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Introduction
[bookmark: _Ref178064866]From RAN1 NR AH 1701, the following is presented in the Meeting Minutes Report [1]:
	Agreements:
· When the sync bandwidth is smaller than the minimum system bandwidth for a given frequency band, RAN1 strives to make the synchronization signal frequency raster sparser compared to channel raster to reduce UE initial cell selection burden without limiting the NR deployment flexibility 
· FFS If UE is required to search for all the possible synchronization signal frequency locations defined by the synchronization signal frequency raster 
· When the sync bandwidth is the same as the minimum system bandwidth for a given frequency band that UE searches, synchronization signal frequency raster is the same as the channel raster
FFS If UE is required to search for all the possible synchronization signal frequency locations defined by the synchronization signal frequency raster.


Discussion
Sync raster requirements
In [2], it was shown that signal power spectrum estimates may not be relied upon for sync detection with a sufficient user experience. Hence, a different approach to sync deployment should be taken in order to maintain or improve sync performance in NR compared to that of other RATs.
Five contradictory requirements regarding the NR sync frequency raster may be identified:
1. Lean transmissions, implying long sync periodicity that allows a gNB to enter sleep mode in-between transmissions, are desirable from a network operator’s perspective since it may significantly reduce both OPEX and CAPEX. OPEX is particularly important for wide area networks whereas the business case with respect to CAPEX for off-grid gNBs, powered, e.g., by solar panels, may be entirely depending on lean transmissions.
[bookmark: _Toc470181466][bookmark: _Toc470181499][bookmark: _Toc470181541][bookmark: _Toc470181677][bookmark: _Toc470184911][bookmark: _Toc470185426][bookmark: _Toc470185806][bookmark: _Toc470185823][bookmark: _Toc470185920][bookmark: _Toc470185954][bookmark: _Toc470601375][bookmark: _Toc470609977][bookmark: _Toc471316468][bookmark: _Toc474151490][bookmark: _Toc474153304][bookmark: _Toc474155145][bookmark: _Toc474161996][bookmark: _Toc474162099][bookmark: _Toc478111990][bookmark: _Toc478112652][bookmark: _Toc478117209][bookmark: _Toc478164675]Long sync periods are important for both wide area network deployments as well as off-grid deployments.
2. [bookmark: _Toc470181467][bookmark: _Toc470181500][bookmark: _Toc470181542][bookmark: _Toc470181678]Sync detection complexity is a function of the number of sync frequency raster points that must be searched and search time (sync period) for each such sync point. Hence, without any á priori information, for a certain complexity either a grid that is dense both in time and in frequency or a grid that is sparse in both time and frequency may be utilized, see Figure 1. In other words, the sync detection complexity is proportional to the the sync (time) period and inversely proportional to the sync (frequency) raster. Time to sync is related to detection complexity, but the relation is strongly depending on implementation. Whereas a smartphone with CA abilities may be able to sample a whole frequency band and perform almost instantaneous off-line sync detection, an MTC device may have to sequentially receive and search each sync position individually. An accompanying contribution deals with complexity from several points of view including sync periodicity [7].
[bookmark: _Toc470184912][bookmark: _Toc470185427][bookmark: _Toc470185807][bookmark: _Toc470185824][bookmark: _Toc470185921][bookmark: _Toc470185955][bookmark: _Toc470601376][bookmark: _Toc470609978][bookmark: _Toc471316469][bookmark: _Toc474151491][bookmark: _Toc474153305][bookmark: _Toc474155146][bookmark: _Toc474161997][bookmark: _Toc474162100][bookmark: _Toc478111991][bookmark: _Toc478112653][bookmark: _Toc478117210][bookmark: _Toc478164676]Sync detection complexity is constant with either a sync grid that is dense in time and dense in frequency or sparse in time and sparse in frequency.



Figure 1: Illustration of sync alternatives for constant sync detection complexity. In (a), a raster that is dense in time and dense in frequency is shown, and, in (b), a raster that is sparse in time and sparse in frequency is shown.
For the absolute majority of scenarios, a UE will have access to network sync position rendering the most protracted sync searches unnecessary. Nevertheless, for the case where no such information exists, and the UE is unable to detect a network and thereby achieve frequency lock, the cost for sync search may be substantial [7], and fewer raster positions are beneficial. One way of reducing complexity is to puncture certain sync positions such that the number of sync positions are substantially reduced while the flexibility to define attractive sync positions is maintained, see Figure 2.


