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1
Introduction
At one of the previous RAN1 meetings it was decided that for LTE-A there will be separate coding of DL assignments and UL assignments for each component carrier based on DCI format(s) for single carrier with an additional carrier indicator field of 0-3 bits. The carrier indication is used to explicitly state for which carrier the assignment is intended. This is needed for cross-carrier operation (where assignment for one carrier is transmitted on another carrier) as well as for the case of asymmetric DL/UL configurations (such as one DL and multiple UL carriers).
In this document we consider the benefits offered by the cross-carrier control operation and the necessity for it in heterogeneous network deployments. We also address the question of when a non-zero span of the carrier indication field is applied and how many bits are set for indication in that case, as a way to enable cross-carrier operation. 
2 Cross-carrier Operation
As it elaborated in [1]–[4], the heterogeneous network deployments can result in severe interference conditions. While semi-static/adaptive ICIC can be used to manage interference on data, no ICIC is provisioned in Rel-8 for control channels - PDCCH interleaved across the entire DL bandwidth and PDCCH from a different cell occupies the same time-frequency resources. However, relatively static ICIC for control channels is needed. Multicarrier operation with interference ‘protected’ carrier [3] enables the control to be reliably transmitted on that carrier, providing the control support for other carriers (cross-carrier operation) where physical transmission of the control may not be reliable.
Transmitting the control for multiple carriers reliably on one carrier enables advanced ICIC techniques to be applied. For example, the coverage of a Pico cell can be significantly increased by reducing Macro cell transmission power or by completely blanking transmission on some resources (e.g. one carrier). This provides for range expansion of the Pico cell (i.e., associating UE with a cell that has a relatively weak DL received signal (RSRP), in order to achieve performance benefits).
An example is given in Figure 1with the reuse set configuration on a shared carrier with unrestricted power. Pico cell range expansion UEs on a shared carrier with unrestricted power would experience control channel problems on the regions that are interfered by the Macro non-restricted (high power) reuse sets. Hence, the control channel for Pico cell range expansion UEs on such carrier may have to be placed within the non-restricted reuse set (new, non-backward compatible control region) or use the cross-carrier operation where the control for those users would be conveyed over a different carrier (e.g. Pico cell anchor carrier without high power interference from Macro cell in the control region).
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Figure 1: Carrier reuse set configuration for Macro and Pico cells
Utilizing the concept of range expansion can provide significant gain. The gain in the order of up to 270% and 570% at UE throughput tail and median, respectively, is observed by employing very simple techniques [1], [2].
The cross-carrier operation is also necessary in asymmetric UL/DL carrier configurations where number of UL carriers is larger than the number of DL carriers. In such scenario one DL carrier has to carry control information for multiple UL carriers, and some indication of for which UL carrier the control is intended is required.
The cross-carrier operation also offers the possibility of reduced PDCCH blind decodings by limiting the number of carriers for PDCCH monitoring. This provides the corresponding reduction in false-alarm probability.
3 PDCCH Simulation Results

To depict how severe control channel conditions can be experienced in heterogeneous network deployments, we present the following simulation results.
Figure 2 shows SNR cdf for different cell selection algorithms in Macro-Pico deployments [4], [5]. The legend on the figure refers to the handoff bias used with respect to the DL received power criterion. The results in [4], [5] use 25dB handoff bias. It can be seen that the very weak control channel geometry is experienced by the majority of UEs. Even for the 16dB handoff bias results indicate that 60% of UEs have control channel geometry smaller than -10dB. Figure 3 presents PDCCH BLER curves that correspond to these low geometries and different CCE aggregation levels used for PDCCH. It shows that very high BLERs, larger than 90% even for 8CCE aggregation, are experienced. This operation regime for PDCCH is not acceptable, and suggests the necessity for control ICIC. A simple way to enable control ICIC is by using the cross-carrier operation where the control for multiple carriers is transmitted reliably on one (anchor) carrier.
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Figure 2: SNR cdf for different cell selection algorithms in Macro-Pico deployments
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Figure 3: PDCCH BLER for different aggregation levels for PDCCH
4 Carrier Indication in Multicarrier Control

DL and UL assignments for each component carrier are based on DCI format(s) for single carrier and the cross-carrier operation can be enabled with an additional carrier indicator field of 0-3 bits.

In case of zero bits for carrier indication, there is no carrier indication, and it is assumed that the assignment is intended for the DL carrier it is transmitted on (DL assignment) or the uniquely paired UL carrier (UL assignment).  This operation mode can be envisioned in homogeneous network deployments and symmetric DL/UL carrier configurations or when number of DL carriers is larger than the number of UL carriers.
Additional bits in the assignment DCI are needed in the asymmetric DL/UL carrier configuration (at least for the case when one DL carrier is paired with multiple UL carriers), and for heterogeneous network deployments, where the cross-carrier operation provides improved control reliability and enables advanced inter-cell interference coordination (ICIC).

The need for indicating the carrier for which the assignment is intended in the case when one DL carrier is paired with multiple UL carriers is obvious. For example, if there is one DL carrier paired with two UL carriers, the UL assignment sent on the DL carrier has to indicate for which of the two UL carriers the assignment is intended.
How many bits (1, 2 or 3) to use for the carrier indication field can be a configuration parameter that would depend on the number of configured carriers for DL and UL data transmission. UE could implicitly conclude how many bits to expect for carrier indication in the DL/UL assignments based on the number of DL/UL carriers configured for data transmission on DL/UL. The information of how many bits are used for carrier indication in assignments could also be explicitly signalled to the UE by higher layer signalling.

If the optimization of the number of bits used for carrier indication is not deemed important, the simplest operation would be that UE is informed by the higher layer signalling whether to assume 0 bits or 3 bits for carrier indication in the assignments. This would have to be specified for both UL and DL assignments. The operation mode (with or without cross-carrier operation) would depend on the deployment scenario, as discussed above.
The above scheme utilizes explicit carrier indication, but approaches with implicit carrier aggregation can also be used. The exact way of specifying carriers for cross-carrier operation can be addressed in the later stage of the multicarrier design.
5 Summary

In this document we discussed the benefits offered by the cross-carrier control operation and stressed the necessity for it in heterogeneous network deployments. We showed that very high BLERs, larger than 90% even for 8CCE aggregation, are experienced on PDCCH in such scenarios.

We also discussed the question of when a non-zero span of the carrier indication field for cross-carrier operation is applied and how many bits are set for indication in that case. It was identified that the higher layer signalling could be used to configure an LTE-A UE for zero or non-zero carrier indication field to be expected in the DL/UL assignments.
The carrier indication using carrier indicator fields is an explicit approach for carrier indication, but approaches with implicit carrier aggregation can also be used. The exact way of specifying carriers for cross-carrier operation can be addressed in the later stage of the multicarrier design.
We conclude the following:

· The cross-carrier operation where PDCCH on a component carrier can assign PDSCH/PUSCH resources on another component carrier is needed for operation in heterogeneous network deployments and in the case of some asymmetric DL/UL carrier configurations
· The operation mode (with or without cross-carrier operation) would be an operator choice and would depend on the deployment scenario.
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