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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 #92bis meeting, the following working assumption and agreements were made regarding the introduction of a new periodic synchronization signal for the dual purposes of reducing system acquisition time and improving the wake-up signal performance [2]. 
Agreement:
· Resynchronization signal (RSS) configuration information is provided in SIB.

· The frequency location[s] of the RSS are configurable. Details are FFS.

· The UE can assume that the transmission of RSS in subframes (2n, 2n+1) is from the same antenna port at least when TxD is used. 

· FFS if TX diversity is signaled to UE.

· The periodicity of the first subframe of RSS is configurable to 160, 320, 640 and 1280 ms.

· In addition, time offset is configurable 

· FFS: Details

· The RSS provides information about at least cell id.
Working assumption:
· The RSS bandwidth is 2 PRBs. 

· FFS whether the 2PRB sequence is repetitions in the frequency domain of 1 PRB sequence.

· Confirmed when analysis shows enough sequences with good cross correlation, without significantly increasing the time duration compared to 6 PRBs, can be found.

Agreement:
· The RSS should be designed taking into account the correlation properties with other LTE signals.

· The RSS transmission length is configurable in SIB 

· The RSS base sequence duration is down selected from 1 and 11 symbols.
A somewhat overlapping set of working assumptions was also made in the power saving signal discussion during the RAN1 #92 meeting as follows [3], which is subject to the confirmation from RAN4 regarding the feasibility of RRM measurement relaxation based on the following agreement. 

Agreement:
· If RAN4 confirms the feasibility of RRM measurement relaxation in the part on NB-IoT WUS, the working assumption is automatically confirmed.

Working assumption:
· 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
As RAN4 has confirmed that “it is feasible to reduce serving cell measurement rate for low-mobility UEs under certain criteria which is FFS” in the LS response [4], the above working assumption is automatically confirmed. 
In this contribution, we discuss the design of the new periodic re-sync signal (RSS) based on the working assumption noted above which states that the RSS bandwidth is 2 PRBs with cover codes. We evaluate the performance of this signal for its detection characteristics in both single cell and multi-cell scenarios and conduct a complexity analysis of the proposed design. We also consider various options for further details on what this signal may carry in terms of information and its possible location in terms of time and frequency dimensions. As the RSS 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 [5].
2 Discussion of RSS design
As introduced above, the working assumption made in RAN1 #92 for the new sync signal is confirmed based on the RAN4 LS response [4], namely that a new periodic synchronization signal is introduced for efeMTC and that such a signal is configurable to be on or off.
The function of the new periodic RSS 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. Furthermore, it has been discussed that the RSS, also provides synchronization to the entire cell as opposed to the wake-up signal that is limited to only the group of UEs that monitor a given PO. The concept is that the UE has been synchronized to its serving cell and thus is aware of its Physical Cell ID (PCID) and the RSS corresponding to that Cell ID. When it goes into power saving modes such as DRX, eDRX or PSM, 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.
2.1 Resource usage for the RSS
In the previous meeting, it was decided that due to the complexity of processing and particularly memory requirements of a 6-PRB RSS, a signal spanning 2 PRBs but with power boosting equivalent to that of the 6-PRB bandwidth could instead be considered for the RSS design. 

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 a maximum of six PRBs that allows the design more flexibility in time-frequency resource trade-off while reducing the amount of time spent at high power states. Since both the initial detection and synchronization processes impose a minimum energy constraint on the design, a derived requirement for the signal design would be a minimum value for the duration-bandwidth product (at least to a first order approximation). To that end any RSS construction that satisfies this minimum value would be acceptable and require nearly the same complexity.

