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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In the previous RAN1 meeting #94, the following agreements were reached [1]:
Agreement:
· 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
· FFS: Potential LBT blocking due to TA difference between FDM’d PUSCH, PUCCH, and PRACH
Agreement:
· 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:
· 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:
· 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
In this contribution, the design considerations of the UL physical channels, i.e, PUSCH, PUCCH, and PRACH, are discussed in light of these agreements including interlace-based design, PUCCH formats and waveform adaptation, as well as PRACH numerology, waveform and formats. This is a revision of R1-1808060. 

[bookmark: _Ref129681832]Interlace-based Design and Waveform for UL PHY Channels
PRB based interlace 
As per the latest agreements, PRB-based block-interlace is beneficial for UL transmission at least for 15 kHz and 30 kHz SCS. 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), besides, a non-uniform interlace structure is supported in which the number of PRBs per interlace is allowed to be different for different interlaces. In our companion tdoc [2], 60kHz SCS is shown be beneficial for improve uplink UPT due to increased the channel access opportunities, reduced overhead in DL/UL switch point and reduced UL grant to PUSCH latency. PRB based interlace should be supported for 60 kHz too.
Considering that 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 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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[bookmark: _Ref520371152]Figure 1: Interlace with fixed spacing between adjacent clusters
Based on the discussion above, also according to the agreements on the total number of available RBs for each system bandwidth and subcarrier spacing from RAN4, the following PRB-based interlace structure in Table 1 should be supported. Take the 20MHz bandwidth with 15kHz SCS as an example, the total available PRB number f is 106, and the interlace spacing is 10PRBs, then we will have 6 interlaces with 11 equally spaced PRBs and 4 interlaces with 10 equally spaced PRBs. 
Table 1: PRB-based interlace structure in NR-U
	SCS [kHz]
	20 MHz
	40 MHz
	80 MHz

	
	NRB
	M
	N
	NRB
	M
	N
	NRB
	M
	N

	15
	106
	10
	{10,11}
	216
	10
	{21,22}
	N.A

	
	4 * 10 PRB/interlace
6 * 11 PRB/interlace
	4 * 21 PRB/interlace
6 * 22 PRB/interlace
	

	30
	51
	5
	{10,11}
	106
	5
	{21,22}
	217
	5
	{43,44}

	
	4 * 10 PRB/interlace
1 * 11 PRB/interlace
	4 * 21 PRB/interlace
1 * 22 PRB/interlace
	3 * 43 PRB/interlace
2 * 44 PRB/interlace

	60
	24
	2
	12
	51
	2
	{25,26}
	107
	2
	{53,54}

	
	2 * 12 PRB/interlace
	1 * 25 PRB/interlace
1 * 26 PRB/interlace
	1 * 53 PRB/interlace
1 * 54 PRB/interlace


Besides, as discussed in our contribution [2], increasing number of PRBs should be considered for different numerologies and channel bandwidths, and the interlace design will be adjusted accordingly. E.g. 26PRBs for 20MHz bandwidth with 60 kHz SCS could be supported, then the interlace number M might be increased to 3, where we will have 2 interlaces with 9 equally spaced PRBs and 1 interlace with 8 equally spaced PRBs.
Proposal 1: For UL PHY channels, PRB based interlace for 60 kHz SCS should be supported. The spacing between adjacent PRB in an interlace should be fixed for different BWP/CC bandwidth. 

sub-PRB based interlace
Sub-RB based interlace could achieve a better power utilization under PSD limit for a given SCS, 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. 
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. NR R15 supports multiple numerology for different deployment scenario. Similar power boosting gain can be achieved by configured with smaller SCS, e.g. 15KHz with almost no spec impact.  
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. 
Observation 1: sub-PRB based interlace design requires significant standard effort. 
Requirement on DFT-S-OFDM
NR R15 supports CP-OFDM and DFT-S-OFDM in UL.   In order to achieve low complexity DFT process, the number of PRB allocated should be products of the integers 2^n1, 3^n2, and 5^n3. Considering the number of PRB per interlace in non-uniform interlace design in table 1, additional restriction on the resource allocation is required to achieve DFT-S-OFDM. For example, UE should not be scheduled on the interlace with 11 PRB or one PRB in the 11-PRB interlace should keep blank.  
DFT-S-OFDM is used in the coverage limited scenario because it has relatively lower PAPR and thus requires less power backoff when localized PRB allocation is adopted. The PAPR reduction decreases when interlaced structure is introduced. Considering the transmit power limitation per device according to the regulation, it is not necessary for UE to use DFT-S-OFDM over bandwidth larger than 20MHz. 
Observation 2: The usage of DFT-S-OFDM is restricted in NR-U.
NR-U PUCCH Design
Support of Rel-15 NR PUCCH Formats 
As per the agreements of the previous RAN1 meetings, support for Rel-15 NR PUCCH formats can be considered whereas exclusion of the support of certain formats is to be identified. In Rel-15 NR specifications, 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 2
[bookmark: _GoBack]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 field 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.
.
[bookmark: _Ref520202298]Table 2: 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
	



As can be seen from Table 2, 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 including HARQ-ACK, SR, and CSI. 
However, which PUCCH formats can be supported for PUCCH transmission in NR-U 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 Figure 2. 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, supporting a dedicated PUCCH format for SR transmission might be less motivated. 

