
[bookmark: _GoBack]3GPP TSG RAN WG1 Meeting #95               	R1-1812660
Spokane, USA, November 12th – 16th, 2018

Agenda item:		7.2.2.3.2
Source:	Nokia, Nokia Shanghai Bell
Title:	On uplink signal and channel structures for NR-U 
Document for:		Discussion and Decision
1	Introduction
NR Study Item [1] dealing with NR-based access to unlicensed spectrum was approved in RAN plenary #75. To maximize the applicability of NR-based access, it is beneficial to study solutions applicable to unlicensed bands scenarios as part of the NR development. In this contribution, we consider the issues related to uplink signal and channel structures for NR-U, including UL waveform and resource allocation for PUSCH, PUCCH, PRACH, and SRS. We list the relevant agreements made in RAN1 meetings during the NR-U SI in the Appendix 1.
2	UL waveform and resource allocation in frequency
Based on the agreements made in RAN1 meetings until now, both interlaced resource allocation and resource allocation contiguous in frequency are considered for UL as part of NR-U studies.
· Interlaced resource allocation can have benefits in link budget limited cases with given PSD constraint. It allows to meet also the OCB requirement.
· Contiguous allocation based on legacy resource allocation may be adequate in some scenarios.
We have evaluated the maximum achievable UE Tx power for different interlace structures in [7]. The results show that the proposed interlace structures can provide reasonably high Tx power especially when all interlaces are used. In this case, maximum Tx power is limited by ACLR (30 dB).
· The maximum Tx power depend on the waveform used: DFT-S-OFDM provides approximately 2.2 dB higher Tx power compared to that of CP-OFDM when all interlaces are used. On the other hand, it is quite unlikely to have QPSK as the modulation scheme for uplink transmission using all interlaces.
· The maximum Tx power does not depend on the subcarrier spacing.
When only one interlace is allocated, then Tx power is limited by PSD (instead of ACRL). It can be noted that in this case the maximum achievable Tx power is the same for DFT-S-OFDM and CP-OFDM. Based on that, it makes sense to consider CP-OFDM as the primary uplink waveform for NR-U.
Proposal 1: Consider CP-OFDM as the primary uplink waveform for NR-U. DFT-S-OFDM is supported as secondary waveform option.
The regulatory rules are evolving. For example, according to the latest updates made for ETSI regulation corresponding to 5GHz band, during a Channel Occupancy Time (COT) of 5GHz band, equipment may operate temporarily with an OCB of less than 80% of its Nominal Channel Bandwidth with a minimum of 2 MHz. We see that the potential benefits from this allowance should be explored. For example, a wide BW variant of a NR signal (i.e. interlace -based transmission, or localized transmission fulfilling the OCB rule) may use resources less efficiently than the original Rel-15 NR signal. In such case, the wide BW variant could be used only when OCB requirement needs to be met by the signal, and more efficient Rel-15 NR signal would be used otherwise. In these cases, PUSCH resource allocation for NR-U can be based on Uplink resource allocation type 1 (contiguous allocation of virtual resource blocks) defined in NR 38.214.
[bookmark: _Hlk521315177]RAN4 has discussed the conditions under which a non-contiguous CP-OFDM resource allocation would follow the agreed Maximum Power Reduction rules for contiguous allocation; this is described as almost-contiguous allocation. According to [6], the puncturing of some resource blocks will not negatively impact unwanted emissions, especially if the power spectral density is maintained at the same level. The bitmap resource allocation signaling (Uplink resource allocation type 0) could be used with potentially some restrictions on punctured resource blocks, and the capability for the feature exists in NR Rel-15. Based on that, it makes sense to consider almost-contiguous allocation as a reasonable resource allocation option for NR-U uplink. 
Proposal 2: Support almost-contiguous allocation based on Uplink resource allocation type 0/1 as one of the frequency domain resource allocation schemes for NR-U.
3	NR interlace structures
In this section, we consider the bandwidth that should be used as base for interlace design, then present the preferred interlace design, discuss sub-PRB and non-uniform interlace structures and point out flexible bandwidth allocation of an interlace.     
3.1 NR interlace bandwidth
It was agreed in RAN1#92bis that “At least for band where absence of Wi-Fi cannot be guaranteed (e.g. by regulation), LBT can be performed in units of 20 MHz”. This indicates that in the case of wideband operation, frequency domain resources may be allocated with the granularity of 20 MHz. 
For carriers with bandwidth larger than 20 MHz, two candidate interlace designs have been identified in RAN1#94bis [5]:
· Alt-1: Same interlace spacing for all interlaces regardless of carrier BW. This alternative uses Point A as a reference for the interlace definition
· Alt-2: Interlacing defined on a sub-band (20 MHz) basis. (Note: Possible interlace spacing discontinuity at edges of sub-band).
For different PUCCH scenarios, interlace structure designed for 20 MHz sub-band is a natural choice. In the case of PUCCH, there is no justification to increase the PUCCH bandwidth beyond sub-band size (20 MHz). For example, from UCI payload point of view one sub-band is already more than enough. On the other hand, interlace structure with 20 MHz bandwidth can already fulfill the regulatory rules related to OCB, and provide sufficient transmission power under constrained PSD. Furthermore, LBT performed in units of 20 MHz might complicate the PUCCH operation.
It was agreed in RAN1#94 that “it can be beneficial to have UL channels on a common interlace structure, at least for PUSCH, PUCCH, associated DMRS”. When considering PUSCH with relatively small payload, the requirements behind interlace -based transmission are the same as with PUCCH: 1) to meet OCB requirement and 2) to increase allowed UE Tx power under regulatory PSD limit with reasonable resource usage. Interlace structure defined on a sub-band (20 MHz) can perfectly meet these requirements. 
Proposal 3: NR interlace structure is designed for 20 MHz sub-band.
In order to minimize the spectrum fragmentation for PUSCH, it may be preferable to concentrate all interlace -based transmissions (such as PUSCH with small data payload and long PUCCH) within one 20 MHz sub-band. This maximizes the opportunities for more efficient localized transmission for other portions of the wideband carrier (including guard band between different 20 MHz sub-bands). Figure 1a shows an example where almost contiguous PUSCH allocation is used to multiplex interlace -based PUSCH with localized PUSCH. 
· Interlacing defined on a sub-band (20 MHz) basis (Alt 2) – and limited to 20 MHz BW
· Contiguous allocation given for wideband PUSCH, with exclusion of indicated 20 MHz interlaces.
Almost contiguous PUSCH allocation supports smooth usage of guard bands between adjacent sub-bands as shown in Figure 1b. It supports also easy frequency domain multiplexing between frequency localized and interlaced transmission with MPR/A-MPR comparable to interlaced transmission.
Proposal 4: NR interlace structure is limited to 20 MHz maximum bandwidth. Almost-contiguous allocation is used to multiplex wider BW allocation with interlaced allocation.
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a) multiplexing with interlace-based PUSCH
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b) use of guard-bands between sub-bands
Figure 1. Almost contiguous allocation for PUSCH.

