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[bookmark: _Ref490170658]Introduction
In RAN1#94 meeting [1], the UL channel design for NR-U was discussed and some design principles were agreed: 
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
· 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 this contribution, we discuss our views on the physical uplink data channel (PUSCH), physical uplink control channel (PUCCH), and physical random-access channel (PRACH) design aspects for NR-U.
PUSCH Design
In LTE eLAA, channel bandwidth is 20 MHz which comprises of 100 RBs divided into 10 interlaces. In NR-U, the channel bandwidth can be 20, 40, or 80 MHz and UEs operating on different bandwidths should be able to be multiplexed on the same BWP/Carrier. Therefore, the interlace design should be scalable while satisfying the regulations. The two options of interlace design may be:
· Option 1: The spacing between the clusters of an interlace is fixed regardless of the channel BW [6].
· Option 2: The number of clusters within an interlace is fixed regardless of the channel bandwidth.
A sample illustration of these options is given in Figure 2‑1. Option 1 provides an easily scalable design. One disadvantage of this option could be the user multiplexing capacity which may reduce as the number of clusters assigned to one interlace increases by increasing the bandwidth. Obviously one reason that the UE is operating on a wider channel is because it needs to support higher throughput which in turn requires more resources anyway. On the other hand, in Option 2, the user multiplexing capacity increases with increasing bandwidth. However, given the vastly varying number of available RBs in different channel bandwidths and numerologies, design of interlaces that can coexist for all cases may require extensive standardization effort.
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[bookmark: _Ref521498033]Figure 2‑1 Interlace design options for B-IFDMA
The user multiplexing capacity of Option 1 may be improved by assigning sub-clusters to one interlace instead of the whole cluster as shown in Figure 2‑2. This solution, however, may need changes to the NR Release 15 since sub-RB allocation is not allowed. Alternatively, the gNB may configure the UEs with smaller BWPs and then the UEs are multiplexed on different BWPs (i.e., FDM).
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[bookmark: _Ref521498685]Figure 2‑2 Interlace design option for B-IFDMA with sub-cluster assignment
Based on the above discussion, we have a preference over Option 1 since it provides a clean and flexible solution with less standardization effort.

Proposal 1: The spacing between the clusters of an interlace is fixed regardless of the channel bandwidth.
PUCCH Design
NR R15 PUCCH Design
NR R15 introduced five different PUCCH formats. A summary of these formats is given in Table 1. Each of these formats was optimized for a specific use case. We believe NR-U should strive to support different scenarios and application; and therefore, should study how the functionality of NR PUCCH formats can be extended for NR-U.


[bookmark: _Ref525806819]Table 1 PUCCH formats in NR
	
	F0
	F1
	F2
	F3
	F4

	Structure
	Sequence-based
	Sequence modulation
	OFDM
	DFT-s-OFDM
	DFT-s-OFDM

	# of bits
	
	
	
	
	

	# of PRBs
	1
	1
	1-16
	1-16
	1

	# of OFDM symbols
	1-2
	4-14
	1-2
	4-14
	4-14

	Modulation
	Cyclic shifts
	BPSK/QPSK
	QPSK
	QPSK/ Pi/2 BPSK
	QPSK/ Pi/2 BPSK

	RS/UCI Multiplexing
	-
	TDM
	FDM
	TDM
	TDM

	User Multiplexing
	Yes (Cyclic-shifts)
	Yes (OCC)
	No
	No
	Yes (Pre-DFT OCC)

	Channel Coding
	-
	-
	RM/Polar
	RM/Polar
	RM/Polar

	Advantage
	Quick & reliable response for ACK/NACK & SR
	Coverage-limited cases for ACK/NACK & SR
	Quick response
with moderate payload
	Coverage-limited cases 
with moderate payload
	Moderate payload 
with higher user capacity



