for LTE which is crucial for successful HARQ-based DL transmission.
[bookmark: _Ref178064866]Discussion
According to [2], LTE Rel. 15 should fulfill two URLLC requirements on reliability and latency, namely reliability of 10-5 within one-way latency of 1ms, and reliability of 10-4 within 10 ms. 
We note that with LTE processing timeline, it is not possible to do HARQ retransmission within 1 ms (see e.g. Table 1). Hence, the transmission is done in a single-shot, not requiring feedback on (S)PUCCH. 
Therefore, the discussion below on PUCCH reliability evaluation and enhancement apply only for the target 10-4 within 10 ms. 
With 10 ms latency budget, different data and control transmission formats based on subslot, slot, or 1 ms duration can be considered. Table 1 below provides one-way latency for DL data transmission with HARQ-based retransmission for different transmission formats. Worst case assumptions in terms of alignment delay and subslot layout has been assumed. 1 (s)TTI delay is assumed for PHY processing at Tx and Rx and for subslot operation ‘n+4’ is assumed.
We can see that it is possible to do 2 HARQ retransmissions using slot and 1 HARQ retransmission using 1 ms transmission duration with short processing time (n+3), SPT. Using subslot the latency budget allows for an excessive amount of HARQ retransmissions. However, in terms of reaching the PUCCH performance requirement (especially N2A), it might not be the most attractive option. Also, the use of subslot comes with a higher overhead which could overall make this a less efficient option. From the overall reliability point of view, it is also observed in our companion paper [3] that subslot PUCCH is not required for reaching the studied targets. 
[bookmark: _Hlk492644637]Tabel 1 FDD UP one-way latency for data transmission with HARQ-based retransmission. Color highlighting used to indicate fulfillment of target requirement of 10 ms
	Latency (ms)
	HARQ
	Rel-14
	Rel-15
SPT
1 ms
	Rel-15
sTTI
Slot
	Rel-15
sTTI
Subslot
1 PDCCH symb
	Rel-15
sTTI
Subslot
2/3 PDCCH symb

