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1
Introduction

In RAN1#53bis, it was agreed that carrier aggregation is considered for LTE-Advanced in order to support bandwidths larger than 20 MHz. Current text in the TR [1] states the following:

----

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.

----

For the support of wider bandwidths, the Release 8 control signaling mechanisms need to be extended to cover also bandwidths beyond 20 MHz. Some consideration on Physical Downlink Control Channel has been provided already in [2]

 REF _Ref208739484 \r \h 
[3][4][5]

 REF _Ref208739486 \r \h 
[6]. In addition, some initial ideas on the Physical Uplink Control Channel were presented in [5].
In this contribution, we provide further insight on the possibilities of multiplexing downlink and uplink control channels (PDCCH, PUCCH) with carrier aggregation, considering also the linkage between PDCCH and PUCCH.
2
Physical Downlink Control Channel

In [6], four options for supporting wide bandwidth with PDCCH were identified. These options can be divided into two main approaches: either we specify that there is one separate PDCCH per assigned component carrier, or then we have only one PDCCH signalling the allocations for all component carriers jointly.
For the first approach, we can see two main possibilities, shown in Figure 1: Either we have each PDCCH transmitted on the same component carrier as the corresponding scheduled PDSCH/PUSCH, or alternatively, we bundle all PDCCHs on one component carrier, which could be the “primary” component carrier assigned to the UE/cell.
For the second approach, we can similarly see two main possibilities, shown in Figure 2: We can transmit the large PDCCH within one component carrier, or distribute it over multiple component carriers. This distributed transmission could be done over the whole system bandwidth, or over semi-statically configured UE reception bandwidth which could be for example anything between one component carrier bandwidth and the whole system bandwidth, with component carrier granularity.
A related issue, as mentioned in e.g. [3]

 REF _Ref208739486 \r \h 
[6], is the transport block mapping and whether we specify for example HARQ and link adaptation on component carrier basis. It is noted that these can in fact be enabled with any of the PDCCH options, although having one separate PDCCH per component carrier seems more suitable for such system operation.
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Figure 1. The first main approach is to have separate PDCCHs for each component carrier. This can be arranged either so that each PDCCH is on the same component carrier as the corresponding PDSCH (left), or so that all PDCCHs are on the same “primary” component carrier (right).
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Figure 2. The other main approach is to have one large PDCCH which signals the resource allocation for the whole bandwidth. Again two suboptions are identified: one can transmit the PDCCH on one “primary” component carrier of the UE/cell (left), or distribute it over all component carriers (right).
The two main approaches are further discussed in the following two subsections.

2.1
Approach 1: Separate PDCCH per component carrier
First, clearly with the first approach it is possible to maximize commonality with the Release 8 DCI formats. However, it is noted that at this stage it is impossible to say whether Release 8 DCI formats can be reused as such – in the end we might need changes due to collaborative MIMO, relays etc. On the other hand, signalling structures e.g. for resource allocation etc. utilized in Release 8 can be reused with any PDCCH approach. So, reuse of Release 8 formats as such should not be taken as the deciding factor, but is of course good to keep in mind.
There is one main disadvantage with this approach: Since in order to provide robust system operation we do not want to create any dependencies between the PDCCH locations on different component carriers, the number of blind decoding attempts is basically multiplied by the number of component carriers, i.e. scales linearly. The main solution to this is to reduce the UE search space per component carrier, but this brings further restrictions into scheduling which could be undesirable. 
Another potential disadvantage mentioned e.g. in [4] is the combined payload size (NxPDCCH payload): In the DCI formats there are fields that are unnecessarily replicated to each PDCCH in case of channel aggregation – such fields could be for example the CRC, resource allocation headers, perhaps the TDD indices as well as the PUCCH power control command considering the concepts discussed in the following section. In addition, the resource allocation field can be optimized considering that more rough granularity would be acceptable when allocating high bandwidths beyond one component carrier bandwidth. Other fields such as the MCS and precoding fields could potentially be optimized as well with joint signalling. However, whether this extra payload overhead poses a significant issue in practice is not fully clear: If a UE can be scheduled a wide bandwidth allocation on multiple component carriers, then it is likely that not many UEs are connected to the cell. Since the granularity of the PDCCH in terms of resource allocation is one OFDM symbol, it is not immediately obvious that the overall PDCCH overhead can be reduced by reducing the payload size in these scenarios.
One issue requiring further study is performance. If we have UEs with different bandwidth capabilities assigned primarily to camp on different component carriers, it is possible that the interference in the cell could be non-uniform across component carriers. In this case the first option of having each PDCCH transmitted on the same component carrier with the scheduled PDSCH/PUSCH has the advantage that whenever there is missed detection of a DL/UL grant on one component carrier, it is still possible to recover other PDCCHs and the related PDSCH/PUSCH data, whereas with the second option is may be likely that all/many of the PDCCHs are actually missed.
Regarding the second option, i.e. transmitting all PDCCHs within one component carrier, there do not seem to be many benefits over the first option. However, as mentioned, the potential advantage that the first option has regarding non-uniform interference scenarios is lost. In addition, to address different component carriers, component carrier indexing needs to be added to each PDCCH in this case which increases the required payload further. Hence, out of these two options we propose to concentrate on the first one.

