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Introduction 
In 3GPP TSG RAN WG1 Meeting #93 [1], the following agreements were made regarding the design of UL signals/channels for NR unlicensed operation:
Agreement:
· 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:
· 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:
· 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

In the context of above agreements, we will discuss in this contribution the followings:
· Design of PRB based interlace waveform for physical uplink signals/channels.
· Potential enhancements of NR UL signals/channels required for NR-unlicensed operation.
Design considerations for NR-unlicensed uplink physical channel 
According to the revised SID approved in 3GPP TSG RAN Meeting #80 [2], the scope of NR-based study in unlicensed spectrum has been limited to below 7 GHz bands. For this frequency range, the spectrum regulatory requirements vary across different regions. In the following, rules that need to be considered in the design of UL physical channels are captured from EU regulations [3] and US regulations [4]: 
· ETSI specifies that Occupied Channel Bandwidth (OCB) shall be between 80% and 100% of the declared Nominal Channel Bandwidth [3].
· As per updated ETSI regulation [3], during a Channel Occupancy Time (COT), equipment may operate temporarily with an Occupied Channel Bandwidth of less than 80 % of its Nominal Channel Bandwidth with a minimum of 2 MHz.
· Regulations on the maximum power spectral density are typically stated with a resolution bandwidth of 1 MHz. The ETSI specification requires a maximum Power Spectral Density (PSD) of 10 dBm/MHz for 5150-5350 MHz, while FCC has a maximum PSD of 11 dBm/MHz for 5150-5350 MHz [4]. Section 5.4.4.2.1.3.3 in [3] requires 10 KHz resolution for testing the 1 MHz PSD constraint and, thus, the maximum PSD constraint should be met in any occupied 1 MHz bandwidth. 
· In addition, the regulations impose a band specific total maximum transmission power in terms of EIRP, e.g., ETSI has EIRP limit of 23 dBm for 5150 – 5350 MHz [3].

The regulatory limitations imposed in terms of OCB and PSD guided the design choices for the uplink channels of legacy LTE-unlicensed system and it will not be any different for NR-unlicensed system as well. Legacy LTE-unlicensed system or Rel-14 eLAA (enhanced Licensed Assisted Access) was designed to meet the aforementioned regulations while utilizing the available spectrum efficiently. But the enhancement of LTE-unlicensed design to NR-unlicensed will not be straightforward, since NR is targeted to support diverse numerology configurations with much wider channel bandwidth than LTE’s 20 MHz. On the other hand, though it is desirable to avoid unnecessary divergence from Rel-15 NR framework as much as possible while designing uplink physical signals/channels for NR-unlicensed spectrum, the regulatory constraints will necessitate the redesigning of NR physical signals/channels to certain extent in order to meet the essential requirements of unlicensed spectrum usage. In this regard, two different candidate approaches can be considered for the design of NR-unlicensed uplink physical channels, viz. 
· Enhancement of legacy LTE-unlicensed uplink physical channel (distributed resource allocation or interlace).
· Modification of legacy NR-licensed uplink physical channel (contiguous resource allocation).
Our views on the design of physical uplink signals/channels for unlicensed operation based on the aforementioned two approaches are discussed in details in the following subsections.
Uplink physical channels with non-contiguous resource allocation (interlace)
In Rel-14 eLAA, in order to accommodate the regulatory constraints and optimize the utilization of available spectrum, an interlaced resource block (RB) allocation scheme has been introduced as the baseline for uplink transmission. In this Block IFDMA (B-IFDMA) based scheme, user data are placed over interlaced RBs and are frequency multiplexed. Figure 1 illustrates the interlaced PRB allocation scheme for LTE eLAA PUSCH, where one interlace is considered as the basic resource allocation unit [5]. The interlace design has been such that a single interlace can meet the necessary OCB requirement, thereby allowing multiplexing of multiple UEs on different interlaces.
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Figure 1. Interlace design for LTE-eLAA PUSCH
In LTE eLAA, the B-IFDMA waveform consists of 10 RBs/interlace for both 10 MHz and 20 MHz system bandwidths. The RBs within an interlace are equidistant and the total number of RBs used for transmission is factorable into 2a*3b*5c as in legacy LTE, where a, b, c are integers, for efficient implementation of DFT. DMRS reuses the legacy generation sequence and symbol positions, while keeping the same frequency positions as PUSCH REs.
The PSD limit also has an impact on the interlace design. When contiguous PRBs are used for transmission, the total transmission power will be restricted by the PSD limit rather than the maximum transmit power limit, when the transmission bandwidth is not sufficiently wide. On the other hand, the use of interlaced PRBs enables distributed resource allocation across channel bandwidth, which, in turn, allows the allocation of transmission power on particular PRB(s) permitted by the PSD limit, as illustrated in Figure 2. 
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Figure 2. Illustration of PSD 1 MHz window assuming 15 kHz subcarrier spacing
Since interlaced RB allocation based scheme has several advantages, e.g. power boosting gain (although distributed allocation would generally require higher power backoff to meet the ACLR requirement), efficient resource utilization and UE multiplexing capability while meeting OCB requirement, etc., it is natural to consider an enhancement of similar transmission scheme (i.e., interlaced distributed PRB allocation) to NR-unlicensed physical channel design as well. The scope of enhancement, however, is not that straightforward, given multiple numerologies as well as much wider bandwidth operation that NR is targeted to support in the sub-7 GHz band, unlike legacy LTE, as shown in the table below.

