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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. In fact, with a properly designed synchronization signal, the complexity can be made a constant regardless of the raster density.
Observation 1: Making frequency raster sparser is not the only way to reduce UE initial cell selection burden. Through proper design of the synchronization signal and the corresponding detection algorithms, the complexity of initial search can be made irrelevant to the sparsity of frequency raster.
Proposal 1: NR frequency raster design should take into account the specific complexity of detecting a particular synchronization signal on the raster.
2. [bookmark: _Ref461651853]Ambiguity on Frequency Raster
Before describing the details of the signal design, we first explain what properties a good synchronization signal should have for initial search in the time-frequency plane. 
2.1. 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 not miss 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 an SS block 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 2: Initial acquisition is a two-dimensional hypothesis testing in search for the synchronization signal in the time-frequency plane. The number of hypotheses in the test depends on the synchronization/carrier raster, the oscillator’s accuracy and the signal’s bandwidth, among other things. 
2.2. Ambiguity of Zadoff-Chu Sequence on Frequency Raster
We have shown in our previous contribution [1] that the property of a signal  for time-frequency synchronization is determined by its two-dimensional ambiguity function defined as
	
	(2)


which is equivalent to the output of the correlator in Eq. (1) after the signal passes through a static and noiseless channel. The value of ambiguity function at  is simply the measurement of the resemblance between the signal and the copy of itself shifted in time and frequency by the corresponding amounts.
Figure 2 shows the 2-D view in color scale of the ambiguity function of a length-63 Zadoff-Chu sequence used in LTE. The ambiguity side lobes are clearly visible alone several sloped scan lines. These side lobes occurs on the multiples of the sub-carrier spacing. Assuming a sub-carrier spacing of 60 kHz, the center portion of Figure 2 is zoomed in and placed next to a 100 kHz raster in Figure 3. In this example, even without initial frequency offset, the two strong ambiguity side lobes at ±300 kHz are likely to be detected erroneously. 
In summary, it is difficult to completely avoid the ambiguity side lobes of Zadoff-Chu sequence when multiple frequencies on the raster need to be scanned. Thus, we are left with two options: First is to continue using Zadoff-Chu sequence in NR as PSS and try to dance around the ambiguity side lobes by imposing constraints on crystal accuracy, sub-carrier spacing, the parameter, and carrier/synchronization raster. The second option is to replace Zadoff-Chu sequence with a new PSS with low ambiguity and allowing for more cost-effective components and better deployment flexibility.

[image: ]
[bookmark: _Ref466058764]Figure 2: Ambiguous images of a length-63 Zadoff-Chu sequence with u=25
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[bookmark: _Ref465862494]Figure 3: Ambiguity of Zadoff-Chu sequence on a 100 kHz raster
[bookmark: _Ref462929830]Observation 3: The ambiguity side lobes of Zadoff-Chu sequence will impose unnecessary constraints on the choice of carrier and synchronization raster and many other NR parameters. 
Proposal 2: NR should replace Zadoff-Chu sequence as PSS with a sequence that has better ambiguity property to allow for a flexible frequency raster design.
In the followings, we will give a few examples for potential candidate sequences for NR PSS. More details about these sequences can be found in [2].
2.3. Alternative Sequences for NR PSS
From the ambiguity analysis it is clear that a good synchronization signal for initial time-frequency acquisition must have a thumbtack-like ambiguity function that is uniformly low outside of its main lobe. Figure 4 shows the ambiguity functions of an m-sequence (left) and a Low Density Power Boosted (LDPB) [3] sequence (right). The m-sequence is likely the best cyclic binary sequence in terms of the temporal and spectral randomness as its DFT is almost flat except for the DC term. Its non-cyclic ambiguity function is also very good as evidenced by the sharp main lobe and uniformly low side lobes. However, its detection complexity may be very high if many frequencies need to be hypothesized in the test.
The LDPB sequence also has good ambiguity function except for zero-Doppler line on which there are a few side lobes as high as 0.5. It may appear that the less than perfect auto-correlation function of LDPB sequence along zero-Doppler may have negative impact on detection performance in time-dispersive channel. However, in the followings, we will show that LDPB sequence can be detected by a combination of non-coherent and coherent detector with very low complexity and comparable performance in both AWGN and dispersive channel.
[image: ][image: ]
[bookmark: _Ref470783257]Figure 4: Ambiguity function of m-sequence (left) and LDPB sequence (right)
3. [bookmark: _Ref474070548]Low Complexity Detection of LDPB Sequence on Frequency Raster
Before we analyze the complexity of LDPB sequence detection, let’s first take a look at the complexity of the detector for any arbitrary sequence. Table 1 shows the parameters required to evaluate the complexity along with exemplary figures taken from LTE. For simplicity, the complexity is calculated as the average number of (complex) multiplications per sample. Such normalization removes the dependency of the complexity calculation on the SS block periodicity and oversampling factor.
[bookmark: _Ref470626612]Table 1: Parameters used in complexity analysis
	Parameter
	Notation
	LTE Example