2.2
Approach 2: Joint PDCCH for all component carriers
In the second approach, we code all resource allocation information jointly under one CRC, i.e. have only one PDCCH for the whole bandwidth. In principle it is still possible to signal HARQ, MCS and precoding information separately for each component carrier, although approach 1 seems more natural for that.
In contrast to approach 1, the number of blind decoding attempts is not a problem in this approach – it seems that this number does not need to be increased much from Release 8 in this case. 
Total payload size is smaller than with approach 1 when the UE is scheduled from all the assigned component carriers. However, on the other hand, the payload size could be excessive whenever the UE is scheduled only on some of the component carriers. Our assumption is that the UE is assigned a set of component carriers to be monitored based on the bandwidth need – for example for paging in idle mode and for VoIP the UE could monitor only one component carrier independently of its total bandwidth capability, to reduce battery consumption. In such a case, how much excessive overhead it is possible to have actually depends only on the dynamics of the monitored bandwidth setting (i.e. how often the monitored bandwidth is changed).
One issue is that the payload size will be very large, especially considering the worst cases of having allocations over the whole bandwidth, and utilizing closed-loop MIMO transmission. This means that the Release 8 aggregation structure supporting aggregation levels up to eight is not enough anymore; new structures are needed. 
Regarding the robustness under non-uniform interference across component carriers, with this approach all data in the subframe (all component carriers) is lost whenever a DL/UL grant is missed. However, in such scenarios, for the first option we have the possibility of utilizing the “best” component carrier for the PDCCH transmission. Also, we could simply use a more robust transport format to overcome this issue. Hence, the performance impact of having separate/joint PDCCHs should be studied considering the overall system operation regarding e.g. assignment of component carriers to UEs.
Comparing the two options of distributing the PDCCH over all assigned component carriers or not, the main difference is in the additional frequency diversity that we get with the second option. Whereas in typical wide area channels there is not much more to be gained in terms of frequency diversity, in frequency-flat indoor channels it is possible to gain more even when distributing the transmission beyond 20 MHz component carriers. 
3
Physical Uplink Control Channel
The uplink counterparts of two PDCCH approaches discussed earlier are considered in this section. In UL side, we assume that due to the backwards compatibility reasons the Rel’8 PUCCH structure is maintained on each UL component carrier. Furthermore, we assume that implicit mapping between the lowest PDCCH CCE and the PUCCH resource index is kept also for the LTE-Advanced terminals.
3.1
Approach 1: Separate PDCCH/PUCCH per component carrier
Two different approaches have been discussed 3GPP regarding to the ACK/NACK signaling on LTE TDD mode. One is called ACK/NACK bundling in which ACK/NACK feedback (FB) related to multiple DL sub-frames having separate PDCCH is compressed into a single ACK/NACK FB transmitted via a single ACK/NACK resource. The other is called multi-ACK/NACK, in which each DL sub-frame is considered as a separated HARQ process. We note that from UL control channel point of view there are many similarities between LTE-TDD and LTE-Advanced based on component carrier aggregation.
As discussed in Section 2, one of the advantages of the current PDCCH signalling scheme is that it provides natural support for component carrier specific HARQ process. When using separate PDCCH/PUCCH per component carrier, the main problems relate to UL operation:
1. Multi-carrier transmission is realized in uplink always when UL/DL resources are allocated into different chunks. Various multi-carrier configurations, with different cubic metric properties will take place (based on UL/DL scheduling decisions) as seen in Figure 3 (control only in UL) and Figure 4 (two schenarios having control + data in UL) REF _Ref209249221 \h 
. From UL control channel coverage point of view, single-carrier transmission should be the target whenever possible. At the same time, sufficient scheduler flexibility with respect to allocation of UL/DL resources on different component carriers should be allowed.
2. Another observation is that multi-ACK/NACK transmission (ACK/NACK multiplexing) is realized always when more than one DL component carrier is being allocated for a single UE (assuming component carrier –specific HARQ). We know that UL coverage is always an issue with multi-ACK/NACK, therefore, ACK/NACK bundling should be an option similarly as in Rel’8 TDD. 

