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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. At least the case of strong neighbor cell CRS interference to various DL channels must be evaluated. Several other interference scenarios must also be considered on a case by case basis (e.g., TDD). In this contribution, we present link simulation results for the following interference scenarios using a Rel-8/9 baseline receiver:
i) PDCCH performance under CRS-only interference

ii) PDCCH performance under PDCCH interference.
2. Simulation assumptions
Table 1 summarizes the general simulation assumptions.
Table 1

	Parameter
	Value

	Scenario
	(1) Two cell link – independent fading modeled

(2) 10 MHz system BW

(3) Normal CP both serving cell and interfering cell

(4) Perfect time alignment between serving cell and interfering cell

	Antenna configuration eNB/UE 
	2 Tx for both serving and interfering cells

	PCIDs (serving cell, interferering cell) and CRS collision
	(1) colliding CRS case – PCID pair (60, 96)
(2) non-colliding CRS case – PCID pair (60, 95)

	Propagation Channel
	Serving cell: ETU 3 kmph
Interfering cell: EVA 3 kmph

	Receiver
	Rel-8/9 baseline

	PDCCH parameters
	(1) Serving cell: NCtrl = 3 OFDM symbols in control region

(2) Interfering cell: NCtrl = 1 or 3 OFDM symbols in control region

	Interference modeling
	· At the UE receiver: serving cell signal power (C), Interfering cell signal power (I) and AWGN noise power (N).

· Signal to Interference plus Noise Ratio (SINR) for overlapping REs = C/(I+N) assuming static channels
· SINR for non-overlapping REs = C/N assuming static channels

	Signal to Interference (C/I)
	C/I = 100 dB (i.e., noise limited), 0 dB, -8 dB and -16 dB


3. PDCCH performance under CRS interference

Since CRS is always present in an ABSF on at least the 1st OFDM symbol (1 Tx and 2 Tx) and the 1st and 2nd OFDM symbols (4 Tx) and is potentially present on other OFDM symbols in non-MBSFN ABSFs, PDCCH performance under CRS interference were studied for both the colliding CRS and the non-colliding CRS cases. DCI 1C (29 bits of payload) with 8 CCE aggregation presents the best case in terms of PDCCH BLER performance. Note that DCI 1C can be used for scheduling critically important data such as SIB1 and paging. Both ideal PCFICH knowledge and practical PCFICH decoding (i.e., non-ideal PCFICH) cases were considered. 
Figs. 1.1 and 1.2 show results for the colliding CRS case and Figs. 2.1 and 2.2 show results for the non-colliding CRS case. In these simulations, NCtrl = 3 OFDM symbols were used for the serving cell and NCtrl = 1 OFDM symbol was used for the interfering cell, NCtrl where denotes the number of OFDM symbols used for PDCCH transmission.
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	Fig. 1.1. PDCCH (1C / 8 CCEs / ideal PCFICH) with CRS interf. (colliding CRS). 
	Fig. 1.2. PDCCH (1C / 8 CCEs / non-ideal PCFICH) with CRS interf. (colliding CRS)
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	Fig. 2.1. PDCCH (1C / 8 CCEs / ideal PCFICH) with CRS interf. (non-colliding CRS)
	Fig. 2.2. PDCCH (1C / 8 CCEs / non-ideal PCFICH) with CRS interf. (non-colliding CRS)


For the colliding CRS case, the PDCCH degradation is extremely large for C/I = -8 dB whereas, the degradation is less than 2 dB for C/I = 0 dB (at BLER = 1%) relative to the no interference case. Since the maximum possible aggregation level (i.e., 8 CCEs) and Format DCI 1C were used in this simulation, the performance degradation for other DCIs (1A/1/2 etc) based scheduling is expected to be larger. Therefore, it seems infeasible to (a) deploy UEs with a large handover bias in the macro/pico case or (b) let macro UEs stay reselected to the macro cell in the presence of strong CSG femto interference in the macro/femto case, without a substantial degradation in PDCCH reliability if there is no PCID planning.
For the non-colliding CRS case, the degradation for C/I = -16 dB and C/I = -8 dB are about 4.5 dB and 0.5 dB respectively for ideal PCFICH knowledge (at BLER = 1%) relative to the no interference case. But, with practical PCFICH decoding, there is error flooring for C/I = -16 dB and a degradation of about 5 dB for C/I = -8 dB relative to the no interference case. This behavior is primarily due to the interferer’s CRS colliding with the serving cell PCFICH at large interferer signal levels. Therefore, it seems that the Rel-8/9 baseline behavior of using PCFICH for decoding PDCCH is adequate when C/I is above -8 dB. For further lower  C/I (e.g. at -16 dB), the PCFICH performance issue can be mitigated by

