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[bookmark: _Ref498695907]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. RAN1 is has agreed to study the following related to cell search and time/frequency synchronization: 
RAN1#90bis discussed reduced system acquisition time and made the following agreements:
· Additional assumptions that can be used for evaluation of improved cell search and/or system information acquisition performance for UEs with apriori information (on top of the assumptions for evaluation of reduced system acquisition time already agreed in R1-1706583):
· Carrier and cell are assumed to be known to the UE.
· The system information is assumed to be unchanged.
· UE power consumption model from the power saving signal evaluation assumptions in R1-1714992
· RTC timing drift model from the power saving signal evaluation assumptions in R1-1714992
· Scenarios B and C from the power saving signal evaluation assumptions in R1-1714992
· Further scenario D: 4-hour Power Saving Mode (PSM)
· Additional evaluation metrics that should be reported if the proponent of a proposed solution think they are relevant and significantly impacted by the proposed solution (on top of the metrics listed in R1-1706583):
· Performance impact on legacy UEs
· UE power consumption impact
· Inter-cell interference sensitivity
· Additional assumptions that are used in the evaluation should be declared.

RAN1#91 discussed reduced system acquisition time and made the following agreements:
· In evaluating improved cell search and/or system information acquisition performance for UEs with apriori information, the following are considered based on the agreed scenarios (B, C, and D)
· Synchronization signal 
· Periodicity, duration, power boosting, bandwidth, and resource usage
· UE complexity impact, UE memory, and DSP complexity
· Combining of synchronization signals
  
In this contribution we will further elaborate on possible enhancements to the time and frequency synchronization for reducing system acquisition time. 
Resynchronization signal (RSS) 
In [3] the introduction of a new signal with the purpose of improving resynchronization was discussed. The following proposals were made, repeated here for the reader’s convenience:
[bookmark: _Toc505259442][bookmark: _Toc505259669][bookmark: _Toc506562501][bookmark: _Toc506610462][bookmark: _Toc506610770][bookmark: _Toc506612197][bookmark: _Toc506613496]A new enhanced synchronization signal is introduced for the purpose of improving resynchronization performance.
[bookmark: _Toc505259443][bookmark: _Toc505259670][bookmark: _Toc506562502][bookmark: _Toc506610463][bookmark: _Toc506610771][bookmark: _Toc506612198][bookmark: _Toc506613497]The resynchronization signal has the following properties:
a. [bookmark: _Toc505259444][bookmark: _Toc505259671][bookmark: _Toc506562503][bookmark: _Toc506610464][bookmark: _Toc506610772][bookmark: _Toc506612199][bookmark: _Toc506613498]It is optional for the network, and configurable per cell.
b. [bookmark: _Toc505259445][bookmark: _Toc505259672][bookmark: _Toc506562504][bookmark: _Toc506610465][bookmark: _Toc506610773][bookmark: _Toc506612200][bookmark: _Toc506613499]The time/frequency resources for each burst and the periodicity are configurable.
c. [bookmark: _Toc505259446][bookmark: _Toc505259673][bookmark: _Toc506562505][bookmark: _Toc506610466][bookmark: _Toc506610774][bookmark: _Toc506612201][bookmark: _Toc506613500]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. 
An RSS design was introduced based on a sequence similar to the PSS, namely a fixed length-63 Zadoff-Chu base sequence which was repeated for 11 OFDM symbols every subframe, applying a cover code for each symbol equal to the one used for NPSS. Initial simulation results for this RSS design were also presented in [3]. In this contribution we have some further discussion on the RSS design, together with a more detailed analysis, including possible estimated power savings comparing detection using a new RSS and the legacy PSS/SSS. 
RSS design
[bookmark: _Hlk506558599]The RSS design introduced in [3] has some desired properties that we believe shall be used, the most important ones among these are:
· The RSS is based on repeating a single base sequence.
· The base sequence has good cross- and autocorrelation properties, such as a Zadoff-Chu or m-sequence.
· A cover code is used in order to enable combination of the base-sequence correlations to achieve power accumulation and timing recovery in an un-ambiguous fashion.
We thus have the following proposal:
[bookmark: _Toc506562506][bookmark: _Toc506610467][bookmark: _Toc506610775][bookmark: _Toc506612202][bookmark: _Toc506613501]The resynchronization signal is based on repeating a base sequence over consecutive OFDM symbols and consecutive subframes, and applying a cover on OFDM symbol level. 
Since the resynchronization is done with the assumption that the frequency error may be quite large, it is not possible to combine the correlations coherently, and thus non-coherent combination may need to be used, at least between subframes. Using the RSS design from [3] where the same NPSS cover code is used for all subframes, and an outer cover code was used between subframes, there will be fairly large false correlation peaks for timing offsets corresponding to multiples of 1 ms if non-coherent combination between subframes is being used. If the timing uncertainty is larger than 1 ms, this increases the risk of selecting the wrong peak as the maximum one in low SNR scenarios. Furthermore, if TX diversity is being used, such that the transmit antenna (or more generally, precoder) is switched for example every subframe, it occasionally happens that the received signal from the “second” antenna is considerably larger than the first one, in which case the start of the RSS transmission is easily mistaken to appear 1 subframe later. 
One remedy for this is to use different symbol cover codes in consecutive subframes; ideally different cover codes in all subframes, which makes the length of the symbol level cover code equal the total number of OFDM symbols of the RSS rather than just one subframe. It shall be noted that this does not introduce any complexity increase as such, compared to using the same cover code in all subframes. 
[bookmark: _Toc506562507][bookmark: _Ref506575331][bookmark: _Toc506610468][bookmark: _Toc506610776][bookmark: _Toc506612203][bookmark: _Toc506613502]Different cover codes are used in all subframes of the resynchronization signal. 
Another aspect of the resynchronization is that the UE may need to verify that it actually tries to resynchronize to the cell it is currently camping on. Therefore, similar to SSS, it is desired that some cell ID is incorporated into the RSS signal. This can be done in several ways including the following options:
· The base sequence is different in different cells. As an example, the SSS of the cell can be used, or some other sequence based on the cell ID in a similar way. 
· The cover code is different in different cells. As one example, the cell ID can be encoded in the cover code such that the correlation results only add constructively for the correct cell, and possible RSS transmitted by other cells will be perceived as interference only.
Since receiving and correlating with the base sequence is an operation on a sample level, it is preferred that this is a fixed operation, whereas the slower combination on symbol level can be more made more dynamic without any considerable complexity increase. Furthermore, we propose that the base sequence is selected as a Zadoff-Chu sequence, since these are known to be robust to large frequency errors. Therefore, we make the following proposals:
[bookmark: _Toc506562508][bookmark: _Toc506610469][bookmark: _Toc506610777][bookmark: _Toc506612204][bookmark: _Toc506613503]A fixed Zadoff-Chu sequence is used as the base sequence in all cells.
[bookmark: _Toc506562509][bookmark: _Toc506610470][bookmark: _Toc506610778][bookmark: _Toc506612205][bookmark: _Toc506613504]The symbol level cover code is determined based on the physical cell identity. 