Table I. Maximum transmission bandwidth configuration NRB for frequency range 1 FR1 (450 – 6000 MHz) [6]
	SCS (kHz)
	5MHz
	10MHz
	15MHz
	20 MHz
	25 MHz
	30 MHz
	40 MHz
	50MHz
	60 MHz
	80 MHz
	100 MHz

	
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB

	15
	25
	52
	79
	106
	133
	[160]
	216
	270
	N/A
	N/A
	N/A

	30
	11
	24
	38
	51
	65
	[78]
	106
	133
	162
	217
	273

	60
	N/A
	11
	18
	24
	31
	[38]
	51
	65
	79
	107
	135




Figure 3. Illustration of channel bandwidth and transmission bandwidth configuration (NRB) [6]

There are multiple challenges in the way of legacy LTE eLAA extension to NR-unlicensed domain, as described below:
· For different sets of bandwidth-subcarrier spacing (SCS) configurations, transmission bandwidth configuration (NRB) as shown in Figure 3 varies irregularly, especially due to asymmetric guard band allocation at channel edges as illustrated in Figure 3. This makes numerology scalable interlace design a quite challenging problem.
· For certain transmission bandwidth configurations (as shown in Table I), it would be difficult to design uniform interlaces due to the fact that NRB’s are factored into prime numbers, which limits the possibility of interlace designs while keeping the number of PRBs per interlace equal (or, uniform) among different interlaces.  As an example, NRB =51 for 60 KHz SCS and 40 MHz bandwidth, which only gives the option of interleaving 3 uniform interlaces with 17 PRBs/interlace if 100% transmission bandwidth utilization is to be ensured. Otherwise, the number of PRBs/interlace will be non-uniform. Since 17 is a prime number, DFT implementation for 17 PRBs will not be efficient or may not be supported in some implementations for DFT-s-OFDM waveform. On the other hand, if 50 RBs are used for interlace design instead of 51, 5 interlaces with 10 PRBs/interlace will meet the OCB requirement, but the resource utilization will not be efficient, leaving one PRB unused.
Even though interlace design is not that straightforward for NR-unlicensed physical channels, the support of interlace based operation may still be useful for NR-unlicensed physical channels, since interlaced waveform inherently allows wider bandwidth transmission, thereby meeting the OCB requirement, while allowing UE multiplexing over multiple interlaces. Also, interlaced physical channels can exploit the PSD regulation to maximize transmission power per PRB, which is not possible for contiguous PRB allocation, especially for smaller SCS where PRBs occupy much less than 1 MHz bandwidth. Therefore, it is imperative to study further the design of NR-unlicensed uplink physical channels using interlaced RB allocation based transmission scheme. 
Although adoption of legacy NR based physical channel designs can potentially save significant design effort, it may not be adequate as a standalone physical channel design for NR-unlicensed, as explained above. Hence, in our view, it is beneficial to use legacy NR physical channel framework when OCB regulation (80%-100% of nominal channel bandwidth) is not to be mandatorily met, while for other scenarios (e.g. temporal allowance of at least 2 MHz OCB), interlace based distributed allocation scheme similar to legacy LTE eLAA can be additionally supported.
