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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 should 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 should consider frequency ranges up to 52.6 GHz.
This contribution relates to short PUCCH design in NR, more specifically to a scenario where UCI payload carried via PUCCH consists of just one or two bits. In the previous RAN1 meetings, the following agreements related to short PUCCH were made [4][5]:
Agreements: [4] 
For PUCCH in short-duration
· At least following is supported for PUCCH in 1-symbol duration:
· UCI and RS are multiplexed in the given OFDM symbol in FDM manner if RS is multiplexed.
· Same SCS between DL/UL data and PUCCH in short-duration in the same slot.
· At least a PUCCH in short-duration spanning 2-symbol duration of a slot is supported.
· FFS actual structure and waveform.
· Same SCS between DL/UL data and PUCCH in short-duration in the same slot.

Agreements: [5]
· 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 

· For 2-symbol PUCCH, consider following options:
· Option 1: RS and UCI are multiplexed by FDM manner in each symbol.
· Option 2: RS and UCI are multiplexed by TDM manner.
· Option 3: RS and UCI are multiplexed by FDM manner in one symbol and only UCI is carried on another symbol without RS
· Option 4: Sequence based design without RS only for small payload size case
· Option 5: Sequence based design with RS only for small payload size case
· Option 6: Pre-DFT multiplexing in one or both symbol(s)
· Combination of above options are not precluded
· RAN1 will definitely down select above options in the next meeting

· For 1-symbol PUCCH, consider following options:
· Option 1: RS and UCI of one UE are multiplexed by FDM manner in each symbol (already agreed)
· Option 4: Sequence based design without RS only for small (1~2) payload size case
· Information is delivered by which sequence/code is transmitted
· Sequence is mapped over contiguous or non-contiguous REs
· UCI sequence can be CDMed with DMRS sequence of other UEs
· Option 5: Sequence based design with RS only for small (1~2) payload size case
· Information is delivered by which/what sequence/code is transmitted
· RS and UCI are multiplexed by CDM manner
· Option 6: Pre-DFT multiplexing of RS and UCI
· Consider for both small and large UCI payload size cases
· Possibility 1: {CP + Pilot} + {CP + Data} to avoid MPI b/w pilot and data
· Possibility 2: CP + {Pilot + Data} as current DFT-s-OFDM
· Other possibilities are not precluded
· Combination of above options are not precluded
· RAN1 will definitely down select above options in the next meeting

In this contribution, we focus on the short PUCCH scenario with small UCI payloads. We provide details related to the short PUCCH scenario with UCI payloads from a few bits to at least tens of bits in a companion contribution [6].
2	Options for short PUCCH conveying small UCI payload
In LTE, PUCCH format 1/1a/1b is the solution for conveying small UCI payloads. LTE PUCCH format 1/1a/1b has a high multiplexing capacity providing up-to 36 parallel resources/PRB. This is achieved by means of combination of CAZAC sequence modulation (up-to 12 cyclic shifts per symbol) and orthogonal cover code of length 3. 
In addition to FDM between RBs, there is a need to support also orthogonal multiplexing within a RB allocated to short PUCCH. It can be noted that short PUCCH scenario is not favourable for multiplexing based on orthogonal cover code in time. First of all, it has been agreed in RAN1 #87 that short PUCCH with 1- symbol duration of a slot needs to be supported. Secondly, varying number of symbols available for short PUCCH makes it fairly difficult to utilize orthogonal cover code in time. Hence, multiplexing operation needs to be confined within each symbol of short PUCCH format defined for small UCI payload. 

Proposal #1: Multiplexing operation is confined within each symbol of short PUCCH format defined for small UCI payload. Based on that the same multiplexing solution can be used for both 1-symbol and 2-symbol scenarios.      