	Length of sequence in freq. domain
	
	63

	Length of sequence in time domain
	
	128 (2×oversampled)

	Number of PSS sequences
	
	3

	Number of frequency hypotheses
	
	variable



By brute force computation, each correlation in Eq. (1) takes  complex multiplication. Therefore, the normalized complexity per sample is then
	 
	(3)


complex multiplications.
3.1. [bookmark: _Ref471648985]Two-Dimensional Correlation in Frequency Domain 
Of course, the direct computation is not a common practice in product implementation for longer sequence length. By performing the correlation in the frequency domain, the complexity can be significantly reduced, as shown in Figure 5. The received signal is divided into partially overlapped segments of  samples, where  is a power of 2 for ease of FFT implementation. Each segment overlaps with its preceding segment by  samples. A length- FFT transforms the segment to the frequency domain where it is sample-by-sample multiplied with the complex conjugate of the length- FFT of the zero-padded synchronization signal[footnoteRef:1]. A length- IFFT then brings the element-wise product of the two vectors back to the time domain. The result is the cyclic correlation of the segment with the zero-padded synchronization signal of equal length. Finally the last  samples are discarded to remove the duplicated part. The length- IFFT then needs to be repeated for each of the frequency hypotheses and each of the  PSS sequence to complete the full search. [1:  Assuming precomputed and stored in memory.] 

If we ignore the element-wise multiplication in the frequency domain and only account for the operations of FFT, the processing of each segment requires one FFT of length- and  IFFTs of length-. That is a total of  complex multiplications to process  samples. Therefore, the normalized complexity per sample for frequency domain implementation is given by 
	
	[bookmark: Chis](4)



[image: ]
[bookmark: _Ref470633012]Figure 5: Correlation carried out in the frequency domain 
3.2. [bookmark: _Ref471656020]Partially Overlapped Sliding DFT (POSD) for LDPB Sequence Detection
Just like any arbitrary synchronization signal, LDPB sequence can be detected by the same correlation-based approaches described in Section 3.1. However, the low density and power boosted resource elements of the signal allows for a much simpler implementation with complexity that does not scale up with the number of sequences and frequency hypotheses.
Referring to Figure 6, 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 7. For each frequency hypothesis and each PSS sequence of different patterns, 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
	
	(5)



which is not a function of the number of sequences and frequency hypotheses.

