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Introduction
In this contribution we discuss remaining issues in the 4-step random access (RA) procedure in NR. Random access resource configuration is discussed in [4].
[bookmark: _Ref470328244][bookmark: _Ref485244653]PRACH Time Instance
It is helpful to define a “PRACH time instance”:
	Definition
· A PRACH time instance is the time instance of a PRACH transmission occasion. In other words, there may be multiple frequency multiplexed PRACH transmission occasions on the same PRACH time instance. 


Note that in [2], PRACH transmission occasion was defined as the time-frequency resource on which a PRACH can be transmitted (if multiple/repeated preamble transmission is configured, this counts as one PRACH transmission occasion). 
RA-RNTI
In LTE, the main purpose of RA-RNTI and RAPID is to address a RAR to a specific UE (or UEs in case of contention) that transmitted a specific preamble (with a RAPID) in a specific RACH transmission occasion (with an RA-RNTI). A UE that has transmitted a preamble (with a RAPID) in a certain RACH transmission occasion (corresponding to an RA-RNTI) will monitor the common control channel during the configured RAR window. If the UE decodes a PDCCH with the CRC scrambled with the RA-RNTI, it will try to receive the corresponding PDSCH, and only proceed with a RAR that includes the correct RAPID. In other words, RA-RNTI and RAPID are jointly used to respond to a particular PRACH transmission. A similar approach can be taken in NR.
PRACH preamble transmissions are multiplexed in the time, frequency and index (i.e. code/signature) domains. When SUL is configured for PRACH transmission, PRACH preamble transmissions are also carrier multiplexed (which is a form of frequency multiplexing). In one particular CORESET in time, the RA-RNTI and RAR need to be able to address all PRACH preamble transmissions for which UEs monitor the particular CORESET for a RAR, as illustrated in Figure 3.
Observation 1: The multiplexing of PRACH on the normal UL carrier and SUL needs to be considered in the design of RAR and/or RA-RNTI.
Observation 2: The maximum number of PRACH time instances that need to be addressed by RA-RNTI depends on the maximum number of PRACH time instances within the maximum duration RAR window.

[bookmark: _Ref494481613]Figure 3 – The RAR windows (in green) corresponding to the PRACH transmission occasions (in blue) cover the same CORESET (in yellow). The RAR scheduled on the CORESET (in yellow) needs to be able to address preambles in all these PRACH transmission occasions.
Even though the maximum RAR window duration in NR has not been decided, it is clear that the maximum RAR window duration can contain many more PRACH time instances in NR than in LTE, for instance due to PRACH with higher subcarrier spacing. For example, considering a 10 ms maximum RAR window duration containing a maximum of 40 PRACH slots (e.g. assuming 120 kHz SCS PRACH) and 12 PRACH time instances per PRACH slot, a maximum of 480 PRACH time instances would have to be uniquely addressed in a single CORESET, which is much higher than in LTE (10 different time instances). There are several ways to handle this in NR, for example:
· Option 1: All relevant PRACH transmissions occasions are uniquely addressed using RA-RNTI, which is based on the PRACH time index within a PRACH slot,
· E.g. RA-RNTI = 1 + PTID + M*t_id + (M*N*f_id), where
· The PTID (e.g. 0-11) is the PRACH Time instance Index (ID) within a PRACH slot and M is greater than or equal to the maximum number of PRACH time instances within a PRACH slot, e.g. 12.
· t_id is the PRACH slot index and N is greater than or equal to the maximum number of RACH slots within the maximum RAR window duration, 
· f_id is the frequency index within one UL carrier.
· Option 2: All relevant PRACH transmission occasions are uniquely addressed using a combination of RA-RNTI and explicit PTID in RAR. 
· E.g. RA-RNTI = 1 + t_id + (N*f_id), 
· The PTID (4 bits) is included in each RAR just as RAPID.
· Option 3: PRACH transmission occasions are addressed using RA-RNTI, which is based on the SS block index used for PRACH resource selection,
· E.g. RA-RNTI = 1 + t_id+ N*SSB_id + N*Y*f_id, where SSB_id is the SS block index used for RACH resource selection and Y is for example 80.
The different options have different benefits and drawbacks in different scenarios.
Option 1 gives each time instance within the time window a unique RA-RNTI. For scenarios with many PRACH transmission occasions per PRACH slot, this may result in a high DCI load for RARs. Still, RARs corresponding to different RAPIDs within one PRACH transmission occasion can still be multiplexed in the same MAC PDU.
Option 2 instead includes an explicit PTID field in the RAR. This results in higher RAR payload, but also allows the multiplexing of RARs with different PTID in the same PDU. However, this may be applicable in some scenarios only, e.g. a single actually transmitted SS block and more than one PRACH time instance per PRACH slot.
Option 3 is similar to Option 1, but replaces the PTID with the SS block index in the RA-RNTI formula. This is beneficial is some scenarios, for example when multiple SS blocks are associated with the same PRACH time instance. This is a suitable association for example when the TRP has digital Rx beamforming and beam correspondence capabilities (see Example 4 in section 9.4). However, Option 3 cannot support the scenario with the same SS block being associated with different PRACH time instances in a PRACH slot. Such an association is feasible for example with a single actually transmitted SS block and two PRACH time instances per PRACH slot. In this case, the gNB cannot uniquely address two UEs that transmitted the same RAPID in different PRACH time instances in the same PRACH slot.
Based on the discussion above, we propose the following.
Proposal 1: Each PRACH transmission occasion on an UL carrier has a unique RA-RNTI within the maximum RAR window duration, computed based on the PRACH Time instance Index (PTID) within the PRACH slot, the PRACH slot index (t_id) and the frequency index within an UL carrier (f_id), e.g.
· RA-RNTI = 1 + PTID + M*t_id + (M*N*f_id)
RAR Window Duration
The following was agreed regarding RAR window:
	Agreements:
· At least for initial access, RAR is carried in NR-PDSCH scheduled by NR-PDCCH in CORESET configured in RACH configuration
· Note: CORESET configured in RACH configuration can be same or different from CORESET configured in NR-PBCH
· For single Msg1 RACH, the RAR window starts from the first available CORESET after a fixed duration from the end of Msg1 transmission
· The fixed duration is X T_s
· X is the same for all RACH occasions
· FFS: whether CORESET starting position is aligned with slot boundary
· FFS: the value of X
· FFS: whether X is frequency range dependent
· For a single Msg1 RACH from UE,
· The size of a RAR window is the same for all RACH occasions and is configured in RMSI
· RAR window could accommodate processing time at gNB. 
· Maximum window size depends on worst case gNB delay after Msg1 reception including processing delay, scheduling delay, etc
· Minimum  window size depends on duration of Msg2 or CORESET and scheduling delay
· FFS: multiple Msg1 RACH case if supported
Agreements:
· For RAR, X can be supported for the timing gap between the end of MSg1 transmission and the starting position of the CORESET for RAR
· Value of X = ceiling(/(symbol duration))*symbol duration, where the symbol duration is based on the RAR numerology
· Where  is to accommodate sufficient time for UE Tx-Rx switching if needed (e.g., for TDD)
· Note: UE Tx-Rx switching latency is up to RAN4



