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EC-PCH Enhancements for EC-GSM-IoT

Introduction
At GERAN#68, a discussion paper indicating the limitations of the existing EC-PCH design along with proposals to overcome those limitations was presented in [1]. In this paper we present a modified EC-PCH design considering the comments received in [2] along with simulation results supporting the observed benefits.
As per the new design, EC-PCH transmissions to devices in higher coverage classes above CC1 use a different TSC than the TSC used for EC-PCH transmissions to devices in CC1. With the new design the energy efficiency related to paging reception for devices in higher coverage classes is shown to improve significantly.
This document is identical to the contribution submitted to GERAN Telco#5 on CIoT_EC_GSM with updates to GP-160106 presented at GERAN#69 including the battery life time analysis being marked in red. 
This document is updated based on comments further comments received on GP-160328 and changes are marked in blue.
EC-PCH DESIGN FOR ENERGY EFFICIENT RECEPTION
EC-PCH Logical channel mapping
As per the latest logical channel mapping for EC-PCH proposed in [3], the EC-PCH coverage class mapping uses 1, 8, 16 or 32 blind physical layer transmissions for CC1, CC2, CC3 or CC4, respectively.
Figure 1 below shows the latest EC-PCH mapping for different coverage classes. It can be seen that the blind physical layer transmissions for CC2 and higher coverage classes CC3 and CC4 all use a sequence of 8 paging blocks in successive 51- multiframes, the number of 51-multiframes depending on the coverage class.



Figure 1: EC-CCCH/D mapping, replication of Figure 4 in [3].
The new EC-PCH design for energy efficient reception is based on the above coverage class mapping. 

Example device implementation for higher coverage class EC-PCH reception
With the current EC-PCH design, the device operating in the higher coverage class does not know whether the paging message for its coverage class is scheduled or multiple devices in the lower coverage class are scheduled in its assigned paging blocks. In these cases the device operating in the higher coverage class will have to receive all the paging blocks even though only lower coverage class pages are scheduled in these blocks.
To enable the device operating in the higher coverage class, i.e. from CC2 to CC4, to detect the presence of CC1 paging blocks without receiving all the required paging blocks, the new EC-PCH design is proposed as shown below. The assignment of different orthogonal training sequences is done as follows: 
· EC-PCH blocks for devices in CC1 and dummy downlink control blocks use a specific TSC from legacy TSC Set 1.
· EC-PCH blocks for devices in CC2, CC3 and CC4 use the paired TSC from TSC Set 2 (defined for VAMOS).
The device in the higher coverage class then cross-correlates the midamble area of the sequence of received bursts against both TSC’s at regular checkpoints spaced by a defined number of bursts. Based on the difference in cross correlation energy, the device in the higher coverage class will conclude on the presence of a page to devices in CC1 or of a page to a device in a higher coverage class (CC2 to CC4) at these checkpoints.
The checkpoints for verifying the cross correlation energy in the simulation start from single burst and reach up to 48 bursts depending on the coverage class of the device. Table 1 below shows an example implementation with checkpoints for different coverage classes. With higher granularity of the checkpoints the energy efficiency can be further improved whilst the processing load at the device side increases according to the higher number of checkpoints.
	Higher coverage class of device 
	Checkpoint for detection of paging blocks (after given number of bursts)

	CC4 (64 bursts)
	Starting from 2 bursts for every 2 bursts until 32 bursts. From 32 bursts onwards checkpoint for every 8 bursts.

	CC3 (32 bursts)
	Starting from 1 bursts for every burst until 4 bursts. From 4 bursts onwards checkpoint for every 4 bursts.

	CC2 (16 bursts)
	Starting from 1 bursts for every burst until 4 bursts. From 4 bursts onwards checkpoint for every 4 bursts.


Table 1: Example device implementation with checkpoints for paging block reception in higher CC. 