3.2 Interlace design for 20 MHz sub-band
When the subcarrier spacing increases, the number of PRBs per given frequency band decreases. For example, with 60 kHz SCS, the number of PRBs available per 20 MHz sub-band is around 24. In this scenario, it is not possible to have interlace design fulfilling the OCB rule, and providing at the same time sufficient multiplexing capacity with a design based on cluster size of 1 PRB. Hence, in these cases, interlace design must be based on usage of partial PRBs. Otherwise, either Tx power and/or multiplexing capacity is insufficient. 

Proposal 5: For 60 kHz subcarrier spacing, support interlace structure where cluster size is a fraction of PRB.

It was agreed in RAN1#94 that “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”. In the following, we consider interlace design applicable to 20 MHz sub-band(s). The considered interlace structures are shown in Figure 2 and parameters in Table 1, respectively. 
· 15 kHz sub-carrier spacing follows a PRB-based design defined for LTE LAA (Figure 2a)
· M=10 (number of interlaces)
· N=10 (nominal number of PRBs per interlace)
· Figure 2b illustrates the structure proposed for 30 kHz and 60 kHz cases.
· M=5 (number of interlaces)
· 30 kHz: a PRB based design with N=10 (nominal number of PRBs per interlace)
· 60 kHz: sub-PRB structure with 10 equally-spaces clusters of 6 REs (5 full PRBs)
· The interlace structure covers 18 MHz bandwidth. Bandwidth occupancy of single interlace is >82% (/20 MHz). Hence, the design is compatible with the ETSI OCB rule. 
· This design benefits from 10 dB power boost compared to a narrowband transmission (such as 1 PRB transmission).
The interlace design can maximally reuse the standardization and implementation efforts made for LTE LAA. It facilitates also good coexistence between LTE LAA and NR-U. Furthermore, different numerologies have good coexistence w.r.t. each other. Finally, multiplexing capacity is sufficiently high, and all interlaces are compatible with DFT-S-OFDM. The design is included on part of 15 kHz and 30 kHz SCSs into the RAN1#94bis [5] agreement of candidate PRB-based interlace designs. In next sub-section, we consider in more detail sub-PRB interlace design for 60 kHz SCS.
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a) 15 kHz subcarrier spacing
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b) 30 kHz and 60 kHz subcarrier spacing


Figure 2. Considered interlace structures

Table 1. Parameters for considered interlaced structures
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3.3 Sub-PRB interlace structure
Based on agreed TP in TR 38.889, 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
We discuss PUSCH DMRS configuration aspects in APPENDIX 2, where we also investigate channel estimation performance with sub-PRB interlacing. 
For the number of REs per interlace unit, the number of PRBs per interlace is 5 for sub-PRB interlace based on 5 interlaces and 10 clusters (see Table 1). This is one of the RA sizes supported already by NR Rel-15. Based on that, it seems that resource allocation is not an issue for the considered sub-PRB design.   
Another issue  related to the number of REs per interlace unit is the compatibility with the existing DFT size options when using DFT-S-OFDM. From the implementation reasons, and based on the existing design, the allowed DFT sizes are limited to products of integers 2, 3 and 5. It makes sense to follow this approach also in NR-U. It can be noted that each interlace with 60 kHz SCS consists of 60 frequency bins, which is one of the supported DFT sizes in NR.
Further, when the number of allocated resource elements per sub-PRB interlace corresponds to multiple PRBs, i.e., is multiple of 12, UE processing prior sub-carrier mapping remains mostly similar to normal full PRB allocation. This is another important benefit of the considered sub-PRB design.
Proposal 6: The number of resource elements per sub-PRB interlace should be multiple of 12.
Proposal 7: Compared to legacy LTE/NR, NR-U should not introduce new DFT size options for DFT-S-OFDM.

3.4 Non-uniform interlace structure
TS 38.101, Table 5.3.2-1 defines the transmission bandwidth configuration NRB for each subcarrier spacing and UE channel bandwidth options. From the interlace structure point of view, the most relevant BW configuration corresponds to 20 MHz bandwidth, which is to the sub-band size of considered NR-U scenario. 
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Figure 3 illustrates the differences between uniform non-uniform interlace structures: PRBs shown as blue represents interlaces with uniform structure, and yellow PRBs are the extra PRBs achievable by the non-uniform structure according to Table 5.3.2-1.   
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Figure 3. Extra PRBs due to non-uniform interlace structure @ 20 MHz.

Maximum Power Reduction (MPR) is a concept from LTE and NR. A UE’s maximum uplink TX power is rated according to its power class, e.g. 23 dBm. This means, that the UE must be able to transmit 23 dBm using a pre-defined resource configuration, typically a narrow QPSK signal (few resource blocks). With larger resource allocations (i.e. more PRBs) or higher modulation (i.e. 16/64/256-QAM), a relaxation is allowed to the maximum output power. The specifications should try to minimize the excess MPR, i.e. only allow a relaxation that really is needed for a certain transmission configuration. Additional MPR (A-MPR) means that in some scenarios, the normal MPR definition is not enough to guarantee low enough unwanted emissions, and the output power requirement is further relaxed. 
We think that there is a need to clarify the UL coverage impact of non-uniform interlace structure. Instead of interlace/interlace combination -specific MPR/A-MPR values, it is preferable to have common MPR/A-MPR value for all allocation options. Hence, introduction of non-uniform interlace structure may lead to increased MPR/A-MPR value for all interlaces.
The main benefit of non-uniform interlace structure is that it provides opportunities for increased spectrum usage efficiency. As can be seen from Figure 3,
· With 15 kHz SCS, non-uniform interlace structure provides one additional PRB for 6 interlaces  up-to 6% improvement in terms of spectrum usage efficiency. On the other hand, it can be noted that 15 kHz SCS is not the most important scenario for NR-U operation. 
· With 30 kHz SCS, non-uniform interlace structure provides one additional PRB for one interlace  only up-to 2% improvement.  
· With 60 kHz subcarrier spacing, there is no difference between those two  no improvement.
It can be noted that the improved spectrum usage efficiency due to non-uniform interlace structure is not a free lunch:
· Interlaces having 11 PRBs in are not compatible with DFT-S-OFDM size options defined for LTE/NR-Rel-15. Hence, this is an option available only for CP-OFDM cases.
· Non-uniform interlaces may have negative impact to UL coverage of interlace-based transmission (subject to input from RAN4). 
· Non-uniform interlace structure increases the system complexity and involves performance differences between interlaces.
As discussed for 30 kHz/60 kHz scenarios, non-uniform interlace structure provides only marginal improvement in terms of spectrum usage efficiency. Furthermore, the spectrum usage efficiency may not be the most important design criteria especially for PUCCH (e.g. compared to UL coverage). On the other hand, in typical PUSCH scenarios (wideband operation) localized PUSCH can be use the PRBs that cannot be occupied by a 20 MHz interlace. 
Based on the discussion above, we make the following observation and a proposal:
Observation 1: Non-uniform interlace structure is not compatible with DFT-S-OFDM.
Observation 2: Non-uniform interlace structure provides only marginal improvement for 30 kHz SCS and 60 kHz SCS.
Proposal 8: Support uniform interlace structure at least for PUCCH.

