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1
Introduction

Transmission of PDCCH to support wider bandwidth has been discussed in numerous contributions and in RAN1#57 the following decision regarding DL control signalling on PDCCH was taken: 

•
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

The main worry that has been expressed about separate PDCCHs and cross-CC scheduling seem to be increased blind decoding effort. Release 8 specifies UE PDCCH monitoring such that the UE needs to do 44 blind decoding attempts per subframe. When increasing the bandwidth using up to five component carriers, the number of blind decoding attempts would increase linearly to 220 without any extra measures. Of course, the required enhancements in the UE turbo decoding capabilities for PDSCH decoding purpose will mean that also the number of blind decoding attempts can be increased; hence the issue may not be that severe.

On the other hand, as discussed in [1], LTE-Advanced will require new DCI formats to support new features such as eight transmit antennas and enhanced multi-user MIMO. Furthermore, uplink SU-MIMO will require its own DCI format (potentially of new size), and even non-contiguous PRB allocation in uplink will mean changes to the DCI formats. All new DCI formats may increase the required UE blind decoding efforts even further. 
The purpose in this contribution is to highlight some problems related to using the Release 8 blind decoding –based approach in LTE-Advanced for distinguishing DCI formats especially when extending the bandwidths and adding new DCI formats. Then we also propose a potential modification to the principle of handling of DCI formats and blind decoding in LTE-Advanced that overcomes most of the problems. The proposed format indicator –based approach can be used in case the number of blind decoding attempts grows to an unacceptable level when adding new features and hence new DCI formats.
2
Problems with the Rel’8 blind decoding principles in LTE-Advanced
In Release 8, the 44 blind decoding attempts are divided into 32 attempts from the UE-specific search space, and 12 attempts from the common search space. The 32 attempts are further done from 16 search space locations; hence the UE searches for two different DCI format sizes in each location. Each new DCI format size that needs to be monitored simultaneously with existing DCI formats multiplies the number of blind decoding attempts further: For example, monitoring three DCI formats in UE-specific search space instead of two would mean 48 attempts from UE-specific search space per component carrier. And adding more DCI formats makes the situation even worse. We consider it likely that the number of DCI format sizes that need to be monitored simultaneously would need to be increased beyond two. Taking this issue of new DCI formats into account, we can easily get even much more than the 220 blind decoding attempts that may in maximum be needed due to bandwidth extension, i.e. the linear scaling to five component carriers. In the same way, for low bandwidth category UEs, we may exceed the current 44 blind decoding attempts.
As a consequence, we can state that the Release 8 –type of operation in distinguishing DCI formats by their size has some restrictions when considering introduction of new features – we either need to increase the number of different DCI format sizes or enter discussions about matching the DCI format sizes with each other, likely leading to trade-offs and in the worst case suboptimal solutions from performance point of view. We would rather design and optimize the control signalling without restrictions from DCI format size perspective.
We note that there are also other severe problems (in addition to increasing the UE decoding complexity) related to extending the Rel’8 blind decoding operation to cover more DCI format sizes and search space locations:
· Mean time between false positive CRC checks decreases as we have more and more blind decoding attempts and hence CRC checks per subframe and per component carrier. False positive may cause for example erroneous dynamic ACK/NACK transmission on PUCCH and even worse, unauthorized transmissions in the uplink.
· Payload size ambiguity problems: In Release 8, padding bits have been introduced to the DCI formats to avoid so called ambiguous payload sizes [2]. When new DCI formats are added, one will again need to take care of this issue and hence add the possibility of padding with zeros in ambiguous cases. Such padding will always decrease the PDCCH coverage.
· Padding bits may in fact be needed also for just distinguishing between DCI formats, as has been done in case of DCI format 1 in Release 8.

· On the other hand, any desire to match DCI format sizes with each other will lead to long discussions about which bits can be sacrificed and what is the most crucial information to be included in the DCI format. As mentioned, in the worst case such an approach to control signalling may lead to trade-offs and suboptimal solutions. This can be seen also as a possible burden from specification perspective.
Also, there have been discussions about reducing the number of transmission modes in LTE-Advanced. Also this would call for unification of the DCI formats or a significant increase in the number of blind decoding attempts. However, the target seems desirable; hence our view is that methods to enable this could be studied. 
To avoid the above problems and enable UE to attempt decoding several DCI format sizes in each subframe, we would like to revise the main PDCCH decoding principles for LTE-Advanced such that adding new DCI formats would be less problematic. Basically to do this, the DCI format sizes should be decoupled from the number of blind decoding attempts per subframe required from the UE. In the following section, we describe one method for achieving this without major changes to PDCCH or DCI formats themselves.
3
DCI format indicator for PDCCH
The two issues in the Rel’8 PDCCH encoding method, that cause the drawbacks mentioned above are:
-
The DCI formats are differentiated based on their sizes.
-
The number of hypotheses is equal to the number of convolutional decoding operations.
The first bullet causes the padding problems, which could potentially break down the Rel’8 decoding strategy if formats are added. The second bullet indicates that convolutional decoding must be performed before we can determine the DCI format. This effectively leads to the current situation where the number of blind decoding attempts is proportional to the product of aggregation levels and number of format sizes.
One possible and very promising solution to address the problems is to append each PDCCH with a format indicator (FI), which is encoded separately from the convolutionally encoded DCI format. The DCI formats are still kept as in Rel’8 with the exception of the padding bits but the FI is encoded and concatenated with the convolutionally encoded DCI format. Thus, the FI would allow the UE to get the knowledge about the DCI format before actually decoding it, this way allowing multiple DCI format hypotheses to be checked with one decoding attempt. This would effectively solve the two problems listed above and the number of blind detections would only depend on the aggregation level for any given location. It is assumed that the FI is very short: two or three bits seem to be sufficient, corresponding to maximum of four or eight different DCI formats with one decoding attempt. The forward error encoding of the FI could be based on some computationally efficient block code like the Simplex code with repetitions (like done in PCFICH). The code rate of the FI could be made dependent on aggregation level, however it needs to be fixed (independent of the DCI format behind it) for each aggregation level. To get optimum frequency diversity effect also for the FI, an additional interleaver could be added that interleaves the encoded FI bits together with the DCI bits. The CRC is potentially calculated over the both parts (FI+DCI), hence if the CRC matches we know that both the FI the DCI were correct. Figure 1 clarifies the concept of PDCCH with format indication. The size of the PDCCH (36 REs / CCE) as well as the processing (scrambling, permutation and shifting) is still according to Rel’8. 
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Figure 1. Principle of PDCCH format indicator. Only thing that might be changed from Release 8 DCI formats is that the padding bits can be removed in case FI is utilized.
Knowing the BLER performance for the FI and DCI codewords the expected overall BLER can be computed as
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For small BLER values this can be approximated as the sum of the FI- and DCI-BLER values.

