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1. Introduction
In RAN4 2010 AH#4, the specification of RAN4 requirements pertaining to RRM, RLM and CSI due to TDM partitioning of DL resources in the context of non-CA based eICIC were discussed. The way forward proposed on the RAN4 reflector indicates that Rel-8/9 baseline receiver is also the baseline receiver for eICIC-related RLM/RRM requirements as per the current RAN1 decision. 
As per the RAN1 LS [1], an almost blank subframe (ABS or ABSF) always contains CRS and in addition may contain critical channels such as PSS, SSS, PBCH, Paging, SIB1, and PRS (and possibly CSI-RS, which is FFS in RAN1). When transmitted, these ABSF signals can interfere with a serving cell transmission and if significantly stronger (by RSRP) than the serving cell transmission, they can potentially degrade the serving cell signal quality. 
In [6], the impact of interference due to neighbor cell CRS and PDCCH transmission on PDCCH link performance was studied. It was noted that, for FDD, it is possible to mitigate the impact to SIB1 and paging by subframe shifting potentially allowing UE operation at low C/I. On the other hand, for TDD, operating at C/I below -8 dB seems not to be feasible due to paging outage resulting from neighbor cell SIB1 transmission. In this contribution, we elaborate this issue further and propose two solutions for mitigating this problem.
2. Idle Mode Monitoring Requirements

It has been argued in RAN4 that using ABSFs for RRM measurements in RRC_IDLE solves the paging outage problem that occurs when a macro UE roams near a non-allowed CSG femto cell. In Rel-9, a macro UE performs an inter-frequency or inter-RAT reselection when a non-allowed cell becomes the strongest cell potentially leading to LTE carrier outage (e.g., when an operator owns only one LTE carrier). In Rel-10, eICIC restricted subframe RLM measurements has been viewed to as a potential solution for mitigating this problem. We discuss this issue in further detail below.

There are really two aspects to this problem. For a Rel-10 UE to remain on a LTE macro cell in the presence of a strong non-allowed CSG femto interference, the UE must:

a) be able to measure RSRP/RSRQ accurately, AND

b) receive paging from the macro cell at low C/I, AND

c) receive PBCH/SIB1 from the macro cell at low C/I.

Enforcing restricted subframe RRM measurements in RRC_IDLE (i.e., ensuring that a macro UE uses only the femto’s ABSFs for measurements) only guarantees that issue a) above is resolved. Issues b) and c) still remain. The focus of this contribution however is issue b) above.

3. Interference to SIB1 and Paging

SIB1 is transmitted in subframe #5 of even SFNs (i.e., once every 20 ms). In TDD, any of the subframes #0, #1, #5, #9 are potentially paging subframes and in FDD, any of the subframes #0, #4, #5, #9 are potentially paging subframes [2]. 

In synchronous networks (e.g., TDD), this means that SIB1 transmitted on a neighbor cell ABSFs can interfere with paging and SIB1 reception as discussed further below.

Issue 1. Potential loss of paging PDCCH: Neighbor cell’s SIB1 (PDCCH) in subframe #5 interferes with paging subframes (PDCCH) transmitted by the serving cell, and

Issue 2. Potential loss of SIB1 PDCCH: Neighbor cell’s SIB1 (PDCCH) in subframe #5 interferes with SIB1 (PDCCH) transmitted by the serving cell.

