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1. Introduction
It was agreed in RAN1#86b that [1]
· NR defines at least two types of synchronization signals

· NR-PSS at least for initial symbol boundary synchronization to the NR cell
· …
Companies are also encouraged to provide PSS only performance results (e.g. timing error after PSS) [2]. It was also agreed in the same meeting that the NR-PSS can be transmitted within a Synchronization Signal Block (SS block) [3], which can be part of an “SS burst.” The burst may be transmitted with a certain periodicity and the composition, multiplexing and other attributes related to the signals and channels in the SS block are for further study.
Since NR-PSS is the first signal a UE searches for after powering on to establish “initial symbol boundary synchronization to the NR cell,” it is essentially a hypothesis testing process over the initial time-frequency uncertainty window. In this contribution, we present our analysis of PSS performance in various settings with different SS block periodicity and initial frequency offset. The results can be used as a guide line for the design of the unified structure of DL sync signal. 
2. Evaluation Settings
We consider the case of single SS block within an SS burst, as shown in Figure 1. The settings evaluated in our analysis are as follows:
1. Periodicity of the PSS (or synchronization burst)

2. Initial frequency offset due to oscillator’s inaccuracy

3. Length of the sequence L

4. Type of the PSS sequence
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Figure 1: PSS and SS block in time-frequency plane

The periodicity of the PSS is the initial timing uncertainty in which the UE has to search for the PSS. The initial frequency offset due to oscillator’s inaccuracy determines the frequency domain window in which the UE looks for the PSS. In addition to this small frequency domain search window, the UE may need to find the PSS in different frequency bands and in each band different candidate locations of carrier frequency on a raster. This will further increase the searcher’s complexity as well as its chances of making a mistake. The performance of initial acquisition in such global search will be further studied.
The length of the sequence also plays an important role in initial acquisition performance, especially for longer periodicity which requires much lower error detection probability to achieve acquisition time comparable to that of shorter periodicity. The sequence length (rounded to the nearest FFT size) we studied are 64, 128 and 256.

In addition to the Zadoff-Chu sequence, we also evaluated a new class of sequence design based on placing power boosted pilots in a few selective resource elements [4]. This will be referred to as the Low Density Power Boosted (LDPB) sequence. Figure 2 shows an example of a length-42 LDPB sequence derived by concatenating the rows in a 6 by 7 Costas Array [4]. Similarly to how the LTE PSS is mapped to the resource grid, it is placed in the center 64 sub-carriers with an empty tone in the DC component. The power of the pilot REs is boosted by a factor that normalizes the total transmit power for fair comparison.
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Figure 2: A length-42 LDPB sequence in frequency domain

Due to the multitude of different deployment scenarios in 5G, it is difficult to specify the parameter settings in absolute numbers. Instead, we express the parameters in relative terms with respect to sub-carrier spacing and sub-frame. The absolute numbers can then be derived by conversion accordingly.
The initial frequency uncertainty is expressed in number of sub-carriers. For example, ±2.5 sub-carriers means the initial frequency offset is assumed to be uniformly distributed between -2.5 and 2.5 sub-carriers, which is equivalent to ±5 ppm  for 60 kHz sub-carrier spacing at 30 GHz carrier frequency. The equivalent parts per million value of the oscillator are listed in Table 1 for various numerology. Similarly, the periodicity of the PSS is expressed in number of sub-frames and its equivalence in absolute time is shown in Table 2. For example, the SS block periodicity of 20 sub-frames is equivalent to 5 ms with 60 kHz sub-carrier spacing. Table 3 shows the bandwidths of PSS for different sequence lengths. Note that the sequence length is rounded to the nearest power of 2.
Table 1: Equivalent ppm values