3.5 Flexible interlace bandwidth
Figure 4 shows an example of reducing the bandwidth of the uniform interlace structure. As shown, this approach can provide more flexible coexistence with PRB/RBG type of PUSCH resource allocations. This approach can also be used to increase the multiplexing capacity when the number of allocated REs (and allowed UL Tx power) on a partial interlace remain sufficient for the intended payload. With partial interlaces (and no cell edge UEs scheduled), interlaced allocations can be restricted into a sub-portion of BW. This does not have negative MPR impact.
Similar approach can be used extend the bandwidth of single interlace to cover multiple sub-bands. That kind of approach may be feasible e.g. for SRS transmission, provided that SRS follows interlace-based structure. 
Proposal 9: Consider support for flexible interlace bandwidth.
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Figure 4. Partial interlace structure.

4. PUCCH Design
In Rel-15 NR, 5 PUCCH formats are introduced: PUCCH formats 0 and 2 have duration of 1 or 2 symbols while PUCCH formats 1, 3 and 4 have duration of 4 symbols or more. PUCCH formats 0 and 1 carry UCI of up to 2 bits (+SR) and are restricted together with PUCCH format 4 to 1 PRB allocation. PUCCH formats 2 and 3 can carry larger UCI payloads and occupy a configurable number of PRBs. 
In RAN1#93, interlaced waveform was agreed to have benefits while contiguous waveform may be adequate in some scenarios. We see that both options should be supported by NR-U: contiguous waveform PUCCH may facilitate simpler NR-U adaptation based on the Rel-15 NR while the interlaced waveform PUCCH can provide more efficient system operation e.g. by supporting PUCCH transmission with full UE power. 
4.1 PUCCH design for contiguous allocation
Continuous waveform needs to satisfy the minimum bandwidth requirement, e.g., 2 MHz in the case of 5 GHz band ETSI standard. From Rel-15 NR PUCCH formats only formats 2 and 3 can satisfy the requirement. We see that high similarity with Rel-15 NR design should be the key target in continuous waveform PUCCH design for NR-U, even at price of non-optimised operation in some cases. For example, PUCCH design based only on PUCCH formats 2 and 3 leads to increased PUCCH overhead in the cases of small UCI payload like SR. Despite of this, we do not see need to enhance e.g. PUCCH formats 0 and 1 to satisfy the minimum bandwidth requirement as this would reduce the PUCCH similarity with Rel-15 NR design.   
Proposal 10: For NR-U, only PUCCH formats 2 and 3 are supported with contiguous waveform.  
Some specification efforts are needed to have operational NR-U PUCCH based on PUCCH formats 2 and 3 only. Perhaps most notable ones are the changes to coding to support also small UCI payloads as well as to the PUCCH resource sets before dedicated PUCCH resource configuration. 
4.2 PUCCH design for interlaced allocation
Interlaced PUCCH waveform is needed to support UL transmission at full Tx power. The design aspects that we see most relevant for the designing of NR-U interlace PUCCH include:
· Full Tx power can be reached with 20 MHz BW from the PSD limitation viewpoint. Hence, we see that PUCCH design for interlaced waveform should be limited by 20 MHz BW.  
· In RAN1#94, it has been identified that from FDM-based user-multiplexing standpoint it can be beneficial to have a common interlace structure at least for PUSCH, PUCCH, associated DMRS, and potentially PRACH. Hence, we see that PUCCH should support the block interlaced waveform discussed in the section 3. 
· Short PUCCH is suitable for short UCI transmissions at the end of DL burst as well as to support self-contained COT HARQ feedback while the long PUCCH is needed to carry larger UCI payloads and/or to provide reasonable coverage for NR unlicensed with considerable UCI payload. Both short PUCCH and long PUCCH should be supported.
· NR-U PUCCH design should efficiently support a wide range of payloads, from 1-bit SR to large CSI report in order of hundred bits. This calls for efficient user multiplexing as well as for suitable DMRS overhead for different payloads. 
· NR-U PUCCH design should strive for commonality with Rel-15 NR PUCCH design to simplify both the design and implementation of NR-U PUCCH.
Observation 3: NR-U B-IFDMA PUCCH should efficiently support a wide range of UCI payloads with efficient user multiplexing and suitable DMRS overhead for different payloads.  
Observation 4: NR-U B-IFDMA PUCCH design should strive for commonality with Rel-15 NR PUCCH design.
[bookmark: _Hlk525557815]Proposal 11: For NR-U, both short and long B-IFDMA PUCCH are supported with separate PUCCH formats.
In Rel-15, short PUCCH format 2 uses CP-OFDM waveform and has DMRS multiplexed in frequency. When considering NR-U short PUCCH, adopting frequency multiplexed DMRS is an attractive solution. It is hard to support time multiplexed DMRS symbols for short PUCCH without resulting in unnecessarily large DMRS overhead. 
Proposal 12: NR-U short B-IFDMA PUCCH for above 2-bit payloads applies FDM between data and reference signal.
Rel-15 long PUCCH has time multiplexed DMRS symbols. NR-U long PUCCH will occupy a larger (minimum) number of REs than Rel-15 NR PUCCH due to block interlaced waveform. Hence, it is necessary to support user multiplexing via CDMA. For the time multiplexed DMRS, there are several multiplexing mechanisms already considered in RAN1 for PUCCH. However, for the frequency multiplexed DMRS, more thorough RAN1 investigations on suitable multiplexing mechanisms would be needed. Further, TDM DMRS allows for a larger commonality with Rel-15 NR PUCCH design. FDM DMRS does not offer any obvious benefits over TDM DMRS for long PUCCH. Hence, we propose that DMRS is time multiplexed for NR-U long PUCCH.    
Proposal 13: NR-U long B-IFDMA PUCCH for above 2-bit payloads applies TDM between data and reference signal.
Frequently the UCI payloads in NR-U can be considerable due to CSI reporting and TDD structure leading to the multiplexing of multiple HARQ-ACKs into single PUCCH transmission. However, frequently there is only one DL TB to be acknowledged, or single bit scheduling request to be transmitted. Hence, efficient user multiplexing is needed for small UCI payloads. The efficient transmission of 1 or 2-bit UCI is crucial also in the sense that it defines NR-U PUCCH coverage. 
The PUCCH formats designed primarily for larger payloads may be extended to carry also UCI of 1 or 2 bits. This can be done by extending the UCI payload by dummy bits; or by extending the encoder for small payloads; or by extending the CDMA multiplexing to larger spreading factors. In these approaches, no attention is paid to resulting PAPR/CM. With dedicated design of PUCCH formats for UCI of 1 or 2 bits, PAPR/CM can be optimized. This can lead to significant improvement on PUCCH coverage. Payload and encoder extensions lead also insufficient user multiplexing, which can have a considerable impact on efficiency especially in the case of periodic SR.   
