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1 Introduction

Substantial progress was made in RAN1#75 on PRACH coverage enhancements aspects and the relevant decisions are provided below for ease of reference.

Agreements:
· WA on usage of existing PRACH formats from RAN1#74bis is confirmed.

· Enhanced coverage UEs and legacy UE may share the same time/frequency resource. In this case, enhanced coverage UEs will use CDM to multiplex with legacy UEs. 

· FFS for multiplexing repetition level(s) within shared time/freq. resources
· In addition define additional time/freq. resource region(s) separate for “enhanced coverage” UEs.
· Within new region, at least CDM is allowed.

· FFS for Frequency Hopping

· NOTE: RACH resource mapping for the “low complexity UE not requiring enhanced coverage” is FFS.
· Specified maximum numbers of levels: Working assumption of 3 (this does not include “zero coverage extension”). More evidence needed if we were to extend this. 

· eNB-configurable number of levels (1, 2, 3) up to specified max level.

· Number of repetitions per level: 

· FFS for configurable value. 

· FFS ranges of this value per level – come back later in week.

· 1 attempt = configured number of repetitions.
· FFS: Power ramping is supported
· If UE does not receive a RAR after 1 attempt, it moves to next highest level (e.g. 5 to 10, and 10 to 15). 

· At highest level, FFS on how many attempts are allowed, and the overall procedure (e.g. Backoff etc).

Possible agreements:
· Starting level for contention based random access procedure: 

· Case 1: FFS between starting at the lowest level or defining it based on measurement or based on other ways
· Case 2: working assumption: In RRC connected mode could be configured by eNB (dedicated RRC signaling).
This contribution considers the above FFS aspects.  

2 PRACH Coverage Enhancements
2.1 Additional time/frequency resource region(s) for CE-mode UEs
CDM between legacy UEs and coverage enhanced (CE) mode UEs is supported while it is FFS whether FDM and/or TDM are also supported. CDM avoids increasing latency to legacy UEs (as opposed to TDM) and avoids reducing available RBs for PUSCH transmission (including providing for guard bands) or complicating scheduler operation for non-adaptive PUSCH retransmissions (as opposed to FDM). Therefore, CDM is sufficient if the capacity of RA preambles is not an issue. Similar to dividing RA preambles between contention based RACH and non-contention based RACH in Rel-8, RA preambles for contention based RACH can be further divided between legacy UEs and UEs in CE mode and this can be supported and adjusted by system information signaling.
Although CDM is sufficient in case there is no shortage of RA preambles, whether this is always the case needs to be further considered. Even with many low cost UEs in a cell, a number of UEs in CE mode is not likely to be a significant percentage of total UEs and mobility is not an important consideration for UEs in CE mode. Therefore, a random access process for UEs in CE mode is not expected to be frequent and CDM is likely to suffice, especially considering the traffic patterns for low cost UEs and the likelihood of extremely long DRX cycles. However, if RA preamble capacity is deemed to be a potential concern, FDM can also be considered as a complement to CDM (for the larger system bandwidths) as TDM will impact the access latency for legacy UEs particularly in TDD systems.

For multiplexing RA preamble transmissions among different CE levels, TDM should be supported as latency is not a critical consideration for UEs in CE mode and as FDM impacts PUSCH transmissions from legacy UEs and cannot anyway be a solution for the smaller system bandwidths. Another important benefit of TDM is that received RA preamble powers can be similar for all UE in CE mode as only RA preambles for the same CE level are received (but the problem of unequal reception power and near-far effects still exists among legacy UEs and UE in CE-mode due to CDM).
Proposal 1: TDM is supported, in addition to CDM, for multiplexing RA preamble repetitions for different CE levels. Support for FDM is FFS.

2.2 Frequency Hopping 
Frequency hopping (FH) between repetitions can be additionally used to improve coverage for repetitions of a RA preamble (it is noted that RA preamble detection is non-coherent). In [1], a substantial 2x-3x reduction in the number of required RA preamble repetitions is observed when FH is used. A drawback of FH is the requirement for muting PUSCH transmissions at respective RBs (and for respective guard periods). This introduces UL overhead and affects legacy UEs and their scheduling particularly considering non-adaptive PUSCH retransmissions. Moreover, FH cannot be a solution for the smaller system bandwidths. Therefore, the tradeoff is between having a 2x-3x smaller latency for RA preamble transmissions (in large system bandwidths) versus introducing additional specifications/testing and UL overhead and impacting scheduling of legacy UEs. Whether or not to introduce FH should also be considered in conjunction with whether or not an increase in the RA preamble miss probability is supported and whether or not FDM for transmissions of RA preambles is supported as the former will affect the RA preamble latency and the latter will affect the overhead considerations.
Observation 1: FH can reduce latency of RA preamble transmission with repetitions (for large system bandwidths) at the expense of introducing UL overhead and additional specification/testing and affecting scheduling of legacy UEs. It can be further considered in conjunction with the RA preamble miss probability and the use of FDM for RA preambles. 
2.3 Maximum Number of CE Levels
The current working assumption is for a maximum of 3 CE levels (the network can implicitly/explicitly configure the actual number), not including a zero CE level. This numbers provides a good balance between adjusting the granularity of RA preamble repetitions and limiting a resource fragmentation and an associated signaling. The RA preamble repetitions for each CE level can be adjusted by selecting the range for each of the 3 CE levels. This can be later decided based on the final number of RA preamble repetitions, particularly in conjunction with increasing the RA preamble miss probability to 10%, and possibly after further adjustments by RAN4. The number of RA preamble repetitions per CE level should be configurable by the network in order to allow the implementation to select and account for the various operating characteristics (channel, receiver, UE distributions, etc.)
Proposal 2: Confirm the working assumption for a maximum of 3 (non-zero) CE levels.

