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Introduction
During RAN Plenary #82, the TR related to the Study on NR-Based Access to Unlicensed Spectrum [1] has been approved. In the same meeting a new WID related to NR-Based Access to Unlicensed Spectrum [2] has been approved, starting the Specifications phase for Release 16.
In this contribution, we discuss details of initial access signals and channels design for NR-U:
· DRS
· PRACH
DRS 
The NR-U WID [2] lists the following physical layer aspects (DL signals and channels) to be specified related to DRS:
	NR-U Discovery Reference Signal (DRS) containing at least SS/PBCH block burst set transmission and possibly CSI-RS, RMSI-CORESET(s)+PDSCH(s), OSI and paging with properties and extensions from NR Rel-15 in line with the agreements during the study phase (TR 38.889, Section 7.2.1.2). 60kHz based SSB/PBCH block is outside the scope of the WI.



The related agreements during the study phase [1] are collected in Appendix A. In the following subchapters we provide details of DRS design. 
SS/PBCH and RMSI multiplexing
As stated in [1] Pattern 1 is recommended for multiplexing of SS/PBCH block(s) and CORESET(s)#0 in NR-U, where Pattern 1 is understood as CORESET#0 and an SS/PBCH block occurring in different time instances, and the CORESET#0 bandwidth overlapping with the transmission bandwidth of the SS/PBCH block.
Rate matching around SSB(s) for PDSCH scheduled with SI-RNTI
One problem in efficient RMSI and SSB multiplexing in a compact form is that in Rel15 PDSCH carrying RMSI cannot be rate matched around SSBs [3GPP TS 38.214, section 5.1]:
“…When receiving the PDSCH scheduled with SI-RNTI in PDCCH Type0 common search space, the UE shall assume that no SS/PBCH block is transmitted in REs used by the UE for a reception of the PDSCH….”
That would lead to reduced PDSCH allocation for RMSI delivery within the DRS signal. Consequently, it can be noted that to have efficient and compact DRS design in time domain, the PDSCH for RMSI should be able to be rate matched around SS/PBCH block(s) within a DRS signal.
Proposal 1: Support rate matching around SSB(s) for PDSCH scheduled with SI-RNTI within a DRS signal.
Related to multi-beam configuration, it is seen important that the design supports all different beamforming architectures at the gNB. Thus, a DRS transmission comprising SSB(s) and RMSI transmitted using one beam should be TDMed with a DRS transmission using another beam. 
Proposal 2: DRS transmission comprising SSB(s) and RMSI transmitted using one TX beam is TDMed with a DRS transmission using another TX beam at gNB.
CORESET#0 configuration
Initial active DL/UL BWP is 20 MHz for 5 GHz band as well as for 6 GHz band if similar channelization as 5 GHz band is used for 6 GHz band. In Rel15, CORESET#0 (at least for initial access UE) defines the initial active DL BWP. From available bandwidth options in [3GPP TS 38213, section 13], that means that CORESET for Type0-PDCCH common search space set has a bandwidth of 96 PRBs and 48 PRBs for 15 and 30 kHz SCS, respectively. 
Proposal 3: In NR-U CORESET#0 (CORESET for Type0-PDCCH CSS set) has a bandwidth of 96 PRBs and 48 PRBs for 15 and 30 kHz SCS, respectively.
For 15 kHz SCS and 96 PRB CORESET#0 bandwidth option there are three different time domain allocation options available, namely 1, 2 and 3 symbols. Given that with 2 symbols, there are already 32 CCEs for scheduling of PDCCH available and that the 3rd symbol in 3-symbol allocation it would be overlapping with first SSB index in the slot (assuming the CORESET starting symbol is #0). Thus, it would be sufficient to support only symbol allocation options 1 and 2 for 15 kHz SCS. 
Regarding to 30 kHz SCS and 48 PRB CORESET#0 bandwidth option there are two different time domain allocation options available, namely 1 and 2 symbols which are both feasible. 
Proposal 4: Time duration of CORESET#0 in NR-U can be 1 or 2 symbols. 
Type0-PDCCH common search space configuration(s)
NR-U WID [2] states that 
“As one element to facilitate a NR-U DRS design without gaps in the time domain, the CORESET#0 configuration(s) and/or Type0-PDCCH common search space configuration(s) may need enhancements compared to NR Rel-15, such as additional time domain configurations of the common search space(s).”
One potential enhancement relates to the monitoring occasions configured in the MIB for Type0-PDCCH CSS set. In FR1, the multiple (two) monitoring occasions within a slot can only be allocated in the beginning of the slot thus preventing multiplexing in TDM manner two DRSs within a slot. To support efficient multiplexing of the DRSs in time domain it would make sense to support also symbol #6 and #7 as the first symbol for the monitoring occasion for Type0-PDCCH CSS set that would enable two DRSs within a slot. Exemplary illustration of having symbol #7 as the second starting symbol within a slot is illustrated in Figure 1.
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[bookmark: _Ref534874005]Figure 1 Illustration of arrangement of 7-symbol DRS transmissions and corresponding PDCCH monitoring occasions. 
Proposal 5: In addition to symbol #0, support also symbols #6 and #7 as the first symbol for the monitoring occasion for Type0-PDCCH CSS set. 











Furthermore, in Rel15 for the SS/PBCH block and CORESET multiplexing pattern 1, a UE monitors PDCCH in the Type0-PDCCH CSS set over two consecutive slots starting from slot . For SSB with index , the UE determines an index of slot  as  located in a frame with system frame number (SFN)  satisfying  if  or in a frame with SFN satisfying  if . [3GPP TS 38.213, section 13]  and  are signalled in MIB where 
· O defines time domain group offset from radio frame boundary, i.e. with non-zero O values monitoring occasions can be shifted from the beginning of the radio frame. It needs to be noticed that SSBs may be mapped either of the half-frames of the radio frame and even group offset O = 0 does not guarantee that PDCCH monitoring slot would be in the same slot as the associated SSB. To enable that O should be zero when SSBs are mapped to the first half-frame and O should be 5 when SSBs are mapped to the second half-frame.
Observation 1: SSBs may be mapped either of the half-frames of the radio frame and even group offset O = 0 does not guarantee that PDCCH monitoring slot would be in the same slot as the associated SSB. To enable that O should be zero when SSBs are mapped to the first half-frame and O should be 5 when SSBs are mapped to the second half-frame.

