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1
Introduction

 The current working assumptions for PSC are:
· P-SCH: 

· Frequency domain ZC sequence occupying up to 64 subcarriers including the DC subcarrier 

· No bits are mapped to the DC subcarrier (as per current version of 36.211)

· PSC is a ZC sequence of length before mapping to subcarriers that can be 63, 64 or 65 (one sequence length to be selected) – to allow direct decimation from different system sampling rates

· Root sequence indexes selected to resolve the time/frequency ambiguity
To have a good capability of resolving time/frequency ambiguity, the ZC indices should be close to N/2 where N is the ZC sequence length [1]

 REF _Ref169922260 \r \h 
[2]

 REF _Ref165566907 \r \h 
[3].

The following PSC candidates were discussed in the last RAN1 meeting: 

· Indices 31, 33 and 39 (PSC sequence length 64) proposed in [1]
· Allowing efficient implementation

· Indices 29,30,31 (PSC sequence length 64) proposed in [2]
· Only focusing on cross-correlation without looking into efficient implementations

· Centrally symmetric P-SCH sequences  proposed in [4]
· No indices proposal  
In this contribution, we compare those three proposals in detail. Based on the analysis and simulation results, we recommend that
· ZC Sequence length is 64: S(m, n) where m=0, 1, 2 and n=0, 1, 2,…63
· Three frequency defined ZC root indices {31, 33, 39} are chosen for PSC
· The  PSC signal mapping is shown in Figure 1
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Figure 1: PSC sequence mapping in frequency domain
2
ZC sequence 
The ZC sequence is defined as 
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Some useful properties of ZC sequence are:

· There exists duality for ZC sequence defined in time or frequency domain.  For example, for length 64 ZC sequence, frequency defined ZC sequence with root index 31 is equivalent to time domain defined ZC sequence with index 33.
· ZC sequence is defined only for a discrete set of samples. After band-limiting or time-limiting operation at the transmitter, the interpolated samples (the samples between the original ZC sequences) are no longer ZC sequences. 
3
Sequence length consideration
Since PSC occupies up to 64 tones, reasonable ZC based sequence length ranges from 63 to 65 [1].  To preserve the ZC property in time and frequency domain, and enable low complexity implementation of PSC detector (See detailed analysis below), we propose length-64 based ZC PSC. 
4
ZC based sequence frequency estimation issues 

For ZC based PSC sequences, a simple method to estimate the frequency error is the differential based method summarized as follows:
1. Divide the received signal into two parts

2. De-spread each part by the detected  PSC sequence and sum the results

3. Get the differential product of  two sum results

4. Estimate the frequency offset based on the phase of the differential product

Since there always exists residual timing offset (depending on sampling rate) between the true timing and the detected timing, in Figure 2, we plot the maximum “false” frequency estimation error as a function of 
· ZC root index

The maximum false frequency estimation error (the difference between true frequency offset and the estimated frequency offset) is over all possible timing offset errors (chipx32, up to one Tc where Tc corresponds to one sample at 1.92MHz sampling rate) and the estimator uses the differential based method. 
The assumptions for those plots are: 
· Single path static channel model

· No noise 

· Frequency offset ranges from 100Hz to 10kHz
· Sinc interpolation is used to generate ZC based over sampled time domain waveform

· For length 64 ZC sequence, those 64 samples are mapped to 64 tones including the DC tone
· DC tone is not set to zero (original ZC sequence in the plot)

· DC tone is set to zero (DC tone set to zero ZC Sequence in the plot)
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Figure 2: Frequency offset estimation capability of 
ZC based sequence: sequence length 64
From those plots, we can observe

· The frequency offset estimation capability of ZC sequence is a function  of 

· ZC root index

· In general, ZC root indexes  in the middle range are better 

5
Analysis of three proposals 

The three different root indices should:
· Have good frequency offset estimation capability

· Have good timing detection capability

· Enable simple and efficient implementation 

We observe the following:
· Root index 29 may cause ~600 Hz residual frequency error as shown in Figure 2
· Root index 30 is not relative prime to 64: non-ZC sequence
For centrally symmetric PSC sequences, we have

S(n)=S(N-n).

One advantage is to sum S(n) and S(N-n) first before the complex multiplication [4].  But for initial acquisition, there exists large frequency offset. Thus,  for n<N/4, there exists performance degradation due to summation of two signals separated by more than  N/2 samples. 