[bookmark: _Ref478111872][bookmark: _Ref478111846]Figure 2: Example of, in (a), a sparse sync raster without puncturing, and, in (b), a narrow sync raster with a red and a green puncturing scheme, respectively.
[bookmark: _Toc478111992][bookmark: _Toc478112654][bookmark: _Toc478117211][bookmark: _Toc478164677]Sync raster puncturing is one way of reducing complexity with a minimal sacrifice in flexibility.
3. Frequency band flexibility allowing not only the traditional MBB networks to operate within the frequency band but also smaller, more specialized small bandwidth networks will need more than one sync position, to avoid an undesirable sync position, e.g., at the edge of the network band. From this requirement it can be concluded that a too sparse frequency grid is not acceptable.
4. [bookmark: _Toc473884180][bookmark: _Toc473884219][bookmark: _Toc473884283][bookmark: _Toc473884341][bookmark: _Toc473884368][bookmark: _Toc473884397][bookmark: _Toc473884438]Network flexibility is a vaguely defined term. One parameter that is relevant in this respect is network bandwidth flexibility. Network bandwidth flexibility concerns the number of alternative network bandwidths that can be allowed, above the defined minimum network bandwidth. Using a minimum network bandwidth of 5 MHz (<6 GHz), a 5 MHz sync raster and a sync signal bandwidth practically equaling the minimum bandwidth, that would not only imply a 5 MHz minimum bandwidth but also 5 MHz bandwidth increments. Otherwise the sync signals will not fit within the network bandwidth. By allowing multiple sync raster points per minimum bandwidth, the possible increment would instead be a fraction of the network bandwidth, allowing for larger network flexibility in terms of feasible network bandwidths.
5. LTE co-existence where NR and LTE may share spectrum on a granularity down to a single resource element level. This implies that NR sync must follow the network positioning of LTE otherwise the two networks will be misaligned implying non-orthogonal subcarriers and substantially increased co-channel interference. Such alignment, however, is impossible with a periodic sync raster that is a multiple of a resource block size or the subcarrier spacing, since, if the offset towards an LTE subcarrier is wrong at one sync location it will be wrong for all others within that network too. Instead, NR sync should be chosen such that occasional NR sync positions are aligned with LTE’s structure while at the same time avoids allocating sync onto the heavily occupied center carriers.
[bookmark: _Toc478111996][bookmark: _Toc478112658][bookmark: _Toc478117215][bookmark: _Toc473884238][bookmark: _Toc473884535][bookmark: _Toc473904352][bookmark: _Toc473909933][bookmark: _Toc474151488][bookmark: _Toc474153309][bookmark: _Toc474155150][bookmark: _Toc474162001][bookmark: _Toc474162043][bookmark: _Toc474162096][bookmark: _Toc478164681]For sub 6 GHz, NR should have sync raster that is sufficiently narrow to allow for alignment with LTE when needed, but allow puncturing of that raster such that cell search complexity may be significantly reduced.
Less restrictions apply for mmW frequency bands since no alignment with legacy RATs are required. Furthermore, for this case network bandwidths will be significantly larger, from 40 MHz and more, why a more sparse sync raster is warranted. On the other hand, as is discussed in [8], these networks are unlikely to be used for coverage, why an exhaustive band wide cell search is unrealistic and a finer sync raster acceptable.
[bookmark: _Toc478117217][bookmark: _Toc478164682]For above 6 GHz, NR should have a 10 MHz sync raster allowing for flexible sync positions while maintaining a reasonable low sync search complexity.
[bookmark: _Ref468450109]Hierarchical sync deployment
When designing the sync raster, taking power-on initial access into consideration, a desirable property is that a few high probability sync locations distributed throughout the whole frequency band are defined together with many less probable sync locations also spread throughout the frequency band. Such a hierarchical sync raster scheme would allow for both efficient sync detection for most bands as well as flexible sync locations.
[bookmark: _Toc467761440][bookmark: _Toc468452985][bookmark: _Toc468453094][bookmark: _Toc468453236][bookmark: _Toc468716447][bookmark: _Toc469653931][bookmark: _Toc470609980][bookmark: _Toc471316471][bookmark: _Toc474151493][bookmark: _Toc474153306][bookmark: _Toc474155147][bookmark: _Toc474161998][bookmark: _Toc474162101][bookmark: _Toc478111993][bookmark: _Toc478112655][bookmark: _Toc478117212][bookmark: _Toc478164678]Introducing a hierarchy among sync locations would allow for both sync location flexibility and low sync detection complexity.
Higher prioritized sync locations would automatically attract networks with many users since these are the ones standing to benefit the most from this feature whereas specialized networks with less need for initial access, e.g., a stationary IoT network, would still be feasible at the less prioritized sync locations.
In this contribution, a hierarchical, tree based sync deployment algorithm is proposed that will allow for both sync location flexibility and fast sync speeds, irrespective of where in the frequency band the system bandwidth is located. Possible sync locations would then be determined according to the following expression:

Here  is the initialization frequency and is chosen as the center frequency of the frequency band with bandwidth . In a frequency band ranging from ,  . It should be noted that each iteration in the above equation doubles the number of entries, providing an ever finer sync raster, see Figure 2.


