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1
Introduction

During the last RAN1 meeting, a decision was made that primary synchronization codes (PSC) are ZC based sequences. 
In [5], we raise the issue of using ZC based sequence in both uplink and downlink in E-UTRA: it is a significant issue for UEs operating in TDD systems. 

In this contribution, we give our design details of using ZC based PSC sequences if the issue raised in [5] can be resolved.    
Based on the analysis and simulation results, we recommend that
· If we can resolve the issue raised in [5]
· ZC Sequence length is 64

· Three frequency defined ZC root indexes  {31,33,39} are chosen for PSC

· Otherwise, 

· Binary sequence proposed in [3]or [4]
as the PSC sequences for E-UTRA.

2
ZC sequence 
The ZC sequence is defined as 
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is the primitive N-th root of unity and r is an integer relatively prime to N. 

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 both PSC/SSC may occupy up to 72 tones, reasonable ZC based sequence length ranges from 63 to 73. In this section, we consider the following aspects for PSC sequence length design:

· Sampling rate and UE PSC detection complexity issue

· Systems issues of using ZC sequence in both uplink and downlink

· The use of PSC and the impact of SSC design

· The filtering issue and the performance issue

Sampling rate and PSC detection complexity issues

The E-UTRA system bandwidth may vary from
· 1.25 MHz, 2.5 MH, 5 MHz, 10 MHz, 15 MHz or 20 MHz

The corresponding sampling rates for 15 KHz tone spacing are

· 1.92 MHz, 3,84 MHz, 7.68 MHz, 15.36 MHz, 23.04 MHz and 30.72 MHz

PSC/SSC/CCPCH only occupy the centre 1.08 MHz. During initial acquisition, UE does not know system bandwidth before decoding CCPCH. Thus, UE needs to filter out the centre 1.08MHz signal before PSC/SSC detection.   Thus, the resulting reasonable sampling rates are
· 0.96 MHz  for the number of used tone lower or equal to 64

· or 1.92 MHz for the number of used tone larger than 64
The resulting number of complex samples per OFDM symbol is

· 64 or 128

The computational complexity of using ZC sequence for PSC is high. Although sign approximation was advocated by some proposals to reduce the searcher complexity, we see more than 1 dB loss for PSC timing detection for the  geometries of interest [6].
Given that there are two good choices for the number of tones used for PSC:

· 64 tones including DC tone
· Just requires sampling rate 0.96 MHz(64 complex samples per PSC symbol

· 72 tones including DC tone
· Require 1.92 MHz sampling rate(128 complex samples per PSC symbol

Based on the complexity analysis, we recommend 
· using 64 tones for PSC
· The corresponding sampling rate is 0.96 MHz

System issues of using ZC sequence in both uplink and downlink
In [5], we show that we need to carefully consider uplink and downlink ZC sequence correlation issues.  More importantly, we show that there exists very high (close to 0dB) correlation between ZC sequences (including cyclic shifts) with length 71 and 73.

Since uplink reference signal with 6 RBs assignment requires a ZC sequence with

· length 71 (cyclic extension to 72) or

·  73 (truncation to 72)

Thus, we conclude that we should not use length 71 or 73 ZC sequence in downlink.  So, we recommend 

· using 64 tones for PSC

The use of PSC and the impact of SSC design

PSC is mainly used for 

· Symbol timing detection and cell group ID detection (one of three groups)

· PSC is used for frequency offset estimation

· PSC is used as the phase reference for coherent SSC detection
The working assumption for SSC is 
· Two concatenated binary sequences

Good binary sequences are

· Hadamard based sequence [7] 
· M-sequence with different cyclic shifts [8]  
Given that using Hadamard or M-sequence based SSC only requires ~64 tones and PSC is used as the phase reference for coherent SSC detection, we recommend using 64 tones for PSC. 
The filtering issue and the performance issue 

If we use 64 tones for PSC, at least two options exist to use the rest 8 tones:

· Zero padding + power boosting for the centre 64 used tones

· This makes the receiver filtering  design easier to extract the centre 64 tones

· A cleaner PSC signal

· Less impact from the adjacent resource block (RB) if a high power or higher  modulation signal is present

· Similar techniques have been proposed for uplink RACH tone mapping

·   Boosting the centre  64 tones power  makes the performance almost the same as using 72 tones

· Pilot tone padding

· If SSC only requires ~64 tones,  this may not be useful
Thus, we do not see any disadvantage of using only 64 tones for PSC in terms of performance.
Summary 
Based on the analysis, we conclude that 

· We should use 64 tones for PSC 

· The corresponding ZC sequence length is 64

· The ZC sample mapped to DC tone is set to zero

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:
· Divide the received signal into two parts

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

· Get the differential product of  two sum results

· 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 1 to Figure 4, we plot the maximum “false” frequency estimation error as a function of 
· ZC root index

· Cyclic shift
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 1.92MHz sampling rate) and the estimator is 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 71 ZC sequence, zero is inserted at DC tone

· Those 71 ZC  samples mapped to 71 tones including DC tone (Original ZC sequence in the plot)

· Those 71 ZC samples mapped to 71 tones not including DC tone (Zero insertion ZC Sequence in the plot)

· For length 64 ZC sequence, those 64 samples are mapped to 64 tones including 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 1: Frequency offset estimation capability of ZC based sequence: sequence length 71 and zero cyclic shift
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Figure 2: Frequency offset estimation capability of ZC based sequence: sequence length 64 and no cyclic shift 
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Figure 3: Frequency offset estimation capability of ZC based sequence: sequence length 71 and cyclic shift 16 
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Figure 4: Frequency offset estimation capability of ZC based sequence: sequence length 64 and cyclic shift 16 
From those plots, we can observe

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

· ZC root index

· Cyclic shift

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

5
Proposed ZC based sequences 

Thus, we should choose root indexes having reasonably small “false” frequency estimation error.

Note that choosing different cyclic shifts of the same ZC sequence as different PSCs is not appropriate as this creates multiple peaks in asynchronous systems.
Also, even root indices for length 64 ZC sequence should be avoided as even root indexes are not relative prime to 64 and, hence experience poor auto-correlation. 
Then, we need to choose three different root indexes having 
· Good frequency offset estimation capability

· Good timing detection capability

· Simple implementation 

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 indexes 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
Performance

In Table 1, we list all simulation parameters. 

	 Parameter
	Value

	Reference signal power boost (dB)
	3

	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
	10 KHz
	10kHz
	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 5, 6 and 7 for root indices 1 and 31.
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Figure 5: Case 1 
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Figure 6: Case 2 
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Figure 7: Case 3 

From those plots, we observe
· By carefully choosing ZC root indexes, good cell search performance can be achieved

· Inferior performance of root index 1 is due to the poorer frequency offset estimation capability of this root index
7
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
· Very efficient implementation can be achieved by using those three root indexes
This recommendation assumes we can resolve the issues shown in [5]. 
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