	DL data



	1st Tx
	4.0
	4.0
	2.0
	0.71
	0.86

	
	1 re-Tx
	12
	10
	6.0
	2.0
	2.3

	
	2 re-Tx
	20
	16
	10
	3.3
	3.9

	
	3 re-Tx
	28
	22
	14
	4.7
	5.3

	
	4 re-Tx
	36
	28
	18
	6.0
	6.9

	
	5 re-Tx
	44
	34
	22
	7.3
	8.3

	
	6 re-Tx
	52
	40
	26
	8.7
	9.9

	
	7 re-Tx
	60
	46
	30
	10.0
	11.3
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Below we provide an analysis on how reliability of HARQ-ACK feedback affects the overall reliability. There exist different error events for HARQ-ACK transmission. The most important ones are:
· ‘N2A’: NACK is misinterpreted as ACK, 
· ‘D2A’: DTX is misinterpreted as ACK. 
For example, in DL transmission, these events cause errors that cannot be fixed within the latency bound (results in retransmissions on higher layers) and therefore should be ensured that they happen with sufficiently low probability. 
Other error types such as misinterpreting ACK as DTX (A2D) or NACK (A2N) will cause redundant transmission which does not directly affect the reliability of DL transmission.
Let us consider a scenario where we have time for up to 1 HARQ-retransmission (2 transmissions in total).
         Pr(DL data packet error within 2 transmissions) 
= Pr(PDCCH error, D2A) 
				+ Pr(PDCCH error, DTX ok, new transmission fails) 
				+ Pr(PDCCH ok, data1 fails, N2A)
				+ Pr(PDCCH ok, data1 fails, N2D, new trans. fails)
				+ Pr(PDCCH ok, data1 fails, NACK ok, retrans. fails)
We note that the first and the third terms on the right-hand side always appear in the expression regardless of number of retransmissions allowed within the latency bound. These terms represent the contribution from the PDCCH first DL transmission errors and PDSCH first transmission errors which do not lead to retransmission. Similar factors will appear if the expression is expanded to more HARQ retransmissions, but the latter expressions will occur with a lower probability since they are conditional on several DL assignments or data transmissions being in error. Hence, the contribution from these terms will be the limiting factor determining the requirements on P(N2A) and P(D2A) as retransmission cannot mitigate them.
[bookmark: _Toc504484312][bookmark: _Toc504486349][bookmark: _Toc504573649][bookmark: _Toc504573697][bookmark: _Toc504573712][bookmark: _Toc504574319][bookmark: _Toc504654969][bookmark: _Toc505009725][bookmark: _Toc505185155][bookmark: _Toc505185675][bookmark: _Toc505680591][bookmark: _Toc505685359][bookmark: _Toc505686741][bookmark: _Toc505687248][bookmark: _Toc505687268][bookmark: _Toc505690441][bookmark: _Toc505757251][bookmark: _Toc505785554][bookmark: _Toc505785932][bookmark: _Toc505876308][bookmark: _Toc505937258][bookmark: _Toc506309507][bookmark: _Toc506389101][bookmark: _Toc506390815][bookmark: _Toc506559535][bookmark: _Toc506559728][bookmark: _Toc506561351][bookmark: _Toc506561668][bookmark: _Toc506565274][bookmark: _Toc506565393][bookmark: _Toc510103831][bookmark: _Toc510108181][bookmark: _Toc510108199][bookmark: _Toc510510648][bookmark: _Toc510780698]Requirements on P(D2A) and P(N2A) are, to a large extent, determined by reliability of the first DL control transmission and the first data transmission, respectively.
To achieve overall reliability of 10-4, for simplicity we can assume that contribution from each term on the right-hand side of above expression should roughly be at most 10-5. Furthermore, it is reasonable to assume that Pr(PDCCH error) can be guaranteed to be at most 10-3 and that Pr(data1 fails) is at most 10-2 for URLLC. These imply that P(D2A) < 10-2 and P(N2A) < 10-3 are likely to be sufficient for LTE URLLC requirements. In the case that many retransmissions are possible within the latency bound, it may be desirable to target for example 10% for Pr(data1 fails) to increase spectral efficiency, leading to stricter requirement on P(N2A). However, since we only have requirement on the overall reliability defined, it would be more reasonable to assume that all physical channels are improved “evenly” maintaining good spectral efficiency.
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[bookmark: _Toc506565280][bookmark: _Toc505185161][bookmark: _Toc505185681][bookmark: _Toc505680607][bookmark: _Toc505685365][bookmark: _Toc505686735][bookmark: _Toc505687276][bookmark: _Toc505687319][bookmark: _Toc505689169][bookmark: _Toc505689212][bookmark: _Toc505689241][bookmark: _Toc505690450][bookmark: _Toc505757260][bookmark: _Toc505785548][bookmark: _Toc505785941][bookmark: _Toc505876317][bookmark: _Toc505937267][bookmark: _Toc506309513][bookmark: _Toc506389107][bookmark: _Toc506390821][bookmark: _Toc506557566][bookmark: _Toc506559542][bookmark: _Toc506559735][bookmark: _Toc506561358][bookmark: _Toc506561675][bookmark: _Toc506565281][bookmark: _Toc506565386][bookmark: _Toc510108183][bookmark: _Toc510108201][bookmark: _Toc510510650][bookmark: _Toc510780700]Based on the target of 10-4 within 10 ms, consider keeping PUCCH requirement for LTE URLLC as Pr(N2A)<10-3, Pr(Aerror) < 10-2, and Pr(D2A) < 10-2.
Performance evaluation of slot and subframe PUCCH
According to [2], it has been agreed that ITU methodology is used to evaluate performance of physical channel for URLLC. That is, first, system level simulation is performed to determine the 5th SINR percentile with full load assumption. Link level simulation is then performed to verify whether the target can be met at the derived 5%-tile SINR (Q-value).  For PUCCH performance evaluation, Q-values (dB) were agreed in [4]. 
Tabel 2 Q-values for PUCCH
	Subframe-PUCCH
	-4.1

