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1. Introduction
Timing acquisition is a part of the first stage in the cell search procedure [1,2,3,4]. Obtaining an accurate timing estimate is critical for the remaining stages of downlink synchronization such as frequency offset correction and the detection of cell-specific information. Inaccurate timing estimation may lead to ISI in OFDM since some of the channel paths may fall outside the cyclic prefix (CP). This can be detrimental to data demodulation as well as the remaining downlink SYNC process. In hierarchical cell search, timing acquisition is performed using the primary SYNC channel (P-SCH) which carries the primary SYNC code (PSC).
In WCDMA [1,2], a cell-common PSC is used. Note that WCDMA is designed for asynchronous network. For the enhanced UTRA (E-UTRA), however, the tightly synchronized network scenario is quite pertinent as the benefits of synchronized network are quite evident especially for broadcast-multicast services (for SFN) and inter-cell interference management. In this case, several problems can be identified with a cell-common PSC in a tightly synchronized network:

1. The composite multi-path channel experienced by a cell-common PSC is a superposition of the multi-path channels from all the cells (more precisely, from all the node B’s)  to the UE of interest (analogous to the multi-path channel for E-MBMS in a single frequency network). While this composite multi-path channel possesses higher average power, its profile differs significantly from the unicast multi-path channel (from the serving node B to the UE of interest). 

2. As a result, depending on the cell size the timing estimate obtained from the cell-common PSC may not correspond well with the correct timing for the unicast transmission. This timing mismatch is expected to be worse for larger cell sizes. 

3. Since the SSC is cell-specific,  it is affected only with the channel corresponding to the serving node B (similar to unicast). Hence, the channel estimate obtained from the PSC cannot be used to reliably decode the cell specific information embedded in the SSC. That is, the channel mismatch incurs a large performance penalty. 

The above problems are addressed and studied in this contribution using a system level simulation setup. We demonstrate that the mismatch between the composite multi-path channel seen by P-SCH and the multi-path channel associated with a unicast transmission results in significant degradation in the timing acquisition performance and detection of cell-specific information. This occurs especially for cell edge UE’s. 
As a solution to this problem, we propose the use of N-code PSC to avoid multi-path channel combining between the serving and neighboring cells. In Section 2, we describe the N-code PSC proposal, followed by simulation setup and results in Section 3 and 4. 
2. N-code P-SCH proposal
The proposal can be described as follows: the PSC for a cell is chosen from a set of N PSC’s instead of a single common PSC. Different PSC’s are used from the cells within the first tier hence some network planning is required. In general, N should be:

· As small as possible to reduce the timing detection complexity and the potential loss in performance

· Sufficiently large to avoid multi-path channel combining from the neighbouring cells within the first tier. 

A good choice of N is 8, which can avoid not only the channels from the first tier cells, but also the second tier cells. The planning pattern for N=8 can be easily extended from the pattern for frequency reuse 7 as shown below in Figure 1. 
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Figure 1. Pattern for reuse 7
Essentially, this proposal attempts to emulate an asynchronous network scenario in a synchronous network setup during timing acquisition. This proposal has the following advantages:
1. The multi-path channel mismatch between P-SCH and unicast transmission in synchronous network is removed. This aids in timing acquisition. 
2. Moreover, since the mismatch is removed, a more reliable PSC-based channel estimation can be obtained for coherently demodulate S-SCH.
3. Note that the different PSC can also be used as a partial cell ID information.

For this scheme, the timing and PSC index need to be jointly detected. This joint detection can increase the timing acquisition complexity as well as results in some potential performance loss in asynchronous network when the PSC index is wrongly detected. 
As noted above, the source of potential performance degradation is the multi-path channel mismatch. However, the multi-path channel combining across cells increases the total average received power. Intuitively, this power gain should be dominant in smaller cells, whereas the effect of channel mismatch will offset the power gain for larger cells.
3. Simulation Setup and Assumptions
To fully capture the effect of power gain and multi-path channel mismatch in the performance, a system level simulation setup is needed to simulate the multi-path channel combining across cells. For each UE drop in a 19-cell setup, the detection error probability (averaged over channel realizations) is measured. The agreed link level numerology in [3] is applied. Additional simulation assumptions are given in Table 1 (link) and 2 (system). We simulate the timing acquisition and cell specific information detection. The detection error probability is plotted against the percentile across a number of drops.
	Parameter
	Assumption