For FDD, such interference scenarios can be mitigated by offsetting the neighbor cell transmission by 2 subframes (or other suitable offset values) relative to the serving cell transmission as shown in Fig. 1. 
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Figure 1. Subframe shifting femto cell by 2 ms relative to macro cell (FDD only solution).
On the other hand for TDD, such subframe shifting is not possible. Further it turns out that, it is not possible to avoid at least issue 1) above for TDD. In the TDD macro/femto case where a macro UE roams near a non-allowed CSG femto cell, issue 2) above can be mitigated by offsetting the femto cell transmission by 10 ms (i.e., aligning even SFNs of the femto with odd SFNs of the macro). But, since paging occasions occur at periodicities of 320 ms, 640 ms, 1280 ms or 2560 ms, it is not possible to avoid issue 1) above if for a certain UE’s paging occasion ends up being subframe #5. From Section 7.2 of [2], there are 2 paging configurations in TDD (corresponding to Ns = 2 and Ns = 4) for which subframe #5 is a potential paging occasion. This means that approximately 25% of the UE population for Ns = 2 and approximately 12.5% of the UE population for Ns = 4 can potentially experience paging outage due to interference from femto cell SIB1 to their paging subframes. 

In summary, based on the results presented in [6]:

· For FDD, it is likely possible to enable reliable SIB1 and paging reception for FDD by subframe shifting and configuring ABSFs appropriately in femto cells (macro/femto case) and in macro cells (macro/pico case) at C/I below -8 dB.
· For TDD, it is possible to protect SIB1 by SFN shifting (i.e., shifting by 10 ms). But, interference to the paging channel due to neighbor cell SIB1 transmission is still a problem. Reliable paging performance does not seem feasible at C/I below -8 dB.
4. Protecting the Paging Channel in TDD
In TDD, the subframes are time aligned due to the need for synchronizing femtos/picos with macro eNBs. As pointed out earlier, SFN shifting does not mitigate the paging outage problem and as a result, solutions for mitigating this problem must be evaluated in Rel-10. In this section, we present two solutions towards this end.

5.1. Solution 1: Repeated Paging Transmission
In the macro/femto case, when the macro cell transmits paging (PDCCH + PDSCH) in subframe #5, the SIB1 transmission from the femto on subframe #5 leads to paging outage when C/I is very low (i.e., macro UE is in close proximity of a non-allowed CSG femto). This problem exists even if the femto cell configures subframe #5 as an ABSF. One solution to this problem is illustrated in Fig. 2.

[image: image2.emf]Macro cell

subframe index

#0 #1 #2 #3 #4 #5 #6 #7 #8 #9 #0 #1 #2 #3 #4 #5 #6 #7 #8 #9

Femto cell

subframe index

#0 #1 #2 #3 #4 #5 #6 #7 #8 #9 #0 #1 #2 #3 #4 #5 #6 #7 #8 #9

   DL non-ABSF    Special subframe

   DL ABSF     Paging subframe (normal)

   UL subframe     Paging subframe (repeated)

SFN n SFN (n+1)


Figure 2. Repeated paging transmission on subframe #4 if a Rel-10 UEs normal paging subframe is subframe #5
Fig. 2 shows a macro/femto deployment with a DL-UL configuration having a 5 ms periodicity (DSUUD – TDD configuration 1). If the paging subframe for a certain UE ends up being subframe #5, the macro cell can repeat the transmission of the paging message (i.e., transmit both PDCCH and PDSCH) in subframe #4 of the same SFN as shown by the pointed arrow. Alternately, it can transmit the paging message on subframe #4 of the next SFN. (O&M messaging might be useful for ABSF pattern coordination, but are likely not strictly necessary.) The macro cell must however transmit the paging message in the original subframe #5 in addition to the repeated transmission in subframe #4 for legacy Rel-8/9 support. The offset of the repeated paging transmission is either known to the macro UE a priori (i.e., fixing in the 3GPP specification) or an offset can be signaled through higher layer signaling (although, we note that the precise higher layer signaling mechanisms are outside the scope of the contribution).  
In Fig. 2, the femto cell uses an ABSF pattern with 10 ms periodicity (i.e., 1/10) where the ABSF can be configured as an MBSFN ABSF or a non-MBSFN ABSF (but, only CRS is transmitted in subframe #4 either way). Since the offset is known to a Rel-10 UE (or can be made known), the UE can adjust its periodic DRX wake ups aligned with the repeated paging transmission in subframe #4 (i.e., in same SFN or the next SFN). A Rel-10 UE does not have to wake up in both occasions.
In this solution, both PDCCH grant containing DCI 1A/1C and PDSCH are transmitted in the repeated paging transmission (i.e., subframe #4) just as in a normal paging subframe. Since subframe #4 can be configured as a CRS-only subframe, the repeated paging transmission is interfered only by the femto cell’s CRS. From the results in [6], with PCID planning leading to non-colliding CRS, it is likely possible to achieve reliable paging at C/I lower than -8 dB.

