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1. Introduction
The structure of downlink synchronization channel (SCH) for E-UTRA is still under study. In [1] and [2], some basic underlying components for the SCH are given such as the need to include an additional bandwidth detection stage as well as scalability issues. 

In this contribution, we present a design for the OFDMA-based SCH. The SCH is carried within a downlink SYNC preamble which is transmitted once every 10-ms frame. Similar to the current SCH, the proposed SCH consists of the primary and secondary SCH (P-SCH and S-SCH). Two different schemes are proposed based on the manner in which P-SCH and S-SCH are multiplexed. In the first scheme, the P-SCH and S-SCH are multiplexed in the time domain whereas the second scheme employs frequency domain multiplexing. Both schemes assume scalability configuration 2 presented in [1-2], that is, the SCH occupies the center 1.25 MHz bandwidth regardless of the data bandwidth. We demonstrate that multiplexing the P-SCH and S-SCH in the time domain gives the best performance and complexity.

The proposed SCH structure is described in Section 2, followed by the simulation assumptions and the performance comparison in Sections 3 and 4, respectively. Section 5 concludes the contribution. 

2. Downlink Synchronization Channel (SCH) Structure
The proposed SCH design has the following characteristics:

1. Scalability configuration 2 [1-2]: The SCH occupies the center 1.25 MHz bandwidth regardless of the data bandwidth. While the design can also be applied to other scalability configurations in [1-2], this configuration results in lower complexity and potentially lower initial acquisition time. This is because the UE needs to scan the frequency raster only for 1.25 MHz SCH as opposed to several other possible SCH bandwidths. 
2. Frequency reuse 3 within each cell: Each sector within a cell is allocated a 1/3 chunk of the 1.25 MHz SCH bandwidth as illustrated in Figure 1. The SCH orthogonality across sectors within a cell avoids the possibility of SCH collisions for UEs on the sector and cell boundaries as illustrated in the Appendix. It also increases the operational SNR for cell search by reducing other-cell interference. Also, we found that localized tone allocation is superior to distributed tone allocation for several stages in the cell search process that involve frequency domain processing. This is mainly because the channel does not vary significantly in frequency within one localized allocation unit, which is beneficial when the channel is unknown. This is not the case for distributed tone allocation.
3. DL OFDMA numerology: The proposed OFDMA-based SCH uses the DL OFDMA numerology given in [3] for 1.25 MHz. 
4. The SCH consists of the primary and secondary synchronization channels (P-SCH and S-SCH). The SCH is embedded in the DL SYNC preamble which is transmitted once every 10-ms frame. In terms of the basic functions, the P-SCH is used to provide timing and frequency locks whereas the S-SCH points to the cell-specific scrambling code [1]. 

We evaluate two different SCH schemes. The difference is based on the manner in which the P-SCH and S-SCH are multiplexed (time vs. frequency). The precise functions of P-SCH and S-SCH as well as cell search procedure differ between these two schemes as explained below.
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Figure 1 – Frequency reuse 3 pattern for SCH within  each cell
2.1. Scheme 1: SCH with time-domain S-SCH

The DL SYNC preamble format and frequency pattern for scheme 1 are depicted in Figure 2 and 3, respectively. 
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Figure 2 – DL Preamble scheme 1: TD S-SCH  (a) length = 5 OFDM symbols (b) length = 6 OFDM symbols
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Figure 3 –Frequency domain pattern for scheme 1 (P-SCH only)

In Figure 2 two preamble lengths are given: 5 and 6 OFDM symbols. With the DL numerology given in [3], this amounts to 3.57% and 4.29% overhead for 1.25 MHz data bandwidth. For higher data bandwidth, the overhead decreases proportionally. For example, for 5 MHz data bandwidth the corresponding overhead is 0.89% and 1.07% for 5- and 6-symbol long preamble. Note that the total overhead for the SCH in WCDMA is 1% for 5 MHz bandwidth. The P-SCH and S-SCH are time multiplexed and have the following functions:

1. P-SCH carries primary synchronization codes (PSC1 and PSC2) in the frequency domain as depicted in Figure 3 and used for timing and frequency acquisition. The PSCs are common to all the cells. Although the codes are common to all the 3 sectors within a cell, P-SCH associated with different cells are orthogonal due to the frequency reuse pattern depicted in Figure 1.
a. The length of each of the PSCs is NU/6=12 where NU is the number of used sub-carriers.

b. For 1-antenna transmitter, PSC2 is not used. This allows the S-SCH to obtain channel estimates from the P-SCH by always assuming 2-antenna transmission.

c. For 4-antenna transmitter, power balancing is used so that each of the PSCs only sees 1 channel (PSC1 sees H1+H3 and PSC2 sees H2+H4). 

d. Antenna diversity of 2 is experienced by 2- and 4-antenna transmitter.

e. The P-SCH contains 4 identical OFDM head symbols. This 4x repetition structure is required for acquiring the FFT timing and fractional frequency offset . The CPs for the last 3 symbols are grouped as a dummy field (see Appendix for further details).

2. The structure of the time domain S-SCH is given in Figure 4.  

a. The S-SCH carries the cell ID (which points to the cell-specific scrambling code), the number of transmit antennas information, and the size of data bandwidth. Each of the code words associated with the 9-bit cell ID maps onto one of the 512 available scrambling codes.

b. Depending on the length of the S-SCH (1 or 2 OFDM symbols per preamble), the payload is transmitted over 2 or 1 frames, respectively. A rate 5/24 coding derived from rate 1/5 K=7 maximum d-free convolutional code is employed. Interleaving is also used.
c. The S-SCH employs STTD encoding in the frequency domain for 2- and 4-antenna transmitter. Since the number of antennas is not known before S-SCH is decoded, the receiving UE always assumes that STTD encoding is done at the transmitting Node B. As mentioned above, the S-SCH obtains the channel estimates for STTD decoding from P-SCH. In the case of 1-antenna transmission, the channel estimates obtained for antenna 2 will be small and hence will not result in significant degradation. This is similar to broadcast channel (BCH) decoding in Rel. 5

[image: image5]
Figure 4 – Time domain S-SCH structure
A cell search procedure that can be used for scheme 1 is depicted in Figure 5. 


[image: image6]
Figure 5 – Cell search procedure for scheme 1
2.2. Scheme 2: SCH with frequency-domain S-SCH

The DL SYNC preamble format and frequency pattern for scheme 2 are depicted in Figure 6 and 7, respectively. In Figure 6 two preamble lengths are given: 4 and 6 OFDM symbols. With the DL numerology given in [3], this amounts to 2.86% and 4.29% overhead for 1.25 MHz data bandwidth. For higher data bandwidth, the overhead decreases proportionally. For example, for 5 MHz data bandwidth the corresponding overhead is 0.71% and 1.07% for 4- and 6-symbol long preamble. Note that an even number of OFDM symbols is needed to construct SCH with FD S-SCH. This is because of differential correlation algorithm employed in the FFT timing detection. 
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Figure 6 – DL Preamble scheme 2: FD S-SCH  (a) length = 4 OFDM symbols (b) length = 6 OFDM symbols

The P-SCH (carries PSC1 and PSC2) and S-SCH (carries SSC) are frequency multiplexed:

1. The SCH carries PSC1, PSC2, and SSC in the frequency domain as depicted in Fig. 7. The length of each code is NU/12=6 (half of those for scheme 1). Hence, the energy carried by the P-SCH in scheme 2 is half of that carried in scheme 1.
2. Transmitting half set of the tones for 1-antenna transmitter and power balancing for 4-antenna transmitter for scheme 2 are similar to scheme 1

3. A capability to detect the number of transmit antennas is provided via the  parameter (also similar to Rel. 5, where
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4. The SSC points to the group of the cell-specific scrambling code. For the current system, there are 512 scrambling codes. Since the length of SSC is 6, there are 64 code groups where each group contains 8 scrambling codes.
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Figure 7 –Frequency domain pattern for scheme 2

A cell search procedure that can be used for scheme 2 is depicted in Figure 8. Compared to scheme 1, scheme 2 requires additional stages for detecting the SSC, the scrambling code as well as detecting the data bandwidth and number of transmit antennas. For scheme 1, those parameters can be obtained from decoding the S-SCH. Hence, scheme 1 results in a less complex cell search procedure.  

