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1 Introduction
In the last RAN1#88bis meeting, the following was agreed regarding short PUCCH carrying > 2 UCI bits in NR [1]:

· 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, …)
· Option 2: multiple values depending on, e.g. UCI payload size etc.

In this contribution, we discuss and compare structures of short duration PUCCH to carry more than 2 UCI bits and provide evaluation results. Overhead of DMRS subcarriers is assumed to be 1/3 for all the considered structures, because it can provide almost optimal performance for short PUCCH to carry a few to dozens of UCI bits as presented in our companion contribution [2]. We consider two DMRS structures based on length-4 DFT and length-12 CAZAC sequences respectively and compare their performances for contiguous and non-contiguous allocations under various channel assumptions (e.g. delay spread, payload size etc.). Based on the evaluation results, the contribution proposes a structure detailing PRB allocations (contiguous versus non-contiguous) and DMRS sequence for the short PUCCH format to carry up to dozens of UCI bits. 
2 Structure of short PUCCH for >2 UCI bits
Figure 1 shows candidate structures for short duration PUCCH to carry more than 2 UCI bits. DMRS and UCI are multiplexed in FDM manner across different subcarriers, and DMRS is sent on 4 subcarriers per PRB, resulting in 1/3 overhead. As presented in our companion contribution [2], this DMRS overhead gives almost optimal performance. 
Each UCI subcarrier carries a QPSK symbol corresponding to different UCI encoded bits and no sequence is additionally applied on UCI subcarriers unlike short PUCCH formats for carrying 1~2 UCI bits [3], where UCI subcarriers carry a sequence modulated by a UCI BPSK/QPSK symbol. 
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Figure 1. PRB and subcarrier configuration for short PUCCH to carry more than 2 UCI bits
For reliable performance of the short PUCCH format, technical aspects such as frequency diversity gain, channel estimation performance and robustness under delay spread are taken into account in the design. The structure aims to support up to around 20 UCI bits like LTE PUCCH format 3 for code rate about 1/2. In this regard, 3 PRBs are reserved for the short PUCCH format which can carry 24 QPSK symbols with 1/3 DMRS overhead. Larger number of UCI bits can be supported by a long PUCCH format tailored to carry very large payload [4]. 
With reference to Figure 1, the following structures are evaluated for the short PUCCH to carry up to a few dozens of UCI bits, as depicted in Figure 2:
· Three contiguous PRBs with length-12 CAZAC sequence for DMRS across the PRBs
· Three contiguous PRBs with length-4 DFT sequence for DMRS on each PRB
· Three non-contiguous PRBs with length-4 DFT sequence for DMRS on each PRB
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Figure 2. Candidate structures for short PUCCH to carry more than 2 UCI bits
Among the above three candidate structures, non-contiguous PRB allocation allows for larger frequency diversity gain. On the other hand, contiguous PRB allocation with length-12 CAZAC sequence can provide better channel estimation performance and more robustness against inter-cell interference.
The evaluations in this contribution focus on identifying the best structure among the above set of structures. Repeating the structure on multiple scattered PRBs over the UL channel bandwidth in order to achieve larger frequency diversity gain can be supported, and is not taken into consideration in this contribution. 
3 Link level evaluation and comparison 

To compare the proposed short PUCCH designs illustrated in the previous section, we study the merit of three different structures in terms of BLER performance. The simulation parameters used for the evaluation are enlisted in Table 1 in the Appendix.
In each of these three structures, DMRS and UCI symbols are interleaved in FDM manner as shown in Figure 1 that spans over 1 OFDM symbol period in time and occupies three contiguous or non-contiguous PRBs (i.e. 36 REs) in frequency. For contiguous PRB allocation, three PRBs are located side by side, similar to k, k+1 and k+2-th PRBs illustrated in Figure 1. In case of non-contiguous allocation, the adjacent PRBs are separated by a certain number of PRBs, as shown in Figure 1 using k-th, m-th and n-th PRBs. The distance of separation between adjacent PRBs may or may not be the same. Without loss of generality, we assume the inter-PRB separation to be the same throughout the simulation, viz. (m-k) = (n-m) = 48. MMSE is used for channel estimation. Two main candidate DM-RS sequences are taken into consideration here: a length-12 CAZAC sequence that is mapped across three contiguous PRBs and a length-4 DFT sequence that is mapped separately on each of the three contiguous or non-contiguous PRBs, i.e. the length-4 DMRS sequence does not spread across PRBs (unlike length-12 sequence). One single channel estimation is performed using the length-12 CAZAC sequence DMRS across three PRBs, whereas for length-4 DFT sequence, three independent channel estimations are performed for the purpose of evaluation, each corresponding to one of the three PRBs using the length-4 DMRS embedded therein. Along with three different structures, two payload sizes are considered, viz. small (8 bits) and relatively large (20 bits). For payload size of 8 bits, Reed-Muller (RM) code is used for encoding UCI bits, whereas for payload size of 20 bits, dual RM code is used similar to LTE.
3.1 Small payload size (8 bits)

