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1 Introduction

The UE-specific control channel (ePDCCH) is supposed to be scheduled to each individual UE in a similar way as it is routinely done for the transmission of UE-specific information content on PDSCH – using time-frequency resource elements (REs) that are matched to the propagation channel conditions experienced by the UE. Since the propagation channel to the UE may rapidly vary, both in time and frequency, the physical resource blocks (PRBs) scheduled for the ePDCCH should be indicated to the desired UE. The information about allocated ePDCCH resources can be either transmitted to the UE via PDCCH, if such is available in the same subframe as the ePDCCH, or can be detected by the UE through a searching procedure. Even if the PDCCH is available in the same subframe as the ePDCCH, a stand-alone detection of the ePDCCH at the UE might relieve the PDCCH of transmitting information about ePDCCH resource allocation, helping in that way to reduce the downlink transmission overhead.
An immediate solution for stand-alone ePDCCH detection is to use blind detection at the UE, where the UE tries to detect its ePDCCH at all possible frequency positions of the PRB pairs within given time-frequency and antenna ports search space. The blind detection consists of demodulation of assumed ePDCCH REs, to obtain the control channel information bits appended by CRC (Cyclic Redundancy Check) bits calculated and scrambled with the “UE identity” bits at the transmitter, followed by the comparison of these demodulated CRC bits with the “reconstructed” CRC bits calculated by the UE from the demodulated control channel information bits. If the demodulated and the reconstructed CRC bits are the same, the ePDCCH is considered to be found and successfully decoded. Such a solution has a large implementation complexity in terms of required number of operations, resulting in significant power consumption at the UE. 
In the subsequent sections we outline the basic principles of the ePDCCH design that would allow a UE to perform an efficient detection of allocated associated ePDCCH time-frequency resources.

2 Detection of ePDCCH by using DMRS
As the DMRSs are transmitted in the same PRBs as the corresponding ePDCCH or PDSCH signals, searching for the UE-specific DMRS modulation sequence at the receiver, in all PRBs within a given time-frequency search space, and in all possible antenna ports that can be used for the transmission of DMRSs, can result in identifying the PRBs allocated for the transmission of either ePDCCH or PDSCH signal. The major problem in that case would be that the receiver could not determine whether the detected PRBs are allocated to the e-PDCCH or to the PDSCH signal, as in the current LTE system any UE-specific DMRS modulation sequence is the same for both of these signals.
In order to resolve the DMRS ambiguity we introduce separate, i.e. different DMRSs for ePDCCH and for PDSCH, such that both are UE-specific, both are using the same time-frequency REs, but are using different DMRS modulation sequences. The ePDCCH-specific DMRS modulation sequence would allow the UE to unambiguously identify detected the PRB allocated to the ePDCCH.
3 ePDCCH-DMRS Signature Sequences
To reduce the complexity of searching the ePDCCH DMRS, as well as to maintain compatibility with legacy UE, i.e. previous versions of LTE standard, it is beneficial that the existing LTE DMRS modulation sequences are allocated to the PDSCH, while the ePDCCH-DMRS modulation sequence is a new modulation sequence 
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The ePDCCH-DMRS modulation sequence 
 at a transmit antenna port p is obtained by multiplying symbol-by-symbol the PDSCH-DMRS modulation sequence 
 at a transmit antenna port p with a UE-specific ePDCCH signature sequence , i.e.


                                        
[image: image9.wmf]1

...,

,

1

,

0

,

)

(

)

(

)

(

,

-

=

=

L

k

k

s

k

a

k

b

u

p

p

u

                                   (1)
where the index u labels a u-th sequence from a set of U signature sequences that can possibly be allocated to different receivers. The number of symbols in a signature sequence is 
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, i.e. equal to the number of DMRS-REs in a PRB pair according to the latest version (Rel. 10) of the LTE standard. 
It may happen that the base station transmits simultaneously multiple ePDCCH and PDSCH signals, corresponding to multiple UEs, over a common set of antenna ports. If all the UEs share the same scrambling sequence in the corresponding PDSCH-DMRS modulation sequences (what depends on the base station scheduler decision), then using the same ePDCCH signature sequence in all UE-specific ePDCCH transmission makes it impossible for each of the involved UEs to tell without the CRC check whether the corresponding ePDDCH signal is its own, or it belongs to some other UE. This UE-ambiguity can be resolved by multiple, UE-specific orthogonal ePDCCH signature sequences. For example, the set of 
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 orthogonal binary e-PDCCH signature sequences of length 12 is given by the columns 2 to 12 of 12x12 Hadamard matrix H, where
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The first column of (2), the vector of all +1s, can be interpreted as a transparent “PDSCH signature sequence”, what means that each of the ePDCCH-DMRS modulation sequences generated using the signature sequences (2) is orthogonal to the corresponding PDSCH-DMRS modulation sequence.
4 Searching procedure