Observation 5: Transmission format for 1-2 bit UCI payloads defines NR-U PUCCH coverage.
Observation 6: Efficient user multiplexing is needed for SR transmission.
Proposal 14: Separate B-IFDMA PUCCH formats are defined for UCI payloads of 1-2 bits and above 2 bits. Rel-15 NR PUCCH formats can be used as starting point.  
As said, one of the drawbacks of B-IFDMA PUCCH structure is that the minimum resource allocation size is increased. For small UCI payloads, this leads to excessive resource consumption and possibilities for improving resource utilization for B-IFDMA PUCCH should be investigated. As discussed, OCB requirement is not applicable in all cases and ETSI allows temporally BW less than the OCB requirement. Hence, one possibility to improve resource utilization is to allocate only a part of an interlace (a portion of interlace clusters) for an UE and the other part of the interlace for another UE. This could be used e.g. when PUCCH transmission is triggered by DL assignment within a shared COT and UE is not power limited (given the number of clusters and PSD limitation).     
Proposal 15: Techniques for improving resource utilization for B-IFDMA PUCCH shall be considered, such as FDMA by allocating a portion of an interlace.
5. PRACH
On the design of PRACH for NR-U, the OCB and maximum allowed power spectral density are the key regulatory aspects considered. In previous meetings, several design approaches have been presented. The main approaches can be categorized as follows: 
· Normal IFDM (or uniform RE-level interlace) is applied, with the sequence mapped to individual subcarriers with uniform spacing. The mapping creates additional autocorrelation peaks reducing the usable zero-autocorrelation zone (ZAZ) of CAZAZ sequence. The usable ZAZ is 1/n of preamble sequence duration for IFDM with repetition factor n.     
· PRB-based interlace. With uniform spacing of PRBs the autocorrelation of preamble has many false peaks. Those false peaks will compromise the accuracy of TA estimation seriously, since the false peaks are easily confused with the main peak when the impact of multi-path propagation, noise and interference are added as shown in Figure 6. To mitigate this problem, non-uniform spacing of the PRBs have been proposed. This approach suppresses the false peaks enough to improve timing estimation accuracy. However, the false peaks remain so high that cyclic shift domain cannot be used to multiplex PRACH preambles. In a variant, preamble is mapped to a subset of REs within a PRB in the PRB-based interlace. 
· Frequency continuous preamble is approach where the sequence is mapped to contiguous subcarriers. The solution allows to reuse Rel-15 NR PRACH design with only minor changes due to OCB requirement. In relation to OCB requirement, two cases are considered as illustrated in Figure 7: 
· In RAN1#93 [3], it was noted that: “It is RAN1’s understanding that the temporal allowance of not meeting occupied channel bandwidth by regulation can be exploited if the minimum bandwidth requirement, e.g., 2 MHz, is satisfied.” When PRACH is transmitted on the UL portion of gNB acquired shared COT, the preceding DL transmission fulfills the OCB requirement and the PRACH BW may be less than the OCB requirement. Rel-15 NR short sequence PRACH preamble may be used, as it has the bandwidth of 2.16 MHz and 4.32 MHz for with 15 and 30 kHz SCS, respectively. The PRACH preamble is narrow enough to support simple and efficient FDMA with PUSCH.
· When PRACH is transmitted on UE acquired COT, it is not necessary to support FDMA between PUSCH and PRACH. Hence, PRACH transmission satisfying OCB requirement but not optimized for PUSCH multiplexing can be used. For example, a wide reference signal may be transmitted before or after the PRACH preamble. Alternatively, the PRACH preamble may be a frequency continuous PRACH preamble satisfying OCB requirement. The PRACH preamble could be directly based on NR Rel-15 short sequence PRACH preamble design with the Zadoff-Chu sequence extended to increase PRACH BW up to the OCB requirement. Another approach to meet the OCB requirement is to transmit two repetitions of the preamble at the two sides of the transmission bandwidth. The span of the two repetitions satisfies the OCB requirement. 
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Figure 5. Autocorrelation of B-IFDM-based preamble
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Figure 6. Frequency continuous PRACH preamble for (a) PRACH in gNB acquired shared COT and (b) in UE acquired COT.
We compared the presented approaches in terms of PRACH capacity, overhead, allowed Tx power, PAPR/CM, and multiplexing with PUSCH/PUCCH. In the comparison, we assumed 30 kHz SCS, 20 MHz BWP of 51 PRBs as well as following particular designs for the different approaches: 
· IFDM: PRACH sequence is mapped to every 6th subcarrier. This results in 5.5 us zero autocorrelation zone between correlation peaks as well as extended Zadoff-Chu sequence of length 102. 
· Non-uniform PRB-based interlace: Example presented in [8] is considered. In the example design, PRB-based interlace design with 5 interlaces is assumed. A preamble is mapped on one interlace + on two additional PRBs from another interlace to create non-uniform spacing between blocks. 
· Frequency continuous: Rel-15 PRACH with 30 kHz SCS and 4.32 MHz BW is used. Preamble uses Zadoff-Chu sequence of length 139 and occupies 12 PRBs.
The comparison is summarized in Table 2. In the table,
· PRACH capacity: With this, we mean the number of different preambles that can be created by root sequences, cyclic shifts or FDM. With 64 preambles per PRACH, we give in the brackets also the number of cells that can be supported by the number of available preambles.
· Cyclic shifts and supported cell range: We assume 1.64 us timing uncertainty corresponding to 115 m cell range and 0.87 us channel delay spread (similarly to [7]). IFDM can support multiplexing of 3 preambles by cyclic shifts. Frequency continuous design can support multiplexing of 16 preambles by cyclic shifts, with 1.92 us zero autocorrelation zone for each preamble. 
· FDM: With this, we mean the number of non-overlapping frequency domain allocations for PRACH that are not overlapping within a 20 MHz BWP. For example, 12 PRB continuous PRACH can be allocated to 4 non-overlapping positions within 51 PRB BWP.
· Overhead: This means the number of PRBs (or corresponding amount of REs) that a single PRACH supporting 64 preambles requires. For IFDM, we assume that 2 IFDM combs, 3 cyclic shifts and 11 root sequences are used per cell. For PRB-based interlace, it is assumed that PRACH uses 2 interlaces (of 12 PRBs) and 32 root sequences per cell.  
· Max Tx power is calculated based on PSD limit of 11 dBm/MHz
· Multiplexing: A PRB-based interlace design with 5 interlaces and 10 blocks per interlace is assumed for B-IFDM PUSCH. 
Table 2. Comparison of NR-U PRACH approaches for 30 kHz SCS
	
