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1	Introduction
In this contributions, we address aspects of PUSCH, PUCCH, and SRS design.
2	PUSCH Design
In the NR-U WID [1], the following objective is listed related to PUSCH Design
UL data channel including extension of PUSCH to support PRB-based frequency block-interlaced transmission; support of multiple PUSCH(s) starting positions in one or multiple slot(s) depending on the LBT outcome with the understanding that the ending position is indicated by the UL grant; design not requiring the UE to change a granted TBS for a PUSCH transmission depending on the LBT outcome. The necessary PUSCH enhancements based on CP-OFDM. Applicability of sub-PRB frequency block-interlaced transmission for 60kHz to be decided by RAN1.
In the following sections we address the aspects of block-interlace transmission and multiple PUSCH starting positions.
2.1	UL Block Interlace Transmission
In the NR-U TR [2], Section 7.2.1.2, the following agreements related to block-interlaced transmission are listed.
(i) For scenarios in which a block-interlaced waveform is used for PUCCH/PUSCH, it has been identified that from FDM-based user-multiplexing standpoint it can be beneficial to have UL channels on a common interlace structure, at least for PUSCH, PUCCH, associated DMRS, and potentially PRACH
(ii) For scenarios in which a block-interlaced waveform is used for UL transmission, a PRB-based block-interlace design has been identified as beneficial at least for 15 and 30 kHz SCS, and potentially for 60 kHz SCS. One identified benefit is better link budget with given PSD constraint. However, it has been observed that power boosting gains decrease with increasing SCS. Another identified benefit is as one option to efficiently meet the occupied channel bandwidth requirement. Compared with sub-PRB interlace design, the PRB-based block-interlace design has comparatively less specification impact.
(iii) For sub-PRB block interlace designs, in some scenarios, sub-PRB block interlacing can be beneficial in terms of power boosting. However, the sub-PRB block interlace design has at least the following specification impacts: Reference signal design (e.g., DMRS); Channel estimation aspects; Resource allocation.
(iv) Both PRB and sub-PRB interlacing for 60 kHz have been studied. For sub-PRB interlacing the following aspects have been considered:
-	Power boosting potential depending on resource allocation size
-	PUSCH DMRS configuration aspects
-	Channel estimation performance
-	Number of REs per interlace unit
(v) Within a 20 MHz bandwidth, the following candidate PRB-based interlace designs have been identified where M is the number of interlaces and N is the number of PRBs per interlace in a 20 MHz bandwidth. Where two values are listed for N, it means that some interlaces have one more PRB than others (non-uniform interlace design)
	SCS
	M
	N