With regard to the receiver complexity, there are a few observations that aid in understanding how system limitations and RSS design characteristics affect detection process. The RSS arrives at the receiver with uncertainties in the TOA and CFO relative to the local reference. Faced with these uncertainties, the detection process must perform a two-dimensional search of TOA-CFO hypotheses. The overall limits of the TOA-CFO search space are driven by the oscillator uncertainties. For this contribution, the wake-up epoch is assumed to be 2.56 seconds with sleep timing accuracy of +/- 20 ppm resulting in a TOA uncertainty of about 1.5 symbols. The local oscillator chain accuracy is assumed to be +/- 5ppm, which at a carrier frequency of 900 MHz results in a CFO uncertainty of less than +/- one subcarrier. Within these TOA-CFO search grid limits, the resolution of both TOA and CFO grid search steps depends on the structure of the RSS.
For the resolution of the TOA, the incremental search step size is inversely proportional to the bandwidth of the RSS. For the resolution of the CFO, the incremental search step size is inversely proportional to the time duration of the coherent detection portion of the RSS detection. Thus, the overall complexity is driven by the complexity per TOA-CFO hypothesis (time-bandwidth product of the RSS) and the total number of TOA-CFO hypotheses (which is a combined product of the RSS bandwidth - TOA uncertainty product and the coherent detection duration - CFO uncertainty product). In addition to these time-bandwidth products, the complexity is also affected by the minimum RSS detection energy. This detection energy can be characterized in terms of the product of three factors; the RSS bandwidth, the duration of the coherent detection portion of the RSS and some monotonically decreasing function of the number of coherent detection portions that are combined non-coherently. Although it is a simplification to assume the minimum RSS detection energy needed to satisfy the performance requirements is completely independent of the number of non-coherent terms, it may be nearly so. If that is truly the case then the complexity is weakly dependent on the number of non-coherent terms. Conversely, the time-bandwidth product comprised of the RSS bandwidth and the duration of the coherent detection portion is very influential in that the complexity is proportional to the square of that product.

If, in addition to the considerations discussed in the previous paragraph, the total transmit power of the RSS is held constant instead of the power density then this additional bandwidth reduction factor needs to be incorporated. This is a compelling point since the required duration of the coherent detection portion can be reduced by this factor. And since complexity is proportional to the squared value of the duration of the coherent detection portion, then the complexity is inversely proportional to the square of the bandwidth reduction factor. It is this trade-off, the willingness to proportionally allocate a higher power density to the RSS as its bandwidth is decreased that motivates the current proposals to design RSS signals with reduced bandwidth.

Beyond the algebra of complexity bounds and proportionality functions of the RSS design parameters, there are functional and structural requirements that constrain the design space of the signal. Of these the two salient properties are to support a PCID address space of 504 values and to efficiently utilize the 11 symbols after the 3 reserved symbols in the subframe. As will be seen in the following section, a minimum bandwidth of two PRBs are needed to satisfy these requirements.
2.2 Design of RSS
General description of the RSS design:

The allocation of transmitted resource is specified by a K number of PRB frequency spans and an N number of PRB time spans, or subframes. Thus, the maximum number of RSS elements that can be supported in this allocation is 12K-by-11N. This allocation can be expanded through the application of a cover code that overlay the 12K-by-11N allocation in some manner. Using a C number of cover codes then there are 12K-by-11N-by-C unique sequences that can be obtained by this construction method. In the interest of supporting at least 504 unique sequences corresponding to unique PCID values, the values of K, N and C must be chosen so that there are at least 504 unique sequences in the construction.

The two salient characteristics of acceptable RSS sequences are the autocorrelation and cross-correlation properties. Since the receiver will not be in synchronization, there will be time and frequency errors due to the uncertainties between the received RSS and the local reference of the RSS in the receiver. As a synchronization signal, the RSS should possess a two dimensional time-frequency autocorrelation function that is nearly impulsive across the time and frequency uncertainties. In addition, the use of these RSS sequences in a cellular environment implies a further stipulation that the cross-correlation functions of all the other RSS sequences and the local reference of the RSS in the receiver are nearly zero across the time and frequency uncertainties. The RSS construction described below has these desirable characteristics.

The general construction of the RSS begins with an orthogonal codebook constructed from orthogonal vectors of length equal to or less than (12·K) · (11·N) elements. The element-wise assignment of an orthogonal code vector to a RSS allocation, associated with a particular PCID value, is sequential beginning with the first subcarrier in the first PRB and continuing through to the last subcarrier in last PRB until reaching the end of the first symbol. This step consumes the first 12·K elements of the code vector. Then starting with the (12·K+1)th code vector element the sequential allocation continues from the first subcarrier in the first PRB and continuing through to the last subcarrier in last PRB until reaching the end of the second symbol. This allocation process continues until all of the code vector elements have been exhausted. In the event that the code vector has length less than (12·K) · (11·N), then “fill” values will be used to occupy the remaining unallocated locations in the PRBs. To accommodate the potential frequency error due to synchronization uncertainty, the code vectors used in this construction are a subset of the all of the vectors available in the orthogonal codebook. The selection criterion for the subset is that the cross-correlations due to frequency offsets are suppressed within the limits of the frequency uncertainty.

