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1. Introduction

On PDCCH for carrier aggregated systems in LTE-A, the following baseline was agreed in RAN1-57:

· Separate coding of DL assignments and UL grants for each component carrier based on DCI format(s) for single carrier with an additional carrier indicator field of 0-3 bits

· In case of 0 bits, no carrier indicator

In essence, separate PDCCH for each component carrier is agreed. The remaining discussion shall focus on the number of carrier indicator (CI) bits. In this contribution, we show our preference on this issue.

2. Number of Carrier Indicator Bits
In this document, we denote NCI as the number of CI bits. Figure 1 shows the cases of NCI = 0 and NCI > 0. For NCI = 0, PDCCH on one component carrier (CC) can only indicate PDSCH/PUSCH on the same CC, whereas for NCI > 0, PDCCH on one CC can indicate PDSCH/PUSCH on another CC.
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Figure 1: PDCCH with NCI = 0 and NCI > 0 for CA in LTE-A

The benefits of having NCI = 0 is that the Rel-8 PDCCH design, including the Rel-8 DCI formats, can be directly reused in Rel-10. On the other hand, having NCI > 0 provides the following advantages:

· Enhanced PDCCH inter-cell interference control

It is expected that inter-cell interference can vary significantly between the component carriers. While link adaptation for PDCCH is supported in Rel-8, it is enabled by varying the CCE aggregation size, whereas the size for a certain DCI format is constant. Therefore, PDCCH link adaptation is not as flexible as PDSCH/PUSCH link adaptation, wherein the data transport block size can also be adapted to channel conditions. Furthermore, in Rel-8, UL inter-cell interference control is supported by overload indicator and high interference indicator, and DL inter-cell interference control is facilitated by eNB relative narrowband TX power indication. On the other hand, Rel-8 PDCCH spans over the whole system bandwidth and no explicit inter-cell interference coordination scheme is adopted.

With NCI > 0, better PDCCH inter-cell interference control is possible, by transmitting PDCCH in a component carrier with less inter-cell interference. In heterogeneous networks, it is even more beneficial to enable PDCCH and PDSCH/PUSCH transmissions in different component carriers [1][2], due to the various types of nodes with different transmission power levels.

· Better scheduler flexibility

It is straightforward that the scheduling flexibility is higher with NCI > 0 than NCI = 0. This property is also closely related to PDCCH inter-cell interference control. In addition, in case PDCCH resource in one component carrier is not sufficient, the scheme with NCI > 0 allows PDCCH resource “borrowing” from other component carriers, which provides better PDCCH resource management.

In LTE-A, multi-user MIMO is likely to be employed more frequently for improved spectral efficiency. The multi-user diversity gain mainly depends on how well the UEs can be paired up, with approximately mutual orthogonal channels. Since channels in different component carriers can be largely independent, a particular pair of UEs may be suitable for multi-user operations in one component carrier, but not in all component carriers. Having NCI > 0 allows scheduler to focus on UE pairing without the restriction that the corresponding PDCCH has to be on the same component carrier. Consequently, how spectral efficiency gain is expected with NCI > 0.

· Reduced PDCCH blind decoding

The combination of NCI > 0 and PDCCH active component carrier (defined in section 3) allows reduced PDCCH decoding attempts, without limiting the number of schedulable component carriers. Therefore, an LTE-A UE can monitor the PDCCH only on the PDCCH active carrier(s). The concept of PDCCH active component carrier is equally applicable for NCI = 0, which on the other hand, restricts PDSCH transmissions only on the PDCCH active component carriers. 

· Efficient PUCCH resource utilization

For carrier aggregated systems in LTE-A, it is expected that DL/UL component carriers shall be paired up, for PUCCH dynamic ACK/NAK resource reservation and other purposes. Ideally, the dynamic ACK/NAK resource in one UL component carrier shall be reserved only for the paired DL component carrier(s), for efficient PUCCH resource utilization. 

Assuming a cell-specific symmetric DL/UL carrier aggregated system with 1-to-1 paired DL/UL CCs, for a UE requiring more DL CCs than UL CCs, the option of NCI = 0 either demands that the UE activates the same number of DL/UL CCs, or some UL CCs shall reserve dynamic ACK/NAK resources for multiple DL CCs. This clearly leads to either UE transmission power waste or inefficient PUCCH resource utilization. Furthermore, the option of NCI = 0 implicitly requires that same number of DL and UL CCs shall be supported for all Rel-10 UE categories, which can unnecessarily increase UE complexity and cost.

On the other hand, with NCI > 0, a UE can receive PDCCHs on one DL CC and PDSCH transmissions on multiple DL CCs. The multiple ACK/NAKs (or the corresponding ACK/NAK channels) can be transmitted in the single UL CC, which is paired up with the DL CC where PDCCHs are received. Therefore, the option of NCI > 0 enables the possibility for UE to activate less UL CCs than DL CCs, without PUCCH resources being unnecessarily over-dimensioned. In addition, these multiple ACK/NACK channels may be on the same RB of the single UL CC, which can improve UL ACK/NACK performance[5].