· M defines the mapping pattern between the monitoring slots and the SSB and the values can be ½, 1 and 2
· with value M = ½ consecutive even and odd (0 and 1, 2 and 3, …) SSB indices have the same two monitoring slots and the first slot of the monitoring slots is the one where corresponding SSB indices are located as illustrated in the following figure
[image: ]
· with value M = 1 two consecutive even and odd SSB indices (0 and 1, 2 and 3, …) have one common monitoring slot but only for the SSB #0 PDCCH monitoring slot can be the same as where the SSB is located as shown in the following figure
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· with value M = 2 SSB indices have non-overlapping monitoring slots as illustrated in the following figure
[image: ]
In order to confine CORESET#0+PDSCH (carrying RMSI) and associated SSB(s) within the same slot to make DRS transmission per beam compact in time domain the following modifications are needed compared to Rel15:
· Number of consecutive monitoring slots per SSB with mux pattern 1: 1 (in Rel15 2)
· Parameter O: not needed; it can be fixed that monitoring slot is the same where the associated SSB(s) is/are located (in Rel15 multiple values)
· Parameter M: can be fixed so that the monitoring slot can be in the same slot as the associated SSB(s) (in Rel15 multiple values)
Proposal 6: Adopt the following principles for the Type0-PDCCH common search space configuration
· Number of consecutive monitoring slots per associated SSB is 1
· Monitoring slot is the same slot where the associated SSB is located
On coverage of DRS in initial access
Beamforming for broadcast signaling is one of the most important new features in NR design. However, in unlicensed spectrum the total RF output power is normally restricted by EIRP limitation. For example, the RF output power EIRP limitation is 23 dBm and 24 dBm in 5 GHz unlicensed band, as regulated in ETSI 301.839 and FCC 15.247, respectively. This limitation captures both transmit power and antenna gain (beamforming gain + antenna element gain). This means directional transmission with high beamforming gain cannot lead to any additional coverage in unlicensed spectrum, if the device is able to reach maximum output power with omni-direction. Hence, broadcast signaling (such as SSS/PSS/PBCH/RMSI) benefits from a single beam operation in low frequency unlicensed spectrum (e.g., <7 GHz), leading to much higher efficiency compared to beamforming with beam sweeping operation. Beam sweeping for broadcast signals means repeating the same information (MIB, SIB1, OSI, Paging) to multiple directions requiring correspondingly multiple time domain resources thus increasing the control overhead. In addition, since the beams would need to be transmitted into all directions to provide coverage anyway, no reduction of interference can be achieved.
However, note that restricting the NR-U operation at sub 7 GHz to single SSB does not impose restrictions on using beamforming for PDSCH; on the contrary, gNB can make use of all its antennas with beamforming based on PMI feedback, beamformed CSI-RS, or SRS.  
Due to PSD regulations, synch signals (PSS and SSS) in an SS/PBCH block would be transmitted with 12.8 or 15.8 dBm transmit power assuming 15 or 30 kHz SCS, respectively, and PSD limit of 10dBm/Mhz. That corresponds to 10.2 or 7.2 dB lower transmission power than full carrier / channel (20 MHz) allocation would allow for other downlink signals and channels. 
Observation 2: NR-PSS and NR-SSS are transmitted with 10.2 or 7.2 dB lower transmission power, when using 15 or 30 kHz SCS, than downlink signal that is spread across the 20 MHz subband.
To look at further the potential coverage issue of SS/PBCH block we analysed (im)balance between downlink and uplink maximum coupling losses (MCLs) by performing a link budget analysis in Appendix C for NR-PSS, NR-SSS, NR-PBCH and PRACH. Based on the link budget analysis Table 1 summarizes the observed MCL values. It’s to be noted that PRACH format A1 is targeted to small cells and it is constructed from a CP and two symbols. Increasing the SCS provides some gain due to wider bandwidth thanks to increased frequency diversity but similar gain is also visible for both DL and UL signals. 
[bookmark: _Ref525245965]Table 1 MCLs [dB] for the joint NR-PSS/NR-SSS detection, NR-PBCH detection and PRACH formats A1 and A2. In parenthesis the difference in MCL compared to PRACH format A1 is shown. 
	[bookmark: _Hlk525652319]
	15 kHz SCS
	30 kHz SCS

	
	MCL [dB]
	Supported distance [m] (UMiNLoS)
	MCL [dB]
	Supported distance [m] (UMiNLoS)

	NR-PSS/NR-SSS
	115 dB (-9.0)
	105
	Result N/A
	Result N/A

	NR-PBCH
	116 dB (-8.0)
	111
	117 dB (-8.6)
	119

	NR PRACH format A1
	124 dB(0.0)
	184
	125.6 dB(0.0)
	204

	NR PRACH format A2
	126.8 dB (+2.8)
	219
	127.6 dB (+2.0)
	231



Based on above summary it can be noticed that NR-PSS/NR-SSS and NR-PBCH in NR-U are having roughly 8-9 dB and 11-12 dB worse maximum coupling loss than PRACH format A1 and A2, respectively. Even more important to note, typically for inter-cell detection and measurement the coverage for SSBs should be far beyond the cell radius. Thus, the supported cell radius e.g. in UMiNLoS environment would be way below 100 m.
Observation 3: Single SSB detection performance in NR-U assuming Rel15 structure is relatively poor, supporting cell radius way below 100 m. 
As discussed above, beamforming for the SSB (i.e. multi-beam SSB) cannot improve coverage compared to single-beam SSB. As a result, even with multi-beam configuration, the coverage of DRS is quite limited. 
There are two options to improve DRS detection performance as shown in Figure 2 (it’s assumed that with 30 kHz, resource allocation for DRS per beam including SSB(s) and PDCCH+PDSCH for RMSI confined within a slot as an example):
1) Repetition of SSBs within a DRS transmission from a single beam (reusing existing SSB locations)
2) Time domain extension of SSB within a DRS transmission from a single beam
[image: ]
[bookmark: _Ref534710324]Figure 2 Options for DRS detection performance enhancement.