At this point the cover code is applied. The cover code associated with a particular PCID is drawn from another orthogonal codebook constructed from orthogonal vectors of length equal to 11·N elements. The application of the elements of the cover code is made by multiplying the first cover code element to all 12·K subcarriers in the first symbol, multiplying the second cover code element to all 12·K subcarriers in the second symbol and so on. Thus the cover codes are applied on a per-symbol basis. To accommodate the potential timing error due to synchronization uncertainty, the cover code vectors used in this construction are a subset of a C number of the vectors out of the full 11·N orthogonal codebook vectors. The selection criterion for the subset is that the cross-correlations due to timing offsets are suppressed within the limits of the timing uncertainty.
Specific description of the RSS design for K = 2:
The construction proposed is based on the concept that the RSS set comprises of 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.

Beginning with the desire to fit the RSS into a two-PRB constraint, the 24-subcarrier by 11-symbol allocation comprises 264 REs. For an L of 255, the Hadamard construction described above yields 256 orthogonal code vectors each with 256 elements. This is the largest m-sequence based Hadamard matrix that will fit within the 264 RE limit. Given the circulant nature, adjacent vectors of the Hadamard matrix do not have good cross-correlation suppression when the limits of the frequency uncertainty is on the order of a subcarrier width. However, by discarding the first, third, fifth and so on vectors along with the last vector in this codebook, the remaining vectors do exhibit good cross-correlations suppression within the limits of +/- one subcarrier of frequency uncertainty. This yields a set that contains 127 orthogonal vectors each of length 256. An additional “fill” of eight zeros completes the construction of the 264 length sequences allocated to the 24-subcarrier-by-11-symbol RSS prior to the application of the cover code. To provision at least 504 PCID values, there must be at least 4 cover codes. These are drawn from an orthogonal circulant matrix with first row consisting of a length 11 Zadoff-Chu sequence. Out of this full rank codebook non-adjacent vectors are selected to ensure that the cross-correlations due to timing offsets are suppressed within the limits of the timing uncertainty. By selecting 4 out of the 11 vectors that are mutually separated by at least two vectors (e.g. first, fourth, seventh, tenth), timing uncertainty on the order of more than a symbol yields cross-correlations that are adequately suppressed.
To support the provisioning of a portion of the PCID, a mapping from the PCID to the Hadamard row vector and cover code shift is needed. Let the cell_ID be indexed from 0 through 503 and the rows of the Hadamard be indexed from 0 through 255. For mapping purposes the ith row of the Hadamard is used in the RSS construction using the cell_ID value in

i = 2 * (cell_ID) mod126 + 1

Coupled with this mapping is the cover code shift mapping for the length 11 Zadoff-Chu sequence. These 4 shifts {0, 4, 7, 10} are denoted by s and defined using the same cell_ID value by

s = 3 * (cell_ID) mod4 + 1

The product of 126 distinct values of i and the 4 distinct values of s produce a cell ID address mapping space of 504, as required.

Incorporating 2-Tx switched diversity:
By the construction described above the full RSS assembly will consist of a number of these one-subcarrier transmitted over a specified number of subcarriers, thus defining the full length of the RSS. To achieve acceptable detection performance, a 2-Tx switched diversity configuration is assumed, which places further constraints on the grouping of the subframes. Since coherent detection is most effective over contiguous subframes and coherency is not a property of received RSS signals over independent channels, then the design is constrained to specifying a particular order. That is, the number of subframes allocated to each “on-time” of a Tx antenna must be fixed so that the receiver can align its coherent detection subframe grouping to the “on-time” for each Tx antenna (noting that in this case alignment means to within the TOA-CFO uncertainty limits).
2.3 Configuration and collision handling of RSS

For a given cell, we expect to have only a single RSS that is configurable through SIB. For frequency domain configuration, the RSS could be sent in one of the eMTC narrowbands configured by SIB.
In addition, we need to consider the case when the RSS may collide with other subframes carrying information such as SIB1-BR, other SI messages and the PO. For system BW > 3MHz, the subframes #0, 4, 5 and 9 are the possible subframe locations for the PO. If we consider the central 6 PRBs of an LTE band, then there is also overlap with signals such as the PSS/SSS and the PBCH along with the other possibilities of overlap with SI messages which may be situated in any other subframe within a given radio frame. 

