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1 Introduction

One objective of the WI on even further enhanced MTC (efeMTC) is to reduce the system acquisition time [1]. In RAN1 #90bis meeting, the following working assumption was agreed on the techniques to be considered for the improvement of wake-up signal performance which was to be considered in conjunction with the objective of reducing system acquisition time [2]:
Working Assumption:

· For idle mode,

· In specifying a power saving physical signal to indicate whether the UE needs to decode subsequent physical channel(s) for idle mode paging, select a candidate among the following power saving physical signals:

· ‘Wake-up signal or DTX’ with new periodic sync signal

· ‘Wake-up signal or DTX’ without new periodic sync signal

· Study till the next meeting how to ensure sufficient sync performance.

· Consider potential synergies with the WI objective on Reduced system acquisition time.

· Consider impacts from mobility

In RAN1 #91 meeting, the following was further agreed [3]:

Agreements:
· 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 this contribution, we share our views on the possible enhancements in Rel-15 efeMTC for the improvement of system acquisition performance, taking into account the power saving impact. Specifically, we focus on the option of considering a new periodic sync signal which could be used to reduce system acquisition time. We study the design requirements for such a new periodic sync signal and propose a possible option. As this enhancement may have impact on the power saving signal design, we study it together with the power saving signal, where the related discussion and analysis on the performance of this signal with respect to the resource usage and power saving can be found in our companion contribution [4].
2 Design of new periodic re-sync signal (RSS)
Under consideration is the PHY waveform design that facilitates idle mode paging using a periodic re-sync signal (RSS) and an associated wake-up signal (WUS) or DTX. The functional allocation of this design is that first, the RSS provides a downlink signal that the UE can detect to resolve downlink time-of-arrival (TOA) error and carrier frequency offset (CFO) it has accrued due to its time base and local oscillator errors accumulated during its sleep period. Second, the WUS provides an indication to the UE that it should respond to a paging request. Further functional allocations are that the RSS is constructed as a set of signals so that each element of that set can be associated with some portion of the cell ID address space to allow easy deployment in a cellular system with good adjacent cell interference suppression characteristics. 
As the challenge of providing the functionality and meeting the performance requirements is heavily dependent on the SNR at the detector output, it is desirable to use as much downlink power as is available. As compared to NB-IoT which has 1 PRB, efeMTC UEs have 6 PRBs, this allows the design to use more frequency resource while reducing the amount of time spent at high power states. To that end a RSS construction that utilizes a maximum of available REs is considered and that has ramifications in both the frequency and time dimensions. In the frequency dimension a high number of the 72 subcarriers in the full bandwidth should be exploited. In the time dimension a high number of the 11 symbols left available in the subframe should be used. The penalty to be paid for these choices are manifested in the amount of processing needed to detect the RSS with TOA and CFO uncertainties. Given that the RSS processing does not include channel equalization then, as a general rule, the sensitivity to TOA is proportional to the frequency spread of the modulated subcarriers and the sensitivity to CFO is proportional to the time spread of the modulated symbols.
The construction proposed is based on the concept that the RSS set is based on antipodal signals derived from m-sequences. For an m-sequence of length L = 2B-1 and consisting of bits b(1) through b(L) [b({0,1}], the antipodal signal is defined such that s(i)=(-1)b(i). The resulting signal [s(1) s(2) … s(L)] has L/2 values of -1 and L/2-1 values of +1. The circular autocorrelation of such a signal is well known and has a value of L at zero lag and -1 at all other lags. If a +1 is added to every lag in the circular autocorrelation then the result is ideal in the sense that it is zeros for all non-zero lags. Of course, this is precisely the well-known form of an (L+1)-by-(L+1) Hadamard matrix built using an L-by-L circulant matrix whose rows are made up of the antipodal signals associated with all of the circular shifts of the m-sequence.