Repetition of SSBs within a DRS transmission from a single beam would be a straightforward solution allowing to use existing SSB locations. However, problematic is that the number of SSBs QCLed together should be known prior to initial search. That would basically require fixing the number of SSBs belonging to DRS transmission from a single beam in all standalone (SA) cases to be the same which would be challenging to define. In non-standalone (NSA) deployment, UE can be informed via licensed carrier the number of QCLed SSBs assumed in certain unlicensed carrier for the cell search. In other words, in non-standalone case the number of QCLed SSBs applied in unlicensed carrier can be made configurable to support coverage extension for the DRS. 
Thus, related to 
· “The feasibility and benefits of beam repetition for soft combining reception of SSBs within the same DRS transmission may be further considered.”
we make the following observation and proposal. 
Observation 4: It would be beneficial to improve detection performance of the DRS both in single-beam and multi-beam configuration (i.e. DRS transmitted using one beam).
Proposal 7: Support configurable number of QCLed SSBs in NR-U for configured DRS transmissions. 

On Transmission Opportunities for DRS
In RAN1#94bis the following agreement was made that is the starting point for the subsequent discussion related to transmission opportunities for DRS:
	Agreement:
For SSB transmissions as part of DRS:
· It is considered beneficial to expand the maximum number of candidate SSB positions within DRS transmission window to [Y], for e.g., Y = [64] 
· FFS: How to derive frame timing from detected SS/PBCH block 
· Transmitted SSBs do not overlap
· FFS: Shift granularity between candidate SSBs positions/candidate groups of SSBs 
· Maximum number of transmitted SSBs is [X] within DRS transmission window. X <= 8
· FFS: Duration of DRS transmission window
· FFS: Duration of the transmitted DRS within the window, including SSBs and other multiplexed signals/channels
· FFS: relationship between transmitted SSB index and QCL assumption at UE
· FFS: If and how to support beam repetition for soft combining of SSBs within the same DRS transmission




Related to duration of the DRS transmission window, 
· FFS: Duration of DRS transmission window
we think that the baseline length of DRS window should be at most 5 ms, repeated once every 40 ms, following the approach from LTE LAA, at least when CAT2 LBT is used for DRS. The max SMTC window for the UE would be 5 ms as well. Thus, we make the following proposal:
Proposal 8: The duration of DRS transmission window is at most 5 ms, periodicity is ≥ 40 ms, and Cat 2 LBT is applied prior to DRS transmission. 
Then, the maximum number of candidate SSB positions within the DRS transmission window of 5 ms would be as follows:
	SCS [kHz]
	15
	30

	Max number of candidate SSB positions within a DRS transmission window
	10
	20



Proposal 9: Maximum number of SSB candidate positions, Y, within a DRS transmission window is:
· 10 with 15 kHz SCS
· 20 with 30 kHz SCS
The following figure, Figure 3, illustrates the relationship between SSB index and QCL assumption (beam) at the UE assuming 30 kHz SCS, DRS transmission per beam being half-slot (7 symbols), cyclic shifting of DRSs applied as a mechanism against LBT failures and actually transmitted beams being four. 
[image: ]
[bookmark: _Ref528666366]Figure 3 Cyclic shifting of DRSs (SSBs) and DRSs transmitted using 4 beams.

Related to 
· [bookmark: _GoBack]FFS: How to derive frame timing from detected SS/PBCH block. 
The advantage of the alternative in Figure 3 is that the frame timing could be determined from an SSB index similarly as in Rel15 at FR2 (i.e. 3 LSBs of SSB index carried in DMRS and MSBs of SSB index carried in PBCH payload bits) as now the number of SSB locations would go beyond 8 (up to 10 with 15 kHz SCS and up to 20 with 30 kHz SCS).
Proposal 10: Frame timing from detected SS/PBCH block in NR-U can be determined similarly as in Rel15 at FR2, i.e. 3 LSBs of SSB index carried in DMRS and MSBs of SSB index carried in PBCH payload bits.
The beam index (relationship between SSB index and QCL assumption) can be determined using a modulo operation from the detected SSB index, number of SSBs within a DRS transmission per beam (for SA, UE may assume one and in NSA UE can be configured with number larger or equal to one) and the number of DRS beams in the cell that UE needs to read either from PBCH or RMSI: 
beam index = mod(floor(detected SSB index/num of SSBs within a DRS transmission per beam), num of DRS beams in the cell). 
Thus, related to the following open point
· FFS: relationship between transmitted SSB index and QCL assumption at UE
we make the following proposal:
Proposal 11: The beam index (i.e. relationship between SSB index and QCL assumption) is determined using a modulo operation from the SSB index, num of SSBs within a DRS transmission per beam and the number of DRS beams in the cell that UE needs to read either from RMSI or from PBCH: 
beam index = mod(floor(detected SSB index/num of SSBs within a DRS transmission per beam), num of DRS beams in the cell). 
· num of SSBs within a DRS transmission per beam may be larger than one for configured DRS transmissions  
Wideband operation and delivery of RMSI/OSI/Paging
Wideband operation in Rel15 is illustrated on an example in Figure 3 where there are multiple SSBs (both cell defining CD-SSBs and non-cell defining NCD-SSBs) in wideband network carrier. In the figure there are two cell-defining SSBs which identify two serving cells that may have overlapping BWPs in frequency domain. From the UE perspective, each serving cell is associated to at most a single SSB. Further, there are two NCD-SBs also on the same carrier. These NCD-SSBs indicate (for initial access UE) where the UE may find the cell defining SSB. RRM measurements based on both CD and NCD-SSBs can be configured, i.e. on all SSB1, SSB2, SSB3 and SSB4. 
 

[image: ]
[bookmark: _Ref525286681]Figure 3 Rel15 wideband operation with multiple SSBs (both cell defining and non-cell defining SSBs).
In NR-U, multiple SSBs with RMSI CORESET in wideband carrier could be used to increase robustness (in terms of subband LBT failure) for RMSI, OSI and paging delivery by configuring UE with a CORESET#0 and search space set#0 on multiple subbands. Thus, a UE can monitor RMSI, OSI and paging and perform RACH procedure for the same serving cell on any of those subbands. In other words, gNB would operate a single-cell with multiple CD-SSBs. 
The signaling could be provided in RMSI so that UE may perform RACH procedure on any subbands belonging to the same cell (UE would carry out the procedure on the subband it transmits PRACH preamble). This is shown in Figure 4 where UE# detects SSB4 and associated RMSI provides configuration for RMSI CORESET on other subbands on the wideband carrier.
From idle UE point of view, there should not be much difference between operating wideband scenarios using single cell or multiple cell, because UE can freely choose where it performs initial access. However, for RRC-Connected UE, single-cell scenario would avoid need for HO, and such make the system more efficient and agile.    
Observation 5: Robustness for RMSI/OSI/paging delivery can be increased by providing UE with configuration of CORESETs and associated search space sets in multiple subbands for SI and paging monitoring as well as for RACH procedure. Whether this is achieved with single cell or multiple cells is FFS.
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[bookmark: _Ref525287578]Figure 4 Providing CORESET for RMSI CORESET on multiple subbands for RMSI/OSI/Paging delivery.

