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Introduction
Regarding PUCCH with short duration, the following has been agreed: 
Agreements: [1]
· For UL control channel in short duration,
· 1 symbol duration of a slot is supported.
· FFS: a few symbol duration of a slot is supported.
· Mechanism enabling frequency-diversity is supported.
Agreements: [1]
· At least two ways of transmissions are supported for NR UL control channel
· UL control channel can be transmitted in short duration
· around the last transmitted UL symbol(s) of a slot
· FFS: How to define and treat the potential gap at the end of the slot
· FFS: in the other positions, e.g., the first UL symbol(s) of a slot
· TDMed and/or FDMed with UL data channel within a slot
· UL control channel can be transmitted in long duration
· over multiple UL symbols to improve coverage
· FDMed with UL data channel within a slot
· FFS how to multiplex with	 SRS
· The frequency resource and hopping, if hopping is used, may not spread over the carrier bandwidth

Agreements: [2]
· Support FDM of ‘short UCI’ and data, both within a UE and between UEs at least for the case where the PRBs for short UCI and data are non-overlapping
· FFS: PUSCH in the short UL duration can be scheduled independently
Agreements: [2]
· In order to support TDM of short PUCCH from different UEs in the same slot, a mechanism to tell the UE in which symbol(s) in a slot to transmit the short PUCCH on is supported at least above 6 GHz (exact mechanism FFS)
Agreements: [3]
· 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.
· At least semi-static configuration for the following is supported.
· A PUCCH resource of a given UE within a slot.
· i.e., short-PUCCHs of different UEs can be TDM’ed within the given duration in a slot.
· The PUCCH resource includes time, frequency and, when applicable, code domains.
· FFS details e.g., if the time in the PUCCH resource includes both slot and symbol, or only symbol in a slot
· PUCCH in short-duration can span until the end of a slot from UE perspective
· No explicit gap symbol is necessary after the PUCCH in short-duration.
· For a slot having short UL-part (i.e., DL-centric slot):
Agreements: [3]
·  For further discussion of PUCCH in short-duration, UCI payload of 1 – at least a few tens of bits (or SR) is assumed.
· For further discussion of PUCCH in long-duration, UCI payload of 1 – at least a few hundreds of bits (or SR) is assumed.
· For PUCCH in long-duration, DFT-s-OFDM waveform is supported.
· For PUCCH in long-duration, transmit antenna diversity is supported.
· FFS: PUCCH in short-duration

Agreements: [3]
· 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

· Both TDM and FDM between short duration PUCCH and long duration PUCCH are supported at least for different UEs in one slot

· 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 describe our proposals for 1-symbol PUCCH given the made agreements.
Discussion
PUCCH format for 1 or 2 bits payload
For 1-symbol PUCCH for 1 or 2 bits payload size two different formats are studied: Sequence selection where the payload selects a single sequence and sequence modulation where the payload is mapped to a BPSK/QPSK symbol which modulates a previously assigned sequence which is then transmitted together with a DM-RS sequence. In sequence selection no DM-RS are transmitted and reception is therefore non-coherent. In sequence modulation a DM-RS is transmitted and demodulation can hence be done coherently.
Sequence selection
Figure 1 depicts sequence selection. 
[image: ]
Figure 1: Illustration of the sequence selection format for 1-symbol PUCCH.
The sequences are computer-optimized sequences as in LTE. All users multiplexed on the same PRB are assigned the same base sequence but different cyclic shifts (CS). For 1 bit payload a user gets 2 cyclic shifts assigned and the multiplexing capacity is 6 users per PRB. For a payload of 2 bits, 4 cyclic shifts are needed per user and up to 3 users can be multiplexed on a single PRB. 
Observation 1 Sequence selection PUCCH provides limited user multiplexing capacity.

Sequence modulation
Sequence modulation is shown in Figure 2. The subcarriers of a PRB are split into two combs and one comb is used for DM-RS and the other comb is used for UCI. Each user gets one cyclic shift for DM-RS and one cyclic shift for UCI assigned. The multiplexing capacity is independent of payload and is up to 6 users per PRB. 
[image: ]
Figure 2: Illustration of the sequence modulation format for 1-symbol PUCCH.
 Simulations 
In this section we compare the performance of sequence selection with sequence modulation by means of link-level simulations. First, the BLER of the two formats are compared with increased degree of user multiplexing. Secondly, the operating SNR for single-user transmission is evaluated. The operating SNR is defined as the minimum SNR required to simultaneously fulfill all the performance metrics in Table 1. 
The simulation settings and performance metrics are listed in Table 1. The simulation assumptions for sequence selection/modulation format are listed in Table 2-3. 
Table 1: Simulation settings and performance metrics
	Parameter
	Value