Anticipating that the receiver will operate with synchronization errors, the transmitted signal can be augmented to facilitate a RSS detector that is less sensitive to these errors. A new circulant matrix is created by adding a prefix column that is a replica of the last column of the original circulant matrix to that original circulant matrix and then adding a postfix column that is a replica of the first column of the original circulant matrix. The augmented matrix has dimension L-by-(L+2) and is still a circulant matrix. This augmented circulant matrix has the property that a submatrix consisting of the first L columns and all L rows also exhibits the same ideal circular autocorrelation characteristics of the original L-by-L circulant matrix. Also exhibiting that characteristic is a submatrix consisting of the last L columns and all L rows. Augmenting the circulant matrix with these two elements per row calls for an additional two +1’s as the first two columns of the now augmented Hadamard matrix. In this final form the augmented Hadamard matrix has dimension (L+1)-by-(L+5). By inspection, the first row contains all +1’s. Subsequent rows contain three leading +1’s, one cyclic prefix bit, the length L m-sequence and terminates with the one cyclic postfix bit.
At the RSS receiver there is a need to process the received signal so that the detected output is maximized for the desired sequence while minimizing interference from nearby cells transmitting their RSS sequences. The approach taken here is to use an L+1 length correlation sequence consisting of the leading +1 and the length L m-sequence. This correlation sequence can be constructed from the desired row of the length L+5 transmit row by setting to zero, or “nulling” the first, third, fourth and last elements in the row. An “in-sync” correlation produces the desired L+1 magnitude detector output. A correlation with a shift of +/- one column yields a zero detector output. Also, any cross-correlation with any of the other (L-1) rows yields a zero detector output at the “in-sync” position. However, to realize zero detector outputs at +/- one column shift positions, adjacent rows must be avoided. This results in a RSS set drawn from every other row, and that limits the size to the RSS set to (L+1)/2.
For the specified local oscillator range of 5 ppm at 900 MHz, the corresponding CFO is 0.3 subcarriers. The property of zero detector outputs at +/- one column shift positions can be exploited to combat this CFO effect if the sequential row elements of the desired sequence are mapped to sequential subcarriers. However, this property does not carry over the TOA offsets. Combating autocorrelation and cross-correlation degradation due to TOA offsets relies on the spreading decorrelation in a manner similar to CDMA detection.
The PHY resources available to use for the RSS have a frequency span equal to that of six Physical Resource Blocks (PRB), and each PRB spans 12 OFDM subcarriers. The time span of a PRB is 14 symbols of which 11 symbols can be allocated to the RSS without allocation conflicts with legacy PDCCH region. The maximum number of RSS symbols that exactly fill a PRB allocation is 72 subcarriers by 11 symbols, or 792. Given that the m-sequence based construction constrains the Hadamard matrix rank to values that are powers of 2, the largest rank that fits in this allocation is 28 = 512. This means that 8 of the available 11 symbols will be allocated to the RSS.
A graphical depiction of the proposed RSS is provided in Figure 1. For the 72-subcarrier by 8-symbol RSS allocation the subcarriers are numbered 0 to 71 and the symbols are numbered from 0 to 7. The antipodal signal elements are numbered s(1) through s(511). Since this construction provides a “null” subcarrier at the lower band edge (subcarrier 0) and a “Nyquist” subcarrier at the upper band edge (subcarrier 71), the antipodal signal elements to REs begins at subcarrier 1 in symbol 0. At that RE s(511) is placed to provide the desired correlation characteristic for a negative shift of one subcarrier. Thus, s(1) is placed at subcarrier 2 in symbol 0. Subsequent antipodal signal elements are mapped to subsequent subcarriers within that same symbol until the allocation reaches the DC subcarrier, numbered 35. The presence of the DC subcarrier allows the RSS to be potentially sent on NB bands other than the 72 central subcarriers to provide additional flexibility in from RF/analog portion of the WUR architecture.. In symbol 0 the addition of +1’s are mapped to the subcarriers adjacent to the DC subcarrier, these being numbered 36, 37 and 38. These are from the first three columns of the Hadamard matrix that facilitates the construction of the orthogonal rows. Further mapping of the antipodal signal elements to REs in the first symbol recommences with s(32) repeated in subcarrier 39 and continues in order until s(63) is mapped to subcarrier 70. Incremental mapping of antipodal signal elements to subcarriers in symbols 1 through 6 continues his mapping to subcarriers 2 through 33 and 37 through 69. Subcarrier 1 is assigned a repeated version of the antipodal signal element mapped to subcarrier 69 in the previous symbol. Subcarrier 34 is assigned a repeated version of the antipodal signal element mapped to subcarrier 37 in the same symbol. Subcarrier 36 is assigned a repeated version of the antipodal signal element mapped to subcarrier 33 in the same symbol. Finally, Subcarrier 70 is assigned a repeated version of the antipodal signal element mapped to subcarrier 2 in the following symbol. This manner of mapping continues into the last symbol, symbol 7. There are not enough antipodal signal elements left to fully map the subcarriers in the last symbol, so s(511) is assigned to subcarrier 63. A final repetition is mapped to subcarrier 64 and is a repeat s(1) mapped to subcarrier 2 in symbol 0. The remaining 6 subcarriers in symbol 7, numbered 65 through 70, are “null” subcarriers. For this construction method the values of the “null,” DC and Nyquist subcarriers are set to zero.