Link level Simulation Assumptions 
In order to verify the energy efficiency of the above depicted scheme, two training sequences are selected for EC-PCH as depicted above. The device implementation described above is tested at various SNR levels to verify the efficiency for devices operating in higher coverage classes (CC2 to CC4). One TSC is selected from TSC Set 1 and the other TSC represents the paired TSC from TSC Set 2, specified for VAMOS. These TSCs are called hereafter TSC-LC and TSC-HC.
In the link level simulation, EC-PCH blocks with TSC-LC are transmitted and the cross correlation energy for both TSC-HC and TSC-LC is estimated at the receiver at defined checkpoints. If TSC-LC energy is higher than TSC-HC by a specific threshold value, the receiver concludes that paging block to the device in lower CC (i.e. CC1) is scheduled and immediately stops further reception of paging blocks for this paging occasion.
Other simulation parameters are listed in Table 2.
	Parameter 
	Value

	Channel
	TU1.2nFH

	Frequency band
	900 MHz

	Number of bursts
	20000

	Transmission
	Non coherent

	TSC’s used
	TSC-LC: TSC 1 from TSC Set 1
TSC-HC: TSC 1 from TSC Set 2

	Transmission
	CC1 paging messages using TSC-LC

	Reception
	Determination of cross correlation energy for TSC-LC and TSC-HC at defined checkpoints (acc. Table 1)

	SNR
	0 dB, -3.1 dB, -6.3 dB


Table 2: Simulation parameters for paging block reception for higher CC devices. 
Link level simulation is executed for 20000 bursts with receiver combining executed at defined checkpoints mentioned in Table 1. The results are captured for 3 SNR points close to the highest value of the coverage range of each higher coverage class (CC2 to CC4).
As mentioned above, the implementation for the device in higher CC uses a threshold which is chosen in such way that in less than 1% of all cases the device erroneously skips reception and enters into sleep mode, i.e. when the actual transmitted paging block carries TSC-HC to indicate the page to a higher CC device, but the higher CC device concludes that TSC-LC is scheduled and stops further reception.
In case the device cannot conclude at the last configured checkpoint listed in Table 1, the device then automatically continues further reception until all the bursts of its coverage class are received and attempts for decoding without verifying the correlation energy.
Simulation Results 
Figures 2 to 4 below show the percentage of observations out of the total observations after which the device operating in the higher CC correctly concludes that a page for a device in the lower CC is scheduled and enters into sleep mode, being evaluated after the configured number of transmissions according to Table 1 for different SNR levels to take into account different coverage class ranges. 
As per the results in Figure 3, the probability of detecting the lower coverage class until the checkpoint of 2 bursts is approximately 60% for a device operating in CC3. The probability that the device needs to receive further bursts in order to detect the lower coverage class at later checkpoints decreases to fairly low values. 
[image: ]
Figure 2: Probability of lower CC paging block detection for CC4 device at         SNR = -6.3 dB for configured number of received bursts. 
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Figure 3: Probability of lower CC paging block detection for CC3 device at         SNR = -3.1 dB for configured number of received bursts. 
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Figure 4: Probability of lower CC paging block detection for CC2 device at         SNR = 0 dB for configured number of received bursts. 
The average number of bursts received by the device, operating in higher CC, across all the observations deduced from the above figures for each coverage class for each coverage class is provided in Table 3 below.
	CC of device
	Average bursts required
	Energy saving [%]

	CC4
	10.8
	83

	CC3
	5.5
	83

	CC2
	2.5
	84


Table 3: Average number of received bursts and level of energy saving. 
It should be noted that the observations are made at SNR levels selected on the highest value of the SNR of the coverage range rather than at the centre of the coverage range. With a more realistic device distribution across the range of SNR levels, corresponding to the coverage range, the efficiency is expected to improve further.
Energy efficiency considering the higher coverage class MS proportion
The above shown results indicate the increase in energy efficiency for devices operating in higher coverage class when all the pages are scheduled for devices in CC1. In typical deployments, however, devices in higher coverage class will receive both CC1 and higher CC pages. When higher CC pages are received, this algorithm will not provide any improvement since the device needs to receive all the bursts of its associated coverage class. In this case energy efficiency will reduce according to the percentage of higher CC pages.
As per general simulation assumptions, the system is expected to have a 90% penetration of CC1 devices and 10% penetration of higher CC devices. In the latter 10% of cases the device needs to receive all the required bursts. The average number of received bursts required for above proportion for the device in higher CC is modified as shown in Table 4 below.
	CC of device
	Average bursts required
	Energy saving [%]

