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1	Introduction
In this contribution, 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
[bookmark: _GoBack]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 WID, the following objective is listed on subcarrier spacing for control (PxCCH) and data (PxSCH):
Subcarrier spacing for control and data channels supporting 15kHz, 30kHz, and 60kHz (air-interface perspective; optionality to be discussed separately).
For 60kHz SCS, companies are considering two PRB-based interlace candidates for 20MHz carrier BW, i.e., M=2 interlaces with N=12 PRBs/interlace and M=3 interlaces with N=8 PRBs/interlace. While the latter option with M=3 interlaces may not meet the OCB requirement, the number of interlaces (M=2) of the former option is relatively small, which offers very limited gains on power boosting and scheduling flexibility. An alternative to facilitate increased power boosting has been proposed is sub-PRB interlace structure. However, it has been agreed in RAN1#96 that sub-PRB interlace design is not supported for NR-U. Moreover, from an NR-U performance perspective, we have not observed improved performance for 60kHz SCS compared to 30kHz for PDSCH or PUSCH (see evaluation in [3]). In our view, the benefits of 60kHz SCS spacing are not clear.
[bookmark: _Toc7808093]A PRB-based interlace structure for 60 kHz SCS for control and data is not needed.
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, given that PUSCH is transmitted using an interlace structure. A mechanism is needed for indicating which interlaces the UE should use. In Rel-14 eLAA, one or more full interlaces are allocated for PUSCH transmission. For NR-U, at least for a 20 MHz carrier, it makes sense to support the same.
In NR Rel-15, two resource allocation (RA) types are defined: Type-0 for a potentially non-contiguous allocation of resource block groups (RBGs), and Type-1 for a contiguous PRB allocation. 
Type 0 and Type 1 RA in NR Rel-15 are defined as follows:
· Type 0: Non-contiguous allocation using a bitmap where each bit represents an RBG. The RBG size depends on the BWP size.
· Type 1: Contiguous allocation using RIV, which indicates a start RB and a bandwidth (in RBs)
· Either Type 0 or Type 1 or both can be configured. If both are configured, DCI indicates which one is used in any given scheduling instance.
The following is supported in NR Rel-15 for DCI indication of the resource allocation type:
· DCI format 0_1 supports indication of Type 0 or Type 1. If both are configured, then the MSB of the frequency domain resource assignment field in DCI indicates which type is used.
· DCI format 0_0 supports only indication of Type 1 
Table 1 lists the number of bits in the frequency domain resource allocation field in DCI Format 0_1 depending on if Type 0 or Type 1 is configured for the case of a 20 MHz channel. If both types are configured, the number of bits is one more than that for Type 0. Configuration 1 and 2 in the table refer to the configurable RBG size for Type 0, e.g., 4 and 8, respectively, for the case of 51 PRBs.
[bookmark: _Ref7633053]Table 1: Number of bits in the frequency domain resource allocation field of DCI Format 0_1 for the case of a 20 MHz channel. Configuration 1 and 2 refer to the nominal RBG size defined in in 38.214 Section 6.1.2.2.1.
	SCS
	Type 0
	Type 1

	
	Configuration 1 (Smaller RBG Size)
	Configuration 2 (Larger RBG Size)
	