	15 kHz
	12
	8 or 9

	
	10
	10 or 11

	
	8
	13 or 14

	30 kHz
	6
	8 or 9

	
	5
	10 or 11

	
	4
	12 or 13

	60 kHz
	4
	6

	
	3
	8

	
	2
	12

	60 kHz (if 26 PRBs is supported in a 20 MHz bandwidth)
	4
	6 or 7

	
	2
	13

	
	3
	8 or 9



As stated in (i), it is preferable to have different physical uplink channels, i.e., PUCCH, PUSCH,  and potentially PRACH, on the same interlace structure to allow multiplexing of these physical channels from same or different UEs in an efficient way. For the case of PRACH, one also needs to consider the configuration of multiple PRACH occasions to reduce the chance of collisions between different UEs when multiple UEs want to access the same NR-U cell simultaneously. However, as we show in a companion paper [5], it is possible to have PRACH designs that fit nicely into block-interlaced structure and still provide good performance. Thus, we have the following proposal
[bookmark: _Toc534971756]Support a common PRB-based block interlace structure for PUSCH, PUCCH, and PRACH.
It can be seen from the table in (v) that 15kHz and 30kHz SCSs support a variety of interlace options. However, a good interlace structure should balance the trade-offs between supporting high transmit power (large N), minimizing DCI overhead for resource allocation (reasonably large M), enabling flexible resource allocations (large M), and ensuring suitability for different physical uplink channels. 
For 15kHz SCS, the only difference compared to LTE-based LAA is additional 6 available PRBs (106 instead of 100). Thus, it is natural that NR-U supports a similar interlace structure for 15kHz SCS with M=10 interlaces, in which five of them have N=10 PRBs and six others have N=11 PRBs each.
For 30kHz SCS, the second option in the table in (v) with M=5 interlaces offers a good interlace structure for NR-U in several aspects such that comparable with 15kHz SCS as having similar number PRBs per interlaces, offering good PUCCH and PRACH designs thus enabling multiplexing different physical uplink channels in the same interlace structure. 
Thus, we have the following proposal.
[bookmark: _Toc534971757]Support the following PRB-based block interlace design:
a. [bookmark: _Toc534971758]For 30 kHz SCS, support M = 5 interlaces within a 20 MHz BW with 10 PRBs for the each of 4 interlaces and 11 PRBs for the remaining interlace
b. [bookmark: _Toc534971759]For 15 kHz SCS, support M = 10 interlaces within a 20 MHz BW with 10 PRBs for each of 4 interlaces and 11 PRBs for each of the remaining 6 interlaces 
As stated in (iv), sub-PRB interlacing for 60kHz SCS has been studied, and some companies propose it to facilitate increased power boosting; however, it is widely recognized that such power boosting is limited to small resource allocation sizes. The main drawback of the sub-PRB interlace design is that it has heavy specification impact as stated in (iii) and (iv). It requires a re-design of the basic PRB concept in NR, affecting such aspects as reference signal design (DMRS, SRS), channel estimation, and resource allocation. Since the PRB is such a fundamental building block in NR, such a re-design should not be untaken lightly, and would need to be very well motivated. Based on this we propose the following
[bookmark: _Toc534971760]Sub-PRB interlacing for 60 kHz SCS is not supported for NR-U 
One more aspect captured in the table in (v), is the consideration of interlace designs for 60 kHz SCS assuming that RAN4 makes new agreements to support 26 PRBs in a 20 MHz bandwidth. Current RAN4 specifications allow for a maximum of 24 PRBs. Given that long discussions occurred in RAN4 to agree on the available number of PRBs for Rel-15, we don’t see an immediate need to reopen these discussions, especially since 60 kHz for control and data is optional in NR Rel-15.
[bookmark: _Toc534971761]60 kHz SCS for control and data remains optional as in NR Rel-15
[bookmark: _Toc534971762][bookmark: _Toc534838015]The number of available PRBs in a 20 MHz carrier/BWP remains as 24 as in NR Rel-15.
2.2	Resource allocation in the frequency domain for PUSCH
