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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. For this purpose, the support for carrier aggregation was agreed in RAN1#53b [1]:
Carrier aggregation, where two or more component carriers are aggregated, is considered for LTE-Advanced in order to support downlink transmission bandwidths larger than 20 MHz. 

A terminal may simultaneously receive one or multiple component carriers depending on its capabilities:

· An LTE-Advanced terminal with reception capability beyond 20 MHz can simultaneously receive transmissions on multiple component carriers.

· An LTE Rel-8 terminal can receive transmissions on a single component carrier only, provided that the structure of the component carrier follows the Rel-8 specifications.

In this contribution, we discuss several issues related to carrier aggregation: 
· Carrier aggregation for contiguous component carriers

· Transport block (TB) mapping and HARQ
· Downlink control signaling
· Uplink control signaling

We assume that backward-compatibility with Rel-8 is maintained as much as possible.
2. Carrier Aggregation for Contiguous Component Carriers
As argued in several contributions (e.g. [2 – 5]), the center sub-carrier of each 20-MHz component carrier should be aligned with the 100-kHz channel raster. This is necessary to ensure that Rel-8 UEs can be supported in each of the component carriers. We agree that this flexibility needs to be supported to allow maximum coexistence between the Rel-8 and LTE-A UEs. Simple concatenation of M 20-MHz component carriers (discarding the guard bands in the middle of the system bandwidth) results in misalignment of the (M–1) center sub-carriers with the 100-kHz raster. To ensure such alignment, however, some changes need to be introduced. Two alternatives were outlined in [1] (see Fig 1):
1. Alt 1: Reduce the number of useful sub-carriers per component carrier to ensure alignment with the 100-kHz raster ( larger guard bands, reduced spectrum efficiency
2. Alt 2: Keep the same number of useful sub-carriers per component carrier but add dummy sub-carriers between two adjacent component carriers to ensure alignment with the 100-kHz raster ( smaller guard bands, same spectrum efficiency
To select between the two alternatives, the following factors should be considered:
· Trade-off between the size of guard band and spectrum efficiency. Ensuring sufficient guard bands is necessary to minimize adjacent channel interference (ACI). 

· Coexistence between Rel-8 and LTE-A UEs: Since Rel-8 UEs are designed assuming 20MHz system bandwidth, Rel-8 UEs assume the typical ACI level and inter-carrier spacing associated with Rel-8 LTE. This is reflected, e.g. in the front-end (ACI rejection) filter design. Hence, concatenating multiple 20MHz component carriers without leaving any guard (empty) sub-carriers between two 20MHz adjacent component carriers will cause some interference to the Rel-8 UEs. While it is possible to employ scheduling restriction or “interference coordination” to avoid such interference without such empty sub-carriers, this inevitably limits the peak data rate of the Rel.8 UEs. 
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Figure 1. Two alternatives to maintain alignment with 100-kHz raster given in [2] (figures are adapted from [2]) (example with 60MHz aggregation)
Based on the above consideration, Alt 3 (a refinement of Alt 2) seems to be preferred with empty dummy sub-carriers between two adjacent component carriers to minimize the additional interference experienced by Rel-8 UEs. The number of empty dummy sub-carriers (termed mid-guard bands) between two adjacent component carriers is chosen based on its trade-off with the guard band size. Such trade-off is determined based on the performance requirement on the adjacent channel interference from RAN4 – both for Rel-8 and advanced E-UTRA. Alt 3 is illustrated in Fig 2. 
Note that mid-guard bands are still needed even if alignment of the DC (center) sub-carriers for all the component carriers with the 100-kHz raster is not needed. That is, such alignment is enforced only for the component carrier(s) which support transmission to Rel-8 UEs. In that case, the mid-guard bands are introduced only on the left and right edges of the “Rel-8 compliant” component carrier(s). Furthermore, mid-guard bands are also needed for any type of contiguous aggregation other than across 20-MHz component carriers (e.g. contiguous aggregation of several 10-MHz component carriers).   
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Figure 2. Alternative 3 with mid-guard and guard bands (example with 60MHz aggregation)
3. Transport Block Mapping
For the Rel-8 E-UTRA, up to two transport blocks (TBs) can be supported for a scheduled UE depending on the number of transmission layers. For one-layer transmission, however, only one TB can be assigned per UE within the system bandwidth (≤ 20-MHz). To support carrier aggregation of multiple component carriers, two schemes that are illustrated in Fig 3 have been considered [2, 5, 6] assuming one-layer transmission:
· Scheme 1: One TB and HARQ entity  per component carrier
· Scheme 2: One TB and HARQ entity for the entire aggregated component carriers
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Figure 3. Two schemes for TB and HARQ mapping (figures are taken from [5])
The two schemes are compared in Table 1. 
Table 1. Carrier aggregation Scheme 1 vs. Scheme 2

	Aspect
	Scheme 1
	Scheme 2

	Impact on RAN1 specification
	Marginal if any
	· Additional TB sizes are needed (up to 5x larger than Rel-8) – implication on various aspects such as channel coding, resource allocation, RE mapping, etc.
· New L1/L2 control formats (PCFICH, PHICH, PDCCH)

	Number of TBs and HARQ aspect
	Larger number of TBs and HARQ entities and processes (up to 5x)
	The same number of TBs and HARQ entities as Rel-8

	Frequency diversity and coding gain
	Same as Rel-8
	Higher frequency diversity
· The overall gain from additional frequency diversity beyond 20MHz bandwidth is questionable in typical channels.
· Reduction on the occurrence of small TBs (better coding gain)

	Link adaptation performance
	Better: separate MCS across multiple component carriers
	Worse: same MCS across multiple components carriers

	HARQ performance
	More efficient
	Less efficient due to larger TB sizes


While it is possible to support both alternatives for the Advanced E-UTRA, one choice is preferred to minimize the number of options. 