	Slot-PUCCH
	-2.8

	Subslot-PUCCH
	-1.7



Although we argue that only slot and subframe PUCCH are most relevant for LTE URLLC target of 10-4 within 10 ms, performance of subslot-SPUCCH (using 2 os) is given here for completeness and later discussion. Simulation assumptions for all the results can be found in the appendix. Figures 1-3 below show the performance of sublsot-SPUCCH, slot-SPUCCH, and subframe-PUCCH carrying 1 or 2bit HARQ ACK. Let us consider the PUCCH requirement according to Pr(N2A)<10-3, Pr(Aerror) < 10-2, and Pr(D2A) < 10-2. 
[image: ]
[bookmark: _Hlk505008505]Figure 1 Performance of 2os subslot-SPUCCH for TDL-C 363ns, 3 kmph, 1Tx, 2Rx
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Figure 2 Performance of slot-SPUCCH for TDL-C 363 ns, 3 kmph, 1Tx, 2Rx
For slot-SPUCCH, due to the fixed codebook size, UE always sends 2-bit HARQ regardless of the presence of 1ms TTI transmission.  Slot-SPUCCH format 1b, for each transmitted symbol, maps a DMRS sequence, or the same DMRS sequence modulated with a phase, representing the bit(s) transmitted. For 2-bit HARQ-ACK, the modulation is based on QPSK. Since it is expected that the network will not schedule both 1ms and slot transmission duration due to the limit in switching latency, only 1 out of 2-bit HARQ-ACK (e.g., the bit for slot transmission) needs to be decoded. However, due to the underlying Gray mapping, the constellation points of this bit do not correspond to the regular BPSK mapping. For requirement evaluation, here we use instead the performance of 2-bit slot-SPUCCH using only two of the constellation points in the QPSK modulation. Figure 2 shows that with the default receiver at the eNB, PUCCH requirement is achieved at SNR of -1.78 dB. Comparing with the associated Q-value in Table 2, the result shows that the performance of existing slot-SPUCCH does not meet the target requirement. 
[bookmark: _Toc506559537][bookmark: _Toc506559730][bookmark: _Toc506561353][bookmark: _Toc506561670][bookmark: _Toc506565276][bookmark: _Toc506565395][bookmark: _Toc510103833][bookmark: _Toc510108184][bookmark: _Toc510108202][bookmark: _Toc510510651][bookmark: _Toc510780701]Performances of existing slot-SPUCCH is not sufficient for LTE URLLC target.
[bookmark: _Toc510108190][bookmark: _Toc510108209][bookmark: _Toc510108210]
It could be possible to change the eNB receiver to take the reduced constellation into account, or possibly reduce it to a BPSK constellation, to fulfil the requirements. In the following we consider a new constellation mapping (non-Gray mapping) or a new mapping of A/N state to the constellation points so that the two constellation points corresponding to one A/N bit have the largest distance. This method is in some sense similar to the remapping done for subslot sPUCCH in [5].
The performance of 2-bit slot-SPUCCH with 1 known bit using the new constellation mapping is given in Figure 3. We see that with the modified constellation and thus a more proper DTX region, the Nack-to-ack error can be improved significantly, reducing the operating SNR. The drawback with this solution is that the QPSK constellation is no longer Gray mapped (from one constellation point to the closest one, there will now be a change of two bit states, and not one), but this has little impact as long as the full constellation is rarely experienced by the receiver (it will only happen when simultaneous subframe transmissions occur, which is seen as a rare event, specifically for URLLC type services). 
[image: ]
Figure 3 Performance of slot-SPUCCH with modified constellation for TDL-C 363 ns, 3 kmph, 1Tx, 2Rx

