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1. Introduction
The SI on Latency reduction techniques for LTE [1] was closed at RAN#72 and based on the outcome documented in the TR [2], a follow-up WI was approved in [3]. The main objectives of the WI in [3] are given by: 
The objective of this work item is to specify shortened TTI operation and shortened processing time for both legacy (1ms) TTI and shortened TTI. The specified solution should cover the case of carrier aggregation and non-carrier aggregation. Aim for a similar design as possible independent of frame structure.
…
For Frame structure type 1: [RAN1, RAN2, RAN4]
· Specify support for a transmission duration based on 2-symbol sTTI and 1-slot sTTI for sPDSCH/sPDCCH 
· Specify support for a transmission duration based on 2-symbol sTTI, 4-symbol sTTI, and 1-slot sTTI for sPUCCH/sPUSCH 
· Down-selection is not precluded
· Study any impact on CSI feedback and processing time, and if needed, specify necessary modifications (not before RAN1 #86bis)

For Frame structure type 2: [RAN1, RAN2, RAN4]
· Specify support for a transmission duration based on 1-slot sTTI for sPDSCH/sPDCCH/sPUSCH/sPUCCH
· Study any impact on CSI feedback and processing time, and if needed, specify necessary modifications (not before RAN1 #86bis)

Follow the recommendation made in [2] when specifying for support of transmission duration based on 2-symbol sTTI, 4-symbol sTTI, and 1-slot sTTI.
In RAN1#87 following agreements were made:
Agreements:
· At least the following formats should be designed for sPUCCH:
· For sPUCCH supporting up to 2-bit HARQ-ACK and/or SR (if any)
· DMRS based demodulation for 7-symbol sTTI
· FFS on the formats and DMRS design for 2-symbol sTTI
· For sPUCCH supporting more than 2-bit HARQ-ACK and SR (if any)
· DMRS based demodulation for all sTTI lengths
· FFS on encoding methods
· FFS on sPUCCH with channel selection for up to 4-bit HARQ-ACK.
· FFS on support of frequency hopping

In this document, we discuss the principles of sPUCCH design. sPUCCH resource management related aspects are discussed in [4]
2. Design Targets for sPUCCH
PUCCH design is one of the key aspects in facilitating latency reduction. In order to be able to reduce HARQ round-trip time, the UL control channel conveying HARQ-ACK will need to be shortened similarly as the related PDSCH carrying the data transport block(s). Therefore it seems apparent that a shortened PUCCH will need to be specified to carry at least HARQ-ACK. In principle, it should be straight forward to apply the same design for conveying Scheduling Request as well, which in turn may provide a minor decrease in the observed latency.
Observation #1: Primary contents for sPUCCH are HARQ-ACK (+SR)
Other content for shortened PUCCH could be CSI, but its need is far less clear to us. In LTE, periodic wideband CSI reports are transmitted on PUCCH when there is no simultaneous PUSCH transmission. However, firstly, periodic CSI reporting involves inherently relatively large latency depending on the reporting periodicity and/or availability of measurement resource, and the length of PUCCH – 1 ms or less – does not have a significant impact on the overall latency. Secondly, the wideband nature (due to limited capacity) of the report implies that the precision of the feedback is rather coarse and cannot be improved significantly by more frequent reporting. Thirdly, faster and more frequent ACK/NACK transmitted on sPUCCH improves the link adaptation already by means of OLLA without any specification effort. Finally, it should be possible for the network to trigger Aperiodic CSI report to be transmitted using shortened PUSCH, which further reduces the need for transmitting periodic CSI over shortened PUCCH. Therefore we think that no CSI enhancements for periodic reporting on shortened PUCCH are needed.
Observation #2: No CSI enhancement for periodic CSI reporting on sPUCCH are needed. 
When it comes to sPUCCH design, a few requirements need to be considered. In LTE, the coverage of the whole system is often limited by the PUCCH. In order to mitigate this, various means have been specified including e.g. PUCCH repetition to enhance HARQ-ACK coverage. Obviously, for shorter TTI operation to make sense, the impact on coverage should be minimized. On the other hand, shorter TTI means that the energy per bit for e.g. HARQ-ACK transmission is inevitable reduced, and hence there will be some penalty in terms of cell coverage. This issue is more pronounced with TTI lengths less than 0.5 ms and may easily end up limiting the coverage of sTTI feature as a whole.
Observation #3: PUCCH coverage may easily become a bottleneck for sTTI, especially for sTTI length of less than one slot.
In order to make shorter TTI operation an attractive feature, special attention needs to be put on sPUCCH coverage. We see that the as a starting point, one needs to keep the basic design properties of 1-ms PUCCH, namely frequency hopping to achieve frequency diversity. Furthermore, sPUCCH waveform should have low cubic metric to guarantee uncompromised operation at maximum TX power.
Proposal #1): sPUCCH should aim at as large coverage as possible, and
· Retain support for frequency diversity (i.e. hopping across band edges)
· Have low cubic metric similar or close to that of SC-FDMA
Another key design target for LTE PUCCH has been low overhead, which has been achieved with high multiplexing capability. Depending on the PUCCH format (and correspondingly payload), more than 10 UEs can share the same PUCCH PRB. We see that the same design target is equally important with shorter TTIs as well, and efficient multiplexing of different sPUCCH UEs, as well as both sPUCCH and legacy PUCCH UEs should be supported within a PRB. 
Observation #4: Increase in UL control overhead due to sTTI should be minimized.
Proposal #2: Multiplexing of sPUCCHs should be supported within the same PRB.
Proposal #3: Multiplexing of sPUCCH and legacy PUCCH should be supported within the same PRB.
3. sPUCCH Design Candidates 
Based on the design targets discussed above, we present here sPUCCH designs meeting the target criteria. 