Achieving Quick Responses in Unlicensed Band
In NR Release-15, short PUCCH formats are designed for transmission of ACK/NACK for a single transport block. However, for operation in unlicensed bands, there are multiple use cases that show benefits of a fast feedback by UEs. The following highlights the use cases of short PUCCH transmission in NR-U. 
· Case 1: In one use case, a short ACK/NACK can be transmitted right after downlink with a short gap. This takes advantage of the regulatory rules where if the gap between the downlink and subsequent transmission is 16µs or less the UE need not perform LBT (i.e. LBT Cat-1). Also, if the gap between the downlink and subsequent transmission is 25µs or less the UE needs to perform LBT Cat-2 (which is a higher priority LBT and leads to a successful LBT more often than Cat-3 and 4). Since rival technologies such as Wi-Fi take advantage of transmitting an ACK frame within 16µs without performing LBT, it is natural for NR-U to take advantage of this regulatory permit to stay competitive. Note that the short PUCCH transmission need not be associated to preceding downlink transmission of the same slot. The baseline NR HARQ procedure allows for DCI indication of a scheduled PUCCH in the subsequent slots. A further description and example of this can be found in [7].
· Case 2: In another use case, a short PUCCH transmission can be used for coexistence purposes. Consider that a gNB intends to establish a COT and to exchange DL and/or UL TBs with several UEs. For better coexistence as well as more efficient gNB scheduling, a gNB may seek feedback about the channel occupancy status at the side of the UEs. Using a short PUCCH transmission, at the request of the gNB, the UEs may send indications about the channel status at their side to the gNB and gNB would be able to schedule the UEs within the COT more efficiently, or to prioritize DL/UL exchange to the UEs according to the feedback. This leads to a better coexistence among NR-U devices belonging to the same or various operators, or among NR-U devices and inter-RAT devices, thanks to equipping UEs to send quick channel status reports using short PUCCH formats.

There are some concerns that large variation in timing advance among UEs (w.r.t. own and neighbouring gNBs) may impact the coexistence mechanism described in Case 2. Considering the small-cell use case of NR-U (e.g. indoor or outdoor hotspots), the variations of timing advances among UEs is much more limited compared to the outdoor NR deployments, after all the variation of the timing advance among UEs is due to large variation in distance which is limited in NR-U use cases. For instance, an increment/decrement in timing advance value corresponds to ±0.56µs change in timing advance which corresponds to about ±78 meters change in distance to the gNB. This means that almost all UEs within vicinity of 78 meters have the same timing advance. Considering typical deployments (e.g. malls, offices, indoor/outdoor hotspots) of similar technologies (e.g. WiFi and LAA), and considering the maximum power limitation on the unlicensed bands, within a distance of about 78 meters there could be a few same-operator gNBs, indicating that the UEs’ timing advance for own gNB and neighbouring gNB would either be the same value or differ by one increment (i.e. ±0.56µs).  
    
In NR, PUCCH Formats 0 and 2 provide quick feedback with one or two OFDM symbols. Format 0 and Format 2 were comprehensively studied in different ways in previous discussions and designed based on several criteria such as inter-cell interference and power efficiency of the transmission. NR-U also needs similar formats to address low-latency applications. If a quick ACK/NACK and the scheduling request are transmitted through a different format in NR-U (via zero padding), the reliability and coverage of the scheme may be different which is not desirable. Hence, some form of extensions of the Format 0 and 2 without changing their main functionality may be needed.
Supporting Moderate Payload in Unlicensed Band
NRU should support moderate payload as in NR because important use-cases, such as HARQ, may require concatenated feedback. The moderate and higher payloads are achieved with Format 2, Format 3 and Format 4 in NR R15. However, only format 4 supports user-multiplexing in one RB, while Format 2 and Format 3 are limited to single user transmission. Considering different characteristics of these formats, NRU should consider extending these formats without changing their main functionalities defined in NR.
Addressing Interference-limited Scenarios in Unlicensed Band
Long PUCCH formats are particularly beneficial in coverage-related scenarios. Although small cells may be an important deployment scenario for NR-U, the coverage may still be limited due to the interference. In unlicensed bands, the interference may have bursty characteristics due to the incumbent systems operating in the same spectrum. With long PUCCH formats, even though some part of the transmission may experience significant interference, the remaining less-interfered part and/or the processing gain can be sufficient for the receiver to decode the UCI. 
In NR R15, Format 1 provides reliability based on well-designed sequences for SR and ACK/NACK while Format 3 and Format 4 exploit the DFT precoding to reduce PAPR. While Format 4 enables higher user multiplexing capacity with an RB, Format 3 can address the cases that require higher payloads, e.g., concatenated ACK/NACKs. Considering the trade-off between these PUCCH formats, NRU will also get benefit from the extension of existing NR PUCCH formats.

Proposal 2: NR-U should study extending NR PUCCH formats for NR-U.

