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In this contribution the Synchronization Channel (SCH) performance in extended coverage is investigated for stationary devices. The target of the investigation is to achieve “extended coverage of 20 dB compared to legacy GPRS (Non EGPRS)” [1] using repetition based transmission schemes. 
In its current form the SCH conveys a Reduced TDMA frame Number (RFN) that signals the position of the SCH burst in the 51-multiframe structure. This means that the content of the SCH changes for each transmission. As the repetition based schemes investigated in this contribution requires that the content of the SCH remains constant over the repetition period a redesign of the SCH information is presented as part of the investigations. 
When a mobile synchronizes to a GSM network, it starts by reading the Frequency Correction Channel (FCCH) to calculate a coarse frequency and time synchronization. In a second step it uses the SCH to achieve a finer synchronization granularity. This paper uses the synchronization results presented in [3] on FCCH synchronization to simulate SCH performance in a realistic environment.
It shall be noted that this is an initial investigation that is intended to present a feasibility to achieve the targeted objectives of the feasibility study Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things (FS_IoT_LC) [1]. 
[bookmark: _Ref396236523]Coverage improvment
Maximum Coupling Loss
The aim of the feasibility study FS_IoT_LC [1] is to improve coverage by 20 dB compared to legacy GPRS.  In its feasibility Study on provision of low-cost Machine-Type Communications (MTC) User Equipments (UEs) (FS_LC_MTC_LTE), see study outcome in [2], 3GPP RAN1 concluded that EGPRS can achieve a Maximum Coupling Loss (MCL) of 139.4 dB [2], and used this as baseline in its investigations. In this contribution, this MCL value is re-used to define 20 dB improved coverage, as it makes sense to use in the aspect of aligning working assumptions between 3GPP technical committees. 
Adding 20 dB of coverage extension to the MCL of 139.4 dB leads to a requirement of 159.4 dB that is used throughout this contribution.
Repetition based transmission 
To achieve the coverage improvement by 20 dB it is obvious that the receiving end must cope with negative signal to noise ratios (SNR). Without redefining the channel coding of the SCH the channel can be made more robust trough repetition based transmission. It will be shown that up to 16 repetitions are needed to reach the ambitious target of 20 dB coverage enhancement. At the transmitter side the repetition is straightforward, the BTS sends the same SCH burst over the air on the defined SCH positions in the 51-multiframe. At the receiving side the MS is in this investigation either;
· Equalizes the bursts one by one and accumulates soft bits that are sent to the channel decoder, or
· Accumulates partitions of the repeated bursts in the IQ domain coherently, and sends the aggregated signal from each partition to the equalizer that produces soft bits. The soft bits from all partitions are combined and forwarded to the channel decoder.
Important to remember is that there will be mobiles requiring less than the full 16 repetitions to read the SCH. However since the SCH is a broadcast channel the design must be designed for mobiles in the worst expected coverage. So an aspect to take note of is that while the BSS will transmit the SCH over 16 repetitions, the mobiles in a network will be able to decode the SCH after anywhere from one up to 16 repetitions. It can further be noted that if the MS is not in extended coverage the legacy procedure for FCCH, SCH on TS0 on the BCCH carrier can be followed.
Frequency synchronization 
In [4] it is shown that a mobile receiver in extended coverage with high likelihood will meet the frequency accuracy requirement of 0.1 ppm [9] already after reading the FCCH. The SCH can be used to further improve the frequency estimate. To study the feasibility of estimating the SCH carrier frequency a low complexity method for frequency tracking has been investigated as part of this contribution. The method is based on the observation that a frequency offset leads to a phase drift in the receiver that can be estimated by studying the received samples in consecutive bursts.
SCH definition
[bookmark: _Ref396207743]Mapping on 51-multiframe structure
The legacy SCH is defined as a single burst radio block, which is mapped on time slot (TS) 0 and TDMA frame 1, 11, 21, 32 and 41 in the 51-multiframe on of the Broadcast control channel (BCCH) frequency [3]. 