Proposal 1
Interlace-based NR-unlicensed uplink physical channels are supported in addition to the legacy Rel-15 NR uplink physical channel designs.
Design of interlaced waveform for physical uplink channels (PUCCH/PUSCH/PRACH)
For efficient multiplexing of different uplink physical channels, it is desirable to have a unified interlace design for PUCCH, PUSCH and PRACH. While for PUCCH and PUSCH, the interlace feature (i.e. number of PRBs per interlace) is solely guided by regulatory requirements (in terms of OCB and PSD as illustrated in section 2), PRACH imposes an additional restriction on minimum number of PRBs/interlace due to the preamble sequence lengths. For example, NR short PRACH with sequence length, L = 139 and same subcarrier spacing as PUSCH occupies 12 PRBs in frequency and hence, for interlace based transmission of PRACH, at least 12 PRBs/interlace has to be assigned. 
With the motivation of unified interlace design for all physical uplink channels, we consider the baseline uniform interlace design to be 12 PRBs/interlace for all NR physical uplink channels, in lieu of legacy LTE eLAA interlace waveform of 10 PRBs/interlace. Since NR is targeted to support multiple numerologies, it is essential to design a baseline interlace that would meet the regulatory requirements for all numerologies. For different sets of bandwidth-subcarrier spacing (BW-SCS) configurations, transmission bandwidth configurations (NRB) are different, as shown in Table 1. In general, the uniform interlace design for any given numerology (i.e. NRB) would be guided by the following criteria:
· For uniform interlace design with  PRBs/interlace, maximum UE multiplexing capacity would be, where  is the total number of uniform interlaces with  PRBs/interlace that can occupy.
· To exploit PSD regulation of 10 dBm/1 MHz, it is desirable to make the inter-PRB distance (IPD) within one interlace (i.e. the separation between the first subcarriers to two consecutive PRBs of one interlace) at least 1 MHz, so as to allow allocation of 10 dBm transmit power on each PRB (containing 12 subcarriers) of one interlace. To meet this criteria,  has to be chosen such thatSCS (in MHz)MHz.
· To satisfy OCB criteria, the set  is to be chosen such that SCSOCB, where SCS and OCB are expressed in the same unit and OCB is at least 80% of nominal channel bandwidth.
As explained before, uniform interlace design with 12 PRBs/interlace can be used by all NR uplink physical channels. In addition, 12 PRBs/interlace satisfies the OCB and PSD requirements for different numerologies targeted for NR-unlicensed operation in FR1, as shown in Table 2. One drawback of uniform interlace design is the underutilization of available transmission bandwidth for certain numerologies, for which NRB is not a multiple of  ( here). In those cases, mod PRBs will be left unused after allocating  interlaces with  PRBs/interlace for, as shown in Table 2. 

Table 2. Uniform interlace design with x=12 PRBs/interlace for different numerologies in FR1
	BW (MHz)
	SCS (KHz)
	NRB
	# interlaces (y)
	IPD (MHz)
	OCB (MHz)
	Transmission bandwidth utilization (%)
	# Unused PRBs

