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1	Introduction
In this contribution, we investigate various details of a candidate enhanced PUCCH design. This contribution provides a more detailed description of the proposed enhanced PUCCH format mentioned in [1].
[bookmark: _Toc506553723][bookmark: _Toc510450969][bookmark: _Toc510452869][bookmark: _Toc510731134][bookmark: _Toc510731381][bookmark: _Toc510775731]2	Candidate Enhanced PUCCH Design
The performance of a candidate PUCCH design is investigated assuming the interlace structure in Figure 8 in the appendix for the case of a 20 MHz channel with 30 kHz subcarrier spacing. This is the same interlace structure for 30 kHz agreed in RAN1 AH 1901:
Agreement:
For interlace transmission of at least PUSCH and PUCCH, the following PRB-based interlace design is supported for the case of 20 MHz carrier bandwidth:
a.	15 kHz SCS: M = 10 interlaces with N = 10 or 11 PRBs / interlace
b.	30 kHz SCS: M = 5 interlaces with N = 10 or 11 PRBs / interlace
Note: PRACH design to be considered separately, including multiplexing aspects with PUSCH and PUCCH

5 interlaces with 10 PRBs each are defined, and a PUCCH resource occupies one of the interlaces. The candidate PUCCH design is flexible in the sense that it supports a flexible number of OFDM symbols (2 – 14), flexible user multiplexing (1 to 12 users per interlace), and flexible payload. The intention of the examples provided here is to illustrate the “toolbox” of approaches that may be used, and the impact on performance. Further discussion is needed to finalize a design.
Figure 1 shows the example of 2 OFDM symbols where the data symbols and reference symbols (DMRS) are time division multiplexed (TDM). Two different levels of user multiplexing are shown: 6 and 12 users. For the former, a length-6 OCC code is applied to each of 2 different QPSK data symbols (D0 and D1) repeated over 6 of the 12 REs of the PRB. For the latter, a length-12 OCC code is applied to a single QPSK data symbol (D0) repeated over all 12 REs of the PRB. Each multiplexed user is assigned a different OCC. Like for NR PUCCH format 3, a Zadoff-Chu sequence is used for the DMRS symbols and the sequence is mapped to all available subcarriers of the used interlace. The multiplexed users are each assigned the same base sequence, but are assigned different cyclic shifts of that base sequence.
In Figure 1(a), the number of coded bits carried by the PUCCH resource of a single user is 10 PRBs * 2 bits/symbol * 2 symbols/PRB = 40 bits. In Figure 1(b) the number of coded bits is reduced to 20 since twice the number of users are multiplexed. The coding rate in each case determines the PUCCH payload. In the evaluation discussed in the next section, up to 11 bits payload is considered using the same Reed Muller block code defined for NR PUCCH format 2.
In this example, the intention of considering up to OCC12 is that when comparing to legacy NR PUCCH with only 1 PRB, multiplexing of 12 users can make up for the loss due to interlacing due to the use of 10 PRBs. It is important to note, however, that use of OCC12 is aggressive in the sense that there can be a loss of orthogonality in highly dispersive channels. For this reason, it is important to be able to configure a flexible level of user multiplexing which translates into a flexible length OCC code (1 – 12). In this way, user-multiplexing and performance in a dispersive channel can be balanced depending on the deployment scenario.
Figure 2 shows an example for the case of 4 OFDM symbols, where the data and reference symbols are again TDM’d. In this example, 12 users are multiplexed based on a combination of OCC6 in the frequency domain + OCC2 in the time domain for the data symbols. For the reference symbols, 6 cyclic shifts are used, as well as OCC2 in the time domain. For this example, the repetition in the time domain leads to a 3 dB lower required SNR for PUCCH detection than for the design in Figure 1(a) which is good for coverage.
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[bookmark: _Ref520285109]Figure 1: Candidate NR-U PUCCH designs for the case of 2 OFDM symbols supporting multiplexing of (a) 6 users based on OCC6 in the frequency domain, and (b) 12 users based on OCC12 in the frequency domain.