The ePDCCH searching using one or more ePDCCH signatures can be done in a number of ways. One way is an iterative algorithm, which ensures ePDCCH BLER performances equivalent to those that would have been obtained with full blind decoding of each PRB pair with the search space, while providing significant average complexity reductions per subframe. In the first iteration the UE can identify the set of candidate, i.e. potential ePDCCH PRB pairs, by searching for one or more known ePDCCH-DMRS modulation sequences over the whole given time-frequency search space; in the second iteration the UE performs one-by-one demodulation of each candidate ePDCCH PRB pair and performs the CRC check: if the CRC check of selected candidate ePDCCH PRB pair is positive, the ePDCCH is considered successfully detected and decoded. If not, the UE move on to another candidate ePDCCH PRB pair in the set. If none of the candidate ePDCCH PRB pairs produces a successful CRC check, the UE should perform ePDCCH blind detection on the remaining PRB pairs in the time-frequency search space, and should stop searching when find PRB pair whose CRC check is successful.
The searching for candidate ePDCCH PRB pairs starts with decomposition of all the received OFDM symbols within a subframe into subcarriers with corresponding modulation symbols. The search is performed over all possible frequency positions of PRB pairs within ePDCCH search space, and over all antenna ports which can be used for ePDCCH transmission. For a selected frequency position of a PRB pair the REs that are allocated to the assumed DMRS port are re-modulated with the complex-conjugate of the corresponding PDSCH-DMRS modulation sequence; such re-modulated REs represents a PDSCH propagation channel estimate; an ePDCCH propagation channel estimate is then obtained by re-modulating the PDSCH propagation channel estimate with the complex-conjugate of an ePDCCH signature sequence. The propagation channel estimates are used to obtain the corresponding detection statistics, by summing all the samples of a propagation channel estimate and then finding the (squared) absolute value of the sum. The maximum detection statistic (corresponding to maximum likelihood detection) is compared with an estimated noise-level threshold, to determine whether the observed PRB pair contains a DMRS transmission at all. If yes, and if the maximum detection statistics correspond to an ePDCCH, the PRB pair is declared to be a candidate ePDCCH PRB pair.
The above calculation of detection statistics is based on the fact that the LTE standard specifies that the proprietary precoding of antenna ports 7 to 14 at the base station has to be constant over all subcarrier frequencies of at least one PRB bandwidth. Consequently, if the samples of a propagation channel estimate within a PRB pair are summed together, a common precoding coefficient can be drawn out of sum, so it does not influence the outcome of the comparison of the detection statistics. From the same reason the ePDCCH detection performances will be maximised if the propagation channel is constant over a PRB pair.
Re-modulation of the REs with the complex-conjugate of the corresponding PDSCH-DMRS modulation sequence involves the UE-specific scrambling sequence. The UE-specific parameter 
[image: image16.wmf]SCID

n

 of the scrambling sequences in the existing LTE transmission modes is sent to the UE via PDCCH, which is demodulated by CRS. However, as we assume that there is no PDCCH and no CRS, we also assume that the UE has to make search for ePDCCH using both versions of the scrambling sequence.