An important aspect to consider in the design of PUSCH is resource allocation in the frequency domain. In Rel-14 eLAA, resource allocation for an interlaced PUSCH transmission is signalled by DCI format 4B where the resource indication value (RIV) indicates one or more full interlaces allocated for PUSCH transmission. For NR in licensed bands, two resource allocation (RA) types have been introduced: Type-0 based on a bitmap indicating a potentially non-contiguous allocation of resource block groups (RBGs), and Type-1 based on RIV indicating a contiguous PRB allocation. For NR-U, it should be further discussed whether one or both RA types are enhanced to support interlaced allocations. As a baseline, allocation of one or more full interlaces should be supported as in eLAA. It can be further discussed whether or not partial interlace allocation is also supported for the case of small PUSCH allocations. In any case, further progress is needed on the basic interlace structure first before a detailed design for resource allocation can be established.
[bookmark: _Toc534971763]As a baseline NR-U supports allocation of one or more full interlaces for PUSCH transmission. FFS: whether or not partial interlace allocation is supported.
2.3	Time domain starting positions for PUSCH
In the NR-U TR [2], Section 7.2.1.2, the following agreement related to PUSCH starting position are listed 
[bookmark: _Hlk534844265]The following options have been identified as possible candidate at least for the first PUSCH(s) transmitted in the UL transmission burst.
-	Option 1: PUSCH(s) as in Rel-15 NR
-	Option 2: Multiple starting positions in one or multiple slot(s) are allowed for PUSCH(s) scheduled by a single UL grant (i.e., not a configured grant) and one of the multiple PUSCH starting positions can be decided depending on LBT outcome. 
It is noted that for above options, the ending position of the PUSCH is fixed as indicated by the UL grant.
It is noted that above options are not mutually exclusive.
The intention of considering Option 2 in the above agreement is to somehow optimize the transmission of PUSCH in the case that LBT is successful part way through a slot, allowing PUSCH to occupy a partial slot, and thus enhancing channel access granularity. We first point out that most often, PUSCH is transmitted within a shared COT initiated by the gNB. Since an UL transmission may occur immediately (Cat1 LBT) after a DL transmission within the shared COT provided the gap between DL and UL transmissions is less than 16 us or using Cat2 LBT if the gap is larger than 16us. Hence the benefit of any potential optimization offered by Option 2 is marginal since UL LBT is not as restrictive on channel access as DL LBT within a shared COT. In contrast, the gNB is required to perform a full exponential backoff (Cat4 LBT) before it may acquire the COT.
In the small fraction of occasions where the UE initiates a COT, the likely way that Option 2 would work is through puncturing the first part of the PUSCH transmission to align with the instant that UL LBT is successful. The reason for this is due to the following agreement
It has been identified to be beneficial for the NR-U design to not require the UE to change a granted TBS for a PUSCH transmission depending on the LBT outcome.
which suggests that it is a burden for the UE to re-process the transport block to rate match to the fewer number of available OFDM symbols if LBT is successful part way through the slot.
The trouble with the UE puncturing the PUSCH transmission is that the gNB expects the UE to follow the start and end positions of PUSCH according to the UL grant. If the UE autonomously changes the start position, the gNB must be able to detect that for PUSCH demod/decoding. The most straightforward method is to detect the UE’s DMRS transmission; however, if the front-loaded DMRS is punctured this is not possible. Of course it would be possible to configure additional DMRS positions within the slot, but this increases the overhead, thus counteracting any potential performance optimization available with Option 2. Additional complications arise in that the gNB is not aware of which DMRS(s) are punctured in the case that more than one is configured.
For these reasons, we propose that Option 1 is the only viable Option for PUSCH. Moreover, Type B PUSCH mapping is always available which already allows for multiple start positions within the slot. This further demotivates Option 2.
