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Introduction
The following tdoc contains the analysis of UE symbol timing recovery at very low SNR levels for limited bandwidth UEs and its impact on the UE power consumption in DRX mode. It also considers the effect of long DRX cycles (> 2.5 sec) which is an approved future work item.
The power consumption calculations are based on a “Receive Only” use case which is applicable to tracking type use cases or any real-time control use cases(e.g. water meter shut off) where the UL transmissions are infrequent (e.g. 1 per week).
This analysis is applicable to Release 13 low-complexity MTC UEs (CAT-M UEs) which operate on a bandwidth of 1.4MHz with 15dB coverage enhancement. The MCL considered is 155.5dB and the battery size is 5 Watt-H. Other detailed constants and assumptions used in the power consumption model are the same as in [1].
PDSCH Performance v/s Symbol Timing Error
In order to illustrate the importance of symbol timing recovery, the sensitivity of PDSCH BLER to timing error was analyzed. The simulation parameters are listed below.
	Simulation Parameter
	Value

	Channel
	EPA 1Hz

	Antenna Configuration
	2 (Tx) x 1 (Rx)

	DL Bandwidth
	1.4 MHz

	Sampling Rate
	1.92 MHz

	Transport Block Size (TBS)
	16 bits (which is the minimum TBS for 1 PRB)

	CFO
	1 kHz
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Figure 1: PDSCH BLER performance v/s symbol timing error

Observation:  PDSCH BLER degrades significantly for symbol timing errors > 5%.
Observation: UE needs a timing recovery mechanism to determine the symbol timing with a tolerance of ±5%.
Expected Timing Error due to Clock Drift
The clock drift arises from the VCO used in the UE. Assuming that the maximum allowable timing error is 5%, the following can be calculated:
· Maximum allowable timing drift = (1/14)*0.05 = 3.6μs.
· [bookmark: OLE_LINK3][bookmark: OLE_LINK4]Longest time between recovering symbol timing = max(3.6/PPM, DRX cycle length)

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]It is indicated in [2] that a 10 PPM crystal is to be considered by RAN 1. For a 10 PPM crystal, the longest time between recovering symbol timing is max(360ms, DRX cycle length). Given that it is unlikely for a low-power MTC UE to have a DRX cycle length less than 360ms, the longest time between recovering symbol timing reduces to the “DRX cycle length”.
Note: A more accurate (< 10PPM) crystal could be used but the cost and sleep current for a e.g. 1PPM crystal  will be much higher than a 10PPM crystal. Therefore, there are some design trade-offs to be made but the system should be designed and optimized against the RAN4 requirement of 10 PPM. 
Observation:  Symbol timing recovery will be required once per DRX cycle for DRX Cycle lengths >360ms
Symbol Timing Recovery Performance in low SNR
[bookmark: _GoBack]The UE can recover the symbol timing using CP correlation technique (see appendix I for details) or decoding of a known signal such as PSS/SSS. The performance of PSS/SSS decoding in low SNRs have already been analyzed in [1] where the 90th percentile detection required a 360ms decoding time. Figure 2 gives the performance of symbol timing recovery using CP correlation with a maximum allowable timing error of 5% for Release 13 low-complexity UEs operating on 1.4MHz.  The different curves correspond to the number of sub-frames the CP correlation is calculated over. The simulation parameters are the same as in Section 2.
[image: ]
Figure 2: Performance of symbol timing recovery using CP correlation
[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK7]At -14.2 dB SNR (i.e. the SNR for 15 dB coverage), the 90th percentile time required to recover symbol timing within 5% using the CP correlation technique is ~600ms. 
Observation: The time required for the UE to recover symbol timing using the CP correlation technique increases dramatically for lower SNRs.
Observation: At SNR = -14.2dB (i.e. the SNR for 15 dB coverage gain), symbol timing recovery using CP correlation requires 600ms which is longer than PSS/SSS detection of 360ms [1].
Recommendation: At low SNRs, symbol timing recovery using CP correlation is not effective; so UE should  use PSS/SSS detection or the proposed ePSS detection [1].
In [1], it was shown that for DRX cycles of < 3.6 s (with 10PPM), PSS/SSS detection is not required. However, if PSS/SSS detection is used for symbol timing recovery it will be needed for any DRX cycle > 360ms. 
Note: Normal BW UEs (e.g. 20MHz) will be able to recover timing faster using the CP correlation method because they capture more symbols of data.
Battery Life Impacts and improvement with ePSS
Scenario:
· “Receive only” use case
· UE at worst case coverage (i.e. +15 dB coverage enhancement is required)
· DRX cycle = 1 second
The power consumption usage breaks down with and without ePSS as follows: 
	 