Observation 3: PUCCH formats with more than 2 bits UCI payload is preferred by NR-U. 
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[bookmark: _Ref520371275]Figure 2: Selected NR PUCCH formats employed for NR operations in the unlicensed spectrum
· PUCCH Duration: A short PUCCH duration of 1-2 symbols enables NR-U to exploit NR’s bi-directional slot formats or the agreed bi-directional MCOTs with single or multiple switching points for timely feedback with increased channel access opportunities. As agreed in the last meeting [1], transmission of HARQ A/N for the corresponding data in the same shared COT is identified as beneficial. 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 formats are suitable for NR-U.

Observation 4: Both short (1~2 symbols) and long (4~14 symbols) NR PUCCH Formats are beneficial for the operation of NR-U.

· Number of PRBs:  NR-U PUCCH formats should be able to fulfil the minimum OCB requirements when transmitted independently on the unlicensed channel. Although up to 16 PRBs can be configured in NR 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). Alternatively, the UE can be allowed to exploit one or more of the following OCB exceptions:

· Occasionally violate the regular OCB requirements using a BW of at least 2 MHz within COT; in such case, at least contiguous 12, 6 and3, PRBs would be used with the SCS of 15 KHz, 30 KHz and 60 KHz, respectively. As discussed before, a short PUCCH format such as Format 2 would be more suitable for such a transmission within COT.  Considering the exception of OCB violation is temporary, the usage frequency and PUCCH duration should be limited. 


· Frequency-multiplexing of the PUCCH with PUSCH when they do not have the same starting time; a PUCCH format that is limited to a single PRB such as Formats 1 and 4 can be also supported in such case. Since multiplexing with PUSCH is not a valid case for transmission of SR, Format 4 can be rather used to carry a moderate UCI payload and further allow for user multiplexing.

Observation 5: Both single-PRB and multiple-PRB NR PUCCH formats can be used in NR-U without an interlace-based waveform.

From the above analysis, we observe that NR-U can support selected NR R15 PUCCH formats such as Formats 2, 3, and 4 in some circumstances. 
Proposal 2: NR R15 PUCCH formats can be used in NR-U in the following cases:
· Both single- and multiple-PRB formats can be frequency multiplexed with PUSCH without an interlace-based waveform for PUCCH. 
· Use PUCCH format 2 the if minimum OCB bandwidth of 2 MHz within COT is occasionally exploited 

[bookmark: _Ref509399590]PUCCH Design Enhancements for NR-Unlicensed
As discussed in Section 2, for the most part, 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 Subsection 3.2.2.
As per earlier agreements [3], 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.
Proposal 3: NR-U PUCCH should be confined within the minimum nominal channel bandwidth, i.e. 20MHz.
In the agreements of the last RAN1 meeting [1], flexible number of OFDM symbols, flexible payload size, user multiplexing, number of formats were listed as aspects that can be considered for interlace waveform based PUCCH design. In addition, a prudent choice of an interlace-based design for PUCCH needs to consider other factors such as the scalability over various transmission bandwidths, and the potential increase in PAPR/CM, especially when repetition of a small sized UCI is needed.   
[bookmark: _Ref524891420][bookmark: _Ref520199338]Mapping to physical PRBs
As agreed in the previous meeting [1], the nominal number of PRBs per interlace (N) can be similar for each SCS (in a given bandwidth) at least for 15 and 30 kHz SCS. As such, for the independent transmission of PUCCH without frequency multiplexing with PUSCH, the higher layer parameter nrofPRBs in case of formats 2 and 3 can be limited to N, i.e., to partially or fully occupy the PRBs of only one interlace, or otherwise (nrofPRBs – N) PRBs can be multiplexed with the N PRBs of the indicated interlace i, e.g., by partially occupying the interlace of the subsequent index i+1. Whereas, instead of indicating the index PUCCH-starting-PRB, the gNB should indicate the index of the allocated interlace i. In the case of independent transmission of single-PRB PUCCH formats 1 or 4, the UE repeats the transmission over the N PRBs of the indicated interlace.   
Proposal 4: Introduce following enhanced PUCCH Formats for NR-U
· Introduce a physical mapping rule to physical PRBs for Multi-PRB PUCCH, e.g. formats 2 and 3
· Single-PRB PUCCH formats can be repeated in each PRB of the frequency interlace, e.g. format 4
[bookmark: _Ref524891449]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 3. 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 3, 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 5: 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 3. 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
In [4], different PRACH waveform designs for NR-U with 15 kHz subcarrier spacing (SCS) have been discussed and simulated, showing that interlace-based PRACH are beneficial. In this section, we continue to discuss and evaluate the PRACH waveform design for NR-U with different SCSs. Our main focus is still on interlacing based on PRBs or REs over a frequency band of 20 MHz, i.e.,
· Block-interlaced frequency division multiplexing (B-IFDM) based PRACH: All the 12 REs in each  PRB of the interlace(s) assigned to PRACH are used for the transmission of a PRACH preamble;
· Tone-interlaced frequency division multiplexing within B-IFDM (TinB-IFDM) based PRACH: In each PRB of the interlace(s) assigned to PRACH, one or multiple REs are used for the transmission of a PRACH preamble, while the remaining REs can be used to transmit other PRACH preamble(s) (i.e., preambles are FDMed), or can be reserved[footnoteRef:2]. [2:  If some REs are reserved, they can be kept at the two ends of each PRB, so as to serve as guard REs to avoid/mitigate the potential interference with the other channels in adjacent interlaces, which may use a different subcarrier spacing (SCS) from that of PRACH.] 