	15 kHz (106 PRBs)
	14
	7
	13

	30 kHz (51 PRBs)
	13
	7
	11



In what follows we propose to enhance the Type 0 (bitmap) resource allocation scheme to indicate interlaces(s) at least for the case when PUSCH is scheduled by DCI Format 0_1. Type 0 offers the most flexibility in arbitrary allocating any combination of interlaces, both for 15 kHz (M = 10 interlaces) and 30 kHz SCS (M = 5 interlaces). It can be further discussed what enhancements are needed for the case of Type 1 which is used when PUSCH is scheduled by DCI Format 0_0.
For Type 0, we propose to re-interpret each bit in the bitmap to represent an interlace number, rather than an RBG index. Figure 1 illustrates an example for the case of 30 kHz SCS where M = 5 interlaces are defined, hence a length-5 bitmap is needed. In the example, the first and 3rd bit are set indicating the 1st and 3rd interlace.
[image: ]
[bookmark: _Ref7634925]Figure 1: Use of Type 0 frequency domain resource allocation where each bit of the bitmap corresponds to an interlace index rather than an RBG index. This example is for the case of 30 kHz SCS (M = 5 interlaces).
Since the number of interlaces depends on the subcarrier spacing (M = 10/5 for 15/30 kHz SCS), the number of bits in the bitmap for Type 0 RA will also depend on the SCS. As can be seen from Table 1, there are a sufficient number of bits available already in DCI format 1_0. For the case of 15 kHz SCS, one could select Configuration 1 and use 10 of the 14 available bits. For the case of 30 kHz SCS, one could select Configuration 2 and use 5 out of the 7 available bits. These configurations are highlighted in green in the table.
[bookmark: _Toc4702942][bookmark: _Toc7808095]For 20MHz carrier bandwidth, for PUSCH scheduled by DCI Format 0_1, support an enhancement of Rel-15 Type 0 PUSCH frequency domain resource allocation (RA), in which each bit in the bitmap corresponds to an interlace index instead of to an RBG index. FFS: Enhancement of Type 1 frequency domain resource allocation.
In RAN1#AH1901, the following working assumption was made in the context of wideband operation with a single serving cell of bandwidth > 20 MHz.
Working assumption:
· For a given SCS, the following interlace design is supported at least for PUSCH:
· Same spacing (M) between consecutive PRBs in an interlace for all interlaces regardless of carrier BW, i.e., the number of PRBs per interlace is dependent on the carrier bandwidth
· Point A is the reference for the interlace definition
· For 15 kHz SCS, M = 10 interlaces and for 30 kHz SCS, M = 5 interlaces for all bandwidths
· FFS: Interlace design for PUCCH for bandwidths greater than 20 MHz
· FFS: Whether and how partial interlace allocation is supported

In this working assumption, it is stated that further studies are needed to decide whether partial interlace allocation is also supported. The main motivation for supporting partial interlace RA would be to schedule a small frequency resource for PUSCH transmissions. We note that RAN4 is still discussing guardbands in between 20 MHz LBT sub-bands of a wideband carrier which will affect how partial resource allocation is performed. Until more details are known, we propose the following
[bookmark: _Toc7808096]Further progress on the wideband operation in RAN4 is needed, e.g., related to guardbands, before a conclusion on frequency domain resource allocation for PUSCH for a wideband carrier can be made.
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 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. One alternative would be to configure additional DMRS positions within the slot, but this increases the overhead, thus counteracting any potential performance optimization available with Option 2. Another alternative is to avoid puncturing the PDCCH and front loaded DMRS, and instead puncture the PDSCH symbols from the beginning. However, this requires buffering of L1 samples which may not be attractive from an implementation standpoint. Either way, reliability of the PUSCH transmission is compromised, and further may have impacts on contention window adjustment. For these reasons, we propose that only Option 1 is supported (no change to NR Rel-15). Type B PUSCH mapping is supported in the spec today and it already allows for multiple start positions within the slot. This further demotivates Option 2.
[bookmark: _Toc7808097]For the first PUSCH(s) in an UL transmission burst, Option 2 is not supported.
[bookmark: _Ref534647998][bookmark: _Toc506553723][bookmark: _Toc510450969][bookmark: _Toc510452869][bookmark: _Toc510731134][bookmark: _Toc510731381][bookmark: _Toc510775731]3	PUCCH Design
In the NR-U WID [1], the following objective is listed related to PUCCH Design
UL control including extension of PUCCH format(s) to support PRB-based frequency block-interlaced transmission and use of Rel-15 NR PUCCH formats 2 and 3 for NR-U operation. Applicability of sub-PRB frequency block-interlaced transmission for 60kHz to be decided by RAN1.
The main aspect of the above WID objective states that extension of PUCCH format(s) to support PRB-based frequency block-interlaced transmission shall be specified. Relating to this, the following agreement was made at RAN1#96:
Agreement:
· Support short and long PUCCH durations based on enhancements of at least Rel-15 PUCCH formats PF2 and PF3. The enhancements include at least the following aspects:
· For a 20 MHz carrier bandwidth, support mapping to physical resources of at least one full interlace
· Mechanism to support user multiplexing for both data and reference symbols of PUCCH
· The following aspects are FFS:
· Support for small payloads (1 and 2 bits)
· Alt-1: Support both small payloads and larger payloads (> 2 bits) for enhanced PF2 and enhanced PF3
· Alt-2: Small payloads are supported by enhanced PF0 and/or enhanced PF1
· Whether or not to replace DFT-s-OFDM with CP-OFDM for the enhanced PF3