· Common PDCCH design for symmetric/asymmetric carrier aggregations

For symmetric carrier aggregation or asymmetric carrier aggregation with more DL CCs than UL CCs, the option of NCI = 0 shall work, despite of the disadvantages analyzed above. On the other hand,  NCI = 0 cannot support the scenario of more UL CCs than DL CCs, wherein one DL CC shall schedule PUSCH transmissions on multiple UL CCs. Although the test cases currently defined by RAN4 do not include the case of more UL CCs than DL CCs, it still appears to be beneficial to design Rel-10 PDCCH agnostic to symmetric/asymmetric carrier aggregations.

· Possible PDCCH-less component carrier

Non-backward compatible component carriers may be supported in LTE-A. A PDCCH-less non-backward compatible CC or data segment is discussed in [2] [3], wherein the data transmission on the PDCCH-less CC shall be indicated by PDCCH on another DL CC. Such PDCCH-less CCs can improve spectral efficiency and allow optimized operations for LTE-A. Although it is FFS whether to support such PDCCH-less CCs in LTE-A, we note that the option of NCI = 0 essentially precludes such PDCCH-less CCs.

· Simple extension of Rel-8 PDCCH design

The introduction of CI bits can be simply supported by adding a field in Rel-8 DCI formats, without affecting other fields. Consequently, the design of Rel-8 PDCCH can still be largely inherited in Rel-10. The price for having NCI > 0 is that additional bits shall be included in Rel-10 DCI formats. For a 5 MHz LTE system, the size of DCI format 1 (including CRC bits) is of 43 bits for FDD and 46 bits for TDD, respectively. With the agreement that the maximum value of NCI is 3, energy per bit reduces by approximately 0.3 dB with the introduction of 3 CI bits in DCI format 1 of 5 MHz. Note that the energy per bit degradation is even less when the DCI format size is larger, e.g. for larger bandwidth or other DCI formats.

Given the above analysis, we prefer that NCI > 0 shall be supported in LTE-A. Note that the value of NCI can be either independent of or dependent on the number of aggregated component carriers NCC. Our preference is that NCI = ceil(log2NCC) carrier indicator bits are incorporated in the DCI formats for Rel-10.
3. DL/UL Active Carriers and PDCCH Active Carriers

Different carrier categories have been discussed in many contributions, e.g. [3][4]. In this section, we discuss DL/UL active carriers and PDCCH active carriers in the context of PDCCH design for LTE-A. It is noted that the terminology on carrier types have not been unified. For the discussions in this document, we use the following definitions:

· PDCCH active carriers: component carriers on which a UE shall monitor PDCCH

· DL active carriers: component carriers on which a UE may receive PDSCH

· UL active carriers: component carriers on which a UE may transmit PUSCH/PUCCH
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Figure 2: PDCCH Active Carriers and DL/UL Active Carriers

Figure 2 illustrates PDCCH active carriers and DL/UL active carriers. The set of PDCCH active carriers and DL active carriers is preferred to be UE specific and indicated by RRC signaling. Assuming DL/UL CCs are paired as in Figure 2, the UL active carriers can be the set of UL CCs corresponding to the DL active carriers. Alternatively, the set of UL active carriers can be configured by RRC signaling.

The set of DL active carriers can be larger than the set of PDCCH active carriers. Combined with NCI > 0, it provides the possibility to reduce PDCCH decoding attempts. Further, the set of UL active carriers can be smaller than the set of DL active carriers, which enables UE specific asymmetric DL/UL carrier aggregations for UE transmission power savings. 

4. Conclusions

In this contribution, we discuss the PDCCH design for LTE-A. Based on the agreement of separate PDCCH coding for carrier aggregated systems in LTE-A, we analyze the benefits of introducing carrier indicator bits in Rel-10 DCI formats. Our preference is that carrier indicator bits shall be incorporated in Rel-10 DCI formats.

It is also preferred that the DL component carriers are paired with the UL component carriers from the system perspective. PDCCH active carriers and DL/UL active carriers can be configured on a per-UE basis, which enables UE specific asymmetric carrier aggregations.

5. References:

[1]. R1-092060, “Multicarrier Control for LTE-A,” Qualcomm Europe

[2]. R1-091743, “PDCCH design for carrier aggregation,” Panasonic

[3]. R1-092061, “Notion of Anchor Carrier in LTE-A,” Qualcomm Europe

[4]. R1-092122, “Component carrier types and the corresponding characteristics,” LG Electronics
[5]. R1-092786, “Benefits of Carrier Indicator on Multi-Channel ACK/NACK Transmission,” CATT, Potevio
_1234567890.vsd
�

�

P
D
C
C
H�

P
D
C
C
H�

P
D
C
C
H�

P
D
C
C
H�

P
D
C
C
H�

P
D
C
C
H�

P
D
C
C
H�

P
D
C
C
H�

P
D
C
C
H�

P
D
C
C
H�

NCI = 0


NCI > 0



_1234567891.vsd
�

PDCCH


PDCCH


PDCCH


PDCCH


PDCCH


PUCCH�

PUCCH�

PUCCH�

PUCCH�

PUCCH�

PUCCH


PUCCH�

PUCCH�

PUCCH�

PUCCH�

PDCCH 
active carriers


DL active carriers


UL active carriers


DL CCs


UL CCs



