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1. Introduction
It was agreed in RAN1 NR Ad-Hoc that
· 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

However, how sparse the channel raster and synchronization signal frequency raster should be is still under intense discussion and as a result the progress of NR raster definition has been very slow. So far, the underlying and fundamental assumption in the discussion has been that the complexity of initial cell search is proportional to the number of frequency hypotheses the searcher has to make. Making frequency raster sparser reduces the number of frequency hypotheses and thereby reduces the initial cell search complexity.
While such assumption seems to make perfect sense at the first glance, what’s missing in the discussion is the role of the synchronization signal in the whole picture. In this contribution, we will show that the complexity of initial cell search does not necessarily scales proportionally to the frequency raster density. Therefore, in addition to measures such as detection performance, PAPR and detection complexity on a single frequency, the detection complexity on the synchronization signal raster should also be taken into account when choosing the NR PSS.
2. [bookmark: _Ref461651853]Two-Dimensional Search in the Time-Frequency Plane
In mathematical form, initial acquisition is simply a two-dimensional search for the synchronization signal  (or PSS in LTE term) in the time frequency plane:
	
	[bookmark: lambdas](1)


where  is the received signal and  is the inner product between the received signal and the synchronization signal shifted in time-frequency by a hypothesized amount of . 
Figure 1 shows an example for the hypothesis space of  in the time-frequency plane. In order for the detector to detect the auto-correlation peak, the time spacing  between the hypotheses must be less than  where  is the signal’s bandwidth and the frequency spacing  must be less than, or one sub-carrier spacing, where  is the signal’s time support. Assuming a carrier frequency of 4 GHz and ±10 ppm oscillator accuracy, the initial frequency offset is within ±40 kHz. For a sub-carrier spacing of 30 kHz on a 100 kHz raster, this means the frequency domain needs to be sampled every 20 kHz.
By brute force, each hypothesis test is a correlation and the complexity of the test scales linearly with the signal’s bandwidth and the number of time frequency hypotheses in a PSS period. In different stage of initial access, the number of frequency hypotheses may vary. If the synchronization signal’s center frequency is known, only 5 hypotheses need to be tested to account for the initial frequency offset due to the local oscillator’s inaccuracy in the given example. Otherwise, all raster locations need to be tested and the number increases to 35. Increasing the oscillator’s accuracy to ±5 ppm lowers those numbers to 3 and 21, respectively.
[image: ]
[bookmark: _Ref462860957]Figure 1: Hypothesis testing in the time-frequency plane
Observation 1: Initial acquisition is a two-dimensional hypothesis testing in the time-frequency plane. The number of hypotheses depends on the synchronization/carrier raster, the oscillator’s accuracy and the signal’s bandwidth, among other things.
Hypothesis testing the time domain variable  is simply correlating the received signal with the synchronization signal, which can be carried out efficiently using various low complexity algorithms. In the next section, we will show that the two dimensional hypothesis testing can be jointly performed efficiently if the synchronization signal is properly designed.
3. PSS Designs Facilitating Fine Synchronization Raster
We believe that PSS design is highly dependent on the synchronization raster design. If the raster spacing is as fine as 100 kHz in LTE, the latency and UE power consumption in initial search may be unacceptable for NR since there is no always-on transmission such as CRS for energy detection. In that case, a properly designed PSS with detection complexity that does not scale up with the number of scanned frequencies should be considered. We therefore consider two candidate PSS sequences, one for fine raster and the other for sparser raster.
3.1. [bookmark: _Ref471656020]LDPB Sequence as PSS for Raster-less System
The Low Density Power Boosted (LDPB) sequence is constructed by placing power boosted pilots in a few selective sub-carriers in an OFDM symbol. These pilot sub-carriers are placed in a certain way to optimize the signal’s ambiguity function. The LDPB sequence of our PSS design is a length-272 sequence derived by concatenating the rows in a 16 by 17 perfect periodic Costas Array:
	,
	(2)


and zero otherwise for . Here the 16  values in the above equation are given by
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The sequence  is then mapped to the center 272 sub-carriers of an OFDM symbol. The low density and power boosted resource elements of the LDPB sequence allows for a much simpler implementation with complexity that does not scale up with the number of frequency hypotheses.
Referring to Figure 2, the received signal is divided into overlapping segments of length-, where  is the length of the (possibly over-sampled) LDPB sequence. If the overlapping portion is  as shown in the figure, one of the segment would capture at least three quarters of the signal. A length- FFT is performed on each segment. This Partially Overlapped Sliding DFT (POSD) operation is then followed by a simple energy detection that sums the magnitude squared of the resource elements corresponding to the hypothesized LDPB sequence, as shown in Figure 3. For each frequency hypothesis, the same summation is performed to produce the detection metric. Comparing to the DFT, the complexity of the energy detection is negligible. Therefore, it takes  length- (zero-padded) FFTs to process  samples of the received signal and the total number of complex multiplications per sample for the LDPB detection is given by
	