It will be shown in section 4.2 that 16 repetitions are needed to achieve 20 dB coverage improvements. To not disturb GSM legacy operation it is proposed to map the SCH design for extended coverage onto TS1. At the same time it is shown in [3] that operation of to the FCCH is feasible already with today’s mapping on TS 0, so no support for FCCH is needed on TS 1. So one straightforward redesign of the SCH mapping on TS 1 would be to use the FCCH TDMA frame positions 2, 12, 22, and 32 for the SCH and define a Sparse mapping scheme where the SCH transmissions are spread over two 51-multiframes as shown below.
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Figure 1 Sparse mapping of SCH on 51-multiframe on TS1.
An alternative approach would be a compact mapping where the complete set of SCH blocks is transmitted over the first eight TDMA frames in the beginning of two consecutive the 51-multiframes as depicted in Figure 2.
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[bookmark: _Ref396421588]Figure 2 Compact mapping of SCH on 51-multiframe on TS1.
Comparing the two alternatives, the Sparse mapping is attractive in its resemblance with the legacy mapping. The Compact mapping approach has an advantage in that in case of a fading channel the impact on the coherent accumulation of repeated bursts in the IQ domain will be less.
Redesign of SCH
The legacy SCH contains per its current definition a 19 bit RFN defined as follows [3];
“T1		(11 bits)	range 0 to 2047	= FN div ( 26 x 51)
T2		(5 bits)	range 0 to 25		= FN mod 26
T3' 	(3 bits)	range 0 to 4		= (T3 ‑ 1) div 10
where
T3		(6 bits)	range 0 to 50		= FN mod 51”.
As T1 defines the position of the GSM superframe within the hyperframe, it remains unaffected by the SCH mapping alternatives presented in section 3.1. 
T2 defines the position of the 51-multiframe within the T1 superframe. When repeating a single instance of the SCH over two consecutive 51-multiframes T2 can be reduced to signal on which pair of 51-multiframes in the superframe the instance of the SCH is transmitted. T2 can hence be defined as;
T2		(4 bits)	range 0 to 12		= FN mod 13
As a mobile requiring less than eight repetitions still need to be able to identify if the SCH is transmitted over an even or an odd numbered 51-multiframe. Also for mobiles in extended coverage, an indication of between which 51-multiframe borders the SCH information is changing, is needed to avoid blindly decoding two different SCH mapping options. 
It is therefore proposed to modulate the SCH using a modified GMSK modulation with a negative modulation index h equal to -½ on odd numbered frames. This can be compared with today’s GMSK implementation where a modulation index of ½ is used [5]. By detecting the modulation index, using de-rotation of /2 or -/2, a mobile can determine if a SCH burst is transmitted over an even or odd numbered 51-multiframe. It is expected that this detection can be done with sufficient accuracy, but a detailed investigation on performance is for further study. Figure 3 exemplifies this proposal using the Compact mapping alternative.
[image: ]
[bookmark: _Ref396211801]Figure 3 Implementing GMSK with a negative modulation index on odd 51-multiframes. 
In the case of mobiles performing combination in the IQ domain over two 51-multiframes the mobile can just apply the complex conjugate to the instances of the SCH burst received in the odd numbered 51-multiframe to achieve coherent combination over all repetitions.
From the BTS perspective implementation of using negative modulation index is simplistic, and can be achieved e.g. through applying the complex conjugate to the output of an already existing GMSK modulator.
T3’ is finally proposed to be removed, as a mobile device in extended coverage can easily determine which TDMA frame number (FN) a SCH instance in the 51-multiframes is configured on when considering  the uneven distribution of FCCH and SCH blocks over the 51-multiframe on TS 0 and 1, respectively. 
With this redefinition the RFN will be signaled using 15 bits, effectively creating four spare bits. Usage of these four spare bits is for further study, interesting applications could however be to move the signaling of the Implicit Reject PS, and the BCCH_CHANGE_MARK messages to the SCH [6]. In case of the BCCH_CHANGE_MARK a single bit information would probably be sufficient given to compressed system information proposed in [10] for Internet of Things.  This would mean that mobiles do no longer have to read the Paging Channel (PCH) to realize that they are restricted from network access, or the BCCH to understand that the system information must be reread. This information will be at hand already when synchronizing to the cell.
Simulations 
SCH simulation has been carried out for stationary devices using a wide range of repetitions using the Sparse and Compact mappings presented in section 3.1. The below sections highlight some important simulation assumptions and results.
Simulation assumptions
To facilitate link level simulations the required coverage improvement has been translated into an Es/N0 requirement using the following MCL calculation as baseline;