	20
	15
	106
	8
	1.44 (>1) 
	16.02 (>16) 
	90.6
	10

	20
	30
	51
	4
	1.44 (>1) 
	16.20 (>16) 
	94.1
	3

	20
	60
	24
	2
	1.44 (>1) 
	16.56 (>16) 
	100.0
	0

	40
	15
	216
	18
	3.24 (>1) 
	35.82 (>32) 
	100.0
	0

	40
	30
	106
	8
	2.88 (>1) 
	32.04 (>32) 
	90.6
	10

	40
	60
	51
	4
	2.88 (>1) 
	32.40 (>32) 
	94.1
	3

	60
	30
	162
	13
	4.68 (>1) 
	51.80 (>48) 
	96.3
	6

	60
	60
	79
	6
	4.32 (>1) 
	48.24 (>48) 
	91.1
	7

	80
	30
	217
	18
	6.48 (>1) 
	71.64 (>64) 
	99.5
	1

	80
	60
	107
	8
	5.76 (>1) 
	64.08 (>64) 
	89.7
	11

	100
	30
	273
	22
	7.92 (>1) 
	87.48 (>80) 
	96.7
	9

	100
	60
	135
	11
	7.92 (>1) 
	87.84 (>80) 
	97.8
	3



One way to improve transmission bandwidth utilization for numerologies with mod (i.e. with unused PRBs and hence, less than 100% transmission bandwidth utilization) is to assign the excess PRBs non-uniformly among mod interlaces, which would lead to few of the initially uniform  interlaces to have more than 12 PRBs/interlace. In this way, all NRB PRBs corresponding to a given numerology can be utilized, achieving up to 100% transmission bandwidth utilization. Figure 4 illustrates an example of non-uniform interlace design for NRB = 51. After assigning 12 PRBs/interlace to 4 interlaces (Figure 4a), there will be 3 PRBs left unused and transmission bandwidth utilization would be ≈ 94%. By assigning the 3 PRBs to the first three interlaces (interlace #0, #1 and #2 as shown in Figure 4b), transmission bandwidth utilization can be improved up to 100%. With non-uniform interlace design, there will be 3 interlaces with 13 PRBs/interlace and 1 interlace with 12 PRBs/interlace.