This agreement states that for a 20 MHz carrier bandwidth, at least Rel-15 PUCCH formats PF2 and PF3 are enhanced to support mapping to physical resources of at least one full interlace. It is still an open issue whether or not other PUCCH formats, e.g., PF0/1, are also enhanced to support interlaced mapping.
In RAN1#96b, the following two agreements were made about enhancements to other PUCCH formats:
Agreement:
For a 20 MHz carrier bandwidth, if enhancements to PF0 and PF1 are supported, a mapping to physical resources of at least one full interlace is supported
· FFS: Whether or not to support enhancements to PF0/1.
· Companies are encouraged to provide user multiplexing capacity and UCI payload analysis for enabling the decision for relevant use cases

Agreement:
Decisions on which additional PUCCH formats (enhanced or combination of legacy and enhanced) are supported should be at least based on the following.
· Which PUCCH format(s) are to be used at least for the following use cases:
a. HARQ ACK prior to dedicated PUCCH resource configuration
b. HARQ ACK, SR, CSI and combinations thereof after dedicated PUCCH resource configuration
· Specification impact, e.g., UE procedures in 38.213 and 38.212, for all proposed PUCCH formats to be supported
· User multiplexing capacity and UCI payload analysis for all proposed PUCCH formats to be supported
· In-band and out-of-band emissions

These agreements state that if enhancements to PF0/1 are supported, then a mapping to physical resources of at least one full interlace is supported. Furthermore, the decision should be based on at least the following aspects:
· Analysis of capacity of all PUCCH formats to be supported in terms of user multiplexing and PUCCH payload
· Analysis of which (enhanced) PUCCH formats are used for which use cases
· Analysis of specification impact
· Performance evaluation

While the final item in the list is not explicitly stated in the agreements, performance of enhanced PUCCH formats is clearly a vital factor in the decision.
One of the FFSs in the agreement from RAN1#96 is the support for small payloads (1 and 2 bits), and two alternatives are identified. In Alt-1, interlaced PF2 and PF3 are further enhanced to support 1 and 2  bit payloads by extension of the Reed-Muller encoder specified for these formats. In Alt-2, interlaced PF0 and/or PF1 are used to carry 1 and 2 bit payloads (as in Rel-15).
While it may seem attractive to concentrate efforts on enhancements to only PF2 and PF3, after careful analysis and evaluation, we conclude that it is highly beneficial to enhance Rel-15 PF0 and PF1 to support an interlaced mapping. Furthermore, we conclude that PF0/1 should be used for carrying 1 and 2 bit payloads instead of extending PF2/3, i.e., Alt-2 is supported. In what follows we provide analysis for all aspects in the above list. Our conclusions are based on the following key findings from the analysis:
· Superior performance of interlaced PF0/1 compared to interlaced PF2/3 extended to carry 1-2 bit payloads
· We show a performance advantage in terms of maximum coupling loss (MCL) of roughly 2 dB.
· Superior user multiplexing capacity of PF0/1 compared to interlaced PF2/3 extended to carry 1-2 bit payloads
· Reuse of existing UE procedures for UCI feedback defined in 38.213 both before and after dedicated PUCCH resource configuration is enabled by supporting interlaced mapping for all of PF0, PF1, PF2, and PF3.
[bookmark: _Ref7356181][bookmark: _Toc7808098]For a 20 MHz carrier bandwidth, PUCCH formats PF0 and PF1 are enhanced to support a mapping to physical resources of one full interlace. For PF0 and PF1 supporting interlaced mapping, intra-slot hopping shall not be enabled.
[bookmark: _Ref7356185][bookmark: _Toc7808099]PUCCH formats PF2 and PF3 supporting interlaced mapping are not enhanced to carry 1 and 2 bit payloads (Alt-2 in RAN1#96 agreement).
3.1	Performance Evaluation of Interlaced PF0/1
In [4] we discuss the design details of an interlaced version of PF0 and PF1 and document our evaluation results. Our goal is to minimize the number of changes compared to Rel-15 designs. Hence, we propose to simply repeat the Rel-15-defined length-12 CGS sequence in each PRB of one interlace (consists of 10 PRBs). To manage PAPR/CM, we further propose to use the same initial cyclic shift configured for the PUCCH resource as in Rel-15, but then cycle through a set of the 12 available cyclic shifts in each different PRB of the interlace. In this way, the PUCCH resources for all multiplexed users remain orthogonal since they use the same cycling pattern, but are configured with different initial cyclic shifts, i.e., different start point in the cycling pattern. In [4], we compare this simple scheme against an alternative scheme whereby a length-120 Zadoff Chu sequence (same as used for DMRS of PUCCH Format 3) is mapped to the 10 PRBs of the interlace. We find that this scheme has higher cubic metric than the repeated Rel-15 design, hence we prefer the simple repetition scheme.
In the following, we compare interlaced versions of PF0 and PF1 vs. E-PF2 and E-PF3, respectively, where the “E“ stands for “Enhanced.” The enhancements in E-PF2/3 are (1) mapping to physical resources of one interlace, and (2) extension of the Reed-Muller encoder to carry 1 and 2 bit payloads. Figure 2 and Figure 3 show a comparison of the maximum coupling loss (MCL) using the PUCCH evaluation assumptions agreed in RAN1#96b. The figure legends also indicate the cubic metric achieved by each scheme.
[image: ]= MCL Advantage 