Based on learnings from LTE, CDM based on cyclic shifts of a CAZAC sequence provides a straightforward solution for multiplexing within symbol. Figure 1 shows different multiplexing structures for CAZAC sequence based transmission of small UCI payload:
a. Single sequence 
b. Two sequences multiplexed based on IFDM (RPF=2)
c. Two sequences multiplexed based on TDM. This approach does not support 1-symbol scenario.  
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Figure 1 Sequence stucture for short PUCCH, a) single sequence b) two sequences with FDM and c) two sequences with TDM.

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 [5] although not all of them are applicable to the scenario with more than two UCI bits. In the following we consider four different flavours of CDM for small UCI payload in the short PUCCH scenario
· On-off keying: Non-coherent on-off keying supports scheduling request transmission with CM/PAPR comparable to LTE. It can be applied on top of all RS structures shown in Figrue 1. This can be seen as a form of Option 4 in [5].
· Channel selection: Non-coherent channel selection supports small UCI transmission with CM/PAPR comparable to LTE. One UCI bit can be conveyed using two parallel resources, and two bits using four parallel resources, respectively. It can be applied on top of all RS structures shown in Figrue 1. This can be seen as anoterh form of Option 4 in [5].
· FDM multiplexing between DMRS and UCI data: This is based on RS structure shown in Figure 1b. DMRS part utilizes unmodulated Seqence 1, and data part BPSK/QPSK modulated Sequence 2, respectively. [7] shows that by carefully selecting cyclic shift pairs for DM-RS and spreading sequence for UCI symbols, CM can be reduced substantially compared to the case when same sequence is applied. This can be seen as a form of Option 5 in [5]. 
· TDM multiplexing between DMRS and UCI data: This is based on RS structre shown in Figure 1c. It supports up-to two UCI bits with CM/PAPR comparable to LTE. The disadvantage of this approach is that it does not scale to 1-symbol scenario. At the same time, TDM multiplexing between RS and data reduces the opportunities for frequency hopping, which has negative impact to the link performance and control channel coverage. This can be seen as a form of Option 2 in [5].

Based on the discussion above, and performance evaluation in Section 3, we think think that short PUCCH optimized for small UCI payloads chould be based on Option 5 and Option 4. This covers both 1-symbol scenario and two symbol scenarios (and scales also to scenarios with more than two symbols).
· Option 5: In order to support high multiplexing capacity for UCI with two bits, it makes sense to consider DMRS –based coherent detection for UCI with small payload. FDM multiplexing between DMRS and UCI data provides a design with reasonably low CM, and it is scalable to any number of symbols allocated to short PUCCH. Furthemore, it’s compatible with any frequency diversity solution discussed in [6]. 
· Option 4: On the other hand, in order to provide high multiplexing capacity for SR while avoiding the need to transmit signal for every negative SR, Option 4 is an obvious solution. 
· In order to flexibly multiplex SR (Option 4) and HARQ-ACK (Option 5) in the same symbol, it makes sense to apply sequence structure shown in Figure 1b as the baseline for SR transmission. In other words on-off keying operates using IFDMA with RPF=2. 

It can be noted that the proposal supports CM/PAPR comparable to LTE for scheduling request, and reasonably low CM/PAPR for HARQ-ACK up to 2 bits. We think that this is a sufficient solution taking into account that NR will support also long PUCCH. Regardless of the solution defined for HARQ-ACK transmission on short PUCCH, there will be a significant coverage gap between short PUCCH and long PUCCH. On the other hand, based on the simulation results available, frequency diversity plays a significant role in the link performance of short PUCCH. Low PAPR/CM supported by TDM approach or by channel selection is available only in the case of localized allocation. At the same time, TDM will reduce opportunities for frequency hopping. Channel selection combined with clustered transmission achieves frequency diversity also in the 1-symbol case but at price of lost low PAPR/CM properties. FDM solution combined with frequency hopping or clustered transmission provides reasonable frequency diversity options for both 1-symbol and multi-symbol scenarios. 

