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Introduction 
It was agreed in RAN plenary #51 that further enhanced non-CA based ICIC for LTE will be studied for Rel-11 as a work item [1]. Specifically, one objective of this WI is to “to enable significantly improved detection of PCI and system information (MIB/SIB-1/Paging) in the presence of dominant interferers for FDD and TDD systems, and different network configurations (e.g., subframe offset / no-subframe offset)”. In a heterogeneous network a UE may communicate with a weak cell, for example a pico UE in the range expansion (RE) area or a non-member UE in the coverage area of a CSG. Although the aggressor cell blanks the transmission or reduces the transmit power as much as possible during ABSs, PSS/SSS/PBCH has to be transmitted to avoid the impact on legacy UEs. This could degrade the signal reception of PSS/SSS/PBCH for the UEs in the victim cell, especially without the subframe offset. During the Rel-10 eICIC discussion, contributions [2-4] have shown that this degradation could be significant if no enhancements are considered. 
In this paper, we proposed an auxiliary PSS/SSS solution to allow the victim UEs (a pico UE in the RE area or a non-member UE in the coverage area of a CSG) to reliably detect the PSS/SSS of the weaker cells.   
Motivation of auxiliary PSS/SSS in the victim cell  
In Rel-10, a bias of up to 6 dB was supported for pico cell range expansion. If even higher bias is to be supported, the PSS/SSS detection in the victim cell will be severely degraded.  One way to avoid the interference from an aggressor cell is to provide auxiliary PSS/SSS signalling in a victim cell to assist time and frequency synchronization. The auxiliary PSS/SSS is signalled in addition to the existing PSS/SSS. By using time-domain interference avoidance technique, detection of auxiliary PSS/SSS is simple and the synchronization performance is significantly improved. An example of the auxiliary PSS/SSS is illustrated in Figure 1.



[bookmark: _Ref299716475]Figure 1. Auxiliary PSS and SSS in slot #1 (FDD, normal cyclic prefix).

This solution has the advantage of being able to support both the FDD and the TDD systems and different network configurations (e.g., with subframe offset / no-subframe offset). 
The following considerations should be taken into account in introducing the auxiliary PSS/SSS:
1) Auxiliary PSS/SSS reside within the central 72 subcarriers but in different OFDM symbols than Rel-8 PSS/SSS. 
2) Auxiliary PSS and SSS are located close to each other so that coherent detection of SSS is possible. While SSS can be detected both coherently and non-coherently, it has been shown that higher accuracy (thus less cell search time) can be achieved by coherent detection using the channel estimation available after detecting PSS. This effect is prominent when the UE has high mobility [5].
3) The auxiliary PSS cannot confuse the legacy UE about the 5ms timing.  The auxiliary SSS cannot confuse the legacy UE about the radio frame timing.  While new UEs are aware that the auxiliary PSS/SSS need to be used in conjunction with existing PSS/SSS, legacy UEs are not aware of this fact. 
4) Control PDSCH transmission of the victim cell and the aggressor cell to protect the auxiliary PSS/SSS. 
New Sequences Without Changing Relative Position between Auxiliary PSS and SSS
 New Sequences for Auxiliary PSS
One way to avoid the confusion between auxiliary PSS/SSS and existing PSS/SSS is to introduce new Zadoff-Chu sequences for the auxiliary PSS. In this case, there is no need to introduce new sequences for SSS because SSS should always be detected after PSS is detected. The introduction of the new auxiliary PSS/ SSS does not confuse a legacy UE.

The sequence  used for the Rel-8 primary synchronization signal is generated from a frequency-domain Zadoff-Chu sequence according to



where the Zadoff-Chu root sequence index  is given by Table 1.
Table 1: Root indices for the primary synchronization signal.
	

	
Root index 

	0
	25

	1
	29

	2
	34



In selecting the root indices u in Table 1, it was taken care that u1 + u2 = N, where N=63 is the length of the Zadoff-Chu sequence (including the DC component).  Here ui corresponds to  i.e. u1 = 29 and u2=34. With this relationship, the resulting time-domain waveform of the PSS(u2) is a complex conjugate of the PSS(u1), i.e., the sequences have time-domain complex conjugate symmetry.  This allows ~33% complexity reduction in PSS detection because the correlation between the received signal and the third PSS can be obtained from the correlation with the second PSS and thus two PSSs can be detected with a single correlator. Thus when selecting auxiliary PSS, the root indices are still preferred to satisfy u1 + u2 = N. It is important to make sure that the resulting sequences with the new indices have good cross correlation properties with the existing Zadoff-Chu sequence. 