For downlink, Scheme 1 is preferred. Scheme 1 is expected to perform better in terms of link adaptation and HARQ performance. For Scheme 2, the additional frequency diversity gain is marginal and the coding gain is significant only for a limited number of scenarios. The smaller number of TBs and HARQ entities for Scheme 2 may be appealing especially for L2. At the same time, the impact on L1 specification seems quite intricate since backward compatibility with Rel-8 is normative. 
For uplink, however, further consideration may be needed as the choice involves some other factors. Such factors include PAPR/CM and the choice of the UL multiple access scheme that is used for carrier aggregation. At the same time, the resulting downlink control channel design should be compatible with that for downlink. This is because PDCCH comprises of both DL and UL grants. 
4. Downlink Control Signaling
For TB mapping scheme 1 (one TB per component carrier), it is possible to either:

· Assign one L1/L2 control entity (including PCFICH, PHICH, and PDCCH) for each of the assigned component carriers (alternative 1), or 
· Assign a single L1/L2 control entity which carries the control information associated with all the component carriers (alternative 2) [4 – 7]. 
The second alternative composes a single L1/L2 control entity from concatenating those from different component carriers. Other than resulting in a new DCI format, the second alternative may require some new control channel RE mapping. In particular, two possibilities exist: the control channel data either occupies a single designated component carrier (scenario 1) or is spread across all the assigned component carriers (scenario 2). At the same time, LTE-A UEs are expected to coexist with Rel-8 UEs:

· For the first scenario, a component carrier assignment rule for L1/L2 control entity is needed which is an additional functionality as Rel-8.  
· By spreading the control information across all the assigned component carriers, higher frequency diversity and coverage can be obtained in scenario 2. Although the gain of the additional frequency diversity is typically not significant, the coverage gain is needed as the single L1/L2 control entity contains the control information associated with several component carriers. This seems to be preferred for the second alternative. 
Regardless of the choice, this results in some additional standardization effort which departs from the current Rel-8 specifications.
Based on the above consideration and the following additional reasons, alternative 1 (one L1/L2 control entity per component carrier assignment) is preferred:
· Minimum L1 specification impact relative to Rel-8 since the currently defined DCI formats and L1/L2 control channel designs can be reused for each component carrier without modification.
· While a single L1/L2 control entity incurs lower overhead, the difference in overhead may not be large as the saving comes only from the 16-bit CRC. This is because the control information is different for different component carrier. Another source of payload reduction is to jointly encode the RB assignment across different component carriers and introduce some additional restriction in resource allocation. This, however, involves a trade-off between scheduling flexibility and overhead.  Hence, it is not clear how much overhead saving can be obtained.
For TB mapping scheme 2 (one TB for all component carriers), there is no reason to assign more than one L1/L2 control channel entities as most of the fields in the DCI are common. In this case, the single control channel entity represents only 1 MCS and 1 HARQ entity. It is possible to place the L1/L2 control channel entity in only one of the assigned component carriers (for simplicity and reuse of Rel-8 formats) or spread the L1/L2 control channel across the system bandwidth (for better coverage). Note, however, that any of such designs may not be compatible with the preferred approach for TB mapping scheme 1 (i.e. one L1/L2 control entity per component carrier).
Regarding synchronization signals and PBCH, it is preferred to transmit PSS, SSS, and PBCH on each component carrier as suggested in [2, 7]. As the additional overhead is small, this avoids restricting Rel-8 UEs to a certain designated 20-MHz component carrier (where PSCC, SSS, and PBCH are located) since Rel-8 UEs are not designed to assess PSS, SSS, and PBCH in another component carrier. 
5. 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 allocate 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 will have to 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 must 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 will have to follow same CDM multiplexing inside Rel-8 component carries (or RBs). Since simultaneous transmission of multiple RBs may have to be supported, this will result in PAPR increase and consequently coverage reduction. Thus, PAPR reduction techniques may have to 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 Format 1a/1b with channel selection can be considered. Note that in this case, an LTE-A UE would still have to be informed which resource to use if it has received PDSCH allocations from two to five different component carriers. This problem could be solved via a pre-defined mapping (e.g. implicit mapping) or via explicit signalling on PDCCH.         

6. Conclusion

This contribution addressed several aspects of carrier aggregation for the Advanced E-UTRA. 

· Carrier aggregation for contiguous component carriers: Maintain the alignment between the center sub-carrier of each 20-MHz component carrier with the 100-kHz raster. Introduce empty sub-carriers (termed mid-guard) between two contiguous component carriers to minimize the interference to Rel-8 UEs. 
· Transport block (TB) mapping and HARQ: For downlink single-layer transmission, prefer one TB and HARQ entity per component carrier.
· Downlink control signaling: Assign one L1/L2 control entity (including PCFICH, PHICH, and PDCCH) for each of the assigned component carriers.
· Uplink control signaling: Whether a dedicated PUCCH resource is allocated for LTE-A-only UEs should be further studied.
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