	Bandwidth
	1.25 MHz

	Channel Models
	Typical Urban 3 kmph

	No. TX antennas
	1, 2: same for all Node B’s in network

	No. RX antennas
	2

	Spatial correlation (Node B, UE) 
	0%

	Number of frames for averaging
	1 

	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)

	TX diversity
	TSTD


Table 1: Simulation Assumptions
	Parameter
	Assumption

	Cellular layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

	Minimum distance between UE and cell site
	35 m

	Site-to-site distance
	0.5 km, 1.732 km [4]

	Antenna pattern
	70-degree sectored beam

	Total BS Tx power
	43 dBm

	Distance dependent path loss
	128.1 + 37.6log10(d)

	Penetration loss
	20 dB

	Shadowing standard deviation
	8 dB

	Shadowing correlation between cells / sectors
	0.5 / 1.0

	No. UE’s dropped within the cell
	500 (uniformly)


Table 2: System Simulation Parameters
We would also like to note that a timing estimate is declared valid if it falls within one unicast CP. This criterion is required to reliably demodulate the S-SCH by avoiding the ISI (which occurs if a part of the channel falls outside the CP).  The SCH placement follows the setup in [5]. Also, a binary real-valued frequency domain PSC is used in this simulation.   
Both the non-repetitive and 2x repetitive P-SCH structures (see 4,5] are simulated with the following detection schemes:
· The non-repetitive structure is simulated with the 2-part replica-based detection [4] and the reverse differential auto-correlation detection [6].
· The 2x repetitive structure is simulated with the 2-part replica-based detection and the 2x differential auto-correlation detection.

Another aspect that is studied in this contribution is the CP size for the SCH. The preferred CP size for SCH depends on the timing detection algorithm as well as network synchronization. In general, we expect that for auto-correlation detection or synchronous network: 
· CP size for P-SCH can be arbitrary in asynchronous network

· Data sub-frames with long CP (e.g. multicast) can use the timing obtained from P-SCH with either short CP or long CP. 
· However, data sub-frames with short CP (e.g. unicast) may not be able to use the timing based on SCH with long CP as explained above. For example, the auto-correlation profile for the 2x differential auto-correlation scheme heavily depends on the CP size [4].
4. Simulation Results
We define the timing detection error rate (TDER) as the probability of error in detecting the correct timing (that is, if it falls within one unicast CP). In the figures, TDER results from 500 drops are sorted in a descending order and plotted against the percentile. The timing obtained from the P-SCH is intended to demodulate unicast transmission. Here, we assume that unicast uses short CP.
4.1. Timing Detection Performance Using a Common PSC
The results with 2-part replica based timing detection for the non-repetitive structure are depicted in Figure 2.  The following can be observed:   

· The CP size does not significantly affect the results.

· As expected, the power combining gain offsets the loss due to multi-path channel mismatch for smaller cell. The opposite holds for larger cell. However, the loss in larger cell is more detrimental as it degrades the cell search coverage. That is, this loss is incurred in the lower geometry region (lower percentile). On the other hand, the gain in smaller cell will unlikely increase the cell search coverage significantly.
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Figure 2. Timing acquisition with 2-part replica-based detection for non-repetitive P-SCH: (a) NTXA=1 (b) NTXA=2
The results with reverse differential detection for the non-repetitive structure are depicted in Figure 3. Notice that in each scenario the performance of reverse differential detection is significantly worse than that of 2-part replica-based detection. Similarly, the synchronous network performance degrades for the larger cell except that it is still better than the asynchronous network performance.
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Figure 3. Timing acquisition with reverse differential detection for non-repetitive P-SCH: (a) NTXA=1 (b) NTXA=2
The results with 2-part replica based timing detection for the 2x repetitive structure are depicted in Figure 4. The conclusion is similar to that with the 2-part replica-based detection for the non-repetitive SCH. 
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Figure 4. Timing acquisition with 2-part replica-based detection for 2x-repetitive P-SCH: (a) NTXA=1 (b) NTXA=2
Figure 5 depicts the results for the 2x repetitive SCH structure with the 2x differential auto-correlation detection. The following can be observed:
· Similar to the previously considered schemes, large change in ISD does not result in significant difference in the results for asynchronous network. For synchronous network, however, although the 2x differential technique performs very well for smaller cell, it does not yield satisfactory results for larger cell. 
· Unlike the replica-based approach, the accuracy of this scheme heavily depends on the CP size as it results in nearly 100% timing detection error when P-SCH employs long CP. 
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Figure 5. Timing acquisition with 2x differential detection for 2x repetitive P-SCH: (a) NTXA=1 (b) NTXA=2
4.2. Timing Detection Performance Using 8 PSC’s

