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Introduction
As part of the carrier aggregation enhancement WI [1], DL signaling enhancement was discussed during RAN1#66, and the following agreement was reached:
Conclusions:

· Possible areas for enhancement include: 

· PDCCH capacity for CA-based het-net or inter-band deployments

· Reduce PDCCH overhead / increase capacity / reduce blocking probability

· Need to show what gain in capacity and reduction in blocking probability can be achieved with the proposed methods

· How serious is the problem; what impact would the proposed solution. 

· Working assumption: Reduction in PDCCH blind decodes below R10 levels is not seen as necessary in the context of this WI. 

Consider PDCCH coverage enhancement under DL MIMO SI. 

Consider whether gains resulting from any agreements under DL MIMO SI affect the need for, and improvements from, the above aspects (in order not to duplicate solutions) and vice versa. 
One of the key areas for DL signaling enhancement is PDCCH. In this contribution, we discuss the motivation for PDCCH capacity improvement for CA, present the idea of using differential DCI formats to reduce the overhead, and perform the trade-off analysis.
Motivation for PDCCH Capacity Improvement for CA
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 carrier aggregation, there are certain scenarios that increase the number of PDCCH messages on one CC significantly, thus posing additional challenge on PDCCH. This may require PDCCH capacity improvement.

1) Heterogeneous network deployment with cross-carrier scheduling

A typical scenario is a heterogeneous network deployment with 2 CCs, where cross-carrier scheduling is used to avoid the excessive interference on PDCCH. One of the CCs would typically be carrying all the PDCCH messages for both carriers in the macro cells, and the other CC would typically be carrying all the PDCCH messages for both carriers in the pico cells - hence the number of PDCCH messages on a given carrier would be doubled.
2) Inter-band carrier aggregation with cross-carrier scheduling
For inter-band carrier aggregation, the high frequency carrier has a smaller footprint than the low frequency carrier. Note that PDCCH can have smaller coverage than PDSCH on the same carrier due to techniques such as beamforming that are currently only available to PDSCH. It is then desirable to use the low frequency carrier to perform cross-carrier scheduling to ensure proper PDCCH coverage. The PDCCH messages on the low frequency carrier would increase.
3) Additional carrier types with PDCCH-less operation
Additional carrier types are being considered in the CA enhancement WI. Some of the possible solutions (e.g. extension carriers and carrier segments) support PDCCH-less operation in order to reduce the overhead and save energy. In this case, all the PDCCH messages for the additional carrier would be carried in the associated backward-compatible carrier. Therefore, there could be a significant increase in the number of PDCCH messages on the backward-compatible carrier.
There are some general enhancements (such as significant capacity improvement for PDSCH and multi-user MIMO) that are not related to CA but introduce larger DCI messages and/or more DCI messages on PDCCH on each individual carrier. Another factor that is worth mentioning is the need to support applications with small transaction size. Different from assumptions of the full-buffer or busty FTP traffic used in typical simulations, there are many applications with small transaction or packet size in real systems, including SMS, instant messaging, most M2M applications, etc. Due to the limited data to be transmitted for these types of users, there would be a need to simultaneously schedule more UEs, meaning more PDCCH messages. Although all these are not directly connected to or introduced by CA, the PDCCH capacity issue would become more severe for the above CA scenarios.

Therefore, there is a need for improving PDCCH capacity/efficiency.
Differential DCI Signalling
There are different ways to improve PDCCH capacity 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 and/or DCI overhead.
In this contribution, we focus on reducing the DCI payload size. In [2], we had some initial discussions on the possible ways to take advantage of differential DCI signalling. Various possibilities of the new DCI formats with differential information were discussed. Here we extend the discussions further to include the tradeoff analysis and potential gain that can be provided by this approach.
As discussed in [2], the differential DCI formats reduce the payload load by including only the fields with different information from a previous grant. HARQ process number, NDI, MCS and precoding information change often and may need to be included in a differential DCI message. Potential candidates for omission from a differential DCI format could include RB assignment, RV, TPC, etc. The 16-bit CRC can be a significant part of the DCI message, and it can be reduced if multiple grants are multiplexed/grouped into a single DCI message and a single CRC is applied. Such grouped DCI 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. Below are a few examples.
1.1 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.

If a UE is assigned multiple carriers and configured with cross-carrier scheduling, multiple location indices could be assigned to the UE, with each index corresponding to one carrier. By doing so, CIF does not need to be explicitly included in the message, thus further reducing the payload size per UE.

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.

1.2 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.