[bookmark: _Toc534971764]For the first PUSCH(s) in an UL transmission burst, NR-U supports PUSCH transmission according to NR Rel-15, i.e., Option 1 only. Option 2 is not supported.
[bookmark: _Ref534647998][bookmark: _Toc506553723][bookmark: _Toc510450969][bookmark: _Toc510452869][bookmark: _Toc510731134][bookmark: _Toc510731381][bookmark: _Toc510775731]3	PUCCH Design
In this section, we discuss the design of the Physical Uplink Control Channel (PUCCH) for NR in unlicensed spectrum.
The NR-U WID [1] states that Rel-15 PUCCH formats 2 and 3 are supported in NR-U for the contiguous (non-interlaced) frequency allocation. Formats 2 and 3 can only be used if they are configured to meet the minimum temporal allowance of 2 MHz (12/6/3 PRBs for 15/30/60 kHz SCS), [2] Section 7.2.1.2. Further, the NR-U technical report [2] conclude that Rel-15 PUCCH formats 0, 1 and 4 are not well-suited for NR-U since they support only a single PRB and hence cannot meet the minimum temporal allowance of 2MHz. For this reason, we propose the following:
[bookmark: _Toc534971765]Rel-15 PUCCH formats 0, 1, and 4 are not supported for NR-U.
The WID [1] also states that one or more PUCCH formats shall be extended to support a PRB-based frequency block-interlaced transmission. Rel-15 PUCCH formats 0 and 1 are intended for low payload (1 or 2 bits). Such low payloads are not particularly useful for NR-U. Since PUCCH transmission in NR-U is subject to listen before talk (LBT), it is common that PUCCH transmission carrying HARQ feedback is delayed due to the medium being occupied. These delayed HARQ bits will have to be transmitted in a subsequent PUCCH opportunity causing the payload on the subsequent PUCCH to increase, often to more than 2 bits. Thus, it is logical to base extended PUCCH formats on Rel-15 formats that support more than 2 bits. Extensions to PUCCH formats 3 and 4 will, because of the needs to include user multiplexing, most likely result in the same format and therefore formats 2 and 3 are the only suitable alternatives. The requirements on the extended PUCCH formats are the following:
· Sufficient # of PRBs per interlace to maximize UE transmit power under the PSD constraint
· Sufficiently wide bandwidth to ensure the minimum OCB requirement is met (not mandatory in all regulatory regions)
· No need for frequency hopping since frequency diversity obtained inherently due to interlaced frequency allocation
· Flexible payload, with performance optimized for >2 bits
· Flexible number of OFDM symbols to cover a range of deployments
· Flexible reference signal overhead
· Flexible user multiplexing to mitigate loss due to interlacing
· e.g., Time/frequency domain OCCs for data symbols and time domain OCCs for reference symbols together with cyclic shifts of Z-C sequences for reference symbols
· Sufficiently low PAPR/CM
We observe that neither Rel-15 formats 2 nor 3 alone satisfy all of these requirements. For example, PF2 is limited to 1 or 2 OFDM symbols, whereas PF3 is configurable between 4 and 14. Moreover, neither PF2 nor PF3 support user multiplexing. In our view, rather than modifying both PF2 and PF3 to satisfy all requirements, it makes sense to harmonize under a single new flexible PUCCH format. We propose a PF3-like format except with a lower minimum number of OFDM symbols (two) and the introduction of user multiplexing. Hence we propose the following:
[bookmark: _Ref520284322][bookmark: _Toc521416417][bookmark: _Toc534971766]Support a single new PUCCH format for NR-U (e.g., PF5) that supports an interlaced frequency allocation, no frequency hopping, configurable number of OFDM symbols (2 – 14), flexible payload, and flexible user multiplexing through a combination of time and frequency domain OCCs for data symbols and a combination of time domain OCCs and cyclic shifts for reference symbols.
3.1	Candidate NR-U PUCCH Design
Based on Proposal 9, the performance of a candidate PUCCH design is investigated assuming the interlace structure in Figure 8 in the appendices. A 20 MHz channel is assumed with 30 kHz subcarrier spacing. 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.
	[image: ]	[image: ]
	(a)	(b)
[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.


