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In the previous RAN1 meeting #92bis, the following agreements were reached [1]:
· Study the design changes needed to support the following channels /signals in NR-U
· PDCCH/PDSCH
· PUCCH/PUSCH
· PSS/SSS/PBCH
· PRACH
· DL and UL reference signals applicable to the operational frequency range

· Study possible enhancements for HARQ operation 
· Study changes needed for Configured Grant support in NR-U
· Baseline for study: If absence of Wi-Fi cannot be guaranteed (e.g. by regulation) 
in the band (sub-7 GHz) where NR-U is operating, the NR-U operating bandwidth is an integer multiple of 20MHz 
· 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. 
· FFS: details on how to perform LBT for as single carrier with bandwidth greater than 20 MHz, i.e., integer multiples of 20 MHz.
· Study whether or not the following techniques enhance performance beyond the baseline LBT mechanisms
· Techniques to cope with directional antennas/transmissions
· Receiver assisted LBT : RTS/CTS type mechanism
· On-demand receiver assisted LBT: For example receiver assisted LBT enabled only when needed 
· Techniques to enhance spatial reuse 
· Preamble detection
· Enhancements to baseline LBT mechanisms above 7 GHz
· Note: LTE-LAA LBT mechanism are assumed as baseline for evaluations for 5GHz. 
· Note: Other aspects are not precluded from being included
In this contribution, the design considerations of the UL physical channels, i.e, PUSCH, PUCCH, and PRACH, are discussed including interlace-based design, PUCCH formats and waveform adaptation, as well as PRACH numerology, waveform and formats. 
[bookmark: _Ref129681832]Interlace-based Design and Waveform for UL PHY Channels
In unlicensed bands, channel occupancy requirement on signal transmission is specified in some regions, for example, the signal occupied bandwidth shall be at least 80% (5GHz) of the declared nominal channel bandwidth according to the European standard [2]. For DL transmission, this requirement could easily be fulfilled since the gNB could provide service to multiple users in FDM manner at the same time, so the same waveform for NR DL licensed carrier could be reused for NR unlicensed.
For LTE UL transmission in unlicensed carrier (eLAA), the interlace-based UL resource mapping is adopted to support FDM based multiplexing between UEs on the same subframe, so each UE may use a maximum transmission power while satisfying this regulatory requirement for channel occupancy. For NR UL transmission, interlace-based UL resource mapping could be the baseline. However, considering different SCSs and flexible channel bandwidth, interlace design should be further studied. 
As per the latest agreements, the NR-U operating bandwidth can be an integer multiple of 20MHz unit channels on which LBT can be performed individually. Therefore, due the uncertainty of LBT, the actual available bandwidth for UE could be different from the scheduled bandwidth by gNB. To better use the channel, the dynamic wideband operation should be also supported for uplink transmission in NR-U. For instance, assuming only 20MHz in the scheduled 80MHz bandwidth is available after LBT, then UE can transmit on this available 20MHz bandwidth instead of discarding the whole transmission. By doing so, it is required that interlace design should be scalable over various bandwidth to avoid conflict. 
In eLAA, there are 100 RBs available for transmission, which offers a good interlace option with N=10 interlaces; each interlace consisting of M=10 equally spaced clusters with 1RB in each cluster. However, in order to support the scalability and to satisfy OCB requirement on the actual transmission bandwidth, interlace with fixed number of cluster will no longer be suitable. Instead, interlace with a fixed spacing between adjacent clusters for different flexible BW as shown in Figure 1 is preferred. For 15kHz, 30kHz and 60kHz SCS, the preferred values for interlace spacing are 10RBs, 5RBs, and 2RBs, respectively. Based on this design, gNB could allocate a 80MHz interlace for one UE, and if only part of the bandwidth (e.g. 20MHz) is available due to LBT, then UE can still transmit on the scheduled resources(RBs) located in the available bandwidth, which could still meet the OCB requirement. Besides, gNB could also allocate the 80MHz interlace to different UEs by dividing the whole interlace into different parts with 20MHz in each part.
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Figure 1. Interlace with fixed spacing between adjacent clusters

