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1. Introduction
The support of up to 100MHz system bandwidth is required for LTE-Advanced to meet the ITU-R requirements. In this contribution, we discuss several additional issues related to the downlink and uplink control signaling designs for carrier aggregation. Two main options have been proposed for the PDCCH for bandwidth extension up to 100 MHz, namely, separate PDCCH per component carrier (CC), and joint (or common) PDCCH for all configured CCs. We present some comparisons between these two options. Finally, we consider uplink control signaling in support of carrier aggregation.
2. Downlink Control Signaling
The following decisions were made at RAN1#56bis:

· A PDCCH is transmitted within one component carrier
· Two options to be studied for PDCCH are
· Separate PDCCH for each CC
· One PDCCH indicates same CC

· One PDCCH indicates same or different CC
· Common PDCCH (e.g. jointly coded) on one CC
· Semi-static  DCI format configuration

· Dynamic DCI format configuration
A comparison of the two schemes is done in the following sub-sections. First we distinguish between the number of available CCs in the system Ncc, and the actual number of scheduled CCs at any point in time, Nsc. 
2.1. Standardization

Separate coding may possibly incur a lower impact on L1 specification since the currently defined DCI formats and L1/L2 control channel design can be reused for each component carrier. This is true only for the case where a PDCCH provides information on the PDSCH on the same CC. A single L1/L2 control entity is composed of concatenating those from different component carriers, which requires a new DCI format. Assuming per component MCS and HARQ, the size of the new DCI format for LTE-A may be substantially larger compared to Rel-8 DCI formats but still smaller than total overhead for separate PDCCH [2], [3]. 
2.2. Impact on PUCCH design

A different issue is the impact on PUCCH design. Assuming per component carrier HARQ ACK/NAK feedback, each ACK/NAK bit has three hypotheses, i.e. ACK/NAK/DTX. With Ncc component carriers, the maximum number of UL ACK/NAK hypotheses is therefore
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, since ACK/NAK DTX occurs on all scheduled component carriers. Thus, although reusing Rel-8 PDCCH formats seems attractive in terms of the specification impact, it is more important to ensure that the ACK/NAK/DTX detection can be performed more reliably at the eNB. The increase in the number of UL ACK/NAK hypotheses is particularly relevant when asymmetry between DL and UL bandwidths occurs (i.e. one UL component carrier is associated with a number of DL component carriers). Indeed, even with symmetric DL and UL bandwidths it may still be desirable to transmit PUCCH from only one UL CC in order to reduce PAPR for power limited UEs. With the reduced number of UL ACK/NAK feedback hypotheses offered by joint PDCCH coding, more reliable ACK/NAK DTX detection as well as UL ACK/NAK feedback design can be attained. A suggested method to reduce ACK/NAK hypotheses is to use the DAI concept from Rel8 TDD. However, it should be noted then that not only do we need more DAI bits for separate PDCCH we also need to accommodate TDD for carrier aggregation. It was suggested in [1] that coverage should not be an issue because multiple CCs are more likely on frequencies beyond 3.4GHz, which may be small cells, i.e. not power limited. It should be clear that this may not necessarily be the case. In fact one of the scenarios under consideration by RAN4 is in the 2.4 GHz region [4]. Note that for asymmetric CA where there are more DL CCs than UL CCs, separate coding requires additional rules to link UL control resources with CCE indices of different DL CCs. On the other hand, joint coding allows a better reuse of the Rel8 UL control structure for DL/UL asymmetry.

2.3. Blocking Probability

It has been noted that joint coding with its resulting increase in control information payload could lead to greater blocking probability [1]. This problem may be partially alleviated with load balancing of UEs. Note that some carriers may not be backward compatible and as such would not contain Rel8 UEs. 

