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Introduction
In RAN1#91, the following agreement was reached:
Agreement
· In evaluating improved cell search and/or system information acquisition performance for UEs with a priori 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 RAN1#90b, the following agreement was reached:
Agreement:
· Additional assumptions that can be used for evaluation of improved cell search and/or system information acquisition performance for UEs with a priori 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.

In this contribution we present our views on how to achieve reduced system acquisition time based on a resynchronization signal (RSS).
Baseline RSS Scheme
To evaluate our proposed designs for the RSS, we first outline a baseline RSS signal that we compare our designs against. This baseline signal, in principle, is the closest analogue of a long random sequence, which is typically used as the benchmark for synchronization signal design, owing to its autocorrelation function having a single pronounced peak corresponding to the correct timing.
We consider an RSS signal of duration subframes. Assuming three control signals for LTE (namely, PDCCH), this amounts to a time domain signal consisting of  OFDM symbols. As is customary with LTE signal design, we illustrate the procedure for generating the baseline RSS signal in the frequency domain. To this end, in the frequency domain, we first generate a long complex-valued pseudorandom (PN) sequence of length  samples. Subsequently, we reshape this complex PN sequence into  symbols of size  samples, where the  refers to the subcarriers in the 6 Physical Resource Blocks (PRBs) that are allotted for the signal design. For each of these  symbols, we perform a 128-point IFFT to generate the OFDM symbols in time domain. These symbols are then transmitted over the  subframes allotted for transmission, respecting the control symbol requirements in each subframe.
Proposed RSS Design
Time Domain Complexity Reduction
One of the obvious challenges with using a signal such as the one outlined in the baseline scheme in Section 2 is User Equipment (UE) complexity: the UE, while cross-correlating the received signal with its local copy of the RSS, would have to (for each timing hypothesis) perform multiplications that are proportional to the number of samples in the RSS. Given that the design of the RSS targets very low SNR scenarios (for example, the 164 dB MCL case), it is to be noted that the RSS signal could end up needing to be as long as 40ms (as per our simulations, detailed later in the paper); in such a setting, a design such as the baseline scheme above becomes prohibitive in terms of UE complexity.
To mitigate this complexity, while also maintaining good detection performance, we propose the following structure to design the RSS signal. 
Sticking to the notation introduced for the baseline RSS signal, we will consider the RSS to be  subframes long, thus having  OFDM symbols. However, the way we place them in time is different to the baseline scheme. In the frequency domain, we use a 72 sample long “mother sequence” , which, in our designs is a complex-valued PN sequence. Then, according to a binary index sequence of length  bits, we use either: (i)  when the corresponding index is 1 and  when the corresponding index is 0, or (ii)  when the corresponding index is 1 and  when the corresponding index is 0, for the designated OFDM symbol indexed by the bit. Subsequently, we perform the IFFT for each of these symbols and transmit in time domain, respecting the control symbols and long/regular CP constraints. These mother-signal based approaches significantly reduce the number of multiplications required per timing hypothesis, since it is possible to derive the cross-correlation at a certain lag (hypothesis) recursively, by making use of the correlator output at previous lags. The two approaches mentioned in this subsection for time domain complexity reduction are illustrated below.
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[bookmark: _Hlk506403322][bookmark: _Hlk506471486]Figure 1: Proposed  based RSS in Time Domain. This design is based on placing the IFFTs of a mother sequence and its complex-conjugate according to a binary index sequence. The illustration reflects a mother sequence length of  OFDM symbol; the idea also extends to settings with a longer mother sequence length. 
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[bookmark: _Hlk506403337]Figure 2: Proposed  based RSS in Time Domain. This design is based on placing the IFFTs of a mother sequence and its phase-rotated version (for example,  and ) according to a binary index sequence. The illustration reflects a mother sequence length of  OFDM symbol; the idea also extends to settings with a longer mother sequence length.