	Baseline
	ePSS

	 
	mWH 
per Day
	% Power
 Used
	mWH 
per Day
	% Power
 Used

	Wake from Deep Sleep
	0.2
	1.4%
	0.2
	9.4%

	PSS/SSS for Symbol 
Timing Requisition
	13.3
	90.9%
	0.8
	37.7%

	DRX Decode PO
	0.7
	4.7%
	0.7
	32.0%

	Deep Sleep
	0.4
	3.0%
	0.4
	20.9%

	Battery Life (Months)
	11.4
	 
	78.5
	 

	% improvement
	NA
	 
	586%
	 



Observation:  For a 1 sec DRX cycle, 91% the Battery life is consumed doing symbol timing recovery.
The following table shows how the battery life for various DRX lengths:
	DRX Time (sec)
	Battery Life (months)
	% improvement

	
	Baseline
	ePSS
	

	0.5
	5.8
	43.8
	655%

	1
	11.4
	78.5
	586%

	2.5
	27.3
	149
	446%

	10
	89.6
	272
	204%

	30
	182
	333
	83%



Observation:  Battery life improves significantly with the use of ePSS especially for DRX cycle lengths <~10sec. 
Proposal: To obtain significant improvement in UE battery life for coverage enhanced MTC UEs, standardize ePSS [1].
Conclusions
In this document we reported the following observation and proposal:
Observation:  PDSCH BLER degrades significantly for symbol timing errors > 5%.
Observation: UE needs a timing recovery mechanism to determine the symbol timing with a tolerance of ±5%.
Observation:  Symbol timing recovery will be required once per DRX cycle for DRX Cycle lengths >360ms
Observation: The time required for the UE to recover symbol timing using the CP correlation technique increases dramatically for lower SNRs.
Observation: At SNR = -14.2dB (i.e. the SNR for 15 dB coverage gain), symbol timing recovery using CP correlation requires 600ms which is longer than PSS/SSS detection of 360ms [1].
Recommendation: At low SNRs, symbol timing recovery using CP correlation is not effective so the UE should  use PSS/SSS detection or the proposed ePSS detection [1].
Observation:  For a 1 sec DRX cycle, 91% the Battery life is consumed doing symbol timing recovery.
Observation:  Battery life improves significantly with the use of ePSS especially for DRX cycle lengths <=10sec. 
Proposal: To obtain significant improvements in UE battery life for coverage enhanced MTC UEs, standardize ePSS [1]
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Appendix I: CP Correlation Symbol Recovery Algorithm
The CP correlation is one of the classical methods used for obtaining the timing offset in OFDM systems [3]. In this case, we consider a UE with a DL bandwidth of 1.4MHz where each symbol has 128 samples + 9 CP samples. A fully filled frame was used for this simulation but only the CRS symbols were considered for CP correlation since these symbols are always present in a sub-frame regardless of whether PRBs are allocated or not. The following equation was used to obtain the CP correlation:
 
where,   is the FFT size = 128 samples,  is the CP length = 9 samples,  is the number of samples in one slot = 960 samples and  is the number of sub-frames being averaged for CP correlation.  is the starting sample number of the CRS symbols in a slot. , which are the starting samples of the first and fifth symbols (the symbols on which CRS is transmitted).
The timing offset is obtained from the location of the peak of the CP correlation which is given by
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