On the other hand, it has been agreed in RAN#4 that the total number of available RBs for each system bandwidth and subcarrier spacing is limited as shown in the following table 1. It can be found that it is difficult to have same number of cluster in all interlaces within channel bandwidth in NR-U. For instance, the total available RB number for 15kHz SCS and 20MHz bandwidth is 106, and if the interlace spacing is 10RBs, and each cluster has 1RB, then we will have 6 interlaces with 11 equally spaced clusters and 4 interlaces with 10 equally spaced clusters. Hence, the non-even interlace should be supported in NR-U.
Another alternative to support the scalability and to satisfy OCB requirement on the actual transmission bandwidth is the interlace-based design with clusters of Sub-RB. Sub-RB based interlace could achieve a better power utilization under PSD limit, especially for larger SCS cases, e.g. for 60kHz SCS, each RB spans 720kHz, while if sub-RB based interlace is applied, e.g. 3 subcarriers per cluster, each cluster only spans 180kHz, and it can benefit from power boost compared with RB based interlace. 

Table 1. Maximum transmission bandwidth configuration NRB
	SCS [kHz]
	20 MHz
	40 MHz
	80 MHz

	
	NRB
	NRB
	NRB

	15
	106
	216
	N.A

	30
	51
	106
	217

	60
	24
	51
	107


However, the benefit exists only when few resources are allocated. It means that the maximum power utilization can be obtained only when gNB allocates 1 sub-RB based interlace for each UE, which is not a general case. Otherwise, if the allocated resources for one UE is larger than 1 sub-RB based interlace, the gain from power boost will be decreased. 
Furthermore, according to the agreements in RAN4, the total available RB numbers for 20MHz, 40MHz and 80MHz bandwidth with 60kHz SCS are 24, 51, and 107, respectively. Take 80MHz bandwidth as an example, the total available RB number is 107, and if the interlace with 3 subcarriers per cluster is applied, there will be 428 clusters in total. It is difficult to guarantee that the total number of allocated resources in the unit of RB is an integer. For instance, if the even interlace structure is preferred, then only one option, 107clusters/interlace is acceptable, however the scheduling granularity is 321 subcarriers (REs), which is not an integer number of RBs. On the other hand, if non-even interlace structure is supported, and assuming that each interlace has 10/11 clusters, then the scheduling granularity will be 30/33 subcarriers (REs), which is still not an integer number of RBs. 
Therefore, even though sub-RB based interlace has a better power utilization under PSD limit, above limitations should also be taken into account. 
Proposal 1: For UL PHY channels, flexible interlaced design should be studied to support adaptive bandwidth operation. 
· Interlace with fixed spacing between adjacent clusters should be supported.
· NR-U should support the non-even interlace structure.

NR-U PUCCH Design
Adoptability of NR PUCCH Formats 
In NR, gNB pre-configures the UE with multiple PUCCH Resource Sets per BWP through higher layer signaling such as RRC or RMSI (if before UE is RRC-connected). Five formats of PUCCH are defined in NR which can be classified depending on the duration of PUCCH, the UCI payload size, and the number of PRBs as shown in Table 1.
Table 1. Classification of NR PUCCH Formats
	
	PUCCH Duration
	

	
	Short (1-2 Symbols)
	  Long ( 4-14 Symbols )
	

	UCI Payload Size
	≤ 2 bits
	Format 0
	
	1
	Number of PRBs

	
	
	
	Format 1
	1
	

	
	> 2 bits
	Format 2
(small payload)
	
	1-16
	

	
	
	
	Format 3
(large payload)
	
	

	
	
	
	Format 4
(moderate payload/OCC)
	1
	



A PUCCH Resource Set contains a number of resources each is identified by a PUCCH Resource Index. If a UE has dedicated PUCCH resource configuration, the UE is provided by higher layers with one or more PUCCH resources each corresponding to one of the PUCCH resource formats 0/1/2/3/4. The gNB can either configure the UE through higher layer signaling with the PUCCH resource index to use or dynamically indicate the allocated PUCCH Resource to the UE, i.e., via the PUCCH Resource Indicator field in the DCI scheduling the PDSCH. The indicator filed value is mapped directly to the allocated PUCCH Resource within the Resource Set which the UE has identified based on the UCI size and the number of symbols to be transmitted.
As can be seen from Table 1, the NR PUCCH formats have been designed to provide flexibility in allocation of the time and frequency resources as well as various capacities to report all possible combinations of UCI in a licensed cell. 
However, whether such PUCCH format designs can be adopted for PUCCH transmission in NR-U or not can be decided based on the following analysis:
· UCI payload size: The size of 1-2 UCI bits is typically used for transmission of SR only, HARQ-ACK only, or a combination thereof. Given that transmissions occur on the unlicensed channel in an opportunistic manner based on the sensing results, and the transmitter is allowed to occupy the channel for a regulated maximum amount of time, the NR-U gNB would often multiplex multiple PDSCHs into the DL burst. Also, LBT failure at the UE would cause it to combine delayed HARQ-ACK bits with current ones. As such, NR-U UEs would be often reporting HARQ-ACK using codebooks larger than 2 bits as shown in Fig. 1. The codebook size is even larger if CBG-based and/or cross-carrier HARQ feedback is used. Also, with the increasing interest in grant-free autonomous UL and the drawbacks of scheduled UL in the unlicensed spectrum, specifying a dedicated PUCCH format for SR transmission might be less motivated. Therefore, as shown in Table 1, PUCCH format designs similar to Formats 2, 3, and 4 are more suitable for NR-U from a payload size perspective.