For collisions between the RSS and subframes carrying PSS/SSS/PBCH and SIB1-BR, the RSS can be configured such that the starting subframe of the RSS at least does not collide with any of these known values. Given that the NB for an eMTC typically does not span the central 6 PRBs unless it’s a deployment of bandwidth 1.4 MHz, it’s easier to avoid the starting subframe of RSS to avoid the collisions with PSS/SSS/PBCH. However, as the RSS burst length is in the range of several milliseconds, it is inevitable it will collide with the other SI messages. In such cases, it is proposed to either postpone or puncture the RSS.
For collisions with POs, the legacy UEs not being aware of the RSS cannot be expected to account for it. Thus, in case the collision area is a small portion of the RSS duration, the RSS is punctured to ensure that legacy UEs can detect the Paging message correctly. Given the RSS spans 2 PRBs and has a long burst transmission length, if only a small portion of the RSS is in collision with the PO, then the impact on the RSS detection performance can be managed. However, if the collision area is large, then the network may choose to disable the RSS feature or configure a short RSS duration to avert collisions. In addition, the RSS offset as discussed in the previous meeting [2] is configured such that it avoids the PO locations of the cell. 
The same argument could be made for the RSS colliding with the WUS, i.e. puncturing the RSS over the colliding region has limited impact on RSS performance, as long as the colliding area is small.
Proposal 1: 
· The RSS offset within the RSS starting frame is configured such as to avoid the configured PO locations for the cell. 
Proposal 2: 
· The RSS burst length is configured to minimize collisions with other messages such as SI or PO or RAR etc. The RSS is punctured if the RSS collides with the WUS or PO or other SI messages in case the collision area is small. In case the collision area cannot be managed to be small enough, the network may consider disabling the RSS feature. 
3 Evaluations

Evaluation criteria for the RSS signal:

The performance evaluation of the RSS is presented in terms of the probability of detection. For the following data the criterion for successful RSS detection is the probability that the maximum value for all tested hypotheses in the TOA-CFO search grid occupies those TOA grid locations that are within a cyclic prefix width and CFO grid location closest to the transmitted carrier frequency. The transmitter pulse shape was a square root raised cosine with a roll-off factor of 0.5 and a sample rate of twice the RSS bandwidth. The receiver pulse detection used this same filter. RSS detection performance for the 2-Tx switched antenna diversity over completely uncorrelated channels is presented in Table 1. This set of detection data was obtained under the condition of worst case residual CFO. The residual CFO is the frequency error between the actual transmitted frequency and the nearest CFO search grid value. The value of the worst case residual CFO would then be one half of the CFO grid resolution. The CFO grid resolutions are 500, 250, 125, 62.5 and 31.25 Hz for coherent detection durations of 1, 2, 4, 8 and 16 subframes, respectively.
Table 1: RSS detection performance for 2-Tx switched diversity under the condition of worst case residual CFO error.

	MCL (dB)
	RSS Length (SF)
	Coherent Detection Duration (SF)

	
	
	1
	2
	4
	8
	16

	144
	8
	48.50%
	99.85%
	99.80%
	NA
	NA

	
	16
	47.75%
	99.90%
	99.90%
	99.85%
	NA

	
	32
	48.15%
	99.90%
	99.90%
	99.95%
	99.90%

	154
	8
	52.95%
	99.70%
	99.70%
	NA
	NA

	
	16
	48.55%
	99.80%
	99.85%
	99.80%
	NA

	
	32
	51.85%
	99.85%
	99.95%
	99.95%
	99.90%

	164
	8
	46.20%
	79.05%
	83.95%
	NA
	NA

	
	16
	43.70%
	88.85%
	92.15%
	96.75%
	NA

	
	32
	47.40%
	94.25%
	98.15%
	99.35%
	99.55%


In summary, the measured probability of detection for the test cases that met the 99% requirement are highlighted in green shading in Table 1. We make the following observations. 
Observation 1: 

