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1	Introduction
Rel-14 NR study item [1] has been closed and a new Rel-15 WI dealing with New Radio Access Technology [2] has been approved. The work item targets to specify the NR functionalities for enhanced mobile broadband (eMBB) and ultra-reliable low-latency-communication (URLLC) as defined in [3]. The NR under this work item considers frequency ranges up to 52.6 GHz.
This contribution relates to 2-symbol short PUCCH design in NR. We provide our views related to short PUCCH design for small UCI payload as well as for UCI more than 2 bits in companion contributions [4], [5]. In RAN1 88bis and 89 meetings, the following agreements related to 2-symbol short PUCCH were made:
Agreements for 2-symbol NR-PUCCH in RAN1#88bis [6]: For 2-symbol NR-PUCCH, following options are considered (including possible down-selection): 
· Option 1: 2-symbol NR-PUCCH is composed of two 1-symbol NR-PUCCHs conveying the same UCI.
· 1-1: Same UCI is repeated across the symbols using repetition of a 1-symbol NR-PUCCH.
· 1-2: UCI is encoded and the encoded UCI bits are distributed across the symbols.
· Option 2: 2-symbol NR-PUCCH is composed of two symbols conveying different UCIs.
· E.g., time-sensitive UCI (e.g., HARQ-ACK) is in the second symbol.
Agreements for 2-symbol NR-PUCCH in RAN1#89 [7]:
· Option 1-1 is supported for sending UCI with up to 2 bits. 
· Note that sequence hopping is not precluded for option 1-1
· FFS method for sending UCI with more than 2 bits
· option 2 is not supported.
· Frequency hopping is supported at least for localized (contiguous) PRB allocation in each symbol
· FFS for distributed (non-contiguous) PRB allocation
2.	Discussion
2.1.  DMRS overhead in 2-symbol short PUCCH for UCI of more than 2 bits
In RAN1#89, DMRS overhead of 1/3 was agreed for 1-symbol short PUCCH for UCI of more than 2 bits. We investigated the performance of different DMRS overheads for 2-symbol short PUCCH by means of link simulations in EPA channel, v=3 km/h. Simulation parameters are given in Table 1 in Appendix 1. The simulated payloads were 8/12/16 UCI bits + 8 CRC bits. DMRS overheads of 1/2 1/3, 1/4 and 1/6 were simulated. Results are shown in Figure 1 for 4 PRB and 8 PRB distributed allocations.
DMRS overheads of 1/3 and 1/4 can be seen to provide rather similar performance for 1% BLER with 4 PRB allocation, and to outperform 1/2 and 1/6 DMRS overheads. Based on the shown results, we propose that DMRS overhead of 1/3 is supported for 2-symbol short PUCCH format for UCI of more than 2 bits. We do not see any need to support other DMRS overheads. 
Proposal 1:	DMRS overhead of 1/3 is supported for 2-symbol short PUCCH format for UCI of more than 2 bits.
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Figure 1. Short PUCCH BLER vs SNR for different DMRS overheads and UCI payloads with 4 PRB (a) and 8 PRB (b) allocations.
2.2. 	Multiplexing between data and DMRS in short PUCCH for UCI of more than 2 bits
In RAN1#88bis [6], it was agreed that RS and UCI are multiplexed in FDM manner at least in the case of 1-symbol short PUCCH. One of the open items with short PUCCH is the multiplexing between DMRS and UCI in the case of 2-symbol scenario. We think that FDM should be used as the multiplexing scheme not only in 1-symbol scenario but also in 2-symbol scenario. 
The performance comparison between FDM and TDM is given in Appendix 2. FDM is preferred not only from performance point of view: First of all, it results in a modular design which scales to any number of symbols allocated to short PUCCH. This is inline with agreement made in RAN1#88: For more than 2 UCI bits, strive for scalable design with short-PUCCH. Furthermore, FDM between PUCCH DMRS and UCI allows to consider optimization of pilot/data -ratio in power domain with CP-OFDM, reducing further any need for multiple DMRS overheads. Additionally, FDM is robust against high Doppler since it supports continuous reference signal in time. FDM approach can be seen also as a way to maximize the commonality between DL and UL control channels. For example, it could enable straightforward extension of UL control channel structures into different D2D/relay scenarios. We also propose that 2-symbol short PUCCH applies the same DMRS structure as 1-symbol PUCCH to achieve modular design for short PUCCH.
Proposal 2:	Support FDM between RS and UCI (i.e Option 1) also in the case of 2-symbol short PUCCH supporting UCI of more than 2 bits.
Proposal 3: 	2-symbol short PUCCH supporting UCI of more than 2 bits uses similar DMRS structure as 1-symbol short PUCCH.
2.3. 	PRB allocation for 2-symbol short PUCCH
In RAN1#88bis, it was agreed to support both localized (contiguous) and distributed (non-contiguous) allocations for 1-symbol short PUCCH. In RAN1#89, it was agreed to support frequency hopping for 2-symbol short PUCCH at least for at least for localized (contiguous) PRB allocation in each symbol. There is no agreement on other PRB allocation methods for 2-symbol short PUCCH.
For the case of 2-symbol short PUCCH, we see that both localized and distributed allocations should be supported in addition to frequency hopping: 
· Distributed PRB allocation: As shown in Appendix 2, transmission with distributed PRB allocation can reach best performance in the 2-symbol short PUCCH case. Further, it is already supported for 1-symbol short PUCCH. Hence distributed PRB allocation with 2-symbol PUCCH does not introduce any additional efforts e.g. to address IMD impact.