The RAR window starts at the first CORESET after PRACH, unless the CORESET follows immediately after the PRACH (X<1 symbol). 
In LTE, the RAR window is configured in units of subframes, which is natural since the LTE PDCCH can come once every subframe. In NR, it is natural to follow the same principle, i.e. to configure the RAR window by units of the RAR CORESETs. In other words, the RAR window ends either after the Nth CORESET (if the UE doesn’t receive a PDCCH in the Nth CORESET) or after the RAR PDSCH scheduled in the Nth CORESET. If the UE has not received a RAR after the Nth RAR CORESET, it may retransmit Msg1 at the next PRACH occasion. However, if the UE has a pending RAR PDSCH scheduled after the decoding of the Nth CORESET, due to a RAR PDCCH with matching RA-RNTI, the UE may retransmit Msg1 only after decoding this last RAR PDSCH.
Proposal 2: The RAR window duration N is configured in units of CORESETs. The RAR window ends after the Nth CORESET or after the last RAR PDSCH (corresponding to the UEs RA-RNTI) that ends after the Nth CORESET.
CORESET for Msg2
It has been agreed that at least Msg2 for initial access uses the same numerology as RMSI.
	Agreements:
· A single bit is used in NR-PBCH for indicating the numerology for RMSI, Msg.2/4 for initial access and broadcasted OSI
· For sub-6GHz
· 0: 15kHz
· 1: 30kHz
· For >6GHz
· 0: 60kHz
· 1: 120kHz


It was also agreed that at least slot-based PDCCH is supported for Msg2-4 scheduling.
	Agreements:
· NR supports both slot based PDCCH, PDSCH and PUSCH, and non-slot based PDSCH/PUSCH transmissions for Msg2/Msg3/Msg4 transmission
· For the non-slot based transmission, 2, 4 and 7 OFDM-symbol durations for the PDSCH/PUSCH is supported
· FFS the handling of PDCCH for non-slot based transmissions
· FFS Time gap during RACH procedure applied to non-slot based transmissions
· Note: Whether to support simultaneous uplink transmission of slot and non-slot based transmission from UE’s perspective will be finalized in the control channel session


It is clear that the CORESET of Msg2 shares some of the limitations of the CORESET for RMSI. For example, its bandwidth mustn’t exceed the UE minimum bandwidth. Also, a configuration that fits the CORESET into the minimum carrier bandwidth is needed. Given these similarities, it is reasonable to use the same frequency domain configuration for the Msg2 CORESET as for the RMSI CORESET.
The Msg2 latency is included in the control plane latency, but the RMSI reception latency is not. Therefore, it is reasonable to support much more frequent Msg2 CORESETs in time than RMSI CORESETs. However, the details can be decided once the RMSI CORESET configuration design is finalized.
Proposal 3: The frequency domain configuration of the Msg2 CORESET is the same as for the RMSI CORESET. The time domain configuration of the Msg2 CORESET and/or monitoring occasions is in the RMSI and is separate from the RMSI CORESET/monitoring window.
TA field in RAR
In RAN1#90bis, the following was agreed, with 12 bits a working assumption.
	Agreements:
· Maximum size of TA command for RAR is 12 (as a working assumption) bits.
Agreements:
· (Working assumption) For the timing advance in RAR, its granularity depends on:
· Subcarrier spacing of the first uplink transmission after RAR
· Supported by: Ericsson, CATT, Mediatek, ZTE, Sanechips, Huawei, Hisilicon, Qualcomm, LGE, Docomo
Table 3. Granularity of [12] bits TA command 
	Subcarrier Spacing (kHz) of the first uplink transmission after RAR
	Unit 

	15
	16*64 Ts

	30
	8*64 Ts

	60
	4*64 Ts

	120
	2*64 Ts



Note:  seconds.


The motivation to increase the maximum TA size from 11 bits as in LTE to 12 bits is to support the long round trip delay experienced in the extreme coverage scenario, which has up to 300 km cell radius. 
To support initial access by Rel-15 UEs in such deployments, the 12 bit TA size should be supported. 
Furthermore, since the Msg3 numerology, incl. CP, scales with Msg3, it is natural to let the TA granularity depend on the Msg3 SCS.
Proposal 4: Confirm the working assumption that a 12 bit TA command in RAR is supported. Confirm the working assumption that the TA granularity depends on the subcarrier spacing of the first UL transmission after RAR.
Random Access Configuration
PRACH groups
For convenience we can define a “PRACH group” as:
	Definition
· A PRACH group is a subset of PRACH resources and/or a subset of preamble indices.


