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1. Introduction

LTE-Advanced will support cross carrier scheduling for conveying PDCCH information on the anchor carrier for UEs receiving their PDSCH on a non-anchor carrier. While cross-carrier scheduling provides a flexible solution for tackling control channel interference, the performance of PCFICH detection – for determining the PDCCH OFDM symbol duration – with cross-carrier scheduling requires further investigation.  Failure to correctly decode PCFICH can lead to PDSCH detection starting from the wrong OFDM symbol, which can culminate in HARQ buffer corruption at the UE.
Following email discussion after RAN1 #59bis, the following way-forward [6] was agreed to solve the problem of erroneous PCFICH detection on a cross-scheduled component carrier in LTE-Advanced. 
“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 contribution, we present our views on CFI signaling with multiple component carriers in LTE-Advanced.
2. PCFICH detection in homogeneous networks

In homogeneous networks, PCFICH detection (for Rel-8 LTE) has been optimized through power boosting, considering that the PCFICH length is only restricted to 16 REs. Indeed, as discussed in [1][2], by boosting PCFICH power by 3-4 dB, a PCFICH BLER of 10-3 to 10-4 – comparable to the target BLER for NACK ( ACK – is achievable even for a cell-edge UE (5 percentile SINR CDF). So, our view is that obtaining reliable PCFICH detection is purely an implementation issue in homogeneous networks, which can be resolved using PCFICH power boosting.
3. PCFICH detection in heterogeneous networks
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Figure 1: A heterogeneous network deployment consisting of conventional macro eNodeB (s) and low power nodes (Relays/CSG Home eNodeB/Indoor and Outdoor Hotzones).
PCFICH detection performance requires further study in heterogeneous network (het-net) deployments, where the random indoor/outdoor locations of users and low power nodes (such as pico cells, CSG Home eNodeBs and wireless relays) can introduce serious near-far problems at both the macro UEs and het-net UEs.  One such heterogeneous deployment is shown in Figure 1. Without loss of generality, the rest of this contribution refers to these heterogeneous classes of eNodeBs as “Low Power Nodes” (LPNs). For sake of clarity, UEs connected with LPN nodes shall be referred as LPN UEs.
In the following sub-sections, we assume a heterogeneous network consisting of m downlink component carriers. Without loss of generality, we restrict our discussion to m = 2 DL CCs in this contribution. 
3.1. Co-channel Deployment
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Figure 2:  Co-channel Dual Carrier Deployment in a Heterogeneous Network.
In the above deployment scenario (Figure 2), both DL CCs can consist of macro-UEs as well as LPN-UEs.  A typical dual carrier deployment would consist of all macro-UEs being cross-scheduled from DL CC1 (DL CC1 being the anchor carrier for macro-UEs) and all LPN-UEs being cross-scheduled from DL CC2 (DL CC2 being the anchor carrier for LPN UEs). Note that such a deployment does not preclude Rel-8 LTE UEs being present in either carrier – indeed, considering the scarcity of available spectrum, it is more likely than not that LTE-A UEs and Rel-8 LTE UEs will be multiplexed in both DL CCs. 
For facilitating inter-cell interference coordination for reliable PDCCH detection on either component carrier, PDCCH for macro-UEs on DL CC2 [resp. LPN UEs on DL CC1] may be transmitted at lower power. Power reduction on PDCCH on a non-anchor component carrier facilitates reliable PDCCH detection on the UEs on the tier (that is, either macro- or LPN tier) for which that CC is the anchor carrier. While PDCCH power de-boosting on the macro-UEs on DL CC2 [resp. LPN UEs on DL CC1] reduces cross-tier interference on the control region for UEs belonging to the other tier, PCFICH performance requires further study especially for UEs experiencing substantially poor geometries, as seen in the following two categories:

Category 1: A cell-edge macro-UE is in the vicinity of a hostile LPN interferer (e.g. CSG HeNB or a non-serving hotzone cell).

Category 2: The LPN UE is experiencing significant interference from an interfering macrocell eNodeB. For example, its serving CSG HeNB may be physically located close to a macro eNodeB.
As this juncture, we recommend that RAN1 first study PDCCH/PCFICH detection performance in detail in a heterogeneous network context, and determine if at all there is any need for alternative CFI signalling in a het-net context. We feel it is important for RAN1 to examine the underlying problem causing poor UE geometry, and investigate possible solutions. For example, alternative cell selection schemes such as range extension – originally proposed for higher offloading/cell splitting gains in the context of hotzone cell deployments – have been shown to create increased “cross-tier” interference over both uplink and downlink directions [7] [8] [9]. In the current context, a het-net UE may experience increased PCFICH interference arising as a consequence of cell-selection.
3.2. Robust PCFICH Detection: Implementation-Based Solutions
We now examine implementation based strategies for enhancing PCFICH detection performance of cross-scheduled UEs in a het-net scenario, if needed, and further discuss their pros and cons. In all cases, we assume that non cross-scheduled UEs (e.g. Rel-8 LTE UEs) determine their CFI values following PCFICH detection. 