· Localized transmission of short PUCCH enables frequency domain scheduling gains for PUCCH when gNB has UL channel state information available when allocating resources for short PUCCH e.g. by dynamically selecting from a RRC configured set of resources. This can provide considerable link budget improvement for short PUCCH. 
We do not see need to support frequency hopping with with distributed PRB allocation in each symbol.
Proposal 4: 	For 2-symbol short PUCCH supporting UCI of more than 2 bits, both localized and distributed allocations are supported in addition to frequency hopping. Frequency hopping with distributed PRB allocation in each symbol is not supported.
2.4. 	UCI encoding on 2-symbol PUCCH 
One of the open items on short PUCCH design is how to encode UCI in the case of 2-symbol PUCCH. After RAN1#89, two identified options remained to be considered for short PUCCH for UCI of more than 2 bits:
· Option 1: 2-symbol NR-PUCCH is composed of two 1-symbol NR-PUCCHs conveying the same UCI.
· 1-1: Same UCI is repeated across the symbols using repetition of a 1-symbol NR-PUCCH.
· 1-2: UCI is encoded and the encoded UCI bits are distributed across the symbols.
When considering UCI payload of tens of bits on 2-symbol PUCCH, we can expect configurations where code rate, when calculated for single OFDM symbol, remains relatively high for control signal. In such cases Option 1-2 provides further coding gain over option 1-1. Due to this, we propose adaptation of Option 1-2.   
Proposal 5: 	Support Option 1-2 for 2-symbol short PUCCH with UCI payload more than 2 bits (UCI is encoded and the encoded UCI bits are distributed across the symbols)
2.5.  Interference randomization for short PUCCH
Efficient inter-cell interference randomization is an important aspect of control channel design. Control channel should provide robust performance under varying interference conditions, as the control channel payload (HARQ ACK, scheduling request, CSI) is latency critical and hence cannot benefit from e.g. HARQ. Correspondingly, it was agreed in RAN1#88 [8] that “for a given UCI payload, short-PUCCH is designed such that […] interference randomization should be enabled […]”.
LTE supports several randomization mechanisms that can also be used to randomize inter-cell interference. Randomization solutions defined in LTE include data scrambling, sequence hopping, and hopping of the cyclic shift of spreading sequence. From these, we see the sequence hopping and cyclic shift hopping as reasonable randomization mechanisms for short PUCCH supporting UCI up to 2 bits, especially in the case of 2-symbol short PUCCH.   
Proposal 6: At least sequence hopping and cyclic shift hopping are supported for short PUCCH supporting UCI up to 2 bits 
[bookmark: _Hlk489822301]On the other hand, it may be only few of the UEs on neighbouring cells that cause significant interference to the detection of UL control channel. The drawback of the mentioned approaches is that an UE causing significant interference keeps interfering the transmission from the same victim UE throughout the transmission, and frequently also in the following transmissions. Although the gNB has some flexibility to select short PUCCH resource via ARI-based mechanism, there seems to be a need also for randomization between short PUCCH resources among neighbouring cells. This can be based e.g. on the cell-specific pseudo-random hopping or variation of short PUCCH resource units between OFDM symbols. 
Frequency hopping within a slot is a key diversity mechanism for short PUCCH. For that, symbol-wise frequency hopping pattern needs to be composed of two elements: 1) non-random hopping that ensures proper frequency diversity within slot via wide enough hops 2) pseudo-random hopping that randomizes interference between cells. This can be e.g. cell-specific, slot dependent PRB offset applied on top of frequency hopping short PUCCH resources.   
Proposal 7:	Consider cell specific hopping between short PUCCH resource units. 
Proposal 8: 	In the case of 2-symbol short PUCCH, the cell specific resource hopping should provide both frequency diversity and interference randomization within a slot
3.  Conclusions
In this contribution we have considered design for 2-symbol short PUCCH. Based on the discussion, we make the following proposals:
Proposal 1:	DMRS overhead of 1/3 is supported for 2-symbol short PUCCH format for UCI of more than 2 bits.
Proposal 2:	Support FDM between RS and UCI (i.e Option 1) also in the case of 2-symbol short PUCCH supporting UCI of more than 2 bits.
Proposal 3: 	2-symbol short PUCCH supporting UCI of more than 2 bits uses similar DMRS structure as 1-symbol short PUCCH.
Proposal 4: 	For 2-symbol short PUCCH supporting UCI of more than 2 bits, both localized and distributed allocations are supported in addition to frequency hopping. Frequency hopping with distributed PRB allocation in each symbol is not supported.
Proposal 5: 	Support Option 1-2 for 2-symbol short PUCCH with UCI payload more than 2 bits (UCI is encoded and the encoded UCI bits are distributed across the symbols)
Proposal 6: 	At least sequence hopping and cyclic shift hopping are supported for short PUCCH supporting UCI up to 2 bits 
Proposal 7:	Consider cell specific hopping between short PUCCH resource units. 
Proposal 8: 	In the case of 2-symbol short PUCCH, the cell specific resource hopping should provide both frequency diversity and interference randomization within a slot
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Appendix 1 – Simulation Parameters for DMRS overhead
Table 1. Simulation parameters for DMRS overhead
	Parameter
	Value