PRACH groups are disjoint if any combination of PRACH resource and preamble is contained in at most one PRACH group. Below, we use “PRACH group” and “subset of PRACH resources and/or subset of preamble indices” interchangeably. 
Configuration Framework Requirements
The random access configuration framework needs to be flexible, forward compatible and compact. It needs to support:
· a wide range of network (TRP) implementations such as various levels of TRP beam correspondence and analog/hybrid/digital beamforming implementations,
· association from both SS blocks and CSI-RS, for a wide range of number of signals (below we use SS block for illustration),
· contention based and contention free random access,
· a wide range of use cases, such as handover, beam failure recovery request, on-demand SI request, beam reporting for paging, etc,
· a wide range of preamble formats and PRACH slot formats,
· frequency-multiplexed PRACH transmission occasions.
Association between Multiple SS blocks to the same Preamble Subset
In RAN1#90bis, it was agreed that an association (mapping) between many SS blocks and one PRACH transmission occasion is supported, if the associated subsets of preamble indices are non-overlapping (disjoint). Support of association to overlapping preamble subsets is FFS.
	Agreements:
· If many SSBs are mapped to one RACH transmission occasion, NR supports at least a mapping from different SSBs to non-overlapping subsets of RACH preamble indices within one RACH transmission occasion.
· FFS: Mapping to overlapping subsets


In other words, one-to-one association between SS blocks and PRACH groups is supported, but many-to-one association is FFS. 
Supporting also a mapping between multiple SS blocks to overlapping preamble subsets is important, in particular mapping to the same preamble subset. A typical use case is when the TRP has implemented digital Rx beamforming and beam correspondence. In this case, the TRP can derive the best DL Tx beam from the detected preamble signal. For example, consider a deployment scenario below 1 GHz with limited scattering and a strong LOS component such as a rural scenario with large cells. The TRP uses 4 DL Tx beams for DL coverage, but UEs typically don’t use beamforming but rather omni-directional reception and transmission on such low frequencies. To provide UL coverage, the network needs to configure a long and resource consuming preamble format, for example format 4 (3.5 ms). In this example, it would be beneficial to be able to associate all four DL Tx beams (SSBs) to the same PRACH transmission occasion and subset of preamble indices. In other words, all SSBs would be associated with the same PRACH group. In this way, less RACH resources need to be configured. Finally, a flexible association framework ensures forward compatibility.
Proposal 5: NR supports a mapping from different SSBs to the same (i.e. overlapping) subset of RACH preamble indices within one RACH transmission occasion.
Associations between SS blocks and PRACH groups
In RAN1 NR_AH#2, it was agreed to configure the association between SS blocks and PRACH groups with a set of association configuration parameters:
	Agreements:
· For contention-based random access, an association between an SS block in the SS burst set and a subset of RACH resources and/or preamble indices is configured by a set of parameters in RMSI.
· RAN1 strives to use the same set of parameters for different cases, e.g. analog/hybrid/digital beamforming at gNB, level of gNB beam correspondence, number of SS blocks, number of frequency multiplexed PRACH resources, PRACH resource density in time etc.
· RAN1 strives to minimize the set of parameters.
· FFS the set of parameters
· FFS the number of SS blocks (if indicated in RMSI or MIB), e.g. the actually transmitted SS blocks or the maximum number (L)


The proposed association configuration framework is illustrated in Figure 4. The input parameters are semi-statically configured in the random access configuration, either in RMSI or in a dedicated configuration by RRC signalling. A set of PRACH transmission occasions are defined, as further described in [4]. This is the set that will be divided into subsets of PRACH resources/indices, i.e. PRACH groups. 
Based on a predefined rule, both gNB and UE can derive the set of PRACH groups and the associations between the SS blocks and the PRACH groups.

[bookmark: _Ref494704269]Figure 4 – The association configuration framework. Based on the small set of parameters to the left, both UE and gNB can derive the PRACH groups and the associations.
In RAN1#90bis, the following was agreed about the association framework:
	Agreements-1:
· Let X be the number of PRACH transmission occasions in the RACH configuration period which are associated (by the SSB to RACH resource association rule) with the actually transmitted SS blocks in the SS burst set period.
· X can be greater than, equal to or smaller than the number of actually transmitted SS blocks in the SS burst set
Agreements-2:
· Assuming N preamble indices are available in one RACH transmission occasion:
· If only one SSB is mapped to only one RACH transmission occasion, each RACH transmission occasion has preamble index 0 to N-1
· FFS other cases


Regarding Agreements-2, it is attractive to use the same preamble indexing in all cases, since a strong motivation to do otherwise has not be found. However, it is not clear in which contexts the actual preamble index needs to be signalled. For the allocation of a preamble index in CFRA, an offset in relation to the set of CBRA preambles may be used, in which case the actual preamble index is not indicated. In the RAR, however, the preamble index in the form of RAPID is included. Assuming a 6 bit RAPID, it is natural to let the bits represent the integers between 0 and 63.
Proposal 6: A RACH transmission occasion with N preamble indices has preamble index 0 to N-1, which is also used for the RAPID.
The following parameters were FFS after the email discussion [90b-NR-08].
	Agreement-3:
· Following RRC parameters related to RACH configuration are FFS 
· Parameters related to the email discussion [90b-NR-07], i.e., the ones that are related to mapping between SSB and PRACH transmission occasions and preambles
· Parameters related to the mapping between CSI-RS and PRACH transmission occasions and preambles
· […]
· Masks for RACH resources and/or SSBs
· […]
· prach-ConfigIndexDedicated
· Companies are encouraged to comment whether these parameters should be supported in their contribution. Supporting companies are also encouraged to provide range of values for these parameters.


The following was agreed in email discussion [90b-NR-07].
	Agreement-4:
For contention based RACH, support the same number of PRACH preambles for all actually transmitted SS blocks.
· FFS: Same/different number of PRACH preambles for SS blocks in CFRA.
Conclusion-5:
· NR down-selects from following alternatives, which were already agreed in the previous meeting, in the next meeting or through another email discussion:
· Alt 1: Preamble indices for CBRA and CFRA for one SSB are mapped consecutively in one RACH transmission occasion.
· Alt 2: Preamble indices for CBRA and CFRA for one SSB are not mapped consecutively in one RACH transmission occasion
· Companies are encouraged to present a complete solution for configuring CBRA and CFRA mapping, including all necessary parameters and how they are used to support all needed cases.
Agreement-6:
Support following values for the configuration of the number of PRACH preambles for CBRA per SSB:
· 4 * N (where 1 <= N <= 16)
· FFS: 0, 1, 2, 3, 5, 6, 7, 10, 14, 18, 22, 26, 30, values greater than 64
· FFS: different granularity for different number of PRACH preambles for CBRA and CFRA per SSB
Agreement -7:
Preamble indices not used for CBRA in a RACH occasion can be reserved for CFRA as in LTE.
· Note: Consider dividing the total number of preambles per SSB into two parts: one for CBRA and the other for CFRA if the total number of preambles per SSB is configured.
· Note: How to use preamble indices not used for CBRA in a RACH occasion is entirely up to the network.