[bookmark: _Ref506587021]Scenario description
According to the agreed simulation assumptions, the enhanced synchronization signals are to be evaluated at three different scenarios; scenario B and C according to the agreements for WUS evaluations, along with scenario D, corresponding to resynchronization after 4 hr Power Saving Mode (PSM). All of them assume that the UE is in deep sleep between the sync occasions. Together with the assumptions for frequency and timing drift, this leads to the following timing uncertainties for the different scenarios:
	Scenario
	B
	C
	D

	Time between sync occasions (s)
	20.5
	328
	14400

	Timing uncertainty (ms)
	0.4
	6.6
	288



The timing uncertainty thus ranges from within a slot for scenario B, up to a few hundred subframes (milliseconds). This has a direct impact on the power consumption in that it determines how long time the UE needs to be turned on in order not to miss sync signals. Furthermore, it also has an impact on whether or not the UE has lost frame timing while being in a lower power state. If this is the case, the UE will also need to read the MIB in order to retrieve the SFN, which also increases the power consumption. One general observation is that if resynchronization is based on PSS/SSS, the MIB must be read if the timing uncertainty is larger than 1 frame (10ms) and may need to be read if the uncertainty is between 5 and 10 ms, since every other SSS instance is different. For example, in scenario C above, if the actual timing drift is larger than 5 ms, the UE will detect the “unexpected” version of the SSS, and thus it cannot tell if it has drifted ahead or back in time relative to the eNB reference. For RSS on the other hand, the MIB must be read for SFN retrieval only if the timing uncertainty is larger than the RSS periodicity, which typically is in the order of hundreds of milliseconds. Therefore, we make the following observation, which was also made in e.g. [4].
[bookmark: _Toc506562499][bookmark: _Toc506610459][bookmark: _Toc506610767][bookmark: _Toc506612194][bookmark: _Toc506613493]Resynchronization using PSS/SSS requires MIB reading for considerably smaller timing uncertainties compared to RSS. 

