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1 Introduction

The computation complexity and false alarm of PDCCH Blind Decoding(BD) had been an issue discussed over and over again in 3GPP since LTE Rel-8. This issue was discussed a lot [1-8] in Rel-8 when 3GPP decided the max BD number on Dedicated Search Space (DSS) to be 32. Then many contributions [9-26] were submitted trying to reduce computation complexity and false alarm of PDCCH BD in Rel-10 when up to 5 carriers (and therefore, up to 240 PDCCH BDs with UL-MIMO or 160 without UL-MIMO on DSS) were introduced into LTE.
Now coming to Rel-13, up to 32 CCs are going to be aggregated and the PDCCH BD number increase further to 48x32=1536 with UL MIMO or 32*32=1024 without UL-MIMO on DSS.  So the computation complexity and false alarm of PDCCH BD issue was brought up again by many companies [27-37].

We believe that the earlier for 3GPP to resolve the above issues, the better.  In this paper, we propose an (E)PDCCH scheme to reduce the BD number on DSS from 1536 or 1024 to about 96, and reduce the false alarm to about 5% of the original PDCCH scheme as in Rel-8/Rel-10.
2 The problems of PDCCH Blind Decoding in Rel-13
It is well known that to support up to 32 carriers aggregation in Rel-13, the number of BD operations on Dedicated Search Space (DSS) can become very large as 1536 or 1024 in a subframe. As analyzed in [38], such large BD numbers bring two serious challenges to both UE cost and system operation:
1) Large (E)PDCCH BD computation and power consumption will increase the UE cost a lot on both hardware capacity  and battery capacity aspects.

2) Much higher false alarm probability will impact the system operation a lot by the spurious PUSCH transmission (due to false alarm of UL_DCI) and spurious A/N feedback on PUCCH transmission(due to  false alarm of DL_DCI).
3 PDCCH design to reduce the BD’s computation load
As stated in section 2, it is very desirable to resolve the two serious problems caused by the largely increased (E)PDCCH BD numbers. In this section, we will present a (E)PDCCH design to reduce the (E)PDCCH BD numbers and false alarm greatly, and therefore, kill two birds with one stone. 
It is known that the major computation load of BD comes from the convolutional decoding. The main reason leading to so many convolutional decodings of BD is because it is “BLIND” decoding, i.e. the UE does not know whether the (E)PDCCH is intended for itself or not before it finished the convolutional decoding and CRC check. Since for a single carrier at most 2 DCIs on DSS are intended for a UE in one subframe, most of the (30 out of 32) BDs on DSS will be in vain, but the convolutional decoding had been carried out for these BD attempts anyway.

So the key question is whether the UE can know it is a DCI intended for itself or not before carrying out the convolutional decoding. One possible way is to design the PDCCH such that it consists two parts, with Part I consisting DCI Format Index (FI) and Part II consisting DCI content as in Rel-8/Rel-10. This is illustrated in Figure 1.

With limited information length, Part I can be encoded by some simple FEC scheme which has both error-correcting and error-detecting capabilities. Part II applies convolutional coding just the same as in Rel-8/Rel-10.

Both Part I and Part II are scrambled by part or all UE-specific RNTI respectively, then rate matched to have matched performance with each other, and finally concatenated, interleaved and mapped to (E)PDCCH (E)CCEs.
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Figure 1: The proposed (E)PDCCH design

4 Simulation Results

4.1 Performance loss

Apparently, with same aggregation level for both the new (E)PDCCH as in Figure 1 and the original (E)PDCCH design, the former will bring some performance loss to DCI content part because some bits used for DCI content part in original  (E)PDCCH scheme will now be used for DCI FI part. The number of bits to be used for Part I is a trade off between following two cases:

Case 1: On one hand, if very few bits were used for part I, the performance of part I will be poor, leading to little opportunity to decode part II because by the proposed scheme, convolutional decoding for part II will be carried out only when decoding of part I is successful. 