In Figure 3, we show the symmetric properties of ZC sequence with length 64. We observe that there exists richer symmetric properties that UEs can exploit to minimize the complexity of the PSC correlation. 
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Figure 3: Symmetric properties of ZC sequence with length 64
Thus, a  good set of three root indices for length 64 ZC sequence is:

· {31, 33, 39}for frequency domain defined ZC indexes or

· {33, 31, 41} for time domain defined ZC indexes

 Note that those three indices are very efficient for implementation since
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Thus, when UE performs timing detection, for each timing hypothesis, it needs to 

· Perform correlation between the incoming signal with  S(31,k) for k=0,1,2,…63

· By applying conjugate and sign flip operation, UE obtains S(33,k) correlation

· By applying conjugate, sign flip and 8-PSK phase shift operation, UE obtains S(39,k) correlation.

Thus, effectively, UE just needs to perform approximately one length-64 complex correlation for each timing hypothesis.  

6
Cross-correlation of PSC sequences 

Since there are three PSC sequences in the system, we need to consider 
· Cross-correlation properties between the three PSC sequences. 
· A good set of three PSC sequences should have low cross-correlation properties.
· Performance evaluation in terms of cell search time will show the impact of the relative performance of the different PSC candidates
In Figure 4, we show the geometry distribution for different deployment scenarios where we can see that the 99% coverage is around -6 dB.  
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Figure 4: Geometry distribution for different deployment scenarios

We consider two cases:  initial acquisition and neighboring cell search:

· Initial acquisition 
· UE is searching for the strongest cell, cross-correlation between different PSC sequences below 
-6dB is sufficient. 
· Neighboring cell search, 
· The major task for searcher in UE is to find candidate cells (good but most likely weaker than the serving cell) for hand-over and measurement purpose. There are two different cases:
· Synchronous systems
· Candidate cells may be weaker relative to the serving cell arrive approximately at the same time
· Timing detection based on the serving cell is a good starting point for those candidate cells 
· SSC detection becomes more critical and will dominate the cell search time
· Asynchronous systems
· PSC subcarriers most likely collide with data subcarriers

· Interference rather than different PSC sequences  limits PSC detection performance
In Figure 8-9, we show the cross-correlation properties of the proposed three PSC sequences. As we can see from those plots, the maximum a-periodic cross-correlation is around -9.2 dB. The effect in cell search performance is analyzed in section 7. 
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Figure 5: A-periodic cross-correlation between root indices 31 and 33 


[image: image8]
Figure 6: A-periodic cross-correlation between root indices 33 and 39 


[image: image9]
Figure 7: A-periodic cross-correlation between root indices 31 and 39 

7
Performance

In Table 1, we list the simulation parameters. 

	Parameter
	Value

	Number of PSC+SSC symbols for cell ID detection
	2

	PSC sequence
	ZC Sequences with length 64

	Number of Rx Antenna
	2

	Number of Tx Antenna
	1

	Symbol timing detector
	Replica-based

	Frequency offset estimator
	Differential based

	CP length Detection
	ML detector (two different CP hypotheses resolved at the end of Step 2)

	SSC Detection
	Coherent


Table 1

Simulation Assumptions  

The channel delay and power profiles are fixed for each specific channel model as given in Table 2.

	Channel Model
	Path 1 (dB)
	Path 2 (dB)
	Path 3 (dB)
	Path 4 (dB)
	Path 5 (dB)
	Path 6 (dB)

	TU
	-3 
	0
	-2
	-6
	-8
	-10


Table 2

Normalized Power Profile
Finally, Table 3 shows the simulations that we perform in this study:
	Parameters
	Case 1
	Case 2
	Case 3

	Frequency offset
	0Hz and 10kHz
	0Hz and 10kHz
	0Hz and 10kHz

	Frequency estimator Enabled
	Yes
	Yes
	Yes

	Number of Segments for PSC detection
	2
	2
	2

	Channel Model
	TU3
	TU30
	TU120

	Channel Estimator 
	Realistic
	Realistic
	Realistic


Table 3

Cases

We show the average cell search time results in Figure 8, 6 and 7 for  two ZC root index sets: {31,33,39} and {29,30,31}.

[image: image10]
Figure 8: Case 1 


[image: image11]
Figure 9: Case 2 


[image: image12]
Figure 10: Case 3 

From those plots, we observe
· Root index set {31,33,39} outperforms root index set {29,30,31} while providing lower complexity implementation
8
Conclusions
Base on the analysis, we recommend
· Using length 64 ZC sequence
· Three PSC sequences are based on root index set {31,33, 39} which are frequency defined ZC sequences
· Enabling very efficient implementation while keeping good performance
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