a) boosting the PCFICH power level, or 
b) fixing the PCFICH value via signaling maximum PHICH duration on the MIB or  semi-statically signaling PCFICH values to the UE over higher layers, or
c) not relying on PCFICH and performing blind decodes corresponding to all values of NCtrl (non-Rel-8/9 baseline), 

Approach c) might result in an increase in false detection rate (manageable if limited to common search space only) and increased number of blind decodes at the UE. However, such approaches can lead to improved PCFICH performance.
4. PDCCH performance under PDCCH interference

SIB1 is transmitted in subframe #5 of even SFNs (i.e., once every 20 ms). 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 interferes with paging subframes ) transmitted by the serving cell (recall, that any of the subframes #0, #1, #5, #9 are potentially paging subframes for TDD and any of the subframes #0, #4, #5, #9 are potentially paging subframes for FDD, and

Issue 2. Potential loss of SIB1 PDCCH : Neighbor cell’s SIB1 PDCCH interferes with SIB1 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. 

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 a 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 = 3) 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. 

Successful paging message reception comprises correctly decoding both PDCCH (DCI 1A/1C) and associated PDSCH transmissions. It is possible to mitigate interference to PDSCH from neighbor cell’s PDSCH transmission by frequency domain coordination (i.e., allocating non-overlapping RBs for SIB1 PDSCH and paging PDSCH). But, due to the dependence of PDCCH CCE to RE mapping on the sub-block interleaver and PCID, it is not possible to avoid PDCCH to PDCCH interference. When NCtrl for the serving cell is larger than the NCtrl for the interfering cell (e.g., for the macro/femto case, it has been proposed [4] that macro cell should use NCtrl = 3 and femto should use NCtrl = 1 with PCID planning to ensure good control channel performance), both neighbor cell PDSCH and PDCCH can interfere with serving cell PDCCH.

Three scenarios for PDCCH to PDCCH interference were simulated as shown in Table 2 along with references to the respective plots. All of the simulations were for the non-colliding CRS case assuming PCID planning is feasible in macro/femto deployments. Scenario 1 and Scenario 2 correspond to the case when the serving cell uses DCI 1C (with 4 CCE and 8 CCE aggregation respectively). The interfering cell transmits PDCCH on 1 OFDM symbol in both of these scenarios. Scenario 3 corresponds to the case when both the serving cell and the interfering cell transmit PDCCH on all 3 OFDM symbols and the serving cell’s PDCCH is in UE search space.

Table 2. Simulation scenarios for PDCCH performance under PDCCH interference 
	Scenario
	Details
	Plots

	Scenario 1
	Serving cell: DCI 1C, 4 CCEs, NCtrl = 3 OFDM symbols 

Interfering cell: DCI 1C, 4 CCEs, NCtrl = 1 OFDM symbol, 4 RB PDSCH allocation to model SIB1 transmission
	Figs. 3.1 and 3.2

	Scenario 2
	Serving cell: DCI 1C, 8 CCEs, NCtrl = 3 OFDM symbols 

Interfering cell: DCI 1C, 4 CCEs, NCtrl = 1 OFDM symbol, 4 RB PDSCH allocation to model SIB1 transmission
	Figs. 4.1 and 4.2

	Scenario 3
	Serving cell: DCI 1A (UE search space), 8 CCEs, NCtrl = 3 OFDM symbols 

Interfering cell: DCI 1C, 4 CCEs, NCtrl = 3 OFDM symbol
	Figs. 5.1 and 5.2


	[image: image5.emf]1.E-03

1.E-02

1.E-01

1.E+00

-12 -10 -8 -6 -4 -2 0 2 4

C/N (dB)

BLER

C/I =100

C/I =0

C/I =-8

C/I =-16


	[image: image6.emf]1.E-03

1.E-02

1.E-01

1.E+00

-12 -10 -8 -6 -4 -2 0 2 4

C/N (dB)

