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Introduction
NR will operate in licensed and unlicensed (NR-U) band up to 100 GHz, and should support both licensed assisted access (LAA) and standalone access (SA). Unlicensed band operation will often require fulfilment of specific spectrum characteristics and regulatory requirements. Notably, unlicensed access may need to satisfy a ratio between the Occupied Channel Bandwidth (OCB) and nominal channel bandwidth. Also, unlicensed access may be required to verify channel availability before transmission by Listen-Before-Talk (LBT) procedure. A NR-U random access channel (RACH) procedure needs to be supported at least for SA operation to provide uplink (UL) synchronization and resource request. As a result, specific design of PRACH waveform for NR-U may be required to fulfil these specific regulatory requirements. 
 NR-U Physical RACH (PRACH)
NR-U PRACH waveform 
NR-U PRACH waveforms need to be designed to satisfy specific requirements of unlicensed bands. There are typically three requirements to consider: 
1. Occupied channel bandwidth (OCB): The OCB is the bandwidth containing 99% of the power of the signal. Typically, OCB of a transmitted signal must be at least 80% of the declared nominal channel bandwidth (NCB), which widest band of frequencies, inclusive of guard bands, assigned to a single channel [1]. In [1], NCB for a single operating channel shall be 20 MHz, but a lower NCB of at least 5 MHz can be used by a UE.

2. Transmitted power and power spectral density (PSD): Additionally, limits on the transmit power and PSD are imposed. For example in [1], for frequency range from 5150 to 5350 MHz with transmit power control, the maximum transmitted power is limited to 23 dBm with maximum PSD of 10 dBm/MHz. This implies that transmission power might be further limited in case of signal with too small an effective transmission bandwidth, which might subsequently decrease the cell coverage. The minimum bandwidth for all scenarios in [1] to reach the maximum power while satisfying the maximum PSD is 20 MHz. 

3. Listen Before Talk (LBT): a LBT mechanism should be performed before every PRACH transmission 
Observation 1: RAN1 should consider NR-U PRACH waveform to satisfy OCB, PSD, and LBT requirements.  
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 a long Zadoff-Chu (ZC) sequence of length L = 839 or a short sequence 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 deployment for smaller cell size, format with short preamble duration should be sufficient in terms of link budget.  Formats with short sequence L=139, which apply to larger subcarrier spacing (SCS), have larger bandwidth and are thus more adapted fulfill OCB requirement, they also have different possibilities of SCS more aligned with those of PUSCH, and more suitable to high carrier frequency. 
Proposal 1: NR-U PRACH should support the sequence length of L=139.