Simulation results
Here we will present simulation results for the RSS, based on the design that was introduced in [3] including some modifications, as well as for synchronization using the legacy PSS and SSS. The receiver in both cases are here assumed to be based on time-domain correlation with the reference waveform, but that is of course up to UE implementation. The complexity of the algorithms is not vastly different. The basic correlation operation on sample level for the RSS algorithm is the same as the one used for PSS. The cover code then operates on symbol level, by adding elements of the correlated output, but much fewer operations than for the basic correlator. 
 
[image: ]
[bookmark: _Ref506568378]Figure 1: Missed detection rate without TX diversity for single RSS occurrence with ETU1 Hz with 1000 Hz frequency error. Combined coherent and non-coherent accumulation is used.
Figure 1 shows the performance for detection of an RSS consisting of 1 to 16 subframes, each one containing 11 repetitions of the base sequence. The propagation channel is ETU1Hz and the frequency error is 1kHz. The detection window used in the figure corresponds to the timing uncertainty of scenario B, i.e., 6.6 ms. One difference compared the result presented in [3] is that the base sequence is a length-71 Zadoff-Chu in order to utilize more of the available subcarriers. The detection is based on coherent accumulation of groups of 4 or 3 samples within each subframe, and then non-coherent accumulation is used between the groups and the subframes. The partly coherent detection works fine for frequency errors up to ~1 kHz. To be able to handle also larger frequency errors, a possibility is to have multiple frequency error hypothesis in parallel, e.g. in steps of ~2kHz, and perform a rotation of each correlated symbol. Note that this can be performed on an OFDM symbol level, and does thus not imply a large complexity increase.
As shown in Figure 1, an RSS length of 1 subframe is enough at 144 dB MCL, whereas for 164 dB MCL the detection rate is almost at 50 % also for 16 subframes. The most interesting operating point here is 154 dB MCL, where 90% detection rate occurs for 3-4 subframes, and 16 subframes is required for 99%. 

[image: ]
[bookmark: _Ref506572568]Figure 2: Missed detection rate with TX diversity switching precoder every subframe. Otherwise, same conditions as in Figure 1.
The RSS performance using switched Tx diversity with a switching period of 1 ms is shown in Figure 2. As seen from the figures, in particular at the operating point MCL = 154 dB, the length of the RSS can be approximately halved by employing Tx diversity. For example, 90 and 99 % detection rate are achieved for RSS lengths of 2 and 8 subframes, respectively, at 154 dB MCL.
[bookmark: _Toc506610460][bookmark: _Toc506610768][bookmark: _Toc506612195][bookmark: _Toc506613494]Transmit diversity provides a significant performance gain over single antenna transmission. 
To achieve this performance, it is absolutely crucial that the same cover code is not being used for both antennas, in accordance with Proposal 4, since otherwise the estimated timing will be off by one subframe when the transmission from the first antenna is faded down. Since the UE may use different algorithms to combine base sequences transmitted in different subframes, it may also be crucial that it knows when the switches occur. On the one hand, it may be desirable to have a longer switching period in order to be able to coherently combine more symbols. On the other hand, when the propagation channel from the first antenna experiences a fading dip, it may be useful to switch earlier. Thus, we propose that the switch occurs every subframe, since there is anyway a RSS gap at the (presumed) PDCCH region.
[bookmark: _Toc506610471][bookmark: _Toc506610779][bookmark: _Toc506612206][bookmark: _Toc506613505]When the eNB uses more than one transmit antenna, it employs switched transmit diversity for the RSS using a predetermined switching time of one subframe. 
From Figure 2 it can also be concluded that the performance at MCL = 164 dB is not sufficient using an RSS of length 16 subframes. Instead of increasing the length further, thereby wasting system resources, it is more efficient to keep a moderate RSS length and rely on repeated RSS reception for the devices in worst coverage. 
[image: ]
[bookmark: _Ref506579073]Figure 3: Missed detection rate at MCL = 164 dB after repeated RSS bursts of length 8 subframes with a period of 256 ms.
In Figure 3, the results after combination of multiple RSS bursts is shown. Each burst is 8 subframes long, i.e. 88 OFDM symbols with RSS, and the period is 256 ms. During the same time, the PSS and SSS occupies ~100 OFDM symbols, i.e. approximately 16% more resources. The 256 ms period was chosen among the allowed DRX cycles to have as similar overhead as possible in order to compare with PSS/SSS in a fair manner. From the figure it can be seen that the 90 and 99% detection occur after 3-4 and 6 bursts, corresponding to approximately 1 and 1.5 seconds duration, respectively. Corresponding 90% detection time using time-domain correlation based on the concatenated PSS and SSS sequences is around 1.7 s.
The synchronization times are summarized in the tables below. 
Table 1: 90th and 99th percentile of detection time for RSS with TX diversity
	RSS length (# SFs)
	MCL [dB]

	
	144
	154
	164

	90%
	1
	2
	2*8=16

	99%
	1
	8
	6*8=48



Table 2: 90th and 99th percentile of detection time for PSS+SSS
	PSS+SSS (# SFs)
	MCL [dB]

	
	144
	154
	164

	90%
	1
	110
	1700

	99%
	21
	248
	(4000, est.)