In Table 2, three indices ui  are proposed, one for each ui, i.e., there is a one-to-one mapping between each existing Zadoff-Chu sequence of PSS and the auxiliary sequence. Thus for a cell with ID , two PSS sequences are used, with the existing PSS have index ui, and the auxiliary PSS have index ui. Detection of the auxiliary PSS will provide  without any need to detect the existing PSS. 
Table 2: Root indices for the auxiliary primary synchronization signal.
	

	
Root index 
	
Auxiliary Root index 

	0
	25
	


	1
	29
	


	2
	34
	




Alternatively, only one auxiliary PSS sequence may be configured for the victim cell, as long as there is only one victim cell transmitting the auxiliary PSS in a coverage area. For example, if a pico cell is surrounded by multiple macro cells, one auxiliary PSS is configured by the pico cell. This scenario is possible: (a) if the existing PSS signalling can be relied on for detectingafter correct time and frequency synchronization is provided; or (b) the victim cell is the neighbouring cell and the serving cell gives cell ID information of the victim cell so that the UE only needs the auxiliary PSS sequence to detect the time and frequency synchronization. Using one sequence for the auxiliary PSS, the auxiliary PSS only provide the time and frequency synchronization. This helps to reduce the receiver complexities of the new UE. Any sequence with good properties other than root index 25/29/34 could be used for this purpose. It is preferable to select a Zadoff-Chu sequence with a root index  such that  is prime number to 63, where  is the root index of PSS transmitted by cell-. Further, on the UE side, the UE may monitor the auxiliary PSS sequence only when certain conditions are met or eNB could signal to the UE. For example, in the normal operations, the UE could perform Rel8/9/10 PSS/SSS detection. When the UE is close to the range expansion area or close to the femto cells, the UE may start to detect this new sequence. 
 Placement of Auxiliary PSS/SSS
 Since the differentiation between the auxiliary synchronization signal and the existing synchronization signals is achieved via definition of the sequences, the auxiliary synchronization signal can keep the same relative position as the existing synchronization signals. This is illustrated in Figure 2, where 3 options to locate the auxiliary PSS and SSS are shown.  
· In option (a), the auxiliary synchronization signals are located in the OFDM symbols #5 and #6 of slot #1.  
· In option (b), they are located in the OFM symbols #2 and #3 in slot #11.  
· In option (c), they are located in the OFM symbols #5 and #6 in slot #11.   
As discussed, the auxiliary PSS and SSS can keep their relative position, where the auxiliary SSS is right before the auxiliary PSS in FDD, and the auxiliary SSS is 3 OFDM symbols before the auxiliary PSS for TDD.  Maintaining the relative position of the auxiliary PSS and SSS as before has the added advantage of allowing the UE to differentiate between FDD and TDD during initial cell search, as is the case in the existing design.
Additionally, the three options (a)-(c) exemplified for FDD are chosen so that the auxiliary synchronization signals are located in the same subframes (i.e., subframe #0 or subframe #5) as the existing synchronization signals. While only one set of auxiliary PSS/SSS is added in one radio frame in Figure 2, it is also acceptable to define more auxiliary PSS/SSS instances if high detection reliability is desired. For example, two new sets of auxiliary PSS/SSS can be defined per radio frame, as illustrated in Figure 3, where new sequences for auxiliary PSS and/or SSS provide the differentiation from the existing PSS/SSS. In the example of Figure 2, the auxiliary synchronization signals are located in the OFDM symbols #5 and #6 of slot #1 and #11. Analogous to FDD, similar arrangements could exist for TDD.
The auxiliary PSS/SSS occupies REs that normally contain PDSCH, and so PDSCH transmission or reception may need to be adjusted. The simpliest approach is to avoid allocating PDSCH to the RBs that contains auxiliary PSS/SSS. This has little impact to the cell capacity. For example, in Figure 2 (a), the six RBs that carry the auxiliary PSS/SSS have already taken up by PBCH and have little room for PDSCH. If the RBs carrying auxiliary PSS/SSS still need to be used for PDSCH, this can be achieved by either replacing REs containing PDSCH with auxiliary PSS/SSS (“puncturing the REs in the PDSCH”), or by increasing the code rate of PDSCH data such that it will fit in the subframe without occupying the REs containing auxiliary PSS/SSS (“rate-matching the PDSCH around the colliding REs”). New UEs can use the rate matched approach, since they can adjust their rate matching to use only the valid REs containing PDSCH. Legacy UEs can only use the punctured approach, since they will not be aware of auxiliary PSS/SSS.  While puncturing will have worse performance than rate matching, the eNB may use a conservative MCS to achieve an acceptable reception error rate.
Note that, while not shown in the figures, CSI-RS can occupy the same OFDM symbols as the auxiliary synchronization signals.  Since the period of the auxiliary synchronization signal is a multiple of 5 subframes, this can be avoided by configuring CSI-RS to occupy different subframes than the auxiliary synchronization signal.


