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1. Introduction

At the RAN1 #75 meeting, coverage enhancement of the PRACH was discussed.
	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.
Agreements:
· 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).



In this contribution, we discuss further details regarding the PRACH coverage enhancement especially focusing on the multiple coverage enhancement level and multiplexing-related issues.
2. Coverage Enhancement Level on Random Access Procedure
In general, efficient coverage compensation could be achieved by employing an independent coverage enhancement (CE) level in the uplink and downlink since the optimum repetition factor for coverage shortage in the uplink and downlink will be very different. Appropriate CE parameters, e.g., repetition factor, for each physical channel will be configured semi-statically.
However, in the RA procedure, receiving a benefit from the independent CE level is unlikely in the uplink and downlink. On failure of RA procedure with coverage enhancement including missed reception of RAR, UE will start from the RA preamble with the next highest CE level. The UE cannot know which direction (UL and/or DL) requires further coverage enhancement. CE level transition for only one direction may result in longer delay and waste resources since the UE is required to double the number of RA attempts when a UE is in a deep coverage hole considering the “moves to next highest level” behavior. Miss decision of the coverage shortage direction will further reduce the efficiency. Therefore, it is more efficient to use the UL/DL common CE level for the RA procedure. Modification of CE level during the RA procedure is also unnecessary since HARQ will be applied for message 3/4.
Although association between the CE level and repetition factor for each channel could be configured by SIB with coverage enhancement, whether to use a pre-determined configuration or a SIB configuration requires further study considering the SIB overhead. After the RA procedure, i.e., the RRC_CONNECTED state, more flexibility in the CE parameters could be allowed.

Observation 1: An UL/DL independent CE level may decrease the efficiency of the RA procedure when RA failure occurs.
Proposal 1: An UL/DL common CE level is assumed in the RA procedure unless the NW configuration is available.
A possible starting CE level for the RA procedure is summarized in Table 1. Since the NW configuration is not available for the RRC_IDLE UE, other technique that UE can determine the starting CE level should be provided. Starting from the lowest level would be a simple solution among other starting level schemes. Although starting from the lowest CE level requires large overhead for a UE in a deep coverage hole UE, the impact could be acceptable considering that typical CE level will be the lowest level. Therefore, further enhancement is an optimization issue. Possible enhanced starting level should not have significant specification impact. 
For the measurement based CE level, although measurement accuracy can be degraded in coverage hole, measurement accuracy itself is not PRACH specific issue but rather related to cell (re)selection. If accurate measurement cannot be achieved fundamentally, an MTC UE may require higher CE level for all channels due to inaccurate cell selection. For the last configured CE level, since the current specification does not support UE to store any cell specific configurations during RRC_IDLE, feasibility to introduce such new mechanism should be assessed. If the starting CE level is left as an UE implementation issue instead of including it as RAN1 specification work, there is the remaining risk that UEs may always select the highest CE level which may eventually require some additional requirement/testing to avoid that. Therefore, if enhanced measurement is supported, measurement based CE level selection for PRACH should be supported. Considering the Pros/Cons of each enhancement, it is slightly preferred to support measurement based CE level if enhanced measurement accuracy can be achieved for CE mode.
Proposal 2: Starting from the lowest level could be sufficient. If deep coverage hole UE can occupy RACH resource largely, further enhanced procedure should be considered.
Table 1. Comparison of Starting CE Level for RA Procedure
	Starting CE level
	Pros
	Cons

	eNB configuration
	· High efficiency and high flexibility
	· Not available on RRC_IDLE

	Start from lowest CE level
	· Less specification impact
	· Low efficiency

	Measurement based 
CE level
	· Possible high efficiency
	· Low accuracy for deep coverage hole UE

· For enhanced measurement,

· Increased latency
· Significant specification impact

	Last configured CE level
	· Possible high efficiency
	· How to capture the mechanism into specification is challenging

	UE implementation
	· No RAN1 specification impact
	· UE may always select highest CE level (How to guarantee efficient implementation is unclear)


