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Introduction
The following agreements were made during the last meetings for long PUCCH [1][2]: 
Agreements:
· NR supports following long-PUCCH:
· One PUCCH format for UCI with up to 2 bits with high multiplexing capacity
· One PUCCH format for UCI with large payload with no multiplexing capacity
· FFS: One PUCCH format for UCI with moderate payload with some multiplexing capacity
· Note: this could be a variation of one of the former PUCCH formats.

Agreements:
· For a PUCCH format for UCI with large payload with no multiplexing capacity within a slot:
· The DMRS and UCI are mapped to different symbols.
· For intra-slot frequency-hopping, one or two DMRS symbol(s) is/are mapped on each frequency-hop of the long-PUCCH.
· Opt.1: one DMRS per frequency-hop
· The location is around the middle of the frequency-hop 
· Opt.2: one or two DMRS per frequency-hop
· FFS: the location of the DMRS symbol(s)
· The DMRS symbol(s) are formed as follows:
· DMRS for a PUCCH is a sequence (e.g. a cyclic shift of a CAZAC or computer generated sequence) in frequency domain.
· Working assumption:
· The symbols carrying UCI are formed as follows:
· The UCI bits are encoded and scrambled, QPSK modulated and DFT pre-coded and mapped to the REs for the symbols carrying UCI of the long PUCCH
Agreements:
· For a long PUCCH in a slot,
· At most one hop for the long PUCCH is supported.
· FFS: details

In this contribution, we discuss our view on the design of long PUCCH for medium and large payload sizes.
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UCI symbols in Long PUCCH formats for large payloads:
In our view the long PUCCH format for large payload should be designed similarly to the LTE PUCCH Format 4. This approach accommodates transmission of large payloads with enough flexibility with respect to variable duration of PUCCH. 
Another approach was discussed in the last meeting based on the proposal in [3]. In this approach, the PUCCH format is designed based on phase rotations or cyclic shifts of a base sequence, combined with DFT spreading codes, can support payloads larger than two bits by assigning a different shift and/or DFT spreading code weight to each symbol. Beside the fact that RM or Polar encoding should be used for large payloads as agreed, the major concern with this approach is that the amount of supported payload bits depends on the number of feasible cyclic shifts and spreading codes in time where the orthogonality properties of both is highly dependent on the realistic channel conditions and corresponding receiver. 
It was also discussed in the previous meeting possibility of using pi/2 BPSK instead of QPSK for modulation of the encoded UCI bits [4]. Using pi/2 BPSK effectively doubles the coding rate due to one to one mapping of coded bits to coded symbols. This severely impact the performance due to the considerable loss in the coding gain which is essential for improving the performance as it is also observed by our evaluation in this contribution. 
Based on the above discussion we propose to confirm the working assumption and agree to the following proposal:
Proposal:
· For a long PUCCH format for UCI with large payload with no multiplexing capacity within a slot:
· The symbols carrying UCI are formed as follows:
· The UCI bits are encoded and scrambled, QPSK modulated and DFT pre-coded and mapped to the REs for the symbols carrying UCI of the long PUCCH.

