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1. Introduction
In the TI SCH proposal [1], two primary SCH structures are considered: the non-repetitive and 2x repetitive structures. As pointed out in [2], the non-repetitive structure allows replica-based timing detection method. On the other hand, the 2x repetitive structure allows replica-based as well as differential auto-correlation based detection. It was demonstrated in [2] that replica-based detection is vastly superior to auto-correlation based method (by at least 8dB). Also, the non-repetitive and 2x repetitive SCH structures yield approximately the same timing detection performance when the replica-based detection is used. Other than [2], the comparison between hierarchical and non-hierarchical SCH structures were also discussed in [3,4,5]. In [4], a method called reserve differential auto-correlation detection is used, which was described in [6]. It was claimed that the technique may yield potentially better performance for the non-hierarchical scheme as opposed to what was observed in [2,3].
In this contribution, we compare three timing detection algorithms: 2x differential, reverse differential, and replica-based schemes under different circumstances. We find that the replica-based detection method offers significantly better performance over the auto-correlation methods (2x and reverse differential). It is also observed that the 2x and reverse differential detection schemes offer comparable performance in TU channel.
2. Timing detection methods
In this section, we describe each of the three timing detection methods analytically. Some of the analysis in [2] are repeated here for convenience.
2.1. Replica-based
The replica-based detection computes the following metric as a function of the timing/delay:
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Here 
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, 
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, and 
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 are the number of P-SCH symbols used for averaging, the number of UE receive antennas, and the FFT size, respectively. 
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 denotes the received signal corresponding to the p-th PSCH symbol of the q-th antenna. 
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 denotes the PSC which is assumed to be unit energy.

As discussed in [2], replica-based detection suffers from frequency offset. To alleviate the effect of frequency offset in the replica-based detection, the correlation can be partitioned into M parts. We term this approach the M-part replica-based detection (see (7)):
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(2)
Observe that the regular replica correlation in (1) can be obtained from (2) by setting M=1.
As pointed out in [2], the replica-based detection method applies for both repetitive and non-repetitive SCH structures [1,2].
2.2. 2x differential auto-correlation
The 2x differential method computes the following metric as a function of the timing/delay:
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(3)
Notice that the combining across different SCH symbols is done before the modulus operation. This yields a slightly better performance than combining after the modulus operation. Intuitively, combining before the modulus operation amounts to combining the channel norm-square 
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across different SCH symbols which is optimal in the diversity sense. Also, each term of 2x differential correlation results in a common frequency offset term 
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 which can be pulled out from the summation in (3) and removed with the modulus operation.
Unlike the replica-based method, this method is only applicable for 2x repetitive (or any even-numbered repetition) SCH structure. Note that the 2x repetitive structure of the SCH symbol carries over to the (noise-free) received signal in the presence of multi-path channel.
2.3. Reverse differential auto-correlation

As described in [6], the reverse differential auto-correlation detection requires the following time-domain conjugate symmetry in the SCH signal:
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(4)
Using the property of DFT, it is easy to see that this time-domain symmetry always holds when the SYNC sequence is real-valued in the frequency domain. Hence, any real-valued sequence (e.g. Walsh-Hadamard, Golay, Gold codes) can be used in the frequency domain to attain this symmetry.   

Based on the symmetry in (4), the reverse differential method computes the following metric as a function of the timing/delay:
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(5)
Notice the absence of the complex conjugate in (5). Also, similar to the 2x differential auto-correlation, the combining across different SCH symbols can be done before the modulus operation. The above metric, however, may result in some performance loss when the channel seen by each of the QP SCH symbols (used for averaging) is different. This is because the combining is done across 
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. This loss becomes more significant especially for larger QP. In this case, the modulus square operation can be taken prior to combining multiple SCH symbols: 



[image: image14.wmf](

)

(

)

(

)

å

å

å

=

=

-

=

D

+

-

D

+

=

D

Q

q

P

p

N

n

p

q

p

q

RD

n

N

r

n

r

J

1

1

2

1

2

1

,

,







(6)
Similar to the 2x differential detection, the reverse differential detection algorithm is insensitive to frequency offset with the common term 
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This method cannot be applied to the 2x repetitive SCH structure which does not possess the time-domain conjugate symmetry. It can only be used with the non-repetitive structure as long as the SCH sequence is defined in the frequency domain and is real-valued. In multi-path channels, however, that the time-domain conjugate symmetric property does not carry over to the (noise-free) received signal. That is, although (4) holds, in general
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Hence, we expect some degradation in performance especially for longer channels (e.g. TU channel).
2.4. Comparison
As discussed and analyzed in [2], in the absence of frequency offset, the fundamental limitation of the autocorrelation-based detection relative to the replica-based detection comes from its half averaging interval (per P-SCH symbol) and the additional noise components resulting from the self correlation. This holds for both the 2x and reverse differential auto-correlation methods. Even for small noise variance (high geometry), an SNR gap of at least 6dB occurs between the autocorrelation (both 2x and reverse differential) and the replica-based detection. This gap increases for lower geometry due to the multiplicative noise term. For example, when 
[image: image17.wmf]1

2

=

s

, the gap becomes 8dB (see [2] for details). 