	Carrier frequency
	4 GHz

	Channel model
	TDL-A 300 ns

	Subcarrier spacing
	15 kHz

	BS antenna configuration
	2 Rx, uncorrelated

	UE antenna configuration
	1 Tx

	Disturbance
	AWGN (no inter-cell interference)

	Performance metric
	Nack-to-Ack error probability ≤ 0.1%
Ack-miss detection probability ≤ 1%
DTX-to-ACK probability ≤ 1%



Table 2: Simulation assumptions for sequence selection
	Parameter
	Value

	Payload
	1, 2 bits

	Channel coding
	NA

	CRC
	NA

	#PRB
	1

	Subcarrier allocation
	Contiguous over allocated PRBs

	DM-RS overhead
	NA

	Cyclic shift (CS) allocation scheme
	Non-contiguous CS i.e., sequence type (1) in [6]



Table 3: Simulation assumptions for sequence modulation
	Parameter
	Value

	Payload
	1, 2 bits

	Channel coding
	NA

	CRC
	NA

	#PRB
	1

	Subcarrier allocation
	Subcarriers are split into two comb-2, one for DM-RS and one for UCI

	DM-RS overhead (defined in [5])
	1/2



BLER comparison and impact of multi-user interference
The performance degradation with increasing number of multiplexed UEs are shown in Figure 3 and Figure 4 for sequence selection and sequence modulation, respectively. Here the BLER metric is shown, which is measured independently of the DTX-to-ACK requirements. In the figure legends, CS [x1 x2] [y1 y2] denotes the two cyclic shifts allocated to user x and y, while CS [z1 z2 z3 z4] [w1 w2 w3 w4]  denotes the four CS allocated to user z and w, respectively.
For 1 bit payload, the two formats have similar performance at 0.1% BLER with single user transmission. With up to 3 multiplexed UEs, sequence modulation is more robust agains the multi-user interference. With 6 multiplexed UEs the degradation at 0.1% BLER is significant for both formats.
For 2 bits payload, the simulation results indicate that the sequence selection has a gain of roughly 2.5 dB at 0.1% BLER for single-user transmission. With up to 3 multiplexed UEs, sequence modulation is more robust agains the multi-user interference. With 6 multiplexed UEs, the formats can not be compared since the sequence selection format is limited to 3 multiplexed UEs with 1 PRB. 
[image: ]
[bookmark: _Ref478129559]Figure 3: BLER performance of the sequence selection format with 1-2 bits payload and 1-6 multiplexed UEs. 
[image: ]
[bookmark: _Ref478129561]Figure 4: BLER performance of the sequence modulation format with 1-2 bits payload and 1-6 multiplexed UEs.
Operating SNR for single user transmission
Here we evaluate the link-level operating SNR obtained with sequence selection and sequence modulation for 
1-2 bits payload using 1 PRB. In contrast to previous subsection, the performance is now dependent on the DTX-to-ACK requirement of 1% and how the DTX threshold is implemented. 
From Figure 5 it can be observed that the performance difference between the two formats is < 0.3 dB in all cases. Thus, the relative large BLER gain for sequence selection with 2 bits payload seen in previous section is not visible in the operating SNR metric. However, it is should be stressed that the DTX threshold could be optimized further in which case the results could potentially change somewhat.     
[image: ]
[bookmark: _Ref478128270]  Figure 5: Operating SNR for sequence selection and sequence modulation with 1-2 bits payload. 

Discussion of results
The simulation results indicate that sequence selection and sequence modulation formats obtain similar performance in terms of BLER and operating SNR for 1 bit payload. For 2 bits payload, a small gain in operating SNR is observed with sequence selection. This gain can potentially be improved further by optimizing the DTX threshold (but remains to be confirmed). However, sequence modulation has the advantage of twice the multiplexing capacity with 2 bits payload, i.e., 6 UEs with 1 PRB compared to 3 UEs for sequence selection. This relative large multiplexing capacity on 1-symbol PUCCH is also important for the currently discussed 2-bits scheduling request (SR) on the 1-symbol PUCCH. Moreover, the aggregation of 2 bits HARQ-feedback(s) and 2 bits SR(s) could be supported with sequence modulation but not with sequence selection. On the other hand, sequence selection has lower PAPR/CM compared to sequence modulation wherefore it has an advantage if coverage is to be optimized. 