	(4)


which is not a function of the number of frequency hypotheses.
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[bookmark: _Ref470639634]Figure 2: Partially Overlapped Sliding DFT (POSD) for LDPB sequence detection
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[bookmark: _Ref470684597]Figure 3: Non-coherent energy detection following POSD
The two parameters and  can be adjusted for complexity and performance trade-off. Larger and  lead to higher sampling rate of the ambiguity main lobe in the time and frequency domain, respectively. A more detailed description of the detection procedure and performance evaluation can be found in [1].
Observation 2: The complexity of detecting LDPB-based PSS does not scale up with the number of frequency hypotheses, thereby allowing for very fine carrier and synchronization raster spacing.
3.2. Costas Sequence as PSS for Sparser Raster
[bookmark: _Ref470688751]A Costas sequence is a frequency hopping sequence defined in the time domain as 
	
	(5)


where  is a series of integers and  for  and 0 otherwise. This formulation generates a sequence of length- with very good non-cyclic ambiguity function and can therefore be used as PSS in a single OFDM symbol. The exemplary Costas sequence we consider is a lenth-256 Costas sequence with   and 
	
	(6)


for .
Since the Costas sequence  is a series of frequency modulated rectangular pulses, its correlator can be decomposed into
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where we have defined
	
	(8)


as the sliding DFT of a segment of  received samples.
From Eq. (7), it can be observed that the correlator is the sum of  terms for each advance of. The complexity of summing =16 complex number is very small. Therefore, the bulk of the complexity comes from the computation of the sliding DFT, which has a well-known low complexity implementation [2] given by
	
	(9)


For each advance in, the sliding DFT needs only  complex multiplications to compute the  values of frequency. These values can then be stored for future computation of the correlation.
Observation 3: The complexity of detecting a length-256 Costas sequence is 16 complex multiplications per sample.
Note that since, each rectangular pulse in the Costas sequence is one sixteenth of an OFDM symbol long. The sub-carrier spacing for the pulse is therefore 16 times the sub-carrier spacing of the OFDM symbol. If the raster spacing is chosen to be 16 sub-carriers, the correlation for each raster location can be computed with little additional complexity. For example, the receiver can receive twice the bandwidth of the PSS and perform a length-32 sliding DFT, which doubles the complexity of detecting a single raster location. However, correlation for at least 16 raster locations can be computed by summing the corresponding 16 values in the stored sliding DFT output.
Observation 4: If the raster spacing is a multiple of 16 sub-carriers, the complexity of detecting the length-256 Costas sequence on the raster can be further reduced.
3.3. Summary of Complexity Analysis
Table 1 summarizes the detection complexity of the two sequences described above. Also listed is the complexity of detecting an arbitrary sequence using frequency domain approach [1] for reference. From these two examples, we’ve shown that
Observation 5: The complexity of detecting the synchronization signal on multiple frequencies does not necessarily scale proportionally to the number of frequency hypotheses with properly designed sequence.
We believe other sequences being discussed may have similar property that can be exploited and that this important factor shouldn’t be left out when choosing the right PSS for NR.
[bookmark: _Ref470688888]Table 1: Summary of complexity analysis in number of complex multiplications per sample
	Sequence of Length-
	Complexity (# of complex multiplications), 

	LDPB with POSD (M=2, P=1)
	 (independent of ) 

	Costas sequence
	 (less if raster spacing is 16 sub-carriers)

	Freq. domain method for arbitrary sequence
	 



4. Conclusion
In summary, we’ve made the following observations in our analysis:
Observation 1: Initial acquisition is a two-dimensional hypothesis testing in the time-frequency plane. The number of hypotheses depends on the synchronization/carrier raster, the oscillator’s accuracy and the signal’s bandwidth, among other things.
Observation 2: The complexity of detecting LDPB-based PSS does not scale up with the number of frequency hypotheses, thereby allowing for very fine carrier and synchronization raster spacing.
Observation 3: The complexity of detecting a length-256 Costas sequence is 16 complex multiplications per sample.
Observation 4: If the raster spacing is a multiple of 16 sub-carriers, the complexity of detecting the length-256 Costas sequence on the raster can be further reduced.
Observation 5: The complexity of detecting the synchronization signal on multiple frequencies does not necessarily scale proportionally to the number of frequency hypotheses with properly designed sequence.
Based on these observations, we propose that:
Proposal 1: The detection complexity on the synchronization signal raster should be taken into account when choosing the NR PSS, and the design of synchronization signal and its raster should be jointly considered.
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