Besides, the following two non-interlace-based design options will also be evaluated as references. 
· Contiguous based PRACH: This is the conventional PRACH design in NR licensed, where ZC sequences of length 139 with different root indices and cyclic shift gap  are adopted and mapped to a consecutive number of 139 REs. 
· Tone-interlaced frequency division multiplexing (T-IFDM) based PRACH: ZC sequences of length 139 with different root indices are adopted and uniformly mapped on a comb to span the whole frequency band of 20 MHz. 
We follow the agreed assumption of 300 meters inter site distance (ISD) (i.e., 200A with A = 1.5 for scenario 2 that was agreed in the previous 3GPP RAN1#94 meeting) and adopt the CDL-C channel model in [5] with 100 ns desired delay spread. The corresponding maximum round-trip delay and maximum delay spread are  s and , respectively. This implies that the detection time window at the receiver should be no less than 1.15+0.87 s = 2.02 s.
For all the schemes, we use prime number length Zadoff-Chu (ZC) sequences, which are shortened to fit the allocated frequency resource. If the sequence mapping is not contiguous, the PRACH signal properties will be completely different as well as the receiver. The amount of allocated frequency resources affects many properties, e.g., the auto-/cross correlation, the peak-to-average power ratio (PAPR), the PRACH capacity, etc. Therefore, it makes no sense to design a new scheme under a constraint that the sequence length has to be 139 as in NR licensed, or that the PRACH only occupies 12 PRBs.
Proposal 6: The sequence length for NR-U PRACH preamble is not constrained to be 139.
Uniform PRACH Resource Allocation
For 15 kHz SCS, it has been shown in our previous contribution [4] that it is possible to design a PRACH waveform with a zero auto-correlation zone (ZAZ) that is longer than the required detection time window of 2.02 s. More specifically, by selecting every other PRB (or selecting a common subset of REs from every other PRB) for a PRACH preamble transmission, the resultant spacing between selected PRBs (or RE subsets) is 0.36 MHz, which generates a ZAZ of length 1/0.36 MHz = 2.78 s ( > 2.02 s). Both B-IFDM and TinB-IFDM based PRACH waveform can be designed accordingly (e.g., schemes marked with “B-IFDM uniform” and “TinB-IFDM uniform” as described in Table A-1 of Appendix A), and their performance is shown in Figure C-1 of Appendix C. Specifically, the nominal SNR value for each PRACH scheme to achieve the target 1% mis-detection is listed in Table 3 below, from which we can see that the TinB-IFDM based PRACH scheme performs the best, e.g., about 7.2 dB, 0.3 dB and 0.8dB better than the Contig., T-IFDM and B-IFDM based PRACH schemes, respectively. Figure C-1(c) further shows that the timing error of the Contig. based PRACH scheme is much worse due to its narrower bandwidth. 
Table 3
Required nominal SNR to achieve the target 1% mis-detection probability for different PRACH schemes with 15 kHz SCS.
	Scheme
	Contig.
	T-IFDM
	B-IFDM uniform
	TinB-IFDM uniform

	Nominal SNR (dB)
	-2.6
	-9.5
	-9.0
	-9.8



Observation 6: A uniformly PRB interlaced PRACH can perform better than a PRACH with a contiguous frequency allocation or a PRACH with a Tone-Interlaced allocation.