The following bullets list input parameters to define PRACH groups and the associations between SS blocks and PRACH groups: 
A. The number of SS blocks (e.g. actually transmitted SS blocks)
B. [bookmark: _Ref470884534]The PRACH transmission occasions (e.g. using the PRACH Config Index)
C. [bookmark: _Ref470725228]The association time period, i.e. after how many PRACH time instances the same PRACH group is repeated.
· One value, e.g. 1, corresponds to the same PRACH groups repeating in each PRACH time instance. This configuration is useful in the case without TRP beam correspondence, i.e. there is no particular association from measurement result to PRACH time instance.
· Other values correspond to PRACH groups occurring in a subset of the PRACH time instances, e.g. every 16th PRACH time instance, which is useful for example in the case with TRP beam correspondence in an analog beamforming implementation, e.g. with 16 analog beams, i.e. measurement results are associated to subsets of PRACH time instances.
· Range is: 
· Below 3 GHz: C={1, 2, 3, 4} (4 values)
· Between 3 GHz and 6 GHz: C={1, 2, 3, 4, 5, 6, 7, 8} (8 values)
· Above 6 GHz: C={1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 15, 16, 18, 20, 21, 24, 25, 28, 30, 32, 35, 36, 40, 42, 48, 49, 56, 64} (30 values = all valid numbers of actually transmitted SSBs in RMSI)
D. [bookmark: _Ref470725236]The number of PRACH groups per PRACH transmission occasion
· PRACH groups on the same PRACH transmission occasion are separated by different preamble subsets.
· Range is: 
· Below 3 GHz: D={1, 2, 3, 4} (4 values)
· Between 3 GHz and 6 GHz: D={1, 2, 3, 4, 5, 6, 7, 8} (8 values)
· Above 6 GHz: D={1, 2, ..., 16} (16 values)
E. The number of preamble indices per PRACH group (for CBRA)
· The subsets of preambles in the PRACH groups can be subdivided for the purpose of Msg.3 transmission resource size indication.
· Range may depend on the number PRACH groups per PRACH transmission occasion. For example: 
· For D=1: E={0, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, 44, 48, 52, 58, 64} (16 values)
· For D=2: E={0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 29, 32} (16 values)
· For D=3: E={0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 11, 13, 15, 17, 19, 21} (16 values)
· For D=4: E={0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 11, 12, 13, 14, 16} (16 values)
· For D=5: E={0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 11, 12} (13 values)
· Etc.
F. sizeOfRA-PreamblesGroupA (as agreed in RAN2#99bis)
· Defines which of the preamble indices that are used to indicate message size A. The other preamble indices in the PRACH group indicate message size B.
· 2-3 bits can be used to define a ratio of the preambles that are assigned to group A, e.g. F={1/8, 2/8, 3/8, 4/8, 5/8, 6/8, 7/8, 1}
G. The number of associations per PRACH group
· To cover many-to-one association between SS blocks and PRACH groups. This parameter is only needed if association between multiple SS blocks to the same preamble subset is supported.
· Range is: 
· Below 3 GHz: 1, 2, 3, 4 (4 values)
· Between 3 GHz and 6 GHz: 1, 2, 3, 4, 5, 6, 7, 8 (8 values)
· Above 6 GHz: 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 15, 16, 18, 20, 21, 24, 25, 28, 30, 32, 35, 36, 40, 42, 48, 49, 56, 64 (30 values = all valid numbers of actually transmitted SSBs in RMSI)
The estimated number of bits for the association framework can be summarized in the table below.
Table 1: The number of bits in RMSI required for configuring the associations from all SSBs.
	Range
	C
	D
	E
	F
	G
	Total:

	Below 3 GHz
	2
	2
	4
	3
	2
	13 bits

	Between 3 and 6 GHz
	3
	3
	4
	3
	3
	16 bits

	Above 6 GHz
	5
	4
	4
	3
	5
	21 bits


Observation 3: The configuration of associations between all SSBs and subsets PRACH transmission occasion/preamble indices requires 13-21 bits in RMSI.
Based on the set of PRACH transmission occasions (B), the PRACH groups are defined by the parameters D and E above. 
Proposal 7: The set of PRACH transmission occasions are divided into PRACH groups by the parameters:
· D: The number of PRACH groups per PRACH transmission occasion
· E: The number of preamble indices per PRACH group
Naturally, D*E is limited by the total number of preamble indices per PRACH transmission occasion, e.g. 64. The principle of the proposal is illustrated in 

