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1 Introduction

At RAN1 #59bis meeting, many contributions focused on the PCFICH issue for cross-carrier scheduling. In email discussions following the meeting, it was agreed that

· In case of cross carrier scheduling, a standardized solution will be supported to provide CFI to the UE for the carriers on which PDSCH is assigned. Details are FFS.
In this paper, the scenarios for cross-carrier scheduling (especially HetNet) and the drawbacks of implementation solutions are first reviewed. Then, several standardized solutions are analyzed and a preference given.
2 Scenarios for cross-carrier scheduling
2.1 HetNet

For the scenario of HetNet, some small cells (herein called Pico cells, but including Pico cells, Micro cells and HeNB cells) with low-powered eNBs and relative small coverage can be located within the coverage of a Macro cell, and are mainly used to provide high data rates for the hotspot or indoor area, while the Macro cell is used for the case of high speed and coverage enhancement. However, the mutual inter-cell interference coordination (ICIC) becomes the main issue and the bottleneck for throughput enhancement. For data transmission (PDSCH or PUSCH), performance can be guaranteed via resource scheduling and the physical layer HARQ procedure. For the control channel transmission, which spreads to the whole bandwidth and no physical layer HARQ procedure, performance will be deteriorated by the interference from the neighbouring Macro or Pico cell. 
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Fig. 1 The deployment of heterogeneous network
The scheme of cross-carrier scheduling is proposed to deal with this issue [1], where the PDCCH of a PDSCH on the carrier with a high interference level can be cross-scheduled on the carrier in a good interference condition. As illustrated in Fig. 1, the Macro and Pico cells have their own “host carrier” f1 and f2, and for Macro and Pico cells, the PDSCH on f2 and f1 can be cross-scheduled by the corresponding PDCCH on f1 and f2, respectively. Furthermore, for UEs with a good geometry, i.e., near the Macro or Pico cell, the PDCCH can be also scheduled on f2 (reduced power) or f1 despite the high interference level on such carrier. A UE may have an erroneous PCFICH detection on the PDSCH carrier without the UE’s PDCCH, which leads to the HARQ buffer corruption on this carrier [2].
2.2 Other scenarios

Besides the HetNet stated above, other scenarios for cross-carrier scheduling can be also considered [17].
· When a wideband carrier (e.g. 10MHz) is aggregated with a narrowband carrier (e.g. 1.4 or 3MHz), PDCCH(s) can be transmitted on the wideband carrier to maximize the resource utilization due to the limited number of CCEs available on the narrowband carrier.
· For the case of inter-band carrier aggregation, interference and radio characteristics of aggregated carriers may be different, and it is more efficient to do the cross carrier scheduling on a carrier with better propagation characteristics, e.g., PDCCH(s) carried on the lower band carrier.
· For the case of contiguous carrier aggregation, it is more efficient to use the component carriers farther away from UL frequency to carry the DL control signalling, to overcome self interference leakage from the UE’s transmitter on DL component carriers closest to the UL frequency.
3 Possible solutions

There are several ways to ease the problem brought forward by PCFICH erroneous detection, including implementation-based and standardization-based solutions [3]. It is agreed that in case of cross carrier scheduling, a standardized solution will be supported. However, some implementation-based techniques may be used together with the standardized solution.
3.1 Implementation-based techniques
· Power boosting for PCFICH [4]. Power boosting the PCFICH can help to some extent, but alone is not enough especially for UEs in rather low SNR conditions. There are also some further considerations below.
When the system is operated in a poor condition, a maximum of 6dB CRS-to-PDSCH power boosting has to be performed [5], and then reduced Tx power can be applied to the other resource elements (RE) on the 1st OFDM symbol in the control region [6]. As a result, there is perhaps not enough power to boost for PCFICH, considering the large CRS overhead, that is 4REs/RB when two or four antenna ports are used.
For the scenario of HetNet, there would have some carriers with large interference or need of control channel ICIC, so the performance of PCFICH on these carriers can not solved easily by power boosting due to the introduction of larger interference to other cells.
As stated in [7], the PDCCH REG interleaver cannot guarantee the REG apportionment that achieves equal power across symbols of control region especially under heavily loaded conditions, which requires the power boosting for PDCCH to avoid the throughput loss. Furthermore, to guarantee the PHICH performance [8], power borrowing by PHICH from PDCCH has to be done [9][10], which can further lead to the power limitation of control region. Therefore, power boosting to PCFICH cannot be always achieved, and the issue has to be solved by more reliable solutions. 
· Cross-carrier scheduling is not configured for certain UEs. Cross-carrier PDCCH scheduling could not be configured by eNB for UEs in rather low SNR conditions [4]. However, this introduces scheduling restrictions, and furthermore for HetNet, cross-carrier scheduling may be essential for these for PDCCH coverage.
· The PCFICH on the cross-scheduled carrier can be the maximum value by informing PHICH equal to 3 in MIB [16]. However for HetNet scenarios, it is beneficial to have dynamic PCFICH for good geometry UE under Pico which suffer less interference from the Macro cell. The number of UE scheduled on the highly interfered carrier (f1 of Pico) may not be many, so always setting PDCCH=3 will cause significant resource waste (1~2/14) for the good geometry UE. Furthermore, the performance of one symbol duration PHICH can be guaranteed based on Rel-8 scheme.
A pure implementation technique can not totally satisfy all scenarios. Therefore, it was agreed that in case of cross carrier scheduling, a standardized solution will be supported.
3.2 Standardization-based solutions
· A UE assumes a pre-configured PCFICH value of the carrier without the UE’s PDCCH.
· The UE is semi-statically signaled the PCFICH value of the cross-scheduled carrier [11].
Pros:

· No PCFICH problem.
· Works well when the number and conditions of the directly scheduled UE in the highly interfered carrier do not vary significantly
Cons:

· Inefficient resource utilization compared to dynamic indication

· The effective PCFICH value for the cross-scheduled UE is no longer variable per TTI based on the conditions of the (direct) scheduled UEs
· A UE always assumes a maximum PCFICH value 3 (4 for small bandwidth of 6RBs) of the carrier without the UE’s PDCCH. 
Pros:

· The maximum value is correct when there are a larger number of direct scheduled UE present on the strongly interfered carrier
· There is no influence to UEs on the carrier that is not cross-carrier scheduled compared to the implementation method of setting PHICH=maximum on the MIB
Cons:

· The maximum value is wasteful (by 1-2 of 14 OFDM symbols) when there is a small number of direct scheduled UE present on the strongly interfered carrier
· A UE assumes the PCFICH value of the carrier containing the PDSCH is equal to that of carrier containing the corresponding cross-carrier PDCCH. 
Pros:

· No additional dynamic or semi-static signalling
· Better able to adjust to changing serving cell load than semi-static signaling

· Can provide gains over assuming a maximum value when the carrier containing the PDSCH does not use the maximum value 
Cons:

· Not as much gain as dynamic signaling

· May be wasteful if there are never any direct scheduled UE on the highly interfered carrier
· The PCFICH configuration on the cross-scheduling and cross-scheduled carriers should be jointly considered. 
· The PCFICH value for the cross-carrier scheduling is conveyed in the cross-scheduled PDCCH.
· The PCFICH value is implicitly indicated via CRC mask or scrambling [12]. 
Pros: 
· Payload size remains the same
· Dynamic adaptation of control region
· Efficient resource utilization in any cross-carrier scheduling scenario
Cons: 
· Considering three masks are needed corresponding to each PCFICH value which is more than that of UL antenna selection in Rel-8, this would further limit the UE ID space, and increase the false positive probability.
· The PCFICH value is explicitly included in the cross-scheduled PDCCH. To avoid additional bits included in PDCCH, joint encoding the PCFICH and carrier index field (CIF) is proposed [13][14][15]. This can support the scenario for 3 carriers at most (no need to indicate the PCFICH of the carrier containing PDCCH). For more than 3 carriers, it must be assumed that the conditions are good for this UE (no PCFICH problem), or that some other method is used, e.g., UE assumes a semi-static signaled PCFICH value of the carrier or the same value as on the carrier with the PDCCH. 
Pros:

· Payload size remains the same
· Dynamic adaptation of control region without any cost for fewer than 3 carriers
· Efficient resource utilization in any cross-carrier scheduling scenario
Cons: 
· 3 carriers aggregation is supported at most
According to the above discussion it is beneficial to have a dynamic control region to maximize the control resource utilization and explicitly include it in the cross-scheduled PDCCH e.g. joint encoding the PCFICH and carrier index field (CIF).
4 Conclusion 
In this paper, several standardization-based solutions are compared, and summarized below.

	Solution for indicating the PCFICH of the cross-scheduled carrier
	Ability to respond to changes in user load and conditions
	Signaling Requirements
	Comments

	Semi-static
	Poor
	May be substantial (TBD)
	Not in the spirit of PCFICH

	Assume maximum value
	None
	No additional
	Simple but wasteful

	Assume same value
	Fair
	No additional
	Need to consider scheduling on both carriers

	Dynamic in PDCCH
	Excellent
	Small (TBD)
	May be possible to code with CIF


A more dynamic solution for knowing the PCFICH value may be desired so that the cross-scheduled carrier can also benefit from variations in control channel load. This yields a slight preference for 
· Explicitly included in the cross-scheduled PDCCH (e.g. joint encoding the PCFICH and carrier index field (CIF))
However, more discussion may be necessary to select the best solution. For example, simply assuming the same PCFICH value as of the carrier containing the PDSCH requires no semi-static or dynamic signalling. 
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