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1 Introduction

At RAN1#68bis, it was discussed whether additional PSS/SSS configurations would be beneficial on an additional carrier type. In [1], we showed that in terms of handling carrier accessibility, there are already solutions available in Rel-10 and there is no need to change the Rel-8/9/10 PSS/SSS. The only motive for changing the PSS/SSS time locations would be to address the case where the PSS/SSS collide with the DM-RS [2]. The default solution would be to follow the Rel-10 procedure and not transmit the DM-RS in the resource blocks where the PSS/SSS are. The difference with Rel-10 is that for an additional carrier type in Rel-11, a Reduced CRS (RCRS) is used for synchronization but is not to be used for demodulation purposes according to the agreement in RAN1#68bis. Hence, there would be no possibility to transmit the PDSCH in the 6 central RBs in the subframes where DM-RS and PSS/SSS collide. 

If the Rel-10 procedure is applied (dropping DM-RS), the consequence is thus worse spectral efficiency. This loss is typically very small for large carrier bandwidths, e.g., 6/100*2/10=1.2% empty RBs on a 20 MHz carrier. On the other hand, the RAN1 specifications are bandwidth agnostic and the loss grows for smaller carrier bandwidths. The loss will be comparatively larger for TDD due to less DL subframes. In the extreme case of a 1.4 MHz TDD carrier with UL/DL configuration 0, it will unfortunately not be possible to transmit the PDSCH at all. Hence, it seems motivated to study the problem further.     
A major factor to consider is that the cell searcher constitutes a significant part of the baseband processing complexity [1] and UE vendors have likely spent much effort on its implementation. There is an inevitable cost increase if the UE has to be equipped with an additional cell searcher for Rel-11. Hence, it is highly desirable that, if time location changes of the PSS/SSS are to be done, exactly the same cell searcher as in Rel-8/9/10 could be used on an additional carrier type. More precisely, the same cell searcher could be applied if the relative spacing between the PSS and SSS symbols is kept. 

→ If PSS/SSS locations are to be changed, it is preferable to use exactly the same cell searcher as in Rel-8/9/10.
2 SSS detection performance

A reason for locating the PSS on the same frequency resources as the SSS was that the SSS can be detected coherently using channel estimates derived from the PSS. Moreover, the interleaved mapping of the two SSS sequences was especially adopted to enable better coherent detection. For FDD, the PSS and SSS are located on consecutive OFDM symbols whereas for TDD, they are separated by 3 OFDM symbols. Obviously, the larger the separation, the more vulnerable the channel estimates are to the UE velocity. Simulations are performed according to Table 1 in the Appendix. In Fig. 1, we evaluate the SSS detection error probability using coherent demodulation, for different symbol spacing between the PSS and the SSS, assuming the timing derived from the PSS is perfect and that there are no frequency offset errors. It can be seen that with low UE velocity (right), the performance is insensitive to the PSS and SSS spacing. For high velocity (left), there is a clear performance degradation of separating the PSS and SSS beyond 3 OFDM symbols. 
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Figure 1. SSS detection error probability for different OFDM symbol separations between the PSS and SSS, for EVA 100 km/h (left) and EVA 3 km/h (right) assuming ideal timing and no frequency offset.
In Fig. 2, we apply the error models for the timing synchronization and residual frequency offsets from [3]. It can be seen that with these errors, there is even performance impact of PSS and SSS separation at low velocity (right). Again it can be seen that there is a clear performance degradation of separating the PSS and SSS beyond 3 OFDM symbols. 
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Figure 2. SSS detection error probability for different OFDM symbol separations between the PSS and SSS, for EVA 100 km/h (left) and EVA 3 km/h (right) assuming timing and frequency offset errors.

In conclusion, the time locations of the PSS and the SSS greatly influence the detection performance. If the time separation would be increased to more than 3 OFDM symbols (the current spacing in TDD), there might be impact on the cell search performance.

→ The OFDM symbol spacing between the PSS and SSS should not be increased compared to Rel-8/9/10. 
3 PSS /SSS and DM-RS collisions
3.1 Normal cyclic prefix

Given that the RCRS is not used for demodulation, the consequence is that the PCFICH, PHICH, PDCCH and PBCH will not be transmitted on an additional carrier type and therefore, it may not have any control region. In [4] we propose to use the existing DM-RS pattern (ports p=7-14) currently used for special subframe configurations 3, 4 and 8, for all normal subframes, for both FDD and TDD, in order to improve PDSCH performance. If this DM-RS pattern is used, it will also partly solve the collision problem with PSS/SSS and in the following we assume this pattern is used. 

PSS/SSS locations for FDD
There are no collisions between PSS/SSS and the DM-RS. No changes are needed.

PSS/SSS locations for TDD
The SSS (located in symbol l=6 in slot 1 and 11) does not collide with the DM-RS. The PSS (located in symbol l=2 in the first slot of subframe 1 and 6) collides with the DM-RS. Subframe 1 is always a special subframe and the shortest configuration of the DwPTS corresponds to 3 OFDM symbols. Hence, the PSS cannot be located in symbols l>2 in subframe 1 and 6. A number of options could be considered, e.g.:
1. Keep the PSS location and never transmit PDSCH in subframe 1 and 6.

2. Move the PSS to symbol l=1 in the first slot of subframe 1 and 6.

3. Move the PSS to symbol l=0 in the first slot of subframe 1 and 6.
4. Move the PSS to symbol l=1 in the first slot of subframe 1 and 6 and move the SSS to symbol l=5 in slot 1 and 11.