· PUCCH Duration: A short PUCCH duration of 1-2 symbols enables NR-U to exploit NR’s bi-directional slot formats or the regulatory bi-directional transmit opportunities for timely feedback with increased channel access opportunities. A long PUCCH duration, on the other hand, has the advantage of better coverage, especially that NR supports repetition of UCI over multiple slots for long formats. It also provides larger capacity for larger UCI payload. Therefore, both short and long PUCCH format designs are suitable for NR-U.

· Number of PRBs:  NR-U PUCCH formats should be able to independently fulfil the minimum OCB requirements when transmitted on the unlicensed channel, unless the UE is allowed to frequency-multiplex the PUCCH with PUSCH when they do not have the same starting time. Therefore, a PUCCH format design that is limited to a single PRB such as Format 4 can be adopted in the latter case of multiplexing or otherwise frequency repetition can be applied. Although up to 16 PRBs can be configured in PUCCH Formats 2 and 3, a contiguous bandwidth of such PRBs is assumed which will not satisfy the OCB requirement using a SCS less than 120 KHz (assuming a 20MHz channel and all 16 PRBs are used). Therefore, a physical mapping rule could be introduced to satisfy the OCB requirements with PUCCH formats similar to NR Format 2 and Format 3.  
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Figure 1. Selected NR-like PUCCH formats employed for NR operations in the unlicensed spectrum

From the above analysis, we observe that the design of NR-U PUCCH formats can adopt the design of selected NR PUCCH formats such as Format 2, 3, and 4, while some specification effort is needed to introduce necessary enhancements to the mapping of such formats to physical resources to comply with the unlicensed spectrum regulations. Resource configuration parameters should also be revised accordingly.
Proposal 2: NR-U PUCCH should at least support the formats of both 1~2 symbols and 4~14 symbols carrying more than 2bits.

[bookmark: _Ref509399590]PUCCH Design Enhancements for NR-Unlicensed
As discussed in Section 2, PUCCH is one UL PHY channel to follow an interlace-based design approach. This also allows for simple frequency multiplexing of concurrent PUCCH transmissions from multiple UEs. Nevertheless, further enhancements can be applied to a basic interlace design such as employing FH to meet OCB requirement per slot/subframe, or PRB-specific processing to reduce the resultant PAPR/CM as discussed in the following section. 
As per the latest agreements, the NR-U operating bandwidth can be an integer multiple of 20MHz unit channels on which LBT can be performed individually. As such, the actual available bandwidth for UE could be different from the scheduled bandwidth by gNB due the uncertainty of LBT. Therefore, NR-U PUCCH should be confined within the minimum nominal channel bandwidth, e.g. 20MHz in 5GHz. Also, a prudent choice of an interlace-based design for PUCCH needs to consider other factors such as the scalability over various transmission bandwidths, flexibility in resource allocation/user multiplexing capacity, in addition to the potential increase in PAPR/CM, especially when repetition of a small sized UCI is needed.   
Proposal 3: NR-U PUCCH should be confined within the minimum nominal channel bandwidth, e.g. 20MHz in 5GHz.
PUCCH design for PAPR/CM reduction 
While simply repeating an existing PUCCH format in each RB of an interlace incurs small specification impact, it causes unacceptably high power dynamics of the signal. This could be understood from the following example. Define the transmitted signal by

for  where  is a Fourier coefficient at frequency . If the modulation symbol is repeated, , for , then it follows that:
Since , it follows that repetition produces large power variations. This also translates to a large cubic metric (CM) as shown in Figure 2. Here we compare eLAA PUCCH format 3 (i.e., DFT precoded QPSK over 1 PRB) without interlacing and with interlacing (using repetition to 10 PRBs equidistantly located every 10th PRB, or without using repetition). As shown in Figure 2, this reduces the CM about 10 dB. Therefore, the signal needs to be processed differently in the PRBs of an interlace, i.e., either on bit level (e.g., scrambling) or on modulation symbol level (e.g., interleaving, sequence modulation etc.). 

