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1
Introduction

Contribution [5] presented Qualcomm’s preferences in regards to the general cell search procedure of E-UTRA. Neighboring cell search is addressed in [4].
In this contribution, we focus on initial acquisition with the assumption of using hierarchical cell search structure:  

· Primary synchronization code (PSC)  for

· symbol timing and/or 

· frame timing

· CP information 

· frequency offset estimation

· Secondary synchronization codes(SSC) for

· Cell ID and or

· Transmit antenna information

· Broadcast channel (BCH) for

· Carrying all other system information for UEs to access and being able to decode and demodulate
2
E-UTRA system assumptions

In Figure 1, we show the frame structure for E-UTRA. 

· PSC/SSCs are sent over 1.25 MHz bandwidth out of X MHz total system bandwidth 

· X is not less than 1.25MHz

· PSC/SSCs are present in a few OFDM symbols in a radio frame

· Systems can be synchronous or asynchronous.
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Figure 1: PSC and SSC location in a radio frame. Note that the Midamble is not in the center.
3
General procedure for Initial Acquisition

In Figure 2, we show the cell search flow. 

· UE first tries PSC detection: one or multiple hypotheses may be chosen. 

· For each hypothesis, UE tries to detect SSC.    
· For each hypothesis from the PSC detection results, there is a corresponding SSC index. 

· After detecting SSC, UE tries to decode BCH  until 

· BCH is decoded successfully or

· Time out and UE starts from PSC detection again

· After several attempts of PSC->SSC->BCH iterations, UE gives up searching and enters LTE detached.
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Figure 2: Hierarchical cell search for E-UTRA.
4
PSC considerations

The desired PSC sequence properties are:

· Enabling efficient receiver implementation (both hardware complexity and power consumption)

· Good auto-correlation and cross-correlation properties even with large frequency offset

· Constant amplitude both in time and frequency (this requirement can be relaxed)
· Peak to average ratio consideration

· Channel estimation: PSC as phase reference for SSC detection
4.1
Receiver implementation consideration

The PSC sequence chosen for W-CDMA is a harmonized proposal from different companies.  The main consideration is the receiver complexity. The sequence is so-called generalized Hierarchical Golay complementary sequence which enables very efficient correlation based timing detection and at the same time, this sequence has good auto-correlation and cross-correlation properties. 

For E-UTRA, we have similar complexity issues since UE needs to scan 5ms or 10ms at least for symbol and frame timing detection.  
4.2
Number of PSC sequences in a system 

PSC sequence may be unique in a system or multiple PSC sequences may carry some system information such that SSC design can be more flexible. The additional benefit of using multiple PSC sequences in a system is that it reduces the mismatch of phase reference between PSC and SSC for synchronous systems or systems with intra-Node B SFN transmission of PSC. The complexity of using multiple PSCs is high. 
By using non-uniform placement of multiple PSCs in a radio frame, the phase mismatch can be reduced and the relative position of different PSCs carries some information. 
4.3
Auto-correlation and cross-correlation properties
Since symbol timing detection consists of matched filtering and peak search, we need to design a PSC sequence with good auto-correlation properties, i.e., the first side lobe of the aperiodic correlation should be sufficiently lower than the peak. Considering actual geometries of UEs in E-UTRA systems, very low side lobes are not critical. Instead, we can use those degrees of freedom to design codes enabling low complexity receiver implementation. 

4.4
PSC structure

PSC sequence is designed as a time domain sequence.  In one OFDM symbol, we may have the following different structures for PSC:

· CP+A+A where CP is cyclic prefix and A is a sequence

· This enables both auto-correlation and replica based symbol timing detection
· Performance is poorer at low geometries 

· CP+B where B is a sequence having twice length of A

· CP+A+B where A and B may be different 

· Compared with CP+A+A structure, we have better interference suppression capabilities and lower implementation complexity if A and B are both complementary Golay sequences (See details in Section 6)
· The computational complexity is very low since anyway we need to divide the PSC sequence into at least 2 segments due to large initial frequency error

· This structure also enables coarse timing acquisition  to lower the complexity further

CP is used when PSC is used as the phase reference for SSC detection. 

4.5
PSC/SSC multiplexing and placement

PSC and SSC can be multiplexed in:

· TDM

· PSC and SSC are in different OFDM symbols

· PSC and SSC should be close to each other since PSC may be used as phase reference for SSC detection

· The length of cyclic prefix for PSC and SSC may be different

· FDM

· PSC and SSC occupy different tones in one or two OFDM symbols

· This may limit the number of information bits delivered by SSC

· CDM

· PSC and SSC are separated by   orthogonal codes

Our preference is TDM based.

