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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 short PUCCH design in NR. In the previous RAN1 meetings, the following agreements related to short PUCCH were made [4]-[6]:
Agreements: [4]
· For a given UCI payload, short-PUCCH is designed such that:
· UE multiplexing capacity can be less than that of long-PUCCH
· Performance including at least the following:
· Frequency-diversity
· Interference-diversity
· PAPR/CM and emission
· RS overhead
· Interference randomization should be enabled
·  For more than 2 UCI bits, strive for scalable design with short-PUCCH 
Agreements: [5]
· 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: [5]
· For 1-symbol short PUCCH with > 2 UCI bits, the following is supported for the agreed Option 1:
· QPSK for UCI
· X1 to X2 PRBs can be configured to support various UCI payload sizes
· Both localized (contiguous) and distributed (non-contiguous) allocations are supported 
· FFS: detailed PRB allocations and signaling of the configuration
· FFS: values of X1, X2
· DMRS overhead: down-select among the following options:
· Option 1: one value (e.g., 1/2, 1/3, 1/4, 1/5, …)
Agreements:[6]
· For 1-symbol NR-PUCCH with more than 2 bits based on the agreed Option 1,
· DM-RS overhead of 1/3 is supported
· FFS on other values for DM-RS overhead, if necessary
· FFS on detailed DM-RS pattern
· For 2-symbol NR-PUCCH, frequency hopping is supported at least for localized (contiguous) PRB allocation in each symbol
· FFS for distributed (non-contiguous) PRB allocation
In this contribution, we focus on the short PUCCH format for UCI payloads from a few bits to at least tens of bits. We provide our views related to short PUCCH design for small payload in companion contribution [7].
2.  On DMRS design for short PUCCH
2.1.  DMRS details for 1-symbol short PUCCH
In RAN1#89, DMRS overhead of 1/3 was agreed. It was left FFS if other DMRS overhead values are supported. We investigated the performance of different DMRS overheads by means of link simulations in EPA channel, v=3 km/h. Simulation parameters are given in Table 1 in Appendix 2. 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 and Figure 2 for 2-symbol short PUCCH with 4 PRB and 8 PRB distributed allocations, respectively.
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. While the shown results are for 2-symbol short PUCCH, we do not expect tangible benefits to be achieved with multiple DMRS overheads in 1-symbol short PUCCH case either. Excluding the special case of 1-2 bit UCI payload, we do not see need to support multiple DMRS patterns/overheads depending on the UCI payload for the sake of design simplicity and due to expected minor benefits.   
Proposal #1: No other DMRS overheads than 1/3 are supported for short PUCCH format for UCI 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.
There are lot’s of similarities between NR PDCCH and NR short PUCCH design for UCI of more than 2 bits. Both channels are based on CP-OFDM with FDM between DMRS and actual control information. Furthermore, the considered DMRS overhead for both channels is 1/3, which means that four REs per PRB/REG are allocated to DMRS in both cases. Based on that, it makes sense to maximize the similarity between PDCCH DMRS and PUCCH DMRS. This could be beneficial e.g. in certain cross-link interference scenarios between short PUCCH and (mini-slot) PDCCH.  
Figure 2 illustrates the proposed DMRS allocation for UCI. It is based on the same structure proposed also for PDCCH [8]. The proposed structure supports two orthogonal DMRS ports to be used for MU-MIMO or SU-MIMO scenarios (depending on the actual Tx diversity scheme defined for short PUCCH). As shown in [8] CDM and FDM with the same DM-RS overhead perform equally. On the other hand, in order to minimize the specification impact of orthogonal DMRS ports, it makes sense to use CDM as the multiplexing scheme between DMRS antenna ports (for both PDCCH and short PUCCH for UCI of more than two bits). Based on the discussion above, we make the following proposal:
Proposal #2: Adopt DMRS stucture shown in Figure 2 for short PUCCH for UCI of more than two bits
Proposal #3: Support two orthogonal DMRS ports for short PUCCH for UCI of more than two bits. Support CDM as multiplexing scheme between orthogonal DMRS ports.
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Figure 2. DMRS allocation for short PUCCH
2.3. 	Multiplexing between PUCCH data and DMRS in 2-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. Six different options have been listed in [4] although not all of them are applicable to the scenario with more than two UCI bits. We think that FDM (i.e. Option 1) should be used as the multiplexing scheme not only in 1-symbol scenario (agreed already) but also in 2-symbol scenario. The performance comparison between Option 1 and Option 2 is given in Appendix 1.
Option 1 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 can be seen as the most promising option for CP-OFDM since it allows optimization of pilot/data -ratio in both the subcarrier and power domains. This is beneficial e.g. when considering different UCI payloads, as well as scenarios with different number of Rx antennas at gNB. Furthermore, 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 the UL control channel structures into different D2D/relay scenarios. Finally, it allows straightforward multiplexing between SRS and short PUCCH within the same symbol. 
Proposal #4:	Support FDM between RS and UCI (i.e Option 1) also in the case of 2-symbol short PUCCH.
FDM can be used as a method to multiplex SRS and PUCCH (of different UEs) within the same RB. The principle is shown in Figure 1. In the considered example, every 6th subcarrier is used for SRS. It is also noted that there is no need to multiplex SRS and PUCCH for the same UE within the same PRB. The reason behind is that PUCCH DMRS can be used also for sounding purposes, at least in the case without precoding. 
Proposal #5: Consider FDM between short PUCCH and SRS.  