User multiplexing for Long PUCCH for large payload:
The long PUCCH design for up to 2 UCI bits offers a high multiplexing capacity while no multiplexing capacity is considered for the agreed structure of long PUCCH UCI with large payload. The situation for UCI with intermediate payloads is not clear and is left for further study. To differentiate this case from the other two, the long PUCCH design for the intermediate UCI payload should offer some level of user multiplexing capacity. Also, the upper limit for the maximum number of UCI bits should be large enough to consider a new or modified design. 
From our point of view, it is important to design the long PUCCH such that some number of UEs can be multiplexed for some tens of UCI bits. However, to reduce the complexity, it is important to minimize the number of formats unless there is any significant benefit to adding more. Therefore, we would like to have only one format for larger number of payload bits and the design should be based on the agreed long PUCCH format for large payloads without user multiplexing capacity.
With respect to the design principles for the long PUCCH, we discussed in our view in  [5][6] it is desirable not to have spreading in time. The agreed long PUCCH format for large payloads supports variable and large payload sizes up to several hundred bits. The large payload sizes are enabled by several PRBs bandwidth. However, even if only a single PRB is allocated it supports a rather large payload size and since it does not offer multiplexing multiple users onto the same time-frequency resource, it is not very effective for small payloads more than 2 bits. Therefore, it is beneficial to enable user multiplexing. Similarly to LTE PUCCH Format 4 and 5, to unify bandwidth flexibility and multiplexing capability in a clean way, we consider FDM or intra-symbol CDM on the agreed long PUCCH format for large payloads for the purpose of user multiplexing as the starting point.
· FDM based user multiplexing: Different PUCCH sharing the same PRB(s) only use a fraction of the PRB subcarriers in a comb fashion. Different PUCCH allocated to the same PRB(s) are assigned different combs.
· CDM based user multiplexing: Different PUCCH sharing the same PRB(s) using all the subcarriers by means intra-symbol pre-DFT spreading. Different PUCCH allocated to the same PRB(s) are assigned to different spreading codes.
Figure 1 illustrate the structure of the proposed long PUCCH format for large payload sizes. In this example, the long PUCCH occupies 14 symbols including two symbols for DMRS with frequency hopping. For this setup, considering one PRB and two users, the total number of QPSK symbols being 12x12=144 are divided between two users each transmitting 72 QPSK symbols per PRB or equivalently 36 QPSK symbols per hop or 6 QPSK symbols per DFTS-OFDM symbol. 
Depending on using FDM or CDM approach for user multiplexing, each DFTS-OFDM data symbols is generated as illustrated in Figure 2. As shown for the FDM based approach, the 6 QPSK symbols are DFT6 spread and mapped to the combs or subcarriers assigned to the UE which is then mapped to time-domain signal after the IFFT operation. Alternatively, for the CDM based approach, the set of 6 QPSK symbols are spread using the orthogonal code assigned to the UE prior to the DFT12 operation. 
Figure 3 is another illustration to demonstrate the pre-DFT mapping of the QPSK encoded UCI symbols depending on the number of UEs. As shown this format support multiplexing of 6 UEs simultaneously for both FDM and CDM approach. 
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[bookmark: _Ref481768353]Figure 1: Illustration of the Long PUCCH format for more than 2 UCI bits.          
[image: ]
[bookmark: _Ref481769957]Figure 2: Illustration of generation of DFTS-OFDM symbols for both FDM based and CDM based 
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[bookmark: _Ref481770667]Figure 3: Pre-DFT mapping of UCI encoded QPSK symbols per UE. Number of QPSK symbols per UE are 6, 4, 3, and 2 corresponding to the case when 2, 3, 4 and 6 UEs are multiplexed. 
Other design alternatives that are discussed for the long PUCCH for intermediate payloads are the design based on LTE Format 2 and Format 3. A long PUCCH design based on PUCCH Format 2 is capable of supporting up to 10 bits for the longest duration of PUCCH transmission which is very limited to justify introducing another long PUCCH format in NR.  NR PUCCH design based on LTE PUCCH Format 3 which introduces block spreading in time and limited coding rate, may not be sufficient to support large payload sizes (maximum 11 or 22 bits in case of different UCI on each hop).  Therefore, a new long PUCCH format based on any of these formats can be hardly justified for limited offered capabilities.
Next, we compare the performance of long PUCCH based on LTE Format 4 (or agreed long PUCCH format without multiplexing capacity) with intra-symbol FDM or CDM with long PUCCH based on LTE Format 3 which for convenience are referred to as F4-CDM, F4-FDM and F3, respectively. We have assumed 7 and 14 symbols long PUCCH as illustrated in Figure 4. The simulation assumptions provided in Table 1 In the Appendix. 
[bookmark: _GoBack]Figure 5 shows the required SNR for long PUCCH based on Format 3 and Format 4 with FDM and CDM. Firstly, we observe that FDM has clear advantage over CDM for long PUCCH based on Format 4. Next, long PUCCH based on Format 3 results in lower operating SNR as compared to long PUCCH based on Format 4 with FDM only for 14 symbols PUCCH and channels with medium delay spread (e.g. 300ns). In other cases, clear advantage of F4-FDM over F3 is observed. 
As mentioned earlier, maximum 11 bits is on lower end to justify introducing a new format (F3) which in fact does not provide superior performance as compared to the Format 4 based scheme. The performance results in Figure 5 correspond to 4 and 11 UCI bits, assuming that the maximum number of UCI bits supported by F3 is 11 bits. That means that the encoded UCI symbols are repeated over two hops. In order to extend the maximum number of payloads for F3, we consider the case that the coded symbols are distributed across the sub-carriers over two hops and we compare the BLER performance of F3 with F4-FDM. The corresponding results are shown in Figure 6 where superior performance of F4-FDM over F3 for different channel conditions and long PUCCH duration is observed.
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[bookmark: _Ref485414784]Figure 4: Illustration of UCI and DMRS symbols of long PUCCH based on LTE format 3 and LTE format 4 with intra-symbol UE multiplexing for 7 and 14 long PUCCH with frequency hopping.
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[bookmark: _Ref485423057]Figure 5: Required SNR in dB to meet the error requirements for long PUCCH based on LTE Format 3 (F3) and Format 4 with CDM and FDM for UE multiplexing (F4-CDM, F4-FDM) and 4 and 11 UCI bits, TDL-C channel model with various delay spread (i.e. 300ns, 1000ns) and 2 UEs at 2 km/h. The left and right plots correspond to long PUCH with 14 and 7 symbols, respectively.
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[bookmark: _Ref485424620]Figure 6: BLER vs SNR for long PUCCH based on LTE Format 3 (F3) and Format 4 with FDM for UE multiplexing (F4-FDM) with 7 and 14 symbols long PUCCH and TDL-C channel model with various delay spread (i.e. 300ns, 1000ns) and 22 UCI bits. The left and right plots correspond to TDL-C channel model with 300 and 1000ns delay spread, respectively.