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[bookmark: _Ref520286979]Figure 2: Candidate NR-U PUCCH design for the case of 4 OFDM symbols with OCC6 in the frequency domain and OCC2 in the time domain supporting multiplexing of 12 users.
Even though all the examples here are for an even number of OFDM symbols all this works also for an odd number of OFDM symbols. However, the odd symbol does not increase the multiplexing capacity, but could possibly increase performance.
One potential issue with the user multiplexing based on intra data symbol OCC’s is that the I/Q data symbols need to be repeated prior to the application of the OCC’s. In the worst case, if the all 1’s OCC codeword is assigned to a particular user, then each data symbol is repeated as many times as the length of the OCC codeword – 6 in Figure 1(a) and Figure 2 and 12 in Figure 1(b). Furthermore, repetition occurs across PRBs in the PUCCH bandwidth due to the assignment of a fixed OCC code to a user that is reused in each PRB. This creates a degradation in the peak to average power ratio (PAPR) and cubic metric (CM) in the time domain transmitted signal. Without a mitigation mechanism, this would require a large amount of back-off of the UE power amplifier, lowering the efficiency and increasing size/cost.
A simple solution is to break up the repetition pattern by cycling the OCC codes across the frequency domain. For example, for the case of multiplexing 6 users, each user can use all 6 OCC codes in a manner that still preserves orthogonality between users. User 1 can apply the OCC codes in the order 1-2-3-4-5-6 in the frequency domain; User 2 in the order 2-3-4-5-6-1, User 3 in the order 3-4-5-6-1-2, and so on. As will be shown in the next section, this can dramatically reduce the PAPR/CM.
NR PUCCH format 3 uses DFT-s-OFDM to lower the PAPR/CM. Using DFT-spreading would also break up the repetitiveness caused by the OCC. However, simulations of interlaced NR-U PUCCH have shown (see next section) that while DFT-s-OFDM do reduce the PAPR/CM to acceptable levels it comes with quite a large cost in terms of performance compared to CP-OFDM. CP-OFDM combined with the OCC cycling described above results in an PAPR/CM comparable to the PAPR/CM of the DFT-s-OFDM. Besides this, OCC cycling is also less complex than DFT-s-OFDM.
Simulations have shown that the performance and PAPR/CM are affected by how the I/Q data symbol repetition used for intra data OCC is mapped over the subcarriers within a PRB. Two mappings have been evaluated, symbol repetition and block repetition. In symbol repetition each symbol is repeated the required number of times and mapped to consecutive subcarriers. In block repetition the entire block of symbols within a PRB is repeated the required number of times, i.e. the repetitions of the same symbol will not be mapped consecutively in the PRB. See Figure 3 for an illustration of the differences between symbol and block repetition within a PRB. Simulations show that for DFT-s-OFDM block repetition is best while for CP-OFDM there is a slight advantage of symbol repetition.
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[bookmark: _Ref534899517]Figure 3: Illustration of symbol repetition vs block repetition for OCC within a PRB for 4 user OCC, i.e. 3 data symbols per PRB. For simplicity the figure only show how the OCC code is applied to the first data symbol.
[bookmark: _Ref534647904]3.2	Performance of Candidate NR-U PUCCH Design
The candidate PUCCH design discussed in the previous section has been evaluated by means of simulation for various payloads. Performance is measured in terms of the operating point, defined as the required SNR to ensure all of the following: P(ACK to Error) <= 0.01, P(NACK to ACK) <= 0.001 and P(DTX to ACK) <= 0.01.
The simulation assumptions are summarized in Table 1. The formats are in this evaluation mapped to the interlace structure described in Table 1 which consists of 10 PRBs spread in frequency such that every 10th PRB is used. This interlace structure has 10 interlaces. The use of an interlaced structure covering 10 PRBs is an example for NR-U representing a subcarrier spacing of 30 kHz with bandwidth 20 MHz. In this comparison the NR-U PUCCH candidates use 2 OFDM symbols; however, other symbol lengths can also be considered, where multiplexing capacity can be obtained by application of inter-symbols OCC.  
[bookmark: _Ref513044017]Table 1: Simulation assumptions
	Property
	Value