	IFDM
	Non-uniform PRB-based interlace
	Frequency continuous

	 PRACH capacity 
	1800 (27 cells)
	552 (8 cells)
	9384 (138 cells)

	
	- root sequences
	100
	138
	138

	
	- cyclic shifts
	3 
	None
	16 

	
	- FDM
	6
	4
	4

	 Overhead (PRBs per PRACH)
	17 PRBs
	24 PRBs
	12 PRBs

	 Max Tx power 
	23 dBm
	21 dBm
	17 dBm

	 PAPR / CM
	Low
	Increased
	Low

	 Multiplexing 
	33% of REs per PRB punctured
	Fragmented allocations
	Good

	
	- with continuous PUSCH
	
	
	

	
	- with B-IFDMA PUSCH
	33% of REs per PRB punctured. 
	0-20% of blocks punctured from remaining 3 interlaces
	20-30% of blocks punctured from remaining 5 interlaces



From the comparison, it can be seen that:
· Non-uniform PRB-based interlace PRACH suffers from low number of available PRACH preambles. This present a significant challenge for reliable PRACH detection, as with too close reuse of preambles, the preambles transmitted to a nearby cell can cause false detections. The challenge is severe as NR-U design should support also non-coordinated, partially overlapping NR-U deployments by different operators. The challenge is present also with IFDM option, although less severe as the capacity is almost aligned with the number of NR DMRS sequence groups.
· Non-uniform PRB-based interlace PRACH have also high overhead – twice the overhead of frequency continuous Rel15 PRACH.
· The frequency continuous PRACH (in gNB acquired COT) has lower maximum Tx power than the other alternatives. Obviously, the maximum path loss of PRACH needs to be reasonably aligned with other NR-U channels, and we address this aspect in the following paragraphs. Further, if necessary, the lower Tx power can be compensated for with longer PRACH duration – especially as the frequency continuous PRACH occupies only half of PRBs of PRB-based interlace PRACH. 
· When considering multiplexing with PUSCH, it can be noted that all proposals lead to PUSCH puncturing -  except frequency continuous PRACH in case of continuous PUSCH allocation. Non-uniform PRB-based interlace PRACH punctures both continuous PUSCH and interlaced PUSCH. IFDM PRACH on other hand punctures resources on every PRB.   
It is also worth to consider the supported cell range. In above comparison, 115 m cell range corresponding to 200 m ISD is just an example, and somewhat larger cell ranges may be supported. What happens to PRACH capacity if the ISD is increased e.g. to 400 m? 
· IFDM: cyclic shift multiplexing is reduced from 3 to 2, reducing the PRACH capacity. Correspondingly, the number of supported cells is reduced to 18, emphasising the challenge of limited PRACH capacity.   
· PRB-based interlace: not affected.
· Frequency continuous PRACH: The cyclic shift multiplexing is reduced to 11 preambles. However, there remains enough PRACH capacity corresponding up to 92 cells.  
Observation 7: Non-uniform PRB-based interlace PRACH supports insufficient number of PRACH preambles and occupy a high number of PRBs.
In [9, Appendix A] we provide link budget analysis for the NR-PSS/SSS, NR-PBCH, and NR PRACH formats A1 (targeted to small cells) and A2 that are contiguous in frequency. Based on the analysis in [9], Table 3 provides the comparison of the MCLs for NR PRACH format A1 and A2 against NR-PSS/NR-SSS and NR-PBCH for 15 and 30 kHz SCSs. In the table, 13 dBm and 16 dBm Tx power are assumed for NR PRACH with 15 kHz and 30 kHz SCS, respectively. These correspond to 10 dBm/MHz PSD constraint. It can be observed that NR-PSS/NR-SSS and NR-PBCH in NR-U are having roughly 8-9 dB and 11-12 dB worse MCL than PRACH format A1 and A2, respectively. Hence, frequency continuous PRACH format provides sufficient coverage for NR-U even with the constrained Tx power. Additionally, the coverage can be improved, if necessary, simply by increasing the PRACH duration.
[bookmark: _Ref525245965]Table 3. MCLs [dB] for the joint NR-PSS/NR-SSS detection, NR-PBCH detection and PRACH formats A1 and A2. In parenthesis the difference in MCL compared to PRACH format A1 is shown. [9]
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	15 kHz SCS
	30 kHz SCS

	NR-PSS/NR-SSS
	115 dB (-9.0)
	N/A

	NR-PBCH
	116 dB (-8.0)
	117 dB (-8.6)

	NR PRACH format A1
	124 dB(0.0)
	125.6 dB(0.0)

	NR PRACH format A2
	126.8 dB (+2.8)
	127.6 dB (+2.0)