Non-Uniform PRACH Resource Allocation
For 15 kHz SCS, the uniform interlace based PRACH design above uses every other PRB, and hence interlace based PRACH design with lower overhead may be considered. For 30 kHz and 60 kHz SCS, it is even impossible to design a uniform interlace based PRACH scheme with a ZAZ length larger than the required detection time window[footnoteRef:3], as allocating every other PRB for PRACH transmission will lead to a ZAZ length of 1.39s and 0.69 s, respectively, both of which are less than the 2.02 s required detection time window. Consequently, the receiver may detect a few side peaks with certain timing errors in the detection time window besides the detection of the main peak at correct timing. When the amplitude of one of these side peaks becomes larger than that of the main peak due to the joint effect of noise, fading, multi-path, Doppler shift, etc., a large timing error or even a mis-detection (e.g., when the timing error is larger than half CP length of data) will occur. Hence when side peaks in the auto-correlation function of the PRACH waveform are inevitable within the detection time window, their amplitude should be kept as small as possible, so as to minimize their impact on the mis-detection and timing error performance. [3:  Note that this case does not occur in LTE or NR licensed, where a contiguously mapped ZC sequence is used, since it exhibits an ideal auto-correlation function.] 

One method to reduce the amplitudes of side peaks is to introduce certain non-uniformness in the frequency resource allocation for a PRACH preamble transmission. The following methods can be considered:
· Allocation of multiple PRB interlaces
In [6], an example was given by selecting two non-adjacent interlaces for a PRACH preamble transmission, such that the resulting PRBs are not uniformly spaced.
· Allocation of PRBs from multiple PRB interlaces
A set of PRB interlaces is chosen and PRBs are selected from this set. The selection is made to provide a completely irregular PRB mapping. For example, if there are M interlaces with each interlace consisting of about N PRBs, M1 (< M) interlaces are chosen from all the M interlaces. Then, all the PRBs in the M1 selected interlaces are divided into N subsets with each subset containing M1 PRBs, one from each of the M1 interlaces. PRBs are then selected independently in each subset, as illustrate by an example in Figure X below with M = 3 and M1 = 2. 