3. The baseline signalling (i.e., simple copying of Rel’8 PDCCH/PUCCH) does not support asymmetric UL/DL spectrum allocation [7]. 
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	Figure 3. UL/DL operation, “2xPDSCH”, separate PDCCH/PUCCH for each component carrier, control only in UL.
	Figure 4. UL/DL operation, “2xPDSCH+PUSCH”, separate PDCCH/PUCCH for each component carrier, control and data in UL.


To overcome the above-mentioned problems we propose to modify the UL control signalling (when using component carrier specific PDCCH) is such that 

1.
Whenever possible, transmit UL control signals using the chunk(s) containing the simultaneous PUSCH (NxDL+NxUL).
2.
If there is no simultaneous PUSCH available (NxDL) then transmit UL control signals via single chunk instead of multiple chunks.
We also propose that when signalling ACK/NACK in LTE-Advanced UL, the Rel’8 TDD-related UL/DL control signalling is applied/modified according to the following principles:
· From ACK/NACK signalling point of view, component carriers are considered as TDD sub-frames. TDD principles are applicable for both asymmetric and symmetric spectrum allocation between UL and DL.
· Sequence selection scheme is used to realize the ACK/NACK multiplexing (similarly as in Rel’8 TDD)
· ACK/NACK bundling over component carriers is supported besides the component carrier specific ACK/NACK (ACK/NAK multiplexing) to trade-off between DL throughput and the ACK/NACK coverage in UL.
· DAI bits are included in DL grants in order to solve the problem related to DL grant failure. In addition to TDD specific interpretation (i.e. counting the number of allocated subframes), extra interpretation of DAI can be added into LTE-Advanced (i.e., how many chunks in total are allocated in the current DL subframe and it may be varying subframe to subframe).
Figure 5 (control only in UL) and Figure 6 (control and data in UL) show the principle of the PUCCH operation when using the TDD principles discussed above. 
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	Figure 5. UL/DL operation, “2xPDSCH”, separate PDCCH/PUCCH for each component carrier, optimized UL operation, control only in UL.
	Figure 6. UL/DL operation, “2xPDSCH+PUSCH”, separate PDCCH/PUCCH for each component carrier, optimized UL operation, control and data in UL.


3.2
Approach 2: Joint PDCCH/PUCCH per component carrier

The UL/DL control and data signaling principle when using PDCCH Approach 2 is illustrated in Figure 7 (control only in UL) and Figure 8 (control and data in UL). The UL part when using joint PUCCH per component carrier can be realized with very minor changes compared to the Rel’8. The assumption is that component carrier where the joint PDCCH is transmitted has a dedicated UL carrier reserved for the PUCCH. This means that
· LTE-Advanced and Rel’8 UEs can share the same PUCCH resources within the UL component carrier. 

