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Introduction
The Rel-15 WI on “Even further enhanced MTC for LTE” [1] has the following WI objective for machine-type communications for BL/CE UEs:
· Reduced system acquisition time [RAN1 lead, RAN2, RAN4]
· Improved cell search and/or system information (including MIB and SIB1-BR) acquisition performance
The topic was discussed in several contributions in recent meetings, and RAN1 has agreed to consider the following list of possible improvement candidates [2]:
· Techniques for system acquisition time reduction to be considered:
· PSS/SSS
· Enhanced (e.g. repeated) PSS/SSS based on PSS/SSS or NPSS/NSSS design
· Use of NPSS/NSSS on NB-IoT anchor carrier
· PBCH
· Enhanced (e.g. repeated) PBCH based on PBCH or NPBCH design
· Use of NPBCH on NB-IoT anchor carrier
· Combining across 40-ms PBCH periods (unless already part of Rel-14 demodulation requirements)
· New mechanism allowing to skip MIB message reading
· SIB1-BR
· Additional repetitions of SIB1-BR
· Accumulation across SIB1-BR modification periods (unless already part of Rel-14 demodulation requirements)
· New mechanism allowing to skip SIB1-BR reading
· E.g. SI update indication or other indication in MIB or another channel
· SI messages
· Additional repetitions of SI messages 
· Accumulation across SI modification periods
· New mechanism allowing to skip SI message reading
· E.g. SI update indication or other indication in MIB or another channel

Some of these candidate techniques relate to changes in RAN1 specifications, others can be isolated to RAN2 or RAN4, and yet others will require decisions in more than one of the working groups. For example, enhanced PBCH decoding algorithms are currently studied in RAN4 in order to reduce the MIB acquisition time. In RAN2, mechanisms for skipping MIB/SIB1-BR/SI message reading are being discussed. In this contribution, we further elaborate on possible enhancements to the time and frequency synchronization for reducing system acquisition time.
Synchronization signal enhancements 
Basic synchronization requirements
Time and frequency synchronization contributes to a significant part of the total system acquisition time. This holds both for initial cell search and system acquisition, as well as for resynchronization scenarios. And while the other components addressed in the WI objective – namely MIB, SIB1-BR, and SI message acquisition – can be addressed with improved receiver algorithms and reduced requirements on system information reading, the basic time and frequency synchronization needs to be done regularly, for example to be able to monitor paging, perform RRM measurements, or perform random access procedures. 
In [6], it was argued that the synchronization performance using the Rel-13 and Rel-14 mechanisms in many cases can be considered sufficiently good. Assuming a noise figure of 5 dB, which e.g. has been commonly used when evaluating NB-IoT, the 90th percentile detection time using legacy PSS/SSS was according to [3] found to be ~850 ms @ MCL=164 dB for the resynchronization scenario. However, more conservative noise figures have been assumed elsewhere, e.g. 7 dB in the IMT-2020 assumptions, or 9 dB in the 5G NR requirements [4], and proposed to be used also for this work item [5].  The more conservative noise figure would have a substantial impact on the time required to acquire time and frequency synchronization for certain deployment configurations. At the same time, it is undesirable to dramatically increase the system overhead by providing an abundance of synchronization signal, broadcast message transmission etc, thereby reducing the overall spectral efficiency in the network. Furthermore, one limitation with the present synchronization structure, w.r.t. MTC is that its energy is evenly distributed in time, if signal aggregation and timing uncertainty is considered. This limitation will likely persist unless significant overhead is added to the present structure.   
Whether or not the synchronization performance using the present mechanisms is sufficient may depend on assumptions and targeted scenarios. E.g., the maximum supported MCL may differ largely between different cells, deployments, supported IoT applications, etc. Consequently, it may be difficult to define a fixed enhanced synchronization signal that provides enough synchronization performance in all types of scenarios without having to specify a very large one, thereby increasing the system overhead in an undesired fashion. The solution then is to define an optional enhanced synchronization signal that can be configured according to the current needs of an individual cell. Some desired basic properties of such a signal can be outlined:
· An enhanced sync signal shall be configurable per cell, including the possibility to switch it off. 
· The amount of physical resources used shall be configurable. 
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One limitation imposed by the configurability of the synchronization signal is that it is not very useful for a UE which is not yet connected to the network. For example, the UE does not know whether it is located within coverage of a cell where this enhanced synchronization signal is transmitted, and if it is, what properties such a signal has. It is thus difficult to use such a signal for initial access. However, in the lifetime of a typical IoT device, the energy spent on initial access will be negligible compared to the energy spent on system re-acquisition, including the resynchronization. We therefore assume that the BL/CE UEs continue to rely on PSS/SSS for initial cell search and network access, and that a new, enhanced synchronization signal is designed to meet the requirements in a resynchronization scenario. Among other implications, this means that the signal can be assumed to be known by the UE, thereby greatly simplifying the detection of the synchronization signal. 
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To emphasize this, we use the name resynchronization signal, RSS, to denote such a new signal. 