3. Simulation Setup and Assumptions

We compare the performance of schemes 1 and 2, each with 2 different preamble lengths. Simulation assumptions are given in Table 1. Each stage in the cell search procedure is simulated and the corresponding detection error rate is plotted against SNR. Each scheme is evaluated based on the number of frames required to attain 1% detection error rate at ―10dB SNR. While this criterion may not be normative, it ensures sufficiently high detection accuracy on each stage.

For scheme 1, all the cell search stages are simulated. For scheme 2, we do not simulate the bandwidth detection and scrambling code detection stages.

	Parameter
	Assumption

	Channel Model
	TU, 3 kmph, 2 GHz center frequency

	Antenna Configuration
	1, 2, and 4 at TX (Node B)

2 at RX (UE)

	Spatial channel
	Uncorrelated

	Numerology
	DL OFDMA in [3]

	SNR definition
	SNR per sample in 1 OFDM symbol


Table 1: Simulation Assumptions.


[image: image11]
Figure 8 –Cell search procedure for scheme 2
4. Simulation Results
Each stage is simulated with different number of averaging frames. We set the target detection error rate to 1% and find the number of frames that is required to operate at ≤ ―10dB SNR. We also simulate each of the schemes with different numbers of transmit antennas.

4.1. Scheme 1 (TD S-SCH) with 5 OFDM Symbols 

Figure 9-14 depict the performance of stage 1-4. 
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Figure 9, 10 – Scheme 1 with 5 OFDM symbols: Stage 1 (FFT timing estimation) & Stage 2 (integer frequency offset estimation)
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Figure 11, 12– Scheme 1 with 5 OFDM symbols: Stage 3 (fine timing estimation) & Stage 4 (decoding Cell ID from TD S-SCH)
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Figure 13, 14– Scheme 1 with 5 OFDM symbols: Stage 4 (decoding no. TX antennas and BW from TD S-SCH)

For stage 4 (S-SCH decoding) the channel estimates are obtained from P-SCH and the UE always assumes a 2-antenna transmission with STTD encoding. Also, since the S-SCH is transmitted over 2 frames the UE needs to use the right ordering (frame 1(frame 2 vs. frame 2(frame 1) when decoding the S-SCH across 2 frames. In Figures 12-14 we show the performance of decoding the cell ID, NTXA, and BW, respectively, with perfect knowledge as well as with blind decoding. With blind decoding, the TD S-SCH is decoded twice (frame 1(frame 2 and frame 2(frame 1) and the right ordering is chosen to be the one that results in the maximum Viterbi metric. Observe that decoding over 2 frames gives sufficient performance for each detection. If better performance is desired, soft or Chase combining across more than 2 frames can also be used.
The required number of frames for each stage is as follows:

· Stage 1 (FFT timing)

: 2-3 frames

· Stage 2 (PSC & integer offset)
: 1-2 frames

· Stage 3 (fine timing)

: 1-2 frames

· Stage 4 (S-SCH)

: 2 frames

This gives the total of 6-9 frames to complete one initial cell search process.