[image: ]
[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.
[image: ]
[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 30/300/1000 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. 3 different delay spread values are considered (30, 300, and 1000 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. However, for the case of 1 us (1000 ns) delay spread there is a 1 – 4 dB loss in performance depending on the payload and PUCCH duration. This is due to a loss in orthogonality amongst the OCCs due to frequency variation of the channel over the 6 RE span of the OCC. This effect is amplified in the red curve of Figure 4(a) where multiplexing of 12 symbols is achieved by lengthening the OCC codes to 12. Note that orthogonality between the cyclic shifts are also lost for high delay spreads. Cleary, such aggressive user multiplexing in a highly dispersive channel is not practical for the short PUCCH duration. This motivates a design with configurable OCC duration to match the deployment. 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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	(a)	(b)
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	(c)
[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: _Toc534971767]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. 

[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: _Toc534971768]For NR-U with PUCCH based on a PRB-based interlaced frequency allocation, use CP-OFDM with symbol repetition mapping for frequency domain OCC.
[image: ]
[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 [3]. 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.
[image: ]	[image: ]
	(a)	(b)
[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 which results in the relatively large performance degradation for 1000 ns delay spread. 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 [4] 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.
 [image: ]	[image: ]
	(a)	(b)
[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).


4	SRS Design
In the NR-U TR [2], the following agreements related to SRS design are listed.
It has been identified as beneficial for NR-U to introduce additional flexibility in configuring/triggering SRS compared to NR Rel-15. The following candidate enhancements have been discussed; design details can be further discussed when specifications are developed:
-	Additional OFDM symbol locations for an SRS resource within a slot other than the last 6 symbols
-	Interlaced waveform
-	Additional flexibility in frequency domain configuration

An interlaced SRS structure is thus identified as a candidate standard enhancement. Since a common block-interlace structure has been agreed for PUSCH and PUCCH [2], it follows naturally that such block-interlaced structure should also be considered for the design of SRS.
The design of block-interlaced based UL PHY channels, i.e., PUSCH/PUCCH, should be performed jointly with the design of the SRS.

It would be beneficial to have an SRS design using the same common block interlaced structure as for PUCCH/PUSCH from many points of view (e.g. the interlace option with M = 5 and N =  10 for 30kHz subcarrier spacing found in the table of Section 2.1). For example, if the SRS would be scheduled in the same PUSCH/PUCCH interlaces (but at different OFDM symbols), a number of procedures could be supported for those channels (e.g., link adaptation). On the other hand, the possibility of having the SRS being scheduled at different interlaces than such channels, would allow to FDM multiplex the SRS of one user with the SRS and/or other UL PHY channels of other users. Under proper scheduling, this ability to efficiently multiplex signals and channels in the same OFDM symbol results in an efficient resource usage. This was not the case, for example, in LTE-LAA where the SRSs were contiguous across frequency and thus an entire OFDM symbol needed to be reserved for SRS transmission since it was not possible to multiplex it with UL PHY channels. Another advantage of having an interlaced SRS structure is that if the SRS is made dense enough in frequency, it allows to have a contiguous estimate of the CSI across the entire band, so that multi-antenna procedures can be efficiently supported (e.g. reciprocity-based DL beamforming). Another reason why an interlaced SRS design is beneficial is because, under a proper design, it allows to meet the OCB requirement. This is important since there might be occasions where SRS transmissions may occur frequently, and thus a design that conforms with the OCB requirement(s) is beneficial. With that,
[bookmark: _Toc534971769]For scenarios in which a block-interlaced waveform is used for PUCCH/PUSCH, it is beneficial that block-based waveform for SRS is adopted using the same common interlace structure as for PUCCH/PUSCH/PRACH.	

We now remark on subcarrier spacing (SCS) aspects. Following the discussion in Section 2.1, 30 kHz SCS block-based interlacing offers favorable design properties as well as a lower specification impact. Hence, in our view it makes sense that an SRS design for 30 kHz SCS is supported. If we consider 30KHz SCS operation, then RAN4 defines 51 available PRBs on a bandwidth of 20MHz. With that, a 5 PRB-based interlace design allows to meet the OCB requirements, which already offers good multiplexing capacity.  Based on this, a possible PRB-based interlaced SRS design sketched in Figure 8 in the Appendix. Just like in the previous remarks, a 20 MHz channel is assumed with 30 kHz subcarrier spacing and 5 interlaces. Each interlace have either 10 or 11 PRBs. In a given OFDM symbol, the assignment of SRS resources is flexible and thus it can occupy one or more interlaces. The main intention of the example provided here is to illustrate the multiplexing capacity of having a joint and flexible design between SRSs and UL PHY channels.
With that, we make the following proposal:
[bookmark: _Toc534971770]A PRB-interlaced SRS design, using the same common interlace structure as for PUCCH/PUSCH should be supported in sub-7GHz at least for 30 kHz SCS.