	Waveform
	CP-OFDM

	Carrier frequency
	5 GHz

	Bandwidth
	20 MHz

	Subcarrier spacing
	30 kHz

	Propagation channel
	TDL-A 3km/h; Delay spread 30/300 ns

	Number of PRBs per interlace
	10

	Number of interlaces
	5

	Number of OFDM Symbols
	2, 4, 14 with [D R D R …] TDM pattern between reference (R) symbols and data (D) symbols

	OCC configuration
	Length 6 or 12 orthogonal DFT codes in the frequency domain; Length 2 in the time domain for pairs of OFDM symbols for both data and reference (only for the case of 4 and 14 OFDM symbols).
OCC cycling in frequency domain.
Symbol repetition for OCC.

	Channel coding
	Reed Muller for payload ≤ 11 bits; Polar for payload ≥ 12 bits

	Receiver
	2 receive antennas; Maximum likelihood (ML) per PRB



Figure 4 shows the performance of the candidate interlaced PUCCH design in terms of required SNR at different PUCCH payloads for the case of 2, 4, and 14 OFDM symbols. Two different delay spread values are considered (30 and 300 ns). Clearly, as the PUCCH duration is increased, the required SNR drops. For example, for the blue curves at low payload, the decrease from 2 to 4 OFDM symbol duration is 3 dB corresponding to a doubling in energy collection. From 4 to 14 symbol duration the decrease is 5.4 dB corresponding to a ratio 14:4 in increased energy collection.
As can be seen from Figure 4(b) and (c) (4 and 14 symbol PUCCH duration), multiplexing of up to 12 users can be supported at the same performance level as multiplexing of 6 users since OCC6 is used in both cases. For up to 300 ns delay spread, there is no loss in performance. One can see that the short (2 symbol) PUCCH is also more sensitive to dispersion than the longer duration PUCCH even at the lower delay spreads. This suggests that the short PUCCH is suitable for lower dispersion and lower levels of user multiplexing, whereas the longer PUCCH durations are more suitable for higher dispersion and higher levels of user multiplexing.
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[bookmark: _Ref520303601]Figure 4: Performance of candidate NR-U PUCCH format for (a) 2 OFDM symbols, (b) 4 OFDM symbols, and (c) 14 OFDM symbols.
[bookmark: _Hlk521409946][bookmark: _Hlk521410084][bookmark: _Hlk521410056][bookmark: _Hlk521410138]As discussed in the previous section, the application of OCC codes in the frequency domain to support user multiplexing can lead to a degradation (increase) in both peak-to-average power ratio (PAPR) and cubic metric due to the necessary repetition of the data symbols before application of the OCCs. It was suggested that a simple fix to this issue is that each user cycles through all OCCs codes across the frequency domain to break up the repetition pattern. The cycling pattern is chosen such that for any given PRB, all multiplexed users use different OCCs. Table 2 shows the improvement with OCC cycling which is dramatic, (a) vs (b). Based on these results we propose the following:
[bookmark: _Toc521416418][bookmark: _Toc1116523]For NR-U with PUCCH based on a PRB-based interlaced frequency allocation, support a mechanism such as OCC cycling to minimize the PAPR/CM of the transmitted time domain transmitted signal. The OCC code is cycled for each PRB, and potentially within a PRB.

[bookmark: _Ref521411657]Table 2: Cubic metric (worst of data and DMRS) for candidate NR-U PUCCH formats
	
	Intra symbol 
OCC length 6
	Intra symbol 
OCC length 12
	No OCC

	CP-OFDM without OCC cycling (a)
	12.1 dB
	15.7 dB
	

	CP-OFDM with OCC cycling (b)
	3.6 dB
	2.1 dB
	

	DFT-s-OFDM (c)
	2.8 dB
	4.2 dB
	

	DFT-s-OFDM with OCC cycling (d)
	2.2 dB
	2.1 dB
	

	CP-OFDM, random QPSK symbols (ref)
	
	
	4.0 dB



Figure 5 show simulation results comparing CP-OFDM and DFT-s-OFDM (with pre-DFT OCC), both using OCC cycling, for a 2-symbol PUCCH using OCC6. Evidently, the performance is significantly better when using CP-OFDM. Table 2 (b), (c), (d) also show that the cubic metric for CP-OFDM with OCC cycling is comparable with that of DFT-s-OFDM. With OCC cycling also for DFT-s-OFDM, see Table 2 (d), the cubic metric is reduced also for DFT-s-OFDM.
The reason why DFT-s-OFDM performs worse than CP-OFDM is because of the combination between multiple PRBs, intra data OFDM symbol OCC and DFT-spreading. Intra symbol OCC introduce repetition of the I/Q data symbols in the frequency domain, the repetition over which the OCC codeword is applied. DFT-spreading of this partially repeated data will redistribute the power between the PRBs and shift it towards only a few of the PRBs, which will lower the frequency diversity gain and affect performance. The same redistribution of power also happens within the PRB between the subcarriers, though this does not affect performance noticeably since the channel within a PRB does not vary much. Since multiple PRBs are a part of the interlaced structure of NR-U and intra data OCC is needed to make up for the lost capacity from the interlaced structure the most logical thing to do is to not use DFT-s-OFDM. The only gain of using DFT-s-OFDM would be the reduced PAPR/CM, but Table 2 show that almost the same PAPR/CM can be achieved with OCC cycling, with a much lower computational complexity.
[bookmark: _Toc521416419][bookmark: _Toc1116524]For NR-U with PUCCH based on a PRB-based interlaced frequency allocation, use CP-OFDM with symbol repetition mapping for frequency domain OCC.
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[bookmark: _Ref526775789]Figure 5: Performance of interlaced 2-symbol NR-U PUCCH comparing CP-OFDM and DFT-s-OFDM, both using OCC cycling.
Comparing the performance of the candidate NR-U PUCCH design with a design based on NR PUCCH format 2 with 2 OFDM symbols, there is an advantage in terms of multiplexing performance for the candidate NR-U design based on PF3. The PF2 based design uses the same FDM between data and DMRS as in NR. It has been extended with intra DS OCC within each OFDM symbol and inter DS OCC between the two symbols. Up to 4 users can be multiplexed with intra DS OCC and multiplexing can be extended with a factor of 2 with inter DS OCC. The format has previously been described in [2]. OCC cycling has been used for both designs. The PF2 based design uses an inter DS OCC length of 2 to reduce the effects the higher delay spreads have on the orthogonality between used cyclic shifts. The cyclic shifts and OCC codes used are selected such that the minimum distance between the codes within the sets are as large as possible. For both the PF2 and PF3 based designs a pessimistic mapping of the used cyclic shifts and OCC codes have been used when the maximum multiplexing capacity is not utilized, i.e. the cyclic shifts and OCC codes with the total closest distance to all other codes in the set are mapped to the desired user. The performance of the two designs is shown in Figure 6.
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[bookmark: _Ref534642840]Figure 6: Performance comparison between designs based on PF2 and PF3 for (a) 4 UEs and (b) 6 UEs.