PRACH
The NR-U WID [2] lists the following PRACH related aspects to be specified:
	PRACH including possible extension of PRACH format(s) in line with agreements during the SI phase (TR 38.889, Section 7.2.1.2) to support minimum bandwidth requirement given by regulation. Determine the applicability of Rel-15 NR formats to NR-U operation.RAN1 should decide whether 60 kHz subcarrier spacing for PRACH is supported, based on a unified design with 15 kHz and 30 kHz PRACH for meeting occupied channel bandwidth (OCB) requirements.



On the design of PRACH for NR-U, the OCB and maximum allowed power spectral density are the key regulatory aspects considered. In previous meetings, several design approaches have been presented and captured in TR [1]. The main approaches can be categorized as follows: 
· Normal IFDM (or uniform RE-level interlace) is applied, with the sequence mapped to individual subcarriers with uniform spacing. The mapping creates additional autocorrelation peaks reducing the usable zero-autocorrelation zone (ZAZ) of CAZAZ sequence. The usable ZAZ is 1/n of preamble sequence duration for IFDM with repetition factor n.     
· PRB-based interlace. With uniform spacing of PRBs the autocorrelation of preamble has many false peaks. Those false peaks will compromise the accuracy of TA estimation seriously, since the false peaks are easily confused with the main peak when the impact of multi-path propagation, noise and interference are added as shown in Figure 5. To mitigate this problem, non-uniform spacing of the PRBs have been proposed. This approach suppresses the false peaks enough to improve timing estimation accuracy. However, the false peaks remain so high that cyclic shift domain cannot be used to multiplex PRACH preambles. In a variant, preamble is mapped to a subset of REs within a PRB in the PRB-based interlace. 
· Frequency continuous preamble is approach where the sequence is mapped to contiguous subcarriers. The solution allows to reuse Rel-15 NR PRACH design with only minor changes due to OCB requirement. In relation to OCB requirement, two cases are considered as illustrated in Figure 6: 
· In RAN1#93 [3], it was noted that: “It is RAN1’s understanding that the temporal allowance of not meeting occupied channel bandwidth by regulation can be exploited if the minimum bandwidth requirement, e.g., 2 MHz, is satisfied.” When PRACH is transmitted on the UL portion of gNB acquired shared COT, the preceding DL transmission fulfills the OCB requirement and the PRACH BW may be less than the OCB requirement. Rel-15 NR short sequence PRACH preamble may be used, as it has the bandwidth of 2.16 MHz and 4.32 MHz for with 15 and 30 kHz SCS, respectively. The PRACH preamble is narrow enough to support simple and efficient FDMA with PUSCH.
· When PRACH is transmitted on UE acquired COT, it is not necessary to support FDMA between PUSCH and PRACH. Hence, PRACH transmission satisfying OCB requirement but not optimized for PUSCH multiplexing can be used. For example, a wide reference signal may be transmitted before or after the PRACH preamble. Alternatively, the PRACH preamble may be a frequency continuous PRACH preamble satisfying OCB requirement. The PRACH preamble could be directly based on NR Rel-15 short sequence PRACH preamble design with the Zadoff-Chu sequence extended to increase PRACH BW up to the OCB requirement. Another approach to meet the OCB requirement is to transmit two repetitions of the preamble at the two sides of the transmission bandwidth. The span of the two repetitions satisfies the OCB requirement. 
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[bookmark: _Ref534722652]Figure 5 Autocorrelation of B-IFDM-based preamble.
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[bookmark: _Ref534722680]Figure 6 Frequency continuous PRACH preamble for (a) PRACH in gNB acquired shared COT and (b) in UE acquired COT.
We compared the presented approaches in terms of PRACH capacity, overhead, allowed Tx power, PAPR/CM, and multiplexing with PUSCH/PUCCH. In the comparison, we assumed 30 kHz SCS, 20 MHz BWP of 51 PRBs as well as following particular designs for the different approaches: 
· IFDM: PRACH sequence is mapped to every 6th subcarrier. This results in 5.5 us zero autocorrelation zone between correlation peaks as well as extended Zadoff-Chu sequence of length 102. 
· Non-uniform PRB-based interlace: Example presented in [7] is considered. In the example design, PRB-based interlace design with 5 interlaces is assumed. A preamble is mapped on one interlace + on two additional PRBs from another interlace to create non-uniform spacing between blocks. 
· Frequency continuous: Rel-15 PRACH with 30 kHz SCS and 4.32 MHz BW is used. Preamble uses Zadoff-Chu sequence of length 139 and occupies 12 PRBs.
The comparison is summarized in Table 2. In the table,
· PRACH capacity: With this, we mean the number of different preambles that can be created by root sequences, cyclic shifts or FDM. With 64 preambles per PRACH, we give in the brackets also the number of cells that can be supported by the number of available preambles.
· Cyclic shifts and supported cell range: We assume 1.64 us timing uncertainty corresponding to 115 m cell range and 0.87 us channel delay spread (similarly to [5]). IFDM can support multiplexing of 3 preambles by cyclic shifts. Frequency continuous design can support multiplexing of 16 preambles by cyclic shifts, with 1.92 us zero autocorrelation zone for each preamble. 
· FDM: With this, we mean the number of non-overlapping frequency domain allocations for PRACH that are not overlapping within a 20 MHz BWP. For example, 12 PRB continuous PRACH can be allocated to 4 non-overlapping positions within 51 PRB BWP.
· Overhead: This means the number of PRBs (or corresponding amount of REs) that a single PRACH supporting 64 preambles requires. For IFDM, we assume that 2 IFDM combs, 3 cyclic shifts and 11 root sequences are used per cell. For PRB-based interlace, it is assumed that PRACH uses 2 interlaces (of 12 PRBs) and 32 root sequences per cell.  
· Max Tx power is calculated based on PSD limit of 11 dBm/MHz
· Multiplexing: A PRB-based interlace design with 5 interlaces and 10 blocks per interlace is assumed for B-IFDM PUSCH. 
Table 2. Comparison of NR-U PRACH approaches for 30 kHz SCS
	