2.4 Power Ramping – Triggering CE Mode
Power ramping should be considered in conjunction with how a UE determines whether it is in CE mode or not (CE mode triggering). For legacy operation, a coverage limitation first occurs in the UL before it occurs in the DL. However, for low cost UEs having 1 Rx antenna, the DL can become the coverage limiting link by as much as ~4 dB under the evaluation assumptions for TDD [2]. Moreover, if a relaxed miss probability is afforded for the RA preamble, the DL can be the limiting link by as much as 9 dB (PDCCH) compared to the link budget required for the RA preamble (although it is unlikely to relax the miss probability if a UE is not in CE mode).
For non-initial random access, given that a UE can be configured a CE level (including no CE, i.e. no repetitions) after initial access, it is possible for a network to configure a UE to operate as a legacy UE regarding its RA preamble transmission, including using power ramping.
For initial random access, two alternatives can be considered. A first alternative is to avoid optimizations for an UL non-coverage limited UE and assume operation in CE mode using the first CE level for the RA preamble. It is noted that if a same design is used for UEs in CE mode, it becomes irrelevant whether a UE has different DL/UL coverage requirements. Basically, if a low cost UE detects a respective SIB in CE mode, it proceeds with a RA preamble transmission as a UE in CE mode using the first CE level. This can significantly simplify the overall design. 
A second alternative is to rely on a path loss measurement. Assuming that a same measurement error of ±6 dB is allowed for low cost UEs, implying that the RF is similar to category 1 UEs with respect to measurement errors and that the 1 Rx antenna does not meaningfully degrade measurement errors (the measurement process can be modified to accommodate averaging over 2-4 subframes), a low cost UE measuring a path loss 
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, can perform initial random access according to the legacy procedure. However, as the UE is DL coverage limited, a path-loss measurement can be very inaccurate [3] and result to a UE determining it is not UL coverage limited when it actually is. 
For the second alternative, a procedure also needs to be defined for the RA preamble transmission to be switched from a non-CE mode to a CE-mode (first CE level) when the UE fails to receive a RAR containing the RA preamble identifier within the RAR window after transmitting the RA preamble with 
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 for the RA preamble, is to continue with the first CE level for the RA preamble transmission. The second alternative also assumes that a UE in CE mode in the DL is informed of RA preamble resources for both a CE mode and a non-CE mode in the UL and a respective SIB needs to provide additional information.   
As any optimizations for initial random access do not have a meaningful impact on the overall spectral efficiency and as it is important to provide a simple and robust design, the first alternative is preferred. Nevertheless, to avoid a UE transmitting with larger power than necessary and creating interference to other UEs, power ramping can still apply. Power ramping is expected only from UEs using the first CE level.
Proposal 3: A UE receiving MIB/SIB in CE mode performs initial random access in CE mode. For non-initial random access, the mode is configured by the network. Power ramping is supported as for legacy operation.
2.5 RAR/Msg3/Msg4
RAR

The legacy operation for the RAR is by scheduling a PDSCH by a PDCCH conveying DCI format 1C with a RA-RNTI in order to provide scheduling flexibility. For a RAR to UEs in CE mode, use of PDCCH can introduce significant DL overhead (and can increase blocking probability to other UEs thereby also reducing scheduling flexibility) and prolong the random access process. Those disadvantages do not exist for a RAR to UEs in non-CE mode. Therefore, despite some potential loss in scheduling flexibility for a PDSCH conveying the RAR, it is preferable to avoid using a PDCCH to schedule the RAR to UEs in CE mode. Instead, a PDSCH conveying a RAR can be transmitted in predetermined resources (it is also preferable to avoid having a low cost UE blindly detect the resources or repetition levels of a RAR transmission).  