[bookmark: _Ref7187713]Figure 2: Comparison of interlaced PF0 vs. E-PF2 for 1 and 2 bit payloads for the case of 2 OFDM symbols.
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[bookmark: _Ref7595550]Figure 3: Comparison of interlaced PF1 vs. E-PF3 for 1 and 2 bit payloads for the case of 4 OFDM symbols.
As can be seen in these results, interlaced PF0 and PF1 have a significant advantage in MCL compared to E-PF2 and E-PF3, respectively. We also observe that Interlaced PF0/1 have significantly lower cubic metric than E-PF2/3. These facts provide a strong motivation to introduce an interlaced mapping to PF0 and PF1, on top of the additional reasons discussed below.
3.2	Analysis of User Multiplexing Capacity for 1-2 Bit Payloads
For operation in unlicensed spectrum where PUCCH (of any format) is mapped to an interlace, there is an automatic reduction of capacity by a factor of 10 since any format occupying a single PRB in licensed bands requires 10 PRBs in unlicensed bands. This loss in capacity makes it important to revisit the user-multiplexing capacity over all supported PUCCH formats for unlicensed operation to see if the right balance across formats is achieved. In what follows, we assume that each PUCCH format occupies 1 full interlace (10 PRBs), and then we compare the user multiplexing capacity of the short formats (PF0 vs. PF2) and the long formats (PF1 vs. PF3) where PF2 and PF3 are assumed to be able to carry 1 and 2 bit payloads (not possible in Rel-15). For this reason we use the terminology E-PF2/3 where “E” stands for enhanced.
Interlaced PF0 Capacity
For interlaced PF0, 12 cyclic shifts are available. Hence, for PF0 configured to carry only SR where only 1 cyclic shift is needed, the user multiplexing capacity is 12. For PF0 carrying 1/2 HARQ-ACK bits, the capacity is 6/3 since two/four cyclic shifts are used.
Interlaced PF1 Capacity
For interlaced PF1, the same number of cyclic shifts are available; however, the capacity is also a function of the configured PUCCH duration (# of OFDM symbols) since block-wise spread using a number of orthogonal sequences is used in the time domain. For PF1 configured as 4 OFDM symbols, the user multiplexing capacity is 24 (12 cyclic shifts + length-2 orthogonal sequences). For the case of 14 OFDM symbols, the user multiplexing capacity is 84 (12 cyclic shifts + length-7 orthogonal sequences). Note that the capacity is the same regardless of whether the payload is SR or 1/2 bit HARQ-ACK since the modulation type is varied (BPSK,QPSK) depending on the payload.
E-PF2/3 Capacity
In NR Rel-15, neither PF2 nor PF3 have support for user multiplexing. However, here we investigate capacity if E-PF2/3 were further enhanced to support multiplexing of 2 and 4 users, in addition to support of 1 and 2 bit payloads. These values are chosen since they are in-line with Rel-15 PF4 which is simply a special case of PF3 with a single PRB and multiplexing of 2 or 4 users added on top. For E-PF2, user multiplexing may be achieved using different OCCs of length-2 or 4 for both the UCI (data) symbols and the reference (DMRS) symbols. For E-PF3, user multiplexing may be achieved in the same way as for PF4 in Rel-15 using different OCCs of length-2 or 4 for the UCI (data) symbols and different pairs or 4-tuples of cyclic shifts for the reference (DMRS) symbols.
Figure 4 illustrates the above capacity analysis in bar graph form where Interlaced PF0 is compared with E-PF2. Here it is assumed that E-PF2 supports (1) 1 and 2 bit payloads, and (2) configurable user multiplexing (1, 2, or 4 users). Figure 5 makes a similar comparison of Interlaced PF1 vs. E-PF3. From these graphs one can see that if E-PF2/3 were the only interlaced formats supported for NR-U operation, i.e., if Interlaced PF0/1 were not supported, then there would be a clear loss in user-multiplexing capacity. From Figure 4 one can see that there would be a loss in capacity by a factor of 12/6/4 when E-PF2 with CDM 1/2/4 is compared to Interlaced PF0 for SR. From Figure 5(a), one can see that there would be a loss in capacity by a factor of 24/12/6 when E-PF3 with CDM 1/2/4 is compared to Interlaced PF1 for the case of 4 OFDM symbols. For the case of 14 OFDM symbols, the loss is much larger, i.e., 84/42/21.
Such losses in user-multiplexing capacity for NR-U are not acceptable as it would lead to an imbalanced design across all PUCCH formats compared to NR Rel-15. Furthermore, while it has been suggested that non-interlaced versions of PF0/1 could still be used with frequency hopping for NR-U, a 7-10 dB loss in transmit power (and thus coverage) due to the 10 dBm/MHz PSD constraint would be unacceptable.
[image: ]= Capacity loss 