Observation 8: DL synchronization signals and physical broadcast channel are having roughly 8-9 dB worse MCL than NR PRACH format A1. Thus, from system operation point of view lower maximum TX power with frequency continuous PRACH format is not an issue. Instead, coverage of DL synchronization and physical broadcast channel should be enhanced significantly.
Based on discussion above, we see that frequency continuous PRACH preamble design can inherit the Rel-15 NR design, reducing the specification and implementation efforts. It supports good timing estimation accuracy and sufficient cell range. It also provides a sufficient number of PRACH preambles and reaches maximum path loss significantly larger than supported by DL synchronization and physical broadcast channel. Finally, frequency continuous PRACH multiplexes with B-IFDM PUSCH with amount of puncturing that is comparable to non-uniform PRB-based interlace PRACH and less than for IFDM PRACH preamble design. Frequency continuous PRACH multiplexes easily with continuous PUSCH allocation. In RAN1#94 [4], it was agreed that it is beneficial to use contiguous resource allocation for PRACH when contiguous allocation for PUSCH and PUCCH is used. 
Observation 9: Frequency continuous PRACH preamble design for NR-U 
· can reduce the specification and implementation efforts
· multiplexes with B-IFDM PUSCH with comparable puncturing as B-IFDM with non-uniform block spacing.
· supports good timing estimation accuracy, sufficient cell range, sufficient number of PRACH preambles as well as sufficient maximum path loss.
Proposal 16: NR-U PRACH preamble sequence is mapped to contiguous subcarriers.
Proposal 17: Consider PRACH preamble design that:
- is continuous in frequency and satisfies OCB requirement when PRACH is transmitted on UE acquired COT
- is continuous in frequency but does not satisfy OCB requirement or is repeated at the two sides of transmission BW
	when PRACH is transmitted on the UL portion of gNB acquired shared COT.
One of the issues to consider is the subcarrier spacings supported for NR-U PRACH. Rel-15 NR supports both long and short sequence PRACH preambles. Sequence length is 839 for the long and 139 for the short sequence. Two different SCS options are defined for the long sequence: 1.25 and 5 kHz. For the short sequence, the SCS options are 15 and 30 kHz for below 6 GHz and 60 and 120 kHz for above 6 GHz. 
We see it reasonable to support the same SCS values for NR-U PRACH as will be supported for NR-U PUSCH. In other words, we propose that short sequence PRACH preambles with 15 kHz, 30 kHz and 60 kHz SCS options are supported for the below 7 GHz frequency range. On other hand, NR-U operation will be limited to small cell deployments, so we do not see need to support 1.25 kHz or 5 kHz SCS options.  
Proposal 18: For NR-U PRACH, 15 kHz, 30 kHz and 60 kHz SCS options are supported for the below 7 GHz frequency range.
In the following, the potential LBT blocking due to TA difference between FDM’d PUSCH and PRACH is considered. Figure 8 shows PRACH and PUSCH transmissions as well as the associated LBT processes. PRACH transmission without TA offset may be blocked by PUSCH transmission in Figure 8, since part of PUSCH with large enough TA offset leaks in the sensing window of LBT. However, as long as the timing difference between PUSCH and PRACH is less than the time reserved for Rx-Tx switching, PUSCH leakage and, correspondingly, LBT blockage does not occur. In LTE LAA, up to 5 us Rx-Tx switching time is allowed for a 9 us channel sensing slot. Ignoring possible timing errors in the PRACH and PUSCH transmissions, 5 us corresponds to 750 m two-way propagation delay. NR-U cell ranges can be expected to be significantly smaller than 750 m due to gNB Tx power and EIRP limitations. Further, if large cell ranges are necessary and otherwise feasible in some specific NR-U deployments, TDM between PRACH and PUSCH can be used. 
Observation 10: LBT blocking due to TA difference between frequency multiplexed PUSCH, PUCCH, and PRACH is not expected in small cell deployments. 
        


Figure 7. PRACH LBT blockage due to frequency multiplexed PUSCH.
5. SRS
SRS design for NR-U should be addressed mostly after the baseline design for NR-U frame structure, PUSCH and PUCCH is completed. However, some aspects can be considered already at this phase. 
Either TDMA or FDMA may be applied for multiplexing SRS with UL channels. These options are considered next:
· In some cases, SRS may be transmitted only by few UEs per slot. In case of TDMA, this would lead to waste of unused REs in those symbols containing SRS as no UL channel could be multiplexed on the vacant REs. 
· Especially in the case of multiple switching points within COT, PUCCH may be transmitted in some cases only by few UEs reporting HARQ feedback for previous PDSCHs. Hence, the symbols would contain unused resource elements, and it would be attractive to utilize them for SRS transmission. 
Hence, we see that FDMA between SRS, PUSCH and PUCCH should be supported. However, when SRS and PUCCH are multiplexed, that should not cause any rate matching (or puncturing) on PUCCH. Reliable transmission is needed for UCI, which PUCCH rate matching due to SRS would deteriorate.
Proposal 19: Frequency domain multiplexing of SRS with PUSCH and PUCCH is supported.
Proposal 20: Frequency domain multiplexing of SRS with PUCCH should not cause rate matching for PUCCH.
SRS may be transmitted by UE without any other transmissions on PUSCH or PUCCH. Hence, it should be possible for UE to perform LBT before SRS transmission. To support FDMA with PUSCH and PUCCH, this means that the LBT gap should be aligned in time for UEs transmitting SRS and UEs transmitting PUSCH or PUCCH. Hence, it should be possible to configure SRS also to the beginning of slot. In Rel-15 NR, SRS may locate only in the 6 last symbols of slot, which does not provide sufficient configuration flexibility in time.  
Proposal 21: Configuration options for SRS symbol(s) location within a slot are increased to allow time alignment with PUSCH/PUCCH LBT gaps and beginning of UL portion of COT
6. Conclusions
In this contribution, we have discussed potential solutions and techniques for NR unlicensed uplink signal and channel structures for PUSCH, PUCCH, and PRACH. Based on the discussion, we make the following observations and proposals:
UL waveform and resource allocation in frequency
Proposal 1: Consider CP-OFDM as the primary uplink waveform for NR-U. DFT-S-OFDM is supported as secondary waveform option.
Proposal 2: Support almost-contiguous allocation based on Uplink resource allocation type 0/1 as one of the frequency domain resource allocation schemes for NR-U.
NR interlace structures
Proposal 3: NR interlace structure is designed for 20 MHz sub-band.
Proposal 4: NR interlace structure is limited to 20 MHz maximum bandwidth. Almost-contiguous allocation is used to multiplex wider BW allocation with interlaced allocation
Proposal 5: For 60 kHz subcarrier spacing, support interlace structure where cluster size is a fraction of PRB.
Proposal 6: The number of resource elements per sub-PRB interlace should be multiple of 12.
Proposal 7: Compared to legacy LTE/NR, NR-U should not introduce new DFT size options for DFT-S-OFDM.
Proposal 8: Support uniform interlace structure at least for PUCCH.
Proposal 9: Consider support for flexible interlace bandwidth.
Observation 1: Non-uniform interlace structure is not compatible with DFT-S-OFDM.
Observation 2: Non-uniform interlace structure provides only marginal improvement for 30 kHz SCS and 60 kHz SCS.
PUCCH
Observation 3: NR-U B-IFDMA PUCCH should efficiently support a wide range of UCI payloads with efficient user multiplexing and suitable DMRS overhead for different payloads.  
Observation 4: NR-U B-IFDMA PUCCH design should strive for commonality with Rel-15 NR PUCCH design.
Observation 5: Transmission format for 1-2 bit UCI payloads defines NR-U PUCCH coverage.
Observation 6: Efficient user multiplexing is needed for SR transmission.
Proposal 10: For NR-U, only PUCCH formats 2 and 3 are supported with contiguous waveform.  
Proposal 11: For NR-U, both short and long B-IFDMA PUCCH are supported with separate PUCCH formats.
Proposal 12: NR-U short B-IFDMA PUCCH for above 2-bit payloads applies FDM between data and reference signal.
Proposal 13: NR-U long B-IFDMA PUCCH for above 2-bit payloads applies TDM between data and reference signal.
Proposal 14: Separate B-IFDMA PUCCH formats are defined for UCI payloads of 1-2 bits and above 2 bits. Rel-15 NR PUCCH formats can be used as starting point.  
Proposal 15: Techniques for improving resource utilization for B-IFDMA PUCCH shall be considered, such as FDMA by allocating a portion of an interlace.
PRACH
Observation 7: Non-uniform PRB-based interlace PRACH supports insufficient number of PRACH preambles and occupy a high number of PRBs.
Observation 8: DL synchronization signals and physical broadcast channel are having roughly 8-9 dB worse MCL than NR PRACH format A1. Thus, from system operation point of view lower maximum TX power with frequency continuous PRACH format is not an issue. Instead, coverage of DL synchronization and physical broadcast channel should be enhanced significantly.
Observation 9: Frequency continuous PRACH preamble design for NR-U 
· can reduce the specification and implementation efforts
· multiplexes with B-IFDM PUSCH with comparable puncturing as B-IFDM with non-uniform block spacing.
· supports good timing estimation accuracy, sufficient cell range, sufficient number of PRACH preambles as well as sufficient maximum path loss.
Observation 10: LBT blocking due to TA difference between frequency multiplexed PUSCH, PUCCH, and PRACH is not expected in small cell deployments. 
Proposal 16: NR-U PRACH preamble sequence is mapped to contiguous subcarriers.
Proposal 17: Consider PRACH preamble design that:
- is continuous in frequency and satisfies OCB requirement when PRACH is transmitted on UE acquired COT
- is continuous in frequency but does not satisfy OCB requirement or is repeated at the two sides of transmission BW
	when PRACH is transmitted on the UL portion of gNB acquired shared COT.
Proposal 18: For NR-U PRACH, 15 kHz, 30 kHz and 60 kHz SCS options are supported for the below 7 GHz frequency range.
SRS
Proposal 19: Frequency domain multiplexing of SRS with PUSCH and PUCCH is supported.
Proposal 20: Frequency domain multiplexing of SRS with PUCCH should not cause rate matching for PUCCH.
Proposal 21: Configuration options for SRS symbol(s) location within a slot are increased to allow time alignment with PUSCH/PUCCH LBT gaps and beginning of UL portion of COT
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APPENDIX 1
The following agreements related to NR-U uplink design were made in RAN1#92bis [2], RAN1#93 [3], RAN1#94 [4] and RAN1#94bis [5]:

Agreement: [2]
· NR-U supports both Type-A and Type-B mapping already supported in NR 
· Additional starting positions and durations are not precluded
· For sub-7 GHz, NR-U study the SCSs, 15/30/60KHz
· Study performance difference between different SCS
· Study if changes to UL design are needed to meet the PSD and OCB requirements
· Study if an SS block design/RMSI/OSI with 60KHz SCS is needed 
· Impact on MIB and SIB1 content 
· Need for use of ECP for 60KHz
· RACH design with 60KHz SCS in addition to options currently part of NR
· Other considerations are not precluded. 
· Impact on support of different BWs with different SCS
· Study supporting more than one switching points within a TxOP
· FFS the LBT requirement for each DL/UL data/control burst in the TxOP.
Agreement: [3]
· An interlaced waveform can have benefits in some scenarios including
· Link budget limited cases with given PSD constraint
· As one option to efficiently meet the occupied channel bandwidth requirement. 
· A waveform contiguous in frequency may be adequate in some scenarios
· To inherit legacy contiguous allocation designs.
Note: It is RAN1’s understanding that the temporal allowance of not meeting occupied channel bandwidth by regulation can be exploited if the minimum bandwidth requirement, e.g., 2 MHz, is satisfied.
Agreement: [3]
· Support for Rel-15 NR PUCCH formats can be considered. Exclusion of the support of certain formats is to be identified. 
· Note: It is RAN1’s understanding that certain formats do not meet the minimum bandwidth requirement by regulation. 
· It is identified that block-interlaced based PUSCH can be beneficial. 
· It is beneficial to use the same interlace structure for PUCCH and PUSCH. 
· The following aspects can be considered for interlace waveform based PUCCH design:
· Flexible number of OFDM symbols
· Flexible payload size
· User multiplexing
· Number of formats.
Agreement: [3]
· Support for Rel-15 NR PRACH formats can be considered. Exclusion of the support of certain formats is to be identified. 
· Note: It is RAN1’s understanding that certain formats do not meet the minimum bandwidth requirement by regulation. 
· It is identified that interlaced based PRACH can be beneficial. 
· The following aspects can be considered for Interlace waveform based PRACH design for 4-step random access:
· Interlacing based on PRB or REs
· Targeted cell sizes
· Targeted PRACH capacity
· Targeted false alarm and detection rates
· Targeted timing estimation accuracy
· Number of formats
· Multiplexing with other channels such as block interlaced PUCCH and PUSCH.
Agreement: [3]
· It is identified that being able to operate all DL signal/channels with the same numerology for a carrier and at least for intra-band CA on serving cells on unlicensed bands has at least the following benefits (at least for standalone operation, FFS whether this is benefit is realizable for inter-operator measurements)
· Lower implementation complexity (e.g., a single FFT, no switching gaps)
· Lower specification impact
· No need for gaps for measurements on frequencies with a configured serving cell in unlicensed bands
· It is identified that being able to operate all UL signal/channels with the same numerology for a carrier and at least for intra-band CA on serving cells on unlicensed bands has at least the following benefits 
· Lower implementation complexity (e.g., a single FFT, no switching gaps)
· Lower specification impact
· Common interlace structure
· No need for gaps for transmission of SRS on a configured serving cell in unlicensed bands
· FFS: PRACH benefits
· FFS: same numerology for DL and UL considering switching gap
Agreement: [4]
· 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
· Note: This is only from a user-multiplexing perspective. Other aspects of PRACH design need to be considered, i.e., timing estimation accuracy, miss detection rate, PAPR, RACH capacity, transmission power
· For scenarios in which a contiguous allocation for PUSCH and PUCCH is used, it is beneficial to use contiguous resource allocation for PRACH
· [bookmark: _Hlk525485026]FFS: Potential LBT blocking due to TA difference between FDM’d PUSCH, PUCCH, and PRACH
Agreement: [4]
· 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
· Link budget limited cases with given PSD constraint
· It is observed that power boosting gains decrease with increasing SCS
· As one option to efficiently meet the occupied channel bandwidth requirement
· Comparatively less specification impact than Sub-PRB interlace design 
· Design for 60 kHz requires further discussion, e.g., sub-PRB vs. PRB-based block interlace designs
· The following has been observed for sub-PRB block interlace designs
· In some scenarios sub-PRB interlacing can be beneficial in terms of power boosting
· FFS: scenario details, e.g., small resource allocations
· Sub-PRB interlace design has at least the following specification impact:
· Reference signal design (e.g., DMRS)
· Channel estimation aspects
· Resource allocation
Agreement: [4]
· It has been identified as beneficial to support a block-interlaced structure in which the number of interlaces (M) decreases with increasing SCS, and the nominal number of PRBs per interlace (N) is similar for each SCS (in a given bandwidth) at least for 15 and 30 kHz SCS, and potentially 60 kHz depending on supported interlace design
· FFS: M and N for each supported SCS
· FFS: 60 kHz in case a sub-PRB interlace is introduced
Agreement: [4]
· From a RAN1 perspective it has been identified that supporting a non-uniform interlace structure in which the number of PRBs per interlace is allowed to be different for different interlaces is beneficial from a spectrum utilization point of view
· FFS: Exact number of PRBs per interlace for supported value(s) of M and N
· Note: M is the number of interlaces and N is the nominal number of PRBs per interlace in a given bandwidth
· FFS: Whether or not there are issues in the interlace design in the resource allocation to 2^n1*3^n2*5^n3 in the case of DFT-s-OFDM
Agreement: [5]
· 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):
· 15 kHz:
· M = 12, N = 8 or 9
· M = 10, N = 10 or 11
· M = 8, N = 13 or 14
· 30 kHz:
· M = 6, N = 8 or 9
· M = 5, N =  10 or 11
· M = 4, N = 12 or 13
· 60 kHz:
· M = 4, N = 6
· M = 3, N = 8
· M = 2, N = 12
· 60 kHz (assuming 26 PRBs is agreed by RAN4 in a 20 MHz bandwidth):
· M = 4, N = 6 or 7
· M = 2, N = 13
· M = 3, N = 8 or 9
· It is up to RAN4 to investigate whether or not the non-uniform interlace structure has an impact on MPR/A-MPR requirements for PUSCH
Agreement: [5]
Capture the following in TR 38.889
· 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
Agreement: [5]
For carriers with bandwidth larger than 20 MHz, two candidate interlace designs have been identified.
· Alt-1: Same interlace spacing for all interlaces regardless of carrier BW.
· This alternative uses Point A as a reference for the interlace definition
· Alt-2: Interlacing defined on a sub-band (20 MHz) basis. (Note: Possible interlace spacing discontinuity at edges of sub-band). 
APPENDIX 2 
In this section, we consider sub-PRB interlace design and discuss in more detail the reference signal and channel estimation aspects. 
DMRS configuration:
Reference signal design (e.g. DMRS) was mentioned as an issue for sub-PRB design with specification impacts [9]. 
When using DFT-S-OFDM waveform, the DMRS sequence can be mapped to the sub-PRB interlace similarly as in the case of PRB-based interlace. For example, in the case of single interlace with 60 kHz SCS, DMRS sequence of length 60 is mapped to 60 REs of the sub-PRB interlace. Based on that, there seems to be no RS issues with the sub-PRB interlace when using DFT-S-OFDM waveform.
When using CP-OFDM waveform, the DMRS sequence can be mapped according to Type-1 pattern, or Type-2 pattern as shown in Figure 8. The DMRS is mapped only for REs occupied by the sub-PRB interlace. 
· Type-1: The current mapping can support up-to two DMRS antenna ports per OFDM symbol. OCC is not available for sub-PRB case since it is crossing the sub-PRB cluster borderline.
· Type-2: The current mapping can support up-to six DMRS antenna ports per OFDM symbol. Hence, the proposed sub-PRB interlace has the same DRMS capability as PRB-based interlace. 
Observation: PUSCH DMRS defined for DFT-S-OFDM supports sub-PRB interlace. 
Observation: PUSCH Type-1 DMRS defined for CP-OFDM supports sub-PRB interlace with reduced number of DMRS antenna ports.
Observation: PUSCH Type-2 DMRS defined for CP-OFDM supports sub-PRB interlace.
[image: ]