· CCE-to-ACK/NACK mapping for dynamically scheduled PDSCH can be made similarly as in Rel’8 (based on lowest CCE of joint PDCCH)

Figure 8 also shows that, it is possible to reuse the existing UL control signaling on the PUSCH. UL control and data are time-multiplexed and transmitted using component carrier(s) defined by the joint UL grant transmitted on PDCCH.
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	Figure 7. UL/DL operation, “2xPDSCH”, joint PDCCH/PUCCH for each component carrier, control only in UL.
	Figure 8. UL/DL operation, “2xPDSCH+PUSCH”, joint PDCCH/PUCCH for each component carrier, both control and data in UL.


Figure 7 and Figure 8  assume common HARQ process between multiple component carriers in DL. However, as discussed in Section 2, it is possible to support HARQ and link adaptation on component carrier basis with any of the PDCCH options. We note that from UL perspective the PUCCH operation needs some further consideration, if more than two ACK/NACK bits per sub-frame is supported. This is because of the fact that additional resources are needed for PUCCH with multi- ACK/NACK (ACK/NACK multiplexing).
4
Summary and discussion
We have discussed the main approaches for PDCCH transmission with carrier aggregation and proposed a PUCCH transmission scheme in combination with each PDCCH transmission scheme. Related to the PDCCH transmission, the main issue to be resolved is whether the allocations for different component carriers are signalled in separate PDCCHs (separate CRCs) or under one CRC, i.e. jointly. Regarding this, there is a close relation to whether component carrier –specific HARQ and link adaptation are supported. Both the performance of separate PDCCH –approach and component carrier –specific HARQ and link adaptation are related to how uniform the channel conditions can be expected to be across the component carriers. Here we can identify at least two potential scenarios in which the channel / interference conditions may vary across component carriers:
· Aggregation of continuous spectrum combined with different UE bandwidth capabilities: UEs with bandwidth capability below total system bandwidth could be distributed unevenly among component carriers in different cells, thus easily resulting in non-uniform interference across component carriers.
· Aggregation of non-continuous spectrum, in which case the propagation and interference characteristics across component carriers are clearly different.
An additional issue is that there is a close relation to uplink multiple access scheme selection: if clustered DFT-S-OFDMA is the only scheme used for extending the bandwidth, clearly to provide robust system operation UL grants must be transmitted using the PDCCH approach 2. With OFDMA and NxSC-FDMA however, there is no such restriction, although for NxSC-FDMA PDCCH approach 1 seems more natural. Overall, our view is that the two approaches should be studied further until the assumptions about system operation with extended bandwidth, UE bandwidth capabilities, uplink multiple access and continuous/non-continuous spectrum aggregation are clarified. Currently it seems that having separate PDCCHs, HARQ and link adaptation for each component carrier could be a more efficient and flexible approach considering all the above-mentioned aspects.
Regarding the UL control channel, PUCCH, in our view one important design aspect is that uplink control channel coverage should not be limiting wideband downlink transmissions, i.e. there should be a possibility also for cell edge UEs to receive DL transmissions from multiple component carriers. This rules out pure multi-carrier Release 8 approach to PUCCH design. To solve this, we noted that feasible PUCCH transmission via single component carrier can be made for both main PDCCH approaches. When having component carrier specific PDCCH/PUCCH (approach 1), some modifications are needed to have reasonable UL operation. These small changes are quite similar to those used in  Rel’8 TDD, and many of the TDD solutions can be reused. We also note that in order to support asymmetric UL/DL allocation, some changes in Rel’8 control plane are needed in any case. 

When having joint PDCCH/PUCCH one issue in UL side is to provide support for component carrier specific HARQ signalling. With common HARQ, the joint PDCCH/PUCCH is backwards compatible with very minor changes compared to Rel’8.
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