4.6
Candidates for PSC

Since PSC detection is the first stage of initial cell search, sequences with efficient implementation and good interference suppression properties are good candidates for PSC. To enable coherent detection of the SSC, the amplitude of the PSC sequence needs to be constant in both time and frequency domain to minimize the mean square error (MSE) of the channel estimates.  Note that this does not exclude using sequences, i.e., PN sequences, with constant amplitude in time domain only if the degradation of using those sequences as the phase reference for the SSC is small.  The simulation results shown later validate this claim. 
The PSC will also be used for frequency estimation. The initial frequency error may be very large, i.e., 
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ppm. Thus, the PSC sequence should also have good auto-correlation and cross-correlation properties with large frequency error. 

In the followings, we list potential candidates for PSC.

Table 1: Properties of Different Sequences

	Sequence
	Sequence length
	Sequence Generator
	Conditions

	Frank Sequence
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is the primitive N-th root of unity and r is an integer relatively prime to N 

	GCL Sequence
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	PN Sequence
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Two candidates are:

LCR PN sequence: see [6] or Golay complementary sequence

	Modulated  Frank Sequence
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The PN sequence that we simulate will be denoted LCR PN in the sequel and is defined as follows [6]:

Generalized hierarchical Golay sequence

Def. a = < 1, 1, 1, -1 >

Then,

LCR PN = < a, a, a, -a, -a, a, -a, -a, a, a, a, -a, a, -a, a, a >.
Note this sequence reuses one sequence from W-CDMA and the hardware implementation can be efficiently integrated with the one used for W-CDMA as shown in [6].
 The Golay complementary sequence is as follows:
A=< 1    -1     1    -1     1    -1     1    -1    -1     1     1    -1     1    -1    -1     1    -1    -1         1     1    -1    -1     1     1     1     1     1     1    -1    -1    -1    -1     1     1     1     1     1     1     1     1    -1    -1     1     1     1     1    -1    -1    -1     1     1    -1    -1     1     1    -1     1    
-1     1    -1    -1     1    -1     1>;
 
B=<1    -1     1    -1    -1     1    -1     1    -1     1     1    -1    -1     1     1    -1    -1    -1     1     1     1     1    -1    -1     1     1     1     1     1     1     1     1     1     1     1     1    -1    -1    -1    -1    -1    -1     1     1    -1    -1     1     1    -1     1     1    -1     1    -1    -1     1     1    
-1     1    -1     1    -1     1    -1>;

Note that the length of both A and B is 32. 
Using different combinations of A and B can support PSC structures CP+A+A or CP+A+B.

5
SSC considerations

Since SSC carries cell ID and possibly other information, we need to make sure that sequences that we choose have good inter-sequence distance with moderate residual frequency error. In addition, SSC sequences should enable low complexity implementation. 

5.1
Candidates for SSC

SSC is used to the convey cell ID and other system information. The potential candidates are:

· GCL sequence
· Use codes based on different primitive Nth roots of unity
· Chu Sequence
· Use codes based on different primitive Nth roots of unity  and/or different cyclic shifts of each base code
· Convolutional codes or other codes
SSC is processed in frequency domain. To do so, we need the following information:

· Symbol timing

· Frequency offset

· Channel estimate from PSC

But at the initial acquisition, there may be large uncertainty for symbol timing detection and the frequency offset estimate may be very noisy. Thus, it is very important that the sequence chosen for SSC is robust to timing and frequency estimation errors. 

Based on the simulation results, Chu sequences with different bases and different cyclic shifts are good candidates.
6
Timing acquisition algorithms

There are two kinds of detectors in time domain:
· Replica-based detector

· Better performance and slightly higher complexity if we design PSC sequence properly 

· Auto-correlation based detector

· Lower complexity but poorer performance at low geometries
All our analysis is based on replica-based detectors.
7
Frequency offset estimation

 Two mostly used frequency offset estimators are:
· FFT based frequency offset estimator

· Differential based frequency offset estimator

The sequence chosen for PSC should enable both FFT based and differential based methods. All our analysis is based on differential based frequency offset estimators.   
8
Performance Results
In Figure 3-Figure 6, we compare the MAS (Maximum Aperiodic Sidelobe) of different sequences. For interference limited systems, the MAS is a good metric to determine the detection probability of PSC sequence. 
Note that the MAS of Frank sequences do not decrease monotonically as all the other sequences that we evaluate do.  
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Figure 3: MAS of Frank Sequence
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Figure 4: MAS of Modulated Frank Sequence
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Figure 5: MAS of LCR PN Sequence
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Figure 6: MAS of Golay complementary PN Sequence

In Table 2, we list all simulation parameters for the initial cell search.