Therefore, we conclude that both from performance point of view, capability of supported UCI bits and complexity, the design of long PUCCH with multiplexing capability should not be based on LTE Format 3. The results clearly suggest that the design based on LTE PUCCH Format 4 with intra-symbol UE multiplexing based on FDM is the proper choice.
Based on the above discussion we propose the following for the design of long PUCCH format for more than 2 UCI bits.
Proposals:
· Long PUCCH based on LTE PUCCH Format 3 is not supported for UCI more than 2 bits.
· Multi-user multiplexing is supported for long PUCCH for UCI more than 2 bits when PUCCH is confined within a PRB.
· Intra-symbol FDM is applied for the symbols carrying UCI.
· Cyclic shifted ZC sequence is applied for the symbols carrying DMRS.
On frequency hopping:
With respect to the frequency hopping as we discussed in our companion contribution [7], in case of frequency hopping, only one hop is supported for a long PUCCH based on the agreement. However, the location of the hop is not yet agreed. A long PUCCH can be consists of 4 to 14 symbols which implies that a long PUCCH can be consists of even or odd number of symbols. To maximize the benefit from frequency hopping irrespective of channel conditions it is reasonable to have a symmetric length on hops as much as possible. This implies that in case of frequency hopping for a long PUCCH with even number of symbols, the hopping should occur in the middle of the PUCCH while for a long PUCCH with odd number of symbols, one hop would be one symbol longer than the other hop. There is not much difference whether the first hop is longer or the second one. However, it is argued that in case that a long PUCCH should occasionally be punctured at the end for a triggered transmission like SRS, it would be beneficial to have the second hop one symbol longer.
Based on the above discussion we propose the following:
Proposal:
· For a long PUCCH with more than 2 bits UCI and a duration of N consecutive symbols within a slot:
· If an intra-slot frequency hopping is enabled, the number of symbols in the first and second hops are floor(N/2) and ceil(N/2), respectively.