Proposal 4: PRB-specific processing, either on bit level or modulation symbol level, should be applied to interlaced PUCCH when repetition in frequency domain is introduced. 
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[bookmark: _Ref509395102]Figure 2. CCDF of the CM for PUCCH format 3 without interlace (1 PRB), with interlace (10 PRBs and 1 PRB every 10th PRB) and repetition on each PRB, and with interlace (10 PRBs and 1 PRB every 10th PRB) without repetition.

NR-U PRACH Design
NR-U PRACH waveform 
NR-U PRACH waveforms need to be designed to satisfy specific requirements of the unlicensed bands which are the minimum OCB, the maximum PSD, and the LBT requirements [2]. Several possible approaches were identified for LTE LAA PRACH to address OCB, PSD, and LBT requirements.  Interlacing or repetition of PRACH resources where notably considered [3] [4] to fulfill OCB and PSD requirements. NR-U PRACH waveform should have resource allocation compatible with NR PUSCH resource allocation, which compared to LTE can have different possible SCSs. Possible NR-U waveform designs are discussed in details in our companion contribution [5] with their identified benefits and issues.
RAN1 should preferably strive to define NR-U PRACH waveforms with minimal changes from the legacy NR PRACH formats. Multiple NR PRACH formats have been agreed which are either based on long Zadoff-Chu (ZC) sequences of length L = 839 or short ZC sequences of length L=139.  Formats with long sequences are mainly inherited from LTE to support large cell with sub-6 GHz carrier frequencies, while new formats with short sequences were introduced to support higher frequency bands in smaller cell. Since unlicensed spectrum is deployed for smaller cell size, formats with short preamble duration should be sufficient in terms of link budget.  Formats with short sequences of length L=139, which apply to larger subcarrier spacing (SCS), have larger bandwidth and are thus more suitable to fulfill the OCB requirement. They also have different possibilities of SCS more aligned with those of PUSCH, and more suitable to high carrier frequency. However, the sequence type and the sequence length needs to be studied further, especially if the NR-U will adopt a block-interlaced frequency division multiplexing (B-IFDM) design since it has impact on the auto-correlation function as well as supported cell radius. 
Observation 1:  The choice of NR-U PRACH sequence type and sequence length needs further study, if block-interlaced IFDM will be used.

The main issue with the frequency interlaced design is that it leads to reduced zero-autocorrelation zone (ZAZ) of the PRACH preambles compared to a contiguous resource allocation of the same sequence. However such small ZAZ can be enough to support the timing offset required for small cells which are the main use case of NR-U. The ZAZ length of the resulting PRACH preambles and its supported timing offset is actually directly determined by the frequency spacing between allocated resources. This is discussed in details in the companion contribution [6]. 
T-IFDM 
In [7], it is suggested to keep the existing PRACH preamble design but simply apply tone-interlaced frequency division multiplexing (T-IFDM). The PRACH sequence of length L=139 is spread in frequency so that it satisfies the OCB and PSD requirement. The advantages of this method is that T-IFDM preserves properties of the original PRACH waveform such as low PAPR; also if using DFT-s-OFDM of a CAZAC sequence as in LTE and NR PRACH, orthogonal preambles can be easily designed through different cyclically shifted versions of a same sequence. However, if we use existing PRACH preamble design with sequence length of L=139, T-IFDM PRACH cannot be interlaced with B-IFDM of other channels such as PUSCH or PUCCH.  
B-IFDM 
One of the main advantages of this waveform design for PRACH would be comply with an interlaced PUSCH/ PUCCH design potentially inherited from LTE. In LTE LAA, PUSCH resources are interlaced in the system bandwidth. For 20 MHz with 15 kHz SCS, an interlace is constituted of 10 RBs allocated uniformly every 10 RB so that a total number of 10 orthogonal interlaces can overlap.  This LTE LAA interlace structure enables to reach higher transmit power under PSD limit and similar interlace resource allocation is likely to be needed for NR-U PUSCH. Interlacing of PRACH with PUSCH in NR needs nevertheless further consideration as different possible SCSs combination are possible in NR. For below 6 GHz carrier frequency transmission, the supported PUSCH SCSs are 15, 30 and 60 kHz, while 15 and 30 kHz are supported for PRACH. 
If PUSCH and PRACH have different SCSs, each isolated RB in an interlace needs to have its own guard band which will increase overhead. This problem can be circumvented by restricting PRACH SCS to the PUSCH SCS within the NCB.  
Observation 2: B-IFDM of PRACH and PUSCH/PUCCH with different SCSs will impose a high overhead due to multiple guard bands.  