Another higher layer information which might be tightly related to the ePDCCH searching procedure is the actual ePDCCH (time-frequency) search space in case that is smaller than the system bandwidth. The transmission of higher layer information does not necessarily require a PDCCH – instead, a common ePDCCH search space or predefined PRB (pair) could be used to communicate the time-frequency location of some higher layer information.
5 Evaluation of Searching Complexity
The complexity of ePDCCH searching procedure based on ePDCCH DMRS signature sequences depends on a number of parameters: the time-frequency search space, the searching algorithm, the eNB scheduler algorithm, the received signal to noise ratio, etc. In order to take all these parameters simultaneously into account we have performed Monte-Carlo link-level simulations of the iterative ePDCCH searching algorithm described in Section 4. Purely blind detection of ePDCCH is also simulated and taken as the reference for comparison. The efficiency of the ePDCCH searching procedure is measured by the average number of required real multiplications and real additions per subframe, at it directly influence the average power consumption at the UE. The number of operations needed for an attempt of DMRS modulation sequence detection, as well as the number of operations for an attempt of blind detection of ePDCCH, is analyzed in the Appendix I. 
Since it has not been decided yet how to multiplex multiple ePDCCHs in a PRB pair, we have assumed in the simulations that only one ePDCCH can be possibly transmitted on each of the PRB pairs. Consequently, the maximum number of blind ePDCCH detection attempts is the same as the total number of PRB pairs in the downlink system bandwidth, i.e. 25 for 5MHz LTE system. The other simulation assumptions are listed in the Appendix II.
The ePDCCH detection schemes with and without DMRS signature sequences are simulated and compared in terms of average numbers of operations needed for ePDCCH detection when the ePDCCH is transmitted by 1 CCE (36 REs). The average numbers of real multiplications per subframe are shown in Fig. 1. Note that practically same figure can be obtained for the number of real additions – in the Appendix I it is shown that the number of multiplications and the number of additions per ePDCCH attempt are practically the same, as well as that the number of operations for a single blind ePDCCH detection attempt is much larger than for a single DMRS signature sequence detection attempt. Thus, the average number of operations for an ePDCCH detection scheme using DMRS signature sequences is dominated by the number of blind ePDCCH detection attempts which are made if the signature sequence detection fails and/or CRC check fails. This can be confirmed by comparing the Fig.1 with the Fig.2, where the Fig. 2 illustrates the average numbers of blind ePDCCH detection attempts. 
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Fig. 1. Average number of real multiplications per subframe for ePDCCH detection (1 CCE). 
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Fig. 2. Average number of blind ePDCCH detection attempts per subframe (1 CCE).

At very low SNRs, the ePDCCH over 1 CCE is rather unreliable, so the searching procedure ends up using blind ePDCCH detection, as described at the end of Sect. 4. Therefore the complexities of the two ePDCCH detection schemes are practically the same at SNRs up to -6 dB. However, from the SNR=-4 dB and on, the signature sequences start to provide gains over purely blind ePDCCH detection in terms of searching complexity: at SNR=2dB the gain is more than 60%, and above SNR=6 dB the gain is about 80%. 
The ePDCCH transmission of 4 CCEs in a PRB pair is also simulated – the average complexity per subframe of the corresponding ePDCCH searching procedures is shown in Fig. 3. From the very low SNR=-10 dB and on, the signature sequences start to provide gains over purely blind ePDCCH detection in terms of searching complexity: above SNR=-2 dB the gain is about 80%. The reason for reduced average searching complexity of with the transmission of 4 CCEs is that it uses lower channel coding rate, so the probability of correct decoding of control information is increased, leading to fewer failures of CRC check.
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Fig. 3. Average number of blind ePDCCH detection attempts per subframe (4 CCEs).

In addition to the average complexity (i.e. the number of operations) per subframe, which very well reflects the average power consumption when the UE is scheduled in each subframe, it might be of interest to also evaluate the power consumption of the searching procedure when the UE is not scheduled in a subframe. From the calculations shown in the Appendix I it can be concluded that such “idle searching” complexity of the iterative ePDCCH searching procedure is just slightly higher than the idle searching complexity of the searching procedure based only on blind decoding.

The idle searching complexity (as well as the average complexity) per subframe of the iterative ePDCCH searching procedure can be significantly reduced if the second iteration is modified so that it contains blind decoding only on candidate PRB pairs. When no ePDCCH is actually transmitted in a subframe, the number of candidate ePDCCH PRB pairs is typically equal to 
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 is the number of PRB pairs in the search space, and 
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 is the probability of false ePDCCH signature detection. Thus the typical number of real multiplications per subframe for an idle searching using the above procedure is equal to 
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, where we used assumptions from the Appendix I. If the idle searching is performed by using only blind decoding, the typical number of real multiplications per subframe is 
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. Therefore the reduction of the typical idle searching complexity of the simplified searching procedure compared to the searching using only blind decoding is 
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The price for such complexity reduction might be a slight increase of ePDCCH BLER, as shown in Fig. 4. The “ePDCCH-ideal” curves are obtained for blind ePDCCH detection on all PRB pairs if none of the candidate PRB pairs produce correct CRC check, while the “ePDCCH” curves are obtained for blind detection only on candidate PRB pairs. It can be seen that the loss of BLER performances is negligible.
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Fig. 4.  BLER  on ePDCCH, for two ePDCCH searching procedures.
6 Conclusions

An efficient ePDCCH detection procedure leads to significantly reduced power consumption at the UE. Introduction of the ePDCCH signature sequences, as additional modulation sequences for the DMRSs that are transmitted within PRBs scheduled for ePDCCH transmission, allows for a significant improvement of the ePDCCH detection efficiency, without any ePDCCH performance deterioration. 