BLER

C/I =100

C/I =0

C/I =-8

C/I =-16



	Fig. 3.1. PDCCH (1C / 4 CCEs / ideal PCFICH) with PDCCH interf. (1C / NCtrl = 1 / 4 CCEs) with non-colliding CRS
	Fig. 3.2. PDCCH (1C / 4 CCEs / non-ideal PCFICH) with PDCCH interf. (1C / NCtrl = 1 / 4 CCEs) with non-colliding CRS
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	Fig. 4.1. PDCCH (1C / 8 CCEs / ideal PCFICH) with PDCCH interf. (1C / NCtrl = 1 / 4 CCEs) with non-colliding CRS
	Fig. 4.2. PDCCH (1C / 8 CCEs / non-ideal PCFICH) with PDCCH interf. (1C / NCtrl = 1 / 4 CCEs) with non-colliding CRS
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	Fig. 5.1. PDCCH (1A / 8 CCEs / UESS / ideal PCFICH) with PDCCH interf. (1C / NCtrl = 3 / 4 CCEs) with non-colliding CRS
	Fig. 5.2. PDCCH (1A / 8 CCEs / UESS / non-ideal PCFICH) with PDCCH interf. (1C / NCtrl = 3 / 4 CCEs) with non-colliding CRS


Previously, we observed that C/I = -16 dB appears somewhat feasible as an operation point (albeit with around 5 dB degradation even with ideal PCFICH knowledge) under CRS only interference. However, from above results, it is clear that C/I = -16 dB is not feasible under PDCCH interference. For all three scenarios, the BLER curve show prominent error floors at C/I = -16 dB. 
These results imply that, for the macro/femto case, even if PCID planning were feasible (thereby, leading to non-colliding CRS), a macro UE cannot reliably receive paging from the macro cell when the macro cell becomes weaker than a non-allowed CSG femto by 16 dB at least for TDD (due to SIB1 PDCCH interference from the femto as explained in further detail in the next section). For C/I = -8 dB, there is about 2 dB degradation for the 8 CCE case (for both DCI 1A and 1C) and about 4 dB degradation for the 4 CCE case relative with ideal PCFICH knowledge. As for the CRS only interference case, the degradation due to practical PCFICH decoding is large (with error flooring observed for Scenario 1 and Scenario 2 due to PDCCH transmission occurring in common search space). The solutions proposed for the PCFICH problem in the previous section are applicable in these scenarios also.
5. Discussion
The implications of the results presented in the previous sections for the macro/pico and macro/femto scenarios are separately summarized below.

5.1. Macro/femto case

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 both:

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

b) receive paging 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. 

On the other hand, issue b) above can be resolved for FDD by subframe shifting methods studied in Rel-9 [3]. For example, in FDD, the femto’s transmission can be shifted by e.g. 2 ms (i.e. two subframes) relative to the macro cell as shown in Fig. 6. The femto cell configures its DL subframes #2, #3, #7 and #8 as ABSFs so that there is only CRS interference from the femto cell to macro cell paging subframes. If the femto cell configures all MBSFN ABSFs, the CRS interference to macro cell data region can be avoided. Based on the results presented previously, it can observed that, with about a 5 dB loss in PDCCH performance, it is possible for FDD UE’s to remain on a LTE macro cell in the presence of CSG interference for up to C/I = -16 dB considering only the PDCCH as the bottleneck. Note that the actual C/I threshold has to  consider other channels such as PSS/SSS, PBCH, PHICH, as well as practical receiver issues such as receiver dynamic range could be the other potential bottlenecks and will have to be considered. This is because, in FDD, subframe shifting with suitable (ABS or MBSFN) configuration ensures that the macro cell paging occasions experience CRS only interference from the femto cell.
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Fig. 6. Subframe shifting femto cell by 2 ms relative to macro cell (FDD only solution)