Figures 3a and 3b plot the BLER performance as a function of SNR for three aforementioned short PUCCH structures carrying small payload size (8 UCI bits) under TDL-C fading channel with delay spreads 100 ns and 300 ns respectively. The following observations can be made from the six sets of curves in Figures 3a and 3b:
·  Between two contiguous PRB allocation schemes, i.e. length-12 CAZAC DMRS structure (and one single channel estimation across 3 PRBs) and length-4 DFT DMRS structure (and three separate channel estimations corresponding to each PRB), the former always outperforms the latter with MMSE channel estimates as can be seen from blue and black curves in Figures 3a and 3b. This indicates that longer length DMRS sequence (length-12 CAZAC) is more robust to channel estimation error than shorter length DMRS sequence (length-4 DFT) for contiguous PRB allocations, since the channel fading is nearly frequency flat over contiguous PRBs under moderate delay spread scenario.

·  The gap between black (length-4) and blue (length-12) curves reduces with higher delay spread, owing to more prominent frequency-selective fading across PRBs due to larger delay spread, which in turn improves marginally the BLER performance of “per PRB” channel estimation, thereby reducing the gap in between the black and blue lines from ~2.0 dB at 100 ns to ~1.5 dB at 300 ns. 
·  Length-4 DFT DMRS structure with non-contiguous PRB allocation always outperforms the similar structure with contiguous PRB allocation with per-PRB channel estimation, since non-contiguous PRB allocation leads to larger frequency diversity gain which aids to BLER performance. The performance gap between these two structures reduces with higher delay spread since higher delay spread can impart some frequency diversity into contiguous PRBs as well which improves the performance of length-4 DFT contiguous scheme. On the contrary, the performance gap between these two (i.e. between black and magenta curves) widens with increasing SNR as frequency diversity gain is reflected in the higher SNR regime. 
·  In between contiguous and non-contiguous PRB allocation schemes with two different DMRS structures, viz. length-12 CAZAC (black curve) and length-4 DFT (magenta curve), non-contiguous structure outperforms contiguous structure beyond an SNR threshold that depends on delay spread. For 100 ns, non-contiguous structure outperforms contiguous length-12 DMRS structure above 2 dB, whereas the corresponding SNR threshold for higher delay spread (300 ns) is increased to 3 dB. Moreover, the non-contiguous structure tends to outperform the length-12 contiguous structure noticeably beyond SNR = 4 dB, the difference in between the two curves being widened with increasing SNR, but at a slower rate for higher delay spread. In other words, non-contiguous structure outperforms both the contiguous structures at SNR > 4 dB.
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(a)                                                                                             (b)

Figure 3. Link level simulation results for short PUCCH carrying small payload (8 bits)
3.2 Large payload size (20 bits)

With increase in payload size from 8 bits to 20 bits, the BLER performance of all the three schemes change significantly and the following observations can be made from Figures 4a and 4b:

·  With increase in payload size, BLER of all the three structures degrades and the relative performance difference between two contiguous structures (length-12 CAZAC and length-4 DFT) reduces by ~ 1dB compared to small payload size. The gap between length-4 contiguous and non-contiguous structures decreases as well since frequency diversity gain is reflected at higher SNR regime for larger payload size compared to smaller payload.