	CC4
	19
	75

	CC3
	9.1
	75

	CC2
	3.8
	76


Table 4: Average number of received bursts and level of energy saving taking into account a share of 10% devices in higher coverage classes CC2 to CC4. 

Thus two major observations are made:
Observation 1: 
Differentiating EC-PCH transmissions to devices in CC1 and in other higher coverage classes (CC2 to CC4) with orthogonal training sequences will enable energy efficient paging channel reception for higher coverage classes when EC-PCH blocks for devices in CC1 are scheduled in the higher CC paging block positions.  As per the simulation results minimum efficiency of 83% for CC4 to maximum efficiency of 84% for CC2 is observed with this approach compared to the reference case in receiving all bursts belonging to the higher coverage class. For deployments with 10% of EC-GSM-IOT devices in higher coverage classes, the energy efficiency is calculated as 75% for devices operating in CC4 and 76% for devices in CC2.
Observation 2: 
The new EC-PCH design only requires one additional TSC assigned to the EC-PCH transmission to devices in higher coverage classes CC2 to CC4. The additional TSC can be taken directly from the existing TSC Set 2 for VAMOS which was developed to exhibit good cross correlation properties versus the legacy TSC Set 1. This way the new design does not introduce any TSC planning complexity.

Advantages of the TSC based design against the correlation based approach
Key advantages
Below some key advantages of the TSC based approach over the correlation based approach described in [2] are listed:
· With the use of two orthogonal training sequences to identify the coverage class group, the decision on presence of the EC-PCH block for coverage class CC1 on one hand or CC2 to CC4 on the other hand can be based on channel estimation which will be more accurate than the correlation based method. The use of different TSC’s to identify devices in different coverage classes is already applied for EC-RACH and also for VAMOS uplink to differentiate users. The same approach can be extended here instead of applying a new method which needs to be verified against different combinations of payloads.
· The EC-PCH message contents across different paging blocks may not be completely different. These messages may differ in only some part of the payloads. In such cases the correlation across successive paging blocks may be higher than the threshold for detection of change of paging block. This will lead to reception of more bursts in average to detect the scheduling of lower CC paging blocks.
· When dummy control blocks are transmitted when no page is scheduled, the correlation based approach will require a larger number of bursts to decide on whether the wanted coverage class is scheduled.
· For the TSC based approach the device can reuse the existing components for channel energy estimation itself. For the correlation based approach a new additional mechanism needs to be introduced. The receiver processing for the TSC based approach is expected at specific checkpoints only, whilst for the correlation based approach at every boundary the receiver needs to estimate the correlation across bursts.
· The TSC based approach is expected to exhibit superior performance over the correlation based approach in interference limited scenarios, where changing interference will be superposed onto the wanted signal and will cause issues for the correlation based approach.
Performance comparison of TSC based approach with correlation based approach
The average number of bursts required for boundary detection as presented in [2] is shown in Figure 5 below as reference.
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Figure 5: Average number of received bursts for correlation based method,       replication of Figure 3 in [2].
The average number of received bursts with TSC based approach is depicted in Figure 6 below.
[image: ]
Figure 6: Average number of received bursts for TSC based approach.
As per the above results, the TSC based approach performs clearly better at extreme coverage levels of all coverage classes than the correlation based approach. It should be noted that the simulation for the TSC based approach uses lesser number of checkpoints compared to 32 checkpoints of correlation based approach. With the same amount of checkpoints, the TSC based approach will provide further improved performance compared to the correlation based method.