[bookmark: _Toc510103834][bookmark: _Toc510108185][bookmark: _Toc510108203][bookmark: _Toc510510652][bookmark: _Toc510780702]Constellation mapping can be used to improve the performance of slot PUCCH.
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Figure 4 Performance of subframe-PUCCH for TDL-C 363 ns, 3 kmph, 1Tx, 2Rx
For subframe-PUCCH carrying 1-bit HARQ ACK, Figure 4 shows that PUCCH requirement is achieved at SNR of -7.4 dB. Comparing with the associated Q-value in Table 2, the result shows that performance of existing subframe-PUCCH is sufficient to meet the target requirement without any additional enhancement. 
[bookmark: _Toc506559538][bookmark: _Toc506559731][bookmark: _Toc506561354][bookmark: _Toc506561671][bookmark: _Toc506565277][bookmark: _Toc506565396][bookmark: _Toc510103835][bookmark: _Toc510108186][bookmark: _Toc510108204][bookmark: _Toc510510653][bookmark: _Toc510780703]Performances of existing subframe-PUCCH are sufficient for LTE URLLC target of 10-4 within 10 ms.
Also, it could further be noted that the Ack error rate is the limiting performance in all cases. For example, for subslot-SPUCCH, the N2A error rate at the performance limit is 5*10-5. Hence, improvements proposed, such as Nack power boosting, should be further considered, only if bringing actual gain to the overall performance.
[bookmark: _Toc506309510][bookmark: _Toc506389104][bookmark: _Toc506390818][bookmark: _Toc506559539][bookmark: _Toc506559732][bookmark: _Toc506561355][bookmark: _Toc506561672][bookmark: _Toc506565278][bookmark: _Toc506565397][bookmark: _Toc510103836][bookmark: _Toc510108187][bookmark: _Toc510108205][bookmark: _Toc510510654][bookmark: _Toc510780704]N2A performance is often by several dBs better compared to the limiting performance metric for (S)PUCCH performance. 
PUCCH performance can also be improved by utilizing multiple receive antennas. The performances of subslot, slot, and subframe PUCCH using 4 Rx antennas are given in Figures A-1 to A-3 in the appendix.
[bookmark: _Toc510103837][bookmark: _Toc510108188][bookmark: _Toc510108206][bookmark: _Toc510510655][bookmark: _Toc510780705]PUCCH performance can be further improved by using more Rx antennas at the BS.
SR repetition
Apart from HARQ-ACK, scheduling request (SR) is also carried by (S)PUCCH. 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: _Toc505687274][bookmark: _Toc505690448][bookmark: _Toc505757258][bookmark: _Toc505785561][bookmark: _Toc505785939][bookmark: _Toc505876315][bookmark: _Toc505937265][bookmark: _Toc506309511][bookmark: _Toc506389105][bookmark: _Toc506390819][bookmark: _Toc506559540][bookmark: _Toc506559733][bookmark: _Toc506561356][bookmark: _Toc506561673][bookmark: _Toc506565279][bookmark: _Toc506565398][bookmark: _Toc510103838][bookmark: _Toc510108189][bookmark: _Toc510108207][bookmark: _Toc510510656][bookmark: _Toc510780706]SR repetitions can be catered for by appropriate settings of prohibit timer and maximum number of retransmissions
UCI priority handling 
When the UE has a valid UL grant to transmit data on PUSCH, UCI is multiplexed with data on PUSCH. UCI here could be HARQ-ACK or aperiodic CSI. For UE supporting mixed traffic types such as eMBB and URLLC, it is possible that UCI and data on PUSCH have different priorities. 
For example, when URLLC UCI (e.g., HARQ-ACK associated with URLLC DL data) and eMBB UL data are multiplexed on PUSCH, a higher beta factor values can be used to improve the robustness of URLLC UCI transmission on PUSCH.
In another example, when UCI (e.g., aperiodic CSI) and URLLC data are multiplexed on PUSCH, UL data will be rate-matched by taking the presence of UCI into account. This leads to a higher code rate transmission for URLLC UL data. In such case, a lower beta factor value is used to have high reliable UL data transmission.
[bookmark: _Toc505876321][bookmark: _Toc505937271][bookmark: _Toc506309516][bookmark: _Toc506389110][bookmark: _Toc506390824][bookmark: _Toc506557569][bookmark: _Toc506559546][bookmark: _Toc506559739][bookmark: _Toc506561362][bookmark: _Toc506561679][bookmark: _Toc506565285][bookmark: _Toc506565390][bookmark: _Toc510108191][bookmark: _Toc510108208][bookmark: _Toc510510657][bookmark: _Toc510780707]Mechanisms for UCI priority handling is based on different beta factor setting as supported in the current sTTI specification for subslot operation.
Conclusion
In section 2 we made the following observations
Observation 1	It is not possible to do HARQ retransmission within 1 ms and therefore PUCCH is not considered for the 1ms latecy target.
Observation 2	For LTE URLLC target of 10-4 within 10 ms, UL control transmission based on slot and subframe (S)PUCCH are the most relevant ones.
Observation 3	Requirements on P(D2A) and P(N2A) are, to a large extent, determined by reliability of the first DL control transmission and the first data transmission, respectively.
Observation 4	It is sufficient to consider Pr(D2A) < 10-2 and Pr(N2A) < 10-3 as PUCCH requirements for URLLC if reliability levels of PDCCH and first PDSCH transmission are at least 1-10-3 and 1-10-2.
Observation 5	Based on the target of 10-4 within 10 ms, consider keeping PUCCH requirement for LTE URLLC as Pr(N2A)<10-3, Pr(Aerror) < 10-2, and Pr(D2A) < 10-2.
Observation 6	Performances of existing slot-SPUCCH is not sufficient for LTE URLLC target.
Observation 7	Constellation mapping can be used to improve the performance of slot PUCCH.
Observation 8	Performances of existing subframe-PUCCH are sufficient for LTE URLLC target of 10-4 within 10 ms.
Observation 9	N2A performance is often by several dBs better compared to the limiting performance metric for (S)PUCCH performance.
Observation 10	PUCCH performance can be further improved by using more Rx antennas at the BS.
Observation 11	SR repetitions can be catered for by appropriate settings of prohibit timer and maximum number of retransmissions
Observation 12	Mechanisms for UCI priority handling is based on different beta factor setting as supported in the current sTTI specification for subslot operation.