[bookmark: _Ref498637112]Figure 5 – Each PRACH transmission occasion is divided into one or more PRACH groups by the parameters D and E.
In general, it seems simpler to map the preambles for CBRA and CFRA for one SSB consecutively, as in Figure 5. The number of preamble indices for CBRA and CFRA per SSB is given by floor(N/D), where N is the total number of preambles in a PRACH transmission occasion. The i:th CBRA preamble subset in a PRACH transmission occasion (i=0,1,...) spans the preamble indices: (i*floor(N/D)) to (i*floor(N/D)+(E-1)). This leaves (floor(N/D)-E) unassigned preambles indices between the CBRA preamble subsets. For CFRA, the i:th SSB associated with a PRACH transmission occasion can be assigned a preamble (i*floor(N/D)+E + offset), where offset=0,1,... Hence, given a known CBRA configuration, it is sufficient with a single preamble offset parameter to assign dedicated CFRA preamble indices associated with all SSBs. This simple design makes us prefer Alt 1 in Conclusion-5: above:
Proposal 8: Preamble indices for CBRA and CFRA for one SSB are mapped consecutively in one RACH transmission occasion.
Given the PRACH groups in each PRACH transmission occasion defined above, an association rule can be specified that associates SS blocks with PRACH groups.
The number of consecutive SS blocks associated with the same PRACH time instance is given by ceil(L/C), where L is the number of SS block and C is the association time period. Hence, within C PRACH time instances, associations from all SS blocks have been completed.
Proposal 9: ceil(number of SS blocks / association time period) SS blocks are consecutively associated with the PRACH groups in one PRACH time instance. 
The proposed order of association within one PRACH time instance is:
1. Firstly assign multiple consecutive SS blocks to the same PRACH group (if G>1).
2. Secondly, assign SS blocks consecutively in the preamble index domain (if D>1).
3. Thirdly, assign SS blocks consecutively in the frequency domain.
If there are more PRACH groups in a PRACH time instance than SS blocks associated with the time instance (i.e. ceil(number of SS blocks / association time period)), then the association in the PRACH time instance wraps around among the ceil(number of SS blocks / association time period) SS blocks (see for example Figure 8-Figure 13).
One reason to assign resources in the preamble and frequency domain before the time domain is to support the association between one SS block and one PRACH time instance. This is important when the TRP uses analog beamforming. Another benefit of concentrating in time the PRACH resources associated with one SS block is that it allows rapid simultaneous response to all detected preambles associated with the same SS block. 
Proposal 10: SS blocks are consecutively associated with the PRACH groups in a PRACH time instance in the order of
1. To the same PRACH group (if the number of associations per PRACH group is configured > 1)
2. Preamble index
3. Frequency index
The consecutive association is restarted every T2 ms, e.g. every Mth radio frame. For example, the first actually transmitted SS block is associated with the first PRACH group following the start of the radio frame in which (SFN mod M) = 0. Following this first SSB to PRACH group association, all other SSBs are consecutively associated with PRACH groups, with wrap around within T2. In this way the associations between SSBs and PRACH groups can be uniquely derived at both the UE and gNB side.
Proposal 11: The SSB to PRACH group association is restarted every Mth radio frame with the first SS block being associated with the first PRACH group after the beginning of the Mth radio frame. Following this first association, the following SS blocks are consecutively associated PRACH groups with wrap around until the association is restarted after M radio frames.
The framework described above is illustrated with a few examples in the appendix.
[bookmark: _Ref498641046]Contention-free Random access (CFRA)
CFRA in NR may be applicable for the use-cases in LTE such as handover, establishing UL sync, scheduling request, etc, but possibly also for new use cases such as beam recovery request, OSI request and beam reporting in trigger-mode paging. The issues with analog beamforming and beam correspondence also apply to contention-free random access. Therefore, the same kind of framework with association between SS blocks and PRACH groups should be applied to this case. This means that also scenarios with multiple PRACH groups, distinguished by disjoint subsets of preambles, within one PRACH time instance should be supported. In such cases, the UE might not be configured with a single (dedicated) preamble index, but with a dedicated preamble index per PRACH group. These can be seen as single-preamble PRACH groups, disjoint with the PRACH groups used for contention-based random access. The association framework enables beamformed reception of PRACH (in the case of TRP beam reciprocity) and best DL Tx beam indication, also for contention-free random access. Considering the examples in the figures in the appendix, the dedicated preambles for contention-free random access can be allocated from the non-allocated preamble indices between the (coloured) subsets of indices reserved for contention-based random access.
Proposal 12: Contention-free random access supports associations between SS blocks and PRACH groups, with one preamble index per PRACH group. 
This is illustrated in the figure below, which could be applied when the contention-based random access is configured according to Example 2 in section 9.2. The UE is allocated four single-preamble PRACH groups, using a similar parameterization as for CBRA, with an additional preamble index offset parameter. Based on the SSB RSRP measurement, the UE can select one of the four dedicated PRACH groups, which contains the single dedicated preamble for transmission.

Figure 6 - Illustration of dedicated PRACH groups and associations, for example compatible with CBRA configuration as in Figure 9. The colours show the associations between SS blocks (SSB) and PRACH groups. The CFRA configuration only requires an offset in addition to the already known CBRA configuration.
Contention-free PRACH group allocations for the other examples in section 9.1-9.7 follow accordingly.
Proposal 13: The preamble index for CFRA associated with an SSB is assigned using a preamble offset in relation to the CBRA preamble subset associated with the same SSB.
In other words, the CFRA configuration is based on a CBRA configuration that the UE knows. Note that this CBRA configuration doesn’t have to be the CBRA configuration in RMSI. A CFRA configuration can be accompanied by a CBRA configuration in relation to which the CFRA is defined. For example, to configure CFRA in PRACH transmission occasions dedicated to CFRA, the CFRA configuration can be accompanied by a CBRA configuration with E=0, i.e. zero preambles per PRACH group. In this way the same framework can be used both when CBRA and CFRA share PRACH transmission occasions and if PRACH transmission occasions dedicated to CFRA are configured.

