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Introduction
The following document contains power consumption considerations for PSS/SSS detection and PBCH decoding at low SNR levels (i.e. for 15 dB coverage gain). It also considers the effect of long DRX cycles (> 2.5 sec) which is being considered as a possible future work item for release 13.

The MTC use case employed in all the power consumption calculations is based on a “Receive Only” model. This model is applicable to tracking type use cases or any real-time control (e.g. water meter shut off) where very infrequent UL transmissions (e.g. 1 per week) are required.
Detailed constraints and assumptions used in the power consumption model are given in the Annex.
PBCH Power Considerations
For long DRX cycles, the UE clock error during the DRX sleep period would correspond to an initial UE frequency offset error which from RAN4 will be ±10 ppm (see annex for more details) which corresponds to almost 0.6 ms drift per minute. If the clock drifts by > 5ms, then frame timing is lost and the PBCH would have to be re-acquired. At ±10PPM, the clock could drift by >5ms, if the UE sleeps for longer than 8.3 minutes (5ms/0.6ms).

For the “Receive only” use case with DRX cycle =10min, power consumption usage breaks down as follows:
	 
	10 min DRX  Baseline

	 
	mWH 
per Day
	% Power
 Used

	Wake from Deep Sleep
	0.02
	0.8%

	PSS/SSS Acquisition 
	0.69
	28.4%

	MIB Acquisition 
	1.21
	49.7%

	DRX Decode PO
	0.07
	2.8%

	Deep Sleep
	0.44
	18.2%

	Battery Life (Months)
	68.5
	 



Observation:  With DRX cycles > 8.3 min, the PBCH decoding will be required and this decoding can have a big impact on battery life.

Legacy PSS/SSS
If the clock drifts by more than ±½ a symbol (or 36 usec) while the UE sleeps, then subframe timing will be lost and the UE would need to detect the PSS to reacquire SF timing. At ±10PPM, the clock could drift by >0.5ms if the UE sleeps for longer than 3.6 seconds.  

Re-acquisition of the PSS/SSS after a DRX cycle (if the UE hasn’t moved) can be improved compared to the initial acquisition because the PSS and SSS sequences can be concatenated to form a longer sequence and less detection candidates are present. This was simulated and the results shown in the annex indicated that the 50th%tile is at 50ms and the 90th%tile is at 360ms (at a false alarm rate of 0.1%)..

For the “Receive only” use case with a DRX Cycle =30sec, the power consumption usage breaks down as follows:
	 
	DRX Baseline

	 
	mWH 
per Day
	% Power
 Used

	Wake from Deep Sleep
	0.4
	2.5%

	PSS/SSS Acquisition 
	13.8
	86.3%

	MIB Acquisition 
	0.0
	0.0%

	DRX Decode PO
	1.4
	8.5%

	Deep Sleep
	0.4
	2.8%

	Battery Life (Months)
	10.4
	 



Observation:  For DRX cycles > 3.6sec, PSS detection is required and PSS detection uses the majority of the power.
 Enhanced PSS (ePSS)
ePSS is a burst of PSS copies transmitted in the RE’s normally reserved for the PDSCH. The PSS copies within the ePSS are Zadoff–Chu sequences but are sent in time (as opposed to frequency in legacy operation) and thus the ePSS will not be detected by legacy UEs looking for PSS (i.e. there will be no increase in false detection for legacy UEs). Approximately 2 copies of the PSS can fit in a PDSCH RB. The figure below shows an example of the ePSS:
[image: ]
Figure 1: ePSS example of 2SF X 6PRB sending ~12 copies of PSS

The location(s) in time and frequency of the ePSS will need to be known by the UE, as the ePSS is not scheduled by the (e)PDCCH. The frequency doesn’t have to be in the center 6 PRBs but has to be known to the UE. The ePSS location could be defined in the specifications but this doesn’t offer much flexibility for resource optimization. The location is better to be broadcasted within a SIB or sent via higher layer signalling. If the ePSS is not fixed, the ePSS cannot be used for initial or cold boot acquisition but only for re-acquisition on to the same cell. Legacy PSS would be used for initial or cold boot situations.

ePSS Detection Performance:
Several copies of the ZC sequences will be needed for the UE to reliably detect it at low SNRs. Simulations indicate 48 copies, which fit in 4SFx6PRBs, will result in a >90-95%% detection rate at SNRs corresponding to 15 dB gain (see annex for details of the simulation). 

