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1 Introduction

The decision for separately coding the DL scheduling assignments and the UL scheduling grants for LTE-A UEs is associated with numerous advantages [1, 2] but it introduces one key challenge with respect to the number of blind decoding (BD) operations. Without additional conditions on the PDCCH transmission in multiple component carriers (CCs), the number of BDs scales linearly with the number of CCs a UE is assumed to be semi-statically configured for PDSCH reception or PUSCH transmission. Moreover, the likely introduction of new DCI formats will unavoidably increase the number of BDs even without carrier aggregation (CA). For example, even without CA, the new DCI format to support UL SU-MIMO will increase by 100% the number of BDs for UL scheduling grants, assuming that a UE configured UL SU-MIMO will be required to also decode DCI format 0 as a fall-back mode, thereby resulting to a 50% increase in the total number of BDs. Potential introduction of more DCI formats such as, for example, for non-transparent MU-MIMO or for support of DL CoMP, will further exacerbate the increase in the number of BDs.
The increase in the number of BDs has two primary consequences:

a) Increased UE decoding complexity

b) Increased probability of false CRC pass 

The increase in UE decoding complexity is of course undesirable and it should always be justified by tangible gains and avoided whenever possible by simple means. Moreover, due to the additional DCI formats a LTE-A UE will have to decode, the maximum number of BDs in LTE-A (all CCs configured to a UE) will increase more than the peak rate. Therefore, without any measures to reduce the number of BDs, the complexity of convolutional decoding relative to the complexity of turbo decoding will be higher in LTE-A than in LTE. In general, simple solutions that reduce the number of BDs and have minimal/no impact on operation/performance are desirable.
The probability of false CRC passes becomes a more serious issue in LTE-A due to the unavoidable increase in the number of BDs from CA and from the need to support simultaneous decoding for a larger number of DCI formats. Therefore, even a low capability LTE-A UE having PDSCH reception or PUSCH transmission in only one respective CC will have to support a larger number of BDs (as its differentiation from an LTE UE will be the support of LTE-A features such as UL SU-MIMO, CoMP, etc.). 

This contribution focuses on the second consequence from the increase in the number of BDs, namely, the adequacy of the 16-bit CRC with respect to a tolerable level for the probability of false CRC pass. This issue was extensively studied in LTE but no agreement could be reached on the need to increase the CRC length [3-5] and the existing 16-bit CRC was deemed to be sufficient [6]. However, the increase in the number of BDs in LTE-A requires a fresh examination of this design issue. 

This contribution revisits the analysis for the CRC length in LTE, shows that a 16-bit CRC is generally adequate, and further examines the impact on the false CRC pass probability from the additional BDs in LTE-A associated with the support of additional DCI formats and CA. 
2 False CRC Pass Probability Aspects
A false CRC pass can affect either a DL scheduling assignment or an UL scheduling grant. When a UE incorrectly determines it has been assigned PDSCH reception, it will transmit an ACK/NAK signal (almost certainly a NAK) which may interfere with the ACK/NAK signal transmitted by another UE and will store meaningless data in the HARQ buffer which will lead to buffer corruption and probably require RLC ARQ for its resolution. The latter problem is effectively a NAK-to-ACK error for the UE having the false CRC pass. Validation of DL scheduling assignments cannot meaningfully reduce the effect of false CRC pass as invalid assignments are practically non-existent (e.g. if for type-2 resource allocation the number of distributed VRB allocations is not within the valid range).
When a UE incorrectly determines it has been granted PUSCH transmission, it will transmit at random RBs (which are contiguous in LTE and also, for simplicity, assumed contiguous in this analysis for LTE-A) and create interference to several other UEs. Validation of the RB assignment can reduce the impact of a false CRC pass but only by a modest amount. The main validation aspect is whether the RB assignment is a multiple of 2, 3, and 5 (some minor reductions can be obtained for validations with type-2 frequency hopping, maximum TBS, and combination of NDI toggle bit with MCS of 29/30/31). For example, for 10 MHz operating BW and contiguous RB assignments, the false CRC pass error probability can be reduced by a factor of about 2 if only RB assignments having 2, 3, or 5 as a factor are considered. The impact to interfered UEs with valid PUSCH transmission is generally undesirable, it may or may not be significant (depending on the amount of overlap and the relative power difference) and, if needed, it will be resolved by HARQ. However, the impact on the UE having the false CRC pass can be severe, especially if it determines a likely ACK from the subsequent PHICH transmission. This will again have an impact similar to a NAK-to-ACK error.
As a false CRC pass for a UE has a similar impact as a NAK-to-ACK error for that UE, the system level probability of a false CRC pass should be equal to, or preferably sufficiently smaller than the system level probability of a NAK-to-ACK error. Assuming for evaluation purposes a 10 MHz operating BW with 
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And for the above parameter values, 
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Assuming that a UE decodes a weak signal (e.g. a cell edge UE decodes PDCCH CCEs intended for a non cell edge UE), the bit error probability is 
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 and the false CRC pass probability for a single UE and a single BD is 
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, where 
[image: image9.wmf]K

