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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 #92 meeting, the following working assumption and agreement were made regarding the introduction of a new periodic synchronization signal for the dual purposes of reducing system acquisition time and improvement of wake-up signal performance [2]:
Working assumption
On eMTC WUS/sync:

· For eMTC, a new periodic synchronization signal is introduced.
· The new periodic sync signal is configurable (including OFF/ON configuration)

· FFS on the functionality/information provided by the synchronization signal, including 

· whether the additional synchronization signal can provide WUS-related information for a subset or a group of POs

· In case the additional synchronization signal provides WUS-related information, FFS whether there is an additional WUS/DTX signal, which may be separately configured.

· In case the additional synchronization signal does not provide WUS-related information, there is an additional WUS/DTX signal

· System information change notification

· FFS on location of the sync signal

· The new synchronization signal can be used also for non-WUS purposes (e.g. by UEs that need to synchronize after exiting PSM state)

· FFS whether the “new sync signal” can reuse the NB-IoT WUS sequence or a different sequence.

Agreement:

The new periodic synchronization signal has the following characteristics:

· The new periodic synchronization signal can be used for re-synchronization

· One (or more) complex valued base sequence(s) Si spanning at least one symbol

· FFS: New synchronization signal may include a cover code that may be applied to the repetitions.

· Candidate operations for the cover code include 

· Multiplication with {+1, -1}, i.e. {Si, -Si}

· Multiplication with {1, e-ja}

· Complex conjugation, i.e. {Si, Si*}
· Other operations are not precluded.

For further study: 

· Base sequence selection

· New synchronization signal bandwidth

· Information content and provision (if any)

· Configurability 

· Time and frequency domain location 

· Diversity schemes (if any)

In this contribution, we discuss the design of the new periodic sync signal that could be used to reduce system acquisition time and conduct a complexity analysis of the proposed signal. We also consider various options for further details on what this design may carry in terms of information and its possible location in terms of time and frequency dimensions. As this synchronization signal 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 [3].
2 Discussion of new periodic re-sync signal (RSS) design
The function of the new periodic re-sync signal is to provide additional sync signals to assist in faster synchronization as the existing PSS/SSS occupies only one symbol every 5ms and thus may not be adequate for the extended coverage enhancement case. The concept is that the UE has been synchronized to its serving cell and thus is aware of its Physical Cell ID and the RSS corresponding to that Cell ID. When it goes into power saving modes such as for extended DRX cycle or for power saving modes, it can utilize the RSS to regain synchronization and verify whether it is still in the same cell or not.  
The functional allocation of this design are stated below:
1. 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.

2. 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. 
3. The RSS may also provide additional information such as information on whether a UE should wake-up or not or an indicator for a change in system information.
2.1 Resource usage for the RSS
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 can support 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. While it is acknowledged that using a 6 PRB option has higher processing and complexity cost, it is offset by the power saving benefits of using a 1 PRB vs. 6 PRB solution, particularly at extended coverage [3]. Given that the RSS processing does not include channel equalization, 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.
2.2 Design of RSS
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 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 to 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 (PRBs), 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 LTE 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 as 8 symbols x 72 subcarriers = 576 is enough resource for this type of construction. If the entire 504 cell ID space was desired, then it would require 210 = 1024 RSS symbols, for which 16 OFDM symbols would be needed as 16 x 72 subcarriers = 1192. Since 16 symbols are not contiguously available, the first 8 symbols would be mapped in the first subframe and the next 8 are mapped in the next 8 subframe. 
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 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 remaining 3 symbols or using a 16 symbol construction spanning over 2 sub-frames as shown above. 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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20 19 81 146 211 276 341 406 471
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70 63 128 193 258 323 388 453 Null
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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 residual 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 [3]. 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 [3], 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 can cover 504 cell IDs over 16 symbols spanning two subframes, or use an 8-symbol design within a single subframe but can easily accommodate the remaining bit by using the rest of the 3 OFDM symbols within the subframe to send the remaining additional bits of information if needed. 
Proposal 1: 

· For the new periodic sync signal design, adopt the proposed m-sequence based design to enhance system acquisition time and also improve power savings through better synchronization for efeMTC UEs
3.1 Complexity Analysis
For the detection of the RSS, a sliding cross-correlation process was performed over the time-frequency search grid, which can be further optimized using the Add and Overlap technique. Since in the evaluations, the detection algorithm did not actually implement the Add and overlap technique, a scaling process was done to determine the amount of efficiency obtained by using that process for performing cross-correlations using the numbers in [4] and then scaling them to the timing uncertainty and CFO steps used for the time-frequency grid search algorithm. The details of the analysis are captured in Table 1 below.
Table 1: complexity analysis for proposed m-sequence based design
	1
	Number of OFDM symbols allocated to RSS
	8
	symbols

	2
	Number of OFDM symbols allocated to TOA Search
	1.6054398
	symbols

	3
	Duration of RSS Processing Window
	571.42857
	usec

	4
	RSS Detection Processing Rate
	2.16
	MHz

	5
	Number of Samples per RSS
	1234.2857
	Samples

	6
	Duration of Shifts in Uncertainty Window
	114.67427
	usec

	7
	Number of Shifts per Uncertainty Window
	247.69642
	shifts

	8
	Cross-correlation Multiplications Operations (CMACs) per RSS Search per CFO Step
	305728.15
	0

	9
	Number of CFO Search Steps
	13
	0

	10
	CMACs per RSS Search
	3974466
	0

	11
	RSS Interval
	1
	msec

	12
	MOPs
	3974.466
	MOPs

	13
	Reduced MOPs scaled by using Add/Overlap technique (14.79x fewer MOPS)
	270.2043
	MOPs


Even if a 16-symbol design was used, the number would remain about the same for the 8-symbol design, which compares favourably with the processing cost stated in [4] and yet also performs well in detection performance. 
Observation 3: 

· The complexity of the proposed m-sequence design is comparable to other proposed schemes consisting of a base sequence with a cover code. 
3.2 RSS in a multi-cell environment 

We note that in multi-cell conditions, sequences consisting of a base sequence combined with a cover code may incur worse performance at the cell edge, whereas with the same base sequence across cells, it may be harder to detect the sequence with the right cover code at the receiver as multiple cover codes may combine. This may cause a higher false alarm rate as compared to using sequences without cover codes as proposed in this contribution. 

3.3 Location of RSS
Given that the central 6 PRBs in an LTE bandwidth already carry the PSS/SSS and PBCH channels, in order to avoid collisions with these signals, the RSS could be sent in one of the eMTC narrow bands and this information regarding the location of the RSS in the narrow band could be configured using system information messages or it could be fixed within the standard for a given LTE bandwidth. However, if it is desirable to maintain configurability of the RSS, i.e. whether it is enabled or not and its given location within the NBs, then it is better to use system information messages as a way to signal the presence of RSS and its location. 
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 can cover 504 cell IDs over 16 symbols spanning two subframes, or use an 8-symbol design within a single subframe but can easily accommodate the remaining bit by using the rest of the 3 OFDM symbols within the subframe to send the remaining additional bits of information if needed. 
Observation 3: 

· The complexity of the proposed m-sequence design is comparable to other proposed schemes consisting of a base sequence with a cover code. 

Proposal 1: 

· For the new periodic sync signal design, adopt the proposed m-sequence based design to enhance system acquisition time and also improve power savings through better synchronization for efeMTC UEs
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