Several possible approaches were identified for LTE LAA PRACH to address OCB, PSD, and LBT requirements [4].  Interlacing or repetition of PRACH resources where notably considered [2] [3] 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 below with their identified benefits and issues. 
PRACH waveform options for OCB requirement
Temporal allowance of the narrow band operation by ETSI and legacy NR PRACH formats
In [1], conformance test of the OCB should be performed for at least 1 s sweep time. However, during a Channel Occupancy Time (COT), UE may operate temporarily with an OCB smaller than 80% with a minimum of 2 MHz. Maximum duration of COTs are ranging from 1 to 10 ms depending of the type of equipment.  In [5] it was therefore proposed to utilize this temporal allowance and only allocate 12 contiguous RBs with 15 kHz SCS (corresponding to 2.16 MHz with guard bands). In this case any NR PRACH formats with sequence length L=139 and at least 15 kHz SCS would fulfill the OCB requirement. However, the effective transmission bandwidth of legacy NR PRACH formats are too narrow to reach the maximum transmit power under PSD limit.  For example, with a PSD limit of 10 dBm/MHz [1], PRACH transmit power would be limited to 13, 16, and 19 dBm with 15, 30, 60 kHz SCS compared to the corresponding power limit of 23 dBm. It is also worth noting that if interlaced PUSCH is supported in NR-U, using legacy PRACH formats may block any other user to transmit PUSCH during a RACH occasion. 
Frequency Hopping 
If temporal allowance of a narrow band operation is not possible, one could repeat successively the same PRACH signal in time with frequency hopping in order to occupy the full band. The number of repetition and corresponding frequency resources can be selected only to fulfil the OCB requirement. The repetition should occur during OCB sweep measurement time which is, e.g., 1 s in [1]. This however do not allow to increase the maximum transmit power under PSD limitation but the received energy of multiple transmitted PRACH waveforms can be non-coherently combined at the receiver to improve detection. Again, in the case interlaced PUSCH is supported in NR-U, using legacy PRACH formats may block any other user to transmit PUSCH during a RACH occasion.
Repetition in the frequency domain 
A solution considered in LTE LLA [2] in order to transmit PRACH with the highest power while fulfilling the OCB and PSD requirement is to repeat the PRACH signal in multiple frequency sub-bands only for the purpose to occupy wider bandwidth. The option considered for LAA-PRACH was based on LTE PRACH format 0 and/or format 4 using repetition in frequency from a configurable value. This has nevertheless two disadvantages. First, it increases the overhead of PRACH as it will occupy a much larger frequency band than necessary and thus block usage of these sub-bands from other users, i.e., reducing the multi-user multiplexing gain. Also, superposition of the same signal with different frequency shifts leads to an increased peak-to-average power ratio (PAPR). In the case, interlaced PUSCH is supported in NR-U, this waveform design will also block any possibility for other user to transmit PUSCH during a RACH occasion.
Interlacing
With interlacing, the PRACH frequency resources are allocated in a distributed manner along the NCB in order to fulfill the OCB requirement. This waveform design has the advantage of being scalable and flexible. Because the PSD limitation is, e.g., in [1], with a MHz granularity, interlacing can enable to reach a higher transmit power by allocating only a small portion of the frequency resources per PSD measurement granularity. For example, with 10 dBm/MHz PSD limit and allocating only one RB per MHz so that each RB can be transmitted with 10 dBm and reach a total of 23 dBm transmit power with 20 interlaced RBs.
One of the main advantages of this waveform design for PRACH would be comply with an interlaced PUSCH design potentially inherited from LTE. In LTE LAA, PUSCH resources are interlaced in the system bandwidth. For 20 MHz, an interlace is constituted of 10 RBs allocated uniformly every 10 RB so that a total 10 orthogonal interlaces can overlap.  This LTE LAA interlace structure enable 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 frequency carrier transmission, the supported PUSCH SCSs are 15, 30 and 60 kHz, while 30 and 60 kHz are supported for PRACH. 
If PUSCH and PRACH have different SCSs, each isolated RB an interlace needs to have its own guard band which will increase overhead. These problem can be circumvent by restricted PRACH SCS to PUSCH SCS within NCB.  
Observation 2: An interlaced NR-U PRACH with different SCS than PUSCH within NCB 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 them in only 10 RBs over 20 MHz bandwidth as in LTE LAA since PRACH with sequence length L=139 will require a minimum of 12 RBs. In this case, PRACH can be allocated in two interlaces, e.g. 20 RBs, which will divide the PRACH multi-user multiplexing gain by half. 
Observation 3: An interlaced NR-U PRACH with same SCS as PUSCH may require allocation of two interlaced frequency resources. 
Moreover, it has been observed that interlacing increases timing estimation errors as it creates side lobes in the correlation functions of a PRACH signals. This is illustrated in Figure 1 below which displays the auto-correlation and cross-correlation of 6 PRACH waveforms constructed from orthogonal ZC sequences of length 139 with zero-correlation zone obtained from a cyclic shift separation of   and generated with a 2048-point IFFT and 15 kHz SCS. The cyclic shift value  corresponds to a maximum supported timing offset of 10 s. 
With a legacy contiguous RE allocation shown on the left side of Figure 1, the PRACH waveforms are actually not exactly orthogonal since there are some ripples due to the oversampling from the IFFT modulation, but nevertheless, a desired zero-correlation-zone (ZCZ) property between orthogonal sequences is mostly preserved. With RB interlacing this is however not the case anymore as shown on the right side of Figure 1.  Here in this example ZC sequences are allocated in an interlace of 12 RBs allocated uniformly every 10 RBs. As we can see from the figure correlation peaks have subsequently enlarged lobes that almost overlap.  This shows that interlacing creates very high and undesirable correlations among PRACH waveforms that would directly impact detection performance. 
Observation 4: The impact of interlacing over PRACH preamble detection performance should be further considered and studied.  
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(a) Contiguous resource allocation                                    (b) RB-interlaced resource allocation
[bookmark: _Ref509831641]Figure 1: Auto- and cross correlation of PRACH preamble waveforms from orthogonal ZC sequences. 