4.2. Scheme 1 (TD S-SCH) with 6 OFDM symbols 

With 6 OFDM symbols, the length of TD S-SCH can be extended by 1 OFDM symbol. This results in reducing the required number of frames for stage 4 from 2 to 1. Note that both parts of the S-SCH are transmitted in 1 frame (see Figure 4) hence the blind decoding scheme does not apply. This gives a total of 5-10 frames to complete one initial cell search process. 
4.3. Scheme 2 (FD S-SCH) with 4 OFDM Symbols

Figures 15-17 depict the performance of stages 2, and 3, and the optional detection of the number of transmit antennas. Note that the performance of stage 1 (FFT timing detection) for scheme 2 (with FD S-SCH) with 4-symbol preamble is identical to that of stage 1 for scheme 2 (with TD S-SCH) with 5-symbol preamble. Similarly, stage 4 (fine timing detection) for scheme 2 with 4-symbol preamble has the same performance as stage 3 for scheme 1 with 5-symbol preamble.

The required number of frames for each stage is as follows:

· Stage 1 (FFT timing)


: 2-3 frames

· Stage 2 (PSC & integer offset)

: 4-5 frames

· Stage 3 (SSC detection)


: 5-6 frames

· Stage 3b (optional NTXA detection)
: 3 frames

· Stage 4 (fine timing)


: 1-2 frames

Note that data bandwidth and scrambling code detection are not simulated. This gives a total of more than 12-16 frames to complete one initial cell search process without the optional NTXA detection. Otherwise the total number of frames is more than 15-19.
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Figure 15, 16 – Scheme 2 with 4 OFDM symbols: Stage 2 (integer frequency offset estimation) & Stage 3 (SSC detection)
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Figure 17 – Scheme 2 with 4 OFDM symbols: Stage 3b (NTXA detection)

4.4. Scheme 2 (FD S-SCH) with 6 OFDM Symbols

Figures 18-22 depict the performance of all stages. With 6-symbol preamble, the detection performance in each stage is improved. The required number of frames for each stage is as follows:

· Stage 1 (FFT timing)


: 2-3 frames

· Stage 2 (PSC & integer offset)

: 3-4 frames

· Stage 3 (SSC detection)


: 4-5 frames

· Stage 3b (optional NTXA detection)
: 2 frames

· Stage 4 (fine timing)


: 1-2 frames

Note that data bandwidth and scrambling code detection are not simulated. This gives a total of more than  10-14 frames to complete one initial cell search process without the optional NTXA detection. Otherwise the total number of frames is more than 12-16.
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Figure 18, 19 – Scheme 2 with 6 OFDM symbols: Stage 1 (FFT timing detection) & Stage 2 (integer frequency offset)
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Figure 20, 21 – Scheme 2 with 6 OFDM symbols: Stage 3 (SSC detection) &  Stage 3b (NTXA detection)
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Figure 22 – Scheme 2 with 6 OFDM symbols: Stage 4 (fine timing estimation)

4.5. Comparison: Scheme 1 vs. Scheme 2

The cell search time for different SCH configurations can be summarized in Table 2 below.

Table 2: Cell search time comparison

	SCH config
	Cell search time (frames)
	Overhead for data BW
	Obtained information

	
	
	1.25 MHz
	5 MHz
	

	TD-SCH 5-symbol
	6-9
	3.57%
	0.89%
	Cell ID, NTXA, BW

	TD-SCH 6-symbol
	5-8
	4.29%
	1.07%
	Cell ID, NTXA, BW

	FD-SCH 4-symbol
	> 12-16 (w/o NTXA detection)

> 15-19 (w/ NTXA detection)
	2.86%
	0.71%
	Cell ID

Cell ID, NTXA 

	FD-SCH 6-symbol
	> 10-14 (w/o NTXA detection)

> 12-16 (w/ NTXA detection)
	4.29%
	1.07%
	Cell ID

Cell ID, NTXA


We can observe the following:

· The SCH with TD S-SCH achieves up to 50% smaller cell search time than FD S-SCH for the same overhead. Furthermore, the TD S-SCH based scheme with 5-symbol preamble still significantly outperforms the FD S-SCH based scheme with 6-symbol preamble.
· For the SCH with FD S-SCH, the previously shown cell search times do not include data bandwidth and scrambling code detection and therefore, more information is obtained when TD S-SCH is used. 