Figure 4. Uniform and non-uniform interlace design for NRB = 51

Note that, in the process of excess PRB assignment, number of PRBs/interlace afterwards may not remain factorable into 2a*3b*5c for few interlaces, as shown in the above example. Depending on whether one interlace is used for transmission of a DFT-s-OFDM waveform based signal (e.g. PUCCH format 3, PUSCH etc.) or a CP-OFDM waveform (e.g. PUCCH format 2, PRACH etc.) based signal, the number of PRBs assigned to the interlace may or may not be required to be factorable as 2a*3b*5c (a requirement for efficient DFT implementation). Therefore, depending on the use case, either few or all of the excess PRBs can be assigned to few of the uniform interlaces to improve transmission bandwidth utilization, when necessary. 
Proposal 2
Support a unified interlace design for all NR-unlicensed uplink physical channels (PUCCH/PUSCH/PRACH) for efficient multiplexing.
Proposal 3
Use PRB based uniform interlace with 12 PRBs/interlace for all numerologies and all NR-unlicensed uplink physical channels (PUCCH/PUSCH/PRACH) for FR1.
· Unused PRBs, if any, can be assigned non-uniformly among few of the uniform interlaces to improve transmission bandwidth utilization, when applicable.
Uplink physical channels with contiguous resource allocation
In Rel-15 NR framework, uplink physical channels are designed based on CP-OFDM or DFT-s-OFDM waveforms and can span 1~14 symbol(s) in the time domain and ≥1 PRB across the frequency domain (depending on which of the uplink physical channels, viz.  PRACH or PUSCH or PUCCH is used). When a physical uplink channel in legacy NR occupies more than 1 PRBs, the PRBs are assigned in a contiguous manner, in contrast to the distributed resource allocation scheme described in the previous section. Also, for DFT-s-OFDM waveform based transmission, the number of contiguous PRBs should be factorable into 2a*3b*5c for efficient DFT implementation, as mentioned in the previous section.
As one of the primary objectives of NR-unlicensed SI phase is to study the feasibility of inheriting NR physical channel frameworks as baseline, by avoiding any unnecessary divergence from the decisions made in NR WI phase for Rel-15, it is imperative to look into NR physical channels and identify the essential enhancements and modifications that need to be incorporated in order to enable the unlicensed operation. Regulatory requirements are to be mandatorily met, which will inevitably call for some redesigning efforts of the NR-licensed framework. Various aspects of these essential enhancements /modifications of the legacy NR-licensed system are described below.
· OCB requirement: as mentioned in section 2, updated ETSI regulations permit temporal allowance of less than 80 % occupied channel bandwidth, with a minimum of 2 MHz for operation in the unlicensed spectrum. If we can exploit this exception, there is essentially no need to allocate wider than 2 MHz bandwidth to a UE. Meeting 2 MHz transmission bandwidth requirement is difficult for certain legacy NR uplink physical channel formats with contiguous resource allocation scheme, especially for smaller SCS. 
· PSD limitation: regulatory limitation on maximum allowed PSD per 1 MHz bandwidth imposes design restrictions for NR-unlicensed physical channels using contiguous allocation scheme. When contiguous PRBs are used for transmission, the total transmission power will be restricted by the PSD limit rather than the maximum transmit power limit, when the transmission bandwidth is not sufficiently wide. But since NR-unlicensed operation is primarily targeted for wider bandwidth, higher SCS is preferred. Power boosting gain as explained for distributed allocation scheme will make less of a difference in between distributed and contiguous allocation schemes at higher SCS, as illustrated in Figure 5.
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Figure 5. Illustration of PRB sizes at different subcarrier spacing, with 1 MHZ as a reference 
· If legacy NR framework can be adopted as the baseline after meeting all regulatory requirements, minimal design effort needs to be invested in developing NR-unlicensed framework. Inclusion of channel access mechanism (required for ensuring fair co-existence with incumbent systems in unlicensed spectrum) would enhance the usability of legacy NR physical channels to unlicensed operation. To meet the 2 MHz occupied channel bandwidth requirement (temporal allowance), PRACH channels for NR need to be redesigned for L-839 sequence with 1.25 KHz SCS (i.e. PRACH formats 0, 1 and 2), and so as NR-PUCCH formats 0/1/4; but PUSCH and PRACH/PUCCH channels with other formats (e.g. PRACH with L=139 sequence and PUCCH formats 2/3) can be reused from legacy NR framework. Also, time-domain and code-domain UE multiplexing capabilities can be used from legacy NR physical channel framework to boost the multiplexing capacity of NR-unlicensed operation.
In our view, based on the above discussion, enhancement of legacy NR uplink physical channel framework is beneficial for NR-unlicensed operation to exploit the temporal 2 MHz OCB allowed in [3]. Potential enhancements of various NR uplink physical channels are described in the following subsections.
Enhancements of NR PUCCH formats to enable unlicensed operation
NR framework defines 5 PUCCH formats, which can be categorized into two classes based on their frequency domain span:
1. Single-PRB transmission: three PUCCH formats, viz. Formats 0/1/4 use single-PRB transmission.
2. Multi-PRB transmission: two PUCCH formats, viz. Formats 2/3 use multi-PRB transmission. 