3. PRACH with Coverage Enhancement
3.1. Multiplexing

At the RAN1#75 meeting, it was agreed that both separate and shared PRACH time/frequency resources can be configured as normal PRACH and PRACH with CE. When the normal PRACH and PRACH with CE share the same time/frequency resources, different preamble should be used between normal PRACH and PRACH with CE to distinguish CE mode as agreed at RAN1#75. Furthermore, since multiple CE levels will increase the detection complexity and collision probability, multiplexing of the RACH preamble should be further studied.
We discuss the relationship of an adequate multiplexing scheme to the traffic load in the following subsection.
3.1.1. Multiplexing of normal PRACH and PRACH with coverage enhancement
If the amount of traffic in the PRACH with coverage enhancement is light, it is considered that CDM with normal PRACH can provide sufficient performance. For CDM, it is better to avoid introducing new sequences as much as possible to retain current cell planning and a low cross correlation. For a contention based RACH preamble, preamble group partitioning similar to the existing group A/B would be considered. Without preamble set partitioning, the repetition gain can be degraded due to a high collision probability for a high CE level UE. For a non-contention based RACH preamble, a shared preamble is possible. 

If the traffic in the PRACH with coverage enhancement is heavy, additional resources for the PRACH with coverage enhancement is required to increase the PRACH capacity. Considering a limited number of subframes in the existing PRACH configuration for TDD, it is better to consider FDM for additional resources. However, in practical, PUSCH muting would be employed to avoid collision of coverage enhanced PRACH resources with the PUSCH. Therefore, PUSCH capacity degradation should be considered to introduce FDM. Introducing intermittent timing resources should be considered for a coverage enhanced PRACH together with FDM although the timing limitation may increase the collision probability. The frequency hopping will be partially or totally categorized into FDM as described later. 

Observation 2: Time/frequency resource sharing with the normal PRACH is beneficial if the PRACH capacity is sufficient. Otherwise, FDM between normal PRACH and CE PRACH should be considered.

3.1.2. Multiplexing between different coverage enhancement levels
For multiplexing between different coverage enhancement levels, TDM is also possible in addition to CDM as shown in Figure 1(a) considering the delay tolerance of coverage enhancement and the limited number of preambles of up to 64 in total. FDM is not feasible due to a large amount of PUSCH muting. Regardless of the multiplexing scheme it is beneficial to have one-to-one mapping between the CE level and the PRACH resources, e.g., separate PRACH configuration for each CE levels, to keep the detection complexity at a moderate level. Considering the limited resources for the preamble set, TDM will be the most flexible scheme for the multiplexing between different converge enhancement levels. Since the typical repetition level will be different between operators and services, detailed multiplexing should be discussed further. If FDM is introduced for the multiplexing of the normal PRACH and PRACH with coverage enhancement, CDM can be easily applied due to greater flexibility with regard to the preamble selection as shown in Figure 1(b). With FDM, the PRACH with and without coverage enhancement will have full flexibility with regard to selecting the preamble as the legacy PRACH.

Observation 3: It is beneficial to have one-to-one mapping between the repetition level and the PRACH resources to keep the detection complexity at a moderate level.
Proposal 3: PRACH resource partitioning for different coverage enhancement levels should be defined to simplify the detection and improve reliability.
Considering the above discussion, the possible multiplexing schemes would result in the two options as shown in Figure 1. Since it would be difficult to have a common assumption for RACH traffic from MTC UEs, it is beneficial to have some flexibility in the multiplexing configuration similar to the current PRACH configurations.

Proposal 4: Multiple multiplexing configurations for PRACH with coverage enhancement should be supported to adjust the overhead and capacity of PRACH multiplexing.
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(a) CDM between normal PRACH and coverage enhanced PRACH and CDM/TDM between different CE levels
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(b) FDM between normal PRACH and coverage enhanced PRACH and CDM/ TDM between different CE levels


Figure 1. Multiplexing of PRACH.
3.2. Frequency Hopping 
Although repetition will yield the greatest benefit in achieving the maximum improvement level of 15 dB, some complementary mechanisms such as a relaxed requirement and frequency hopping are considered to reduce the maximum repetition level. Feasibility of a relaxed requirement highly depends on the latency requirement for the RACH procedure. Therefore, the necessity of a relaxed requirement should be discussed after determining a feasible latency.