While we illustrate this approach with a mother sequence  that is essentially 1 OFDM symbol long, the length of the mother sequence is a topic for further evaluation. The design philosophy is flexible towards incorporating a different mother sequence length of  OFDM symbols (with appropriate adjustments to the length of the binary index sequence).
[bookmark: _Hlk506543647]The main advantage of the -based approach over the -based approach is that it reduces the secondary peaks in the autocorrelation function even when the coherent combining length is small (e.g. even down to 1 OFDM symbol). The  approach requires coherent combining across multiple OFDM symbols to reduce the magnitudes of the secondary peaks. Moreover, if it is decided to use a larger value of  for the mother sequence (thereby necessitating a shorter binary index sequence), the -based approach is expected to provide progressively more benefits as  increases, over the -based approach.
Proposal 1: For the resynchronization signal (RSS) for eMTC, consider a signal with the following characteristics:
	- The basic unit of the RSS is a complex-valued PN sequence  of length  OFDM symbols, where  is FFS. 
	- The RSS is constructed by one of the following two options:
		- Option 1: Sequence of IFFTs of placed according to a binary index sequence
		- Option 2: Sequence of IFFTs of  placed according to a binary index sequence
The Binary Index Sequence—also a proxy for Cell ID
The properties of the binary sequence that is used to index the placement of the IFFTs of  or  are important to consider. The sequence should possess good autocorrelation properties (under a reasonable mix of coherent and noncoherent combining) so that the cross-correlation output of the received (faded and noisy) signal with the UE’s local copy does not have significant secondary peaks.
Moreover, for the RSS design, we want to assign a unique binary sequence to each cell for this purpose: in other words, the binary index sequence for a cell will also carry the Cell ID information. For this purpose, the sequences assigned to different cells should also have low pairwise cross-correlation among them. 
We find, for example, that Gold sequences satisfy both these requirements: (i) to carry the Cell ID, and (ii) to index the placement of the IFFTs of  or .
[bookmark: _Hlk506545085][bookmark: _Hlk506472322][bookmark: _Hlk506554435]Proposal 2: For the resynchronization signal (RSS), consider the option of the selecting the binary index sequence as a Gold sequence initialized by at least the cell ID.

Frequency Domain Complexity Reduction
Another aspect of the RSS design that we focus on from a complexity perspective is the effective sampling rate needed at the UE for detection. If we can design a signal that makes it possible for the receiver to sample at a lower rate, while still maintaining good detection performance, it is desirable from a UE complexity reduction standpoint. To this end, we explore frequency domain configurations where the mother signal  would only occupy a subset of the available 6 PRB bandwidth for the signal. These configurations will also inherently incorporate a “power boost” feature: for example, if our signal is spanning 2 PRBs in bandwidth, we would use a 3x power boost per subcarrier (within the 2 PRBs used) when comparing against the standard 6 PRB approach. We also examine the possibility of having the (reduced) signal bandwidth as a contiguous block of subcarriers or consisting of non-contiguous chunks in frequency. The non-contiguous approach inherently provides better frequency diversity; yet, it comes with additional processing overheads at the UE, to separate out the narrowband components of the signal, process them at a lower sampling rate, and recombine appropriately. Some examples of the approaches we examine and report on are shown in the figure below.
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Figure 3: Possible frequency domain configurations of the RSS. The signal bandwidth used may or may not be contiguous. When a smaller bandwidth is used, we use appropriate power boosting per subcarrier. A smaller bandwidth allows the use of a lower sampling rate at the UE, thereby reducing UE complexity both in terms of computations as well as in terms of memory.

[bookmark: _Hlk506545111]Proposal 3: The RSS, if introduced, occupies a subset of the allotted 6 PRB bandwidth, with the allocation based on:
· Option 1: Contiguous assignment of PRBs
· Option 2: Non-contiguous assignment of PRBs

Other Approaches
Product-Codes as Cover Codes
In our  based design in Section 3.1, the binary sequence that we use to place the  and  in the time domain RSS is chosen to have good autocorrelation and cross-correlation (across different sequences) properties. As mentioned before, we find that Gold Codes work well in practice. We have also evaluated performance with computer generated sequences (especially for the  case) and found good performance. To this end, we note that it is necessary to select sequences that satisfy the autocorrelation property over the entire length of the sequence. This is in contrast to a “product code” based approach to cover coding (for example, based on using the NPSS cover code inside a subframe, and repetition across subframes using another cover code, as outlined in [1]), which is expected to perform sub-optimally in the paradigm of noncoherent combining, which would be the case in the presence of residual carrier frequency offsets (CFO). This is because for typical coherent combining lengths (say, up to 1 ms coherent combining), a subframe-level outer cover code would result in significant secondary peaks at lags spaced 1 ms apart, in the cross-correlation output at the UE.
Repetition of the Mother Sequence
An approach that simply repeats the mother sequence  (with a possible frequency-domain multiplication with another sequence, as outlined in [2]) would result in significant secondary peaks in the correlation function at a lag of every OFDM symbol duration. Such an approach is not ideal when we want to acquire timing synchronization with this signal.
Frequency Domain Hopping
The idea of frequency-domain hopping for the RSS (as proposed in [2]) can potentially be thought of as a way to extract frequency diversity, while also employing narrowband signalling (when hopping across, say, 1 PRB blocks in the 6 PRB allotted bandwidth) to reduce the sampling rate at the UE. The drawback with this approach, however, is that owing to the fact that the UE does not know the timing regarding when it should switch between the narrowbands to receive the signal, the entire bandwidth has to be monitored by the UE at all times, and the complexity benefits from using a narrowband signal would not be realized. An approach like a fixed-yet-non-contiguous chunk of bandwidth, as outlined in the rightmost setting of Figure 3, is more attractive from this standpoint.
Evaluations
Settings and Metrics for Simulations
The parameters and metrics used in our simulations are provided in the table below.
	Parameters and Metrics
	Value/Setting/Description