	IFDM
	Non-uniform PRB-based interlace
	Frequency continuous

	 PRACH capacity 
	1800 (27 cells)
	552 (8 cells)
	9384 (138 cells)

	
	- root sequences
	100
	138
	138

	
	- cyclic shifts
	3 
	None
	16 

	
	- FDM
	6
	4
	4

	 Overhead (PRBs per PRACH)
	17 PRBs
	24 PRBs
	12 PRBs

	 Max Tx power 
	23 dBm
	21 dBm
	17 dBm

	 PAPR / CM
	Low
	Increased
	Low

	 Multiplexing 
	33% of REs per PRB punctured
	Fragmented allocations
	Good

	
	- with continuous PUSCH
	
	
	

	
	- with B-IFDMA PUSCH
	33% of REs per PRB punctured. 
	0-20% of blocks punctured from remaining 3 interlaces
	20-30% of blocks punctured from remaining 5 interlaces



From the comparison, it can be seen that:
· Non-uniform PRB-based interlace PRACH suffers from low number of available PRACH preambles. This present a significant challenge for reliable PRACH detection, as with too close reuse of preambles, the preambles transmitted to a nearby cell can cause false detections. The challenge is severe as NR-U design should support also non-coordinated, partially overlapping NR-U deployments by different operators. The challenge is present also with IFDM option, although less severe as the capacity is almost aligned with the number of NR DMRS sequence groups.
· Non-uniform PRB-based interlace PRACH have also high overhead – twice the overhead of frequency continuous Rel15 PRACH.
· The frequency continuous PRACH (in gNB acquired COT) has lower maximum Tx power than the other alternatives. Obviously, the maximum path loss of PRACH needs to be reasonably aligned with other NR-U channels, and we address this aspect in the following paragraphs. Further, if necessary, the lower Tx power can be compensated for with longer PRACH duration – especially as the frequency continuous PRACH occupies only half of PRBs of PRB-based interlace PRACH. 
· When considering multiplexing with PUSCH, it can be noted that all proposals lead to PUSCH puncturing -  except frequency continuous PRACH in case of continuous PUSCH allocation. Non-uniform PRB-based interlace PRACH punctures both continuous PUSCH and interlaced PUSCH. IFDM PRACH on other hand punctures resources on every PRB.   
It is also worth to consider the supported cell range. In above comparison, 115 m cell range corresponding to 200 m ISD is just an example, and somewhat larger cell ranges may be supported. What happens to PRACH capacity if the ISD is increased e.g. to 400 m? 
· IFDM: cyclic shift multiplexing is reduced from 3 to 2, reducing the PRACH capacity. Correspondingly, the number of supported cells is reduced to 18, emphasising the challenge of limited PRACH capacity.   
· PRB-based interlace: not affected.
· Frequency continuous PRACH: The cyclic shift multiplexing is reduced to 11 preambles. However, there remains enough PRACH capacity corresponding up to 92 cells.  
Observation 6: Non-uniform PRB-based interlace PRACH supports insufficient number of PRACH preambles and occupy a high number of PRBs.
In Appendix C, we provide link budget analysis for the NR-PSS/SSS, NR-PBCH, and NR PRACH formats A1 (targeted to small cells) and A2 that are contiguous in frequency. Based on the analysis, Table 2 provides the comparison of the MCLs for NR PRACH format A1 and A2 against NR-PSS/NR-SSS and NR-PBCH for 15 and 30 kHz SCSs. In the table, 13 dBm and 16 dBm Tx power are assumed for NR PRACH with 15 kHz and 30 kHz SCS, respectively. These correspond to 10 dBm/MHz PSD constraint. It can be observed that NR-PSS/NR-SSS and NR-PBCH in NR-U are having roughly 8-9 dB and 11-12 dB worse MCL than PRACH format A1 and A2, respectively. Hence, frequency continuous PRACH format provides sufficient coverage for NR-U even with the constrained Tx power. Additionally, the coverage can be improved, if necessary, simply by increasing the PRACH duration.
[bookmark: _Ref534971932]Table 2. MCLs [dB] for the joint NR-PSS/NR-SSS detection, NR-PBCH detection and PRACH formats A1 and A2. In parenthesis the difference in MCL compared to PRACH format A1 is shown.
	
	15 kHz SCS
	30 kHz SCS

	NR-PSS/NR-SSS
	115 dB (-9.0)
	N/A

	NR-PBCH
	116 dB (-8.0)
	117 dB (-8.6)

	NR PRACH format A1
	124 dB(0.0)
	125.6 dB(0.0)

	NR PRACH format A2
	126.8 dB (+2.8)
	127.6 dB (+2.0)


Observation 7: DL synchronization signals and physical broadcast channel are having roughly 8-9 dB worse MCL than NR PRACH format A1. Thus, from system operation point of view lower maximum TX power with frequency continuous PRACH format is not an issue. 
Based on discussion above, we see that frequency continuous PRACH preamble design can inherit the Rel-15 NR design, reducing the specification and implementation efforts. It supports good timing estimation accuracy and sufficient cell range. It also provides a sufficient number of PRACH preambles and reaches maximum path loss significantly larger than supported by DL synchronization and physical broadcast channel. Finally, frequency continuous PRACH multiplexes with B-IFDM PUSCH with amount of puncturing that is comparable to non-uniform PRB-based interlace PRACH and less than for IFDM PRACH preamble design. Frequency continuous PRACH multiplexes easily with continuous PUSCH allocation. In RAN1#94 [4], it was agreed that it is beneficial to use contiguous resource allocation for PRACH when contiguous allocation for PUSCH and PUCCH is used. 
Observation 8: Frequency continuous PRACH preamble design for NR-U 
· can reduce the specification and implementation efforts
· multiplexes with B-IFDM PUSCH with comparable puncturing as B-IFDM with non-uniform block spacing.
· supports good timing estimation accuracy, sufficient cell range, sufficient number of PRACH preambles as well as sufficient maximum path loss.
Proposal 12: NR-U PRACH preamble sequence is mapped to contiguous subcarriers.
Proposal 13: Consider PRACH preamble design that:
- is continuous in frequency and satisfies OCB requirement when PRACH is transmitted on UE acquired COT
- is continuous in frequency but does not satisfy OCB requirement or is repeated at the two sides of transmission BW when PRACH is transmitted on the UL portion of gNB acquired shared COT.

