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1 Introduction
Currently PDCCH is allowed to use a maximum of 3 (for bandwidth of 3 MHz or larger) or 4 (for bandwidth of 1.4 MHz) OFDM symbols per subframe, thus having limited capacity. With cross-carrier scheduling in CA, the number of PDCCH messages on a given CC may be significantly increased. For example, with 2 CCs in a heterogeneous network deployment, one of the CCs would typically be carrying all the PDCCH messages for both carriers in the macrocells, and the other CC would typically be carrying all the PDCCH messages for both carriers in the picocells - hence the number of PDCCH messages on a given carrier would be doubled.
 At the same time, it is not desirable to double the number of OFDM symbols allocated to control signalling, as this will greatly reduce PDSCH capacity on that CC.
Therefore, there is a need for improving PDCCH capacity and efficiency, especially for CA-based het-net deployments. There are different ways to improve PDCCH capacit and efficiency, including:
· Improve the efficiency of DCI message delivery (e.g. multi-user MIMO or beamforming for PDCCH); this approach is addressed in [1] in the context of the DL MIMO Enhancement SI, but it will only be appropriate for certain scenarios. 
· Reduce the payload size of DCI messages.
In this contribution, we focus on some possible methods for reducing DCI payload size. 
2 Differential DCI Signalling 
In existing DCI formats, there are many fields defined, including RB assignment, MCS, NDI, carrier indicator, HARQ process number, RV, TPC command. Currently in 3GPP specs, all the related fields are carried in each grant. However, some of the fields may not change, or can be kept the same deliberately, for consecutive grants. 
Therefore, the payload size for some messages could be reduced if only fields with different information from a previous grant are included. 
HARQ process number, NDI, MCS and precoding information change often and may need to be included in a differential DCI message. 

Possible candidates for omission from a differential DCI format could include:

· RB assignment. This field is typically long, accounting for a significant portion of the DCI message. Moreover, it is difficult to reduce the field length via differential representation. Therefore, the benefit is limited if we include this field into a differential DCI format. In practice, if the time interval between two consecutive grants is small, with insignificant change in channel conditions, the performance degradation from using the same RB assignment for consecutive grants can be small. Therefore RB assignment could be considered for omission from a differential DCI message, especially if such a message is primarily targeted at retransmissions. 

· RV in DL grant: RV can be assumed to follow a pattern predefined or semi-statically configured via higher layer signalling.

· TPC command: it can be assumed to have value 1, meaning no power change for PUCCH/PUSCH.

· CRC: The CRC represents a significant proportion of the DCI messages. The CRC overhead could be reduced by reducing the number of messages; one way to achieve this is to use messages for groups of UEs, similar to DCI formats 3/3A. Such messages can be sent either in the common search space (with the advantage of avoiding any increase in blind decodings) or in a UE specific search space specified by a group RNTI. Some examples will be provided in Section 3.
For the fields not included in the differential DCI formats, the UE should assume that they are the same as for a previous reference DL/UL grant.

In order to use a differential DCI message, the eNB would need to have confidence that the previous reference DCI message had been successfully received by the UE. Since UE sends ACK/NACK feedback for every grant, the eNB can detect whether the previous message was received by the UE. The eNB could choose to use a differential message only if it had received an ACK/NAK for the previous message.  If further robustness against DTX to ACK/NAK errors is wanted, the differential message in subframe n could be linked to a reference message in a particular subframe, e.g. subframe n-8. With the fixed subframe relationship, the UE would have the capability to tell if the previous DCI message was decoded successfully when receiving the differential message, thus knowing whether it is valid or not.
If possible, it is preferable to keep any new DCI formats the same size as one of the existing formats, so as to minimize the impact on the number of blind decodings. Ideally this would be the same size as one of the smaller messages, such as Format 1C or 0/1A.
3 Examples of Possible Differential DCI Formats
In this section, we provide a few examples which we think could be the most useful. All these examples carry DCI information for multiple UEs in order to maximize the capacity gain. Moreover, they have the same payload size as format 0, in an effort to minimize the impact on the number of blind decoding. For the UE to be able to detect these formats, a separate RNTI could be assigned via higher layer signalling and used for scrambling the CRC. A UE location index within the message could be assigned at the same time.
3.1 Differential DCI format for group DL retransmissions
This DCI format could be used to carry the DL retransmission indications, with a 1-bit DL retransmission indicator and a 3-bit (or 4-bit for TDD) HARQ process number for each UE. It transmits the following information:
· DL retransmission indicator 1, HARQ process number 1, DL retransmission indicator 2, HARQ process number 2, …, DL retransmission indicator N, HARQ process number N

where N = (Lformat0/K(. Here K = 4 (FDD) or 5 (TDD).

The DL retransmission indicator is set to 1 when the PDSCH carries a DL retransmission, and 0 otherwise. The HARQ process number indicates the corresponding value for the retransmission, when the retransmission indicator is set to 1.