DMRS symbols in Long PUCCH formats for large payloads:
In the last meeting two options related to the number of DMRS per frequency hop were considered, namely as one DMRS symbol per hop or one or two DMRS symbols per hop. In order to figure out which option to support, we present simulation results in Figure 7 for 7 and 14 symbols long PUCCH. These results are for the case when two users are multiplexed based on the previous discussion. However, the observations based on the results with respect to the number of DMRS are still applicable for the single user case.
The PUCCH design based LTE Format 3 (F3) utilizes one and two DMRS per hop (or 2 or 4 DMRS in a PUCCH) for 7 and 14 symbols PUCCH, respectively, as illustrated in Figure 4. For 7 symbols PUCCH, the design based on LTE Format 4 (F4) utilizes 2 or 3 DMRS in a PUCCH where in the former there is one DMRS per hop as illustrated in Figure 4 and in the latter the longer hop has one additional DMRS. For 14 symbols PUCCH, the design based on LTE Format 4 (F4) utilizes 2 or 4 DMRS in a PUCCH where in the former there is 1 DMRS per hop as illustrated in Figure 4 and in the latter, there is 2 DMRS on the 2nd and 6th symbols of a hop. The following observations can be made based on the results:
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[bookmark: _Ref489881642]Figure 7: BLER vs SNR for long PUCCH based on LTE Format 3 (F3) and Format 4 with FDM for UE multiplexing (F4-FDM) for TDL-C channel model with 300ns delay spread at 3 km/h. The performance is shown for 4, 11 and 22 UCI bits and different number of DMRS (RS) in PUCCH. The left and right plots correspond to a long PUCCH with 7 and 14 symbols, respectively.
It seems that in general F4 based design outperforms F3 based design. 
For the case of 14 symbols PUCCH, the results based on F4 indicate that due to the longer duration of hop, there is an advantage to improve the channel estimation by increasing the number of DMRS symbols when the coding gain can be still maintained as it is the case for small payloads. When the number of payload increases the loss in coding gain due to increasing the number of DMRS symbols becomes more dominant which results in overall link performance degradation in spite of improved channel estimation. Therefore, it seems that for the 14 symbols PUCCH, a proper number of DMRS symbols per hop inversely relate to the number of payload bits.
For the case of 7 symbols PUCCH, the results based on F4 indicate that due to the shorter duration of hop, there is a negligible improvement in the channel estimation by increasing the number of DMRS symbols. When the coding gain can be still well maintained as it is the case for small payloads, the impact of an additional DMRS becomes negligible. When the number of payload increases the loss in coding gain due to increasing the number of DMRS symbols becomes more dominant similarly to the case of 14 symbols PUCCH which results in overall link performance degradation in spite of improved channel estimation. Therefore, it seems that for the 7 symbols PUCCH, one DMRS symbol per hop provides a good performance for different number of payloads.
Therefore, based on the preliminary results presented here we see the benefit of considering one or two DMRS per hop. However, the design details require more studies specially with respect to the PUCCH performance with a duration more than 7 symbols under different channel conditions and velocities. 
Based on the evaluation, clear advantage of utilizing 2 DMRS symbols for longer duration of long PUCCH is evident and increases the robustness of the transmission. For shorter duration of long PUCCH one DMRS symbol per hop seems to be a suitable design choice.
Therefore, we propose the following:
Proposal:
· For a PUCCH format for UCI with more than 2 bits UCI within a slot
· One or two DMRS per frequency-hop is supported.
· One DMRS per frequency hop for PUCCH with at most 7 symbols
· The location of DMRS symbol is in the middle of the frequency hop
· Two DMRS symbols per frequency hop for PUCCH with 14 symbols
· The location of DMRS symbols are in the 2nd and 6th symbols of the frequency hop.
· FFS for other PUCCH durations

Conclusion
In this contribution based on the analysis and performance evaluation we proposed the followings for the remaining design aspects of a long PUCCH signal carrying more than 2 UCI bits.
Proposal:
· For a PUCCH format for UCI with large payload with no multiplexing capacity within a slot:
· The symbols carrying UCI are formed as follows:
· The UCI bits are encoded and scrambled, QPSK modulated and DFT pre-coded and mapped to the REs for the symbols carrying UCI of the long PUCCH.

Proposal:
· Long PUCCH based on LTE PUCCH Format 3 is not supported for UCI more than 2 bits.
· Multi-user multiplexing is supported for long PUCCH for UCI more than 2 bits  when PUCCH is confined within a PRB.
· Intra-symbol FDM is applied for the symbols carrying UCI.
· Cyclic shift is applied for the symbols carrying DMRS.

Proposal:
· For a long PUCCH with more than 2 bits UCI and a duration of N consecutive symbols within a slot:
· If an intra-slot frequency hopping is enabled, the number of symbols in the first and second hops are floor(N/2) and ceil(N/2), respectively.

Proposal:
· For a PUCCH format for UCI with more than 2 bits UCI within a slot
· One or two DMRS per frequency-hop is supported.
· One DMRS per hop frequency for PUCCH with at most 7 symbols
· The location of DMRS symbol is in the middle of the frequency hop
· Two DMRS symbols per hop frequency for PUCCH with 14 symbols
· The location of DMRS symbols are in the 2nd and 6th symbols of the frequency hop.
· FFS for other PUCCH durations
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	Parameter
	Value

	Number of users
	2

	Number of UCI bits
	4, 11, 22

	User multiplexing
	FDM or CDM

	Size of PUCCH
	7 and 14 symbols

	Channel coding
	RM encoder for UCI up to 11 bits, Polar encoder for larger UCI

	Channel model
	TDL-C 300 ns, TDL-C 1000 ns

	User speed
	3 km/h

	Operating Bandwidth
	20 MHz

	Number of PRBs
	1

	Carrier frequency
	4 GHz

	Subcarrier spacing
	15 kHz

	BS antenna configuration
	2 RX, uncorrelated

	UE antenna configuration
	1 TX

	Disturbance
	AWGN (no inter-cell interference)

	Channel estimation
	Realistic

	Noise estimation
	Ideal
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