In the following, the potential LBT blocking due to TA difference between FDM’d PUSCH and PRACH is considered. Figure 8 shows PRACH and PUSCH transmissions as well as the associated LBT processes. PRACH transmission without TA offset may be blocked by PUSCH transmission in Figure 7, since part of PUSCH with large enough TA offset leaks in the sensing window of LBT. However, as long as the timing difference between PUSCH and PRACH is less than the time reserved for Rx-Tx switching, PUSCH leakage and, correspondingly, LBT blockage does not occur. In LTE LAA, up to 5 us Rx-Tx switching time is allowed for a 9 us channel sensing slot. Ignoring possible timing errors in the PRACH and PUSCH transmissions, 5 us corresponds to 750 m two-way propagation delay. NR-U cell ranges can be expected to be significantly smaller than 750 m due to gNB Tx power and EIRP limitations. Further, if large cell ranges are necessary and otherwise feasible in some specific NR-U deployments, TDM between PRACH and PUSCH can be used. 
Observation 9: LBT blocking due to TA difference between frequency multiplexed PUSCH, PUCCH, and PRACH is not expected in small cell deployments. 
        


[bookmark: _Ref534722750]Figure 7 PRACH LBT blockage due to frequency multiplexed PUSCH.

Conclusions
In this contribution, we have discussed details of initial access signals and channels design for NR-U, namely related to DRS and PRACH:
DRS:
Proposal 1: Support rate matching around SSB(s) for PDSCH scheduled with SI-RNTI within a DRS signal.
Proposal 2: DRS transmission comprising SSB(s) and RMSI transmitted using one TX beam is TDMed with a DRS transmission using another TX beam at gNB.
Proposal 3: In NR-U CORESET#0 (CORESET for Type0-PDCCH CSS set) has a bandwidth of 96 PRBs and 48 PRBs for 15 and 30 kHz SCS, respectively.
Proposal 4: Time duration of CORESET#0 in NR-U can be 1 or 2 symbols.
Proposal 5: In addition to symbol #0, support also symbols #6 and #7 as the first symbol for the monitoring occasion for Type0-PDCCH CSS set. 
Observation 1: SSBs may be mapped either of the half-frames of the radio frame and even group offset O = 0 does not guarantee that PDCCH monitoring slot would be in the same slot as the associated SSB. To enable that O should be zero when SSBs are mapped to the first half-frame and O should be 5 when SSBs are mapped to the second half-frame.
Proposal 6: Adopt the following principles for the Type0-PDCCH common search space configuration
· Number of consecutive monitoring slots per associated SSB is 1
· Monitoring slot is the same slot where the associated SSB is located
Observation 2: NR-PSS and NR-SSS are transmitted with 10.2 or 7.2 dB lower transmission power, when using 15 or 30 kHz SCS, than downlink signal that is spread across the 20 MHz subband.
Observation 3: Single SSB detection performance in NR-U assuming Rel15 structure is relatively poor, supporting cell radius way below 100 m.
Observation 4: It would be beneficial to improve detection performance of the DRS both in single-beam and multi-beam configuration (i.e. DRS transmitted using one beam).
Proposal 7: Support configurable number of QCLed SSBs in NR-U for configured DRS transmissions.
Proposal 8: The duration of DRS transmission window is at most 5 ms, periodicity is ≥ 40 ms, and Cat 2 LBT is applied prior to DRS transmission.
Proposal 9: Maximum number of SSB candidate positions, Y, within a DRS transmission window is:
· 10 with 15 kHz SCS
· 20 with 30 kHz SCS
Proposal 10: Frame timing from detected SS/PBCH block in NR-U can be determined similarly as in Rel15 at FR2, i.e. 3 LSBs of SSB index carried in DMRS and MSBs of SSB index carried in PBCH payload bits.
Proposal 11: The beam index (i.e. relationship between SSB index and QCL assumption) is determined using a modulo operation from the SSB index, num of SSBs within a DRS transmission per beam and the number of DRS beams in the cell that UE needs to read either from RMSI or from PBCH: 
beam index = mod(floor(detected SSB index/num of SSBs within a DRS transmission per beam), num of DRS beams in the cell). 
· num of SSBs within a DRS transmission per beam may be larger than one for configured DRS transmissions  
Observation 5: Robustness for RMSI/OSI/paging delivery can be increased by providing UE with configuration of CORESETs and associated search space sets in multiple subbands for SI and paging monitoring as well as for RACH procedure. Whether this is achieved with single cell or multiple cells is FFS.