Assuming that the RAR to UEs in CE mode is not scheduled by a DCI format, having a predefined mapping between the number of RA preamble repetitions and the number of RAR repetitions is required. This is also required if RAR is scheduled by a PDCCH as a same mapping is needed for the PDCCH and for the scheduled PDSCH if the number of repetitions for the PDCCH/PDSCH is not blindly detected (for the PDSCH, it is possible to modify the contents of the DCI format to indicate the number of repetitions). This mapping can be provided by a 1-to-1 mapping of RA preamble repetition levels and a same number of RAR repetition levels in SIB for UEs in CE-mode.
One issue with having a predefined mapping between a number of RA preamble repetitions and a number of RAR repetitions is that the latter can convey information for multiple UEs that can be in different CE mode and therefore require a different number of RA preamble repetitions. This issue is relatively easy to circumvent either by design, such as using TDM to multiplex RA preambles for different CE levels, or by enforcing that a RAR is for UEs having the same CE level. 

Msg3 (RRC Connection Request)
Similar to RAR, the repetition level for Msg3 can be derived from the repetition level of the respective RA preamble. For initial access, it is not necessary to further refine the repetition level of Msg3 by modifying the MAC CE of the RAR to include additional information as meaningful overhead savings are unlikely and as the eNB is also unlikely to have at this stage accurate information to further fine tune the number of Msg3 repetitions. For non-initial access, a UE is assumed to have already been configured a CE level for PUSCH transmissions.

One issue of having Msg3 transmitted without PDCCH scheduling is the support of retransmissions. If PHICH is supported for UEs in CE-mode, Msg3 retransmissions can be triggered by the PHICH. If PHICH is not supported for UE in CE-mode then, without a PDCCH scheduling Msg3 retransmissions, it would be necessary to target a smaller BLER for the initial transmission in order to reduce the probability for repeating the random access process. 

Moreover, Msg3 can be used for a UE to provide some statistics for its required CE-level, such as a path-loss measurements, or a number of PSS/SSS or P-BCH repetitions it required prior to detection, or a CQI in order to assist the eNB to faster determine an accurate CE-level for the UE. 

Msg4 (Contention Resolution)
Similar to RAR, the repetition level for Msg4 can be derived from the repetition level of the respective RA preamble and scheduling by PDCCH can be avoided in order to reduce overhead and latency. For non-initial access, a UE is assumed to have already been configured a CE level for PUSCH transmissions.

Proposal 4: RAR/Msg4 to UEs in CE-mode and Msg3 from UEs in CE-mode are transmitted without an associated PDCCH. A UE in CE-mode can determine the number of RAR/Msg3/Msg4 repetitions by a 1-to-1 mapping with a number of RA preamble repetitions provided by system information.

2.6 Starting Level for Contention–Based RA process 
For non-initial access, when the UE exits RRC_IDLE and needs to perform a random access to re-establish synchronization, the UE can perform the random access according to its last configured CE level. Considering that mobility is not typical for UEs in CE mode, this will practically always result to accurate operation requiring the smallest latency, overhead, and power consumption. In the unlikely event that the UE in CE-mode experiences a significantly different path loss to require a random access with a different CE level then, if this CE level is the next higher one (if any) the UE will typically require the overhead and latency of its configured CE level and of the next higher CE level while if this CE level is the next lower one (if any) the UE will typically require the overhead and latency of its configured CE level. In either case, considering the likelihood and additional overhead/latency, the impact is marginal (and can also occur if measurement-based approaches are used to determine the CE level).

For initial access, focusing on optimizations is counter-productive as this is likely to require significant specifications and testing while, under ideal conditions, it can provide only marginal gains considering the overall operation of a UE in CE mode. Given that measurements for UEs in CE mode can be highly inaccurate [3] and that most UEs in CE mode are expected to require the first CE level, it is preferable for a UE to start the random access process at the lowest CE level and not rely on any measurements. 
Proposal 5: A UE in CE mode and without a configured CE level by the network, performs a random access starting from the lowest CE level. A UE in CE mode and with a configured CE level by the network, performs a random access according to the configured CE level.

3 Conclusions

This contribution considered remaining aspects related to PRACH operation for UEs in CE mode and proposes the following:

Proposal 1: TDM is supported, in addition to CDM, for multiplexing RA preamble repetitions for different CE levels. Support for FDM is FFS.

Proposal 2: Confirm the working assumption for a maximum of 3 (non-zero) CE levels.

Proposal 3: A UE receiving MIB/SIB in CE mode performs initial random access in CE mode. For non-initial random access, the mode is configured by the network. Power ramping is supported as for legacy operation.

Proposal 4: RAR/Msg4 to UEs in CE-mode and Msg3 from UEs in CE-mode are transmitted without an associated PDCCH. A UE in CE-mode can determine the number of RAR/Msg3/Msg4 repetitions by a 1-to-1 mapping with a number of RA preamble repetitions provided by system information.

Proposal 5: A UE in CE mode and without a configured CE level by the network, performs a random access starting from the lowest CE level. A UE in CE mode and with a configured CE level by the network, performs a random access according to the configured CE level.

In addition, the following observation is made.

Observation 1: FH can reduce latency of RA preamble transmission with repetitions (for large system bandwidths) at the expense of introducing UL overhead and additional specification/testing and affecting scheduling of legacy UEs. It can be further considered in conjunction with the RA preamble miss probability and the use of FDM for RA preambles. 
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