Now, we remark on timing aspects of SRS transmission. When it comes to periodic, semi-persistent or aperiodic transmissions, any such transmissions need to be performed after a successful LBT procedure. For this reason, and due to the random availability of unlicensed channels, it follows that aperiodic transmissions are the most beneficial, in the sense that they allow immediate transmission after the channel becomes available. With that,

[bookmark: _Toc534971771]Aperiodic SRS transmission with zero slot offset is beneficial for NR-U.

Regarding the time allocation of the SRS within a slot, the LBT requirements may call for other SRS slot allocations other than the ones at the end of the slot as in NR Rel. 15. This is motivated as follows: a DCI-triggered transmission of PUSCH can only occur after  OFDM symbols, e.g., 12 OFDM symbols - the preparation time for a UE with capability 1 [6]. If the DCI-triggered request was the sole purpose of the PDCCH transmission (and thus no DL symbols are transmitted after such request) other nodes can sense the channel and start transmitting before  OFDM symbols worth of time have passed, which results in failure of the original PUSCH request and results in an overall inefficient use of spectrum. Proposing lowering  for NR-U to a very small number is not a realistic option to address this issue since UEs need time to process the PUSCH signals for transmission. Instead, front-loaded SRSs transmissions are one option to lower this initial transmission delay. Currently, the preparation time for SRS is also defined to be , and thus 2 separate DCI triggers would needed to be sent (one for SRS and one for PUSCH) where the SRS trigger would be sent before the PUSCH’s. Having two distinct triggers is inefficient, thus a more efficient approach is to decouple the SRS and PUSCH preparation times, and to have a lower preparation time for the SRS in order to trigger SRS and PUSCH in the same DCI. With that, 

[bookmark: _Toc534971772]Front-loaded SRS transmissions should be supported in NR-U.

[bookmark: _Toc534971773]Compared to PUSCH’s preparation time, a lower preparation time for SRS is beneficial. 
 Conclusion
Based on the discussion in this paper we observed the following:
Observation 1	The design of block-interlaced based UL PHY channels, i.e., PUSCH/PUCCH,   should be performed jointly with the design of the SRS.

Based on the discussion in this paper we make the following proposals:
Proposal 1	Support a common PRB-based block interlace structure for PUSCH, PUCCH, and PRACH.
Proposal 2	Support the following PRB-based block interlace design:
a.	For 30 kHz SCS, support M = 5 interlaces within a 20 MHz BW with 10 PRBs for the each of 4 interlaces and 11 PRBs for the remaining interlace
b.	For 15 kHz SCS, support M = 10 interlaces within a 20 MHz BW with 10 PRBs for each of 4 interlaces and 11 PRBs for each of the remaining 6 interlaces
Proposal 3	Sub-PRB interlacing for 60 kHz SCS is not supported for NR-U
Proposal 4	60 kHz SCS for control and data remains optional as in NR Rel-15
Proposal 5	The number of available PRBs in a 20 MHz carrier/BWP remains as 24 as in NR Rel-15.
Proposal 6	As a baseline NR-U supports allocation of one or more full interlaces for PUSCH transmission. FFS: whether or not partial interlace allocation is supported.
Proposal 7	For the first PUSCH(s) in an UL transmission burst, NR-U supports PUSCH transmission according to NR Rel-15, i.e., Option 1 only. Option 2 is not supported.
Proposal 8	Rel-15 PUCCH formats 0, 1, and 4 are not supported for NR-U.
Proposal 9	Support a single new PUCCH format for NR-U (e.g., PF5) that supports an interlaced frequency allocation, no frequency hopping, configurable number of OFDM symbols (2 – 14), flexible payload, and flexible user multiplexing through a combination of time and frequency domain OCCs for data symbols and a combination of time domain OCCs and cyclic shifts for reference symbols.
Proposal 10	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.
Proposal 11	For NR-U with PUCCH based on a PRB-based interlaced frequency allocation, use CP-OFDM with symbol repetition mapping for frequency domain OCC.
Proposal 12	For scenarios in which a block-interlaced waveform is used for PUCCH/PUSCH, it is beneficial that block-based waveform for SRS is adopted using the same common interlace structure as for PUCCH/PUSCH/PRACH.
Proposal 13	A PRB-interlaced SRS design, using the same common interlace structure as for PUCCH/PUSCH should be supported in sub-7GHz at least for 30 kHz SCS.
Proposal 14	Aperiodic SRS transmission with zero slot offset is beneficial for NR-U.
Proposal 15	Front-loaded SRS transmissions should be supported in NR-U.
Proposal 16	Compared to PUSCH’s preparation time, a lower preparation time for SRS is beneficial.
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7	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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[bookmark: _Ref519864935][bookmark: _Hlk520284009]Figure 8: Exemplary PRB-based interlace design for 30 kHz with 5 interlaces defined over 51 PRBs. Interlaces 2,3,4,5 have 10 PRBs per interlace; Interlace 1 has 11. In this simple example users are multiplexed in different interlaces,  and PUSCH and SRS transmissions are multiplexed in time. 

