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[bookmark: _Ref298777854]Introduction
For the proposed short TTI transmission in DL and UL a fast UCI feedback has been discussed in [1]. The need for fast HARQ feedback and fast SR in order to achieve low latency with short TTIs was noted in [2] and [3]. In this paper we discuss the physical layer design of a shortened version of PUCCH format 1 (PF1), and show link level evaluation results.
New sPUCCH format design
In [2], the need for a PUCCH format down to 2 OFDM symbols in length, capable of transmitting HARQ feedback and SR while supporting multiplexing of several UEs was identified. One candidate for such a format is a shortened version of PUCCH format 1. A base sequence of length , where  is the number of PRBs occupied by the shortened PUCCH format, is transmitted on each OFDM symbol. Some symbols are used as reference signals, while the others are modulated by a BPSK/QPSK symbol as in PUCCH format 1. In order to increase detection performance, the width of the signal in number of PRBs is a design parameter. Multiplexing capability is obtained through the use of different cyclic shifts. If there are more than 2 OFDM symbols used for reference signals and for data, i.e. at least four OFDM symbols in total, orthogonal cover codes (OCC) can provide additional multiplexing capability. 
For the simulations shown below, no frequency hopping between OFDM symbols is performed. The reason for this is to make comparisons between different TTI lengths easier. For the three and four symbol TTI lengths the best combination of number of reference symbols and data symbols was used.
Link-level evaluations
[bookmark: _GoBack]In Figures 1-4 below we show the minimum SNR needed for different PUCCH lengths and widths to satisfy the performance metrics for the ACK-to-NACK probability, the NACK-to-ACK probability, and the DTX-to-ACK probability listed in the row “Performance metrics” in Table 2. Four different channel models are simulated: EPA with 3km/h speed (Figure 1) and 60 km/h speed (Figure 2), and ETU with 3 km/h speed (Figure 3) and 60 km/h speed (Figure 4). In the Annex, tables are provided for the SNR at 1% ACK missed detection probability and the SNR at 1% NACK-to-ACK probability for all simulated cases.
In the 2 symbol long PUCCH one DMRS symbol is followed by one BPSK/QPSK symbol, in the 3 symbol long PUCCH, one BPSK/QPSK symbol is placed between two DMRS symbols, and in the 4 symbol long PUCCH two DMRS symbols are placed between two BPSK/QPSK symbols. In the latter case the data symbols are repeated. For each PUCCH length Format 1a (BPSK) and 1b (QPSK) was simulated, with one or two bits payload, respectively.
We observe that Format 1a has a more robust performance than Format 1b and require generally fewer PRBs for a given operating SINR, as expected due to the higher modulation of Format 1b.
[image: ]
[bookmark: _Ref442441966][bookmark: _Ref442450117]Figure 1: Operating SNR as a function of the number of PRBs for EPA 3 km/h.
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[bookmark: _Ref442450135]Figure 2: Operating SNR as a function of the number of PRBs for EPA 60 km/h.
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[bookmark: _Ref442450137]Figure 3: Operating SNR as a function of the number of PRBs for ETU 3 km/h.
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[bookmark: _Ref442441968]Figure 4: Operating SNR as a function of the number of PRBs for ETU 60 km/h.
From the figures we make the following observation: 

Observation 1: The required SNR for reliable detection of HARQ feedback depends on the TTI length and the number of PRBs.

We summarize the results from Figure 1 - Figure 4 in Table 1, where we list the minimum number of PRBs needed for an operating SNR of 0 dB when using a shortened format 1b.

[bookmark: _Ref442441995][bookmark: _Ref442441992]Table 1: Required bandwidth to support an operating SNR of 0 dB with PUCCH Format 1B.
	PUCCH length
	EPA 3 km/h
	EPA 60 km/h
	ETU 3 km/h
	ETU 60km/h

	2 symbols
	3 PRBs
	4 PRBs
	3 PRBs
	3 PRBs

	3 symbols
	3 PRBs
	3 PRBs
	3 PRBs
	3 PRBs

	4 symbols
	2 PRBs
	2 PRBs
	2 PRBs
	2 PRBs



As expected, fewer PRBs are required when using more symbols, but the difference between 2 and 3 symbols is small. Motivated by the observations in [2] we propose the following:

Proposal 1: Consider using a sPUCCH TTI of length 2 symbols based on PUCCH format 1 for SR and HARQ feedback.