However, subframe shifting is possible only in FDD. For TDD, subframe shifting is not possible and SFN shifting does not address the problem of macro cell paging outage occurring due to femto’s SIB1 transmission (i.e., issue b) above). Since it was shown previously that C/I = -16 dB is not a feasible operating point in the presence of femto cell PDCCH interference (SIB1) to macro cell paging subframes, it appears that TDD UE’s can only be allowed to remain on the E-UTRA macro cell up to C/I = -8 dB. Therefore, it is likely that enhancements to the paging channel are necessary to support C/I levels below -8 dB.
In the discussion so far, performance of PSS/SSS and PBCH and UE receiver dynamic range issues have not been considered under large interference. For FDD, PBCH performance could potentially be an issue which can also be mitigated by subframe shifting. For TDD, both PSS/SSS and PBCH performance have bottlenecks due to collisions. At low C/I, UE receiver dynamic range limitations must also be considered in further studies when evaluating performance in large interference scenarios such as when C/I = -16 dB.

5.2. Macro/pico case

The macro cell transmits SIB1 and Paging message in the designated subframes. If the pico cell is much weaker than the macro cell due to pico cell range expansion, it possible to mitigate interference to pico cell SIB1 by subframe shifting in FDD and SFN shift in TDD in addition to PCID planning. But, it is not possible to mitigate macro SIB1 interference to pico cell paging occasions in TDD. In RRC_CONNECTED state, UEs (both in non-DRX and DRX modes) are notified of system information change by paging (using DCI 1A or 1C grant) in designated paging subframes. When the pico cell is much weaker than the macro cell, a situation similar to the macro/femto idle mode problem can occur in that, a pico UE cannot receive paging messages associated with the serving pico cell as part of the system information change notification. System information change occurs relatively infrequently, but a UE’s failure in being able to re-acquire new system information results in dropped calls. However, Rel-8/9 behavior is sufficient for pico UEs in RRC_IDLE mode in the macro/pico case. This is because, pico cells are open access and there is no reason for a UE to camp on a weak pico cell in RRC_IDLE.
From the above discussion, for TDD, C/I = -8 dB is the limiting SINR at which PDCCH performance is acceptable in the presence of interference from neighbor cell, it seems that the macro/pico handover bias must be limited to -8 dB. Paging channel enhancements that are critical for addressing the macro/femto idle mode issue will also be helpful in the TDD macro/pico case for UEs in connected mode.
For FDD, as mentioned earlier, it is possible to avoid macro cell SIB1 interference to pico cell paging subframes with subframe shifting. However, the pico cell may be scheduling UEs on the downlink in its subframes that overlap with macro cell SIB1 transmission (e.g, with 2 subframe shifts as shown in Fig. 6, pico cell subframe #3 in even SFNs as experience macro cell SIB1 interference). In such subframes, the pico cell may need to increase PDCCH code protection (by allocating the maximum number of CCEs) and utilize PDCCH power boosting to mitigate the effect of macro cell interference at low C/I.  The increase in CCEs is not that significant for up to 8 dB cell range extension as shown in Annex D of R1-105624 [5] (Figure 17 and Table 2) assuming non-colliding CRS.
6. Conclusions

Simulation results for PDCCH performance in the presence of neighbor cell interference from CRS or PDCCH transmissions present in ABSFs were presented in this contribution. The following observations were made assuming PCID planning is feasible.

· Reliable PDCCH reception is not possible when there is CRS collision even at C/I = -8 dB.  
· For the non-colliding CRS case, it is possible to support PDCCH transmission with about 5 dB degradation relative to the no interference case at C/I = -16 dB provided that the ABSFs contain only CRS. 
· However, semi-static PCFICH setting (fixing NCtrl to the maximum value is already achievable in Rel-8/9  via PHICH configuration in MIB), performing blind decodes for all possible values of NCtrl or power boosting seems to be necessary.

· Other potential bottlenecks arising out of CRS/PBCH interference to PBCH must be considered in determining the lowest C/I operating point for FDD and TDD separately.
· When ABSFs contain PDCCH in addition to CRS, reliable PDCCH reception can be supported only up to C/I = -8 dB. This has impact for TDD in the macro/femto case, where it is not possible to avoid paging outage for macro UEs if the macro cell is weaker than the femto cell by more than 8 dB. For the TDD macro/pico case, macro cell SIB1 interference to pico cell paging limits a pico UEs ability to re-acquire system information when it has changed. This, therefore, limits the range expansion bias to 8 dB for TDD even in the macro/pico case. Paging channel enhancements are likely necessary to address these issues for TDD.
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