Potential enhancement scopes of each of these two categories of PUCCH formats are explored in the following subsections.
NR PUCCH formats 0/1/4
NR PUCCH formats 0/1/4 allow UE multiplexing in the code domain (using cyclic shift or OCC) and can span across 1 PRB in frequency domain. While format 0 can span 1~2 OFDM symbol(s) within a slot, formats 1/4 have a more dynamic timespan, with a range of 4~14 symbols within a slot. Formats 0/1 are intended to carry small payload size, e.g. 1~2 UCI bit(s), while format 4 is typically used to carry moderate UCI payload (> 2 bits). None of these formats, however, meet the OCB requirement of unlicensed domain, owing to their bandwidth limitation of less than 2 MHz, being limited to 1 PRB in frequency span. Moreover, due to regulatory PSD limitation of 10 dBm/1MHz, these formats in their legacy NR forms are severely restricted in transmit power due to 1 PRB frequency resource allocation, which is always less than 1 MHz in FR1. 
One feature of these three NR PUCCH formats may be relevant in the context of meeting OCB requirement, viz. frequency hopping. For PUCCH formats 1/4 and 2-symbol PUCCH format 0, intra-slot frequency hopping can be enabled or disabled by RRC configuration in NR. By enabling frequency hopping with sufficient hopping bandwidth, OCB requirement can be met over the duration of PUCCH transmission, and transmit power can be boosted by up to 3 dB. This is applicable for other two PUCCH formats with multi-PRB transmission capability (i.e. PUCCH formats 2/3) as well. But, from the regulation perspective, whether meeting OCB over the aggregated transmission duration would be adequate or not is not clear.  Another way to enhance these formats for meeting OCB and boosting transmit power with PSD limitation is to allow more than 1 PRB allocation across frequency. Such enhancements, however, won’t be straightforward for these formats. One of the main challenges in enabling multi-PRB transmission for these PUCCH formats would be to keep PAPR low. PUCCH format 0, for example, is inherently sequence based transmission and repeated transmission of length-12 sequences on multiple PRBs across frequency would inevitably increase PAPR unless additional mechanisms (like cyclic shift or phase offset) are applied on the repeated sequences. Similar issue would surface for PUCCH format 1 (which uses length-12 sequences for DMRS and spreading sequence of UCI) and PUCCH format 4 (which uses length-12 sequence for DMRS) as well. Use of longer length, low PAPR sequence may be another option for enabling multi-PRB transmission of PUCCH formats 0/1/4, but the desired property of low cross-correlation between sequences may not be realizable especially at higher subcarrier spacing (e.g. 60 KHz in FR1) due to high frequency selectivity of the channel over which the long sequence is mapped. Additionally, multi-PRB transmission for PUCCH format 4 would require new pre-DFT OCC design, since in NR, length-12 pre-DFT OCCs were used for UE multiplexing. 
Overall, PUCCH formats 0/1/4 require non-negligible enhancements for enabling unlicensed operation and further study is required to determine whether the support of these formats would be essential for NR-unlicensed operation or not. On one hand, if interlace waveform is used for PUCCH format 3 to enable UE multiplexing, support of PUCCH format 4 would be redundant. On the other hand, if the other two PUCCH formats, i.e. PUCCH formats 0 and 1 are not supported in NR-unlicensed, additional design effort would be required to extend the support of PUCCH formats 2/3 to carry less than 2 UCI bit(s) and these formats are needed to be configured to transmit 1-bit HARQ-ACK before RRC connection in response to Msg 4 transmission during initial access (which only supports PUCCH formats 0/1 in NR). So there is a trade-off between supporting and not supporting PUCCH formats 0/1/4 in NR-unlicensed systems in terms of divergence from Rel-15 NR framework and additional design effort.
Observation 1 
Further study is required to determine whether the support of NR PUCCH formats 0/1/4 is essential for NR-unlicensed.
Observation 2
With enabled frequency hopping, 2-symbol NR PUCCH formats 0/2 and NR PUCCH formats 1/3/4 can meet OCB requirement for unlicensed operation over the duration of PUCCH transmission, if allowed by the regulation.
NR PUCCH formats 2/3
NR PUCCH formats 2/3 can span up to 16 PRBs across frequency domain. While format 2 can occupy 1~2 OFDM symbol(s) within a slot, format 3 has a more dynamic timespan, similar to formats 1/4 (i.e. 4~14 symbols within a slot). Both formats 2 and 3 are intended for carrying large UCI payload size (typically > 2 bits). In the legacy NR specification for PUCCH formats 2/3, a maximum number of PRBs (which can be up to 16) is configured via RRC to the UE while PUCCH resources are configured by gNB, but there is no notion of minimum number of PRBs that PUCCH formats 2/3 can occupy. Depending on the UCI payload size and configured maximum code rate, number of PRBs used for PUCCH format 2/3 transmission can be as small as 1 PRB. Since unlicensed operation with temporal allowance of not meeting regular OCB (i.e. 80%-100% of nominal channel bandwidth) requires at least 2 MHz transmission bandwidth, resource configurations for PUCCH formats 2/3 in unlicensed operation require an additional configuration of minimum number of PRBs so as to ensure OCB to be minimum 2 MHz, when temporal allowance can be used by regulation.  For 15/30/60 KHz SCS in FR1, the minimum number of PRBs required to meet 2 MHz OCB criteria is 12/6/3. 
Proposal 4
For NR PUCCH formats 2/3, the minimum number of PRBs is included in the specification to enable unlicensed operation, when temporal allowance of 2 MHz OCB is allowed by regulation.
· For 15/30/60 KHz subcarrier spacing in FR1, minimum number of PRBs is 12/6/3.