Conclusion
In this contribution we provided link-level evaluations for a shortened version of PUCCH format 1/1a/1b. The evaluations are summarized with the following observations and proposals:

Observations:
· The required SNR for reliable detection of HARQ feedback depends on the TTI length and the number of PRBs.
Proposals:
· Consider using a sPUCCH TTI of length 2 symbols based on PUCCH format 1 for SR and HARQ feedback.
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Appendix: Simulation assumptions
[bookmark: _Ref442440450]Table 2: Link-level simulation assumptions.
	Parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	TTI length
	2/3/4 symbols

	Channel model
	EPA, ETU

	UE speed
	3 km/h, 60 km/h

	Antenna configuration
	1 Tx, 2 Rx

	CP length
	Normal

	Receiver type
	MMSE

	Channel estimation
	Practical

	Performance metrics
	ACK missed detection probability 1%, NACK-to-ACK error probability 0.1 %, DTX-to-ACK probability 1%



Appendix: ACK missed detection and NACK-to-ACK results
EPA 3 km/h Format 1a
	SNR at ACK missed detection probability 1%
	2 symbols
	3 symbols
	4 symbols

	1 PRB
	4.4 dB
	2.2 dB
	0.6 dB

	2 PRBs
	0.8 dB
	-1.0 dB
	-2.6 dB

	3 PRBs
	-1.1 dB
	-2.7 dB
	-4.4 dB

	4 PRBs
	-2.6 dB
	-4.1 dB
	-5.7 dB

	5 PRBs
	-3.5 dB
	-5.1 dB
	-6.7 dB



	SNR at NACK-to-ACK probability 1%
	2 symbols
	3 symbols
	4 symbols

	1 PRB
	<2 dB
	<1 dB
	<-1 dB

	2 PRBs
	<-1 dB
	<-3 dB
	<-4 dB

	3 PRBs
	<-2 dB
	<-5 dB
	<-6 dB

	4 PRBs
	<-3 dB
	<-6 dB
	<-8 dB

	5 PRBs
	<-5 dB
	<-6 dB
	<-8 dB



EPA 3 km/h Format 1b
	SNR at ACK missed detection probability 1%
	2 symbols
	3 symbols
	4 symbols

	1 PRB
	4.9 dB
	2.6 dB
	1.2 dB

	2 PRBs
	1.2 dB
	-0.7 dB
	-2.2 dB

	3 PRBs
	-0.8 dB
	-2.5 dB
	-3.9 dB

	4 PRBs
	-2.2 dB
	-3.7 dB
	-5.4 dB

	5 PRBs
	-3.1 dB
	-4.6 dB
	-6.4 dB



	SNR at NACK-to-ACK probability 1%
	2 symbols
	3 symbols
	4 symbols

	1 PRB
	4.0 dB
	3.4 dB
	1.3 dB

	2 PRBs
	1.6 dB
	0.6 dB
	-1.5 dB

	3 PRBs
	-0.2 dB
	-1.4 dB
	-3.4 dB

	4 PRBs
	-1.5 dB
	-2.5 dB
	-4.4 dB

	5 PRBs
	-3.2 dB
	-3.6 dB
	-5.5 dB



EPA 60 km/h Format 1a
	SNR at ACK missed detection probability 1%
	2 symbols
	3 symbols
	4 symbols

	1 PRB
	4.4 dB
	2.2 dB
	0.6 dB

	2 PRBs
	0.8 dB
	-1.0 dB
	-2.6 dB

	3 PRBs
	-1.1 dB
	-2.7 dB
	-4.5 dB

	4 PRBs
	-2.5 dB
	-4.1 dB
	-5.7 dB

	5 PRBs
	-3.5 dB
	-5.1 dB
	-6.7 dB



	SNR at NACK-to-ACK probability 1%
	2 symbols
	3 symbols
	4 symbols

	1 PRB
	<2 dB
	<1 dB
	<-1 dB

	2 PRBs
	<-1 dB
	<-3 dB
	<-4 dB

	3 PRBs
	<-2 dB
	<-5 dB
	<-6 dB

	4 PRBs
	<-3 dB
	<-6 dB
	<-8 dB

	5 PRBs
	<-5 dB
	<-6 dB
	<-8 dB



EPA 60 km/h Format 1b
	SNR at ACK missed detection probability 1%
	2 symbols
	3 symbols
	4 symbols

	1 PRB
	5.0 dB
	2.7 dB
	 1.1 dB

	2 PRBs
	1.2 dB
	-0.7 dB
	-2.1 dB

	3 PRBs
	-0.8 dB
	-2.5 dB
	-4.0 dB 

	4 PRBs
	-2.1 dB
	-3.7 dB
	-5.3 dB

	5 PRBs
	-3.1 dB
	-4.6 dB
	-6.3 dB



	SNR at NACK-to-ACK probability 1%
	2 symbols
	3 symbols
	4 symbols

	1 PRB
	4.2 dB
	3.4 dB
	1.5 dB

	2 PRBs
	1.7 dB
	0.5 dB
	-1.3 dB

	3 PRBs
	0.1 dB
	-1.5 dB
	-3.4 dB

	4 PRBs
	-1.3 dB
	-2.5 dB
	-4.3 dB

	5 PRBs
	-2.7 dB
	-3.6 dB
	-5.6 dB



ETU 3 km/h Format 1a
	SNR at ACK missed detection probability 1%
	2 symbols
	3 symbols
	4 symbols