When comparing the tables, the difference is huge, in particular for the highest MCLs. The main reason for this is that the sync signal is concentrated in the RSS within a burst, whereas it is very widely spread for the PSS/SSS. For example, the 90th percentile at MCL=164 dB RSS occupies one hundredth of the subframes for RSS compared to PSS+SSS, whereas the number of OFDM symbols with sync signals only differs a factor of approximately 4.  
Power evaluations
The previous section showed that the detection performance for RSS is superior to that of PSS/SSS. Here will translate this into projected power savings for the different scenarios defined in Section 2.2. Note that this analysis assumes the UE only performs synchronization and then returns to deep sleep. Due to the assumed long transition times for going in and out of sleep, light sleep is only feasible for the case with multiple RSS bursts which is needed only for MCL=164 dB.
Using the defined scenarios, and the configuration of the RSS as described with bursts of 8 subframes and a period of 256 ms, the estimated power saving by using RSS instead of PSS+SSS is shown in the table below. The scenarios include the agreed power consumption models to be used, including transition between sleep modes and active mode, as well as the timing uncertainty. 

Table 3: Potential power saving gains for the defined scenarios by using RSS compared to PSS+SSS
	Percentage power saving for RSS
	MCL [dB]

	
	144
	154
	164

	B
	90%
	-1.8%
	74%
	96%

	
	99%
	20%
	85%
	*

	C
	90%
	-0.3%
	35%
	87%

	
	99%
	4.5%
	54%
	*

	D
	90%
	0
	1.4%
	1.8%

	
	99%
	0
	3.1%
	*



As can be seen, there are very large potential gains, in particular for scenarios with moderate to high MCL. For other scenarios, like the 4h PSM, there is no significant gain, and for others there is even a small loss. 
[bookmark: _Toc498700931][bookmark: _Toc498707450][bookmark: _Toc498707950][bookmark: _Toc498708245][bookmark: _Toc498717424][bookmark: _Toc498720168][bookmark: _Toc498720270][bookmark: _Toc498720276][bookmark: _Toc505259441][bookmark: _Toc505259668][bookmark: _Toc506562500][bookmark: _Toc506610461][bookmark: _Toc506610769][bookmark: _Toc506612196][bookmark: _Toc506613495]The resynchronization time and power consumption can be significantly reduced by using a resynchronization signal rather than legacy PSS/SSS. 
Note that the evaluations include only the reception of the sync signal itself. In a more realistic scenario, the UE will also receive other channels etc after being synchronized, which means that the relative power saving due to the RSS may be reduced. On the other hand, the additional MIB acquisition that may be required e.g. in Scenario B, but only for PSS+SSS, has not been included in this analysis.
To conclude, the large demonstrated gains at moderate and large MCLs motivate the inclusion of a configurable RSS for eMTC. 
Conclusion
In this contribution, we have discussed the introduction of a resynchronization signal to help reduce system acquisition time and save UE battery. Link level simulation results have been presented, as well as evaluations of potential power saving over the use of PSS+SSS only. Using these results, we made the following observations:
Observation 1	Resynchronization using PSS/SSS requires MIB reading for considerably smaller timing uncertainties compared to RSS.
Observation 2	Transmit diversity provides a significant performance gain over single antenna transmission.
Observation 3	The resynchronization time and power consumption can be significantly reduced by using a resynchronization signal rather than legacy PSS/SSS.

[bookmark: _Hlk498509377]Based on the above observation and the discussion in the paper we make 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	The resynchronization signal is based on repeating a base sequence over consecutive OFDM symbols and consecutive subframes, and applying a cover on OFDM symbol level.
Proposal 4	Different cover codes are used in all subframes of the resynchronization signal.
Proposal 5	A fixed Zadoff-Chu sequence is used as the base sequence in all cells.
Proposal 6	The symbol level cover code is determined based on the physical cell identity.
Proposal 7	When the eNB uses more than one transmit antenna, it employs switched transmit diversity for the RSS using a predetermined switching time of one subframe.
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