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Introduction
According to [1], RAN1 should identify techniques for supporting the ultra-reliable part of URLLC requirements set forth in [2] starting in RAN1 NR Ad-hoc#2 meeting in June 2017. 
In this paper, we assess the performance of PUCCH format 2 carrying medium size payload for URLLC. This PUCCH format is for example relevant for CSI reporting [3]. 
[bookmark: _Ref178064866]Discussion
In our contribution [4], we elaborated on techniques to enhance the PUCCH reliability, for example by employing frequency hopping and by using variable length PUCCH. In this paper, we evaluate the performance of short PUCCH to assess the potential to achieve high reliability for medium size payload, which is relevant for sending CSI reports. Below, we give the main simulation assumptions. 
	Carrier frequency
	4 GHz

	Bandwidth
	20 MHz

	PHY resources
	4,6 PRB

	Channel model
	TDL-A  with delay spread 300ns

	UE speed:	
	3 km/h 	

	antennas
	1 Tx and 2/4/8 Rx 

	SCS
	15 kHz

	Channel estimation
	practical

	Noise estimation
	ideal



UCI payload on short PUCCH
For UCI of 3-11 bits, Reed-Muller codes are used whereas for higher payload Polar codes will be employed.  In the following figure, we see the performance for various payloads. For payloads up to 11bits we observe the same performance back-off for each 4-bit increment. However, there is a significant back-off when moving from 11bits to 15bits. One reason can be that we have CRC bits with Polar codes, which effectively increase the code-rate. A positive finding is that the degradation observed when sending a 20-bit payload is very small. In all cases, we observe the same coding gain, i.e., the steepness of the BLER curve is the same, for the BLER and SNR range that we consider. Therefore, in the next we focus our simulations on 3-11 bits and expect similar conclusions to hold for higher payloads, where Polar codes will be used.
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Figure 1: Performance evaluation of short PUCCH for 4 RX antennas, 4 PRBs and frequency hopping
Repetition and Frequency hopping
The baseline setup for comparison comprises one-symbol PUCCH. The use of repetition, whose evaluation is shown in Figure 2, results in the expected 3dB gain. If we complement the system features with frequency hopping then we observe significant performance gains in the high SNR regime where the diversity effects start to kick in. In particular, introducing frequency hopping in the 2-symbol short PUCCH yields an extra 2dB gain at the 10-5 reliability level, resulting in an overall improvement of 5dB compared to the baseline 1-symbol case. At low SNR, where the system is power limited, having the extra power due to repetition is more beneficial whereas at high SNR the diversity effects are more desirable since the BLER slope is steeper.
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[bookmark: _Ref484613053]Figure 2: Performance evaluation of short PUCCH for transmission with 4 RX antennas, 4 PRBs and 33% DMRS overhead.
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[bookmark: _Ref484613056]Figure 3: Performance evaluation for transmission with 1 symbol short PUCCH, 4 PRBs and 33% DMRS overhead
In Figure 3, we see the impact of the transmission bandwidth, where for fairness we make sure that the transmit power is kept the same irrespectively of the number of assigned PRBs. Here, we can draw again similar conclusions to those of Figure 1. At low SNR, where the system is power limited, it is better to assign fewer PRBs so that the power is split among fewer QAM symbols. However, at high SNR it is more beneficial to have more PRBs since we increase the number of redundancy bits and therefore we can exploit the higher coding gain. It is important to note here that the SNR crossover point, after which performance is better for larger number of PRBs, depends on the number of information bits. This is because the message size impacts the redundancy that we get. Overall though, we observe small differences in performance between 4 and 6 PRBs but this may change for other PRB numbers.
Figure 4 show the impact of variable DMRS overhead. In this case, there is an obvious trade-off because increasing the overhead increases the quality of the channel estimates but, on the flip side, there are fewer data symbols for encoding the information. For the setup, considered in Figure 3, it can be inferred that it is more important to assign resources for channel estimation, even if this comes at the expense of lower redundancy. Having a denser pilot pattern, when the overhead comprises 33% of the transmission, yields better results than 25% overhead. Thus, it is important to maintain a good balance between payload and DMRS overhead 
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[bookmark: _Ref497399275]Figure 4: Performance evaluation of short PUCCH for transmission with 4 RX antennas, 4 PRBs and different levels of DMRS overhead.
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[bookmark: _Ref484614366]Figure 5: Performance evaluation of short PUCCH for transmission with 4 PRBs and different levels of DMRS overhead.
[bookmark: _Toc488696357]In Figure 5, we assess the impact of higher receive antenna array sizes. It Is seen that increasing the number of receive antennas, from 4 to 8, has a dual benefit; we have more power at the receiver and higher diversity. It follows from the results that the system can achieve a BLER value of 10-5 at 0dB (or less) for setups with 8 antennas. Thus, frequency hopping and receive antenna diversity can result in very high reliability for medium payloads. In the table below, we summarize the SNR required to achieve certain BLER values with 4PRBs transmission bandwidth.  
	setup
	4 RX ants, 1 symbol
	8 RX ants, 2 symbols, FH

	#bits
	3
	7
	11
	3
	7
	11

	10-3
	3.1 dB
	5.0 dB
	6.5 dB
	-3.5 dB
	-2.1 dB
	-1.1 dB

	10-4
	5.1 dB
	7.0 dB
	8.5 dB
	-2.5 dB
	-1.0 dB
	-0.2 dB

	10-5
	7.1 dB
	9.0 dB
	10.5 dB
	-1.5 dB
	-0.1 dB
	0.9 dB



Based on these results we can make the following observations:
1. It is important to maintain a good balance between payload and DMRS overhead.
Frequency hopping and receive antenna diversity can result in very high reliability for medium payloads.
Conclusion
In this contribution, we have provided simulation results for the PUCCH performance. Based on the investigations, we have made the following observations:
1. [bookmark: _Toc488696361]It is important to maintain a good balance between payload and DMRS overhead.
Frequency hopping and receive antenna diversity can result in very high reliability for medium payloads.
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1 sym, FH=0, nInfo=3

1 sym, FH=0, nInfo=7

1 sym, FH=0, nInfo=11

2 sym, FH=0, nInfo=3

2 sym, FH=0, nInfo=7
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2 sym, FH=1, nInfo=3

2 sym, FH=1, nInfo=7

2 sym, FH=1, nInfo=11
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