1.3 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 (in Section 3.2 and 3.3) 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.
Trade-off analysis
1.4 Potential gain analysis
It is important to understand how much gain the differential DCI formats can potentially provide. Assuming 20 MHz bandwidth and all the new DCI formats are designed to have the same size as format 0/1A, some examples of savings in payload size (16-bit CRC included) for different cases are provided in Table 1. 
Table 1 Examples of savings in payload size using differential DCI formats
	
	DCI format in R10
	Differential DCI format
	Saving in payload size

	DL tx
	Format 1 (55 bits)
	44 bits
	20%

	DL tx
	Format 2 (67 bits)
	44 bits
	34%

	DL group re-tx with 2 UEs
	Format 2 (67 bits * 2 = 134 bits)
	44 bits
	67%

	DL group re-tx with 3 UEs
	Format 2 (67 bits * 3 = 201 bits)
	44 bits
	78%

	UL tx
	Format 0 (44 bits)
	44 bits
	0%

	UL tx
	Format 4 (54 bits)
	44 bits
	19%


To evaluate the overall average saving in the system, we make the following assumptions:

· In Rel-10, all DL grants use format 2, and all UL grants use format 4.

· The system has 80% DL grants (including 20% DL grants for retransmission) and 20% UL grants.

· The differential DCI formats can be applied to all DL grants for retransmissions, 1/2 of the DL grants for new transmissions, and 1/3 of the UL grants.

· The average number of UEs grouped in the differential DCI formats is 2 for DL retransmissions, and 1.5 for DL new transmissions and UL transmissions.
The average saving in the DCI payload size is estimated
 to be 34%.

A more conservative set of assumptions would be:

· In Rel-10, half of the DL grants use format 1 and the other half use format 2. 

· In Rel-10, half of the UL grants use format 0 and the other half use format 4.

· The system has 70% DL grants (including 10% DL grants for retransmission) and 30% UL grants.

· The differential DCI formats can be applied to all DL grants for retransmissions, 1/2 of the DL grants for new transmissions, and 1/3 of the UL grants.

· The average number of UEs grouped in the differential DCI formats is 1.5 for retransmissions, and 1 for DL/UL new transmissions (meaning no grouping).

With these assumptions, the average saving in the DCI payload size is 15%.

Therefore, we estimate the reduction in the DCI payload size is expected to be in the range of 15~34% in a real system.

1.5 Discussion of potential issues and specification impact
· Complexity:

· Additional complexity in encoding and decoding new PDCCH formats: number of new formats should be minimized.

· Additional blind decodings at the UE should be avoided if at all possible.
· Backward compatibility:

· Only new UEs from Rel-11 onwards would be able to benefit from the proposed new DCI formats. Hence the capacity gains would be realized only gradually as the population of Rel-11 UEs increased. Nevertheless, this would probably closely match the increasing capacity demands in real network deployments and would therefore be a very suitable timeframe in which to introduce these enhancements.

· The new DCI formats do not impact legacy UEs (R10 and previous).

· Analysis of existing similar features: 

· The existing feature that comes closest to providing the same functionality is SPS, but this is much more restrictive in terms of the scheduling flexibility that the new DCI formats provides. In general, RRC configuration of scheduling increases adaptation latency and reduces spectral efficiency because it limits the degrees of freedom available to the dynamic scheduler. 

· Therefore we conclude that no existing feature comes close to providing the desired benefits. 

· Impact on energy consumption:
· None foreseen or intended. 

1.6 Impact on specifications and RAN WGs
· RAN1: Main impact - design of new DCI formats. 

· RAN2: Minor impact - new RRC signalling to configure new DCI formats. 

· RAN3: No impact. 

· RAN4: Performance requirements do not currently specifically test the demodulation of different DCI formats, so we do not foresee any RAN4 impact. 

The analysis shows that the PDCCH overhead savings (or capacity gain) from the new differential DCI formats is likely to be in the range of 15~34%. The main workload and complexity is related to the design of new differential DCI formats. The design should target at minimizing the number of new formats introduced and minimizing the impact on blind decoding.
Conclusion
In this contribution, we provided detailed discussions and trade-off analysis for using differential DCI information to reduce DCI overhead. The average savings in the DCI payload size are expected to be in the range of 15~34%. The complexity is limited to the design of the new differential DCI formats. At the same time, we also provided some design considerations that minimize the number of new formats introduced and the impact on blind decoding.
Therefore, we propose that the differential DCI formats are introduced in Rel-11.
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� Note that during the analysis, the DCI messages related to system information, paging and initial access are ignored.
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