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1 Introduction

According to the WID in RAN #60 meeting [1], the following scope related to PRACH coverage enhancement for low cost MTC has been defined for discussions and decisions:
Provide a relative LTE coverage improvement – corresponding to 15dB for FDD – for the UE category/type defined above and other UEs operating delay tolerant MTC applications with respect to their respective nominal coverage. 

· Specify the following techniques (which shall be applicable for both FDD and TDD) to achieve this:

· A mechanism(s) to support scalability of spectral efficiency impact for coverage improvement by identifying UE requiring additional coverage improvement and informing eNB the amount of coverage the UE requires.

· Repetition/TTI bundling and extension to PSD boosting for applicable channels/signals identified during study phase.

· A relaxed requirement for “probability of missed detection” for PRACH.

· When defining the detailed solutions for the above coverage enhancement techniques, relative spectral efficiency impact and cost/power consumption impact should be taken into account, and divergence of solutions between the new UE category/type and other UEs (mentioned above) should be minimized where possible.

In this contribution, we provide our analysis on potential solutions and present link level simulation results for PRACH coverage enhancement for low cost MTC in LTE systems. In addition, we share our views on the indication of necessary coverage extension levels by utilizing PRACH transmission.  
2 Discussion on PRACH Coverage Enhancement
2.1 PRACH coverage enhancement target for new UE category
According to the reference Maximum Coupling Loss (MCL) table in [2] and assuming 4dB SNR loss when employing single receive RF chain, coverage enhancement target for various physical channels for low cost MTC is summarized in Table 1. For FDD LTE system, 15dB overall coverage improvement target is considered as captured in [1].
Table 1. Coverage enhancement target for low cost MTC
	Physical Channels
	PUCCH (1A)
	PRACH
	PUSCH
	PDSCH
	PBCH
	SCH
	PDCCH (1A)

	Coverage Enhancement: FDD (dB)
	8.5
	14
	15
	14.3
	10.7
	10.4
	13.6


From the Table 1, it can be noted that the required coverage enhancement target for PRACH format 2 is 14dB for FDD LTE system. 
2.2 Potential solutions for PRACH coverage enhancement 

In order to achieve the PRACH coverage enhancement target for low cost MTC, potential solutions are proposed as captured in [2]: preamble repetition, new PRACH format, relaxed miss detection probability and PSD boosting over a narrower bandwidth. For each approach, the detailed analysis is provided as follows:
· Preamble repetition. Repetition of PRACH preamble in the time domain is an effective way to improve the coverage for low cost MTC due to more energy accumulated for PRACH transmission. With more number of preamble repetitions allocated, however, the increased UE power consumption and degraded cell spectrum efficiency are expected. Regarding the specification impact, the starting subframe and repetition time may need to be defined and provided by higher layer signaling. Frequency hopping in one transmission/retransmission attempt may be applied to further enhance the detection performance.
· New PRACH format/long preamble. Similar to PRACH format 2 and 3, a new PRACH format with longer preamble or repeated sequence can be designed/specified to improve the coverage. In general, this approach can achieve a similar link level performance to the preamble repetition, if the same number of repeated sequences is allocated. This approach, however, may not be feasible for several TDD configurations, e.g., for TDD configuration 5, only one subframe is available for UL transmission, which may not be sufficient for longer preamble. Furthermore, the specification impact could be substantial if a new PRACH format is defined.  
· Relaxed miss detection probability. As specified in [3], miss detection occurs when detecting different preamble than the one that was sent, not detecting a preamble at all or correct preamble detection but with the wrong timing estimation. For Neyman-Pearson detection rule [4] with a targeted false alarm probability, a constant detection threshold can be derived. This indicates that loosening the miss detection probability can improve the coverage as the required SINR is reduced. It should be noted that the higher miss detection probability is, the higher retransmission rate may be expected, which may lead to higher collision probability and longer access latency. However, given the fact that relatively small portion of MTC UEs needs coverage enhancement and MTC UEs are likely to be scheduled to transmit the data during quiet time, the impact on system level performance may be limited.
· PSD boosting over a narrower bandwidth. This approach may be considered as a complement to the other techniques to improve the coverage. However, initial simulation results show this approach provides no coverage enhancement benefit [5]. Moreover, due to the narrower bandwidth applied to the PRACH transmission, the timing delay accuracy may be degraded.
Based on the analysis above, the impact on the coverage enhancement, specification, system performance, implementation cost, UE power consumption and eNB detection complexity for the aforementioned approaches is summarized in Table 2. 
Table 2. Analysis on potential solutions for PRACH coverage enhancement
	