As discussed in section 2.2.1.1, enhancement of PUCCH formats 0/1 to support unlicensed operation has both pros and cons. The two unique features of these formats are UE multiplexing capability and support of 1~2 bit(s) of UCI payload which are not characteristics of PUCCH formats 2/3. Using interlace based waveform as explained in section 2.1.1, UE multiplexing capability can be extended to NR PUCCH formats 2/3. On the other hand, support of 1~2 bit(s) of UCI payload would also be essential for unlicensed operation, especially for SR only transmission or transmission of 1 –bit HARQ-ACK in response to Msg 4 during initial access. Both these two cases are currently supported by only PUCCH formats 0/1 in NR specification. Since NR PUCCH formats 2/3 support >2 UCI bits (typically CSI reports with or without HARQ-ACK and/or SR), further enhancements are required to enable SR only transmission or 1-2 bit(s) HARQ-ACK transmission using these formats. One straightforward way to support 1~2 bit(s) of UCI transmission is to use zero padding to make the UCI payload at least 3 bits and then use the existing coding scheme in NR to encode the zero padded UCI bits for transmission using PUCCH formats 2/3. Moreover, for SR only transmission, instead of using on-off keying as used in NR PUCCH formats 0/1, an explicit bit ‘0’ or ‘1’ can be transmitted (with zero padding) to indicate ‘negative’ or ‘positive’ SR using PUCCH formats 2/3.
Proposal 5
To support 1~2 bit(s) of UCI transmission using NR PUCCH formats 2/3, use zero padding to make the UCI payload size at least 3 bits and use the same encoding scheme used for legacy NR PUCCH formats 2/3.
· For SR only transmission, an explicit bit ‘0’ or ‘1’ can be transmitted (after zero padding) using NR PUCCH formats 2/3 to indicate ‘negative’ or ‘positive’ SR.

Enhancements of NR-PRACH formats to enable unlicensed operation
[bookmark: _GoBack] NR PRACH sequences are based on Zadoff-Chu (ZC) sequence and two different sequence lengths are supported, viz. L = 839 (long) and L = 139 (short). While long sequences (only supported for FR1) support SCS of 1.25 KHz (formats 0/1/2) and 5.0 KHz (format 3), short sequences support SCS of 15 and 30 KHz in FR1. Time and frequency domain spans of various PRACH preamble formats are shown in Tables 3 and 4, where NOS denotes the number of OFDM symbols and NRB denotes the number of PRBs that a PRACH preamble format occupies in time and frequency.
Table 3. NR PRACH preamble formats based on short and long sequences in FR1 (time domain configuration)
	Format
	0
	1
	2
	3
	A1
	A2
	A3
	B1
	B2
	B3
	B4
	C0
	C2

	L
	839
	839
	839
	839
	139
	139
	139
	139
	139
	139
	139
	139
	139

	NOS
	1
	2
	4
	1
	2
	4
	6
	2
	4
	6
	12
	1
	4


Table 4. NR PRACH preamble formats based on short and long sequences in FR1 (frequency domain configuration)
	Sequence length (L)
	SCS for PRACH (KHz)
	SCS for PUSCH (KHz)
	Allocation expressed in NRB for PUSCH
	Guard subcarriers
	Guard subcarriers in lower side ()
	Bandwidth (without guard subcarriers) (MHz)