	1 PRB
	4.3 dB
	2.1 dB
	0.4 dB

	2 PRBs
	0.4 dB
	-1.4 dB
	-2.7 dB

	3 PRBs
	-1.4 dB
	-3.0 dB
	-4.4 dB

	4 PRBs
	-2.4 dB
	-4.0 dB
	-5.5 dB

	5 PRBs
	-3.4 dB
	-5.0 dB
	-6.3 dB



	SNR at NACK-to-ACK probability 1%
	2 symbols
	3 symbols
	4 symbols

	1 PRB
	<2 dB
	<1 dB
	<-1 dB

	2 PRBs
	<-1 dB
	<-3 dB
	<-4 dB

	3 PRBs
	<-2 dB
	<-5 dB
	<-6 dB

	4 PRBs
	<-3 dB
	<-6 dB
	<-8 dB

	5 PRBs
	<-5 dB
	<-6 dB
	<-8 dB



ETU 3 km/h Format 1b
	SNR at ACK missed detection probability 1%
	2 symbols
	3 symbols
	4 symbols

	1 PRB
	5.0 dB
	2.7 dB
	1.1 dB

	2 PRBs
	1.0 dB
	-0.8 dB
	-2.2 dB

	3 PRBs
	-0.8 dB
	-2.4 dB
	-3.8 dB

	4 PRBs
	-1.9 dB
	-3.6 dB
	-4.9 dB

	5 PRBs
	-2.9 dB
	-4.5 dB
	-5.8 dB



	SNR at NACK-to-ACK probability 1%
	2 symbols
	3 symbols
	4 symbols

	1 PRB
	4.2 dB
	2.8 dB
	1.2 dB

	2 PRBs
	1.1 dB
	0.0 dB
	-1.5 dB

	3 PRBs
	-0.5 dB
	-1.7 dB
	-2.9 dB

	4 PRBs
	-1.6 dB
	-2.5 dB
	-4.1 dB

	5 PRBs
	-2.4 dB
	-3.7 dB
	-5.1 dB



ETU 60km/h Format 1a
	SNR at ACK missed detection probability 1%
	2 symbols
	3 symbols
	4 symbols

	1 PRB
	4.3 dB
	2.0 dB
	0.5 dB

	2 PRBs
	0.4 dB
	-1.4 dB
	-2.7 dB

	3 PRBs
	-1.3 dB
	-3.0 dB
	-4.4 dB

	4 PRBs
	-2.4 dB
	-4.0 dB
	-5.5 dB

	5 PRBs
	-3.4 dB	
	-4.9 dB
	-6.3 dB



	SNR at NACK-to-ACK probability 1%
	2 symbols
	3 symbols
	4 symbols

	1 PRB
	<2 dB
	<1 dB
	<-1 dB

	2 PRBs
	<-1 dB
	<-3 dB
	<-4 dB

	3 PRBs
	<-2 dB
	<-5 dB
	<-6 dB

	4 PRBs
	<-3 dB
	<-6 dB
	<-8 dB

	5 PRBs
	<-5 dB
	<-6 dB
	<-8 dB



ETU 60km/h Format 1b
	SNR at ACK missed detection probability 1%
	2 symbols
	3 symbols
	4 symbols

	1 PRB
	5.0 dB
	2.7 dB
	1.2 dB

	2 PRBs
	1.1 dB
	-0.8 dB
	-2.2 dB

	3 PRBs
	-0.8 dB
	-2.4 dB
	-3.8 dB

	4 PRBs
	-1.8 dB
	-3.6 dB
	-4.9 dB

	5 PRBs
	-2.8 dB
	-4.5 dB
	-5.7 dB



	SNR at NACK-to-ACK probability 1%
	2 symbols
	3 symbols
	4 symbols

	1 PRB
	4.3 dB
	2.8 dB
	1.3 dB

	2 PRBs
	1.2 dB
	0.1 dB
	-1.3 dB

	3 PRBs
	-0.6 dB
	-1.7 dB
	-3.0 dB

	4 PRBs
	-1.4 dB
	-2.5 dB
	-4.2 dB

	5 PRBs
	-2.4 dB
	-3.7 dB
	-5.2 dB
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