The first option maintains the absolute PSS/SSS locations but does not fully solve the problem. The second option solves the collision issue but requires a new cell searcher since the PSS/SSS spacing is different. The third option solves the collision issue and results in the same PSS/SSS spacing as for FDD. The fourth option solves the collision issue, keeps the same separation of 3 OFDM symbols between the PSS and SSS and can thus reuse the existing cell searcher. Consequently alternative 4 is preferred. Fig. 3 shows the preferred configurations.
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Figure 3. PSS/SSS locations for FDD (left) and TDD (right) for the DM-RS pattern assumed in [4]. 
In Fig. 3 (left), we have assumed that the RCRS is transmitted in the subframes containing the PSS/SSS. This is in accordance with our proposal for FDD in [5]. For TDD, we proposed that RCRS may be located in DL subframes following an UL/DL switchpoint and will therefore not be in subframe 1 or 6. Thus, the PSS/SSS may not necessarily be in the same subframe as the RCRS. If that is the case, a number of other locations of the PSS/SSS could be considered. On the other hand, for UL/DL configuration 0, it is inevitable that the RCRS and the SSS will be in the same subframe, so the above proposal would generally work. 
3.2 Extended cyclic prefix
For extended cyclic prefix, it appears that no existing DM-RS pattern will be able to efficiently avoid the collisions. Assuming that no new DM-RS pattern is designed and that the existing DM-RS pattern is used, the following appears possible.
PSS/SSS locations for FDD
The PSS (located in symbol l=5 in slot 0 and 10) and the SSS (located in symbol l=4 in slot 0 and 10) collide with the DM-RS. The following options could be considered under the constraint that the PSS and SSS have to be located on consecutive OFDM symbols.
1. Move the PSS to symbol l=2 and the SSS to symbol l=1 in slot 0 and slot 10, respectively.

2. Move the PSS to symbol l=2 and the SSS to symbol l=1 in slot 1 and slot 11, respectively.
Both options solve the collision issue and offer reuse of the existing cell searcher. If the additional carrier type in future releases is defined to be standalone, a DM-RS based enhanced PBCH (ePBCH) has to be designed. If no obvious benefit is encountered, the location of an ePBCH would still be in slot 1. Then for option 2, the PSS/SSS will collide with the ePBCH. Therefore, option 1 is preferred from the forward compatibility perspective. 
PSS/SSS locations for TDD
The PSS (located in symbol l=2 in the first slot of subframe 1 and 6) does not collide with the DM-RS. The SSS (located in symbol l=5 in slot 1 and 11) collides with the DM-RS. The following options could be considered.
1. Move the SSS to symbol l=0 in the first slot of subframe 1 and 6.
2. Move the SSS to symbol l=1 in the first slot of subframe 1 and 6.

3. Move the SSS to symbol l=1 in slot 1 and 11, respectively, and move the PSS to symbol l=2 in slot 1 and 11, respectively.

4. Move the SSS to symbol l=2 in slot 1 and 11, respectively.
5. Move the PSS to symbol l=2 and the SSS to symbol l=1 in slot 0 and slot 10, respectively. 
It can be noted that the same PSS/SSS separation as for legacy TDD (3 OFDM symbols) can generally not be found. Option 2, 3 and 5 solve the collision issue and offer reuse of the existing cell searcher. Option 1 and 4 also solve the collision issue but cannot reuse the same cell searcher due to the separation between the PSS and SSS being 2 and 6 OFDM symbols, respectively. The results in Sec. 2 confirmed that large PSS/SSS separation would result in considerable performance degradation and should not be done. 
The PSS/SSS separation for option 2, 3 and 5 is the same as for FDD (1 OFDM symbol). Hence, the PSS and SSS would not be used for discriminating between FDD and TDD. On the other hand, such discrimination may not be needed at all, since the additional carrier type is only operated as an SCell, and higher layer signaling could include whether it is for TDD or FDD upon its configuration. Autonomous detection of FDD or TDD mode would typically be needed if the additional carrier type in future releases is developed to be a standalone carrier. However, even in that case, it is not required that FDD/TDD detection has to be accommodated only by the PSS/SSS. It can be noted that Option 5 is the same as option 1 for FDD, thus, a UE would only perform 3 hypothesis tests of PSS/SSS location during its initial access, if the standalone additional carrier is developed in the future.
For option 1, the PSS/SSS separation is 2 OFDM symbols, which would make it possible to distinguish between FDD and TDD. On the other hand, this is a new PSS/SSS separation that would not offer reuse of the existing cell searcher. Option 3 and 4 have the potential collision of PSS, SSS and a future ePBCH in slot 1 but option 5 would not have any such collision. Fig. 4 shows option 1 for FDD and TDD, respectively.  
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Figure 4. PSS/SSS locations for FDD (left) and TDD (right) for extended cyclic prefix.
4 Conclusions
Considering PSS/SSS collisions with DM-RS, we find that:
→ If PSS/SSS locations are to be changed, it is preferable to use exactly the same cell searcher as in Rel-8/9/10.
→ The OFDM symbol spacing between the PSS and SSS should not be increased compared to Rel-8/9/10. 
We showed that the DM-RS pattern for normal cyclic prefix assumed in [4] and the existing DM-RS pattern for extended cyclic prefix, require no change to the cell searcher while avoiding any collisions with the PSS/SSS.
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Appendix

Table 1. Simulation assumptions.
	Parameter
	Value

	Antenna configuration
	1 TX, 2 RX 

	Antenna correlation
	0

	Channel bandwidth
	1.4 MHz

	Channel profile
	EVA, 100 km/h, 3 km/h

	Timing error
	0 µs or uniformly distributed in [-1.175,1.175] µs

	Frequency offset 
	0 Hz or uniformly distributed in [-500, 500] Hz

	Detector
	ML

	Channel estimation
	From PSS, Least Squares + Low Pass Filtering













































