	Preamble Repetition
	New PRACH Format
	Relaxed Pmiss
	PSD Boosting

	Coverage improvement
	High
	High
	Medium
	Low

	Specification impact
	Low
	High
	Low
	High

	System performance impact
	High
	High
	Medium
	Low

	Implementation cost increase
	Low
	Medium
	Low
	Medium

	UE power consumption increase
	High
	High
	Low
	Low

	eNB detection complexity increase
	High
	High
	Low
	Low


As should be evident from the comparison in Table 2 above, these approaches have some desirable properties while suffering from certain significant limitations. Taking into account the delay tolerant characteristic of low cost MTC, preamble repetition and relaxed miss detection probability may be considered as higher priority than other approaches for PRACH coverage enhancement. 
Proposal 1
Taking into account the delay tolerant characteristic of low cost MTC, preamble repetition and relaxed miss detection probability may be considered as higher priority than other approaches for PRACH coverage enhancement.
2.3 Link level simulation results 

In this section, the link level simulation results for PRACH coverage enhancement are presented in Table 3 by employing the preamble repetition and relaxing the miss detection probability. The simulation model and parameters are summarized in the Appendix. In the simulation, the repetition of PRACH format 0 is assumed. Note that the link level performance for 2 repetitions of PRACH format 0 is equivalent to that for PRACH format 2.  
Table 3. Link level simulation results for PRACH coverage enhancement
	Repetition Level
	2
	5
	10
	20
	40
	80
	160

	SNR Gain with 1% Pmiss vs. Format 2 (dB)
	0
	2.9
	4.9
	6.7
	8.7
	10.7
	12.6

	SNR Gain with 10% Pmiss vs. Format 2 (dB)
	5.7
	8.6
	10.4
	12.2
	14.1
	15.9
	17.9


From the Table 3, it can be observed that ~5.5dB performance gain can be achieved by loosening the miss detection probability from 1% to 10%. Moreover, 14dB PRACH coverage enhancement target can be met for FDD LTE system by utilizing 40 preamble repetitions and relaxing the miss detection probability from 1% to 10%. It should be noted that when the practical impairments, e.g., frequency tracking error and Tx EVM, are taken into account, additional number of repetitions may be needed to achieve the coverage enhancement target for PRACH. 
Observation 1
For FDD LTE system, 14dB PRACH coverage enhancement target can be achieved by utilizing 40 preamble repetitions and relaxing the miss detection probability from 1% to 10%. 
As mentioned in sub-section 2.2, frequency hopping in one transmission/retransmission attempt may be applied in conjunction with preamble repetition to further enhance the detection performance. Table 4 summarizes the link level simulation results for PRACH coverage enhancement with frequency hopping for preamble repetition. Based on the simulation results, it can be observed that with frequency hopping in 10MHz bandwidth, 20 preamble repetitions and 10% miss detection probability are needed to meet the 14dB PRACH coverage enhancement target. Note that in the system with smaller carrier bandwidth, less performance gain is expected when employing frequency hopping for PRACH. In addition, frequency hopping may not be applied for 1.4MHz bandwidth.
Table 4. Link level simulation results for PRACH coverage enhancement with frequency hopping
	Repetition Level
	2
	5
	10
	20
	40
	80
	160

	SNR Gain with 1% Pmiss vs. Format 2 without Frequency Hopping (dB)
	2.0
	6.1
	8.5
	10.6
	12.5
	14.4
	16.5