For instance for 0 dB SNR level the TSC based approach requires in average 2.5 bursts only whereas 4 bursts are required for the correlation based method. For SNR levels higher than 0 dB, the TSC based approach can terminate the reception within 2 bursts for 80% of the time, according to Figure 4, whereas the correlation based approach will require minimum of 3 bursts for decision making.
Probability of detection of lower CC for SNR=-6.3 dB with 3 bursts is only 25% with correlation based approach as per Figure 2 of [2]. There against with the TSC based approach the probability of lower CC detection at 2 bursts itself is 46% (see Figure 2).
Overall, the performance of the TSC based approach is more robust in extreme coverage conditions with higher probability of lower CC detection with fewer bursts itself. Also the average number of bursts needed for the TSC based approach is significantly lower, even with fewer checkpoints, than for the correlation based approach.
The performance of the TSC based approach is expected to be constant independent of the payload contents because the decision is based on the comparison of cross-correlation energy between TSC portions of the bursts which will be always orthogonal. For the correlation based approach, the performance varies as per the contents of payload of lower CC paging blocks. The cross correlation between two bursts to different lower CC devices over all bits of the burst may not always be same and in many cases the contents will differ only in few bits, thus will show good correlation even though actual contents are designated to different devices.
page reception via indication in EC-SCH 
As per the latest EC-SCH design, the EC-SCH payload includes 2 spare bits to be used for future extensions. These 2 bits can be used to further improve the paging reception for devices in higher coverage classes. We thus propose to make use of the two spare bits for this purpose in the following way:
· Each bit represents presence of CC3 and CC4 EC-PCH blocks, respectively, within the next 4*51-multiframes following the current EC-SCH transmission.
· If two spare bits are not available for paging indication, one single bit is used to indicate presence of either CC3/CC4 page in the next 4*51-multiframes. 
· The device in CC2 continues to use the TSC based detection of lower coverage class to decide on further receptions.
battery life time improvement analysis
The battery life time estimated for EC-GSM-IoT as mentioned in [6] does not include the device energy consumption for waking up and receiving its paging occasions on its eDRX cycle. In case the device is configured for eDRX operation in idle state, this energy consumption should be added to the energy consumption for MAR transmissions.
The battery life time estimate for different reporting intervals without including energy consumption during eDRX is provided in Table 5 below.
	Packet size, reporting interval
	Loss = GPRS reference MCL +0dB
	Loss = GPRS reference MCL +10 dB
	Loss = GPRS reference MCL +20 dB

	50 bytes, 2 hours
	17.6
	14.1
	2.8

	200bytes, 2 hours
	12.9
	8.6
	1.2

	50 bytes, 1 day
	34.7
	33.4
	18.7

	200 bytes, 1 day
	32.8
	29.7
	10.9


	Table 5: 	Battery life time estimate for EC-GSM-IoT device without considering 		eDRX reception.

If the eDRX based reachability was negotiated for the MS along with above reporting profile, MS need to synchronise to network on every DRX cycle along with paging channel monitoring. Considering the network synchronisation time for +10dB and +20dB as 300 ms and 577 ms and MS actively receiving all the bursts for this duration, below is the modified battery lifetime evaluation for 52 minute DRX cycle.
	Packet size, reporting interval
	Loss = GPRS reference MCL +0dB
	Loss = GPRS reference MCL +10 dB
	Loss = GPRS reference MCL +20 dB

	50 bytes, 2 hours
	17.06914
	10.64148
	2.478137

	200bytes, 2 hours
	12.61249
	7.17726
	1.136726

	50 bytes, 1 day
	32.6952
	18.87149
	10.01382

	200 bytes, 1 day
	31.00305
	17.6305
	7.2396


	Table 6: 	Battery life time estimate for EC-GSM-IoT device considering eDRX 		reception (eDRX cycle = 52 minutes).
.
Out of the additional energy consumption due to eDRX reception, the network synchronisation consumes 65% and paging reception consumes remaining additional energy. With enhanced paging reception, paging energy consumption can be reduced by 75%. The battery lifetime with EC-PCH enhancement is given in below table.
	Packet size, reporting interval
	Loss = GPRS reference MCL +0dB
	Loss = GPRS reference MCL +10 dB
	Loss = GPRS reference MCL +20 dB

