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1 Introduction

In [1] at RAN1 meeting #58, the Way Forward on PDCCH for Bandwidth Extension in LTE-A is as following:

· PDCCH on a component carrier assigns PDSCH resources on the same component carrier and PUSCH resources on a single linked UL component carrier
· No carrier indicator field

· i.e. Rel-8 PDCCH structure (same coding, same CCE-based resource mapping) and DCI formats
· PDCCH on a component carrier can assign PDSCH or PUSCH resources in one of multiple component carriers using the carrier indicator field

· Rel-8 DCI formats extended with 1 – 3 bit carrier indicator field

· Reusing Rel-8 PDCCH structure (same coding, same CCE-based resource mapping) 

· Solutions to PCFICH detection errors on the component carrier carrying PDSCH to be studied

· In both cases, limiting the number of blind decodings is desirable

In this contribution, we mainly focused on the last bullet: to reduce the computation load of PDCCH blind decoding.
2 The problems of PDCCH Blind Decoding in Rel-10
1) Large PDCCH Blind decoding (BD) computation burden: It is well known that in Rel-8, the maximum PDCCH BD attempts is 44 which is divided into 12 attempts for the BD on Common Search Space (CSS) and 32 on Dedicated Search Space (DSS).  In Rel-10, there may be up to 5 Component Carriers (CC) aggregated, thus the BD attempts will increase linearly by 5 times to 220 if the same PDCCH design in Rel-8 is used in these 5 CCs. Moreover, considering the ongoing Rel-10 discussion, it is very likely that the BD attempts will increase further because of introducing new DCI formats. For example, the new DCI formats for UL Spatial Multiplexing (SM), the new DCI formats for more advanced MU-MIMO etc. Obviously, so large number of BD attempts will be a very big challenge for the UE implementation, both from cost and power consumption viewpoint. 

In particular, it has been estimated [2] that 100 PDCCH BDs has about the same computation burden as decoding PDSCH at 4Mbps data rate. Assuming that most subframes do not have PDCCH for that UE (and therefore require the maximum BD effort), and DRX is not used, the power consumption for decoding PDCCH on one carrier may therefore be similar to decoding 2Mbps PDSCH.
So a lot of methods [3, 4, 5, 6, 7, 8, 9, 10] have been proposed to reduce the PDCCH BD computation load.
2) DCI design is not flexible in terms of DCI size: Another issue for the PDCCH design in Rel-8 is the DCI size alignment problem [10]. In Rel-8, to reduce the BD attempts, the sizes of some different DCIs are aligned by padding zero bits. For example, the DCI format 0, 1A, 3, 3A are aligned by padding zero bits to make their size the same. Apparently, there will be some performance loss due to this padding. If the original information sizes of these DCIs have large difference, many padding bits will be needed and the performance loss will be serious. Thus, to avoid the big performance loss, it is better to limit such payload size alignment to the cases that there is only little difference between the original sizes. However, since different DCIs serve different purpose, it is not necessarily that they will have same or almost same size in nature. Thus, the Rel-8 PDCCH design principle is not flexible enough from this viewpoint.
3) False UL transmission and interference: The last issue is the false alarm problem [11]. Because the limited CRC length of 16 bits in Rel-8, it is possible that a UE received an UL grant PDCCH wrongly, and then transmit in the assigned resources wrongly, causing interference to other UL transmission. In Rel-8, this false UL transmission probability is kept very small (<10^-3) from a cell viewpoint. However, this problem may get worse along with the increased number of BD attempts in Rel-10.
3 PDCCH design to reduce the BD computation load
It is known that the major computation load of BD comes from the convolutional decoding. The main reason leading to so many convolutional decoding of BD is because it is “blind” decoding, i.e. the UE does not know whether the PDCCH CCEs is intended for itself or not before it finished the convolutional decoding and CRC check. Since in Rel-8 at most only 2 DCIs on DSS is intended for a UE in one subframe, most of the (30 out of 32) BDs on DSS will been 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 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 index and Part II consisting DCI content as in Rel-8.  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.
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 PDCCH CCEs.
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Figure 1: The PDCCH design

4 Simulation Results

4.1 Performance loss

By the PDCCH design as showed in Figure 1, there was some performance loss due to the introduction of part I. The part II, i.e. the DCI content now was transmitted with fewer REs than in Rel-8 design, so their performance will be somewhat worse than before. We have run simulations and the performance loss is as shown in Table 1.  For more detailed simulation information please see the appendix.

Table 1: Performance loss compared to Rel-8 at 1% BLER point

	Performance loss
	1 CCE
	2 CCE
	4 CCE
	8 CCE

	DCI of 44 bits
	1.8 dB
	1.1 dB
	1.4 dB
	1.2 dB

	DCI of 66 bits
	N/A
	1.0 dB
	0.6 dB
	0.8 dB


From the simulation results, we can see that:

1) The performance loss is bigger for small size of DCI than large size DCI. This is reasonable because, the larger the DCI size, the smaller ratio of the part I (fixed 3 DCI index bits) to the whole information part, thus, smaller performance loss due to the introduction of part I. 