	SNR Gain with 10% Pmiss vs. Format 2 without Frequency Hopping (dB)
	6.4
	9.8
	12.0
	14.0
	15.8
	17.6
	19.4


Proposal 2

Frequency hopping in one transmission/retransmission attempt may be applied in conjunction with preamble repetition to further enhance the detection performance. 
3 Indication of Necessary Coverage Extension Levels
In this section, we discuss the potential mechanism for indication of necessary coverage extension levels by utilizing PRACH transmission. 
3.1 Mapping for repetition level and coverage enhancement target
As described in [1], not all the MTC UEs need the worst case coverage enhancement target and some MTC UEs may not need the coverage improvement. To support the scalability of spectral efficiency impact for coverage improvement, PRACH transmission may be considered as a potential candidate by utilizing various repetition levels to inform eNB on the amount of coverage enhancement a low-cost MTC UE needs. By doing so, unnecessary UE power consumption and resource waste may be avoided. It should be noted that a relatively small number of repetition levels may be desirable to strike a proper balance between system level performance and eNB detection complexity. 
Based on our link level simulation results as discussed in sub-section 2.3, an example of mapping rule between the PRACH repetition levels and different coverage enhancement targets in FDD LTE system is illustrated in Table 5. In this example, 3 PRACH repetition levels are considered, which correspond to 5dB, 10dB and 15dB coverage extensions, respectively. It should be noted that 10% miss detection probability is applied when deriving the PRACH repetition levels. 
Table 5. Example of mapping rule for repetition level and coverage enhancement target
	
	Repetition Level
	Coverage Enhancement Target

	MTC_RL_1
	2
	5dB Extension

	MTC_RL_2
	10
	10dB Extension

	MTC_RL_3
	40
	15dB Extension


Proposal 3
To support the scalability of spectral efficiency impact for coverage improvement, PRACH transmission may be considered as a potential candidate by utilizing various repetition levels to inform eNB on the amount of coverage enhancement a low-cost MTC UE needs. A relatively small number of repetition levels may be desirable to strike a proper balance between system level performance and eNB detection complexity.
3.2 Dedicated PRACH resource for coverage limited MTC UEs
In order to reduce the collision probability for legacy UEs when coexisted with low cost MTC UEs in LTE system, dedicated PRACH resources are expected for coverage limited MTC UEs. In addition, variable PRACH configurations may be desirable to facilitate eNB to identify the MTC UEs with different repetition levels, and consequently necessary coverage enhancement that MTC UE needs according to the predefined or broadcasted mapping rule as discussed in sub-section 3.1. It should be noted that allocation of PRACH resource for coverage limited MTC UEs should be carefully designed with considerations for impacts from eNB detection complexity, collision probability and access latency.
PRACH resources for legacy and MTC UEs may be multiplexed in the time or frequency domain or with non-overlapping subset of sequence, or a combination of any option aforementioned. While multiplexing the PRACH resources in the frequency domain may be attractive from MTC UE’s perspective due to low access latency, it would apparently increase the eNB processing burden since eNB needs to detect multiple PRACHs in one subframe. On the other hand, when PRACH resources are multiplexed in the time domain, eNB processing complexity may approximately remain the same at the expense of the increased access latency. In the case with non-overlapping subset of sequence allocated for PRACH resources, it may be beneficial in terms of approximately same eNB processing complexity, however some other adverse impact, e.g. increased collision probability, need to be taken into account. 
Figure 1 illustrates a potential PRACH resource allocation scheme for coverage limited MTC UEs. In the figure, PRACH resources are allocated separately in the frequency domain for coverage limited MTC UEs and legacy UEs. In addition, different PRACH resources are allocated for different repetition levels and they are multiplexed with non-overlapping subset of signature sequences. The starting subframe and subset of signature sequences for each repetition level and the frequency position of PRACH resources need to be predefined or broadcast by eNB. It is worth mentioning that this PRACH resource allocation scheme shows a nice nested property for coverage limited MTC UEs while minimizing the adverse impact on legacy UEs. However, the detection complexity at eNB may be increased. 
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Figure 1. Potential PRACH resource allocation scheme for coverage limited MTC UEs
Proposal 4
Allocation of PRACH resource for coverage limited MTC UEs should be carefully designed with considerations for impacts from eNB detection complexity, collision probability and access latency.
3.3 Mechanism for indication of necessary coverage extension levels
As mentioned in Section 3.1, PRACH can be used to inform eNB on the amount of coverage enhancement a low-cost MTC UE needs. A potential mechanism for indication of necessary coverage extension levels by utilizing PRACH transmission is presented as follows:
1. MTC UEs measure the RSRP and estimate the path loss between eNB and UEs based on the RSRP and CRS transmit power.

