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For the proposed short TTI transmission in DL and UL a fast UCI feedback has been discussed in [1]. In this paper we try to further motivate a short PUCCH solution and discuss various options.
Discussion
HARQ RTT
The HARQ roundtrip time (RTT) is identified as an important component of total latency [1][2][3], since about every tenth transmission will be repeated with a delay of a HARQ RTT. If the HARQ for DL sTTI data is transmitted over the legacy PUCCH the added HARQ delay may be relatively long for shorter TTIs [3]. The average delay due to HARQ feedback (not accounting for processing) is at least 1.5P, where P is the period and duration of the HARQ feedback. Reducing P from 1ms to 1/7ms would then reduce the average latency for HARQ feedback with ~1.3ms, which may be a significant fraction of the total latency.
In addition, using a HARQ feedback at a slower timescale poses other problems. With a support of 1 symbol DL TTI, HARQ feedback for up to 13 DL transmissions may need to be sent in the same PUCCH resource. Together with SR and CQI this may be above the capacity of even the largest formats. Thus bundling of feedback may be necessary, which will lead to excessive retransmissions.

Observation 1: Fast HARQ feedback is needed to achieve low latency with short TTIs.

SR
When a short TTI UE has UL data to transmit but no valid grant it should send a scheduling request (SR). If this is done over the legacy PUCCH SR resource, the minimum delay will amount to several ms even if the shortest SR period (1ms) is used. This is because the transmission itself will be 1ms, and with processing and (fast) UL grant transmission and additional UE processing, the average delay from data in the UL buffer to start of UL sTTI transmission with SR access will amount to 1.5P + X ms, where P is the SR duration, and X depends on the short TTI length. Similarly as for the HARQ feedback, reducing P from 1ms to 1/7ms would then reduce the average latency for SR access with ~1.3ms, which may be a significant fraction of the total latency [4].

Observation 2: A fast SR is needed to achieve low latency with short TTIs.

CSI
Since the legacy CQI reporting is sufficient for subframe length transmission, there is no direct need to increase the frequency of periodic CSI reporting by including it in a sPUCCH transmission. When it comes to link adaptation, the gain in the open loop convergence through an increased rate of HARQ feedback can be significant [5] also with CSI reporting at the level of current LTE. We therefore propose to that the legacy periodic CSI reporting is used also for the DL sTTI band.

Proposal 1: Use the legacy periodic CSI reporting also for the DL sTTI band.

SRS
SRS is important for UL scheduling and link adaptation. There may indeed be gains, just as for the DL CSI, to increase the rate of SRS transmissions for faster update of channel quality. But in similar ways to CSI, a larger gain in the open loop convergence is expected from decreasing the HARQ feedback RTT for UL transmissions. Also, the overhead of SRS measurements is significant, and we therefore propose that the legacy SRS mechanism and scheduling is used for the whole PUSCH bandwidth, including the UL sTTI band.

Proposal 2: Use the legacy SRS also for the UL sTTI band.

UL data and UCI
With a valid sTTI UL grant the UE should transmit the UCI in the sPUSCH allocation, just as in the legacy case for PUSCH. Through the use of puncturing of the sPUSCH REs the UCI can be transmitted in any UL OFDM symbol, regardless of the start of the UL sTTI. 

sPUCCH
From the discussion above we conclude that we need a fast PUCCH solution able of carrying HARQ for DL data and SR. This new resource should be located inside the UL sTTI band to not interfere with legacy LTE usage.

Proposal 3: A fast sPUCCH with HARQ and SR should be defined for the UL sTTI band.

Required information bits
To support MIMO transmission of 2 layers in DL the UE need to report up to two HARQ bits. If in addition, the UE needs to indicate SR, a total of 3 bits should be transported over the short PUCCH. This can be done e.g. through a combination of channel selection and a transmitted QPSK symbol.

Observation 3: The short PUCCH should carry up to 3 bits information.

Multiplexing of users
It should be possible for multiple UEs to send SR in the same sPUCCH resource. In addition, even if only one UE is allocated data per DL sTTI, the use of varying TTI lengths and processing times may lead to the need of multiplexing HARQ from multiple UEs. Also, a UE may need to transmit HARQ and SR at the same occasion.
Another case where multiplexing of UEs is needed is if there are several DL sTTI bands defined and HARQ feedback from more than one such band is transmitted in the same sPUCCH region.

Observation 4: It should be possible to multiplex UCI from multiple UEs in the sPUCCH.

Length and period
For a short PUCCH solution several designs are possible. However, to ensure low latency, a short option is better. We assume SC-OFDM transmission in the UL. Then, since a reference symbol (RS) is needed in the sPUCCH transmission, the shortest length is 2 SC-OFDM symbols; i.e. one RS and one data symbol. In a UL subframe seven such sPUCCH occasions could be placed in a row. That means that the start of the sPUCCH would be fixed to the even OFDM symbol indices.