	50 bytes, 2 hours
	17.06914
	11.417
	2.560976

	200bytes, 2 hours
	12.61249
	7.521866
	1.153846

	50 bytes, 1 day
	32.6952
	21.4561
	11.51951

	200 bytes, 1 day
	31.00305
	19.86622
	7.99511


	Table 7: 	Battery life time estimate for EC-GSM-IoT device considering eDRX 		reception (eDRX cycle = 52 minutes) and TSC based early detection. 

As per Table 7, TSC based detection improves the battery lifetime of eDRX enabled MS by 10% for single report per day profile. For higher reporting profiles eDRX does not improve the battery life time significantly because of higher energy consumption for reports itself is larger compared to eDRX energy consumption. 
When the eDRX cycle value is reduced to lower value the battery lifetime will reduce further to lower values and the improvement due to TSC based differentiation will be more in these scenarios.
The TSC based differentiation can be extended to EC-AGCH. In this case the energy consumption related to single MAR report can be improved. But this improvement will be very marginal in terms of 0.5 to 1%.  
required SPECIFICation changes
For the above proposed enhancements to the EC-PCH design following changes to 3GPP GERAN specifications 43.064, 45.001 and 45.002 are required:
· Introduction of one new TSC for EC-PCH blocks of higher coverage classes.
· Changes at the device side for detecting the own TSC, based on early estimations, can be left implementation specific and do not require to be specified.
CONCLUSION
The use of an additional TSC, orthogonal to the TSC used for devices in lower coverage class (CC1), for paging messages to devices in higher coverage classes (CC2, CC3 and CC4) is proposed. With the use of the additional TSC, a device operating in a higher coverage class can identify the presence of its paging in a robust and simple manner, based on TSC cross-correlation energy estimation from early sent paging blocks itself. Minimum energy saving of 70% is observed for EC-PCH reception compared to the current mechanism with full reception of all bursts according to the assigned CC.
As only one additional TSC on EC-PCH is required for this solution, it can be derived based on the TSC used for EC-PCH, by making use of the VAMOS TSC Set 2 and select the paired TSC. No additional TSC planning efforts are thus required for this approach.
As per the comparison of the performance results of the TSC based approach and the correlation based approach, the TSC based approach performs clearly better at higher CC conditions and also overall energy efficiency is better than correlation based approach.
The detection of lower CC based on the portion of burst, where the orthogonal training sequences are used, provides consistent performance irrespective of the data bit contents whose correlation is not deterministic. So the TSC based approach is more robust compared to the correlation based approach including interference limited scenarios.
Moreover the efficiency of the correlation based method needs to be evaluated with dummy paging blocks used in TS1.
Differentiation of higher and lower coverage class blocks based on TSC also is used for efficient multiplexing of lower and higher coverage class page messages in the same burst as proposed in [4]. This kind of multiplexing cannot be achieved with a single TSC for lower and higher coverage class EC-PCH blocks.
Usage of the two spare bits in EC-SCH, to indicate presence of pages to CC3 and CC4 devices in the next 4*51-multiframes, will further improve the energy efficient paging operation for devices in these coverage classes, since their penetration in the field is considered rather low yielding infrequent active indication of those bits.
Battery life time improvement for eDRX configured EC-GSM-IoT device with TSC based early detection has been also analysed. For the report size of 200 byte per day, the estimated battery life time is below 10 years for MCL of 164 dB. The evaluation shows that with TSC based energy saving additional 1 year of battery life time can be achieved in this scenario.
The sourcing company proposes to include above updates for EC-PCH in 3GPP GERAN specifications for Release 13 and provides the stage 2 CR to TS 43.064  to this meeting [5] based on the above depicted changes to normative work.
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