	Carrier frequency
	6GHz
	30 GHz

	Sub-carrier spacing
	15 kHz
	60 kHz

	Initial frequency offset
	±2.5 sub-carriers
	±6.75 ppm
	±5 ppm


	
	±5 sub-carriers
	±12.5 ppm
	±10 ppm*

	
	±10 sub-carriers
	±25 ppm
	±20 ppm*


Table 2: Equivalent SS Block periodicity in time 

	Sub-carrier spacing
	15 kHz
	60 kHz

	Number of sub-frames
	5
	5 ms
	1.25 ms

	
	10
	10 ms
	2.5 ms

	
	20
	20 ms
	5 ms

	
	40
	40 ms
	10 ms

	
	80
	80 ms
	20 ms

	
	160
	160 ms
	40 ms


Table 3: Equivalent PSS bandwidth and sequence length rounded to the power of 2

	Sub-carrier spacing
	15 kHz
	60 kHz

	Sequence length & type
	64
	ZC: L = 63, u = 29
	0.96 MHz
	3.84 MHz

	
	
	LDPB: L = 42
	
	

	
	128
	ZC: L = 127, u = 29
	1.92 MHz
	7.68 MHz

	
	
	LDPB: L = 110
	
	

	
	256
	ZC: L = 251, u = 29
	3.84 MHz
	15.36 MHz

	
	
	LDPB: L = 256

	
	


3. Simulation Results
The search by correlating the received signal with the known PSS is performed in the time-frequency uncertainty window defined by the sync periodicity and ppm value. The time domain search interval is sampled at the FFT sampling rate whereas the frequency search window is sampled every half of a sub-carrier. The correlation is equivalent to taking the inner product between the received signal and the known PSS shifted in time and frequency by each of the hypothesized offsets. The hypothesis with the highest correlation is recorded as the detected time and frequency offsets. Therefore, there is no threshold to compare against. Note that the LDPB sequence can be detected by a low complexity energy detector [5]. However, coherent correlation is used in this study so that we can focus on the properties of the sequences.
All simulations are in AWGN channel with 1 TX and 1 RX antenna, except for Section 3.2.3 in which results in flat fading channel with 1 TX and 2 RX antennas are presented.
3.1. Residual timing and frequency errors
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Figure 3: Residual timing (left) and frequency (right) error for length-63 Zadoff-Chu sequence
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Figure 4: Residual timing (left) and frequency (right) error for length-42 LDPB sequence

Figure 3 and Figure 4 show the residual time-frequency error for the Zadoff-Chu and LDPB sequences, respectively. The residual errors increases slightly as the initial frequency uncertainty increases. For the Zadoff-Chu sequence, there are errors at the frequency and time offsets where the ambiguity images are located, as shown in Figure 5. Most notably at +2 sub-carriers and less so at -2 sub-carriers.
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Figure 5: Ambiguous images of Zadoff-Chu sequence
Observation 1: The performance of Zadoff-Chu based PSS suffers from the ambiguity image at ±2 sub-carrier spacing as evidenced by the knees at the corresponding locations in the CDF of the residual frequency error.
Proposal 1: NR should study new PSS candidates that does not have the ambiguity images exhibited in the Zadoff-Chu sequence. 
3.2. Probability of detection error
For AWGN channel, a detection error is declared if the residual timing error exceeds one sample or the residual frequency error is greater than half of a sub-carrier spacing. For CDL channel, a detection error is declared if the residual timing error is greater than the channel’s root mean square delay spread or the residual frequency error is greater than half of a sub-carrier spacing.
3.2.1. Impact of initial time-frequency uncertainty
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Figure 6: Probability of errors for the two sequences with different initial freq. offsets (left) and periodicity (right)
Figure 6 shows the error rates for the two types of sequences in different initial frequency offsets (left) and periodicity (right). The error rate for the Zadoff-Chu sequence decreases much more slowly since the errors occur primarily due to self-ambiguity, not the noise. As expected, the performance degrades as the initial time-frequency search window widens.
Observation 2: The detection error rate for Zadoff-Chu based PSS decreases much more slowly as SNR increases comparing to LDPB based signal due to the dominance of the ambiguous image. The gap is 3 dB at 10% error rate and widens as SNR increases.
Proposal 2: NR should study new PSS candidates that can improve the detection error rate of Zadoff-Chu based design.
Observation 3: Larger initial frequency uncertainty leads to higher detection error rate due to the increase in the number of hypotheses and the chances in capturing the ambiguity image in the case of Zadoff-Chu sequence. However, the degradation doesn’t increase significantly. More cost-effective components can be used in the UE if complexity is reasonably maintained.
Proposal 3: NR should study new PSS candidates that can relax the initial frequency accuracy of the UE without increasing the initial acquisition complexity.
Observation 4: Longer synchronization periodicity leads to higher detection error rate due to the increase in the number of hypotheses. For Zadoff-Chu sequence, longer periodicity leads to negligible performance loss, especially at high SNR, due to the dominance of errors coming from the false detection of the ambiguity image.