Desired properties of a resynchronization signal
The PSS and SSS in LTE are transmitted every 5 ms. The main reason for this fairly short interval is that it shall be possible for an unsynchronized UE to turn on the receiver for a reasonably short time to receive the signals by means of e.g. correlation of the time sequence(s). For the SNR ranges in the typical scenarios studied in early LTE releases, the UEs are able to detect a cell with reasonable probability within one or just a few PSS/SSS transmission cycles. With the large coverage enhancement targets set up for BL/CE UEs in Rel-13, the amount of PSS/SSS transmissions that need to be accumulated for successful cell detection may add up to seconds. The vast majority of this time is spent receiving signals when the PSS and SSS are not transmitted, since these only occupy 2 OFDM symbols per 5ms, amounting to < 3% of the PSS/SSS period. For longer (e)DRX cycles, where the UE typically does not have enough timing accuracy, or due to too high sleep transition costs, it may not shut down the receiver between transmissions, but is enforced to perform the correlation operation continuously. 
In typical resynchronization scenarios, the timing uncertainty will be much smaller, see e.g. the assumptions in [7]. Thus, it is much more efficient if the resynchronization signal is concentrated in time such that, e.g., in targeted scenarios, one RSS transmission burst is enough to achieve time and frequency synchronization. We propose that this burst duration is configurable per cell in order to adjust to different network deployments, MCL targets etc. It is also desirable to have the periodicity of the RSS bursts configurable, both to have control of the system overhead, and to cater for different needs, as will be discussed more below. 
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The amount of resources needed per transmission occasion should largely be determined by the desired synchronization performance at a maximum supported MCL. Since only 2 OFDM symbols per 5 ms (which corresponds to 70 OFDM symbols) are used for the legacy PSS/SSS, a first order estimation will be that a UE will be able to achieve the same synchronization performance using a compact RSS which lasts ~35 times shorter compared to the total corresponding PSS/SSS duration. Due to the fact that the signal is more compact in time, it can be expected that the amount of coherent accumulation can be increased compared to the PSS/SSS reception which largely needs to be based on non-coherent accumulation. Furthermore, it can be expected that the maximum frequency error is smaller compared to the initial cell search, since the UE may use the frequency error observed in previous resynchronization occasions as an initial estimate. Both these effects work in favour of detection performance in the sense that fewer repetitions and shorter accumulation times may be needed compared to (initial) synchronization based on PSS/SSS. This is somewhat countered by the reduced time diversity due to the accumulation in a short burst. 
The periodicity of the RSS should largely be determined by how often it is considered useful for the IoT devices in the network. From a pure UE perspective, it would of course be beneficial with very frequent bursts of synchronization signals, but this would greatly impact the system overhead and overall spectral efficiency. Therefore, it is more reasonable to aim for having the periodicity reflecting the typical UE configurations in the cell relating to, e.g., traffic patterns, paging cycles, measurement requirements etc. In [7] it is shown that a large part of the energy consumption while monitoring paging can be attributed to achieving time and frequency sync, particularly in high MCL scenarios. Thus, it is reasonable that a RSS periodicity is configured such that it reflects the (e)DRX patterns and occurrences of paging occasions and/or paging time windows. Here, also the expected time and frequency drift of UEs in idle mode can be taken into account, which is elaborated more in [7]. 
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If a RSS would be used only for facilitating paging monitoring, one might have argued that it should be transmitted only on these occasions, thereby effectively acting as a form of wake-up signal. However, synchronization is needed also for other access procedures, relating to e.g. RRM measurements for mobility and cell reselection, random access procedures, system information update etc. For this reason, it is deemed beneficial to have a more regular RSS transmission pattern configured that takes all the different needs into account, even if it may be difficult to find an optimal configuration that suits all different purposes perfectly for UEs with varying traffic patterns and operating conditions etc.
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It can be noted here with respect to RRM measurements that the RSS may not only be used for synchronization in order to be able to measure on CRS, but could potentially be used as the measured signal as well. If an RSS is introduced, this option can be further considered by RAN4.
Above it has been primarily argued that an RSS shall be configurable in time domain. The frequency location may also be configurable, or may be determined by the standard. For example, it could be beneficial to locate an RSS in the center 6 PRBs, thereby opening up for utilizing also the legacy, known PSS/SSS and potentially also the presumably known PBCH to achieve sync faster. However, since the center PRBs are already fairly occupied already, it may be better to place the RSS elsewhere, in particular for TDD systems or systems where the MBSFN subframes are occupied (e.g. by eMBMS transmission). 
In a resynchronization scenario, it is typically assumed that the sync signal to find is known to the UE, e.g. given by the Cell ID which determines the sequence(s) used for PSS and SSS. However, it is also possible that some additional information is conveyed by the resynchronization signal. One example of useful information to convey, in addition to the cell identity, may for example be to indicate that the MIB or other system information has changed. This can then further be used by the UE to determine whether some or all MIB and/or SIB reading can be skipped. Similarly, information regarding Extended Access Barring may be conveyed. Both examples may thus serve as alternatives to adding the corresponding bits in the MIB, as proposed in e.g. [8]. The use for such information, and how to realize it, is ultimately a matter that needs to be jointly decided by RAN1 and RAN2. For example, there may be a trade-off between resynchronization performance and the amount of information conveyed.