 is the CRC length. If a UE performs 
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 BDs and there are 
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 UEs, the system level probability for a false CRC pass for at least one UE is  
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At 10 MHz operating BW, the expected number of UEs in the RRC-CONNECTED state is 400 [7]. Typically, around 50% of these UEs can be assumed to be in the DRX state and another 25%-33% of the remaining UEs can be classified as low SINR UEs, resulting to 
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 for the purpose of evaluating the false CRC pass probability for the system (for typical PDCCH geometry CDF, about 33% of the UEs have SINRs below 0 dB) . 
For the LTE UL, validation of the scheduling grant is practically equivalent to increasing the CRC length by one bit from 
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. For the LTE DL, validation cannot implicitly increase the CRC length. The number of BDs for either link (DL or UL) in LTE is 
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 (for a total of 44 BDs). The number of new DCI formats for LTE-A is currently FFS but it is certain that a new DCI format for UL SU-MIMO is needed. Even if the size of this format is made equal to the size of an existing DCI format for DL scheduling assignments, this will not avoid increasing the number of BDs for UL scheduling grants as a restriction for simultaneously using the UL SU-MIMO transmission mode with the DL transmission mode corresponding to the previous DCI format cannot be made. Doubling the number of BDs for UL scheduling grants to 
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 is effectively the same as having 
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 and no validation. Therefore, 
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 in LTE-A is the same for DL scheduling assignments and UL scheduling grants (assuming that no new dynamically assigned DCI formats are introduced).
Table 1 summarizes the values of 
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 for various parameters values in a 10 MHz operating BW. For the 
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, it is assumed that 10 UEs are scheduled per link per sub-frame and that the PDSCH/PUSCH BLER is 10%. For the 
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, 44 BDs (accounting only for UL SU-MIMO) and 50% reduction in false pass probability through validation are assumed in the UL, 22 BDs and no validation are assumed in the DL. The CRC length is 16.

Table 1: 
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The following observations can be made. For 
[image: image38.wmf]3

1

NA

-

=

e

P

, unless the number of UEs in non-DRX state is only a very small fraction of the number of UEs in the RRC-CONNECTED state, 
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 is larger than or similar to 
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 and the system effects of a NAK-to-ACK error are effectively more than doubled due to false CRC passes. Nevertheless, as 
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, a 16-bit CRC is roughly appropriate. For 
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 thereby effectively nullifying any benefits of operating with 
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 and a 16-bit CRC.
In general, increasing the number of DCI formats a UE needs to blindly decode should be avoided unless the throughput gains are substantial enough to justify the degradation in system operation and UE experience due to false CRC passes and the increase in the UE decoding complexity. For example, introducing a new DCI format to support non-contiguous RB assignments within a CC would triple the number of BDs an LTE-A UE needs to perform in the UL, relative to LTE and accounting for the DCI format for UL SU-MIMO, leading to 
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 even for very small fractions of UEs in the non-DRX state, with validation, and even for the largest value 
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CA introduces an additional dimension to the system-wide probability of false CRC pass. Table 2 presents the values of 
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 for the setup in Table 1 in case low SINR UEs are configured only 2 CCs.

Table 2: 
[image: image52.wmf]FP

sys

P

 and 
[image: image53.wmf]ACK

to

NAK

sys

-

-

P

 as a function of UEs in non-DRX state and as a function of 
[image: image54.wmf]NA

P

- BDs over 2 CCs.

	UEs in non-DRX
	Low SINR UEs

(% of UEs in non-DRX)
	
[image: image55.wmf]NA

P


	
[image: image56.wmf]FP

sys

P


	
[image: image57.wmf]ACK

to

NAK

sys

-

-

P



	50%
	25%
	
[image: image58.wmf]3

1

-

e


	0.0330
	0.0090

	33%
	25%
	
[image: image59.wmf]3

1

-

e


	0.0219
	0.0090

	25%
	25%
	
[image: image60.wmf]3

1

-

e


	0.0166
	0.0090

	10%
	25%
	
[image: image61.wmf]3

1

-

e


	0.0067
	0.0090

	50%
	25%
	
[image: image62.wmf]4

1

-

e


	0.0330
	0.0009

	33%
	25%
	
[image: image63.wmf]4

1

-

e


	0.0219
	0.0009

	25%
	25%
	
[image: image64.wmf]4

1

-

e


	0.0166
	0.0009

	10%
	25%
	
[image: image65.wmf]4

1

-

e


	0.0067
	0.0009


It becomes immediately apparent that allowing for a linear increase for the number of BDs with the number of CCs a UE is configured would result in unacceptably large 
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. Two solutions exist; either increase the CRC length or avoid a linear increase in the number of BDs. The former solution has been already proposed for LTE [4] and would require a CRC length of 18 or possibly 20 which, in addition to increasing PDCCH overhead, would result to multiple CRC configurations (assuming that the length 16 CRC is kept in case a UE is assigned 1 CC, as in LTE) and non-uniform implementations. Therefore, avoiding a linear increase in the number of BDs with the number of configured CCs is preferable as, in addition to PDCCH overhead reduction, this would also allow for a simple receiver design that can reuse LTE PDCCH decoding functionality and minimize its complexity.
3 Conclusions
This contribution considered aspects for the false CRC pass in LTE-A as the probability of such event will increase due to the increased number of BDs per CC (e.g. to support UL SU-MIMO) and in case the number of BDs scales linearly with the number of CCs a UE is configured.

As a false CRC pass has a similar effect as a NAK-to-ACK error for the affected UE (the impact to other UEs should not be neglected but it is not as serious), the system-wide false CRC pass probability was compared to the system-wide NAK-to-ACK probability. In particular, the following are proposed:

a) Keep the 16-bit CRC in LTE-A
b) Introduce only mandatory new DCI formats for which additional BDs are needed
c) Study methods to avoid increasing the number of BDs for PDSCH/PUSCH scheduling over multiple CCs
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