PRACH:
Observation 6: Non-uniform PRB-based interlace PRACH supports insufficient number of PRACH preambles and occupy a high number of PRBs.
Observation 7: DL synchronization signals and physical broadcast channel are having roughly 8-9 dB worse MCL than NR PRACH format A1. Thus, from system operation point of view lower maximum TX power with frequency continuous PRACH format is not an issue. 
Observation 8: Frequency continuous PRACH preamble design for NR-U 
· can reduce the specification and implementation efforts
· multiplexes with B-IFDM PUSCH with comparable puncturing as B-IFDM with non-uniform block spacing.
· supports good timing estimation accuracy, sufficient cell range, sufficient number of PRACH preambles as well as sufficient maximum path loss.
Proposal 12: NR-U PRACH preamble sequence is mapped to contiguous subcarriers.
Proposal 13: Consider PRACH preamble design that:
- is continuous in frequency and satisfies OCB requirement when PRACH is transmitted on UE acquired COT
   - is continuous in frequency but does not satisfy OCB requirement or is repeated at the two sides of transmission BW when PRACH is transmitted on the UL portion of gNB acquired shared COT.
Observation 9: LBT blocking due to TA difference between frequency multiplexed PUSCH, PUCCH, and PRACH is not expected in small cell deployments. 
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Appendix A – DRS related agreements in study phase
The agreements related to DRS during the study phase (TR 38.889, Section 7.2.1.2) are the following:
	For SS/PBCH block transmission, extended CP is not supported for NR-U operation.
For PSS/SSS/PBCH transmission, NR-U should have a signal that contains at least SS/PBCH block burst set transmission. The design of this signal should consider the following characteristics specific to unlicensed band operation:
-	There are no gaps within the time span the signal is transmitted at least within a beam
-	The occupied channel bandwidth is satisfied (although this may not be a requirement)
-	Strive to minimize the channel occupancy time of the signal
-	Characteristics that may facilitate fast channel access
Inclusion of the CSI-RS and RMSI-CORESET(s)+PDSCH(s) (carrying RMSI) associated with SS/PBCH block(s) in addition to the SS/PBCH burst set in one contiguous burst (referred to as the NR-U DRS) can be beneficial for
-	Meeting OCB requirement
-	Compacting signals in time domain to limit the required number of channel access and for short channel occupancy
-	Support of stand-alone NR-U deployments
-	Support of automatic neighbour relations (ANR) functionality in an NR-U deployment 
-	Resolution of PCI confusion in an NR-U deployment
The transmission of additional signals such as OSI and paging within the NR-U DRS is allowed and can be beneficial.
Support of Pattern 1 is recommended for multiplexing of SS/PBCH block(s) and CORESET(s)#0 in NR-U, where Pattern 1 is understood as CORESET#0 and an SS/PBCH block occuring in different time instances, and the CORESET#0 bandwidth overlaping with the transmission bandwidth of the SS/PBCH block.
As one element to facilitate a NR-U DRS design without gaps in the time domain, the CORESET#0 configuration(s) and/or Type0-PDCCH common search space configuration(s) may need enhancements compared to NR Rel-15, such as additional time domain configurations of the common search space(s).
[bookmark: _Hlk534024622]For SS/PBCH block transmission, it is recommended to define a mechanism to transmit SS/PBCH blocks dropped due to LBT failure. It is also recommended to define a mechanism when specifications are developed for UE(s) to determine the frame timing and QCL assumptions from the detected SS/PBCH block. The feasibility and benefits of beam repetition for soft combining reception of SSBs within the same DRS transmission may be further considered.



Appendix B – CORESET#0 configuration in Rel15
CORESET#0 configuration in [3GPP TS 38.213]:
Table 13-1: Set of resource blocks and slot symbols of CORESET for Type0-PDCCH search space set when {SS/PBCH block, PDCCH} SCS is {15, 15} kHz for frequency bands with minimum channel bandwidth 5 MHz or 10 MHz
	Index
	SS/PBCH block and CORESET multiplexing pattern 
	
Number of RBs 
	
Number of Symbols  
	Offset (RBs) 

	0
	1 
	24 
	2 
	0 

	1
	1 
	24 
	2 
	2 

	2
	1 
	24 
	2 
	4 

	3
	1 
	24 
	3 
	0 

	4
	1 
	24 
	3 
	2 

	5
	1 
	24 
	3 
	4 

	6
	1 
	48 
	1 
	12 

	7
	1 
	48 
	1 
	16 

	8
	1 
	48 
	2 
	12 

	9
	1 
	48 
	2 
	16 

	10
	1 
	48 
	3 
	12 

	11
	1 
	48 
	3 
	16 

	12
	1 
	96 
	1 
	38 

	13
	1 
	96 
	2 
	38 

	14
	1 
	96 
	3 
	38 

	15
	Reserved



Table 13-4: Set of resource blocks and slot symbols of CORESET for Type0-PDCCH search space set when {SS/PBCH block, PDCCH} SCS is {30, 30} kHz for frequency bands with minimum channel bandwidth 5 MHz or 10 MHz
	Index
	SS/PBCH block and CORESET multiplexing pattern 
	
Number of RBs 
	
Number of Symbols  
	Offset (RBs) 

	0
	1 
	24
	2
	0

	1
	1 
	24
	2
	1

	2
	1 
	24
	2
	2

	3
	1 
	24
	2
	3

	4
	1 
	24
	2
	4

	5
	1 
	24
	3
	0

	6
	1 
	24
	3
	1

	7
	1 
	24
	3
	2

	8
	1 
	24
	3
	3

	9
	1 
	24
	3
	4

	10
	1 
	48
	1
	12

	11
	1 
	48
	1
	14

	12
	1 
	48
	1
	16

	13
	1 
	48
	2
	12

	14
	1 
	48
	2
	14

	15
	1 
	48
	2
	16




Appendix C – Link budget analysis
In this section we provide link budget analysis for NR-PSS, NR-SSS and NR-PBCH (SS/PBCH block), and NR PRACH Formats A1 (targeted to small cells) and A2. Simulations assumptions for 
· joint NR-PSS and NR-SSS detection performance are provided in Table A.1.5-1: Simulation assumptions for synchronization signals/channels in [6] and in Table 3
· NR-PBCH are defined in Table A.1.5-1: Simulation assumptions for synchronization signals/channels and Table A.1.5-3: Simulation assumptions for PBCH in [6]
· NR-PRACH are as defined in Table A.1.5-2: Simulation assumptions for RACH in [6].
[bookmark: _Ref525204167][bookmark: _Ref525650572]Table 3 Simulation assumptions for joint NR-PSS and NR-SSS detection
	Parameter	
	Value		

	PSS/SSS length
	127

	PSS/SSS period
	5 ms

	Sub-carrier spacing
	15 kHz

	Channel model
	CDL-C 100 ns scaling

	UE speed
	30 km/h

	PSS receiver algorithm
	Single-shot time-domain correlator with thresholding 

	SSS receiver algorithm
	Single-shot non-coherent exhaustive search with thresholding

	False alarm probability
	< 1 %



As shown in Table 3, NR-PSS and NR-SSS joint detection performance is analysed for the 15 kHz SCS option only. However, it’s to be noted that 30 kHz SCS option would improve the performance slightly (~1 dB) due to better frequency diversity. The following figure provides the joint NR-PSS and NR-SSS detection performance showing that the targeted performance is achieved at -3 dB SNR.
[image: ]
Figure 8 Joint NR-PSS and NR-SSS detection performance [R1-1708231].

The following figure provides NR-PBCH detection performance for 15, 30 and 60 kHz SCS options (only 15 and 30 kHz used in the link budget). It can be observed that targeted detection performance is achieved at -4 dB, -5 dB and -6 dB SNR for 15, 30 and 60 kHz SCS, respectively.
[image: ]
Figure 9 NR-PBCH detection performance.
PRACH link level simulations results for the link budget analysis are taken from [R1-1710889].
Then in the link budget analysis, used system level parameters are inherited from [6], section 4 (Outdoor below 7 GHz). Calculated MCL values for 15 and 30 kHz SCS options for joint PSS&SSS (only 15 kHz), PBCH, PRACH format A1 and PRACH format A2 detection performance are provided in Table 4Error! Reference source not found. Based on the link budget calculations following summary can be made where MCL values are represented together with the difference to the PRACH format A1 (targeted to small cells).  
	