[bookmark: _Ref297759196]Figure 2 Auxiliary full PSS and SSS for FDD, assuming normal cyclic prefix.


[bookmark: _Ref297761935]Figure 3 Two auxiliary full PSS and SSS per frame for FDD, assuming normal cyclic prefix.

New Relative Position between Auxiliary PSS and SSS
Another way to avoid the confusion between the auxiliary PSS/SSS and existing PSS/SSS is to define the location of the auxiliary SSS relative to the auxiliary PSS to be different from the relative location of the existing PSS and SSS. For FDD, this means that the auxiliary SSS is not located right before the auxiliary PSS. For TDD, this means that the auxiliary SSS is not located 3 OFDM symbols ahead of the auxiliary PSS.  In this way, there is no need to introduce new sequences for either PSS or SSS. For the legacy UEs, after it detects the PSS, it will fail the detection of the SSS. Thus it will try to synchronize to other symbols. This may increase the detection delay for the legacy UEs. One way to reduce this delay is to put the auxiliary PSS/SSS positions just after the legacy PSS/SSS so the legacy UEs could have high possibility to detect the legacy PSS/SSS first. For the new UEs, since the scenario of concern is high interference, it may be difficult to detect the legacy PSS/SSS so there is no delay concerns. 
As an example, Figure 4 illustrates some options for FDD, where the relative position of SSS and PSS is chosen such that SSS is right after PSS (i.e., their relative position is swapped compared to Figure 2). Specifically,
· In option (a), the auxiliary synchronization signals are located in the OFDM symbols #5 and #6 of slot #1, with PSS just ahead of SSS.  
· In option (b), they are located in the OFM symbols #2 and #3 in slot #11, with PSS just ahead of SSS.  
· In option (c), they are located in the OFM symbols #5 and #6 in slot #11, with PSS just ahead of SSS.   
It is straightforward to adopt other relative positions as well, such as SSS is two OFDM symbols before (or after) the PSS. It is simple to apply the same reasoning to TDD. 


[bookmark: _Ref297759200]Figure 4 Auxiliary full PSS and SSS for FDD where the relative position of PSS and SSS is swapped.
Blanking to Protect the Auxiliary PSS/SSS
To ensure proper detection of the auxiliary PSS/SSS under severe inter-cell inference scenario, it is imperative that the REs used for the PSS/SSS transmission in the victim cell are not used for data transmission by neighbour cells of strong interference. The eNB of the aggressor cell has the following options.
Option  1. The subframes where the auxiliary PSS/SSS reside are designated as ABS in the aggressor cell. 
Option  2. The subframes where the auxiliary PSS/SSS reside are not ABS, but the eNB of the aggressor cell does not allocate any PDSCH or allocate PDSCH with low transmit power in the central 6 RBs. This has the benefit of removing interference to the auxiliary PSS/SSS, without forfeiting the RBs not colliding with PSS/SSS.
Option  3. The eNB of the aggressor cell is aware of the RE locations of the auxiliary PSS/SSS, and does not transmit any data over those REs, while transmitting data in other non-colliding REs. This can be achieved by either replacing REs containing PDSCH with auxiliary PSS/SSS (“puncturing the REs in the PDSCH”), or by increasing the code rate of PDSCH data such that it will fit in the subframe without occupying the REs containing auxiliary PSS/SSS (“rate-matching the PDSCH around the colliding REs”). 

On the UE side, for the new UE, it can demodulate/decode the data by only receiving the valid REs containing PDSCH in the allocated RBs. For the legacy UE, it may receive all the REs in the allocated RBs (even with the REs for the auxiliary PSS/SSS) in order to demodulate/decode the data. In this case, only puncturing the REs is applicable. The eNB may use conservative MCS to protect the data so the reception may be still successful. To enable proper blanking at the aggressor cell, configuration of the auxiliary PSS/SSS (e.g., location and size) can be sent from the victim cell to the aggressor cell via X2 signalling.
Conclusion 
In this contribution, we proposed the auxiliary PSS/SSS scheme in the victim cell in order to avoid the strong interference from an aggressor cell on the legacy PSS/SSS. With time domain interference avoidance, the proposed solution avoids the dominant interference from the aggressor cell entirely. Further, this solution could be applied for both the FDD and the TDD systems, as well as the network configurations without any subframe-offsets.
Proposal: To avoid the strong interference on the legacy PSS/SSS in a victim cell, auxiliary PSS/SSS scheme should be considered. 
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