[image: ]
[bookmark: _Ref470639634]Figure 6: Partially Overlapped Sliding DFT (POSD) for LDPB sequence detection
[image: ]
[bookmark: _Ref470684597]Figure 7: 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. Note also that due to the special structure of LDPB sequence, its detection can be performed at a coarse OFDM symbol level (or fraction of it) at a much lower complexity instead of sample level. Once the coarse synchronization is established by the reduced-complexity method, the search can be further refined by performing local coherent correlation. The performance results for such two-stage detection will be given in Section 4.
3.3. Summary of Complexity Analysis
Table 2 summarizes the complexity analysis of the three approaches described in this section. The brute force and frequency domain approaches apply to any arbitrary sequence, whereas POSD followed by energy detection applies only to LDPB sequence. The number of frequency hypotheses is not specified in the example as it depends on the raster design and the oscillator’s accuracy. A moderate number of  for a local search would put the complexity of frequency domain approach for detecting a Zadoff-Chu sequence or m-sequence one order above that of detecting an LDPB sequence.
[bookmark: _Ref470688888]Table 2: Summary of complexity analysis in number of complex multiplications per sample
	Approach
	Complexity (# of multiplications)
	Example (see Table 1)

	Brute force
	
	384

	Freq. domain (K=4)
	
	12

	LDPB with POSD (M=2, P=1)
	 (independent of  and )
	14



Observation 4: The complexity of detecting LDPB-based PSS does not scale up with the number of sequences and number of frequency hypotheses, thereby allowing for very fine carrier and synchronization raster spacing.
Proposal 3: NR should consider LDPB sequence as a candidate PSS sequence to facilitate a flexible carrier and synchronization raster design.
4. [bookmark: _Ref470688751]Performance Comparison
[bookmark: _GoBack]In our previous contribution [4], we benchmarked the performance of LDPB sequence against m-sequence. We found that with the correlation based detector, the LDPB sequence has similar performance to m-sequence. With the energy-detection based low-complexity detector described in Sec. 3, LDPB sequence suffers only a 2 dB loss in AWGN channel while maintaining the same performance as m-sequence in dispersive channel. Therefore, the reduced complexity detector can be used in “cold start” when all frequency raster locations need to be scanned to speed up the search process. Without showing the charts again, the followings summarize the key findings of our simulation:
· In AWGN channel, the performance of energy-detection based low-complexity detector for LDPB sequence is 2 dB worse than that of the correlation-based detector.
· In dispersive channel (rms delay spread=100 ns, 300 ns and 1000 ns), energy-detection based low-complexity detector for LDPB sequence has the same or better performance as that of correlation-based detection of m-sequence.

5. Conclusion
In this contribution, we’ve highlighted the importance of PSS sequence to the design of NR synchronization/carrier frequency raster. A properly chosen sequence not only can overcome the ambiguity issues of existing sequence but also allows for a finer raster spacing without increasing the complexity of initial acquisition. In fact, the system doesn’t even need a pre-defined raster if such synchronization signal is employed. Based on the discussion, we have the following observations and proposals:
Observation 1: Making frequency raster sparser is not the only way to reduce UE initial cell selection burden. Through proper design of the synchronization signal and the corresponding detection algorithms, the complexity of initial search can be made irrelevant to the sparsity of frequency raster.
Proposal 1: NR frequency raster design should take into account the specific complexity of detecting a particular synchronization signal on the raster.
Observation 2: Initial acquisition is a two-dimensional hypothesis testing in search for the synchronization signal in the time-frequency plane. The number of hypotheses in the test depends on the synchronization/carrier raster, the oscillator’s accuracy and the signal’s bandwidth, among other things.
Observation 3: The ambiguity side lobes of Zadoff-Chu sequence will impose unnecessary constraints on the choice of carrier and synchronization raster and many other NR parameters.
Proposal 2: NR should replace Zadoff-Chu sequence as PSS with a sequence that has better ambiguity property to allow for a flexible frequency raster design.
Observation 4: The complexity of detecting LDPB-based PSS does not scale up with the number of sequences and number of frequency hypotheses, thereby allowing for very fine carrier and synchronization raster spacing.
Proposal 3: NR should consider LDPB sequence as a candidate PSS sequence to facilitate a flexible carrier and synchronization raster design.
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