	5/5	
image3.png
Symbl Symb2 Symb3 Symb4

Per PRB: Ri1 D; Ri1 D,
Conveying data R D R D
QPSK symbols D, and D, 10 L 10 1
DMRS sequence Ry,....R11 Rg Dy Rg D, 0CC6 Code
Rg D, Rg D, Cos s Cs
Ry Dy Ry Dy
Cyclic shifts Rs Dy Rs D;
0,2,4,6,8,10 Rs Dy Rs Dy
RA D@ R4 D@ d
Ry | [ Do | | Rs | | Do OCcCé Cco e
91 et C5
R, Dy R, D,
Ry Dy Ry Dy
R@ D@ R@ D@
0Cc2
0Cc2 Co.C1

Co.C1




image4.png
OFDM symbol

e D
AN
Dy \ 00/ Dy
D, \ o D,

Subcarriers — D CS\ =
D, D,

D, D,

D, D,

D, Do

D, D,

L |De D,
Symbol Block

Repetition Repetition

Data Symbols Dy D4 D».




image5.png
N}E—U OFDM OC TDM (PF3) 20s 10PRBs; PUCCH operating point

x
-
-
2k
ok
-2+
-4+ —+&— 30ns, 6UE
——300ns, 6UE
—&— 1000ns, 6UE
s — -3 - 30ns, 12UE
— =+~ 300ns, 12UE
— 3 - 1000ns, 12UE
-8
0 2 4 6 8 10 12

Payload [bits]




image6.png
N%—U OFDM OC TDM (PF3) 40s 10PRBs; PUCCH operating point

-10

-12

—&— 30ns, 6UE
————300ns, 6UE
—&— 1000ns, 6UE
— -3 - 30ns, 12UE

— =<~ 300ns, 12UE
—-G-- 1000ns, 12UE

6
Payload [bits]

8 10

12




image7.png
SNR [dB]

N}_1§U OFDM OC TDM (PF3) 140s 10PRBs; PUCCH operating point

_10}
11k
12t
_13t
-14
—+&— 30ns, 6UE
————300ns, 6UE
-15 ¢ —&— 1000ns, 6UE
— -3 - 30ns, 12UE
6L ~ =<~ 300ns, 12UE
~ -G~ 1000ns, 12UE
-17
0 2 4 6 8 10 12

Payload [bits]




image8.png
NR-U, 6UEs 10PRBs 30kHz; PUCCH operating point

—=— DFT-s-OFDM OC 300ns Block Repetition
—&— DFT-s-OFDM OC 1000ns Block Repetition
—— CP-OFDM 300ns Symbol Repetition
—+&— CP-OFDM 1000ns Symbol Repetition