Extending NR PUCCH Formats for Unlicensed Operation
[bookmark: _Hlk521571888]Format 0/1 for Interlaced Resource Allocation
In NR Release 15, Short PUCCH - Format 0 is well-designed for single RB to transmit ACK/NACK within one OFDM symbol, but it does not allow to increase the transmit power based on the regulatory PSD constraint (e.g., 10 dBm/MHz) in the unlicensed band. Furthermore, PUCCH Format 0 is sensitive to multipath channel as the bandwidth of the signal is narrow, which can cause significant degradation due to the multipath fading of the channel. Since interlaced resource allocation achieves immunity against multipath fading and allows the transmitter to increase the signal power under regulatory constraint, there is a strong need for extending Format 1 based on the interlaced resource allocation.
In our previous contributions [2][3], we compared three different options for	Short PUCCH design with 1-2 bits for interlaced resource allocation:
· Option 1: Interlaced Short PUCCH with existing complementary QPSK sequences
· Option 2: Interlaced Short PUCCH with the sequences in Table 5.2.2.2-2 [4]
· Option 3: Interlaced Short PUCCH with Zadoff-Chu (ZC) Sequences
In Option 1, interlaced Short PUCCH is generated via spreading a QPSK complementary sequence pairs with another QPSK complementary sequence pair. The main benefit of this approach is that the PAPR of the corresponding signal is guaranteed to be less than or equal to 3 dB even though there are 10 clusters located on non-contiguous RBs. In addition, the spreading sequences that generate the interlaces does not need to be changed for different subcarrier spacing (e.g.,  kHz for ) and channel bandwidths. Therefore, Option 1 provides scalability naturally without introducing any complexity and performance loss. Because of availability of large number of complementary sequences, it reduces the correlation between any of the two sequences generated through complementary sequences significantly. For example, well-known QPSK complementary sequences proposed in 1994 [5] can be utilized to achieve short PUCCH for NR-U.

As compared to Option 3, Option 2 has an advantage by using QPSK alphabet and low-cross correlation as it exploits well-designed computer-generated sequences for single RB. On the other hand, unfortunately, both Option 2 and Option 3 cause dramatically high PAPR in case of interlaced resource allocation. For example, even with optimal phase rotations, the PAPR of the Tx signal based on Option 2 will be higher than 5dB. In addition, Option 2 and Option 3 are not scalable as they require different phase rotations for each subcarrier spacing, channel bandwidth, and sequence index. Our analysis also shows that maximum low-cross correlation can be high within the cluster for Option 3 as part of ZC sequence is mapped to one cluster. In addition, Option 3 introduces receiver complexity due to the polyphase structure.

As a demonstration, we compare PAPR, CM, co-channel interference performance for Option 1-3 when 15 kHz subcarrier spacing and 20 MHz channel bandwidth, and interlaced resource allocation are considered. For Option 2, we consider two different optimized spreading sequences to prioritize cubic metric (referred as Option 2a) and PAPR (referred as Option 2b).
· PAPR: In   Figure 3‑1, the distribution of PAPR for different options are given. While the optimal spreading sequences for PAPR or CM for Option 2 (i.e., Option 2b and Option 2a) yields to 5.3 dB and 5.7 dB PAPR, respectively, best ZC sequences, i.e., Option 3, limits the PAPR to 6 dB. On the other hand, Option 1 limits the PAPR to 3 dB and substantially improves the performance by 2.7 dB, 2.3 dB, and 3 dB as compared to Option 2a, Option 2b and Option 3, respectively.
· Cubic metric: In Figure 3‑2, we compare CM distribution for the options. Like the results in   Figure 3‑1, Option 1 improves the CM performance by 0.9 dB, 1.8 dB, and 1.7 dB as compared to Option 2a, Option 2b, and Option 3, respectively.
· Co-channel Interference: In Figure 3‑3, we provide the peak cross-correlation results to quantify the co-channel interference. Option 3 fails since the maximum cross correlation reaches up to 0.95. The maximum peak-cross correlations are 0.715 and 0.8 for Option 1 and Option 2, respectively. Option 1 is superior to Option 2a/2b and Option 3.
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[bookmark: _Ref510688374][bookmark: _Ref510688412]  Figure 3‑1 Comparison: PAPR                   Figure 3‑2 Comparison: Cubic metric[image: ]
[bookmark: _Ref510688487]Figure 3‑3 Comparison: Peak cross-correlation
Observation 1: The PAPR [CM] of the sequence-based PUCCH signals with interlaced allocation can be maintained less than or equal to 3 dB [1 dB] without changing the main concepts employed in NR Format 0/1
Based on the above results, we have the following proposal:
Proposal 3: Interlaced sequence-based PUCCH should be adopted for NR-U to achieve quick and reliable responses such as ACK/NACK and SR in unlicensed bands as an extension of NR Format 0 and Format 1.
Proposal 4: Interlaced sequence-based PUCCH design should be based on the sets of QPSK sequences which maintain the PAPR of Short PUCCH signals similar to that of the Format 0 and Format 1 in NR R15.
Format 2/3/4 for Interlaced Resource Allocation
The formats in NR support varying payload sizes with differing user multiplexing capacities. For example, Format 2 and Format 3 may be re-used in NR-U without introducing any fundamental changes. In these cases, encoded and modulated UCI bits may simply be mapped to the RBs of an interlace with or without DFT precoding. In those cases, the PAPR/CM of the signal can be significantly high. The simple and well-known methods such phase rotation can be applied to reduce the PAPR.
Proposal 5: NR PUCCH Format 2 and Format 3 should be extended by mapping the UCI bits to the RBs of an interlace with and without DFT precoding, respectively, with the consideration of PAPR/CM mitigation methods for NR-U.
[bookmark: _GoBack]Among F2/3/4, only F4 supports user-multiplexing within an RB. In NR-U, Format 4 can simply be extended by enabling orthogonal cover codes (OCC) within clusters of an interlace. OCC in time and frequency may also be introduced for the extension of Format 4.
Proposal 6: The extension of NR PUCCH Format 4 should consider OCC in time and frequency.
PRACH Design
In NR, the set of random-access sequences are Zadoff-Chu sequences with a length of 839 or 139 which are mapped to a block of contiguous subcarriers to generate the OFDM symbol. One or more OFDM symbols, together with a cyclic prefix and a guard interval, constitute the PRACH preamble format [4]. In NR-U, the PRACH sequence may be transmitted using the B-IFDMA approach or by mapping the sequence to a set of subcarriers within one cluster. These two approaches are compared below:

PRACH using B-IFDMA:
In this approach, the sequence is mapped to an interlace and has the following properties:
· Maximum transmit power can be utilized due to the wideband transmission.
· Since PRACH and PUSCH follow the same resource allocation methodology, efficient and simple scheduling can be achieved.
· Simultaneous transmission of PUSCH and PRACH with different numerologies may not be possible due to the large overhead incurred by the necessity of introducing guard bands within the interlace.
· Correlation properties of the PRACH preamble degrades.
· PAPR of the PRACH sequence increases.

PRACH using a single cluster:
In this approach, the sequence is mapped to a set of subcarriers within a single cluster and has the following properties:
· The correlation and PAPR properties of the PRACH preambles are the same as those in NR.
· If the bandwidth of the cluster is not large enough, transmit power may be limited due to the PSD regulation. However, this limitation may easily be mitigated by utilizing a cluster with relatively large bandwidth. For example, with 60 kHz subcarrier spacing and a PRACH sequence length of 139, a PRACH bandwidth of about 8 MHz is achieved, which is sufficient to almost utilize the maximum transmit power.
The same PRACH bandwidth may also be achieved by using a smaller subcarrier spacing while mapping the sequence in an interleaved fashion to the subcarriers within the cluster. A sample illustration is shown in Figure 4‑1. As an example, in Option (a), if L (sequence length) = 139, and Δf = 60 kHz, we have a PRACH BW of 8.340 MHz. With 15 kHz subcarrier spacing (m = 4 in Option (b)), the same PRACH bandwidth can accommodate m times more subcarriers. The same sequence can be mapped to every mth subcarrier within the PRACH BW. Note that the OFDM signal generated using the second approach is m times repeated version of the OFDM signal generated using the first approach; therefore, both options have the same correlation and PAPR properties.
· The potential collision between channels that support B-IFDMA, e.g. PUSCH, and PRACH can be handled by the scheduler, and by introducing rate matching/puncturing mechanisms.

The correlation and CM of PRACH with B-IFDMA and one cluster are compared in Figure 4‑2 to Figure 4‑4. In these figures, a ZC sequence of length 139 has been used. It can be observed that, the correlation property of PRACH using B-IFDMA degrades compared to the one cluster approach. In addition, the CM of the B-IFDMA may be up to 1.5 dB worse.

[image: ]
[bookmark: _Ref513627826]Figure 4‑1 PRACH within one cluster
Based on the above discussion, we propose that PRACH is mapped to subcarriers within one cluster.