2.4. Blind Decoding Load

For separate coding it is generally agreed that, unrestricted, the number of PDCCH blind decodes scales linearly with the number of component carriers. While the number of blind decodes may be deemed to be tolerable because of the higher data rates afforded by carrier aggregation, latency of PDCCH decoding is now dependent on UE implementation (parallel versus serial PDCCH decoding).

One method of reducing the number of blind decodes was presented in [7]. In this scheme each PDCCH indicates the location of the PDCCH in the next CC. Assuming perfect sequential detection of the PDDCH this would not increase the number of blind decodes compared to Rel8. However, if an earlier decoded PDCCH is in error the UE would have to go through the normal blond decoding process. While the worst case number of blind decodes still scales as Nsc, on average, the number is less. Note that this also adds some restriction to the eNB’s freedom in assigning CCEs to UEs in each CC. 
2.5. UE Power Saving Mechanism

It was pointed out in [1] that no additional power saving is possible for joint PDCCH because the UE still has to assume that it could potentially receive the PDSCH on all assigned CCs. Thus the UE has to prepare to receive the PDSCH data and also receive reference signals in the first two OFDM symbols. However, it should be noted that power saving also comes from the PDCCH decoding. In order to keep the same decoding latency as in Rel8, separate PDCCH design would imply either a separate PDCCH decoder per CC (parallel implementation), or, potentially, one decoder running at Ncc times the clock speed of a Rel8 decoder. Regardless of the implementation this incurs a larger drain on UE battery life. Furthermore, it is unclear how this can be alleviated in the separate PDCCH case since the UE needs to go through the entire decoding process per CC before it can conclude the presence/absence of DCI for it.

In addition a mechanism which allows the UE to monitor only one component carrier is beneficial in terms of UE power consumption (see, e.g. [5]). Since the UE power consumption is dominated by the RF/analog front-end, not having to monitor all the component carriers seems quite important especially when the UE does not always receive PDSCH/PUSCH assignments in all of the component carriers.  A practical scenario is a LTE-A UE which has the capability for 80MHz downlink but which only has a VOIP session running. Clearly, UE battery life would be prolonged if the UE does not have to monitor all CCs. Given the above consideration, a mechanism illustrated in Figure 1 is preferred. An LTE-A UE monitors a semi-dynamic triggering PDCCH on its designated component carrier. The designated component carrier is UE-specific and can be signalled via higher layers. The contents of the semi-dynamic triggering PDCCH on subframe n may contain the following information, which is effective from subframe n+k, where
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· The set of active component carriers, where the RF/analog front-end shall be activated 

· Valid duration of the active component carriers

· CCE aggregation level on each active component carrier.

Therefore, upon detecting the semi-dynamic triggering PDCCH on subframe n, the LTE-A UE shall actively monitor the PDCCH on the set of activated component carriers, until the valid duration times out. In addition, a single LTE-A PDCCH containing all scheduling information on multiple component carriers is preferred. The single LTE-A PDCCH can be transmitted in multiple component carriers (as shown in Figure 1), or transmitted in one component carrier (as shown in Figure 2). 

The benefits of such mechanism are

· An LTE-A UE only needs to monitor the active component carriers, which are signalled in the semi-dynamic triggering PDCCH. Thereby power savings are achievable since the UE is not required to always operate its analog front-end assuming the reception of all component carriers. Further, by default (i.e. without a valid semi-dynamic triggering PDCCH), the LTE-A UE shall only monitor its designated component carrier for semi-dynamic triggering PDCCH and other scheduling information.

· The CCE aggregation level on each active component carrier is explicitly signalled, thereby reducing the number of blind decodes. 