Figure 4 Illustration of non-uniform PRB allocation for PRACH with M = 3 and M1 = 2, where PRBs are only selected from interlaces 0 and 1.
· Non-uniform sequence-to-subcarrier mapping within a PRB
If less than 12 subcarriers are used in a PRB, the sequence could be mapped to different sets of subcarriers in different PRBs. Thus, an irregular mapping could be obtained, even if the PRBs are allocated uniformly.
15 kHz SCS Case
We first consider the 15 kHz SCS case and assume that the totally available 106 PRBs are divided into 10 interlaces, each containing 10 or 11 PRBs spaced by 10 PRBs. Figure 5 below plots the auto-correlation functions of several interlace based PRACH schemes with non-uniform frequency allocation. Specifically, the scheme marked with “B-IFDM non-uniform 1” follows the example in [6], which allocates interlaces 0 and 3 to a PRACH preamble; the scheme marked with “B-IFDM non-uniform 2” first selects interlaces 0, 3, 5 and 8, and then randomly down select 2 PRBs out of the 4 PRBs to a PRACH preamble; and the schemes marked with “TinB-IFDM non-uniform 1” and “TinB-IFDM non-uniform 2” first select interlaces 0, 3, 5 and 8, and then allocate 6 REs from each selected PRB either in a fixed manner or randomly to a PRACH preamble. All these schemes involve the same overhead of 20 PRBs = 240 REs, 20% of the total frequency resource, and their detailed description can be found in Table A-1 of Appendix A. From Figure 5, we can see that, the scheme “B-IFDM non-uniform 1” still contains a few dominant side peaks within the required detection window. While, by introducing more irregular mappings as in the latter three schemes, the amplitudes of the side peaks within the detection time window can be much reduced. The performance of these non-uniform interlace based PRACH schemes are evaluated in Figure C-2 of Appendix C, where it can be seen that there are gains in mis-detection performance from further randomizing the PRB positions and RE positions. 
 [image: ]
Figure 5 Auto-Correlation functions of several non-uniform interlace based PRACH schemes for 15 kHz SCS case, where the detailed scheme description is given in Table A-1 of Appendix A. 
30 kHz SCS Case
For the case of 30 kHz SCS, it is impossible to design a uniform interlace based PRACH scheme with a ZAZ length larger than the required detection time window. Hence a non-uniform interlace based PRACH design is needed. We assume the totally available 51 PRBs are divided into 5 interlaces each containing 10 or 11 PRBs spaced by 5 PRBs. Figure 6 below plots the auto-correlation functions of several non-uniform interlace based PRACH schemes. Specifically, the scheme marked with “B-IFDM non-uniform 1” follows the example in [6], which allocates interlaces 0 and 3 to a PRACH preamble; the scheme marked with “B-IFDM non-uniform 2” first selects interlaces 0, 1, 2 and 3, and then randomly selects 2 PRBs out of 4 PRBs in each subset for a PRACH preamble; and the schemes marked with “TinB-IFDM non-uniform 1” and “TinB-IFDM non-uniform 2” first select interlaces 0, 1, 2 and 3, and then allocate 6 REs of each selected PRB to a PRACH preamble either in a fixed manner or randomly. All these schemes involve the same overhead of 20 PRBs = 240 REs, 40% of the total frequency resource, and their detailed description can be found in Table A-2 of Appendix A. Similar observations as that from Figure 5 can be made from Figure 6. The performance of these non-uniform interlace based PRACH schemes are evaluated in Figure C-3 of Appendix C, where similar observations are made as for 15 kHz SCS.
[image: ] 
Figure 6 Auto-Correlation functions of several non-uniform interlace based PRACH design for 30 kHz SCS case, where the detailed scheme description is given in Table A-2 of Appendix A. 
60 kHz SCS Case
For 60 kHz SCS, we assume the totally available 24 PRBs are divided into 3 interlaces, each containing 8 PRBs spaced by 3 PRBs. Since there are only 3 interlaces, it is impossible to allocate multiple non-adjacent interlaces to PRACH. Hence we only discuss the non-uniform interlace based design based on non-uniform PRB/RE allocation selected from multiple interlaces. Figure 7 plots the auto-correlation functions of several non-uniform interlace based PRACH schemes. Specifically, the scheme marked with “B-IFDM non-uniform” first selects interlaces 0 and 1, and then randomly selects 1 PRB from the 2 PRBs in each subset for a PRACH preamble; and the schemes marked with “TinB-IFDM non-uniform 1” and “TinB-IFDM non-uniform 2” first select interlaces 0 and 1, and then allocate 6 REs of each selected PRB to a PRACH preamble either in a fixed manner or randomly. All these schemes involve the same overhead of 8 PRBs = 96 REs, 33% of the total frequency resource, and their detailed description can be found in Table A-3 of Appendix A. Similar observations as that from Figures 4 and 5 can be made from Figure 6. The performance of these non-uniform interlace based PRACH schemes are evaluated in Figure C-4 of Appendix C.
[image: ] 
Figure 7 Auto-Correlation functions of non-uniform interlace based PRACH schemes for 60 kHz SCS case, where the detailed scheme description can be found in Table A-3 of Appendix A. 
Observation 7: For a PRB interlaced PRACH preamble, where the receiver detection time window is larger than the Zero Auto-correlation Zone, it is beneficial to consider an irregular frequency resource mapping, such as:
· Allocation of multiple PRB interlaces
· Allocation of PRBs from multiple PRB interlaces
· Non-uniform sequence-to-subcarrier mapping within a PRB
As the SCS increases, e.g., for 30 and 60 kHz, Figures C-3 and C-4 show that the performance of Contig. and T-IFDM based PRACH designs improves relative to the PRB interlaces schemes. This is primarily due to lower PAPR, as we plot the results as function of nominal SNR.
Discussions and Summary
So far, we have discussed and evaluated different PRACH designs with different SCSs. Although the contiguous based and T-IFDM based PRACH schemes can benefit from the low PAPR property of ZC sequence, they have some drawbacks compared to interlaces based design, such as incompatibility with other interlace-based PUCCH/PUSCH channels, too narrow bandwidth to fulfill the occupied channel bandwidth (OCB) requirement (for contiguous based PRACH) and low PRACH capacity (for T-IFDM based PRACH). Oppositely, the interlace based PRACH design allows the multiplexing between PRACH and other interlace based PUCCH/PUSCH channels by confining the PRACH resource within a few PRB interlaces while leaving the rest PRB interlaces for PUCCH/PUSCH. A uniform interlace based PRACH resource allocation can be adopted to generate a ZAZ of length larger than the required detection time window if possible. Otherwise when side peak within the detection time window is inevitable, certain non-uniformness on the PRB and/or RE level of the PRACH resource allocation can be introduced to suppress the amplitudes of these side peaks so as to minimize their impact on the mis-/false detection and timing error performance. Hence in summary, we have the following proposals. 
Proposal 7: It is beneficial to have an irregular frequency resource allocation for PRACH and the following methods will be further studied:
· Allocation of multiple PRB interlaces
· Allocation of PRBs from multiple PRB interlaces
· Non-uniform sequence-to-subcarrier mapping within a PRB
Proposal 8. The PRACH preamble in NR-Unlicensed is based on a PRB interlaced structure.
-- FFS: Whether/how to map the preamble sequence to a subset of the REs within each PRB.