3.1 sPUCCH design supporting up to 2-bit HARQ-ACK and/or SR 
For up to 2-bit HARQ-ACK transmission, the preferred sPUCCH make use of CDM multiplexing with cyclic shifts of modulated CAZAC sequences. Figure 1 shows a PUCCH Format 1b-like design for 7-symbol sPUCCH, denoted here sPUCCH Format 1, capable of supporting 1 or 2 bit HARQ-ACK transmission, as well as SR transmission through channel selection as in LTE Rel-8. The design is based on QPSK-modulated length-12 UL DM-RS sequences. In the DM-RS symbols (i.e. symbols #1, #3 and #5 in Figure 1), one unmodulated DM-RS sequence is transmitted (e.g. CS_0), whereas in the data symbols a QPSK-modulated sequence (M-CS_0) is transmitted. Similarly as with legacy PUCCH format 2, user multiplexing with cyclic shifts can be performed, allowing for six simultaneous UEs on a single PUCCH PRB. Furthermore, it is also possible to assign some of the cyclic shifts for legacy PUCCH format 2 users as well, allowing for minimized UCI overhead and UL resource fragmentation. 
Similar design scales also to the case with 2 or 3 symbol sPUCCH, where two options can be envisioned:
· No frequency hopping: the RS and the data symbol(s) are transmitted consecutively on the same PRB
· Frequency hopping: QPSK-modulated data and the DMRS are transmitted in the same sPUCCH symbol, using different cyclic shifts.    
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Figure 1. sPUCCH Format 1 design for 1-bit or 2- bit HARQ-ACK
Proposal #4: sPUCCH format supporting 2-bit HARQ HACK is based on QPSK modulated, cyclically shifted CAZAC sequences:
· For 7-symbol sPUCCH, frequency hopping is supported, and data and DMRS are transmitted in consecutive symbols
· In 2/3 symbol case, choose between
· Frequency hopping supported; data and DMRS are transmitted in the same symbol using different cyclic shifts
· No frequency hopping supported; data and DMRS are transmitted in consecutive symbols

3.2 sPUCCH design supporting more than to 2-bits 
Figure 2. illustrates another candidate design for 7-symbol sPUCCH with moderate UCI payloads of up to 11 bits (“sPUCCH Format 2”). Also here, Rel-8 length-12 UL DM-RS sequences are applied, with a distinct cyclic shift assigned for each sequence. In the DM-RS symbols (i.e. symbol #1, #4), one unmodulated DM-RS sequence is transmitted (e.g. CS_0), whereas in data symbols two QPSK-modulated sequences are transmitted in parallel (e.g. M-CS_0, M-CS_1), separated with cyclic shifts. Frequency hopping is applied between “short slots” hence maintaining frequency diversity similarly as the legacy PUCCH formats. The described arrangement results in having 20 uncoded bits in a 0.5 ms TTI, i.e. the same number as with the current LTE PUCCH format 2. This allows for directly reusing the PUCCH Format 2 Reed-Muller channel coding scheme. Similarly as with the 1/ 2 bit design, also in this case legacy PUCCH format 2 users - as well as sPUCCH Format 1 users – can be multiplexed on the same PRB(s). 
[image: ]
Figure 2. sPUCCH Format 2 design supporting up to 11 bit payload with 0.5 ms TTI.
Proposal #5: The 7-symbol sPUCCH format supporting more than 2 bits is based on QPSK modulated, cyclically shifted CAZAC sequences, where multiple cyclic shifts can be assigned for a single user.
With 2/3-symbol sPUCCH an increased capacity in terms of number of bits makes CDM multiplexing of users impractical. In such case we see the preferred option is to simply compose sPUCCH of one DMRS symbol and one or two QPSK modulated data symbols, resulting in 24, or 48 uncoded bits, respectively.
Proposal #6: The 2/3-symbol sPUCCH format supporting more than 2 bits comprises a DMRS symbol as well as one or two QPSK-modulated SC-FDMA symbols.