Figure 7: Illustration of CFRA configuration using a preamble offset based on a CBRA configuration with zero preambles for CBRA. With this approach, the same configuration framework can be used for both PRACH transmission occasions that are shared between CBRA and CFRA and such that are dedicated to CFRA.
OSI delivery request
For the request of OSI delivery, a CFRA configuration in RMSI is required. Assuming that different SIBs (or groups of SIBs) can be requested separately, each SIB (or group of SIBs) would be associated with one CFRA configuration containing 
· one preamble offset and 
· one time window. 
The preamble offset would reserve a preamble index for an SSB in relation to the CBRA preamble subset for the SSB, as described in section 7.5. Note that the same preamble index could be reserved for each SSB, for example if one-to-one mapping between SSB and PRACH transmission occasion is configured for CBRA. Also note that the network may respond with OSI delivery only on those beams (SSBs) on which the delivery request was received. Hence, OSI delivery overhead can be minimized.
The time window would define the PRACH time instances during which the reserved preambles may be used for OSI delivery request. By limiting the time during which the preamble(s) is reserved, less PRACH resources are reserved for OSI delivery request. In fact, it may be sufficient with one PRACH transmission occasion per SSB within the time window. 
See [1] for more discussion on on-demand OSI delivery.
Paging trigger mode
In paging trigger mode [5], UEs paged with a UE group indicator report the best DL Tx beam by transmitting PRACH in a PRACH group associated with an SSB. Subsequently, a paging message is transmitted using the reported DL Tx beam, which may be followed by a Msg3 from the UE.
To support paging trigger mode, one preamble offset and one time window following each PO (where UE beam reporting may be triggered) is required, which is similar to the CFRA configuration for OSI delivery request. The CFRA configuration for paging trigger mode needs to be in the SI so that is available to IDLE UEs.
Beam failure recovery request
When beam failure occurs, a CONNECTED mode UE may transmit a beam failure recovery request using PRACH [3]. The request should indicate a new DL Tx beam that can be used for communication. Hence, the UE needs to be configured with PRACH resources/preambles associated to multiple SSBs or even all actually transmitted SSBs. 
Beam failure recovery request preambles may be reserved in the PRACH transmission occasions used for CBRA. In that case, a single preamble offset is required to configure the PRACH groups associated with each actually transmitted SSB.
If the preambles for beam failure recovery request are configured in dedicated PRACH transmission occasions, then the CFRA configuration can include a CBRA configuration that indicates 0 preambles per PRACH group. Note that the CBRA configuration also configures other parameters that will be used, for example preamble format and association parameters.
Other CFRA cases
Other CFRA use cases, such as PDCCH order, can also use the same CFRA configuration framework with a preamble offset and a time window, as described above.
Masks for RACH resources and/or SSBs
In the email discussion [90b-NR-08], the parameter “Masks for RACH resources and/or SSBs” was FFS. In one sense, the masking of RACH resources is equivalent to the masking of SSBs, since there is an association between RACH resources and SSBs. However, it seems more useful for the network to be able configure a bitmap masking SSBs, since the network typically wants to assign RACH resources/preambles associated to certain SSBs.
Conclusion on CFRA
In the sections above, we briefly discussed how OSI delivery request, paging trigger mode beam report, beam failure recovery request and other CFRA cases can use the same simple CFRA framework in which a preamble offset and time window are defined, in relation to a pre-existing CBRA configuration. 
Proposal 14: PRACH for OSI delivery request, paging trigger mode beam report, beam failure recovery request etc, can use the same CFRA framework in which a preamble offset and a time window are defined, in relation to a pre-existing CBRA configuration. An SSB mask can additionally be configured to limit the SSBs to which a preamble is assigned.
Random Access on Supplementary UL (SUL)
The following was agreed in RAN1#90:
	Agreement-1:
· For NR UE initial access based on RACH configuration for an SUL carrier 
· RACH configuration for the SUL carrier is broadcasted in RMSI
· The configuration information for the SUL carrier is sufficient for UEs to complete RACH procedure via only that SUL carrier
· In particular the configuration information includes all necessary power control parameters
· The configuration information for the SUL carrier includes a threshold. The UE selects that SUL carrier for initial access if and only if the RSRP measured by the UE on the DL carrier where the UE receives RMSI is lower than the threshold
· If the UE starts its RACH procedure on the SUL carrier, then the RACH procedure is completed with all uplink transmission taking place on that carrier
· It is expected that the network would be able to request a connected-mode UE to initiate a RACH procedure towards any uplink carrier for path-loss and timing-advance acquisition
Agreement-2:
· Each UL carrier (including SUL) available for initial access has its own separate power control configuration.
· Power adjustment for SUL should be taken into account in the uplink power control
· The power adjustment for SUL can be used to compensate the difference between a pathloss estimate for the SUL frequency and the path loss estimated on the DL carrier where the UE receives the RMSI.
· Note: it may be possible to include the power adjustment in P0.


These agreements should be reflected in the NR RA procedure, as illustrated in Figure 1. Besides one mandatory RA configuration, an optional supplementary RA configuration can be included in the RMSI. The reason for making SUL RA configuration optional is because not all UEs are mandated to support SUL operation, and some UEs supporting SUL operation may not support all RAN4 defined SUL band combinations. With this optional supplementary RA configuration defined, if and only if a supplementary RA configuration is included in the RMSI and the UE supports UL transmission on the SUL band and the measured RSRP is below the threshold, then the UE performs RA on the SUL, according to the supplementary RA configuration. Otherwise, the UE performs RA according to the primary RA configuration.