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Figure 2. FDM multiplexing between PUCCH and SRS.
3.	On 2-symbol short PUCCH design
3.1. 	Frequency diversity options for 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: 
· Clustered (or distributed) transmission: As shown in Section 3, clustered transmission can reach best performance in the 2-symbol short PUCCH case. Further, it is already supported for 1-symbol short PUCCH.
· [bookmark: _GoBack]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. This can provide considerable link budget improvement for short PUCCH. 
However, we do not see need to support frequency hopping with with distributed PRB allocation in each symbol.
Proposal #6: For 2-symbol short PUCCH, both localized and distributed allocations are supported in addition to frequency hopping. Frequency hopping with distributed PRB allocation in each symbol is not supported.
3.2. 	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:
· 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 #7: 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)
4.	On short PUCCH design
4.1.  Interference randomization for short PUCCH
Efficient inter-cell 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 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 or data sequence. These are reasonable options also for NR short-PUCCH scenarios. 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 hopping between the short PUCCH resource units.
As discussed in Section 2.1, 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.  
Proposal #8: Consider cell specific hopping between PUCCH resource units. 
Proposal #9: In the scenario with multiple sPUCCH symbols per slot, the cell specific hopping should provide both frequency diversity and interference randomization within a slot
4.2.  SR Short PUCCH with UCI payload more than 2 bits
One of the open issues related to short PUCCH is how to convey scheduling request when SR occurs in the same symbol/slot with other UCI such as HARQ-ACK and/CSI transmitted on the short PUCCH. This kind of scenarios are well known also in LTE.
In LTE, when SR occurs in same subframe with UCI using PUCCH Format 3, 4 or 5, SR bit is appended as one bit to the end UCI payload before encoding and modulation.
When SR occurs in same slot/symbol with short PUCCH format supporting more than 2 bits, then RS and UCI are multiplexed in FDM manner in the OFDM symbol on different subcarriers and coherent demodulation is used. Hence, this can be seen as a similar scenario compared to SR+UCI multiplexing in LTE when SR occurs in the same subframe with PUCCH format 3, 4, or 5. Based on that, it’s natural to reuse the LTE solution also in the NR.
Proposal #10: SR bit is appended to the end UCI payload before encoding and modulation when SR occurs in same slot/symbol with short PUCCH with UCI payload more than 2 bits.
5.  Conclusions
In this contribution we have investigated short PUCCH design aspects for new radio in the scenario with UCI payload more than 2 bits. Based on the discussion, we make the following proposals:
Proposal #1: No other DMRS overheads than 1/3 are supported for short PUCCH format for UCI more than 2 bits.
Proposal #2: Adopt DMRS stucture shown in Figure 2 for short PUCCH for UCI of more than two bits.
Proposal #3: Support two orthogonal DMRS ports for short PUCCH for UCI of more than two bits. Support CDM as multiplexing scheme between orthogonal DMRS ports.
Proposal #4: Support FDM between RS and UCI (i.e Option 1) also in the case of 2-symbol short PUCCH.
Proposal #5: Consider FDM between short PUCCH and SRS.  
Proposal #6: For 2-symbol short PUCCH, 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 #7: 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 #8: Consider cell specific hopping between PUCCH resource units. 
Proposal #9: In the scenario with multiple sPUCCH symbols per slot, the cell specific hopping should provide both frequency diversity and interference randomization within a slot
Proposal #10: SR bit is appended to the end UCI payload before encoding and modulation when SR occurs in same slot/symbol with short PUCCH with UCI payload more than 2 bits.
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Appendix 1 – Performance evaluation
Figure 3 shows four approaches for short PUCCH design assuming one OFDM symbol duration corresponding to 15 kHz subcarrier spacing in the case of symbol splitting. 
a) Option 2: DFT-S-OFDM, 30 kHz SCS, localized transmission
b) Option 1: CP-OFDM, 30 kHz SCS, localized transmission. From performance point of view, this is comparable to the scenario with CP-OFDM using 15 kHz SCS (as long as the CP length with 30 kHz SCS is sufficient).
c) Option 1: CP-OFDM, 30 kHz SCS, frequency hopping. 
d) Option 1: CP-OFDM, 30 kHz SCS, clustered transmission. The number of clusters equals to the number of RBs available.
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Figure 3. 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 1, and simulation parameters are given in Table 2. The simulated payload corresponds to 8 UCI bits + 8 CRC bits. It should be noted that frequency-selective scheduling 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 4 indicate that CP-OFDM outperforms DFT-S-OFDM especially with the smallest bandwidth allocations. The reason behind is that DFT-S-OFDM is limited by the symbol rate (DMRS overhead with DFT-S-OFDM, which is 50%, is considerable), which will reduce the amount of coding gain with smallest banwidth allocations. 
Another observation is that frequency hopping on top of CP-OFDM is much better usage for symbol splitting compared to DFT-S-OFDM where two symbols are used for time multiplexing between DMRS and UCI. 
It is also noted that additional frequency diversity provided by clustered transmission is considerable especially with four PRBs (clusters).
Based on the simulation results, it can be noted that for 2-symbol scenario, Option 1 (SR and UCI are multiplexed by FDM in each symbol) outperforms Option 2 (RS and UCI are multiplexed by TDM manner). 
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Figure 4. Link performance of different 2-symbol short PUCCH formats.

Table 1. DMRS construction per PRB
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Table 2. 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


Appendix 2 – Simulation Parameters for DMRS overhead
Table 2. 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
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