Resource Performance:
If the ePSS is sent every 5ms, like the PSS, it will consume a lot of network resources. The solution is to assign PO locations for UEs which are at low SNR, close after the ePSS is sent (see diagram below). Since the UEs at low SNR are only a sub set of the total UE’s in the cell the ePSS doesn’t need to be sent every 10ms Frame.  Assuming 10% of UEs are at low SNR, the ePSS only needs to be sent every 100ms. Legacy UEs will still be evenly distributed since this cannot be changed but since the legacy UEs will be paged mostly via the PDDCH and UEs in CE mode will be paged by a channel residing within the PDSCH REs, the PDDCH capacity remains balanced. 
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Figure 2: Example ePSS sent every 100ms 

However, a single ePSS can be used to synchronize UEs with POs that occur >10ms from the ePSS (see diagram below). To maintain power efficiency, after the UE detects the ePSS, it would go back into the deep sleep mode and then wake-up again just before its PO. For this to work, while the UE is in deep sleep, the clock accuracy needs to make sure the UE doesn’t lose SF timing. For example, the UE could only stay in deep sleep after the ePSS for a maximum of 3.6 seconds, assuming a XTAL accuracy of ±10PPM. Thus, the ePSS could be sent with a maximum period of 3.6 sec assuming a XTAL accuracy of ±10PPM.

Observation: The ePSS can be sent infrequently with a period up to 3.6sec assume an XTAL accuracy of ±10PPM.
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Figure 3: Example ePSS and PO Timing 3.6 seconds

Resource used: ePSS = 24 PRBs (~48 repeats) every 3.6sec
1.4MHz =>  0.1%
5 MHz   =>  0.03%
10 MHz =>  0.015%
20 MHz =>  0.007%

Observation: The network resources used by the ePSS can be very small while still providing 15 dB of coverage gain. 


ePSS eliminates the need to decode PBCH 
Since the ePSS is not sent every 10ms (like the PSS/SSS), but more infrequently (e.g. every 100ms) and is sent at a known Frame Number, the UE can use the ePSS instead of the PBCH to confirm the frame timing when it has slept for long DRX cycles (i.e. >8.4min).  An XTAL accuracy of ±10PPM and an ePSS periodicity of 100ms, allows the UE to sleep for 166min before losing the Frame timing which is well beyond most practical DRX cycles that are being considered.

Observation: Transmitting ePSS at a known SFN eliminates the requirement for the UE to decode PBCH after long DRX sleeps. 

Power savings Performance:
For the “Receive only” use case with a DRX cycle of 30sec and using an ePSS, the power consumption usage breaks down as follows:
	 
	Baseline
	ePSS

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

	Wake from Deep Sleep
	0.4
	2.5%
	0.4
	10.5%

	PSS/SSS Acquisition 
	13.8
	86.3%
	1.6
	42.1%

	MIB Acquisition 
	0.0
	0.0%
	0.0
	0.0%

	DRX Decode PO
	1.4
	8.5%
	1.4
	35.8%

	Deep Sleep
	0.4
	2.8%
	0.4
	11.7%

	Battery Life (Months)
	10.4
	 
	43.8
	 

	% improvement
	NA
	 
	422%
	 



Observation: Using an ePSS can improve battery life by more than 4X. 

ePSS with Paging Indicator (PI)
Since the decoding the PO takes a fair bit of the power (i.e. 45%), this could be reduced if the ePSS is used both for SF synchronization and to indicate if a page is going to be sent in its upcoming PO or not. To indicate this, different PSS root sets/combinations can be sent; one root set to indicate when there is a paging coming in the upcoming PO and a different root set to indicate if there is no page coming and thus the UE can go directly to sleep after ePSS decoding without needing to stay awake to try and decode the PO. The amount of power saving will depend on how often a page is being sent in the PO for that UE.  As shown in the annex, the ePSS detection performance only degrades slightly when the UE needs to search for two possibilities root sets so detection time is still ~ 4 SFx6PRB for 90-95% detection probability at SNR corresponding to 15 dB gain. 
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Figure 4: Example ePSS with Paging Indicator

Observation: An ePSS can additionally communicate if a page is going to be sent in the upcoming PO or not. 