	15 kHz SCS
	30 kHz SCS

	NR-PSS/NR-SSS
	115 dB (-9.0)
	N/A

	NR-PBCH
	116 dB (-8.0)
	117 dB (-8.6)

	NR PRACH format A1
	124 dB(0.0)
	125.6 dB(0.0)

	NR PRACH format A2
	126.8 dB (+2.8)
	127.6 dB (+2.0)



Based on above summary it can be concluded that NR-PSS/NR-SSS and NR-PBCH in NR-U are having roughly 8-9 dB and 11-12 dB worse maximum coupling loss than PRACH format A1 and A2, respectively. Imbalance is mainly coming from the higher noise figure at the receiver in downlink and remarkably higher antenna gain at the receiver in uplink.
[bookmark: _Ref525651983] Table 4 Link budget analysis for NR-PBCH, NR-PSS, NR-SSS and NR PRACH
[image: ]

Appendix D – Agreements

In RAN1#92b general agreement were made:
	Agreements:
· Study the design changes needed to support the following channels /signals in NR-U
· PDCCH/PDSCH
· PUCCH/PUSCH
· PSS/SSS/PBCH
· PRACH
· DL and UL reference signals applicable to the operational frequency range

	Agreement:
· NR-U supports both Type-A and Type-B mapping already supported in NR 
· Additional starting positions and durations are not precluded
· For sub-7 GHz, NR-U study the SCSs, 15/30/60KHz
· Study performance difference between different SCS
· Study if changes to UL design are needed to meet the PSD and OCB requirements
· Study if an SS block design/RMSI/OSI with 60KHz SCS is needed 
· Impact on MIB and SIB1 content 
· Need for use of ECP for 60KHz
· RACH design with 60KHz SCS in addition to options currently part of NR
· Other considerations are not precluded. 
· Impact on support of different BWs with different SCS
· Study supporting more than one switching points within a TxOP
· FFS the LBT requirement for each DL/UL data/control burst in the TxOP




Then in RAN1#93, it was agreed that NR-U contains a signal similar to DRS, which contains at least SS/PBCH block. In addition, it was agreed to support multi-TTI scheduling for PUSCH:
	Agreement:
· NR-U should have a signal that contains at least SS/PBCH block burst set transmission
· FFS: Other channels and signals transmitted together as part of the signal
· The design of this signal should consider the following characteristics specific to unlicensed band operation
· There are no gaps within the time span the signal is transmitted at least within a beam
· FFS: Whether any gaps are needed for beam switching and, if needed, their duration
· The occupied channel bandwidth is satisfied (although this may not be a requirement)
· Strive to minimize the channel occupancy time of the signal
· Characteristics that may facilitate fast channel access


	Agreement:
· Scheduling multiple TTIs for PUSCH each using a separate UL grant in the same PDCCH monitoring occasion is identified as beneficial 
· Scheduling multiple TTIs for PUSCH using a single UL grant is identified as beneficial and should be supported in NR-U




RAN1#94 made the following related agreements:
	Agreement: 
· Inclusion of the CSI-RS and RMSI-CORESET(s)+PDSCH(s) (carrying RMSI) associated with SS/PBCH block(s) in addition to the SS/PBCH burst set in one contiguous burst (tentatively referred to as the NR-U DRS) can be beneficial for
· Meeting OCB requirement
· Compacting signals in time domain to limit the required number of channel access and for short channel occupancy
· Support of stand-alone NR-U deployments
· Support of automatic neighbour relations (ANR) functionality in an NR-U deployment 
· Resolution of PCI confusion in an NR-U deployment
· Note: The NR-U DRS (it can be called something else in the future) can include signals and channels that are required for cell acquisition etc. and is not limited only to reference signals
· The transmission of additional signals such as OSI and paging within the NR-U DRS is allowed and can be beneficial
· Note: This does not imply that RMSI-CORESET+PDSCH and CSI-RS can only be transmitted as part of the NR-U DRS, and does not imply that these are necessarily part of all NR-U DRS transmissions.




RAN1#94bis made the following agreements related to DRS design:
	Agreement:
For SSB transmissions as part of DRS:
· It is considered beneficial to expand the maximum number of candidate SSB positions within DRS transmission window to [Y], for e.g., Y = [64] 
· FFS: How to derive frame timing from detected SS/PBCH block 
· Transmitted SSBs do not overlap
· FFS: Shift granularity between candidate SSBs positions/candidate groups of SSBs 
· Maximum number of transmitted SSBs is [X] within DRS transmission window. X <= 8
· FFS: Duration of DRS transmission window
· FFS: Duration of the transmitted DRS within the window, including SSBs and other multiplexed signals/channels
· FFS: relationship between transmitted SSB index and QCL assumption at UE
· FFS: If and how to support beam repetition for soft combining of SSBs within the same DRS transmission




RAN1#95 made the following DRS related agreements:
	Agreement:
· Support of Pattern 1 is recommended for multiplexing of SS/PBCH block(s) and CORESET(s)#0 in NR-U.
· As one element to facilitate a NR-U DRS design without gaps in the time domain, the CORESET#0 configuration(s) and/or Type0-PDCCH common search space configuration(s) may need enhancements compared to NR Rel-15, such as additional time domain configurations of the common search space.
Note: Pattern 1 is understood as CORESET#0 and SS/PBCH block(s) occur in different time instances, and CORESET#0 bandwidth overlaps with the transmission bandwidth of the SS/PBCH block. 
· Adopt the following text proposal to reflect the above
· “Support of Pattern 1 is recommended for multiplexing of SS/PBCH block(s) and CORESET(s)#0 in NR-U, where Pattern 1 is understood as CORESET#0 and SS/PBCH block occur in different time instances, and CORESET#0 bandwidth overlaps with the transmission bandwidth of the SS/PBCH block.
As one element to facilitate a NR-U DRS design without gaps in the time domain, the CORESET#0 configuration(s) and/or Type0-PDCCH common search space configuration(s) may need enhancements compared to NR Rel-15, such as additional time domain configurations of the common search space.”
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