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1. Introduction

In last meeting, ZC-based PSC was agreed [1]. In this contribution, we summarize our views on PSC and introduce a method in order to provide robustness to frequency offset.
2. Views on PSC
· PSC length
 There might be at least two possibilities for PSC length. One is 64-length (0.96 MHz), the other is 71 or 73-length (DC puncturing). For 64-length PSC, there is no additional complexity by decimation of the samples on the first step since only 1.92x MHz sampling frequency was required. However, for 71 or 73-length PSC, they might require, at least, 128 samples in time domain. In order to acquire one instantaneous correlated value, the complexity of 64-length PSC is half compared to 71 or 73-length one. Note that UE has to perform sampling process at the initial step with 30.72xMHz sampling frequency from Nyquist Criterion since UE does not know transmission bandwidth. It is possible to transmit some data outside SCH. With 30.72MHz sampling frequency (153600 samples during 5ms), the number of correlated operations during 5ms could be represented as follows;
· 64-length PSC: app. 9830400 (=64x153600) complex additions
· 71 or 73-length PSC: app. 19660800 (=128x153600) complex additions

Note that we assume the complex multiplications for poly-phase sequence could be avoided by some approximation techniques such as sign correlator [2]. From the perspective of complexity, our preference is 64-length PSC.

· PSC generation domain
Regarding PSC generation, it was well-categorized in [2][3]. Two main categories could depend on the generated domain of PSC
· Time-domain design [3][4][5][6]
· The PSC is generated in time with DC puncturing. The sequences can be defined in either time or frequency domain.

· Frequency-domain design [7][8]
· The PSC is generated in frequency domain without DC puncturing.

The main reason for time-domain design is mainly due to the complexity at timing acquisition step. Note that the frequency generation with DC puncturing is basically equivalent to time domain design when using ZC sequences. The only difference is whether the observed sequence is ZC or GCL in time domain. Therefore, we call the FD design with DC puncturing as time-domain design.
 With ZC-based time domain design, it has some benefits regarding complexity. One is simultaneous correlation from the sequence symmetry, the other is approximation due to PSK-likely constellation [3][4]. With this approach, the complexity can be reduced as much as conventional BPSK or QPSK sequences.
 With ZC-based frequency domain design, it cannot provide any symmetry property due to discontinuity from DC position. In addition, the constellation in time domain for 0.96MHz, for example, does not show PSK-likely signals. This might result in performance loss with approximation skills. In other words, the benefits for complexity disappear with frequency domain design.
 From the view point of the complexity, we recommend Time-domain design.

3. PSC design 
  In this chapter, we introduce very simple PSC scheme to overcome ‘frequency offset problem’ at initial cell search.
For convenience, ZC sequence is defined as equation (1).
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With pure ZC sequence, the frequency estimation might be difficult due to time-frequency duality property. For example, when the timing offset was detected, the estimated frequency offset would be some wrong value with timing offset error. For pure ZC sequence, the false peak is always around the desired peak even when partial correlation is applied. Figure 1 (a) depicts this “frequency offset problem”. This false peak might result in wrong frequency offset estimation. 
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Figure 1 Effect from frequency offset (2-part partial correlation) – pure TD ZC with M=1
 To solve this problem, we introduce simple solution which is ZC modulated by Hadamard sequence. Among these combinations, ZC combined from 0th to 15th column of Hadamard can maintain flat-property in other domain. We select following 3 combinations considering aperidic auto/cross-correlation, non-oversampled PAPR, and raw CM properties.
· PSC1: ZC with M=1 and Hadamard with H=11

· PSC2: ZC with M=63 and Hadamard with H=11

· PSC3: ZC with M=51 and Hadamard with H=8

where H=0,…63 with 64-length Hadamard sequence.

Time domain ZC-Hadamard sequences have following advantages.

· It can avoid the frequency offset problem at initial cell search.
· It can still reduce the complexity using symmetry property same as original TD-design.

· It can still provide frequency-flat spectrum.
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(a) PSC1 (M=1, H=11)                                                  (b) PSC2 (M=63, H=11)
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(c) PSC3 (M=51, H=8)                                        (d) Aperiodic xcorr with 2-partial correlation
Figure 2 Effect from frequency offset (2-part partial correlation) – pure TD ZC-Hadamard
4. Simulation results

 In this chapter, we compare some proposals using ZC-based PSCs.
 Table 1 shows the link-level simulation parameters. Note that with 0ppm frequency offset, we did not used frequency offset estimator (OFF) while with (5ppm frequency offset, we used real frequency offset estimator (ON).
Table 1 Simulation parameters

	Parameters
	Explanation

	Carrier frequency
	2GHz

	Sampling frequency
	1.92MHz

	FFT size
	128

	# of used subcarriers
	64

	CP type
	Short CP

	# of hypotheses in S-SCH
	680

	PSC
	TD ZC, TD ZC-Hadamard, FD Interleaved ZC[11]

	SSC
	two 32-length Golay modulated
Hadamard sequences (interleaved structure) [10]

	Timing acquistion
	2-part replica correlation

	Residual frequency offset
	Uniformly distribution within 5ppm and 0ppm

	Frequency offset estimation
	two-part despreading method [9]

	Channel estimation
	Real estimation

	Channel model
	6-ray TU

	Speed
	30km/h


Figure 3 shows the detection error rate for several PSC schemes in case of 0 and (5ppm frequency offset. 
In case of 0ppm frequency offset, pure ZC with M=1 shows the best performance since it has very good profile for aperiodic auto-correlation. TD ZC-Hadamard and FD interleaved ZC show almost similar performance.
In case of (5ppm frequency offset, pure ZC doesn’t work any more due to time-frequency ambiguity even with using two-part dispreading method. More following can be observed;
· TD ZC-Hadamard

· All three PSCs show the uniform detection probability with good performance.

· FD Interleaved ZC [11]

· All three PSCs do not show the uniform detection probability. Two PSCs show the worse performance than ZC-Hadamard.
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(a) Frequency offset = 0ppm
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(b) Frequency offset = (5ppm
Figure 3 Detection error rate for several PSC schemes
· Cubic metric
 Note that we select M=1, 63, 51 as pure TD ZC sequence. Table 2 shows the raw CM comparison for PSCs. As shown in the table, the FD interleaved ZC method shows poor raw CM properties.
Table 2 Raw CM for PSCs (unit: dB)
	　
	pure TD ZC
	TD ZC-Hadamard
	FD Interleaved ZC [11]

	PSC1
	1.3713
	3.8406
	5.2449

	PSC2
	1.3713
	3.7713
	6.3355

	PSC3
	2.521
	3.5514
	7.1709


· Complexity comparison
 Since the PSCs in [11] are generated in frequency domain, the symmetry property in time domain cannot be maintained any more as mentioned in chapter 2. Especially with interleaved PSC, the constellation in time domain is not PSK-likely signal. Therefore, two main advantages in terms of complexity reduction cannot be applied; simultaneous correlation and approximation. Again, the complex signal which is not PSK-likely signal would show severe performance loss as mentioned in chapter 2. Assuming 5ms duration with 30.72MHz sampling frequency, the complexities were compared in Table 3. The table obviously shows the benefit of time-domain design from the perspective of the complexity.
Table 3 Complexity comparison

	　
	pure TD ZC
	TD ZC-Hadamard
	FD Interleaved ZC [11]

	Number of complex additions (app.)
	19660800
	19660800
	29491200


3. Conclusions

 From above discussion, our views on PSC are summarized as a conclusion.
· PSC length: 64-length ZC (0.96MHz)

· PSC generation: Time-domain design

· PSC type: ZC-Hadamard sequence
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