Payload [bits]




image9.png
NRBU OFDM E-PF2/E-PF3 20s 10PRBs; PUCCH operating point

—8— E-PF3, 30ns, 4UE
-1t |--=- E-PF2, 30ns, 4UE 1
——<— E-PF3, 300ns, 4UE
_o [ |-+ E-PF2, 300ns, 4UE J
—#— E-PF3, 1000ns, 4UE
_3| [z E-PF2, 1000ns, 4UE ]
=
=
o« 4T 1
a
5t ]
6| 1
7t ]
8 . . . . .
0 2 4 6 8 10 12

Payload [bits]




image10.png
NR—SU OFDM E-PF2/E-PF3 20s 10PRBs; PUCCH operating point

—&— E-PF3, 30ns, 6UE *
6| |- E-PF2, 30ns, 6UE o g
——— E-PF3, 300ns, 6UE 7
4} |-+ E-PF2,300ns, 6UE pras i
—#— E-PF3, 1000ns, 6UE 7
5 | [== = E-PF2, 1000ns, 6UE e i
=
=
« Of 1
&
2t 4
vy ]
6 4
-8
0 12

Payload [bits]




image11.png
DFTs/DFTsW 2o0s 10PRBs; PUCCH operating point
- : : — -

—&— DFT-s-OFDM OC 30ns, 6UE
“|~—— DFT-s-OFDM OC 300ns, 6UE
—#— DFT-s-OFDM OC 1000ns, 6UE| |
——3 - DFTsW 30ns, 6UE

— =<~ DFTsW 300ns, 6UE
—— — DFTsW 1000ns, 6UE

2 4 6 8 10
Payload [bits]




image12.png
OFDM/DFTsW 20s 10PRBs; PUCCH operating point
. : : — :

—+&— CP-OFDM 30ns, 6UE
———— CP-OFDM 300ns, 6UE
—#— CP-OFDM 1000ns, 6UE
— -3 - DFTsW 30ns, 6UE

~— — DFTsW 300ns, 6UE
—— — DFTsW 1000ns, 6UE

2 4 6 8 10
Payload [bits]




image13.emf
PRB # Cluster #Interlace #

PUCCH

Config 1

PUCCH

Config 2

1 1 1

2 2

3 3

4 4

5 5

6 2 1

7 2

8 3

9 4

10 5

11 3 1

12 2

13 3

14 4

15 5

16 4 1

17 2

18 3

19 4

20 5

21 5 1

22 2

23 3

24 4

25 5

26 6 1

27 2

28 3

29 4

30 5

31 7 1

32 2

33 3

34 4

35 5

36 8 1

37 2

38 3

39 4

40 5

41 9 1

42 2

43 3

44 4

45 5

46 10 1

47 2

48 3

49 4

50 5

51 11 1


image14.png
#OFDM Symbol in Slot

88 schster mnterlce 2

. userl

s W User2

v -3

% User 4

7 User 5
H
H
o
H
H

i

il AEEENEAEN

‘
2
H

g
H
2
"
3




image1.png
Symb2 Symbl

Per PRB: R Dy
Conveying data Rio D,
QPSK symbols Dy and Dy
DMRS sequence Ry,...R;; Ry Dy OCC6 Code
Rg D, Cu s Cs
Ry Dy
Cyclic shifts R | | D
0,2,4,6,8, 10 Rs Dy
Ry Do
R b OCC6 Code
3 (]
Coy - C5
Rz Dy
Ry Dy
Re Do





image2.png
Symbl Symb2

Per PRB: Rut Do

Conveying data Rio D,
QPSK symbol Dy

DMRS sequence Ry Dy

Rg-.Ri1 Rs D,

R, D

Cyclic shifts R Do 0CC12 code
9..11 Rs Dy Cgs wr C11

R, Do

Rs D

R; Do

R, D

Ro Do