It was mentioned that the introduction of the triggering PDCCH (also termed primary PDCCH) may result in some increase in the total overhead since the triggering PDCCH needs to be heavily encoded. This principle, however, is analogous to the introduction of PCFICH for Rel.8 LTE, which is expected to reduce the overall DL control overhead. Such reduction is then expected with the triggering PDCCH since the size of the DCI can be adapted (semi-)dynamically.   
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Figure 1. Example of LTE-A PDCCH design, single LTE-A PDCCH transmitted on multiple component carriers 
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Figure 2. Example of LTE-A PDCCH design, single LTE-A PDCCH transmitted on one component carrier 

2.6. Scheduling flexibility  
A comparison of scheduling flexibility was already given in [4]. We highlight a few points as follows. With multiple CCs the eNB has more freedom to perform dynamic load balancing and interference management. For joint coding the anchor carrier which carries the PDCCH is semi-statically assigned to the UE and can be a particular CC for which there is reduced DL interference. A related idea called carrier partitioning for heterogeneous networks was proposed in [6]. 

3. Uplink Control Signaling

Carrier aggregation for PUCCH and for PUSCH can be considered independently from each other since PUCCH and PUSCH occupy separate RBs as specified in Rel-8 E-UTRA. To maintain the backwards compatibility constraint for PUSCH, there are two possible alternatives:
1. An LTE-A network can reserve certain portions of the bandwidth for PUCCH-only transmission of LTE-A UEs. Depending on the allocation strategy, different alternatives of downlink signalling such as RRC, SIB, or PDCCH can be used to inform the LTE -A UE which resources to use for PUCCH. Implicit allocation can also be used (e.g. via CCE index mapping). Consequently, LTE-A UEs are permitted to transmit PUCCH either in this reserved resources, or alternatively, in the PUCCH resources shared by Rel-8 UEs as well. In this solution, multiplexing between LTE and LTE-A UEs can be purely FDM, even for PUCCH. This option is attractive because it leaves the most flexibility for defining and optimizing new formats for LTE-A PUCCH transmission. Despite the flexibility, the following two issues need to be further studied:
a. Backwards compatibility issue whenever an LTE-A UE connects to a Rel-8 LTE network. If such type of backward-compatibility is to be supported, an LTE-A UE shall fall back to the Rel-8 PUCCH transmission formats. 

b. A certain amount of inefficiency in multiplexing between LTE and LTE-A UEs would remain. For example, even if a single Rel-8 UE is connected to an LTE-A network, at least one separate resource shall be reserved for PUCCH transmission of the Rel-8 UE. Consequently, FDM multiplexing of LTE and LTE-A UEs on separate PUCCH resources can lead to inefficiencies.

2. No dedicated resources are allocated for PUCCH transmission of LTE-A UEs. For example, for dynamic ACK/NAK signalling, the mapping function of CCE to resources used for PUCCH remains the same for LTE and LTE-A UEs. With such solution, following issues remain for consideration.

a. Simultaneous transmission of PUCCH on multiple RBs (up to 5 RBs) may then need to be supported. Thus, the constraint of backward-compatibility could be more restrictive for PUCCH transmission in this case, since the existing Rel-8 PUCCH formats need to be reused. For example, typically, a number of UEs will be CDM multiplexed on PUCCH for Rel-8 E-UTRA. Consequently, it appears that the transmission format for LTE-A UEs shall follow the same CDM multiplexing inside Rel-8 component carries (or RBs). Since simultaneous transmission on multiple RBs may need to be supported, this will result in PAPR increase and consequently coverage reduction. Thus, PAPR reduction techniques shall be considered.

b. If simultaneous transmission of PUCCH on multiple RBs is not supported, then issues of multiple ACK/NAK transmission resurface even for FDD. Here, techniques with ACK/NAK bundling and PUCCH format 1b with channel selection can be utilized.         

4. Conclusion

This contribution shows our current preferences on carrier aggregation for LTE-A, including the following aspects: 

· Downlink control signaling: 
· A single jointly-coded L1/L2 control entity for all component carriers, i.e. a single PDCCH which contains all scheduling information on multiple component carriers
· More study is required to judge the preferable option between semi-static or dynamic DCI format.

· Uplink control signaling: Whether a dedicated PUCCH resource is allocated for LTE-A-only UEs should be further studied.
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