Figure 8. The available DMRS patterns for CP-OFDM

Channel estimation:
Channel estimation was also mentioned as a potential issue for sub-PRB design in [9]. The channel estimation impact in was simulated by comparing BLER for 60 kHz SCS sub-PRB interlace shown in Table 1 (6 REs per cluster) against localized PUSCH and, on other hand, against sub-PRB interlace having 20 equally-spaced clusters of 180 kHz (3 REs). The results are shown in Figure 9 and the main simulation parameters are listed in Table 4. All simulated allocations contained 5 PRBs. The number of pilot symbols per slot was optimized separately for each PUSCH option. To emphasize the impact of channel estimation, low SNR values were considered. 
It can be seen that BLER for sub-PRB interlace (6 REs per cluster) remains within 1 dB from BLER of localized PUSCH even for sub-zero SNR. Localized PUSCH can be seen to provide a performance bound in terms of channel estimation. The channel estimation loss increases for the further reduced cluster size (3 REs per cluster) but remains acceptable. Based on the results, the proposed sub-PRB interlace design with 6 REs per cluster supports sufficient channel estimation. 
Observation: Sub-PRB interlace with 6 REs per cluster supports sufficient channel estimation.  
  
 [image: ][image: ]
 A)   	                                         B)
Figure 9. BLER fpr sub-PRB interlace with 6 RE clusters (interlace B), with 3 RE clusters (interlace A) and localized PUSCH in A) CDL D 20ns (LOS) and B) CDL A 39ns (nLOS) channels.

The main simulation parameters used for results in Figure 9 are shown in Table 4.
Table 4. Main simulation parameters
	Parameter	
	Value

	Number of TX/RX antennas
	1Tx, 2 Rx

	Modulation
	QPSK

	Channel
	CDL A 39ns (nLOS), CDL D 20ns (LOS), 3 km/h

	PUSCH duration
	14 symbols

	Carrier frequency
	5 GHz

	Channel estimation method
	MMSE

	Channel coding
	LPDC

	Subcarrier spacing (SCS)
	60 kHz
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