Where; 
· The base station output power 
· The  mobile noise figure 
· The thermal noise is defined as , where the simulator bandwidth .
If in addition to this requiring MCL to equal 159.4 dB implies that Es/N0 shall equal;

One can either use the simulator bandwidth, i.e. the bandwidth over which the used simulator defines Es/N0, or the mobile receiver bandwidth to calculate the thermal noise. If the latter definition is used then the definition of Es/N0, or rather the SNR after receive filtering needs to be corrected accordingly. 
Other simulation settings are presented in below table. Of especial importance are the channel propagation conditions, i.e. the channel and the speed of the mobile. Settings in Table 1 are assumed to model a stationary mobile, but this assumption is discussed in more detail in [8]. The assumed frequency offset was selected quite arbitrarily in the range 0 to 90 Hz, based on the requirement on carrier frequency accuracy in [9] and the results in [4] where it is shown that also devices in extended coverage can meet the specified requirement after reading the FCCH. 
[bookmark: _Ref396217628]Table 1.  Simulation assumptions.
	Parameter
	Value
	Comment

	MCS
	SCH
	Redefinition of RFN assumed.

	Channel 
	Extended Pedestrian A [2]
	According to agreed assumption in FS_LC_MTC_LTE feasibility study.
Taps are fading according to the Classical Doppler spectrum.

	Mobile speed
	1.2 km/h
	Assumed to model stationary mobile in somewhat mobile environment.
Possible to use for performance evaluation as agreed at FS_IoT_LC telco#2
Corresponds to max Doppler shift of 1Hz.

	Band 
	GSM 900
	The 0.1ppm frequency accuracy requirement corresponds to 90 Hz [9].

	Impairments
	Typical RX and TX.
Frequency offset fixed at 25 Hz.
	See e.g. [7] for details on typical settings.
Frequency offset chosen based on results in  [4].

	AFC
	Range of possible frequency offsets detected [-100,100] Hz
	

	Number of repetitions
	10-20
	Using Compact or Sparse mapping over 1 or 2 51-multiframes.



[bookmark: _Ref396155340]Simulated results
Results are for simplicity shown in Figure 4 only for the 16 repetition case where the MCL requirement of  159.4 dB, which is equivalent to a Es/N0 of -5.7 dB, is achieved at 10% Data BLER. In the case of the Sparse mapping the receiver were configured to perform an IQ accumulation after two adjacent SCH transmissions, followed by equalization and soft combining. In case of the Compact mapping the IQ accumulation was done over groups of four SCH bursts, followed by equalization and soft combining. This confirms the feasibility of network synchronization in case of the GSM evolution track in the FS_IoT_LC study.
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[bookmark: _Ref384735575]Figure 4. SCH BLER performance for 16 repetitions.
In parallel to the equalization the mobile receiver continuously estimates the SCH carrier frequency over the full set of 16 repetitions. Figure 5 contains a CDF over the frequency estimation error logged during a simulation where the Es/N0 was set to -5.7 dB to correspond to a MCL of 159.4 dB. It is seen that the frequency accuracy after reading the repeated SCH can be assumed to be of an accuracy ±10 Hz with a probability of roughly 90%. Accurate frequency estimate after synchronization is important as the error in the estimated frequency can be mapped to a frequency offset in the mobile transmitter which must be dealt with by the BTS during later packet uplink transfer, at least if some level of coherent accumulation of IQ samples assumed performed. 
This confirms that further investigations on uplink performance in the GSM evolution track in the FS_IoT_LC study can be performed with stringent assumption on typical UL carrier frequency offsets.
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[bookmark: _Ref396222738]Figure 5 Frequency estimation error after reading SCH at Es/N0 -5.5 dB.
Summary
This contribution has shown that network synchronization at a MCL of 159.4 dB is achievable in case of the GSM evolution track in the FS_IoT_LC study. During the synchronization, a frequency accuracy within ±10 Hz is achievable with a probability of 90%, which is important to take into account when studying UL performance in the FS_IoT_LC study.
The MCL target is achieved through 16 repeated transmissions of the SCH over two consecutive 51-multiframes configured on TS1 of the BCCH carrier. To support the repeated transmission scheme redefinitions of the SCH mapping over the 51-multiframe, the SCH information content and the SCH modulation have been proposed. The SCH block definition in terms of channel coding used and block size is however left as currently defined.
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