Observation 5: An sPUCCH of 2 OFDM symbols with 7 fixed occasions per subframe would give the lowest latency.

Resource allocation and selection
From the link-level evaluations of sPUCCH format 1/1a/1b in [6] we note that in order to reliably detect HARQ feedback transmitted using Format 1a/1b, more than one PRB needs to be allocated. Successful detection of an SR transmitted using Format 1 should however be possible using an allocation of fewer PRBs. We therefore suggest using two sPUCCH format 1 regions, one used for HARQ feedback (and HARQ+SR), and another with smaller bandwidth, used only for SR.

Proposal 4: The sPUCCH should consist of one smaller SR-sPUCCH region and one larger HARQ-sPUCCH region.

The HARQ feedback for a DL transmission should be sent over the sPUCCH after a known time, which should depend on TTI length. This time could either be signaled in the DL DCI or automatically inferred. An assignment of sPUCCH resource should specify time and DMRS CS, and should allow for multiplexing of HARQ and SR from multiple UEs that have received DL transmissions of different TTI lengths. If the sPUCCH region used for SR is not capable of carrying HARQ feedback, then this can be achieved by assigning two wide sPUCCH resources depending on TTI length and starting index of the DL transmission, and signaling positive or negative SR through the choice of which resource is used.
HARQ feedback from DL transmissions in different sTTI bands can be multiplexed in the same sPUCCH region by automatically assigning different sPUCCH resources based also on which sTTI band is being used for the DL transmission. Depending on the maximum number of DL transmissions that require HARQ feedback to be sent in the same sPUCCH sTTI, this allows for more efficient usage of UL resources.

Observation 6: It is possible to reduce the number of PRBs used for sPUCCH if SR and HARQ are sent in different regions of different bandwidths.
Observation 7: By assigning pairs of sPUCCH resources depending on TTI length and start index of DL transmission, it is possible to multiplex fast HARQ feedback and SR for sTTI DL transmissions of different lengths.
Observation 8: By assigning different sPUCCH resources depending on the DL sTTI band it is possible to multiplex SR and fast HARQ feedback from sTTI DL transmissions in different sTTI bands.

Conclusion
In this contribution we discussed our views on the need of a short PUCCH channel for short TTIs. The above discussion is summarized with the following observations and proposals:
Observations:
· Observation 1: Fast HARQ feedback is needed to achieve low latency with short TTIs.
· Observation 2: A fast SR is needed to achieve low latency with short TTIs.
· Observation 3: The short PUCCH should carry up to 3 bits information.
· Observation 4: It should be possible to multiplex UCI from multiple UEs in the sPUCCH.
· Observation 5: An sPUCCH of 2 OFDM symbols with 7 fixed occasions per subframe would give the lowest latency.
· Observation 6: It is possible to reduce the number of PRBs used for sPUCCH if SR and HARQ are sent in different regions of different bandwidths.
· Observation 7: By assigning pairs of sPUCCH resources depending on TTI length and start index of DL transmission, it is possible to multiplex fast HARQ feedback and SR for sTTI DL transmissions of different lengths.
· Observation 8: By assigning different sPUCCH resources depending on the DL sTTI band it is possible to multiplex SR and fast HARQ feedback from sTTI DL transmissions in different sTTI bands.
Proposals:
· [bookmark: _GoBack]Proposal 1: Use the legacy periodic CSI reporting also for the DL sTTI band.
· Proposal 2: Use the legacy SRS also for the UL sTTI band.
· Proposal 3: A fast sPUCCH with HARQ and SR should be defined for the UL sTTI band.
· Proposal 4: The sPUCCH should consist of one smaller SR-sPUCCH region and one larger HARQ-sPUCCH region.
References
[bookmark: _Ref441152226]R1-157146, Overview of TTI shortening, Ericsson, RAN1#83, November 2015.
[bookmark: _Ref427351760][bookmark: _Ref441145661]R1-157148, Physical layer aspects of TTI shortening for downlink transmissions, Ericsson, RAN1#83, November 2015.
[bookmark: _Ref442441540]R1-160930, Processing time reduction in DL, Ericsson, RAN1#84, February 2016.
[bookmark: _Ref442442379]R1-160942, Processing time reduction in UL, Ericsson, RAN1#84, February 2016.
[bookmark: _Ref441221166]R2-153837, System performance with shorter TTI, Qualcomm, RAN2#91, 2015.
[bookmark: _Ref442443075]R1-160935, Link level evaluation of PUCCH for short TTI, Ericsson, RAN1#84, February 2016.

	2/4	