Assuming that 10% of the time a page is sent at the PO (i.e. so 90% of the time the UE can go directly to sleep after decoding the ePSS),  for the “Receive only” use case with the DRX cycle =30sec, the power consumption usage breaks down as follows:
	 
	Baseline
	ePSS with Paging Ind.

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

	Wake from Deep Sleep
	0.4
	2.5%
	0.4
	13.9%

	PSS/SSS Acquisition 
	13.8
	86.3%
	1.6
	55.5%

	MIB Acquisition 
	0.0
	0.0%
	0.0
	0.0%

	DRX Decode PO
	1.4
	8.5%
	0.4
	15.3%

	Deep Sleep
	0.4
	2.8%
	0.4
	15.4%

	Battery Life (Months)
	10.4
	 
	57.8
	 

	% improvement
	NA
	 
	556%
	 



Observation: When the ePSS additional communicates the paging status, the ePSS can reduce battery consumption by > 5X.
Summary
The following table shows a summary of battery life improvement obtained by using a ePSS for a receive only use case:

	 
	Baseline
	ePSS
	ePSS with Paging Ind.

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

	Wake from Deep Sleep
	0.4
	2.5%
	0.4
	10.5%
	0.4
	13.9%

	PSS/SSS Acquisition 
	13.8
	86.3%
	1.6
	42.1%
	1.6
	55.5%

	MIB Acquisition 
	0.0
	0.0%
	0.0
	0.0%
	0.0
	0.0%

	DRX Decode PO
	1.4
	8.5%
	1.4
	35.8%
	0.4
	15.3%

	Deep Sleep
	0.4
	2.8%
	0.4
	11.7%
	0.4
	15.4%

	Battery Life (Months)
	10.4
	 
	43.8
	 
	57.8
	 

	% improvement
	NA
	 
	422%
	 
	556%
	 




[bookmark: _GoBack]Proposal: Consider standardizing an infrequently transmitted enhanced PSS signal which contains a burst of PSS copies sent in PDSCH space. 



Annex

0. Legacy PSS Detection
The following figure shows the legacy PSS detection performance in the case of re-acquisition after a DRX sleep cycle where the PSS and SSS are known and are concatenated to improve acquisition time:

[image: cid:part1.07040808.07080107@ece.ubc.ca]

Simulation parameters were: EPA1 channel, 2x1 antenna configuration, CFO=1KHz, DL Bandwidth=1.4MHz, Sampling Rate: 1.92 MHz, SNR for 15 dB coverage= -14.2 dB.

ePSS Detection Performance
[image: ]

Simulation parameters were: EPA1 channel, 2x1 antenna configuration, CFO=1KHz,  DL Bandwidth=1.4MHz, Sampling Rate: 1.92 MHz, SNR for 15 dB coverage= -14.2 dB

Detailed Power Calculation Assumptions
Battery Size 5 Watt-H

Power Usage in each State:
TX (20 dBm):		NA 
Rx:	 		500 mWatts
Snooze:		250 mWatts (CRS only processing- radio ON)
Sleep:			7.4 mWatts (PLL on and RAM refreshed)
Deep Sleep:		0.0185 mWatts
Wake from Deep sleep Time = 1ms

MIB mean acquisition time – 110ms [1]

Mean decode time for Paging Opportunity - 1.9ms  
* This value was calculated based on pages being sent 10% of the time. 
* This value depends on the final coverage enhanced Rel 13 PDCCH and PUSCH designs. 

Using average acquisition time 50%’tile vs 90%’tile:
The power model used herein doesn’t use the 90th percentile for acquisition times for PSS/SSS or MIB but rather uses the average acquisition time since this better represents the power the UE would use on average.  
For the DRX model, it is recognized that the UE must make sure it wakes up early enough to still decode the PO (paging opportunity) so UE needs to assume 90%tile decoding. However, after UE successfully decodes PSS/SSS and/or MIB, the UE can go into a “sleep mode” until PO is sent. This factor is considered in the model for DRX mode.

Clock drift 
RAN4 has provided the following guidance regarding UE frequency errors to the RAN1 D2D work [3][2]:
· RAN1 should assume an initial frequency offset error for a typical UE to be within ±10 ppm.
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