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Introduction
[bookmark: _GoBack]At GERAN#62 a new feasibility study named Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things (WI code: FS_IoT_LC)  was approved, see [1], with the (somewhat shortened) objectives to:
· Achieving an extended coverage of 20 dB compared to legacy GPRS (Non EGPRS).
· Scale to support a massive number of MTC Mobile Stations. 
· Reduce power consumption of MTC Mobile Stations compared with legacy GPRS (non EGPRS) so that they can have up to ten years battery life with battery capacity of 5 Watt-hours, even in locations with adverse coverage conditions where up to 20 dB extension might be needed..
· Maximise the reduction in complexity of the Mobile Termination compared to that of a legacy GPRS (non EGPRS) MT.
· Avoid negative impacts to legacy GSM/WCDMA/LTE system(s) deployed in the same frequency band and adhere to the regulatory requirements applying to the spectrum bands in which the system operates.
· Minimise impacts to the GPRS/EDGE base station hardware.
· Identify Core Network Architecture, security framework and Radio Access Network-Core Network interface (e.g. S1 or Gb), and associated protocol stacks, suitable for the M2M market in the 2017 and onwards timeframe.
One of the proposals in the study is Extended Coverage GSM (EC-GSM).
The purpose of this document is to share the overall design principles together with performance evaluations.
The document should be seen as a document submitted for information, and not (primarily) for discussion, or decision. 
All aspects presented in this paper are addressed in other technical input and in the description of the concept in the TR. All results presented follow the commonly agreed working assumptions for simulations.
Backwards compatibility
Evolving the existing GERAN system to cater for the additional requirements coming from the objectives of this study (e.g. extended coverage and low-complexity) will allow devices used in a Cellular System for Ultra Low Complexity and Low Throughput Internet of Things to co-exist with devices in existing GSM deployments. This implies that the same radio resources are shared and that GSM to a large extent re-uses existing system design, and that EC-GSM can be deployed in existing GSM networks in existing channel configurations, EC-GSM is for example supported both on hopping and non-hopping channels.
Related discussion papers: [3], [4].
[bookmark: _Ref412454516]General principles
The minimum capability to be supported by the device shall be EGPRS, MCS-1-4 in both DL and UL. Additionally, the device shall support extended coverage and signaling procedures related to CIoT. Optional support of MCS-5-9 is provided by the TS choice on the RACH similar to current functionality.
Extended coverage is feasible by the support of logical channels which are able to operate in extended coverage, EC-channels.
No mandatory support of CS or GPRS related functionality is foreseen for CIoT devices.
The detection of a cell supporting EC-GSM is based on detecting FCCH and decoding EC-SCH (similar to current GSM operation). In extended coverage multiple FCCH instances are expected to be acquired in order to detect the cell and to provide a rough frequency and time estimation. The FCCH resources used by CIoT devices are the same as in normal GSM operation and hence no additional resource need to be allocated to support the extended coverage for FCCH. In a second step of the cell detection, the EC-SCH is decoded. 
The presence of the EC-SCH informs the device that a cell supports EC-GSM and that the device can continue to acquire the EC-BCCH where CIoT specific System Information is contained.
In order to integrate the Power Amplifier onto the chip an alternative power class of [23] dBm is added to the list of supported power classes in the device specification.
Related discussion papers: [3], [5].
Extended Coverage (EC) channels
Extended Coverage channels are logical channels supporting extended coverage operation. All existing logical channels required for PS services except FCCH and PTCCH are extended to EC-operation.
In order to meet the 20 dB extended coverage target, an Es/N0 operation of -6.3 dB in the DL and -14.3 dB in the UL is to be achieved, to reach a maximum coupling loss (MCL) of 164 dB.
Devices are divided into coverage classes, which operate according to a predefined mapping of the logical channels. The DL coverage class is estimated by the device and communicated to the network at access, while the UL coverage class is estimated at the reception of the network access and communicated to the device.
Related discussion papers: [5], [6], [7], [8], [9], [10], [11], [12], [13].
FCCH
The FCCH is not changed compared to current FCCH mapping, and hence is mapped to TS0 on the BCCH carrier.
Multiple FCCH instances need to be acquired in order to detect the cell and to provide a rough frequency and time estimation. 
Figure 1 shows that there is an average FCCH acquisition time of 567 ms at the MCL (-6.3 dB), and that the frequency offset after FCCH acquisition can be represented by a N(-8,45) distribution.
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[bookmark: _Ref412448684]Figure 1. Average FCCH synchronization time (left) and resulting frequency accuracy (right).
EC-SCH, EC-BCCH and EC-CCCH
In order to support devices in extended coverage the EC-SCH, EC-BCCH and EC-CCCH are mapped onto TS1 on the BCCH carrier, as is seen in Figure 2.
Different number of repetitions, depending on the logical channel, is used to reach the most extreme coverage situations. EC-SCH and EC-BCCH are designed for the highest coverage extension, while EC-AGCH and EC-PCH are using enough repetitions to reach the device intended by the message. For example, the EC-SCH is repeated 14 times, while the EC-BCCH block is repeated 16 times. Both EC-AGCH and EC-PCH are repeated at most 32 times.