[bookmark: _Ref494470842]Figure 1 – Part of RA procedure involving SUL selection.
In other words, following Agreement-1, it should be possible to include a supplementary RA configuration, in addition to the mandatory primary RA configuration, in the RMSI. 
Observation 4: RMSI can contain one (mandatory) primary RA configuration and one (optional) supplementary RA configuration.
This supplementary RA configuration would include the UL-related RA configuration for RA on the SUL, such as PRACH resource, association and power control configurations. 
Proposal 15: UL related RA parameters can be configured in the primary RA configuration or in both the primary and supplementary RA configuration. The parameters include:
· Preamble format
· Resource configuration
· Association configuration
· Msg3 configuration
· Common PUCCH configuration for Msg4 ACK
· UL power control parameters
· UL frequency
Now considering the DL part of the RA procedure, this is shared between the primary RA and the supplementary RA, with the possible exception of the RMSI threshold mentioned in Agreement-1, if configurable. Hence, it is sufficient with a single DL configuration in the RMSI that is shared between the primary RA and the supplementary RA.
Proposal 16:  The DL related RA parameters are configured only in the primary RA configuration and reused by the optional supplementary RA configuration, if configured. The parameters include:
· CORESET(s) for Msg2 and/or Msg4, if defined
· RAR window configuration
· SSB threshold
· Actually transmitted SS blocks
The primary and supplementary RA configurations in RMSI are illustrated in Figure 2.
[image: ]
[bookmark: _Ref494476568]Figure 2 – Illustration of primary (yellow) and supplementary RA configurations (blue) in RMSI (SIB1).
A UE may use the supplementary RA configuration if only if the RSRP is below a threshold, according to Agreement-1. Further details of the RSRP and threshold are discussed below.
The motivation to use an RSRP threshold to select either the primary or supplementary RA configuration is that the supplementary RA configuration is applied to a SUL with better UL coverage than the carrier to which the primary RA configuration is applied. UEs in good coverage conditions should use the primary RA configuration while UEs in bad coverage conditions should use the supplementary RA configuration, if it’s configured.
An issue that should be clarified is that the “completion” in the context of “the RACH procedure is completed with all uplink transmission taking place on that carrier” should refer to the status that the RACH procedure either succeeds or fails (due to the preamble transmission counter exceeding preambleTransMax). 
Proposal 17: The initial RACH procedure is completed with all uplink transmission taking place on the same carrier (NR normal UL or SUL) on which it started, where the “completion” means the initial RACH procedure either succeeds or fails.
Msg2 from both the normal UL and the SUL are transmitted on the same DL carrier. Hence, the UE needs to be able to distinguish a RAR responding to a PRACH on the normal UL and a RAR responding to a PRACH on the SUL. The UL carrier can either be indicated by extending the RA-RNTI or by inserting a bit into the RAR. We prefer to include a carrier indicator bit in the RAR since the RA-RNTI can be kept the same in various cases such as SUL, PRACH transmitted on SCell but Msg2 monitored on PCell and other future cases.
Proposal 18: An UL carrier indicator, e.g. one bit, is included in RAR.
More aspects of random access and SUL are discussed in [7].
Conclusions
The following observations and proposals have been made: 
Observation 1: The multiplexing of PRACH on the normal UL carrier and SUL needs to be considered in the design of RAR and/or RA-RNTI.
Observation 2: The maximum number of PRACH time instances that need to be addressed by RA-RNTI depends on the maximum number of PRACH time instances within the maximum duration RAR window.
Proposal 1: Each PRACH transmission occasion on an UL carrier has a unique RA-RNTI within the maximum RAR window duration, computed based on the PRACH Time instance Index (PTID) within the PRACH slot, the PRACH slot index (t_id) and the frequency index within an UL carrier (f_id), e.g.
· RA-RNTI = 1 + PTID + M*t_id + (M*N*f_id)
Proposal 2: The RAR window duration N is configured in units of CORESETs. The RAR window ends after the Nth CORESET or after the last RAR PDSCH (corresponding to the UEs RA-RNTI) that ends after the Nth CORESET.
Proposal 3: The frequency domain configuration of the Msg2 CORESET is the same as for the RMSI CORESET. The time domain configuration of the Msg2 CORESET and/or monitoring occasions is in the RMSI and is separate from the RMSI CORESET/monitoring window.
Proposal 4: Confirm the working assumption that a 12 bit TA command in RAR is supported. Confirm the working assumption that the TA granularity depends on the subcarrier spacing of the first UL transmission after RAR.
Proposal 5: NR supports a mapping from different SSBs to the same (i.e. overlapping) subset of RACH preamble indices within one RACH transmission occasion.
Proposal 6: A RACH transmission occasion with N preamble indices has preamble index 0 to N-1, which is also used for the RAPID.
Observation 3: The configuration of associations between all SSBs and subsets PRACH transmission occasion/preamble indices requires 13-21 bits in RMSI.
Proposal 7: The set of PRACH transmission occasions are divided into PRACH groups by the parameters:
· D: The number of PRACH groups per PRACH transmission occasion
· E: The number of preamble indices per PRACH group
Proposal 8: Preamble indices for CBRA and CFRA for one SSB are mapped consecutively in one RACH transmission occasion.
Proposal 9: ceil(number of SS blocks / association time period) SS blocks are consecutively associated with the PRACH groups in one PRACH time instance. 
Proposal 10: SS blocks are consecutively associated with the PRACH groups in a PRACH time instance in the order of
1. To the same PRACH group (if the number of associations per PRACH group is configured > 1)
2. Preamble index
3. Frequency index
Proposal 11: The SSB to PRACH group association is restarted every Mth radio frame with the first SS block being associated with the first PRACH group after the beginning of the Mth radio frame. Following this first association, the following SS blocks are consecutively associated PRACH groups with wrap around until the association is restarted after M radio frames.
Proposal 12: Contention-free random access supports associations between SS blocks and PRACH groups, with one preamble index per PRACH group. 
Proposal 13: The preamble index for CFRA associated with an SSB is assigned using a preamble offset in relation to the CBRA preamble subset associated with the same SSB.

Proposal 14: PRACH for OSI delivery request, paging trigger mode beam report, beam failure recovery request etc, can use the same CFRA framework in which a preamble offset and a time window are defined, in relation to a pre-existing CBRA configuration. An SSB mask can additionally be configured to limit the SSBs to which a preamble is assigned.
Observation 4: RMSI can contain one (mandatory) primary RA configuration and one (optional) supplementary RA configuration.
Proposal 15: UL related RA parameters can be configured in the primary RA configuration or in both the primary and supplementary RA configuration. The parameters include:
· Preamble format
· Resource configuration
· Association configuration
· Msg3 configuration
· Common PUCCH configuration for Msg4 ACK
· UL power control parameters
· UL frequency
Proposal 16:  The DL related RA parameters are configured only in the primary RA configuration and reused by the optional supplementary RA configuration, if configured. The parameters include:
· CORESET(s) for Msg2 and/or Msg4, if defined
· RAR window configuration
· SSB threshold
· Actually transmitted SS blocks
Proposal 17: The initial RACH procedure is completed with all uplink transmission taking place on the same carrier (NR normal UL or SUL) on which it started, where the “completion” means the initial RACH procedure either succeeds or fails.
Proposal 18: An UL carrier indicator, e.g. one bit, is included in RAR.
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Appendix
[bookmark: _Ref494734530]Example 1: TRP without beam correspondence doing analog Rx beam sweeping
In this example, the TRP sweeps through its analog Rx beams within one PRACH time instance. The UE conveys its best DL Tx beam through the subset of preamble indices. Example PRACH groups and associations are illustrated in Figure 8. These PRACH groups and associations can be generated by the following parameters:
· Number of PRACH groups per PRACH resource = 4
· Number of preamble indices per PRACH group = 14
· Association time period = 1
· The number of associations per PRACH group = 1
Since the association time period is 1, the same pattern is repeated in each PRACH time instance. Since L/C=4/1=4, associations from 4 SS blocks to one PRACH time instance are defined.