	Timing Drift, 
	288 milliseconds

	Duration of RSS Signal, 
	40 milliseconds

	Duration of mother sequence, 
	 OFDM symbol

	Binary index sequence
	(i) 440-bit Gold sequence for -based RSS
(ii) 440-bit computer generated sequence for -based RSS

	Transmit diversity
	2 Tx antenna switching at every subframe (1 millisecond)

	Channel Model
	ETU 1Hz (Independent across Tx antennas)

	Residual Carrier Frequency Offset
	(i) 250 Hz; (ii) 500 Hz; (iii) No CFO

	Coherent Combining Duration
	(i) 1 ms for 250 Hz CFO; (ii) 0.5 ms for 500 Hz CFO; (iii) 40 ms () for No CFO

	Sampling Frequency
	1.92 MHz

	Detection Metric
	Probability that the detected timing is within a detection window of the actual timing 

	Detection window for detecting timing
	[-2 10] sample deviation from true timing (Long CP duration = 10 samples)



Performance of Baseline, -based and -based RSS
Figure 4 plots the detection error probability versus SNR for the three schemes—namely, baseline RSS, -based RSS and -based RSS, for the cases when there is (i) 250 Hz residual CFO, (ii) 500 Hz residual CFO, and (iii) No residual CFO. For this setting, the RSS spans the entire allotted bandwidth of 6 PRBs, and hence, no power boosting is employed. From this plot, we observe that the performance of our proposed RSS designs is almost identical to that of the benchmarking baseline scheme for both coherent (No residual CFO) and noncoherent (when residual CFO is present) combining. This plot presents the results for a 6 PRB bandwidth, but our results indicate that the same holds true for the lower bandwidth options that we proposed. This is principally due to the use of a well-designed binary index sequence with good autocorrelation properties across the entire length of the signal. 
Further, we observe the loss from performing noncoherent combining when residual CFO is present. For this setting, we see a 4-dB performance penalty for a 250Hz residual CFO setting in comparison to the case without residual CFO; if the residual CFO is 500 Hz, there is a further ~1.5 dB penalty. The amount of residual CFO in the signal depends quite a bit on the design and implementation at the UE—for example, the number of frequency hypotheses that can be run in parallel, the accuracy/drift of the oscillators, etc. In our informed judgment, the range we tested would be in the ballpark of what a practical system may expect to see.
[bookmark: _Hlk506455640]We target “one shot” detection for the UE with our RSS design; as we highlight below, this is desirable due to the need to have a large signal periodicity allowing the UE to skip a PBCH decode operation while also keeping the signalling overhead reasonable. To that end, we would desire a detection error probability of ~1% for the low SNR UEs of interest. Depending on the UE noise figure (in the range of 5 to 9 dB), the 164 dB MCL case corresponds to the region [-22.5 -18.5] dB in the plots. From Figure 4, we observe that the 40ms long RSS signals just about satisfy the ~1% detection error requirement when considering the median of the SNR range of interest. As a result, we recommend introducing at least one RSS configuration that is no shorter than 40ms.
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Figure 4: Detection performance of baseline and proposed RSS designs for 6 PRB bandwidth. The performance of the proposed designs is almost identical to that of the baseline benchmarking scheme, while having significant UE complexity benefits over the baseline, as outlined in Section 3.1.

Observation 1: Introduce an RSS configuration with a signal duration of at least 40 milliseconds.