[bookmark: _Ref470612802]Figure 5: Illustration of a hierarchical sync raster.
With the above design, the law of geometric sums ascertains that the sync locations will never end up outside the frequency band. However, that also requires the sync raster to depend on the frequency band bandwidth. Rounding the above results to a predetermined sync raster allows for efficient spectrum utilization and alignment with NR in terms of RB level frequency quantization.
In case a fixed sync raster, , is defined independently of the frequency bandwidth, it is still possible to construct a cropped tree by disqualifying some tree edge sync locations. In that case, a first step is to compute the number of raster points, , within the frequency band,

From here it is possible to define a tree bandwidth, , ,

where  represents the ceiling rounding operation. Naturally, the tree edge sync locations in this scheme will be disqualified due to them not being comprised within the frequency band, see Figure 3.


[bookmark: _Ref469653703]Figure 6: Cropped tree such that tree edge sync locations fall outside the frequency band.
The proposed method fulfils the two main criteria above by providing sufficient flexibility by allowing sufficiently many tree levels in a frequency band. On the other hand, it also provides fast sync detection, in particular, for larger network bandwidths.
[bookmark: _Toc469653933][bookmark: _Toc470609981][bookmark: _Toc471316472][bookmark: _Toc474151494][bookmark: _Toc474153307][bookmark: _Toc474155148][bookmark: _Toc474161999][bookmark: _Toc474162102][bookmark: _Toc478111994][bookmark: _Toc478112656][bookmark: _Toc478117213][bookmark: _Toc478164679]It is possible to construct a search tree even if the sync raster is not aligned with the frequency bandwidth.
Several approached regarding how to perform sync can be envisioned. For the low complexity device, a narrowband sampling for each sync location candidate for the whole or parts of the sync period would allow for a low complexity sync detection. High-end UEs could record the whole frequency band and perform sync detection off-line to detect a preferred sync signal.
Furthermore, by using a hierarchical sync location, the E-UTRA band is less depending on a certain minimum network bandwidth. Also with more and smaller networks populating the frequency band, a hierarchical sync location would still allow for proper sync detection. 
[bookmark: _Ref190406817][bookmark: _Toc226862296][bookmark: _Toc347823621][bookmark: _Toc347824073][bookmark: _Toc347824246][bookmark: _Toc467071787][bookmark: _Toc467761444][bookmark: _Toc467773899][bookmark: _Toc468452991][bookmark: _Toc470609984][bookmark: _Toc474151489][bookmark: _Toc474153310][bookmark: _Toc474155151][bookmark: _Toc474162005][bookmark: _Toc474162045][bookmark: _Toc474162098][bookmark: _Toc478111998][bookmark: _Toc478112660][bookmark: _Toc478117218][bookmark: _Toc478164683]A tree based, hierarchical sync raster deployment should be considered for NR.
A performance example of the above search algorithm is presented in [5] showing substantial gains from using this method. However, that example does not at all take into consideration the need to perform frequency error hypothesizing, as presented in e.g., [6]. With the structured search approach hypothesizing w.r.t. frequency errors is minimized since the likelihood of finding a sync on the first attempt is maximized by this approach. Having achieved frequency lock, subsequent sync attempts may be performed without any frequency error hypothesizing, decreasing sync search complexity approximately by a factor of 3-5.
[bookmark: _Toc474151496][bookmark: _Toc474153308][bookmark: _Toc474155149][bookmark: _Toc474162000][bookmark: _Toc474162103][bookmark: _Toc478111995][bookmark: _Toc478112657][bookmark: _Toc478117214][bookmark: _Toc478164680]Frequency error hypothesizing is minimized by using a structured sync search order thereby reducing sync search complexity.

Conclusion
In section 2 we made the following observations:
Observation 1	Long sync periods are important for both wide area network deployments as well as off-grid deployments.
Observation 2	Sync detection complexity is constant with either a sync grid that is dense in time and dense in frequency or sparse in time and sparse in frequency.
Observation 3	Sync raster puncturing is one way of reducing complexity with a minimal sacrifice in flexibility.
Observation 4	Introducing a hierarchy among sync locations would allow for both sync location flexibility and low sync detection complexity.
Observation 5	It is possible to construct a search tree even if the sync raster is not aligned with the frequency bandwidth.
Observation 6	Frequency error hypothesizing is minimized by using a structured sync search order thereby reducing sync search complexity.
 
Based on the discussion in section 2 we propose the following:

Proposal 1	For sub 6 GHz, NR should have sync raster that is sufficiently narrow to allow for alignment with LTE when needed, but allow puncturing of that raster such that cell search complexity may be significantly reduced.
Proposal 2	For above 6 GHz, NR should have a 10 MHz sync raster allowing for flexible sync positions while maintaining a reasonable low sync search complexity.
Proposal 3	A tree based, hierarchical sync raster deployment should be considered for NR.
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