Based on the discussion above, and simulation results shown in Section 3 we make the following proposals:

Proposal #2: Short PUCCH supports FDM multiplexing between DRMS and UCI with IFDM structure, RPF=2 
Proposal #3: Short PUCCH DMRS is a cyclic shift of a CAZAC sequence.
Proposal #4: Short PUCCH UCI is spread by modulating a cyclic shift of a CAZAC sequence.
Proposal #5: Short PUCCH supports on-off keying for scheduling request with CDM based on cyclic shift of a CAZAC sequence (i.e. Option 4)
Proposal #6: Short PUCCH for scheduling request applies IFDM with RPF=2 (i.e. Option 5)
3	Performance evaluation
Figure 3 shows six approaches for short PUCCH design assuming one OFDM symbol duration corresponding to 15 kHz subcarrier spacing in the case of symbol splitting [6]. 
a) TDM2: 30 kHz SCS: localized transmission, TDM between DMRS and UCI, 2 RBs (Option 2)
b) TDM4: 30 kHz SCS: localized transmission, TDM between DMRS and UCI, 4 RBs (Option 2)
c) FDM2, Clust.: 30 kHz SCS: Clustered transmission, FDM between DMRS and UCI, 2 RBs (Option 5)
d) FDM4, Clust.: 30 kHz SCS: Clustered transmission, FDM between DMRS and UCI, 2 RBs (Option 5)
e) FDM2, FH.: 30 kHz SCS: Frequency hopping, FDM between DMRS and UCI, 4 RBs (Option 5)
f) FDM4, FH.: 30 kHz SCS: Frequency hopping, FDM between DMRS and UCI, 4 RBs (Option 5)
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Figure 2 Six 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 FDM and TDM is shown in Table 1, and simulation parameters are given in Table 2. The simulated payload corresponds to one UCI bit conveyed via BPSK modulated cyclic shift of a CAZAC sequence. 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 3 (2RBs) and Figure 4 (RBs) indicate that FDM outperforms TDM for both 2RB and 4RB allocations. This also indicates that frequency hopping on top of FDM is much better usage for symbol splitting compared to TDM 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 low BER operation points.
Based on the simulation results, it can be noted that FDM (i.e. Option 5) outperforms TDM (i.e. Option 2) in the considered scenario. This holds not only for UL link performance but also for UL coverage, even if the cubic metric difference between FDM and TDM is taken into account (and assuming that maximum regulated PA output power is dimensioned according to DFT-S-OFDM). 

 Figure 3 Link performance of different S-PUCCH approaches, 2RBs


Figure 4 Link performance of different S-PUCCH approaches, 4 RBs

Table 1 DMRS construction
	FDM
	TDM

	Every second RE for DMRS
	One symbol for DMRS




Table 2 Simulation parameters
	Parameter
	Value

	Number of Tx antennas
	1

	Number of Rx antennas
	2

	Modulation
	BPSK

	Channel
	EPA, 3 km/h

	Carrier bandwidth
	20 MHz

	Carrier frequency
	4 GHz

	Channel estimation method
	MMSE

	Channel coding
	No coding

	Number of coded Bits
	1 

	Subcarrier spacing
	30 kHz

	Number of short PUCCH symbols
	2

	Cyclic Prefix length
	2.4 us


 
4	Conclusions
In this contribution we have investigated short PUCCH design aspects for new radio in the scenario with small UCI payload. Based on the discussion and simulation results, we make the following proposals:
Proposal #1: Multiplexing operation is confied within each symbol for short PUCCH format defined for small UCI payload. Based on that the same multiplexing solution can be used for both 1-symbol and 2-symbol scenarios.   
Proposal #2: Short PUCCH supports FDM multiplexing between DRMS and UCI with IFDM structure, RPF=2 
Proposal #3: Short PUCCH DMRS is a cyclic shift of a CAZAC sequence.
Proposal #4: Short PUCCH UCI is spread by modulating a cyclic shift of a CAZAC sequence.
Proposal #5: Short PUCCH supports on-off keying for scheduling request with CDM based on cyclic shift of a CAZAC sequence (i.e. Option 4)
Proposal #6: Short PUCCH for scheduling request applies IFDM with RPF=2 (i.e. Option 5)
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