[bookmark: _Ref7352229]Figure 4: Multiplexing capacity for interlaced PF0 vs. E-PF2 for 1 and 2 bit payloads. Here it is assumed that E-PF2 supports 1 and 2 bit payloads and configurable user multiplexing (1, 2, or 4 users).
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[bookmark: _Ref7352531]Figure 5: Multiplexing capacity for interlaced PF1 vs. E-PF3 for (a) 4 OFDM symbols, and (b) 14 OFDM symbols. Here it is assumed that E-PF3 supports 1 and 2 bit payloads and configurable user multiplexing (1, 2, or 4 users). 

3.3	Reuse of Existing UE Procedures
In this section, we investigate the specification impact if E-PF2/3 was used to carry 1-2 bit payloads instead of Interlaced PF0/1. In other words, we compare Alt-1 and Alt-2 from the RAN1#96 agreement:
· Alt-1: Support both small payloads and larger payloads (> 2 bits) for enhanced PF2 and enhanced PF3
· Alt-2: Small payloads are supported by enhanced PF0 and/or enhanced PF1
We note that Alt-2 has minor spec impact since the procedures already defined, e.g., in 38.213, may be reused almost “as is.” In contrast we show that Alt-1 requires a significant (and unacceptable) level of specification changes. These changes are unjustified given that we have shown that Alt-2 has superior performance and user-multiplexing capacity.
The following list demonstrates the impact of Alt-1 on specifications: 
· Configuration of a PUCCH resource for SR and 1-2 HARQ-ACK bits
· It is apparent that extensive changes are needed if Alt-1 is adopted instead of Alt-2 since Rel-15 is based on PF0/PF1. That also affects the configuration of the PUCCH resource for DL SPS for DL SPS only HARQ-ACK transmission.
· Mapping rules to convey SR or 1-2 HARQ-ACK bits with/without SR on a PUCCH
· With Alt-1, the mapping rules for PF0 which rely on the cyclic shift value are not applicable and are needed to be changed. 
· Multiplexing rules between SR and PUCCH for 1-2 HARQ-ACK bits
· Multiplexing rules due to overlap of SR and 1-2 bits HARQ-ACK PUCCH resources are designed based on the properties of PF0/PF1. For example, if multiple SR PUCCH resources overlap with a HARQ-ACK PF0 resource, a UE can indicate whether an SR is present by adjusting the cyclic shifts used for HARQ-QCK feedback properly. Also, a PF1 resource for HARQ-ACK can only convey the information on SR if SR is also configured with PF1 where in case of positive SR, the SR resource is used for HARQ-ACK transmission. Again, all these rules have to be changed completely if Alt-1 adopted.
· PUCCH resource sets before dedicated PUCCH resource configuration
· A UE determines a PUCCH resource set before dedicated RRC via an index to a row of a default table in the specification, where each row provides the parameters for PUCCH resources in the set. This table is designed only for PF0 and PF1 since before dedicated RRC, only 1 HARQ-ACK bit can be transmitted on a PUCCH resource. Hence, the table includes cyclic shift information which are properties specific to PF0/PF1. Moreover, the UE determines a PUCCH resource in the set by means of an implicit rule that relies on the cyclic shift information. Therefore, adopting another PUCCH format as suggested by Alt-1, clearly requires design of a new default table as well as changes to the corresponding implicit rule. 
· PUCCH resource sets after dedicated PUCCH resource configuration, in particular, the first PUCCH resource set that includes only PF0 and PF1
· PUCCH resource sets for carrying UCI including HARQ-ACK bits are configured for different ranges of UCI payload sizes. The first set by default supports only 1-2 HARQ-ACK bits, and hence, similar to the case before dedicated RRC, includes only PF0/PF1. This set can include a maximum 32 PUCCH resources where an implicit rule applies to determine a resource in the set if the set is configured with more than 8 resources. Other sets, if configured, can include only PF2/PF3/PF4. With adopting Alt-1, the configuration of the first set cannot be reused and should be completely changed. 