Case 2: On the other hand, if too much bits were used for part I, there is more opportunity compared to case 1 to decode part II. However, part II’s performance is till poor because now less REs compared to case 1 were left for part II.
We run simulations to determine the optimal number of bits for Part I in several simulation scenarios and the simulation result is as following (The simulation setup can be found in Appendix):
Table 1a: Performance loss with DCI length=66bits, Aggregation Level=4CCE

	Num_bits for part I
	10
	12
	14
	16
	18
	20
	22
	24
	26

	Performance loss (dB)
	1.5
	1.2
	0.5
	0.4
	0.2
	0.1
	0.05
	0.03
	0.01


Table 1b: Performance loss with DCI length=66bits, Aggregation Level=8CCE

	Num_bits for part I
	26
	28
	30
	32
	34
	36
	38
	40
	42
	44
	46

	Performance loss (dB)
	0.7
	0.55
	0.3
	0.28
	0.18
	0.17
	0.15
	0.05
	0.05
	0.05
	0.06


Table 1c: Performance loss with DCI length=100bits, Aggregation Level=8CCE

	Num_bits for part I
	10
	12
	14
	16
	18
	20
	22
	24
	26

	Performance loss (dB)
	0.2
	0.3
	0.4
	0.33
	0.25
	0.12
	0.05
	0.03
	0.01


From the simulation results, we can see that by selecting the optimal bits number for part I, the performance loss of the proposed (E)PDCCH scheme compared to original scheme of Rel-8/Rel-10 can be kept within 0.2dB.
4.2 False alarm of DCI Format Index part
Because the limited CRC size of DCI Format Index part, it’s possible that in some PDCCH BD attempts, it passed the CRC check of part I and matched with the given UE’s transmission mode, but in fact those CCEs don’t contain PDCCH for this given UE. Table 2 and 3 show the simulation results of the false alarm probability of DCI Format Index part:
Table 2: False Alarm probability of empty CCE case

	
	1 CCE
	2 CCE
	4 CCE
	8 CCE

	False Alarm
	0.0495
	0.0545
	0.056
	0.0475


Table 3: False Alarm probability of random DCI format index and random UE scramble ID case

	False Alarm
	-7 dB
	-5 dB
	-3 dB
	-1 dB
	1 dB
	3 dB
	5 dB
	7 dB
	9 dB
	11 dB
	13 dB

	1 CCE
	N/A
	N/A
	0.0494
	0.0564
	0.0539
	0.0524
	0.0532
	0.0543
	0.0553
	0.0559
	0.0558

	2 CCE
	N/A
	N/A
	0.0465
	0.0497
	0.0508
	0.0497
	0.0499
	0.0499
	0.0505
	0.0515
	0.0513

	4 CCE
	0.0508
	0.0516
	0.0508
	0.0497
	0.049
	0.0507
	0.0486
	0.0484
	0.0491
	0.0482
	0.0488

	8 CCE
	0.0498
	0.0505
	0.0491
	0.0496
	0.0505
	0.0512
	0.0504
	0.0512
	0.0518
	0.0505NA
	0.0493


It can be seen that the false alarm probability under all cases are about 0.05 (between 0.0465~0.0564), this will lead to 16*0.05 = 0.8 ~= 1 additional convolutional decoding for a single carrier. The 0.05 false alarm of part I also means the overall false alarm rate of PDCCH scheme in Figure 1 will be about 1/20 of the original PDCCH scheme in Rel-8/Rel-10.
5 Main benefits of the proposed (E)PDCCH design:

· The convolutional decoding number on DSS will be reduced greatly: By this design, UE can know whether it is a DCI for itself or not with high probability after the decoding of part I, but before the convolutional decoding of the part II. Once it passed the CRC check of part I, very likely it is a DCI for itself, then the convolutional decoding of part II will be carried out. Otherwise it will not do the convolutional decoding of the part II. Thus, in general, the UE only needs to carry out 3 (2 for DCIs intended for itself and 1 for false alarm of DCI Format Index part) instead of 32 convolutional decodings on DSS in one subframe for a single carrier. Although the UE still needs 16 decodings of the part I, the total BD computation burden will still be much less than before because the decoding complexity of part I is only about 1/600 of the convolutional decoding of part II. So this design will reduce the computation complexity and power consumption of PDCCH BD greatly from 1536 or 1024 to 3*32=96 for 32 carriers aggregation, i.e. more than 90% of the PDCCH BD computation and power consumption will be saved.
· Less false UL transmission and interference: Since now receiving a DCI successfully needs to pass the CRC checks of both part I and part II, the false alarm probability will be only about 1/20 of the original PDCCH design, leading to less spurious PUSCH/PUCCH transmission and less interference on the system operation. 
· Much more DCI design flexibility in terms of DCI size: by this design, the UE can know the DCI Format Index after the decoding of the part I, and then know the DCI size by the DCI Format Index information. Thus, we don’t need padding to align the sizes of different DCIs anymore. This is very important because it means the new DCI formats to be introduced in future version can be designed very flexibly rather than requiring them to have similar size as PDCCH design before. Eliminating the padding bits means also better performance.

· Future proof: If we look further into future LTE evolution, it is very likely that more and more new DCIs will be introduced. If we keep the design principle as in Rel-8, the BD computation load will increase greatly along with the new DCIs, leading to more and more complex UE implementation and power consumption. However, by this design, the fundamental computation load of the UE is mainly determined by the maximum number of DCIs that can be transmitted by NB to a UE within one subframe. Since this number will not increase along with the LTE evolution, the UE’s BD complexity and power consumption will not increase either. From this viewpoint, this PDCCH design has also the benefit of future proof. 

· Reuse most part of Rel-8’s PDCCH BD hardware: Since the main computation complexity (>99%) of the PDCCH BD comes from convolutional decoding, while the convolutional decoding of the PDCCH design as showed in Figure 1 are same as that in Rel-8, so actually we can reuse most of the Rel-8 PDCCH BD hardware units except adding a very small (its complexity is only about 1/600 of the convolutional decoding) decoding unit for DCI Format Index part.
6 Conclusions
In this contribution, we presented an enhanced (E)PDCCH design to reduce the Blind Decoding computation load and false alarm. The enhanced (E)PDCCH consists two parts, with Part I consisting DCI Format Index and Part II consisting DCI content. Both parts are encoded separately and scrambled by part or all UE-specific RNTI respectively. 

The main advantages of this design are:
· The convolutional decoding number on DSS will be reduced from 1536 or 1024 to about 96, i.e. more than 90% of the BD computation and power consumption will be reduced.
· The false alarm will be reduced to about 5% of the original scheme, i.e. about 95% of the spurious UL transmission and interference will be reduced.
· Much more DCI design flexibility in terms of DCI size.
· Future proof.
· Reuse most part of Rel-8’s PDCCH BD hardware.

With so many important advantages of this enhanced (E)PDCCH design, the performance loss can be kept as marginal as less than 0.2dB.  Therefore, we propose that the (E)PDCCH design as in Figure 1 to be considered in LTE Rel-13 and future version. 
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8 Appendix

Table 2 is the simulation parameters. In the simulation, Part I contains the DCI Format Index and encoded by a simple FEC coding: (7, 3) cyclic coding with 

g(x) = x4 + x2 + x + 1
as its generator polynomial.

Table 2: Parameters for simulation
	Parameter
	Value

	Carrier bandwidth
	20 MHz

	Carrier frequency
	2.0 GHz

	FFT size
	2048

	Channel model
	AWGN

	Channel estimator
	Real

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

	FI code type
	(7,3) cyclic code and rate matched to proper number of bits

	DCI payload sizes (bits)
	66, 100

	FI size (bits)
	3
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