· Another advantage of TD S-SCH approach is its lower cell search procedure complexity.

The superiority of SCH with TD S-SCH can be attributed to the following factors:

· The length of primary synchronization codes (PSCs) is 2x longer when the S-SCH is multiplexed with P-SCH in the time domain. Essentially, this implies that the power allocated to the P-SCH is 2x higher when the P-SCH and S-SCH are multiplexed in the time domain.

· The TD S-SCH employs error correcting code to the SSC. Given the length of the SSC (14 bits) the rate and length of the TD S-SCH are chosen such that the SSC can be detected with approximately equal accuracy to the preceding stages in the cell search process.

5. Conclusions
This contribution presented two OFDMA-based synchronization channel (SCH) schemes based upon how the primary SCH (P-SCH) and secondary SCH (S-SCH) are multiplexed. The first scheme employs time division multiplexing while the second uses frequency division multiplexing. The following can be concluded from simulation:

· The SCH with time-domain (TD) S-SCH achieves up to 50% smaller cell search time than the frequency-domain (FD) S-SCH for the same overhead.

· For the SCH with FD S-SCH, the previously shown cell search times do not include data bandwidth and scrambling code detection and therefore more information is obtained when TD S-SCH is used. 

· Another advantage of TD S-SCH approach is its lower cell search procedure complexity.

Based on the results we have thus far, we can conclude that the SCH configuration with TD S-SCH presented in this contribution is preferred. Also, the preferred length of the DL SYNC preamble  is 5 OFDM symbols to minimize the overhead. 
6. Appendix 
6.1. Dummy Fields in Figures 2 and 6

To allow proper frequency domain multiplexing between the SCH and other channels, the downlink SYNC preamble format must maintain the structure of regular OFDM transmission. From Figure 23 below (for 4-symbol P-SCH) we can observe that this structure is automatically maintained due to the 4x repetitive setup of the preamble except for the last symbol that contains the dummy field. Fortunately the last NCP samples in the dummy field can be set to be equal the to first NCP samples of the preamble head symbol (see figure below). This ensures that the SCH can be properly multiplexed with other channels in the frequency domain. 
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Figure 23 – Imposed structure for DL SYNC preamble

6.2. Justification for Frequency Reuse of 3

Frequency reuse of 3 is employed to prevent several distinct SCH’s (from different cells) from interfering with one another especially on the cell boundaries which occurs if reuse of 1 is used. The synchronization code allocation for reuse of 3 is illustrated in Figure 24 where PSC(k) and SSC(n,k) denote the PSC and SSC associated with the k-th sector of the n-th cell, respectively. 
In Figure 24, the reuse of 1 scenario corresponds to PSC(1)=PSC(2)=PSC(3) and SSC(n,1)=SSC(n,2)=SSC(n,3). Some potential problems that may arise with reuse 1 are:

· Interference among several P-SCH’s from different cells: Although the PSC is common to all the cells in the network, the effective channel seen by the PSC is a superposition of the downlink channels from several different Node B’s (see Figure 24). The channel estimate from the P-SCH is used for decoding the S-SCH as well as the broadcast channel (BCH) following the SCH. Since S-SCH and BCH are cell-specific, the channel estimate obtained from the P-SCH does not match with the channel experienced by the S-SCH and BCH. This becomes more severe for the UE’s near the cell boundaries (such UE is indicated in Figure 24 as the black X).

· Interference among several S-SCH’s from different cells: This essentially lowers the SNR for SSC decoding especially for the UE’s on the cell boundaries and hence increases the time required to decode the SSC. Furthermore, in the event when the UE receives several (2 or 3) equally strong signals from several Node B’s, averaging across multiple frames will not efficiently suppress the interference as the interfering signals does not significantly change across frames. Therefore it will be difficult to reliably decode the SSC from the serving cell.
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Figure 24 – Cell layout for the proposed SCH structure with frequency reuse of 3
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