Performance of Lower Bandwidth Signal Designs
Contiguous Bandwidth Assignment
[bookmark: _Hlk506470255]In Figure 5, we plot the performance of the -based RSS design (with a residual CFO of 250 Hz) for different contiguous bandwidth assignment configurations. We observe that the 3 PRB contiguous assignment (with a 2x power boost) performs similar to the 6 PRB assignment for a ~ detection error, while the 2 PRB contiguous assignment (with a 3x power boost) is about  to  dB inferior. The 1 PRB contiguous assignment (with a 6x power boost) takes a significant hit in performance due to the lack of adequate frequency diversity in the signal design. 
Figure 5 therefore conveys the following message: it is possible to use a lower bandwidth (and appropriately power boosted) signal for the RSS, provided it retains sufficient frequency diversity in the design. This allows UE processing at lower sampling rates (up to 2x lower for 3 PRB signalling, and up to 3x lower for 2 PRB signalling), while not sacrificing performance appreciably. The lower sampling rate directly translates to computational complexity savings as well as memory savings at the UE by the same factors. However, as we show next, a non-contiguous bandwidth assignment can augment the benefits obtained from a lower UE sampling rate with added frequency diversity gains from the signal design.
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Figure 5: Performance of contiguous lower bandwidth RSS configurations (-based) with 250Hz residual CFO. Appropriate power boosting is employed for each of the configurations. While the contiguous 3 PRB and 2 PRB configurations perform well, the contiguous 1 PRB signal suffers significantly due to limited frequency diversity.

Non-Contiguous Bandwidth Assignment
In Figure 6, we plot the performance of the -based RSS design (with a residual CFO of 250 Hz) comparing configurations with contiguous and non-contiguous bandwidth assignments. For reference, we also plot the 6 PRB contiguous signal to examine relative performance. 
From the figure, we observe that the 2 PRB non-contiguous assignment (illustrated in the rightmost example in Figure 3) performs the best at ~ probability of error, gaining ~ dB in performance over the 2 PRB contiguous assignment. The frequency diversity harnessed from non-contiguous bandwidth assignment is even more apparent for the 1 PRB case (where for the non-contiguous assignment, we use 6 subcarriers from each extremal edge of the 6 PRB block), where it recovers much of the losses suffered by the contiguous 1 PRB arrangement which lacks sufficient frequency diversity.
Still, we do not recommend using a 1 PRB signal (including a non-contiguous bandwidth assignment) for the RSS design because the loss in detection performance is not compensated by the incremental complexity benefits. Our recommendation is to use the 2 PRB non-contiguous assignment, which strikes the best trade-off between performance and complexity. 
As an aside, we add that in a lower bandwidth configuration, the autocorrelation function has “fatter” sidelobes, owing to the “holes” in the frequency domain resulting in some degree of correlation in the post-(still 128-point)-IFFT symbol. As a result, we observe some error-floor behaviour for the lower bandwidth configurations, since the autocorrelation function of the time domain signal is not as peaky, when compared to the 6 PRB signal. However, for our domain of interest, which is in the  error probability region, for the 2 PRB configurations (both contiguous and non-contiguous), we do not see a noticeable adverse effect from this error-floor behaviour.
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Figure 6: Comparison of contiguous and non-contiguous bandwidth assignments in lower-bandwidth RSS design (-based). The 2 PRB non-contiguous assignment (outlined in Figure 3) performs the best out of all the configurations tested, owing to frequency diversity harnessing.

Periodicity and Overhead Considerations
Our design philosophy behind the RSS is to have a 99 percent detection accuracy (in other words, a one-shot detection) for the target UEs to re-acquire synchronization in a very low SNR environment, where PSS/SSS/PBCH detection is prohibitive. To that end, we propose a long periodicity (at least greater than the maximum timing drift possible, which is 288 ms) for the RSS design.
[bookmark: _Hlk506401117][bookmark: _Hlk506402535]When a minimum sufficient signal duration (we recommend 40 ms) is used in conjunction with this periodicity, we ensure that 99 percent of the time, the UE (at the worst admissible SNR) can reacquire synchronization within ms, where  denotes the timing drift of the UE. It is important to note that when using the proposed RSS design to reacquire synchronization, ) ms represents (with high probability) a bound on the “UE on-time” even in the worst admissible SNR settings: this, for instance, cannot be achieved when a legacy PSS/SSS/PBCH accumulation method is employed, where UE on-times at low SNRs can run well into the seconds’ timeframe. 
The large periodicity of the RSS has two inherent advantages: (i) it obviates the need for a PBCH decode operation, which tends to be the costliest (out of PSS/SSS/PBCH) in terms of UE on-time, and (ii) it ensures that the signalling overhead from the RSS remains acceptable. We thus propose to use a ~40 ms long RSS signal at a periodicity of ~400 ms. 
We note that [3] also mentions about the potential interplay between RSS periodicity and the need (or lack thereof) for PBCH decoding, but essentially proposes a multi-shot combining approach for RSS detection. We posit that an efficient design of the RSS should universally obviate a PBCH decode, and hence use a large periodicity (with a significant signal duration enabling one-shot detection).
Given that we are effectively using 6 PRBs (out of an available 50 for communication) for the RSS signal, our effective overhead percentage for this design comes out to be the fraction  , which is . Note that even though we propose to use a subset of the allotted 6 PRBs for the RSS design, we do not change the overhead percentage to note that reduction. This is because we propose to concentrate the power in the 6PRBs into the smaller bandwidth used.
[bookmark: _Hlk506545178]Observation 2: Introduce an RSS configuration with a periodicity of at least 400 milliseconds.