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[bookmark: _Ref412449233]Figure 2. Mapping of EC-SCH, EC-BCCH and EC-CCCH on TS1 (bottom) compared to the currently used mapping on TS0 (top).
Both EC-SCH and EC-BCCH follow the same channel coding and burst mapping as today.
A new block format for EC-AGCH and EC-PCH is designed using a smaller payload size than what is currently used, and the interleaving depth is decreased to two bursts (instead of four) to minimize the monitoring time when in normal coverage, and to allow a low BLER rate of the control channel even in conditions of extreme coverage.
The RACH and EC-RACH are mapped onto TS0 and TS1 in the UL respectively.
EC-PDTCH and EC-PACCH
The EC-PDTCH follows the same channel coding and burst mapping as today, and also uses repetition based transmission to reach devices in extended coverage.
The EC-PACCH coding and burst mapping are re-designed with smaller payload content to allow for the control channel to operate at the most extreme coverage situations. The reduction of content is motivated by the reduced RRC related functionality supported by EC-GSM.
For each coverage class one and the same mapping, i.e. number of contiguous TS, and contiguous BTTI periods, of EC-PDTCH and EC-PACCH is used.
At most four timeslots per GSM carrier to carry a single EC-PDTCH and EC-PACCH block using repetitions. This allows non-PS services to be multiplexed on the same GSM carrier.
The highest coverage class for example repeats a block over 4 TS over 4 BTTI (16 repetitions). In addition to blind repetitions, it is also expected that HARQ is used to make a more efficient use the radio link.
PTCCH
In current GSM systems Timing Advance (TA) is used to ensure the reception of UL bursts aligned with the overall frame structure, avoiding inter-slot-interference and limiting the synchronization window in the base station receiver. The TA is initially estimated at the reception of the access burst on the RACH, and commanded to the MS by the Immediate Assignment. 
During the lifetime of the TBF the TA can be updated either by PACCH or by continuous TA operation by the use of PTCCH/D and PTCCH/U. 
A timing advance value, within an accuracy of one symbol duration, is valid a movement of around 500 m. Assuming the duration of a report (mobile autonomous report or network triggered report) is up to 10 seconds, a device speed away from the base station receiver of 180 km/h is still supported.
Hence, the use of TA via PTCCH need not be supported by CIoT devices. Updating the TA by EC-PACCH is still an option.
Performance
The link level performance has been evaluated and is shown in Figure 3.
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[bookmark: _Ref412451305]Figure 3. Link level performance evaluation of EC-channels.
As can be seen, the 164 dB MCL is met by all logical channels, corresponding to 20 dB coverage improvement compared to the GPRS baseline.
It can be noted that EC-SCH and EC-RACH is not part of the general methodology to derive the MCL of the candidate technique, but rather that detection rate, false detection rate, network synchronization time and access times, will be presented. They are included here to get a better understanding of the overall solution.
Resource multiplexing
Dynamic DL allocation as per current operation is used also for CIoT device. I.e. monitoring of the DL RLC/MAC block to identify the TFI will indicate if the block is intended for the device or not.
On the UL, a fixed UL allocation is used, which in short can be described as:
1. The device requests a set of resources (up to 16 MCS-1 blocks), and indicates the estimated DL and UL coverage class via RACH/EC-RACH 
2. The network assigns the UL and DL CC and allocates the resources using EC-AGCH.
3. After all blocks have been transmitted, according to the fixed UL allocation, the device can request to extend the allocation, alternatively the allocation is completed.
By using fixed UL allocation there is no need for the device to monitor USF, or for the USF to be supported in extended coverage operation.
By using these principles full multiplexing of traffic channels with legacy PS services can be achieved, without any resource segregation. Dynamic USF based scheduling on the UL while scheduling DL blocks using repetitions on the DL is still supported without any visible performance degradation.
For traffic channels used by CIoT requiring extended coverage (i.e. using blind repetitions) the capacity can be increased on the channel by allowing multiple devices to simultaneously transmit. The devices are separated by the use of orthogonal codes on a per burst basis, i.e. devices apply a pre-determined phase shift of each repeated burst. The approach is called overlaid CDMA and has been shown to be very robust against both received signal strength imbalance between users and different frequency offsets, without virtually any visible performance degradation, for the case of up to four users simultaneously transmitting, see Figure 4.
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[bookmark: _Ref412452722]Figure 4. Overlaid CDMA multiplexing with 1-4 users.
Related discussion papers: [14], [15], [16], [17], [18]
Battery lifetime
Related discussion papers: [16], [19], [20], [21], [22]
Power Saving Mode
Power saving mode (PSM) as defined and specified in REl-12 shall be supported by all EC-GSM devices.
Extended DRX 
For reachability periods in the order of minutes up to one hour, extended DRX (eDRX) can help to optimize battery lifetime compared to PSM. eDRX shall also be supported by all EC-GSM devices.
In Table 1 the proposed eDRX cycle lengths are listed.
[bookmark: _Ref412453888]Table 1. eDRX cycle lengths.
	eDRX cycle lengths