2) The biggest performance loss occurred in the smallest aggregation level case, i.e. 1.8dB performance loss in the 1 CCE, DCI size of 44 bits case. This performance loss can be compensated by the system with less cost compared to same 1.8dB performance loss in the larger CCE case, i.e. only need to increase transmitted power for 1 CCE or, use 1 additional CCE for transmission.
3) The average performance over different aggregation levels and DCI sizes is about 1dB. This value represents the real impact of this design from system point of view.
4.2 False alarm of DCI index part
Because the limited error detection of DCI index part, it is possible that in some PDCCH BD attempts, it passed the CRC check and matched with the given UE’s transmission mode, but in fact those CCEs do not contain PDCCH for this given UE. Table 2 and 3 show the simulation results of the false alarm probability of DCI index part (the DCI size in the simulation is 44 bits):
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 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.
5 The main benefits and concerns of this design:

5.1 The main benefits of this PDCCH design are:

· The convolutional decoding number on DSS will be reduced greatly from 32 to 3: 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 index part) instead of 32 convolutional decodings on DSS in one subframe. 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.
· Much more DCI design flexibility in terms of DCI size: As stated in [10], the UE can know the DCI index after the decoding of the part I, and then know the DCI size by the DCI index information. Thus, we do not need to align the sizes of different DCI anymore. This is very important because it means the new DCI formats corresponding to new feature in Rel-10 and 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.
· Less false UL transmission and interference: Since now receiving a DCI successfully needs to pass the CRC checks of both the first and part II, the false alarm probability will be smaller than in Rel-8, leading to less false uplink transmission and interference. 
· Future proof: If we look further into future LTE version, 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 index part.
5.2 The main concerns of this design are:

· The performance loss will lead to large overhead of PDCCH? The average 1dB performance loss as showed in Table 1 correspond to 25% more PDCCH overhead. However, since it is expected that only small amount of UEs are in CA mode, for example, only 10% UEs are in CA mode, the NB may only apply this PDCCH design as showed in Figure 1 on the CA mode UEs, while keep Rel-8 like PDCCH for non-CA mode UEs. This way, the total additional overhead is only about 25%*10% = 2.5%. Compared to the 100% or even more additional PDCCH overhead in cross carrier scheduling case where one DL CC need to carry the PDCCH for 2 or more DL CCs and corresponding UL CCs, this 2.5% additional overhead is marginal.
· The PDCCH coverage will be reduced by this PDCCH design? In fact, when the UE is in cell-edge, it is very likely that it will not be in CA mode. So the NB can apply Rel-8 like PDCCH on the given UE, thus the PDCCH coverage will be the same as in Rel-8.
6 Conclusions
In this contribution, we discussed a possible way to reduce the Blind Decoding computation load: 

PDCCH consists two parts, with Part I consisting DCI index and Part II consisting DCI content as in Rel-8. 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 32 to about 3.
· Much more DCI design flexibility in terms of DCI size.
· Less false UL transmission and interference.
· Future proof.
· Reuse most part of Rel-8’s PDCCH BD hardware.

Therefore, we propose that this PDCCH design to be considered in Rel-10 and future version for further study. 
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8 Appendix

Table 2 is the simulation setup and figure 2 and 3 are some simulation results to evaluate the performance loss. In the simulation, Part I contains the DCI index and encoded by a simple FEC coding: (7, 3) cyclic coding with 

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

Note that in each figure: The red circle line is the Rel-8 performance. The green asterisk line is the performance of the DCI index part. The green downward triangle and the black square line are both the performance of DCI content part, but the former corresponds to the case that no matter whether the DCI index part error detection passes, the decoding of the DCI content part was always executed, while the latter corresponds to the case that the decoding of the DCI content part was executed only when the DCI index error detection passes.
The rate matching mechanism essentially provides a layer of repetition code to limit the bit error probability of the FI code bits to a reasonably low level in the DCI operating region, as illustrated in the figures. 

Table 2: Parameters for simulation
	Parameter
	Value

	Carrier bandwidth
	20 MHz

	Carrier frequency
	2.0 GHz

	FFT size
	2048

	Channel model
	3GPP ETU 3 km/h

	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 10*AL(Aggregation Level) bits

	DCI payload sizes (bits)
	44 and 66

	FI size (bits)
	3

	# of OFDM symbols for the control channel
	3

	# of TX antennas at Node B
	2

	# of RX antennas at UE
	2
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Figure 2: Simulation Results for small size DCI of 44 bits
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Figure 3: Simulation Results for large size DCI of 66 bits
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