·  Unlike the case of small payload size where length-4 DFT non-contiguous structure always outperforms its contiguous counterpart, here for large payload size these two structures offer BLER performance at par until SNR ~ 3 dB, beyond which the non-contiguous structure tends to marginally outperform the contiguous one.
·  With larger payload size, frequency diversity order is reflected at higher SNR regime. This moves the SNR crossover point (which marks the SNR threshold point beyond which non-contiguous PRB allocation outperforms contiguous PRB allocation for both the DMRS structures) further down the SNR axis compared to the small payload size. For example, at 100 ns delay spread, non-contiguous structure (magenta curve) marginally outperforms the length-12 contiguous structure (blue curve) at a much higher SNR, viz. 8 and 9 dBs compared to 2 and 3 dBs for 8 bits UCI at 100 and 300 nanoseconds respectively.

·  Non-contiguous design does not gain much advantage over length-12 contiguous design within the examined SNR range of 0-16 dB for the large payload, unlike 8 bits UCI payload, for which the gap between the two was close to 1.5 dB at SNR = 8 dB. For 20 bits UCI, the BLER curves for length-12 contiguous and length-4 DFT non-contiguous structures coincide within the thickness of the plotted lines. The trend of the magenta and blue curves indicate that frequency diversity gain sets in at much higher SNR for larger payload size.
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Figure 4. Link level simulation results for short PUCCH carrying large payload (20 bits) 
To summarize, length-4 DFT DMRS structure with non-contiguous PRB allocation outperforms other two designs at high SNR for small payload size. With increase in payload size, the performance difference between length-4 DFT non-contiguous and length-12 CAZAC contiguous structures decreases with increasing SNR. Length-4 DFT DMRS structure with contiguous PRB allocation performs the worst amongst the three studied structures under all simulated scenarios.
4 Conclusions
In this contribution, we have presented link level evaluation and comparison between three candidate NR short PUCCH designs for carrying more than 2 UCI bits. Based on the aforementioned evaluation results, we summarize our views in short PUCCH design for > 2 UCI bits as follows:
Observations
· For short PUCCH design with small payload size (< 10 bits)
·  Length-4 DFT DMRS based structure with non-contiguous PRB allocation outperforms length-12 CAZAC DMRS based structure with contiguous PRB allocations beyond a certain SNR threshold.

· The performance gap between non-contiguous and contiguous structures increases with SNR 

· The relative merit of non-contiguous structure compared to contiguous structure can curb with larger delay spread
· For short PUCCH design with large payload size (> 10 bits)

·  Length-4 DFT DMRS based structure with non-contiguous PRB allocation marginally outperforms length-12 CAZAC DMRS based structure with contiguous PRB allocations at much higher SNR compared to small UCI payload case.

· The benefit of length-4, non-contiguous structure over length-12, contiguous structure is reduced for large UCI payload in comparison with small payload size.

· Higher delay spread may have negligible effect on the relative performance of contiguous versus non-contiguous structures for large UCI payload.
Proposal 
· For NR short PUCCH carrying more than 2 UCI bits, one PRB with length-4 DFT sequence mapping on 4 DMRS subcarriers is the basic unit for resource allocation.
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6 Appendix

	Parameter
	Configuration

	Carrier frequency
	2 GHz

	System bandwidth
	20 MHz

	Subcarrier spacing
	15 kHz

	No. of subcarriers per PRB
	12

	No. of PRBs allocated for PUCCH
	3 

	BS antenna configuration
	2 Rx

	UE antenna configuration
	1 Tx

	Channel model
	TDL-C: delay spread 100 ns and 300 ns
UE velocity: 3km/h

	Payload size
	8, 20 bits

	Channel estimation
	MMSE

	SNR range
	· 0 - 8 dB for small payload (8 bits)

· 0 - 16 dB for large payload (20 bits)

	CP type
	Normal

	DMRS overhead
	1/3

	DMRS locations within a PRB
	2, 5, 8 and 11th RE 

	Inter-PRB separation for non-contiguous allocation
	48 PRBs (i.e. 576 subcarriers)

	DMRS candidate sequences
	· Length-12 CAZAC sequence

· Length-4 DFT sequence


Table 1. Values of simulation parameters
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