OFDM-based PUCCH format for 10 bits payload and beyond
In this format, DM-RS uses a subset of subcarriers allocated on a comb and the remaining subcarriers are modulated with channel encoded and QPSK-mapped UCI, see Figure 6. We will refer to this format as OFDM-based. 
The simulation settings and performance metrics used in this section are the same as listed in Table 1.
[image: ]
[bookmark: _Ref478138654]Figure 6: OFDM-based 1-symbol PUCCH format supporting larger payload sizes.

Table 4: Simulation assumptions for PUCCH format supporting larger payload sizes
	Parameter
	Value

	Payload
	10, 20, 30 bits

	Channel coding
	LTE RM/RM-dual, TBCC Rel.8

	CRC
	0 or 8 bits 

	#PRB
	2, 4

	PRB and subcarrier allocation
	Contiguous over allocated PRBs

	DM-RS overhead (defined in [5])
	1/2, 1/3, 1/4


Simulation results
In this section we evaluate the OFDM-based format for payloads in the range of 10 to 30 bits with DM-RS overhead (RS OH) of 1/2, 1/3, and 1/4, respectively. The definition of the DM-RS pattern corresponds to the layouts in [5]. Since the code rate is close to 1 with only 1 PRB and RS OH 1/2, we consider 2 and 4 PRBs in the evaluations. The transmitter is configured with constant Tx PSD which hence leads to an increase in the Tx power as the number of PRBs increases. We further evaluate the impact of utilizing 8-bits CRC which, when used, are included on top of the information payload bits. In case of a detected CRC-fail, all bits are treated as NACK, i.e., the same handling as for LTE PUCCH format 4 and 5. For a total payload (information bits + CRC) > 10 bits, both RM and TBCC encoders are evaluated while only RM is employed for the 10 bits case. 
The obtained link-level simulation results are show in Figure 7 and Figure 8 for 2 and 4 PRBs, respectively. It can be observed from Figure 7 that the lowest operating SNR is achieved for the setup with RS OH 1/3 using RM encoding without CRC. Almost the same performance obtained with RS OH 1/4. These results are expected since the payload is fairly low where generally RM outperforms TBCC, and the additional overhead of CRC do not pay off. From Figure 8 it can be observed that for 4 PRBs and 10 bits payload, the lowest operating SNR is achieved for the same setup as with 2 PRBs. For a payload beyond 12 bits the lowest operating SNR is achieved with the setup of RS OH 1/4 using TBCC and 8 bits CRC. Again these results are expected since for higher payloads the coding gain becomes more important than the RS density, and the 8-bits CRC neutralizes the otherwise dominating NACK-to-ACK error requirement.  

[image: ]
[bookmark: _Ref478121565]Figure 7: Operating SNR for the OFDM-based format with 2 PRBs and (DM-)RS overhead 1/2, 1/3, and 1/4. For total payloads (# information bits plus CRC bits) > 10 bits, both RM and TBCC encoders are evaluated, otherwise only RM. 
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[bookmark: _Ref478122771]Figure 8: Operating SNR for the OFDM-based format with 4 PRBs and (DM-)RS overhead 1/2, 1/3, and 1/4. For total payloads (# information bits plus CRC bits) > 10 bits, both RM and TBCC encoders are evaluated, otherwise only RM.



Discussion of results
The considered OFDM-based format enables higher payloads than the sequence-based PUCCH formats, but lacks the UE multiplexing capabilities on a single PRB, wherefore it is less preferred format for low payloads of 1-2 bits. It also has a relatively high PAPR/CM and hence is not suited for coverage optimization.
For the considered simulation settings and assumptions, the results indicate that for payloads below (roughly) 12 bits, the block code (RM) is preferred with no CRC. For payloads beyond 12 bits, the convolution encoder (TBCC) with 8 bits CRC are preferred. Selecting just one RS OH for payload range 10-30 bits would simplify the configurations and hence an RS OH of 1/4 would be a reasonable choice. 
Evaluations with non-contiguous PRB allocations could be considered as a next step with potentially improved performance. However, the impact/issue of inter-modulation distortion should then also to be addressed. 

Conclusion
In this paper we share our view on 1-symbol PUCCH. In particular, the following is proposed:
Proposal 1: For payloads of 1 or 2 bits, the sequence modulation PUCCH format with FDM between UCI and DMRS is supported.  
Proposal 2: For payloads of 10 bits or larger, OFDM-based PUCCH with FDM between UCI and DMRS is supported with RS overhead of 1/4.
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