[bookmark: _In-sequence_SDU_delivery]References
1. RP-172845, Revised Work item on Ultra Reliable Low Latency Communication for LTE, RAN#78.
1. Chairman’s summary RAN1#90b.
1. R1-1802883, Reliability for URLLC, Ericsson.
1. [91-LTE-09] Email approval on SINR calibration for URLLC for LTE, on RAN1 reflector.
1. R1-1801394, Subslot-SPUCCH resource for formats 1a and 1b, Huawei , HiSilicon
Appendix
Table A: Simulation assumption for 2os-subslot, slot, and subframe PUCCH 
	SPUCCH format
	PF1 for 2os-subslot, slot, and subframe PUCCH

	No. of UCI bits
	1-2 bits

	Frequency hopping
	Yes

	No. of PRB per symbol
	1

	Carrier
	700 MHz

	Bandwidth
	20 MHz

	Channel
	TDL-C 363ns, 3kmph

	nTx
	1

	nRx
	2

	SPUCCH requirement
	P(N2A)<10^-3, P(Aerror)<10^-2, P(DTX2A)<10^-2
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Figure A-1 Performance of 2os subslot-SPUCCH for TDL-C 363ns, 3 kmph, 1Tx, 4Rx
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Figure A-2 Performance of slot-SPUCCH for TDL-C 363ns, 3 kmph, 1Tx, 4Rx
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Figure A-3 Performance of subframe-PUCCH for TDL-C 363ns, 3 kmph, 1Tx, 4Rx
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