	~24.5 sec., ~49 sec., ~1.6 min., ~3.3 min., ~6.5 min., ~13 min., ~26 min., ~52 min.



The principle followed is that the device updates the network on the coverage class it belongs to by NAS signaling or a cell update, in order for the network to use the appropriate number of repetitions to reach the device. If the device is changing from a higher coverage class (worse coverage) to a lower (better coverage) the device is not mandated to communicate this since paging resources used for lower coverage class users are always covered by higher coverage class paging resources for the same eDRX cycle.
Accelerated System Access Procedure
To reduce the signaling overhead and device power consumption, the principle of Accelerated System Access Procedure (ASAP) is used, which implies the use of a longer burst at system access to convey the MS ID to the network, thereby shortening the time for contention resolution, see Figure 5.
[image: ]
[bookmark: _Ref412453143]Figure 5. ASAP procedure – simplified.
The use of the already defined normal burst structure, allows for ASAP to be operated in cells of radius < 4 km approximately.
From statistics collected in two European cities (one large, one mid-size), around 95% of the access would be covered by this solution, see Figure 6.
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[bookmark: _Ref412453305]Figure 6. TA statistics and relation to distance to BS.
The performance of the normal burst based access has been shown to match the access burst performance used today, and provide 15-30% reduced Tx ON time and 67-83% reduced Rx ON time.
Battery lifetime estimations
The battery lifetime has been estimated using the traffic model and deep sleep power consumption agreed in the study. For transmission and reception currents, and currents suitable for light sleep, values from the uPOD study have been used.
It has been assumed that PSM and ASAP is utilized by the network and device in the calculations. The results are shown in Table 2 and are calculated at different report sizes, different reporting intervals and at different assumptions on coverage (GPRS baseline, +10 dB and +20 dB extension).
[bookmark: _Ref412454388]Table 2. Battery lifetime estimations – in years.
	Packet size, reporting interval
	Coupling loss in addition to GPRS baseline

	
	+0 dB
	+10 dB
	+20 dB

	50 bytes, 2 hours
	> 10
	> 10
	2.8

	200 bytes, 2 hours
	> 10
	6.6
	1.2

	50 bytes, 1 day
	> 10
	> 10
	> 10

	200 bytes, 1 day
	> 10
	> 10
	> 10


Device complexity
In order to lower device complexity compared to the GPRS baseline a lower output power level is added to the list of already supported device output power levels, see also Section 3.
Further complexity reduction is achieved by lowering the maximum supported RLC Window Size to 16 (compared to 64 from GPRS and 1024 from EGPRS).
To alleviate the requirement on soft buffer, only two puncturing schemes are used for MCS-3 and MCS-4, and only one puncturing scheme (chase combining) applied for MCS-1 and MCS-2. Both these measures to reduce complexity have shown no or little negative impact on performance.
Managing EC-GSM devices in EC-Packet Transfer mode will require reduced functionality from a RRC perspective considering that the prime activity performed will be the transfer of a limited number of RLC data blocks using Acknowledged mode without the need for measurement reporting, PS Handover, RR connection establishment, multiple TBFs, etc. As such, a substantially simplified set of EC-PACCH messages with reduced content (compared to the legacy PACCH message set) will be sufficient for EC-GSM.
Related discussion papers: [3], [23], [24]
Co-existence with other systems
Since the existing physical layer is completely reused by EC-GSM there will be no impact to other systems operating in the same frequency band. For the same reason, BS radio units designed for GSM should be transparent to the introduction of EC-GSM.
Core network interface
In order to re-use as much as possible of current functionality and infrastructure base stations supporting EC-GSM will be connected via the Gb interface to the SGSN. This implies a system architecture as described in TS 23.060 and that in general the protocols defined in e.g. 3GPP TSs 24.008, 48.018, 44.064 and 44.065 are used. There will be impacts to the protocols and core network nodes but the aim is to minimize the necessary updates whenever possible. It is, e.g., necessary to update the protocols to ensure that the SGSN is aware of the coverage conditions for a particular device. It is furthermore, envisioned that the core network nodes and protocols are updated to support extended DRX.
Related discussion papers: [25][26][27][28][29]
Security
All EC-GSM devices will support enhanced security in order to overcome the most well-known security shortcomings when it comes to 2G security, e.g. how to avoid that a false network can bid down to legacy security levels. One basic assumption for the security enhancements is that devices supporting EC-GSM will not be able to interwork with legacy networks, which offers the possibility for mandatory support of a set of minimum security requirements for all EC-GSM supporting terminals. A terminal configured for EC-GSM operation will not be able to access a legacy network using legacy security.  The scope of these security enhancements is still under investigation by 3GPP SA3 and the latest status is captured in “Living document on security enhancements for Cellular Internet of Things”.
Related discussion papers: [29][30]
Conclusions
The purpose of this document is to share the overall design principles together with performance evaluations and compliance to study objectives for the EC-GSM candidate technique.
The document should be seen as a document submitted for information, and not (primarily) for discussion, or decision.
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