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]Observation 1: sub-PRB based interlace design requires significant standard effort. 
Observation 2: The usage of DFT-S-OFDM is restricted in NR-U.
Observation 3: PUCCH formats with more than 2 bits UCI payload is preferred by NR-U. 
Observation 4: Both short (1~2 symbols) and long (4~14 symbols) NR PUCCH Formats are beneficial for the operation of NR-U.
Observation 5: Both single-PRB and multiple-PRB NR PUCCH formats can be used in NR-U without an interlace-based waveform.
Observation 6: A uniformly PRB interlaced PRACH can perform better than a PRACH with a contiguous frequency allocation or a PRACH with a Tone-Interlaced allocation.
Observation 7: For a PRB interlaced PRACH preamble, where the receiver detection time window is larger than the Zero Auto-correlation Zone, it is beneficial to consider an irregular frequency resource mapping, such as:
· Allocation of multiple PRB interlaces
· Allocation of PRBs from multiple PRB interlaces
· Non-uniform sequence-to-subcarrier mapping within a PRB

Proposal 1: For UL PHY channels, PRB based interlace for 60 kHz SCS should be supported. The spacing between adjacent PRB in an interlace should be fixed for different BWP/CC bandwidth.
Proposal 2: NR R15 PUCCH formats can be used in NR-U in the following cases:
· Both single- and multiple-PRB formats can be frequency multiplexed with PUSCH without an interlace-based waveform for PUCCH. 
· Use PUCCH format 2 the if minimum OCB bandwidth of 2 MHz within COT is occasionally exploited 
Proposal 3: NR-U PUCCH should be confined within the minimum nominal channel bandwidth, i.e. 20MHz.
Proposal 4: Introduce following enhanced PUCCH Formats for NR-U
· Introduce a physical mapping rule to physical PRBs for Multi-PRB PUCCH, e.g. formats 2 and 3
· Single-PRB PUCCH formats can be repeated in each PRB of the frequency interlace, e.g. format 4
Proposal 5: PRB-specific processing, either on bit level or modulation symbol level, should be applied to interlaced PUCCH when repetition in frequency domain is introduced. 
Proposal 6: The sequence length for NR-U PRACH preamble is not constrained to be 139.
Proposal 7: It is beneficial to have an irregular frequency resource allocation for PRACH and the following methods will be further studied:
· Allocation of multiple PRB interlaces
· Allocation of PRBs from multiple PRB interlaces
· Non-uniform sequence-to-subcarrier mapping within a PRB
Proposal 8. The PRACH preamble in NR-Unlicensed is based on a PRB interlaced structure.
-- FFS: Whether/how to map the preamble sequence to a subset of the REs within each PRB.



Appendix A: Candidate PRACH schemes for NR-U
Tables A-1 to A-3 list all the candidate PRACH schemes for NR-U to be evaluated in this contribution. In these tables, the ZC sequence length  is selected to be the minimum primitive number no less than the available number of REs, and the cyclic shift gap  is determined by exhausting the cross correlation between all different cyclic shifts of a root sequence. The term PRACH capacity is defined as the maximum number of PRACH preambles that can be generated for the whole system, e.g., using NFDM different RE locations,  different root indices and up to  different cyclic shifts if possible. The detailed values of LZC, NFDM, and Ncs as well the corresponding frequency resource allocations are detailed in the tables. The number in the brackets is the number of cells that each scheme can support under the assumption of 64 PRACH preambles per cell (the same as LTE and NR). In addition, the term maximum transmission power is calculated based on the PSD limitation of 10 dBm/MHz with granularity of 1 MHz. Note that the maximum transmission power cannot be higher than 20 MHz  10 dBm/MHz = 23 dBm.
Table A-1. Candidate PRACH schemes for NR-U with 15 kHz SCS and 10-interlace structure
	Scheme
	ZC seq. length 
	
	NFDM
	Frequency Resource allocation
	PAPR (dB)
	Max. Tx power (dBm)
	PRACH capacity

	Contig.
	139
	8
	1
	A contiguous number of 139  REs 
	3.10
	13.17
	2346
(34 cells)

	T-IFDM
	139
	/
	1
	139 uniformly distributed REs with spacing of 9 REs
	6.56
	22.40
	138 
(2 cells)