While the proposal could be used in a stand-alone manner, it is also compatible with both the use of higher layer signalling and the use of blind decoding, providing opportunities for significant complexity reduction in all these scenarios. An efficient stand-alone ePDCCH detection algorithm can be beneficial even if the PDCCH is available, as the ePDCCH detection does not necessarily need to rely on information transmitted over the PDCCH, which may allow for the reduction of the downlink transmission overhead.
Obviously, all the benefits of the efficient ePDCCH detection based of ePDCCH DMRS signature sequences are also applicable to a new carrier type containing the ePDCCH transmissions.

Appendix I: Number of operations for an ePDCCH detection attempt
The correlation of demodulated DMRS symbols with a possible DMRS modulation sequence is performed separately on each received antenna. The squared absolute values of the correlations at different received antennas are summed to obtain each detection statistic. The complex correlator of length 12 symbols requires 50 real multiplications and 45 real additions, so with two receive antennas 100 real multiplication and 91 real additions are needed per DMRS modulation sequence hypotheses. There are always two hypotheses for PDSCH DMRS detection (two possible scrambling sequences), while the number of hypotheses for ePDCCH DMRS detection is equal to the number of ePDCCHs signatures. For example, if only one ePDCCH signature is transmitted, in total 300 real multiplications and 273 real additions are needed per ePDCCH signature detection attempt.
The functional skeleton of a blind ePDCCH detection attempt is shown in Fig. 5. The corresponding numbers of operations are listed in Table I. The number of operations for channel estimator corresponds to  a Wiener filter of length 12. The number of operations for the convolutional decoder (CC decoder) corresponds to the Viterbi decoder and the parameters of the LTE convolutional code. The operations of the QPSK de-mapping, the deinterleaver and the CRC check are marginal and thereof neglected. The 5 MHz LTE system is assumed, where the downlink control signalling of format 2C is carried by an ePDCCH over 1 CCE. From the Table I it follows that an ePDCCH detection attempt will require 25776 multiplications and 25632 additions (the total number of information bits including CRC bits is 
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Fig. 5. Skeleton of blind ePDCCH detection attempt
Table I: number of operations in an ePDCCH decoding attempt
	Operations
	multiplication
	addition

	Channel estimate (2D-MMSE)
	2 × 1728 × NCCE
	2 × 1728 × NCCE

	MRC receiver (2 receiver antennas)
	432 × NCCE
	288 × NCCE

	Convolutional decoding  (Viterbi algorithm)
	384 × M
	384 × M


Note: NCCE is the number of CCEs allocated for an ePDCCH. M is the total number of information bits including CRC bits in an ePDCCH.
Appendix II: Simulation Assumptions
	Parameter
	Value

	System bandwidth
	5MHz

	Carrier frequency
	2.0 GHz

	Antenna configurations
	2x2

	Channel model
	TU

	UE velocity
	3 km/h

	Transmission schemes
	Closed-loop rank=1 for ePDCCH. 

	Codebook for CL-MIMO
	Rel-10 codebook for 2-Tx

	CSI feedback
	Wideband PMI, subband CQI,  subband granularity of 4 PRBs

	CSI reporting delay
	10 ms

	Modulation 
	QPSK modulation

	CCE size
	36 REs (1CCE)

	DCI format and payload
	41+16CRC bits (DCI format 2C) 

	ePDCCH size
	1 or 4 CCEs

	ePDCCH configuration
	An ePDCCH of 1 or 4 CCE is scheduled on the central PRB pair of the reported subband. 
The ePDCCH signature sequence is scrambled with nSCID = 0 and transmitted on AP 7.
The PDSCH-DMRS modulation sequences correspond to nSCID = 0 or 1 and is transmitted on AP 7 or 8 randomly.

	CRS configuration
	2 CRS ports. 
Note: To transmit ePDCCH with 4 CCEs, we removed the CRS ports and the PDCCH control channel region in the subframe. Otherwise, there would have not been enough REs in a PRB pair to transmit ePDCCH with 4 CCEs.

	DM-RS configuration
	Rel-10 DM-RS pattern for rank-1/rank-2: 12 REs/PRB

	Channel estimation algorithm
	CSI: ideal channel estimation. DM-RS: real channel estimation.

	Interference and noise estimation 
	Ideal

	Threshold in ePDCCH detection
	Threshold decided with the probability of false alarm detection being 10%.
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