Considerations at High SNR
While our design guarantees a  probability of the UE acquiring synchronization (at symbol, subframe and frame level) within ) ms, there may be cases where one can do better: for example, when the SNR is high (typically,144 dB MCL or better), and the UE has drifted considerably, there may be a power-saving and latency gain from using legacy PSS/SSS/PBCH decoding, due to a one-shot detection of PSS/SSS/PBCH now becoming feasible. 
It is recommended to leave the choice of reacquiring synchronization using legacy PSS/SSS/PBCH versus using the RSS to UE implementation. We would also like to reiterate that the necessity and design criterion for the RSS does not target the high SNR case. Still, it is envisaged that even if a suboptimal decision to use the RSS is made by the UE (for example, when PSS/SSS/PBCH-based acquisition is faster), the power and latency penalties with the RSS are reasonably bounded (with high probability). 

Other methods for reducing system acquisition time
In [4], we presented the idea of reusing the NB-IoT NPSS/NSSS/NPBCH to achieve lower system acquisition time in eMTC. This approach has the advantage of having a verified complexity (achievable by NB-IoT UEs) and good performance in low SNRs due to power boosting. The main drawback of this approach is that it requires more time than the RSS presented above due to having to decode at least NPSS and NSSS (and probably NPBCH for larger sleep periods), which increases the search time. In our view, there seems to be a trade-off (complexity / performance / specification effort) between these two methods that RAN1 should further discuss. This being said, the performance of PSS/SSS/PBCH is clearly the bottleneck for eMTC technology in low SNR, and an improvement is needed to enhance power consumption and latency in this regime; hence, we make the following proposal.
[bookmark: _Hlk506545207]Proposal 4: Adopt in Rel-15 at least one of the following techniques:
	- Technique 1: Resynchronization signal following the principles of Proposal 1.
	- Technique 2: Use NPSS/NSSS/NPBCH as described in [4] for reduced acquisition time.
Further evaluate until RAN1#91b the benefits in terms of performance, complexity and memory for both approaches.
Proposal Summary
Proposal 1: For the resynchronization signal (RSS) for eMTC, consider a signal with the following characteristics:
	- The basic unit of the RSS is a complex-valued PN sequence  of length  OFDM symbols, where  is FFS. 
	- The RSS is constructed by one of the following two options:
		- Option 1: Sequence of IFFTs of placed according to a binary index sequence
		- Option 2: Sequence of IFFTs of  placed according to a binary index sequence
Proposal 2: For the resynchronization signal (RSS), consider the option of the selecting the binary index sequence as a Gold sequence initialized by at least the cell ID.
Proposal 3: The RSS, if introduced, occupies a subset of the allotted 6 PRB bandwidth, with the allocation based on:
· Option 1: Contiguous assignment of PRBs
· Option 2: Non-contiguous assignment of PRBs



Observation 1: Introduce an RSS configuration with a signal duration of at least 40 milliseconds.
Observation 2: Introduce an RSS configuration with a periodicity of at least 400 milliseconds.

Proposal 4: Adopt in Rel-15 at least one of the following techniques:
	- Technique 1: Resynchronization signal following the principles of Proposal 1.
	- Technique 2: Use NPSS/NSSS/NPBCH as described in [4] for reduced acquisition time.
Further evaluate until RAN1#91b the benefits in terms of performance, complexity and memory for both approaches.
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