This type of an approach to PDCCH encoding and decoding would allow much more freedom in designing control signaling for LTE-Advanced features as DCI format size restrictions are avoided. In addition, it significantly reduces the UE blind decoding burden as only one decoding attempt is needed per search space location with this approach. Furthermore, all the disadvantages of current scheme listed in the previous section are avoided. Finally, as the scheme allows monitoring of several different DCI formats (of different size) at the same time, for example reduction of transmission modes seems feasible with this approach from PDCCH point of view.
4

Simulation results
In order to test the performance of the proposed DCI format indicator based PDCCH scheme BLER simulation were run according to the assumptions in Table 1 and shown in figures 2 – 5.
Table 1. Parameters for simulation
	Parameter
	Value

	Carrier bandwidth
	20 MHz

	Carrier frequency
	2.0 GHz

	FFT size
	2048

	Channel model
	3GPP TU 3 km/h

	Channel estimator
	Ideal

	DCI code type
	Tail-biting convolutional code according to Rel´8

	FI code type
	Simplex code with repetitions

Code rates: 2/3, 1/6, 1/12, 1/24

	DCI payload sizes (bits)
	44 and 66

	FI size (bits)
	2

	# of OFDM symbols for the control channel
	3

	# of TX antennas at Node B
	2

	# of RX antennas at UE
	2


The actual DCI code rate is obtained as usual by rate matching to the available bits in the PDCCH that remain after the FI codeword insertion. The code rates for the FI are fixed per aggregation level. The BLER for DCI formats 1A and 2A for each aggregation is simulated. It is emphasized that the code rates used for the format indicator in the simulations are just examples for demonstrating the performance and should not be taken as final proposed values. For each BLER simulation the results for FI, DCI, combined FI and DCI as well as the Rel’8 are shown. Also the required SNR for 1% BLER is shown in a separated figure.
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Figure 2. BLER curves for format 1A
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Figure 3. Required SNR for 1% BLER for format 1A 
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Figure 4. BLER curves for format 2A
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Figure 5. Required SNR for 1% BLER for format 2A
As seen from the results the penalty of introducing the FI is, of course, a slight performance loss due to adding 2-3 bits payload – according to the simulations this penalty ranges from less than 0.5 dB to about 1 dB depending on aggregation level and DCI format size. On the other hand, now padding bits are no longer needed which would improve the situation slightly (note that FI removes the payload size ambiguity problem!). Anyway, the benefits clearly outweigh the slight loss in performance.
Aggregation level one is somewhat critical for long formats, where the code rate exceeds 0.9, because here the DCI codeword is mostly affected by the added format indicator. The performance loss for aggregation level one may be mitigated with power boosting at the symbol level. On the other hand aggregation one is hardly ever used for the long DCI formats. In case that the FI codeword performance is worse than the DCI codeword, which might be the case at short formats, boosting only the subcarriers containing the format indicator could also be considered.

Again, the coderates and the coding scheme for the FI used in the simulations are to demonstrate the technique and not necessary optimal. Optimal coderates are FFS. 
5
Conclusions

In this contribution we have highlighted some limitations of the Release 8 PDCCH decoding principles when adding new features to the system. It was discussed that as new DCI formats will need to be supported, the problems related to DCI format size and blind decoding –based differentiation of the DCI formats will be emphasized. Especially this is the case considering UE blind decoding burden and zero-padding. These issues will also be further emphasized if reduction in the number of transmission modes is desired.
To overcome these limitations, we proposed as one solution a format indicator –based approach to PDCCH encoding and decoding when operating in an LTE-Advanced system. We propose that RAN1 discusses how to handle the need to support the ever increasing number of different DCI formats. Our concerns here are also that DCI format sizes would need to be matched to each other, and/or that in the worst case there could be a need for performance tradeoffs due to DCI format size and blind decoding restrictions.
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