As evident in Section 4.1, using a common PSC for acquiring the timing in synchronous network results in higher timing detection error rate for lower geometry UE’s and larger cells. This degrades the acquisition coverage for synchronous network and larger cell deployments. For smaller cells, the synchronous network performance is better than asynchronous. However, this gain is not likely to result in any cell search time reduction when replica-based detection is used as it already reaches ≤ 1% detection error rate in asynchronous network.  
The degradation in synchronous network performance can be completely avoided when 8 PSC’s are used instead of a common one. As mentioned before, some loss is expected due to the need to detect the code index. To measure the performance of the PSC-N proposal in asynchronous network, the timing acquisition performance for the PSC-N proposal (N=8) are depicted in Figure 6 using the non-repetitive and 2x-repetitive setups. The 2-part replica based scheme is used. PSC-1 represents the common PSC scheme. A set of 8 binary random codes is used for simulation for PSC-8. Hence, there is still some room for improvement in performance. Notice that even with random codes, the loss in timing acquisition performance is small. This small loss is outweighed by the gain in synchronous network as demonstrated in Figures 2 to 5. With PSC-8 the synchronous network performance is the same as the asynchronous network performance.
To compare the relative merit of some schemes in synchronous network, the performance of the following schemes are depicted in Figure 7: 1) 2x differential detection with 2x repetitive structure, 2) replica-based detection with non-repetitive structure: 1 and 8 PSC’s. The performance in asynchronous network is also shown for comparison. The results for asynchronous and synchronous networks with PSC-8 are shown only for 0.5-km ISD since the results do not change significantly for 1.7-km ISD. The following can be observed:
· Asynchronous network: replica-based detection with non-repetitive structure (PSC-1 or PSC-8) offers the best performance up to 85 percentile geometry with TDER ≤ 1%. The results with 2x differential detection are unsatisfactory especially for the lower percentile.
· Synchronous network with 0.5-km ISD: 2x differential detection offers the best performance. However, this is not expected to offer substantial reduction in cell search time over the replica-based detection with PSC-1 and PSC-8 since PSC-8 already attains TDER ≤ 1%.
· Synchronous network with 1.7-km ISD: replica-based detection with PSC-8 performs the best up to 65 percentile geometry with TDER ≤ 1%. The results with both 2x differential detection and replica-based detection with PSC-1 are unsatisfactory especially for the lower percentile.
Hence, it can be concluded that replica-based detection with PSC-8 offers the best overall timing detection performance.
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Figure 6. Timing acquisition with PSC-1 vs. PSC-8: (a) non-repetitive P-SCH (b) 2x repetitive P-SCH
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Figure 7. Comparison among various detection schemes and structures: (a) NTXA=1 (b) NTXA=2
4.3. Cell ID Detection Performance Using a Common PSC (PSC-1) vs. 8 PSC’s (PSC-8)
As indicated in Section 2, another potential problem due to the multi-path channel mismatch is related to demodulating S-SCH. The cell ID detection error probability for synchronous and asynchronous networks (with PSC-1 and PSC-8) are depicted in Figure 8. Here, we assume the S-SCH structure in [5]. Observe that significant performance degradation occurs in synchronous network for both 0.5-km and 1.732-km ISD when a common PSC is used (PSC-1). However, this degradation can be completely avoided when the PSC-8 scheme is employed. In that case, the performance is identical to that of the asynchronous scenario. 
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Figure 8. Cell ID detection: (a) NTXA=1 (b) NTXA=2
5. Conclusions
The problem of multi-path channel mismatch between cell-common P-SCH (generated from superposition of the multi-path channels across different cells) and unicast transmission in a tightly synchronized network is studied in this contribution.  The mismatch affects the accuracy of timing acquisition and cell-specific information detection as demonstrated via the simulation results in this contribution. We then propose a solution based on choosing the PSC for each cell from a set of 8 PSC’s (PSC-8) to avoid the multi-path channel combining between the serving cell and the neighboring cells [5]. It is demonstrated that the PSC-8 scheme removes the problems imposed by the multi-path channel mismatch and offers the best overall performance in terms of timing and cell ID detection. Hence, it is expected that this scheme results in best cell search time, both in asynchronous and tightly synchronized networks.
The code design and complexity reduction for the proposed method are for further study. However, the potential of the PSC-8 scheme has been demonstrated and warrants further consideration.
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