5.2. Solution 2: Blind Decoding of Paging PDSCH
In another option, if a UE is experiencing very large interference and it is unable to decode the paging PDCCH to recover the paging PDSCH, it is then possible to have a second paging PDSCH in the same paging subframe. In this solution, the UE can decode the second PDSCH that bears the paging message without relying on PDCCH decoding. If a eNB transmits a regular paging message in the normal paging subframe and the intended recipient does not respond to this message due to the UE’s inability to receive paging in the presence of large neighbor cell interference, the eNB can transmit a second paging PDSCH in the next normal paging subframe.

Fig. 3 shows a paging subframe where a macro cell transmits two PDSCH blocks. PDSCH1 (yellow) is a regular Rel-8/9 allocation scheduled via DCI 1A/1C and Rel-10 UEs can that can decode the PDCCH successfully will have same paging performance as in Rel-8/9. PDSCH2 (Turqoise) is the second PDSCH that Rel-10 UEs can decode if they fail to decode the first paging PDCCH and corresponding PDSCH. The information (TBS/MCS/resource block allocation, etc) required to decode the second PDSCH information can be pre-determined.  The UE performs decoding (blind decoding) and checks if CRC passes or fails and then determine if it was paged or not based on the result of the decoding.  In this solution, there is no interference problem from the femto cell if non-overlapping RBs are used for paging (macro) and SIB1 (femto). 
The allowed set of TBS/MCS/PRB allocation combinations can be limited to a small number (e.g., 1 or 2 sets) to keep the blind decoding complexity low. Further the PRB resource allocation can be based on cell ID or a resource ID so that planning in the frequency domain is possible. With this approach, a Rel-10 UE experiencing  large femto cell interference can receive paging messages (via PDSCH2) without having to modify its wake up schedule (i.e., wake up can be scheduled once every DRX aligned with the normal paging subframe). This solution is also backwards compatible as there is no impact on existing paging PDCCH and PDSCH transmission associated with the paging of Rel-8/9 UEs (i.e., yellow blocks in Figure 3). 
In this method, if all elements in the allowed set of TBS/MCS/PRB allocation are compatible with Rel-8/9, then there is no need to transmit PDSCH2 separately. As long as the femto cell PDSCH3 (as shown in Fig. 3) occupies PRBs that do not overlap with PDSCH1, a macro UE will still be able to look for and reliably decode PDSCH1 without having to decode PDCCH first. 
Instead of requiring a Rel-10 UE to perform blind decodes over a pre-determined set of TBS/MCS/PRB resource allocation combinations, a MAC CE-type message can be transmitted at the start of the PDSCH codeword to indicate the MCS/TBS/RB allocation. But, this will likely increase decoding latency and it would be preferable to perform a few simple blind decodes (e.g., upon one or at most two PDSCH candidates) instead. 
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Figure 3. Macro cell transmits a second paging PDSCH2 in its normal paging subframe to enable a Rel-10 UE to blindly decode PDSCH2 (the paging message is sent both in PDSCH 1 and PDSCH 2). The femto cell transmits SIB1 PDSCH or MAC PDUs in PDSCH3 PRBs that do not overlap with .
5. ABSF Patterns and Idle Mode Power Consumption Impact
Rel-8/9 UE implementations are designed with tight power consumption targets in mind for efficient idle mode operation. As per the idle mode requirements in [2] and [7], the UE must monitor its paging subframe once every DRX cycle and in addition must perform RSRP/RSRQ measurements for the serving and neighbor cell (i.e., intra-frequency cell search and measurements are necessary). Typical implementations align the DRX wake ups for paging monitoring with intra-frequency cell search and measurements to minimize power consumption. 