	B-IFDM
uniform
	641
	53
	1
	All the 12 REs in every other PRB (53 PRBs in total)
	7.64
	22.47
	7680
(106 cells)

	TinB-IFDM
uniform
	107
	53
	6
	2 REs with indexes {0, 11}, {1, 10}, {2, 9}, {3, 8}, {4, 7} or {5, 6} in every other PRB (53 PRBs in total) 
	5.57
	22.47
	1272
(17 cells)

	B-IFDM
non-uniform 1
	241
	40
	1
	All the 12 REs of the 20 PRBs in interlaces 0 and 3
	7.90
	20.0
	1440
(21 cells)

	B-IFDM
non-uniform 2
	241
	20
	1
	All the 12 REs of 20 PRBs with index {3, 5, 10, 18, 20, 28, 33, 35, 40, 48, 53, 55, 63, 65, 70, 78, 80, 88, 93, 95}, which belong to interlaces 0, 3, 5 and 8
	8.87
	20.0
	2880
(40 cells)

	TinB-IFDM
non-uniform 1
	241
	40
	2
	6 REs with indexes {0, 1, 2, 3, 4, 5} or {6, 7, 8, 9, 10, 11} in all the 40 PRBs of interlaces 0, 3, 5, and 8
	8.28
	21.25
	2880
(40 cells)

	TinB-IFDM
non-uniform 2
	241
	40
	2
	6 REs randomly selected from each of the 40 PRBs of interlaces 0, 3, 5, and 8
	9.99
	21.49
	2880
(40 cells)



Table A-2. Candidate PRACH schemes for NR-U with 30 kHz SCS and 5-interlace structure
	Scheme
	ZC seq. length 
	
	NFDM
	Frequency Resource allocation
	PAPR (dB)
	Max. Tx power (dBm)
	PRACH capacity

	Contig.
	139
	11
	1
	A contiguous number of 139  REs 
	3.10
	16.11
	1656 
(23 cells)

	T-IFDM
	139
	/
	1
	139 uniformly distributed REs with spacing of 4 REs
	6.50
	21.89
	139 
(2 cells)

	B-IFDM
non-uniform 1
	241
	47
	1
	All the 12 REs of the 20 PRBs in interlaces 0 and 3
	8.73
	20.38
	1200
(18 cells)

	B-IFDM
non-uniform 2
	241
	31
	1
	All the 12 REs of the 20 PRBs with indexes {0, 1, 5, 7, 12, 13, 17, 18, 20, 21, 27, 28, 30, 31, 35, 37, 41, 42, 46, 47}, which belong to interlaces 0, 1, 2 and 3
	8.18
	20.0
	1680
(24 cells)

	TinB-IFDM
non-uniform 1
	241
	40
	2
	6 REs with indexes {0, 1, 2, 3, 4, 5} or {6, 7, 8, 9, 10, 11} in each of the 40 PRBs from interlaces 0, 1, 2, 3
	8.63
	21.25
	2880
(42 cells)

	TinB-IFDM
non-uniform 2
	241
	40
	2
	6 REs randomly selected from each of the 40 PRBs from interlaces 0, 1, 2, 3
	9.75
	21.25
	2880
(42 cells)



Table A-3. Candidate PRACH schemes for NR-U with 60 kHz SCS and 3-interlace structure
	Scheme
	ZC seq. length 
	
	NFDM
	Frequency Resource allocation
	PAPR (dB)
	Max. Tx power (dBm)
	PRACH capacity

	Contig.
	139
	19
	1
	A contiguous number of 139  REs 
	3.98
	19.13
	966 
(13 cells)

	T-IFDM
	139
	/
	1
	139 uniformly distributed REs with spacing of 2 REs
	6.50
	21.89
	138
(2 cells)

	B-IFDM
non-uniform 
	127
	18
	1
	All the 12 REs of the 8 PRBs with index { 0, 4, 7, 9, 13, 15, 18, 22}, which belong to interlaces 0 and 1
	8.14
	19.03
	882
(12 cells)

	TinB-IFDM
non-uniform 1
	127
	27
	2
	6 REs with indexes {0, 1, 2, 6, 7, 8} or {3, 4, 5, 9, 10, 11} in each of the 20 PRBs from interlaces 0 and 1
	8.71
	20.28
	756
(11 cells)

	TinB-IFDM
non-uniform 2
	127
	27
	2
	6 REs randomly selected from each of the 20 PRBs from interlaces 0 and 1
	9.55
	19.41
	756
(11 cells)