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There are many ways this can be done in, which would need further study. Since the resynchronization signal is not decoded like in “normal” data transfer, the information would need to be included in the selection or combination of sequences. In this respect, already the sequence selection of the PSS/SSS is a way of encoding the cell identity. Further information transfer may then be realized e.g. by increasing the signal space used by the RSS, or by reducing the space used to represent the Cell ID and have part of that representing the conveyed additional information instead. It is possible also to convey information by encoding it in terms of using different combinations of sub-sequences in each transmission burst. 
We have argued above that it may be beneficial to define a new, configurable, signal targeting the resynchronization scenario. Such a configurable signal is primarily intended to be useful for the UE, both in terms of reducing the synchronization time, but also in terms of being possible to tailor according to the needs of the UEs in the current configuration, operating conditions, and traffic pattern. It is also beneficial for the network, in terms of being possible to dimension such that the improved UE performance does not need to overly increase the system overhead. We thus make the following proposals:
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Sequence design
In the argumentation above, not many details have been discussed related to the design of the sequences and/or physical signals forming the RSS. In previous discussions, two main candidates for reducing time for cell search / synchronization have been proposed. 
The first option is to introduce additional PSS/SSS resources, either based on Rel-8 PSS/SSS signals utilised for Rel-13 BL/CE UEs, or NPSS/NSSS signals utilised for NB-IoT. Even if it may be possible to thereby reduce the sync times one should carefully consider if it is worth the additional system overhead. Furthermore, if the additional PSS/SSS resources are based on the existing PSS/SSS design, care must be taken such that the legacy devices, both Rel-13/14 BL/CE UEs and non-BL/CE UEs, are not negatively impacted in terms of, e.g., performance degradation. The same holds for NB-IoT devices in case the additional PSS/SSS resources were to be based on NPSS/NSSS. For example, the false alarm rate for NB-IoT devices may increase if there are new signals similar to NPSS/NSSS present that may introduce false correlation peaks.
The second possible candidate solution would be to utilize the NPSS/NSSS on an existing NB-IoT anchor carrier. If a UE would detect, for example, an in-band NB-IoT carrier via NPSS/NSSS, it may later be referred to the center frequency of LTE carrier in order to be able to read system information on PBCH, SIB1-BR, and other SI. This may require some additional signalling on the NB-IoT carrier, thereby increasing the overhead and reducing the performance of NB-IoT. Another drawback is that this would introduce unnecessary dependencies between LTE-MTC and NB-IoT deployments, such that e.g. the performance of the former would depend on whether the latter is deployed within the same carrier or not. For a fundamental function as synchronization, it is undesirable for networks to have such varying performance. This does not preclude that a UE utilizes an existing NB-IoT carrier to improve sync performance also for LTE-MTC, but that is up to UE implementation.
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Even if is more important to decide on the large-scale properties of a new synchronization signal, such as configurability in time domain as discussed above, the details regarding the signal design may still be important. Reusing existing signals can be attractive from a simplicity and implementation complexity point of view. Still, since these signals were designed primarily with initial cell search in mind, it may be beneficial to consider also other signals or sequences. This includes the issue of deciding between having many repetitions of short sequences or fewer repetitions of longer sequences. More studies are needed before the details on what sequences to use can be decided.

Conclusion
In this contribution, we have discussed reduced system acquisition time, focusing on the synchronization performance, the following observations were made:
Observation 1	It is beneficial if an enhanced synchronization signal is optional for the network, and furthermore configurable per cell with respect to at least the physical resource allocation.
Observation 2	An enhanced synchronization signal would be particularly beneficial for the resynchronization scenario. Thereby, the UE can be assumed to have knowledge of the signal waveform and other properties such as a cell identity.
Observation 3	In order to have control of the system overhead, and to adjust to different needs, a resynchronization signal should be configurable both with respect to periodicity of the signal and the amount of time/frequency resources used at each transmission occasion.
Observation 4	Synchronization may contribute to a considerable part of the energy consumption during access procedures, such as monitoring paging.
Observation 5	It should be possible to configure an RSS to meet the needs imposed by access procedures such as paging, random access, RRM measurements etc.
Observation 6	In addition to a cell identity, the resynchronization signal can be used convey additional information, such as indication that the MIB or some other system information has changed, or access barring information.

Based on the above observations, we made the following proposals: 
Proposal 1	A new enhanced synchronization signal is introduced for the purpose of improving resynchronization performance.
Proposal 2	The resynchronization signal has the following properties:
a.	It is optional for the network, and configurable per cell.
b.	The time/frequency resources for each burst and the periodicity are configurable.
c.	It shall be possible to configure the resynchronization signal such that it is adjusted to the needs imposed by access procedures such as paging monitoring, random access, and RRM measurements.
Proposal 3	Improved synchronization shall not be based on NPSS/NSSS transmitted on NB-IoT anchor carriers.
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