Frequency hopping will reduce the required repetition level to achieve the target coverage. However, in practical, frequency hopping may require PUSCH muting for the RACH resources as shown in Figure 2. Otherwise, coverage will highly degraded due to PUSCH interference. Since the motivation for frequency hopping is mainly to achieve a frequency diversity gain, a UE common hopping pattern is sufficient if frequency hopping is introduced. A UE specific hopping pattern should be avoided considering resource fragmentation in addition to resource waste due to PUSCH muting. It should be noted that frequency hopping may introduce resource fragmentation and scheduling limitations to some degree. Therefore, a hopping pattern should be designed to use a common frequency location as the normal PRACH and/or both sides of the PUSCH to avoid resource fragmentation as shown in Figure 2(b). Whether or not time/frequency/preamble resources are partially shared with the normal PRACH need further study. Intermittent timing resources for coverage enhanced PRACH together with FDM can be considered to reduce the overhead.

Observation 4: A UE common frequency hopping pattern is sufficient to obtain a frequency diversity gain if frequency hopping is applied to the PRACH.
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Figure 2. Frequency hopping on PRACH.
4. Random Access Response

As a consequence of coverage enhancement on PRACH, association between RA preamble and RAR will be affected. For UEs with a non-CE mode, one RAR can contain several MAC RARs associated with same RA-RNTI (same time/frequency resource on PRACH). For UEs with a CE mode, if a single RAR can respond to PRACHs with different CE levels, i.e., PRACH resources are shared between different CE levels, two issues would arise. The first is that the CE level of the RAR would be maximized for a RAR considering the associated PRACHs and detection complexity. The second is that a UE cannot distinguish the RAR associated with the same preamble that the UE sent but the preamble has been collided. If PRACH resources are shared between different CE levels, such collision will occur frequently and eNB may successfully detect one preamble from them. Such indistinguishable RAR will finally increase the RA failure probability. Similar identification problem can be considered between normal UE and CE UE. To avoid these issues, following directions can be considered.
· Alt. 1: Configure separate PRACH resources (time/frequency/sequence) for each CE mode with different CE levels and non-CE mode, i.e., four different configurations.
· Alt. 2: Allow shared PRACH resources between each CE mode with different CE levels and non-CE mode. Also, modify the RAR.
(a) Differentiate RA-RNTI between CE levels and non-CE
(b) Add CE level for PRACH into MAC PDU of RAR
Alt 1 would be a simpler solution while higher overhead could be required to reserve orthogonal (time/frequency/sequence) resources for each CE level. Alt. 2 will provide efficient resource utilization through shared PRACH resources at the cost of additional RAN2 specification. Considering the agreement that enhanced coverage UEs and legacy UEs may share the same time/frequency resources for PRACH, the specification impact on the RAR should be considered for PRACH multiplexing between different CE levels. Furthermore, a possible solution will be affected by the existence of PDCCH for the RAR.
Proposal 5: RAN1 should consider the possible impact on the RAR due to PRACH multiplexing.
5. Summary

In this contribution, we discussed the coverage enhancement of the PRACH for low cost MTC. Observations and proposals are given below.
Observation 1: An UL/DL independent CE level may decrease the efficiency of the RA procedure when RA failure occurs.
Observation 2: Time/frequency resource sharing with the normal PRACH is beneficial if the PRACH capacity is sufficient. Otherwise, FDM between normal PRACH and CE PRACH should be considered.
Observation 3: It is beneficial to have one-to-one mapping between the repetition level and the PRACH resources to keep the detection complexity at a moderate level.
Observation 4: A UE common frequency hopping pattern is sufficient to obtain a frequency diversity gain if frequency hopping is applied to the PRACH.
Proposal 1: An UL/DL common CE level is assumed in the RA procedure unless the NW configuration is available
Proposal 2: Starting from the lowest level could be sufficient. If deep coverage hole UE can occupy RACH resource largely, further enhanced procedure should be considered.
Proposal 3: PRACH resource partitioning for different coverage enhancement levels should be defined to simplify the detection and improve reliability.
Proposal 4: Multiple multiplexing configurations for PRACH with coverage enhancement should be supported to adjust the overhead and capacity of PRACH multiplexing.
Proposal 5: RAN1 should consider the possible impact on the RAR due to PRACH multiplexing.
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