Summary
The advantages and disadvantages of the different PRACH waveform options are summarized in Table 1 below. 
Table 1. Comparison of different methods for PRACH vaweforms.
	
	Advantage
	Disadvantage

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

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

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

	Interlacing
	· Scalable to OCB requirement
· Increased transmitted power under PSD limitation.
· Enable multiplexing with LTE LAA interlaced PUSCH.
	· Degraded timing estimation and detection performance due to high correlation side lobes.
· Different SCS than PUSCH will impose a high overhead due to multiple guard bands.  
· Same SCS than PUSCH may require two interlaced frequency resources allocation.



Resource allocation of PRACH
In Rel-15 NR, gNB can semi-statically configure an association between one or multiple PRACH occasions/preambles and SS/PBCH block. A UE is provided a number of SS/PBCH blocks associated with one PRACH occasion by higher layer parameter. The value of higher layer parameter could be smaller or larger than one, which indicates one SS/PBCH block is mapped to multiple consecutive PRACH occasions, or vice versa. If many SS/PBCH blocks are mapped to one PRACH occasion, NR also supports a mapping from different SS/PBCH blocks to non-overlapping subsets of RACH preamble indices within one PRACH occasion.
Proposal 2: Semi-static resource allocation of PRACH supported in NR could be the baseline of resource allocation design of PRACH in NR-U.
On the other hand, extra time latency may be introduced to NR unlicensed random access procedure when semi-statically configured PRACH occasion is blocked due to LBT. Multiple PRACH periodicity are  supported in NR which are 10, 20, 40, 80, and 160 ms. In the case of LBT failure, a UE will not be able to transmit its PRACH signal and will have to wait until the next PRACH occasion. Large periodicities should then not be supported for NR-U to avoid further access latency due to LBT failure. When a UE’s UL is out of synchronization, gNB may force UE to initiate PRACH to re-synchronize with the network. Instead of waiting for the next configured PRACH occasion, extra transmission opportunities for PRACH could be dynamically scheduled via DCI to further reduce access delay, which is beneficial to the UE with QoS requirements. 
Proposal 3: Dynamic scheduling of PRACH occasion via DCI shall be supported in NR-U.
LBT for NR-U PRACH
A LBT procedure should be performed before the UE is enabled to transmit its PRACH signal. This LBT can be either performed in the previous PUSCH slot before PRACH, or either at the beginning of the PRACH slot.  In the second option, NR-U PRACH formats should include a blank transmission region at the beginning of a PRACH slot. In LTE LAA, it was considered that a region for LBT is provided by not transmitting one or more OFDM symbols in a PRACH frame [2].
In LTE LAA, UE may perform CAT 2 LBT for transmission including PUSCH in subframe within a MCOT (Maximum Channel Occupancy Time) initiated by gNB. Similarly, CAT 2 LBT could be used for PRACH transmission when scheduled PRACH occasion lies within a MCOT. Otherwise, CAT 4 LBT may be adopted for PRACH transmission. Note that LBT class can be overridden by the latest group-common or UE-specific DCI, as an MCOT may be established/released by gNB. RRC connected UE could be configured by higher layer parameter for UL transmission timing adjustment, which makes UL transmissions from different UEs better aligned at the network side. When PUCCH is frequency multiplexed with PRACH, earlier PUCCH transmission before slot/subframe boundary may block PRACH transmission. Hence, a mechanism to handle this issue is required if frequency multiplexing of PUCCH and PRACH is supported in NR-U.   