[bookmark: _Ref494716117]Figure 8 – Illustration of PRACH groups and associations generated by one set of parameters (see above). The colours show the associations between SS blocks (SSB) and PRACH groups.
[bookmark: _Ref494731098]Example 2: TRP without beam correspondence doing analog Rx beam sweeping
Also in this example, the TRP sweeps through its analog Rx beams within one PRACH time instance. The UE conveys its best DL Tx beam through a combination of the frequency resource and the subset of preamble indices. Example PRACH groups and associations are illustrated in Figure 9. These PRACH groups and associations can be generated by the following parameters:
· Number of PRACH groups per PRACH resource = 2
· Number of preamble indices per PRACH group = 28
· Association time period = 1
· The number of associations per PRACH group = 1
Since the association time period is 1, the same pattern is repeated in each PRACH time instance. Since L/C=4/1=4, associations from 4 SS blocks to one PRACH time instance are defined.

[bookmark: _Ref494716175]Figure 9 – Illustration of PRACH groups and associations generated by one set of parameters (see above). The colours show the associations between SS blocks (SSB) and PRACH groups.
Example 3: TRP with digital beamforming and partial beam correspondence
In this example, the TRP has digital beamforming and partial beam correspondence, which means that it can distinguish beam 0 (in SSB0) and beam 1 (in SSB1) as well as beam 2 and beam 3, but not beam 0 and beam 2 for example. Hence, in this configuration SSB0 and SSB1 are associated with the same PRACH group, as are SSB2 and SSB3. The gNB obtains the DL Tx beam by a combination of partial beam correspondence and through the subset of preamble indices. Example PRACH groups and associations are illustrated in Figure 10. These PRACH groups and associations can be generated by the following parameters:
· Number of PRACH groups per PRACH resource = 2
· Number of preamble indices per PRACH group = 28
· Association time period = 1
· The number of associations per PRACH group = 2
Since the association time period is 1, the same pattern is repeated in each PRACH time instance. Since L/C=4/1=4, associations from 4 SS blocks to one PRACH time instance are defined.

[bookmark: _Ref494716203]Figure 10 - Illustration of PRACH groups and associations generated by one set of parameters (see above). The colours show the associations between SS blocks (SSB) and PRACH groups.
[bookmark: _Ref494644454]Example 4: TRP with digital beamforming and beam correspondence
In this example, the TRP has digital beamforming and beam correspondence. Hence, the gNB can perform PRACH detection using all digital UL Rx beams on the same received signal. The gNB obtains the DL Tx beam by beam correspondence with the UL Rx beam that was used to detect the preamble. Example PRACH groups and associations are illustrated in Figure 11. These PRACH groups and associations can be generated by the following parameters:
· Number of PRACH groups per PRACH resource = 1
· Number of preamble indices per PRACH group = 56
· Association time period = 1
· The number of associations per PRACH group = 4
Since the association time period is 1, the same pattern is repeated in each PRACH time instance. Since L/C=4/1=4, associations from 4 SS blocks to one PRACH time instance are defined.

[bookmark: _Ref494716237]Figure 11 - Illustration of PRACH groups and associations generated by one set of parameters (see above). The colours show the associations between SS blocks (SSB) and PRACH groups.
Example 5: Two TRPs with beam correspondence doing analog Rx beam sweeping
In this example, two TRP use one Rx beam each in one PRACH time instance. The UE conveys its best DL Tx beam through a combination of the time resource and the subset of preamble indices. Example PRACH groups and associations are illustrated in Figure 12. These PRACH groups and associations can be generated by the following parameters:
· Number of PRACH groups per PRACH resource = 2
· Number of preamble indices per PRACH group = 28
· Association time period = 2
· The number of associations per PRACH group = 1
Since the association time period is 2, the same pattern is repeated every 2nd PRACH time instance. Since L/C=4/2=2, associations from 2 SS blocks to one PRACH time instance are defined.

[bookmark: _Ref494716273]Figure 12 - Illustration of PRACH groups and associations generated by one set of parameters (see above). The colours show the associations between SS blocks (SSB) and PRACH groups.
Example 6: Two TRPs with beam correspondence doing analog Rx beam sweeping
Also in this example, the two TRP use one Rx beam each in one PRACH time instance. The advantage of this association is that each TRP only needs to receive one of the two frequency multiplexed PRACH transmission occasions, which gives lower TRP power consumption. The association in Figure 12 has the advantage that the TRP receives less preambles per PRACH transmission occasion, which gives lower received interference and better detection performance. The UE conveys its best DL Tx beam through a combination of the frequency resource and the subset of preamble indices. Example PRACH groups and associations are illustrated in Figure 13. These PRACH groups and associations can be generated by the following parameters:
· Number of PRACH groups per PRACH resource = 1
· Number of preamble indices per PRACH group = 56
· Association time period = 2
· The number of associations per PRACH group = 1
Since the association time period is 2, the same pattern is repeated every 2nd PRACH time instance. Since L/C=4/1=2, associations from 2 SS blocks to one PRACH time instance are defined.

[bookmark: _Ref494716303]Figure 13 - Illustration of PRACH groups and associations generated by one set of parameters (see above). The colours show the associations between SS blocks (SSB) and PRACH groups.
[bookmark: _Ref494734542]Example 7: TRP with analog beam correspondence
In this example, the TRP with analog beamforming has beam correspondence. In one PRACH time instance, it uses a single UL Rx beam. The UE conveys its best DL Tx beam through the time resource. Example PRACH groups and associations are illustrated in Figure 14. These PRACH groups and associations can be generated by the following parameters:
· Number of PRACH groups per PRACH resource = 1
· Number of preamble indices per PRACH group = 56
· Association time period = 4
· The number of associations per PRACH group = 1
Since the association time period is 4, the same pattern is repeated every 4th PRACH time instance. Since L/C=4/4=1, association from only 1 SS blocks to one PRACH time instance is defined.

[bookmark: _Ref494716330]Figure 14 - Illustration of PRACH groups and associations generated by one set of parameters (see above). The colours show the associations between SS blocks (SSB) and PRACH groups.
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