	Parameter
	Explanation/Assumption

	SCH structure
	Hierarchical SCH


	Multiplexing of PSC and SSC
	TDM

	Number of SCH symbols in a radio frame
	PSC:  2   SSC: 1

	PSC placement
	PSC1: the last OFDM symbol in preamble

	
	PSC2: the last OFDM symbol in midamble

	Midamble Position
	Starting 5ms after the end of the preamble

	SSC placement
	The second to the last OFDM symbol of the preamble subframe

	System Bandwidth
	5 MHz

	PSC/SSC bandwidth
	1.25 MHz

	PSC/SSC transmit power
	Full power of 5MHz System

	PSC sequence
	Frank sequence with length 64

	
	Modulated Frank Sequence with length 64

	
	LCR PN sequence with length 64

	
	Golay Complementary Sequence with length 64

	SSC sequence
	Chu sequence with length 61 and with 60 different bases and 8 cyclic shifts for each base

	Number of Rx Antenna
	2

	Number of Tx Antenna
	1

	Symbol timing detector
	Replica-based

	Frequency offset estimator
	Differential based


Table 2

Simulation Assumptions

The channel delay and power profiles are fixed for each specific channel model as given in Table 3.

	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 3

Normalized Power Profile

	Parameters
	Case 1
	Case 2
	Case 3
	Case 4

	Number of PSCs per frame
	2
	2
	2
	2

	Number of SSCs per frame
	1
	1
	1
	1

	Frequency offset
	0 Hz
	0 Hz
	10KHz
	10KHz

	Frequency estimator Enable
	Yes
	Yes
	Yes
	Yes

	Number of Segments for PSC detection
	1
	2
	1
	2

	Channel Model
	TU3
	TU3
	TU3
	TU3

	Channel Estimator 
	Realistic
	Realistic
	Realistic
	Realistic


Table 4

Cases
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Figure 7:  Case 1: SSC detection probability of using different sequences
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Figure 8:  Case 2: SSC detection probability of using different sequences
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Figure 9:  Case 3: SSC detection probability of using different sequences
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Figure 10:  Case 4: SSC detection probability of using different sequences

In Figure 11, we compare the effects of having different PSC detection timing windows on the performance of SSC detection.  Note that the detection window has no impact of SSC detection but has impacts on the conditional SSC detection given PSC is declared as detected. 
· Wider detection window

· PSC is declared as detected if the detected timing is within 
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corresponds to the cyclic prefix length of 36 chips in a 5 MHz system.
· Narrower detection window

· PSC is declared as detected if the detected timing is within 
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Figure 11:  PSC detection probability with different defined detection windows

In Figure 12, we compare the SSC detection performance of using different PSC detection timing windows. 
· Nominal case SSC detection probability 

· Regardless the PSC detection results, we perform SSC detection

· Some false alarm event exists due to the maximum likelihood detection of SSC if the detected PSC timing is far away from the true timing

· Conditional SSC detection probability 

· Try to detect SSC only when the detected PSC timing is within 
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As we can see from Figure 12, having a better knowledge of the true timing gives a very small gain in SSC detection except for Frank sequences. This indicates that the detected timing of using different sequences highly concentrates around the true timing except for Frank sequences. 
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Figure 12:  SSC detection probability and conditional detection probability given that the PSC detected timing is within 
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Next, we compare the total search time for the first two stages of cell search. The search is successful if SSC is detected correctly. 
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Figure 13:  Case1: Total search time of PSC+SSC detection
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Figure 14:  Case2: Total search time of PSC+SSC detection
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Figure 15:  Case3: Total search time of PSC+SSC detection
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Figure 16:  Case4: Total search time of PSC+SSC detection

9
Observations and Discussions
From Figure 12, we can see that

· Frank sequence has a better coarse timing detection capability than other  sequences  
· This is due to the fact that CAZAC sequence can capture more multipath energy if multiple segments are used to detect PSC
· Frank sequence has the worst fine timing detection probability out of all the evaluated candidates
· This is due to the fact that CAZAC sequence can capture more multipath energy if multiple segments are used to detect PSC. Thus, more PSC peak candidates exist around the true timing.
· This causes poorer frequency offset estimation.
 (Worse SSC detection probability

· Performance comparison
· Modulated Frank sequence has the best performance among all sequences that we have evaluated
· But the gap is less than 2 dB compared with PN based sequence for SSC detection
· The gap can be reduced if better channel estimators are used for PN sequence based PSC by taking into account the non-flat spectrum of PN sequence
· In terms of total search time, the difference between the modulated Frank sequence and the other two PN sequences is very small for geometries higher than -10dB (the range of interest), however, becomes large for geometries below -10dB
· From the complexity point of view, both LCR PN sequence [6] and Golay based PN sequence are very attractive
· BPSK modulation

· 11 complex adds for LCR PN sequence for length 64 full correlation 
· 20 complex adds for Golay complementary sequence based sequence (CP+A+B)
· Note we can get the correlation outputs for both A and B at the same time.
10
Summary

Based on the results, we propose making the following decisions in regards to initial cell search:

· 2 PSCs per radio frame

· 1 SSC per radio frame

· PSC and SSC are TDM multiplexed

· PSC 

· PN sequence

· LCR PN sequence 

· Golay complementary sequence

 OR

· Time domain modulated Frank sequence

· SSC

· Chu sequences with different bases and cyclic shifts
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