With respect to Alt-2, our view is that support of interlaced mapping of all NR Rel-15 PF0, PF1, PF2 and PF3 can be easily achieved by interpreting the starting PRB index of a Rel-15 PUCCH resource as an interlace index for the PUCCH resource. Similarly, the number of configured PRBs, if available, can be interpreted as the number of consecutives interlaces. Moreover, with interlaced mapping, frequency hopping can be assumed disabled by default. Therefore, the specification impact on the examples above would be mainly limited to interpretation of frequency domain resources in interlaced domain. 
It is important to note that the changes in the specifications described above in case of adopting Alt-1 are not backward compatible. They result in a large implementation cost both from UE and gNB perspective due to the inability to reuse existing procedures.. On the other hand, our preferred approach, i.e. Alt-2,  has minimum impact on the existing RRC configurations of PUCCH resources as well as UE procedures for UCI feedback. Alt-2 significantly simplifies the extension of Rel-15 PUCCH formats for operation of NR in unlicensed band and thus serves the underlying objective for NR Rel-16 and beyond to maintain a common NR framework and avoid divergence from the Rel-15 baseline as much as possible.
Based on the arguments in this and the prior two sub-sections, we believe there is a strong motivation for supporting an interlaced mapping for both PF0 and PF1 in addition to the already agreed interlaced mapping for PF2 and PF3. Furthermore, Interlaced-PF0/1 should be the formats to carry 1-2 bit payloads (as in Rel-15). Due to loss in user multiplexing capacity and performance, we recommend that interlaced PF2 and PF3 should not be further extended to carry 1-2 bit payloads. These recommendations are summarized in Proposal 4 and Proposal 5 above.  
3.4	User Multiplexing for Interlaced-PF3 for Larger Payloads
In the prior sections we considered interlaced mappings for PF0, PF1, PF2, and PF3, and recommended that only PF0/1 carry 1-2 bit payloads as in Rel-15. Here we consider larger payloads, and we discuss the merits of extending Interlaced-PF3 to support user-multiplexing, in-line with the agreement from RAN1#96 (see beginning of Section 3). We focus on PF3, since in our view the specification effort for adding user multiplexing is very small. Most of the PF4 design in Rel-15 may be reused since Rel-15 PF4 is just a special case of PF3 with user multiplexing added on top. Whether or not Interlaced-PF3 with user-multiplexing can be classified as Interlaced PF4 in specifications can be further discussed.
To motivate the benefits of introducing user-multiplexing for Interlaced-PF3 for large payloads, we compare the multiplexing capacity of Interlaced-PF3 vs. Rel-15 PF3 as a function of PUCCH payload assuming that 10 PRBs are available (see Figure 6). For Rel-15 PF3, the number of used PRBs depends on the PUCCH payload; for a given payload, the minimum number of PRBs is chosen so as to avoid exceeding the configured target code rate. The target code rate in this example is assumed to be 0.5. The remaining PRBs (out of the available 10 in this example) may be used for FDM multiplexing other users. Clearly, as the per-user PUCCH payload increases, more PRBs per user are required, and thus the multiplexing capacity decreases. The stair-step behavior in the solid blue curve in Figure 6 demonstrates this behavior.
In contrast, for Interlaced-PF3, 10 PRBs are always used, regardless of the PUCCH payload. Hence, if no user multiplexing is added, the multiplexing capacity is limited to only 1 for all PUCCH payloads (solid red line in Figure 6). This is a waste of resources since the coding rate is much lower than it needs to be for the lower payload sizes. However, if CDM2 or 4 is added, the multiplexing capacity is increased for the lower payloads (dashed and dot-dash red lines in Figure 6). Clearly, there is a benefit to support a configurable level of user multiplexing for Interlaced-PF3, to “fill the gap” compared to the solid blue line for Rel-15. Depending on the envisioned payload, a different level of CDM may be configured – no CDM for very large payloads, or CDM 2/4 for moderate/smaller payloads.
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[bookmark: _Ref7357579]Figure 6: Multiplexing capacity of Interlaced-PF3 vs. Rel-15 PF3 assuming that 10 PRBs are available in both cases. 4-symbol duration is considered here. 14-symbol duration leads to much larger payloads.