[bookmark: _Hlk534901070]In Figure 6 (b) it is seen that for 6 multiplexed UEs the PF3 based design is always better than the PF2 based design. The code rates are the same for both designs in this case, but there are more resources for DMRS in the PF3 based design. Because of fewer DMRS resource elements in each PRB for the PF2 based design the distance between the allocated cyclic shifts is smaller than in the PF3 based design. In Figure 6 (a) it is seen that for 4 multiplexed UEs the PF3 based design is better than the PF2 based design below a payload of approximately 6 bits. For this case the number of DMRS resources is the same as for the 6-user case, but the code rate is higher for the PF3 based format than for the PF2 based format. Because of this the PF3 based format has an advantage over the PF2 based format for low payloads up until the higher code rate of the PF3 based format becomes noticeable. Hence, in the case of low multiplexing and high payload a PF2 based format is preferable, though it can be questioned if this case is important enough and the differences large enough to motivate the implementation of an additional format.
3.3	DFT-s-OFDM with OCC over all PRBs
In [3] it was mentioned that when using DFT-s-OFDM (spreading over all allocated PRBs), the intra DS OCC should also be made over all allocated PRBs instead of per PRB. It is true that if doing OCC over all PRBs instead of per PRB the data symbols for the different multiplexed UEs will occupy different combs, i.e. be orthogonal in frequency. If doing OCC per PRB the data symbols for the different multiplexed UEs will not be orthogonal in frequency. However, in both cases they will be orthogonal in the code domain, with the OCC codes. Further, regardless of how the data symbols are handled the DMRS symbols will only be orthogonal in the code domain, with different cyclic shifts per user. Hence in this case the DMRS will to some extent be a limiting factor.
The performance of DFT-s-OFDM with OCC over all PRBs have been evaluated by means of simulation and compared to the results of the previous section. As can be seen in Figure 7 (a), comparing DFT-s-OFDM with OCC over all PRBs and OCC per PRB there is a gain of roughly 1 dB for low delay spreads of using OCC over all PRBs. For high delay spreads performance is equal. As can be seen in Figure 7 (b), the performance of DFT-s-OFDM is still inferior to CP-OFDM.
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[bookmark: _Ref534648139]Figure 7: Performance of interlaced 2-symbol NR-U PUCCH comparing DFT-s-OFDM with OCC per PRB and DFT-s-OFDM with OCC over all PRBs “DFTsW” (a) and CP-OFDM and DFT-s-OFDM with OCC over all PRBs “DFTsW” (b).


Conclusion
Based on the discussion in this paper we make the following proposals:
Proposal 1	For NR-U with PUCCH based on a PRB-based interlaced frequency allocation, support a mechanism such as OCC cycling to minimize the PAPR/CM of the transmitted time domain transmitted signal. The OCC code is cycled for each PRB, and potentially within a PRB.
Proposal 2	For NR-U with PUCCH based on a PRB-based interlaced frequency allocation, use CP-OFDM with symbol repetition mapping for frequency domain OCC.

[bookmark: _In-sequence_SDU_delivery]References
[bookmark: _Ref883823][bookmark: _Ref529972548]R1-1902882, “UL signals and channels,” Ericsson, RAN1#96, February 2019.
[bookmark: _Ref787697]R1-1806261, “NR-U PUCCH design”, Ericsson, RAN1#93, May 2018.
[bookmark: _Ref534646484]R1-1813412, “UL signals and channels for NR-U”, Qualcomm Incorporated, RAN1#95, Nov 2018.
Appendix – Example PUCCH Design
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[bookmark: _Ref534793770][bookmark: _Ref534793739]Figure 8: Exemplary PRB-based interlace design PUCCH for 30 kHz with 5 interlaces defined over 51 PRBs. Interlaces 2,3,4,5 have 10 PRBs per interlace; Interlace 1 has 11. Two exemplary PUCCH configurations are shown occupying interlaces 1 and 2, respectively. Both PUCCH configurations use 10 PRBs. The other interlaces may be used for PUSCH, PRACH, etc.
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