	Number of Tx antennas
	1

	Number of Rx antennas
	2

	Modulation
	QPSK

	Channel
	EPA, 3 km/h

	Carrier bandwidth
	20 MHz

	Carrier frequency
	4 GHz

	Channel estimation method
	MMSE

	DMRS / UCI multiplexing
	FDM

	DMRS overhead
	1/2, 1/3, 1/4, 1/6

	Channel coding
	TBCC

	Number of coded Bits
	8/12/16 bits + 8 bit CRC

	Subcarrier spacing
	30 kHz

	Number of short PUCCH symbols
	2

	PRBs
	4, 8

	Resource allocation
	Clustered CP-OFDM

	Cyclic Prefix length
	2.4 us


Appendix 2 – Performance evaluation for PRB allocations
Figure 2 shows four considered approaches for short PUCCH design: 
a) DFT-S-OFDM, localized PRB allocation
b) CP-OFDM, localized PRB allocation. 
c) CP-OFDM, frequency hopping with localized PRB allocation per symbol. 
d) CP-OFDM, distributed or clustered PRB allocation. The number of clusters equals to the number of RBs available.
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Figure 2. Four approaches for short PUCCH transmission

We investigated the performance of these methods by means of link simulations in EPA channel, v=3 km/h. DMRS construction for CP-OFDM and DFT-S-OFDM is shown in Table 2, and simulation parameters are given in Table 3. The simulated payload corresponds to 8 UCI bits + 8 CRC bits. It should be noted that frequency-selective PUCCH resource selection for short PUCCH was not considered in this simulation. In other words, frequency allocation for short PUCCH (including also localized transmission) is semi-statically configured in all simulation cases.   
Simulation results shown in Figure 3 indicate that localized (clustered) PRB allocation outperforms frequency hopping PRB allocation especially with four PRBs (clusters). Based on the simulation results it can also be noted that for 2-symbol PUCCH, RS and UCI multiplexing by FDM in each symbol outperforms RS and UCI multiplexing in TDM manner.
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Figure 3. Link performance of different 2-symbol short PUCCH formats.

Table 2. DMRS construction per PRB
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Table 3. Simulation parameters
	Parameter
	Value

	Number of Tx antennas
	1

	Number of Rx antennas
	2

	Modulation
	QPSK

	Channel
	EPA, 3 km/h

	Carrier bandwidth
	20 MHz

	Carrier frequency
	4 GHz

	Channel estimation method
	MMSE

	Channel coding
	TBCC

	Number of coded Bits
	8, 12 bits + 8 CRC bits

	Subcarrier spacing
	30 kHz

	Number of short PUCCH symbols
	1, 2

	Cyclic Prefix length
	2.4 us
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