Proposal 7: PRACH is mapped to subcarriers within a single cluster and interleaved RE assignment within the cluster is supported.
[image: ] [image: ] 
[bookmark: _Ref513638154]Figure 4‑2 Correlation of PRACH with B-IFDMA      Figure 4‑3 Correlation of PRACH with one cluster
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[bookmark: _Ref513638207]Figure 4‑4 CM of PRACH with B-IFDMA and one cluster

Signalling for UE Enhanced Channel Access
NR-U is intended to enable operation in multiple scenarios, including dual connectivity (DC) and standalone (SA) deployments. In such scenarios, support for PRACH and PUCCH over unlicensed channel are required.
In NR-U, a UE should perform LBT to access an unlicensed channel for the transmission of PRACH preamble. In highly loaded channels, a UE may fail multiple times at acquiring an unlicensed channel prior to transmitting PRACH. To mitigate such access latency, PRACH resources could be increased in time to provide UEs with more opportunities. However, this comes at a cost of wasted resources for cases where UEs are not attempting random access.
Increasing PRACH resources will not address the clustering effect that LBT can lead to. Even though there are multiple PRACH resources, PRACH transmissions will cluster to a few of those, based on the channel load. Therefore, more PRACH transmissions may occur in a single resource. This increases probability of contention, although contention resolution methods may still function adequately.
The following is for FFS from RAN1#94:
“FFS: Potential LBT blocking due to TA difference between FDM’s PUSCH, PUCCH, and PRACH”
Given that UEs are not time aligned prior to transmitting PRACH preamble, it is also possible that a first UE may acquire the unlicensed channel for transmission of PRACH and may block other UEs from doing so along with potentially blocking UEs with other transmissions (PUSCH/PUCCH) FDM’d with PRACH resources. Inter-UE blocking caused by LBT may thus limit the benefits of increasing the number of PRACH resources along with reducing over-all channel usage. A single UE transmitting a preamble on a PRACH resource can block other UEs from transmitting a different preamble on the same resource, thus affecting the overall RACH capacity.
Inter-UE blocking due to LBT may also have a negative effect on PUCCH transmissions, including PUCCH formats that allow UE multiplexing.
It has been agreed that switching between DL and UL within a COT is beneficial. Therefore, the gNB can acquire the unlicensed channel and send a triggering signal to enable multiplexed transmissions with reduced or no LBT. This centralizes the main LBT process for multiple UEs and reduces the likelihood of UEs blocking one another, enabling the multiplexing of PRACH transmissions, along with multiplexing of PRACH and PUSCH/PUCCH transmissions.
The UE may also be configured to use a certain LBT configuration for an uplink transmission following the reception of a trigger. The LBT process for multiplexed transmissions can be enhanced to further reduce the blocking probability. For example, LBT configuration may be dependent on whether UE multiplexing is used, or whether UE multiplexing without proper TA is assumed.

Proposal 8: Upon reception of a trigger signal from the gNB, the UE may transmit PRACH, or PUSCH/PUCCH with modified LBT. FFS the type of LBT required by the UE for triggered transmissions.

Conclusions
In this contribution, we discussed our views regarding the UL physical channel design for NR-U and made the following proposals:

Proposal 1: The spacing between the clusters of an interlace is fixed regardless of the channel bandwidth.

Proposal 2: NR-U should study extending NR PUCCH formats for NR-U.
Proposal 3: Interlaced sequence-based PUCCH should be adopted for NR-U to achieve quick and reliable responses such as ACK/NACK and SR in unlicensed bands as an extension of NR Format 0 and Format 1.
Proposal 4: Interlaced sequence-based PUCCH design should be based on the sets of QPSK sequences which maintain the PAPR of Short PUCCH signals similar to that of the Format 0 and Format 1 in NR R15.
Proposal 5: NR PUCCH Format 2 and Format 3 should be extended by mapping the UCI bits to the RBs of an interlace with and without DFT precoding, respectively, with the consideration of PAPR/CM mitigation methods for NR-U.
Proposal 6: The extension of NR PUCCH Format 4 should consider OCC in time and frequency.

Proposal 7: PRACH is mapped to subcarriers within a single cluster and interleaved RE assignment within the cluster is supported.

Proposal 8: Upon reception of a trigger signal from the gNB, the UE may transmit PRACH, or PUSCH/PUCCH with modified LBT. FFS the type of LBT required by the UE for triggered transmissions.
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