3.2.2. Results for different sequence lengths
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Figure 7: Probability of errors for Zadoff-Chu (left) and LDPB (right) of different lengths
Figure 7 shows the results for the two types of sequences with three different lengths.
Observation 5: For LDPB sequence which has no ambiguity image, shorter sequence length is less resilient to increased periodicity. For length-42 LDPB, the performance loss is 2 dB when the periodicity increases from 5 sub-frames to 160 sub-frames.
Proposal 4: Longer PSS should be adopted for longer synchronization periodicity. 
3.2.3. Performance in flat fading channel
[image: image12.emf]-6 -5 -4 -3 -2 -1 0

10

-1

Length-63 ZC vs length-42 LDPB, 5-subframe interval, flat fading

SNR (dB)

Prob. of Error

 

 

Zadoff-Chu

LDPB



 1.33 sub-carriers



 2.67 sub-carriers



 5.33 sub-carriers


Figure 8: Performance in flat fading channel
Figure 8 shows the results in flat fading channel. Due to limited simulation time, error rates are recorded only above 10%. However, the widening gap between the two sequences can still be observed. 
Observation 5: The LDPB sequence has a 3 dB advantage over Zadoff-Chu sequence in flat fading channel at high error rate (20%). The gap is expected to widen at higher SNR as in the AWGN case.
4. Conclusion
In this contribution, we presented our analysis of PSS performance in different settings. These settings include sequence length, signal bandwidth, initial frequency uncertainty due to oscillator inaccuracy and synchronization signal periodicity. Both the current LTE design based on Zadoff-Chu sequence and a new Low Density Power Boosted (LDPB) signal are evaluated. The survey is conducted in hope of providing a guideline for the design of the SS block framework agreed in RAN1-86b [3].

Based on the simulation results, we have the following observations and proposals:
Observation 1: The performance of Zadoff-Chu based PSS suffers from the ambiguity image at ±2 sub-carrier spacing as evidenced by the knees at the corresponding locations in the CDF of the residual frequency error.

Proposal 1: NR should study new PSS candidates that does not have the ambiguity images exhibited in the Zadoff-Chu sequence.
Observation 2: The detection error rate for Zadoff-Chu based PSS decreases much more slowly as SNR increases comparing to LDPB based signal due to the dominance of the ambiguous image. The gap is 3 dB at 10% error rate and widens as SNR increases.
Proposal 2: NR should study new PSS candidates that can improve the detection error rate of Zadoff-Chu based design.
Observation 3: Larger initial frequency uncertainty leads to higher detection error rate due to the increase in the number of hypotheses and the chances in capturing the ambiguity image in the case of Zadoff-Chu sequence. However, the degradation doesn’t increase significantly. More cost-effective components can be used in the UE if complexity is reasonably maintained.

Proposal 3: NR should study new PSS candidates that can relax the initial frequency accuracy of the UE without increasing the initial acquisition complexity.
Observation 4: Longer synchronization periodicity leads to higher detection error rate due to the increase in the number of hypotheses. For Zadoff-Chu sequence, longer periodicity leads to negligible performance loss, especially at high SNR, due to the dominance of errors coming from the false detection of the ambiguity image.

Observation 5: For LDPB sequence which has no ambiguity image, shorter sequence length is less resilient to increased periodicity. For length-42 LDPB, the performance loss is 2 dB when the periodicity increases from 5 sub-frames to 160 sub-frames.
Proposal 4: Longer PSS should be adopted for longer synchronization periodicity. 

Observation 5: The LDPB sequence has a 3 dB advantage over Zadoff-Chu sequence in flat fading channel at high error rate (20%). The gap is expected to widen at higher SNR as in the AWGN case.
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� Agreed in evaluation assumptions.


� Truncated from a 16 by 17 Costas Array.