To verify the performance of Interlaced-PF3, Figure 7 shows the performance according to the agreed simulation assumptions in RAN1#96b for configurable levels of user multiplexing (No CDM, FD-CDM2, and FD-CDM4). This graph is replicated from our companion contribution in [4] where we show additional evaluation results.
The terminology E-PF3 is used here where “E” refers to enhancements including interlacing and user-multiplexing (but not 1-2 bit payloads). Other than that, exactly the same design as Rel-15 is assumed in terms of DMRS positions and the use of DFT-s-OFDM. Again, our motivation is to make as few changes as possible to Rel-15 specifications.
As can be seen, adding user multiplexing results in very little degradation in performance for lower payloads, but an acceptable level of degradation at higher payloads due to minor losses in orthogonality between the different OCCs due to dispersion in the channel.
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[bookmark: _Ref7358712]Figure 7: Performance of Interlaced-PF3 for configurable user multiplexing (CDM 1, 2, and 4). 

Based on the above discussion, we propose the following:
[bookmark: _Hlk7617141][bookmark: _Toc7808100]PUCCH format PF3 supporting interlaced mapping is further enhanced to support multiplexing of at least 2 and 4 users. FFS: Whether and how to merge this format with PF4. 
Another FFS in the agreement from RAN1#96 (see beginning of Section 3) is whether or not DFT-s-OFDM is replaced with CP-OFDM for Interlaced-PF3. In previous contributions we have shown that CP-OFDM can offer a performance advantage compared to DFT-s-OFDM when interlacing is introduced. However, the performance advantage is not worth the cost from a specifications and implementation impact perspective, and hence, it would be simpler just to leave PF3 as it is with DFT-s-OFDM.
[bookmark: _Hlk7617031][bookmark: _Toc7808101]For PUCCH format PF3 supporting interlaced mapping, support only DFT-s-OFDM (do not replace with CP-OFDM).
4	SRS Design
In the NR-U WID [1], the following objective is listed related to SRS Design
· SRS including the introduction of additional flexibility in configuring/triggering SRS in line with agreements during the study phase.
which refers to the following candidate enhancements listed in the NR-U TR [2]
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

In the last meeting the following agreement was made addressing the time domain configurability of SRS which addresses one aspect of SRS enhancement 
Agreement:
Support RRC configuration of an SRS resource to start at any OFDM symbol within a slot by extending the RRC parameter startPosition of resourceMapping of SRS-Config for Rel-16 to have a value range 0..13.