3.2 Differential DCI format for group DL retransmissions with CIF
This DCI format could be used to carry the DL retransmission indications, with a 1-bit DL retransmission indicator and a 3-bit (or 4-bit for TDD) HARQ process number for each UE. It transmits the following information:

· DL retransmission indicator 1, CIF 1, HARQ process number 1, DL retransmission indicator 2, CIF 2, HARQ process number 2, …, DL retransmission indicator N, CIF N, HARQ process number N

where N = (Lformat0/K(. Here K = 7 (FDD) or 8 (TDD).

The DL retransmission indicator is set to 1 when the PDSCH carries a DL retransmission, and 0 otherwise. The HARQ process number indicates the corresponding value for the retransmission, when the retransmission indicator is set to 1.

When a UE is assigned multiple carriers, multiple location indices could be assigned to the UE, with each index corresponding to one carrier. In this case, CIF could be omitted from the message.

Note that these two examples for group DL retransmissions assume non-fixed subframe relationship between the differential message and the reference message. With fixed subframe relationship, the HARQ process number can potentially be omitted, thus reducing the number of per-UE information bits further.

There are two potential approaches to keep the number of blind decodings unchanged for the differential formats for group DL retransmissions:

1. The DCI message is sent in the common search space, with CRC scrambled by the group RNTI. It is a simple approach and avoids more blind decodings, but the drawback is that it can potentially overload the common search space.

2. The DCI message is sent in the UE group specific search space given by the group RNTI, with CRC scrambled by the group RNTI. In this case, whenever the UE expects a retransmission for subframe n, it would only monitor the search space given by group RNTI, without monitoring the search space given by C-RNTI for the corresponding carrier. This is possible because only one DL grant can be sent to a UE per TTI per carrier. This approach would require fixed subframe relationship between the differential message and the reference message, and also a fixed HARQ RTT. (The UE could monitor the search space given by both group RNTI and C-RNTI, but that would increase the number of blind decodings.) In this case, it would not be necessary to include the HARQ process ID in the differential message, although the impact of this on the DL scheduler would need to be carefully examined. 
Rather than randomly grouping UEs, these differential DCI formats for group DL retransmissions can be especially useful for cases such as MU-MIMO and SPS. For MU-MIMO, some UEs (for example, stationary UEs) can be potentially paired together for a certain time period, with the initial transmissions occurring at the same time. For SPS, the resources are semi-statically configured for each UE, and some UEs have the resource allocated in the same periodic subframes. In these cases, the UEs can be grouped together and use differential DCI messages for retransmission grants.

In the worst case when multiplexing gain cannot be achieved, each message would contain the retransmission grant for a single UE. This still results in smaller message size and provides gain.

3.3 Differential DCI format for group DL/UL transmissions
This DCI format could be used to carry DL and UL retransmission indications for multiple UEs. It has the following fields for each UE:

· DL/UL indicator (1 bit), 1 for DL grant and 0 for UL grant

· HARQ process number (3 bits for FDD, 4 bits for TDD), set to 0 for UL grant

· NDI for transport block 1 (1 bit)

· NDI for transport block 2 (1 bit)
When a UE is not scheduled, DL/UL indicator is set to 0 and HARQ process number is set to 1 (to differentiate from a valid UL grant).
This DCI format transmits the following information:
· field(s) for UE 1, field(s) for UE 2, …, field(s) for UE N
where N = (Lformat0/K(. Here K = 6 (FDD) or 7 (TDD).

This format is designed to support both DL and UL transmissions in order to maximize the multiplexing gain.
3.4 Differential DCI format for group DL/UL transmissions to multiple UEs with MCS delta
This DCI format could be used to carry DL and UL grants for multiple UEs. It has the following fields for each UE:

· DL/UL indicator (1 bit), 1 for DL grant and 0 for UL grant

· HARQ process number (3 bits for FDD, 4 bits for TDD), set to 0 for UL grant

· NDI for transport block 1 (1 bit)

· MCS delta for transport block 1 ( 3 bits)

· NDI for transport block 2 (1 bit)
· MCS delta for transport block 2 ( 3 bits)

The difference from the previous example is that new fields are included for MCS delta. The UE would add the delta to the MCS index in the previous DL or UL grant to obtain the new MCS index.
This DCI format transmits the following information:
· field(s) for UE 1, field(s) for UE 2, …, field(s) for UE N
where N = (Lformat0/K(. Here K =12 (FDD) or 13 (TDD).

These formats for DL/UL transmissions (potentially new transmission) can be sent in the common search space to avoid the increase in blind decoding. If they are sent in the search space given by group RNTI, the number of blind decoding would increase, because the UE would need to monitor the search space given by C-RNTI at the same time.

4 Summary 
We observe that the DL control region can easily become overloaded in CA-based het-net deployments. 

In order to mitigate this situation, we propose that methods should be investigated to reduce DCI overhead. 

One possible solution for further consideration could be to introduce differential DCI messages, which avoid repeating information that has not changed. Such messages could for example be used for retransmission indications for groups of UEs.  
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� In addition, with more advanced features being introduced in LTE, the DCI message sizes are increasing, which increases the probability of needing higher CCE aggregation levels. This requires more resources to deliver each message.
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