2. According to calculated path loss, MTC UEs determine the needed coverage extension levels, e.g., 5dB extension, and subsequently the repetition level based on predefined or broadcasted mapping rule as described in sub-section 3.1.
3. For contention based random access mode of operation, MTC UEs randomly select one preamble signature in the subset for the corresponding repetition level and transmit the PRACH signal in the associated PRACH resources as described in sub-section 3.2. Note that the MTC UEs would utilize the same signature sequence in the repeated PRACH transmission. 
4. Upon the successful PRACH detection on dedicated resources, eNB can determine the amount of coverage enhancement requested by the MTC UEs.
In the case when coverage limited MTC UEs fail to receive Random Access Response (RAR) from eNB after certain number of retransmission attempts, they may increase the repetition level for the subsequent retransmission attempts to improve the detection performance.
Proposal 5
Indication of necessary coverage extension levels for MTC UE can be realized by PRACH transmission according to predefined or broadcasted mapping rule between PRACH resources and the amount of coverage enhancement that MTC UE needs.
Proposal 6

When coverage limited MTC UEs fail to receive Random Access Response (RAR) from eNB after certain number of retransmission attempts, they may increase the repetition level for the subsequent retransmission attempts to improve the detection performance.

4 Conclusions

In this contribution, we provided our views on PRACH coverage enhancement and indication of coverage extension levels by utilizing PRACH transmission. Based on the discussion presented, we summarize our views through the following proposals and observations:
Proposal 1
Taking into account the delay tolerant characteristic of low cost MTC, preamble repetition and relaxed miss detection probability may be considered as higher priority than other approaches for PRACH coverage enhancement.
Observation 1
For FDD LTE system, 14dB PRACH coverage enhancement target can be achieved by utilizing 40 preamble repetitions and relaxing the miss detection probability from 1% to 10%. 

Proposal 2

Frequency hopping in one transmission/retransmission attempt may be applied in addition to preamble repetition to further enhance the detection performance. 
Proposal 3

To support the scalability of spectral efficiency impact for coverage improvement, PRACH transmission may be considered as a potential candidate by utilizing various repetition levels to inform eNB on the amount of coverage enhancement a low-cost MTC UE needs. Supporting a relatively small number of repetition levels may be desirable to strike a proper balance between system level performance and eNB detection complexity.
Proposal 4
Allocation of PRACH resource for coverage limited MTC UEs should be carefully designed with considerations for impacts from eNB detection complexity, collision probability and access latency.
Proposal 5
Indication of necessary coverage extension levels for MTC UE can be realized by PRACH transmission according to predefined or broadcasted mapping rule between PRACH resources and the amount of coverage enhancement that MTC UE needs.

Proposal 6

When coverage limited MTC UEs fail to receive Random Access Response (RAR) from eNB after certain number of retransmission attempts, they may increase the repetition level for the subsequent retransmission attempts to improve the detection performance.
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Appendix: Simulation Assumptions
	Parameter
	Value

	Bandwidth
	10MHz

	Carrier Frequency
	2GHz

	Frame Type
	FDD

	MIMO Configuration
	1x2 with low correlation

	Channel Model 
	EPA

	Doppler Shift
	1Hz

	PRACH Resource Size
	6PRB

	Frequency Error
	0Hz

	PRACH Sequence Type
	PRACH Format 0

	False Alarm Probability
	≤ 0.1%
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