Another aspect is interlace mapping for SRS. Since SRS can already be configured as wideband with dense frequency domain structure (comb 2 and comb 4). Hence there does not appear to be a motivation for introducing interlacing from a power boosting perspective. Since PUSCH/PUCCH and SRS for the same user are always time division multiplexed (TDM), there does not appear to be a motivation from a multiplexing perspective, at least within the same user. SRS resources from different users can already by FDM’d by placing them on different combs. Hence, the only question is whether or not there is a need to allow SRS multiplexing of one user with PUSCH/PUCCH of another user. In our view, this is not a high priority for the first release of NR-U.
[bookmark: _Toc7808102]Interlace mapping for SRS is not prioritized for Rel-16
Now, we remark on triggering enhancements for SRS. Generally speaking, the use of periodic and semi-persistent reference signals, e.g., SRS in the UL and CSI-RS in the DL, is not well-suited to operation in unlicensed spectrum due to uncertainties in accessing the channel when applying listen-before-talk (LBT). If LBT fails prior to a particular period, then that period must be dropped, thus reducing the utility of these reference signals for their designed purpose to enable channel sounding and tracking. Furthermore, due to the asynchronous nature of channel access, it is fundamentally impossible to pre-configure a periodic/semi-persistent SRS transmission such that each period aligns with a gNB acquired COT in order to make use of Cat1 or Cat2 LBT for SRS.
For this reason, aperiodic triggering of SRS is much better suited to operation in unlicensed bands, as it is easy to align transmissions within a shared COT acquired by the gNB. SRS can be aperiodically triggered for immediate transmission after a short hardware turnaround time in a shared COT. Alternatively, SRS can be time division multiplexed with zero gap after a PUSCH transmission in a shared COT.
[bookmark: _Toc7808094]Aperiodic SRS transmission is most suitable for NR-U.
While SRS is supported already in NR Rel-15, there is room for improvement in the configuration and triggering process that would make them even better suited to operation in unlicensed spectrum. We summarize the potential improvements here; a more detailed discussion is contained in [5]. 
In Rel-15, when a set of SRS resources is configured by RRC, a slot offset  is configured as part of the set configuration. Based on this pre-configured offset, if the PDCCH that triggers the aperiodic SRS is transmitted in slot , then the SRS resource(s) in the set are actually transmitted in slot . Since there are only a limited number of DCI codepoints in the 2-bit SRS request field in DCI for triggering SRS resource sets, there are only a limited number of triggering possibilities that can be pre-configured. In unlicensed operation, which is effectively based on dynamic TDD operation, there is no deterministic pattern for which slots/symbols are classified as UL (for which SRS may be transmitted) and which ones are classified as DL. Hence such rigid configuration of slot offsets imposes undesirable constraints on when PDCCH must be transmitted for triggering aperiodic SRS.
We note that such rigid configuration of slot offsets is less flexible than SRS triggering in LTE. In LTE, one may trigger an SRS, and the next available UL opportunity for SRS transmission is used, rather than a specific slot offset with respect to the PDCCH trigger. In our view, for unlicensed operation, it is desirable to re-introduce such LTE-like behaviour for SRS triggering. Introducing this behaviour is quite simple – no change is needed to the RRC configuration of slot offsets. Instead, the specification of UE behaviour is modified such that the UE interprets the slot offset as a lower bound on triggering delay. If this lower bound happens to coincide with a slot/symbols available for UL transmission, then the SRS is transmitted. Otherwise the SRS is transmitted in the next slot/symbols available for UL transmission. Based on this we propose the following:
[bookmark: _Toc1125977][bookmark: _Toc3828151][bookmark: _Toc7808103]For a set of aperiodic SRS resources with slot offset configured as k slots, support SRS transmission in slot n + k + , where n indexes the slot in which the PDCCH containing the SRS trigger is received, and  is the smallest integer larger than 0 such that the OFDM symbols of the SRS resources in the set coincide with OFDM symbols available for UL transmission.
Conclusion
In the previous sections we made the following observations: 
Observation 1	A PRB-based interlace structure for 60 kHz SCS for control and data is not needed.
Observation 2	Aperiodic SRS transmission is most suitable for NR-U.

Based on the discussion in this paper we make the following proposals:
Proposal 1	For 20MHz carrier bandwidth, for PUSCH scheduled by DCI Format 0_1, support an enhancement of Rel-15 Type 0 PUSCH frequency domain resource allocation (RA), in which each bit in the bitmap corresponds to an interlace index instead of to an RBG index. FFS: Enhancement of Type 1 frequency domain resource allocation.
Proposal 2	Further progress on the wideband operation in RAN4 is needed, e.g., related to guardbands, before a conclusion on frequency domain resource allocation for PUSCH for a wideband carrier can be made.
Proposal 3	For the first PUSCH(s) in an UL transmission burst, Option 2 is not supported.
Proposal 4	For a 20 MHz carrier bandwidth, PUCCH formats PF0 and PF1 are enhanced to support a mapping to physical resources of one full interlace. For PF0 and PF1 supporting interlaced mapping, intra-slot hopping shall not be enabled.
Proposal 5	PUCCH formats PF2 and PF3 supporting interlaced mapping are not enhanced to carry 1 and 2 bit payloads (Alt-2 in RAN1#96 agreement).
Proposal 6	PUCCH format PF3 supporting interlaced mapping is further enhanced to support multiplexing of at least 2 and 4 users. FFS: Whether and how to merge this format with PF4.
Proposal 7	For PUCCH format PF3 supporting interlaced mapping, support only DFT-s-OFDM (do not replace with CP-OFDM).
Proposal 8	Interlace mapping for SRS is not prioritized for Rel-16
Proposal 9	For a set of aperiodic SRS resources with slot offset configured as k slots, support SRS transmission in slot n + k + , where n indexes the slot in which the PDCCH containing the SRS trigger is received, and  is the smallest integer larger than 0 such that the OFDM symbols of the SRS resources in the set coincide with OFDM symbols available for UL transmission.
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Interlaced PF0 vs. E-PF2, 1 Symbol
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Interlaced PF1 vs. E-PF3, 4 Symbols
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Interlaced PF1 vs. E-PF3, 14 Symbols
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