· The proposed RSS signal, based on a m-sequence design and Zadoff-Chu sequence cover code, was presented spanning 11 OFDM symbols and 24 SCs and found to have good detection characteristics and able to meet requirements for 164 dB target coverage for a burst length lasting 32 ms. This observation is true for 2-Tx switched antenna diversity, uncorrelated channels and at least a 2 subframe duration of coherent detection.
Observation 2: 

· The proposed design can cover 504 cell IDs over 11 symbols within a single subframe. 
Proposal 3: 

· The RSS comprises of a base sequence based on m-sequence and a scrambling code based on Zadoff-Chu sequence. 
3.1 Complexity Analysis
For the detection of the RSS, a sliding cross-correlation process was performed over the time-frequency search grid. The details of the analysis are captured in Table 2. The input to the RSS detector is assumed to be the receiver pulse detection filter output at a sample rate of twice the RSS bandwidth. It is estimated that the filter and decimation process to produce this signal from the full bandwidth is about 52 MOPs. This estimate is in line with that cited in [6] where the value for decimation from a 6 PRB bandwidth to a 1 PRB bandwidth was 77 MOPs.
Table 2: Complexity analysis for proposed m-sequence based design assuming the coherent detection duration is 2 subframes and the RSS length is 8 milliseconds.
	Complexity Analysis Parameter
	Value
	Units

	Number of OFDM symbols allocated to RSS per subframe
	11
	symbols

	Number of predetction samples per subframe
	286
	samples

	Number of subframes per coherent detection duration
	2
	subframes

	Number of predetction samples per coherent detection duration 
	572
	samples

	Number of noncoherent sum terms per TOA-CFO hypothesis
	4
	terms

	Number of predetction samples per TOA-CFO hypothesis
	2288
	samples

	Number of TOA grid search steps
	86
	steps

	Number of CFO grid search steps
	19
	steps

	Total number of TOA-CFO hypothesis
	1634
	hypotheses

	Total number of operations per RSS detection
	3738592
	CMACs

	Duration of RSS detection
	8
	milliseconds

	Complexity
	467.324
	MOPs


Observation 3: 

· The complexity of the proposed m-sequence design with cover code 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. 
To analyse the robustness of this RSS design a cross-correlation analysis was performed. It consisted of all 504*503 possible pairings across all of the CFO hypotheses and over all of the TOA hypotheses that were within +/- one cyclic prefix of the “on-time” location. The results are shown in Figure 1 in terms of the cumulative distribution of cross-correlation power at the output of the RSS detector.
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Figure 1: Cross-correlation performance at cell edge.
Observation 4: 

· The cell-edge cross-correlation performance of the proposed m-sequence design with cover code shows low cross correlation and compares favorably (i.e. 2 dB better in performance) to other proposed schemes consisting of a base sequence with a cover code. 

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 and Zadoff-Chu sequence cover code, was presented spanning 11 OFDM symbols and 24 SCs and found to have good detection characteristics and able to meet requirements for 154 dB target coverage for a DRX cycle of value 2.56 seconds. This observation is true for 2-Tx switched antenna diversity, uncorrelated channels and at least a 2 subframe duration of coherent detection.
Observation 2: 

· The proposed design can cover 504 cell IDs over 11 symbols within a single subframe. 

Observation 3: 

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

Observation 4: 

· The cell-edge cross-correlation performance of the proposed m-sequence design with cover code shows low cross correlation and compares favorably (i.e. 2 dB better in performance) to other proposed schemes consisting of a base sequence with a cover code. 
Proposal 1: 

· The RSS offset within the RSS starting frame is configured such as to avoid the configured PO locations for the cell. 

Proposal 2: 

· The RSS burst length is configured to minimize collisions with other messages such as SI or PO or RAR etc. The RSS is punctured if the RSS collides with the WUS or PO or other SI messages in case the collision area is small. In case the collision area cannot be managed to be small enough, the network may consider disabling the RSS feature. 
Proposal 3: 

· The RSS comprises of a base sequence based on m-sequence and a scrambling code based on Zadoff-Chu sequence. 
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