	839
	1.25
	15.0
	6
	25
	7
	1.05 < 2 

	839
	1.25
	30.0
	3
	25
	1
	1.05 < 2 

	839
	1.25
	60.0
	2
	313
	133
	1.05 <2 

	839
	5.0
	15.0
	24
	25
	12
	4.20 >2 

	839
	5.0
	30.0
	12
	25
	10
	4.20 >2 

	839
	5.0
	60.0
	6
	25
	7
	4.20 >2 

	139
	15.0
	15.0
	12
	5
	2
	2.09 >2 

	139
	15.0
	30.0
	6
	5
	2
	2.09 >2 

	139
	15.0
	60.0
	3
	5
	2
	2.09 >2 

	139
	30.0
	15.0
	24
	5
	2
	4.17 >2 

	139
	30.0
	30.0
	12
	5
	2
	4.17 >2 

	139
	30.0
	60.0
	6
	5
	2
	4.17 >2 


From the last column of Table 4, it is evident that NR short PRACH formats (L = 139) satisfy temporal 2 MHz OCB requirement in the legacy NR form, whereas except format 3, no other long PRACH formats (formats 0/1/2 with L = 839) meet the 2 MHz minimum OCB requirement. Since the scope of unlicensed spectrum usage has been primarily limited to small to normal cell scenarios since the emergence of legacy LTE LAA, mainly due to the limited maximum transmission power by regulations, it is to be further studied to determine whether the support of long PRACH formats (mainly intended for coverage enhancement or high speed use cases) is essential for NR-unlicensed or not. Also, from the perspective of multiplexing various uplink channels, short PRACH would be more preferable than long PRACH, owing to its support of SCS similar to other physical channels (PUCCH/PUSCH). Therefore, we propose to support only NR short PRACH formats as the baseline for NR-unlicensed spectrum.
Proposal 6
Support only NR short PRACH formats (L=139) to meet temporal 2 MHz OCB requirement allowed by regulation.
Observation 3 
Except format F3 (SCS=5.0 KHz), no other NR long PRACH formats (L =839 and SCS=1.25 KHz) meet temporal 2 MHz OCB requirement.
Conclusion
In this contribution, we have discussed the regulations for NR-unlicensed operation and its impact on the design considerations for uplink physical channels operating in NR-unlicensed spectrum. In this context, we have compared two candidates as potential baseline configuration of NR-unlicensed uplink physical channels, viz. interlace based distributed resource allocation scheme similar to legacy LTE eLAA and contiguous allocation scheme as in legacy Rel-15 NR-licensed design with potential enhancements. Based on our discussion, we make the following observations and proposals.
Proposal 1
Interlace-based NR-unlicensed uplink physical channels are supported in addition to the legacy Rel-15 NR uplink physical channel designs.
Proposal 2
Support a unified interlace design for all NR-unlicensed uplink physical channels (PUCCH/PUSCH/PRACH) for efficient multiplexing.
Proposal 3
Use PRB based uniform interlace with 12 PRBs/interlace for all numerologies and all NR-unlicensed uplink physical channels (PUCCH/PUSCH/PRACH) for FR1.
· Unused PRBs, if any, can be assigned non-uniformly among few of the uniform interlaces to improve transmission bandwidth utilization, when applicable.
Proposal 4
For NR PUCCH formats 2/3, the minimum number of PRBs is included in the specification to enable unlicensed operation, when temporal allowance of 2 MHz OCB is allowed by regulation.
· For 15/30/60 KHz subcarrier spacing in FR1, minimum number of PRBs is 12/6/3. 
Proposal 5
To support 1~2 bit(s) of UCI transmission using NR PUCCH formats 2/3, use zero padding to make the UCI payload size at least 3 bits and use the same encoding scheme used for legacy NR PUCCH formats 2/3.
· For SR only transmission, an explicit bit ‘0’ or ‘1’ can be transmitted (after zero padding) using NR PUCCH formats 2/3 to indicate ‘negative’ or ‘positive’ SR.

Proposal 6

Support only NR short PRACH formats (L=139) to meet temporal 2 MHz OCB requirement allowed by regulation.

Observation 1 
Further study is required to determine whether the support of NR PUCCH formats 0/1/4 is essential for NR-unlicensed.
Observation 2
With enabled frequency hopping, 2-symbol NR PUCCH formats 0/2 and NR PUCCH formats 1/3/4 can meet OCB requirement for unlicensed operation over the duration of PUCCH transmission, if allowed by the regulation.
Observation 3 
Except format F3 (SCS=5.0 KHz), no other NR long PRACH formats (L =839 and SCS=1.25 KHz) meet temporal 2 MHz OCB requirement.
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