Paging occasions occur with DRX cycle periodicities of 320 ms, 640 ms, 1280 ms or 2560 ms over the subframe set {#0, #4, #5 and #9} for FDD and the subframe set {#0, #1, #5 and #6} for TDD. The ABSF pattern periodicity is 40 ms. Therefore, for TDD, if any of the patterns under “TDD_ABS_2/6” or “TDD_ABS_3/6” [8] are used, the UE may be able to adjust its wake up duration so as the keep the overall idle mode power consumption similar to that for a Rel-8/9 UE. But, if the following pattern under “TDD_ABS_1/6” is used:

· [0000000001, 0000000001] [also available for MBSFN]
the UE might end up spending additional power for measurements due to the UE having to maintain a longer wake up in each DRX cycle so that it can perform measurements in the ABSF closest to the paging occasion.

For FDD, ABSF patterns with 8 ms periodicity are being considered. Consider the pattern under “FDD_ABS_1/8”:
· FDD_ABS_1/8, with bitmap: [10000000, 10000000, 10000000, 10000000, 10000000]

Because of its 8 ms periodicity, the occurrence of the measurement subframe is time-varying in relation to the paging DRX (e.g., if subframe #0 is the paging subframe, then the closest measurement subframe is a subframe with the index mod(8k, 10) for a integer k). This results in the UE having to constantly adjust its wake up span to keep the power consumption comparable to Rel-8/9. Even with such enhancements, there might be an overall increase in idle mode power consumption due to increased average wake up time leading to lowering of the UE standby time for a Rel-10 UE relative to a Rel-8/9 UE. This problem can be avoided by employing ABSF with a 10 ms or a 5 ms periodicity in FDD (similar to that for TDD) as shown below.
· FDD 1/5: [001000100, 0010000100]
· FDD 2/5: [0011000110, 0011000110]
The above two patterns accommodate a 2 subframe shift of the femto/pico relative to the macro cell (Note that, as per the discussion in this contribution and the results presented in [6], subframe shifting is likely necessary in FDD to enable UE operation at C/I lower than -8 dB). We propose that RAN4 study RRM performance for one or both of the above two ABSF patterns.

Since the HARQ periodicity is 8 ms, an ABSF pattern with a periodicity of 5 ms or 10 ms can potentially lead to a loss of more than one UL transmission per each ABSF due to PHICH blanking in the ABSFs. Since PDCCH for scheduling on the UL cannot be transmitted in a ABSF, one UL subframe is lost. Furthermore, since PHICH is absent in ABSFs, one additional UL subframe may potentially be lost. .However, the impact due to this can be mitigated by a solution similar to that used in inter-frequency/inter-RAT measurement gaps. If a PHICH transmission corresponding to a UL subframe is absent due to collision with an ABSF, the UE can assume that it is an ACK. Since the eNB knows the ABSF schedule a priori, it can schedule a lower MCS in the victim UL subframes to ensure that the performance loss due to such a restriction is small.
6. Conclusions

In this contribution, we discussed the issue of paging outage issue arising out of the interfering cell’s SIB1 transmission particularly in macro/femto idle mode scenario. In order that paging outage problem in TDD can be mitigated, it is necessary to protect the paging message. Two solutions towards this end were proposed for Rel-10.
Both in FDD and TDD, careful deployment of ABSF patterns is necessary in order that UE idle mode power consumption in Rel-10 is comparable to that in Rel-8/9. For FDD, at present, ABSF patterns with 8 ms periodicity are being considered. Some of these patterns have the risk that they likely result in excessive idle mode current drain for Rel-10 UEs. We, therefore, propose that patterns with 5 ms or 10 ms periodicity be considered even for FDD.
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