Strategy I1: Set the PHICH symbol duration to be the maximum PDCCH control region symbol duration on the MIB (note that the PHICH symbol duration is a lower bound on the PDCCH symbol duration).
In strategy I1, the PDCCH symbol duration on the cross-scheduled CC equals a fixed maximum (namely 3 symbols for bandwidths greater than 1.4 MHz). Cross-scheduled UEs infer their CFI value after decoding the PHICH duration on the MIB block. 
The advantage of strategy A is that it is UE implementation based.  However, since PCFICH is cell-common, all UEs on the non-anchor carrier – both cross-scheduled and non-cross scheduled UEs – are assigned a PDCCH symbol size equalling the maximum allowable PDCCH symbol duration. Such a scenario is undesirable especially when the fraction of cross-scheduled UEs is significantly smaller compared to the total number of UEs. 
Strategy I1 therefore leads to a worst-case PDCCH efficiency loss equalling 14 %, which would have occurred when an eNodeB requires transmitting NPDCCH, max = 3 symbols (for greater than 1.4 MHz bandwidth) when just one PDCCH symbol would suffice (for example, as in the case of a lightly loaded eNodeB).
Strategy I2: Use PCFICH power boosting on cross-scheduled CC.
Strategy I2, in our view requires further study, since PCFICH design in Rel-8 LTE has been designed for robust performance, keeping in mind its extremely low coding rate – two-bit CFI values are mapped to 32 bit codewords corresponding to an effective coding rate equalling 0.0625 –, the inherent frequency diversity in its RE to frequency domain mapping, and the presence of a cell-specific frequency offset. 
It is therefore plausible that PCFICH power boosting improves PCFICH detection probability in het-net deployment scenarios as well.

3.3. Robust PCFICH Detection: Specification Based Solutions
This sub-section examines implicit and explicit CFI signalling mechanisms which require standardization effort. 

Strategy S1: CFI for a cross-scheduled UE shall be semi-statically signalled on its anchor carrier.
Strategy S1 applies for communicating the CFI values only for cross-scheduled UEs. As a result, the RRC signalling overhead is proportional to the number of cross-scheduled UEs.  Strategy S1 strikes a balance between dynamic L1 signalling and implementation based solutions. Our view is that semi-static signalling, if required, can provide almost all of the advantages provided by L1-signaling, while keeping signalling overhead low.
Strategy S2: Cross-scheduled UE shall assume its CFI value (on non-anchor carrier) to be the same as its CFI value following PCFICH detection on anchor carrier.
Assuming that UE correctly decodes its PCFICH on its anchor carrier, it implicitly determines its CFI value on its cross-scheduled carrier based on CFI value derived from its anchor carrier. Strategy S2 works only if the control region duration (symbols) in the anchor carrier namely NPDCCH, anc is greater than or equal to the control region duration NPDCCH, non-anc (in symbols) of the cross-scheduled carrier. Otherwise, the UE would start decoding its PDSCH on a control carrying OFDM symbol. The UE would then determine a failed PDSCH transmission leading to potential HARQ buffer corruption at the UE. Consequently, Strategy S2 necessitates the eNodeB scheduler to assign control region sizes on both anchor and non-anchor component carriers such that NPDCCH, anc >= NPDCCH, non-anc.
Strategy S3: Cross-scheduled UE assumes a fixed, pre-specified CFI value on its cross-scheduled CC. 
With implicit strategy S3, eNodeB should configure the true PDCCH symbol duration for cross-scheduled CC to be chosen to be lesser than or equal to x, where x corresponds to the pre-specified CFI value chosen for cross-scheduled UEs. The eNodeB scheduler has to rate-match PDSCH data for cross-scheduled UEs for ensuring that their valid PDSCH data starts from OFDM symbol x+1 onwards.
Strategy S4: PDCCH CRC is masked with the UE ID + CFI value in the cross-scheduled CC.
As noted in [5], the implicit strategy S4 requires that the UE IDs be separated by at least three IDs, which imposes a UE ID restriction at the eNodeB.
Strategy S5: CFI value for cross-scheduled CC is signalled on SIB block in primary carrier. 
Using Strategy S5, it is FFS for deciding whether:

a) SIB broadcast CFI value is used by all UEs (cross-scheduled and regular UEs) for determining their PDSCH starting symbol.

b) Or alternatively, whether only cross-scheduled UEs infer their CFI value using such a mechanism (that is, non-cross scheduled UEs continue employing dynamic PCFICH detection).
3.4. Views

Proponents of implementation based solution [1] argue that fully dynamic CFI signalling schemes (with subframe granularity) can create increased PDSCH interference for cross-scheduled UEs falling in either Category 1 or 2. For example, consider a hypothetical scenario wherein the control region symbol duration of a cross-scheduled UE is smaller than the control region symbol duration from an interfering eNodeB. Then, the PDSCH on the cross-scheduled UE can experience interference from the PDCCH transmissions of the interfering eNodeB, which is transmitted at full power. Thus, dynamic CFI indication may help solve the PCFICH detection problem, if it arises, but may lead to increased PDSCH interference. 

We have a slight preference for implementation-based and semi-static signalling approaches and that a fully L1-based dynamic CFI signalling mechanism is not yet sufficiently justified for LTE-A. Moreover, at this juncture, further study remains for getting better understanding of PDCCH/PCFICH performance in heterogeneous networks before comparing the relative efficacy of implementation/specification-based approaches. Associated work is required on the impact of ICIC, power control and admission control in heterogeneous networks, a point earlier emphasized by CATT in [2]. 

4. Conclusions

In this contribution, we have presented our views on having robust PCFICH detection with multiple component carriers for LTE-Advanced. For homogeneous network deployments, our view is that PCFICH power boosting can solve any potential PCFICH detection problem. 
In heterogeneous network deployments, better understanding is required regarding PDCCH and PCFICH performance with multiple component carrier deployments. We also feel that implementation-based/semi-static signalling based approaches should evaluated first, before considering dynamic CFI signalling, in case PCFICH detection performance requires improvement. 
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