3.3 Initial performance evaluation for 7-symbol sPUCCH 
In the following we present initial performance evaluation for the two aforementioned sPUCCH candidate formats for the 7-symbol case, as well as a third, larger format which does not apply spreading (“sPUCCH Format 3”). The key properties of these formats are summarized in Table 1, while the BLER performance is depicted in Figure 3, as well as in Fig 4, 5, and 6 in the Appendix. Based on the analysis it can be concluded that sPUCCH format 1a/b and 2 provide solid performance while allowing for multiplexing with legacy PUCCH, hence minimizing the associated overhead. 
Observation #5: 7-symbol sPUCCH designs considered in Section 3.1 and 3.2 provide solid performance and support multiplexing of several users on the same PRBs. 
	PUCCH format
	HARQ-ACK payload (bits)
	TTI length
	# of DMRS
	Spreading
	Frequency Hopping

	Format 1a
	1
	14 OS
	6
	Yes
	Yes 

	sPUCCH Format 1a
	1
	7 OS
	3
	Yes
	Yes

	Format 1b
	2
	14 OS
	6
	Yes
	Yes

	sPUCCH Format 1b
	2
	7 OS
	3
	Yes
	Yes

	Format 2b
	2 - 10
	14 OS
	4
	Yes
	Yes

	sPUCCH Format 2
	2 - 10
	7 OS
	2
	Yes
	Yes

	sPUCCH Format 3
	10 - 40
	7 OS
	2
	No
	Yes



Table1. PUCCH Formats
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Fig 3. BLER vs SNR for EPA-3Kmph
4. Summary
In this contribution we consider aspects impacting PUCCH design for sTTI. Based on the discussion, we make the following observations and proposals related to PUCCH design:
Observation #1: Primary contents for sPUCCH are HARQ-ACK (+SR)
Observation #2: No CSI enhancement for periodic CSI reporting on sPUCCH are needed. 
Observation #3: PUCCH coverage may easily become a bottleneck for sTTI, especially for sTTI length of less than one slot.
Proposal #1): sPUCCH should aim at as large coverage as possible, and
· Retain support for frequency diversity (i.e. hopping across band edges)
· Have low cubic metric similar or close to that of SC-FDMA
Observation #4: Increase in UL control overhead due to sTTI should be minimized.
Proposal #2: Multiplexing of sPUCCHs should be supported within the same PRB.
Proposal #3: Multiplexing of sPUCCH and legacy PUCCH should be supported within the same PRB.
Proposal #4: sPUCCH format supporting 2-bit HARQ HACK is based on QPSK modulated, cyclically shifted CAZAC sequences:
· [bookmark: _GoBack]For 7-symbol sPUCCH, frequency hopping is supported, and data and DMRS are transmitted in consecutive symbols
· In 2/3 symbol case, choose between
· Frequency hopping supported; data and DMRS are transmitted in the same symbol using different cyclic shifts
· Frequency hopping supported; data and DMRS are transmitted in consecutive symbols
Proposal #5: The 7-symbol sPUCCH format supporting more than 2 bits is based on QPSK modulated, cyclically shifted CAZAC sequences, where multiple cyclic shifts can be assigned for a single user.
Proposal #6: The 2/3-symbol sPUCCH format supporting more than 2 bits comprises a DMRS symbol as well as one or two QPSK-modulated SC-FDMA symbols.
Observation #5: 7-symbol sPUCCH designs considered in Section 3.1 and 3.2 provide solid performance and support multiplexing of several users on the same PRBs. 
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Fig 4. BLER vs SNR for EPA-60Kmph
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Fig 5. BLER vs SNR for ETU-3Kmph
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Fig 6. BLER vs SNR for ETU-60Kmph
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