Appendix B: Simulation setting and detection method for PRACH in NR-U
We consider a single-user NR-U system with 5 GHz carrier frequency and 20 MHz frequency bandwidth. The PRACH format A1 is assumed throughout the evaluation. For the candidate subcarrier spacing (SCS) value of 15/30/60 kHz, and the corresponding FFT size is set at 2048/1024/512 so as to keep the same sampling rate in the system. For each PRACH scheme, a set of 64 preambles are generated based ZC sequences of a proper length LZC with firstly NFDM different frequency locations,  then  different cyclic shifts and finally root index {1, 2, …, }. During the evaluation, the UE randomly selects one preamble from the set of 64 preambles and transmits it with an initial timing offset uniformly distributed in [0, 1.15] μs. A multipath-channel generated based on CDL-C model conveys the transmitted PRACH signal which is then received with additive white Gaussian noise. The detailed system setting is given in the table below.
Table B-1. Simulation setting for PRACH in NR-U
	Carrier frequency
	5 GHz

	Carrier channel bandwidth
	20 MHz

	Channel model
	CDL-C model with 100ns desired delay spread

	SCS
	15/30/60 kHz for PRACH, and 30 kHz for data

	FFT size
	2048/1024/512 for PRACH, and 1024 for data

	PRACH format
	A1

	Modulation
	DFT-s-OFDM

	TRP
	antenna array configuration
	Single omni-directional antenna (i.e., 0 dB antenna gain) with dual polarization 

	
	Carrier frequency offset
	Uniform distribution within [-0.05, 0.05] ppm

	UE
	antenna array configuration
	Single omni-directional antenna (i.e., 0 dB antenna gain) with dual polarization

	
	Carrier frequency offset
	Uniform distribution within [-0.1, 0.1] ppm

	
	Speed
	3 km/h with random orientation in the 2D plan



At the receiver, we adopt a adaptive threshold detection method. Specifically, different signals  are received on different antenna ports/polarized directions. Each received signal  of length N is correlated with a bank of filters that correspond to all the 64 candidate preambles  of the same length N. Namely, one gets the output of the circular cross-correlation

The filtered signals from different antenna ports/polarized directions are then non-coherently combined to form a power delay profile (PDP)

for each time delay  and candidate preamble . This PDP is then compared to a threshold  with an adaptive scaling factor  for all , where   is the detection time window length set according to the maximum expected timing offset in samples,  and the threshold  is set a-priori such that the probability of false alarm is less than or equal to  when the input is noise only. The receiver declares that a preamble  is detected if  for some  in the detection time window. For each detected preamble , a timing estimation is also obtained as

In the above, the scale factor  is determined by the received signal power and the quasi-average of the PDP {}, . Specifically, the quasi-average  is calculated as the mean of the PDP {} after discarding the most significant  entries of it. The reason to discard several most significant entries from the PDP {} is that interlaced-based PRACH preambles will generate multiple side peaks in the cyclic auto-/cross-correlation functions outside the ZAZ. Hence those most significant entries in the PDP {} are likely to be generated by the transmitted signals rather than noise, which should be discarded in the quasi-average calculation to avoid their effect in detecting the main peak of the PDP. In the simulation, the value of  is set adaptively for different schemes according to the number of side peaks in their circular cross-correlation output.
Appendix C: Performance comparison of different PRACH schemes 
Figures C-1 to C-4 show the performance of different PRACH schemes for NR-U with different SCS in the following aspects:
· Probability of mis-detection: A miss-detection is declared if the transmitted preamble is not detected, or the transmitted preamble is detected but with a timing estimation error beyond ±50% of the CP length of UL data (assuming 30 kHz SCS and normal CP length for UL data); 
· Probability of false detection: A false detection is declared if an un-transmitted preamble is detected;
· Cumulative distribution function (CDF) of delay estimation error: The CDF of delay estimation error is calculated for all the successfully detected preambles.
In these figures, the nominal SNR value is calculated from the actual SNR value that the system is working at as 
,
which takes into account the power back-off caused by the non-zero PAPR of the designed PRACH waveforms and the gap between their maximum transmission power and the corresponding upper limit of 23 dBm. 
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Figure C-1. The mis-detection (a), false detection (b) and timing error (c) performance comparison of uniform interlace based PRACH schemes with 15 kHz SCS and 10 interlaces
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Figure C-2. The mis-detection (a), false detection (b) and timing error (c) performance comparison of non-uniform interlace based PRACH schemes with 15 kHz SCS and 10 interlaces
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Figure C-3. The mis-detection (a), false detection (b) and timing error (c) performance comparison of non-uniform interlace based PRACH schemes with 30 kHz SCS and 5 interlaces
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Figure C-4. The mis-detection (a), false detection (b) and timing error (c) performance comparison of non-uniform interlace based PRACH schemes with 60 kHz SCS and 3 interlaces
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