For 2x differential auto-correlation detection, another limiting factor is the plateau/hilly profile of the self correlation, unlike the peaky/impulse-like profile of the reverse differential and replica-based detection. As mentioned above, however, further performance degradation for the reverse differential auto-correlation method is expected due to the loss of the time-domain symmetry in multi-path channels as well as from the sub-optimal combining across multiple SCH symbols. 
In the presence of frequency offset, the performance of the auto-correlation schemes remain unchanged. The replica-based scheme incurs some performance loss even after partitioning the detection. However, as demonstrated in [2], the loss is minimal. 

3. Simulation Assumptions and Results
In this section, we compare the performance of the above detection schemes. The agreed link level numerology in [6] for 1.25 MHz is applied. Additional simulation assumptions are given in Table 1. Here, we assume the P-SCH placement in [1]. That is, the P-SCH symbol is repeated four times within one frame and the four symbols are uniformly spaced.  Time switched transmit diversity (TSTD) is used to obtain spatial diversity gain. 

	Parameter
	Assumption

	Bandwidth
	1.25 MHz

	Channel Models
	Typical Urban 3 kmph, AWGN

	No. TX antennas
	1, 2, 4 

	No. RX antennas
	2

	Spatial correlation (Node B, UE) 
	0%

	Number of frames for averaging
	1, 2, and 5

	Frequency offset 
	±5 ppm (maximum):  frequency offset is modeled as a uniform random variable

	Valid timing detection region
	CP width

	SNR definition
	Per sample (= geometry)


Table 1: Simulation Assumptions
The following timing detection schemes are compared:

1. 2x differential auto-correlation with 2x repetitive SCH structure 
2. Reverse differential auto-correlation with non-repetitive SCH structure

3. Replica-based with non-repetitive SCH structure

The non-repetitive and 2x repetitive SCH structures are defined in [1,2]. For fair comparison, the energy per sample and per OFDM symbol are made the same for both SCH structures.

For performance comparison, timing detection error rate (TDER) vs. SNR is used. TDER is defined as the probability of the detected timing not falling in the valid region (which in this case is the CP). For the replica-based scheme, we experimented with different values of M (c.f. Section 2.1) and concluded that when the frequency offset is less or equal than ±5ppm, M=2 offers the best performance. 
3.1. Reverse differential auto-correlation

The performance of reverse differential detection for 1, 2, and 4 transmit antennas are depicted in Figure 1. We simulate both the metrics given in (6) and (5): Mod2-Sum and Sum-Mod2, respectively. Notice that except for NTXA=1 with 1-frame averaging, Mod2-Sum gives the best performance. Observe that combining before taking the squared-modulus results in significant loss. For further comparison, however, we assume that reverse differential uses the best metric for each scenario. That is, Sum-Mod2 is used for NTXA=1 with 1-frame averaging and Mod2-Sum is used for the rests.

3.2. Comparison

Figures 2 and 3 depict the comparison of the three detection schemes in AWGN and TU channel, respectively. The following can be observed:

· In AWGN channel with ±5ppm frequency offset, it can be observed from Figure 2 that the replica-based scheme offers the best performance (7-10dB better than reverse differential at 1% detection error rate, and even more over 2x differential). It can also be observed that reverse differential performs better than the 2x differential except for low SNR (high TDER) region. The superiority of reverse differential over 2x differential comes from its peaky auto-correlation profile which is attributed to the time-domain symmetry. Note, however, that this symmetry holds only for AWGN channel. The fact that reverse differential performs worse than 2x differential in low SNR region is attributed to the Mod2-Sum combining across the metrics of multiple SCH symbols (see Section 2.3). 
· As indicated in Section 2.3, the time-domain symmetry breaks down in multi-path channels. The effect of this loss of symmetry on the performance of reverse differential detection is evident from the results depicted in Figure 3. The large gain of reverse differential over 2x differential in AWGN channel vanishes in TU channel. In fact, in some cases (fewer antennas and/or frames for averaging) reserve differential performs worse than 2x differential. Overall, the reverse and 2x differential detection schemes offer comparable performance in TU channel. In all circumstances, the replica-based detection scheme performs significantly better than the best of the differential auto-correlation schemes (by 10-12dB).
· Based on the results above, we expect that reverse differential performs better than 2x differential for shorter multi-path channels (e.g. ITU PedA). In this scenario, however, replica-based still offers the best performance.
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Figure 1. Timing detection performance of reverse differential auto-correlation for 1, 2, and 4-antenna node B with 1 (blue), 2 (red), and 5 (magenta) frames for averaging. 
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Figure 2. Timing detection comparison in AWGN channel averaging over 1 (blue), 2 (red), and 5 (magenta) frames: 2x differential, reverse differential, and replica-based 
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Figure 3. Timing detection comparison for 1, 2, and 4-antenna node B averaging over 1 (blue), 2 (red), and 5 (magenta) frames: 2x differential, reverse differential, and replica-based 
4. Discussion 
In this contribution, we compared the timing detection performance of three schemes: 

· 2x differential auto-correlation with 2x repetitive SCH structure

· Reverse differential auto-correlation with non-repetitive SCH structure

· Replica-based (2-part correlation) with non-repetitive SCH structure

Various scenarios were considered (different number of TX antennas, frames for averaging, channels) assuming ±5ppm frequency offset. The following observations were obtained from simulation:

· In AWGN channel, reverse differential performs better than the 2x differential except for low SNR (high TDER) region due to its peaky auto-correlation profile. In all scenarios, the replica-based scheme offers the best performance (7-10dB better than reverse differential at 1% detection error rate, and even more over 2x differential). This conclusion should hold as well for short multi-path channels such as ITU PedA.
· In multi-path channels, the time-domain symmetry necessary for the reverse differential detection breaks down. As a result, the large gain of reverse differential over 2x differential in AWGN channel vanishes in TU channel. Overall, the reverse and 2x differential detection schemes offer comparable performance in TU channel. In all circumstances, the replica-based detection scheme performs significantly better than the best of the differential auto-correlation schemes (by 10-12dB). 
The comparison given in this contribution can be summarized in Table 2. Here, 3-star rating indicates the best performance. 
Table 2: Qualitative comparison
	
	2x differential auto-correlation
	Reverse differential auto-correlation
	Replica-based

	Performance in AWGN channel
	
	
	

	Performance in short multi-path channel
	
	
	

	Performance in long multi-path channel
	
	
	

	SCH applicability
	Nx repetitive (N even, e.f. N=2) 
	Non-repetitive with real-valued frequency domain SCH sequence
	All (repetitive or non-repetitive)


From Table 2, it is evident that the replica-based detection offers superior timing detection performance and flexibility in terms of the SCH structure. It should be noted, however, that in order to utilize the replica-based detection, some type of hierarchical cell search should be used where the timing acquisition is performed by correlating the received signal with the replica of primary SCH signals. That is, the number of primary SCH signals should be kept minimum (e.g. 8 as proposed in [1]). It is impractical to apply the replica-based detection to non-hierarchical cell search method.
Regarding the detection of cell-specific information (such as cell ID, number of node B antennas, BCH bandwidth), both hierarchical and non-hierarchical cell search can employ the same (or at least comparable) design for the part of SCH that carries this cell-specific information. As long as the information content (e.g. number of bits, coding scheme) is identical, similar design can be applied for both hierarchical and non-hierarchical. On the other hand, it should be noted that the hierarchical method can benefit from coherent demodulation of the cell-specific information in the secondary SCH since it can leverage the channel estimation obtained from the primary SCH. This should result in better detection of the cell specific information.
Another aspect that needs to be considered is the overhead of both cell search approaches. It was argued that the hierarchical method tends to result in additional overhead due to the secondary SCH (see, e.g. [4,5]). While this is true when some additional dedicated resource is assigned to the secondary SCH, the amount of additional overhead can be kept minimum. Furthermore, it is proposed in [1] that the secondary SCH is embedded in the reference signal. This arrangement does not result in any additional overhead. In addition, there is no incurred performance loss since the secondary SYNC code (SSC) can be used as a part of the reference/pilot sequence.
It has been demonstrated that the replica-based scheme is significantly superior to the auto-correlation schemes. Combined with the facts that:
· Replica-based detection is practical only for hierarchical cell search
· Hierarchical cell search can benefit from coherent demodulation in detecting the cell specific information 
we expect that the hierarchical method results in lower cell search time compared to the non-hierarchical method. 
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