To support the provisioning of a portion of the cell ID, a number of the rows of the augmented Hadamard matrix are used. It is anticipated that the carrier frequency offset may be large enough to warrant the use of sequences that are orthogonal with frequency offsets of +/- one subcarrier. This can be supported by drawing the sequence from every other row of the augmented Hadamard matrix. The numbering described above can be considered that associated with drawing from the second row of the matrix. From this it can be seen that to support a full cell ID address space of 504 cell IDs there would be 252 RSS constructions utilized out of the maximum of 255 with another address bit allocated to the WUS. Algebraically, this can be expressed by assigning a specific row of the augmented Hadamard matrix to the cell ID. Let the cell_ID be indexed from 0 through 503. Employing s(i) as defined earlier, the desired mapping of s(i) to scell_ID(i) is

scell_ID(i) = s(1 + [i-1+ (2*cell_ID)mod504)]mod511).
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Figure 1 - RSS structure showing the indices i for scell_ID(i).

3 Evaluations

The evaluations were performed in the context of WUS detection characteristics given that the time/frequency requirements to correctly detect the wake-up signal required the timing offset errors to be smaller than the cyclic prefix. To determine the detection performance the RSS detector performed a time-frequency search over the TOA and CFO error windows. Within that two dimensional search space a maximum RSS detector response was selected that yielded the offset estimates for the TOA and CFO along with the RSS detected power. 

The simulation parameters are captured in detail in [4]. These values were passed to the WUS detector for synchronization purposes and to provide for a detection threshold. The probability of missed detection was determined by the ratio of the number of WUS detector outputs that were below the threshold to the total number of WUS simulated. Similarly, the probability of false alarm was determined by the ratio of the number of WUS detector outputs that were above the threshold when the 16-QAM random data replaced (meant to simulate random PDSCH transmissions) the WUS to the total number of WUS simulated.
In summary, the measured probability of missed detection for all of the test cases met the 1% mis-detection probability requirement as did the measured probability of false alarm at the 2% requirement for UEs at target MCL of 154 dB with the RSS currently spanning 8 OFDM symbols over 72 SCs. Based on the evaluation results presented in [4], we make the following observations. 
Observation 1: 
· The proposed RSS signal based on a m-sequence design was presented spanning over 8 OFDM symbols and 72 SCs and found to have good detection characteristics for WUS and able to meet requirements for 154 dB target coverage for a DRX cycle of value 20.48 seconds.
Observation 2: 
· The proposed design covers 252 cell IDs, but can easily accommodate the remaining bit by using the rest of the 3 OFDM symbols within the subframe to send 1-bit of information.
Proposal 1: 

· A new periodic sync signal based on the proposed m-sequence is considered to enhance system acquisition time and also improve power savings through better synchronization for efeMTC UEs
4 Conclusion

In this contribution, we share our views on the possible enhancements in Rel-15 related to system acquisition time reduction. Based on the discussion presented, we summarize our views using the following observations and proposal: 

Observation 1: 

· The proposed RSS signal based on a m-sequence design was presented spanning over 8 OFDM symbols and 72 SCs and found to have good detection characteristics for WUS and able to meet requirements for 154 dB target coverage for a DRX cycle of value 20.48 seconds.

Observation 2: 

· The proposed design covers 252 cell IDs, but can easily accommodate the remaining bit by using the rest of the 3 OFDM symbols within the subframe.

Proposal 1: 

· A new periodic sync signal based on the proposed m-sequence is considered to enhance system acquisition time and also improve power savings through better synchronization for efeMTC UEs
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