Proposal 4: Whether frequency multiplexing of PRACH and PUCCH is supported in NR-U shall be further studied.
Remaining part of RACH procedure 
Random access response
In NR, the UE expects to receive random access response (RAR) within a RAR time window after successful PRACH preamble transmission, which is determined by higher layer parameter. A RAR carries scheduling information of a PUSCH transmission from the UE (Msg3 PUSCH). If a UE does not detect the PDCCH with a corresponding RA-RNTI and a corresponding DL-SCH transport block within the time window, it retransmits the PRACH preamble. In unlicensed operation, the RAR transmission could be blocked due to LBT failure. Hence the RAR transmission of NR-U can be enhanced by introducing more RAR transmission occasions or flexible window duration.
Msg3 PUSCH
As discussed above, a UE will transmit Msg3 PUSCH according to the scheduling information indicated by the RAR. There is a minimum time requirement between the last symbol of a PDSCH reception conveying a RAR and the first symbol of a corresponding Msg3 PUSCH transmission for a UE. Due to the time duration limitation of MCOT and required time gap between RAR and Msg3, they may not be able to transmit within the same MCOT. In this case, 2-step triggered scheduling mechanism could be considered, i.e., Msg3 is triggered to transmit in the subsequent MCOT and the scheduling information of trigger DCI is indicated by RAR in the previous MCOT.
PDSCH with UE contention resolution identity
In response to an Msg3 PUSCH transmission, the UE attempts to detect a PDCCH with a corresponding TC-RNTI or C-RNTI scheduling a PDSCH that includes a UE contention resolution identity, and it transmits HARQ-ACK information in a PUCCH. Similar to RAR transmission discussed above, Msg4 could also be enhanced in the same manner for NR-U operation.
RACH latency
A 4-step RACH procedure is supported in NR, and the total time required for RACH procedure only depends on network’s scheduling and hardware capability. However, required time for RACH procedure may also depend on LBT results at both gNB and UE side. In case the resource allocated for RACH procedure is not in MCOT, LBT CAT 4 should be applied. The more LBT attempts required for RACH procedure, the more time may be needed for completing the whole RACH procedure. Moreover, the monitoring window of Msg2 and Msg4 should be extended considering the possibility of LBT failure. Therefore, RACH procedure with reduced latency should be considered in NR-U. 
Observation 5: RACH procedure with reduced latency from LBT should be considered.
Conclusions
The following are the observations that we have identified:
Observation 1: RAN1 should consider NR-U PRACH waveform to satisfy OCB, PSD, and LBT requirements.  
Observation 2: An interlaced NR-U PRACH with different SCS than PUSCH within NCB will impose a high overhead due to multiple guard bands.  
Observation 3: An interlaced NR-U PRACH with same SCS as PUSCH may require allocation of two interlaced frequency resources. 
Observation 4: The impact of interlacing over PRACH preamble detection performance should be further considered and studied.  
Observation 5: RACH procedure with reduced latency from LBT should be considered.
Accordingly, we have the following proposals:
Proposal 1: NR-U PRACH should support the sequence length of L=139.
Proposal 2: Semi-static resource allocation of PRACH supported in NR could be the baseline of resource allocation design of PRACH in NR-U.
[bookmark: _GoBack]Proposal 3: Dynamic scheduling of PRACH occasion via DCI shall be supported in NR-U.
Proposal 4: Whether frequency multiplexing of PRACH and PUCCH is supported in NR-U shall be further studied.
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