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1 Introduction

In the current EUTRA working assumption for scrambling [1], all physical channels are scrambled using an order-33 Gold code. The shift register size is high enough to accommodate at least the L1 Cell Identity and the UE Identity. However, the exact initialisation of the shift register is still to be determined. In this contribution, we propose to include the UE Identity in the initialisation of the shift register for PDCCH scrambling, i.e., to perform UE-specific PDCCH scrambling in order to allow for reduction of blind detection complexity at the receiver side.
2 Blind detection complexity reduction through UE specific scrambling
The control channel is transmitted on NCCE control channel elements (CCEs). 

· The control data for a given UE are sent on a physical downlink control channel (PDCCH), which is built from several contiguous CCEs. A same mother code and a circular buffer rate matching are used to obtain different code rates [3]. Thus, for code rates lower than the mother code rate, repetition of coded bits is used. 

· The control data for a given UE is identified thanks to the UE Identity, which masks the CRC bits before encoding by the convolutional code [2]. Thus, the UE has to decode the received signal on each candidate control channel (CCH) to check if the information data contained in the candidate CCH is dedicated to the UE or not. 

· Each UE monitors a subset of NCCH candidate CCHs. This subset is signalled by higher layer signalling.

In order to maximize the detection probability, the UE must perform an exhaustive search among all candidate CCHs until the CRC is correct. Therefore, the maximum complexity of the exhaustive algorithm is equivalent to the complexity of NCCH Viterbi decoding algorithms (i.e., NCCH blind detection tests). Especially, all non-scheduled UEs will decode all candidate CCHs before concluding that there is not any control information for them. 

In order to reduce both the maximum and the average processing complexity for a given NCCH value, we propose to scramble each CCE by a UE and CCE specific scrambling code. This PDCCH scrambling allows for an appropriate ordering of candidate CCHs. Thanks to this ordering, the maximum number of blind detection tests can be reduced compared to the exhaustive search without performance degradation, as shown in [4].

The scrambling code to be used to scramble a given CCE is determined from the CCE index and the UE Identity of the UE which the data is intended for. Figure 1 depicts an example with 4 scheduled UEs. CCHs containing the control signalling of UE #2 and UE #3 are comprised of 2 CCEs with repetition factor 2. The coded and modulated control signalling Xi for UE #i located on CCE #k is scrambled by a scrambling sequence Si,k in order to produce the signal Yk to be transmitted on CCE #k. The grey boxes show which scrambling code is used for every CCE and every UE.
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	Figure 1: Coded control signalling Xi for UE #i transmitted on CCE #k scrambled by scrambling sequence Si,k - NCCE=6, 4 scheduled UEs.
	Figure 2: Coded control signalling descrambled by UE #3 with scrambling sequences S3,k - NCCE=6, 4 scheduled UEs


As depicted in Figure 2 for UE #3, each UE #j descrambles the received signal on each CCE #k with its corresponding scrambling sequence Sj,k. If the control signalling of UE #j is transmitted on a CCH with repetition factor higher than 1, the descrambled signals on the different CCEs of the CCH will be highly correlated. However, if the control signalling of another UE is located on a CCH with repetition factor higher than 1, the descrambled signals on the different CCEs of the CCH will not be highly correlated. As a result, only repetitions related to a CCH intended for UE #j will remain after descrambling. Descrambled signals on CCEs for UE #j are not highly correlated with descrambled signals for other UEs either. In Figure 2, Z1, Z2, Z3, X3 and Z6 have a low cross-correlation. Using a pre-processing algorithm, we are able to perform the exhaustive algorithm in an efficient way. The pre-processing algorithm [4] sorts by decreasing metric the candidate CCHs comprising repetition. The metric for a candidate CCH is based on the cross-correlation of descrambled signals received on the different CCEs of the candidate CCH. Thus, the exhaustive blind detection algorithm tests the sorted candidate CCHs, finds the CCH intended for UE #j very soon and then stops, which results in a decrease of average complexity. Simulation results in [4] show that, through a non-exhaustive search, the maximum number of tests can also be drastically reduced without miss detection probability increase.
As shown in [4], the proposed PDCCH scrambling offers more flexibility in building CCHs from CCEs (higher NCCH for a given maximum complexity) in order to mitigate scheduling restrictions. For instance, same miss detection performance and blind detection complexity can be achieved for the two following configurations:

· Configuration (8,4,0,2,1) with cell-specific scrambling only: 8 CCHs with 1 CCE, 4 CCHs with 2 CCEs, 0 CCH with 3 CCEs, 2 CCHs with 4 CCEs, 1 CCH with 8 CCEs

· Configuration (8,4,4,4,4) with UE-specific scrambling: 8 CCHs with 1 CCE, 4 CCHs with 2 CCEs, 4 CCHs with 3 CCEs, 4 CCHs with 4 CCEs, 4 CCH with 8 CCEs

Configuration (8,4,4,4,4) offers 4, 2 and 3 additional CCHs with aggregation factor 3, 4 and 8 respectively, compared to configuration (8,4,0,2,1) and requires the same number of blind detection tests thanks to UE-specific scrambling. In configuration (8,4,4,4,4), UE-specific scrambling with non-exhaustive search results in a complexity reduction of around 40% compared to the exhaustive search.
3 False alarm
Without UE-scrambling, when only CRC parity bits are masked by the UE Identity, the false alarm probability per UE and per candidate CCH PFA,UE,CCH is lower than PFA,CRC, the probability of decoding an erroneous CRC codeword (PFA,CRC = 
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, where NCRC is the number of CRC parity bits). Indeed, when the convolutional code is correctly decoded, the CRC checks on CRC codewords intended for other UEs will always be negative. This is the case for UEs in better channel conditions decoding a candidate CCH intended for a UE in worse channel conditions.
However, when UE-specific scrambling is applied, PFA,UE,CCH always equals PFA,CRC. Thus, UE-specific scrambling might impact the false-alarm compared to cell-specific scrambling. We have evaluated this impact through PDCCH system simulations with the following parameters:

· Mother code: K=7 rate=1/3 convolutional code with tail-biting

· 20-bit CRC

· QPSK modulation

· CCEs distributed over the whole bandwidth

· 6-path TU channel

· Two transmit antennas, two receive antennas

· Channel estimation

· Aggregation factors: 

· 1 CCE: Rate 2/3 (no repetition, puncturing)

· 2 CCEs: Rate 1/3 (no repetition)

· 3 CCEs: Rate 2/9 (repetition of one CCE)

· 4 CCEs: Rate 1/6 (repetition factor 2)

· 8 CCEs: Rate 1/12 (repetition factor 4)

· 20 MHz spectrum allocation

· 72-bit information word, i.e., 54 resource elements per CCE

· Link adaptation (adaptation of aggregation factor and power control)
· Hexagonal grid, 19 cells, 3 sectors per cell, ISD = 1732m
· Propagation parameters as in TR 25.814, Table A.2.1.1-3.

The global system false alarm PFA is defined as the probability of not having any false alarm among all NUE active UEs in a sector each performing NBD blind detections (BDs):
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(8,4,0,2,1) without UE-

specific scrambling (15 BDs)

9.3e-7

5.4e-3

(8,4,4,4,4) without UE-

specific scrambling (24 BDs)

9.3e-7

8.7e-3

(8,4,4,4,4) with UE-specific 

scrambling (24 BDs)

9.5e-7

8.9e-3

(8,4,4,4,4) with UE-specific 

scrambling (14 BDs)

9.5e-7

5.2e-3


Table 1: False alarm for configurations (8,4,0,2,1) and (8,4,4,4,4).

In Table 1, we observe the false alarm impact with UE-specific scrambling compared to cell-specific scrambling. The degradation of false alarm per UE and per CCH introduced by UE-specific scrambling is around 3.5%. Nevertheless, since the number of blind detections is reduced through UE-specific scrambling, the global system false alarm of configuration (8,4,4,4,4) using UE-specific scrambling is improved compared to less flexible configuration (8,4,0,2,1) without UE-specific scrambling.
4 UE and CCE specific scrambling using Gold codes

Figure 3 depicts how Gold codes should be initialised and applied on CCEs, using the example in Figure 1. Portions of UE-specific Gold codes retained for scrambling PDCCH are written in bold and red.
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Figure 3: UE-specific PDCCH scrambling using Gold codes.

5 Summary

We propose to perform UE-specific scrambling of PDCCH in order to enable lower hardware complexity of the PDCCH blind detection, lower power consumption for PDCCH blind detection and more flexibility in building subsets of CCHs.
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