On the other hand, if PUSCH and PRACH have the same SCS, then it may not be possible to interlace NR PRACH sequence length of  L=139  in only 10/11 RBs over 20 MHz bandwidth as in LTE LAA, as it will require a minimum of 12 RBs. So in order to use only one interlace, a new sequence length matching the number of resource elements in the interlace should be supported. Otherwise in the case L=139 is kept, PRACH might require systematic allocation of two interlaces, e.g., 20 RBs, which will divide the PRACH multi-user multiplexing capacity by half. This is in addition to the fact that interlaced design leads to reduced maximum ZAZ [6] and thus has also decreased multiplexing capability from multiple orthogonal preambles obtained via cyclic shifts.
The advantages and disadvantages of the different PRACH waveform options are summarized in Table 1 below.
Table 1. Comparison of different methods for PRACH waveforms.
	
	Advantage
	Disadvantage

	Temporal narrow OCB allowance
	· Legacy NR PRACH format.
	· Reduced coverage due to PSD limit
· Does not enable multiplexing with interlaced PUSCH.

	Frequency hopping
	· Legacy NR PRACH format.
· Scalable to OCB requirement.
	· Reduced coverage due to PSD limit, but potentially mitigated by non-coherent combining of multiple received PRACH signals. 
· Does not enable multiplexing with interlaced PUSCH.

	Repetition
	· Scalable to OCB requirement.
· Increased transmit power under PSD limitation.

	· Increased PAPR
· Increased overhead/  reduced multi-user multiplexing gain
· Does not enable multiplexing with interlaced PUSCH.

	T-IFDM
	· Scalable to OCB requirement
· Increased transmit power under PSD limitation.
· Can maintain PAPR property of contiguously-allocated PRACH. 
· Allow designing orthogonal preambles by cyclic shifts of a CAZAC sequence as with contiguous allocation. 
	· Reduced zero-auto-correlation zone: supports timing estimation only for small cells.
· Multiplexing compatibility issue with other B-IFDM interlaces if T-IFDM of the existing PRACH preamble design. 

	B-IFDM 
	· Scalable to OCB requirement
· Increased transmit power under PSD limitation.
· Direct multiplexing compatibility with LTE LAA interlaced PUSCH.
	· Reduced zero-auto-correlation zone: supports timing estimation only for small cells.
· Different SCS from that of PUSCH will impose a high overhead due to multiple guard bands.  
· Same SCS as that of PUSCH may require two interlaced frequency resource allocations.



From the table, we can conclude that T-IFDM and B-IFDM offer the best possible solutions for NRU-PRACH and should be further investigated. 
Proposal 5: T-IFDM and B-IFDM of PRACH preamble should be further considered and studied.

Conclusion
In this contribution, we discussed the design considerations of the UL physical channels, i.e, PUSCH, PUCCH, and PRACH, including interlace-based design, PUCCH formats and waveform adaptation, as well as PRACH numerology, waveform and formats. The following observations and proposals were made:
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Proposal 1: For UL PHY channels, flexible interlaced design should be studied to support adaptive bandwidth operation. 
· Interlace with fixed spacing between adjacent clusters should be supported.
· NR-U should support the non-even interlace structure.
Proposal 2: NR-U PUCCH should at least support the formats of both 1~2 symbols and 4~14 symbols carrying more than 2bits.
Proposal 3: NR-U PUCCH should be confined within the minimum nominal channel bandwidth, e.g. 20MHz in 5GHz.
Proposal 4: PRB-specific processing, either on bit level or modulation symbol level, should be applied to interlaced PUCCH when repetition in frequency domain is introduced.
Observation 1:  The choice of NR-U PRACH sequence type and sequence length needs further study, if block-interlaced IFDM will be used.
Observation 2: B-IFDM of PRACH and PUSCH/PUCCH with different SCSs will impose a high overhead due to multiple guard bands.  
Proposal 5: T-IFDM and B-IFDM of PRACH preamble should be further considered and studied.
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