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1 Introduction

At the RAN1#70 meeting, several details of the EPDCCH search space design were finalized. The UE-specific EPDCCH search space is formed by K EPDCCH sets, each set consisting of a group of N physical resource block (PRB) pairs, where N is not necessarily the same for all sets. A distributed EPDCCH transmission shall use all PRB pairs within an EPDCCH set while for localized EPDCCH transmission, the EPDCCH can occupy one or more PRB pairs in the set. While further details describe the boundaries of the search space in terms of number and size of the EPDCCH sets configurable for a UE, the UE’s searching rule and the related search complexity remain an open issue.  

In this paper we analyze the EPDCCH search complexity within the boundaries of the UE-specific search space design agreed at the RAN1#70 meeting considering two searching techniques: blind detection performed on every PRB pair within an allocated UE-specific EPDCCH search space; and a searching rule supported by DMRS sequence signatures similar to [1]-[2]. Somewhat surprisingly, for distributed EPDCCH transmission the use of signature sequences can significantly reduce the searching complexity (i.e., number of blind decoding attempts) without any noticeable BLER loss.  
2 Analysis of EPDCCH search complexity

The complexity of the EPDCCH searching rule depends on a number of parameters that have yet to be finalized: the time-frequency search space, the searching rule, the eNodeB scheduler, the received signal-to-noise ratio (SNR), etc. In what follows, we compare the EPDCCH searching complexity of pure blind detection of EPDCCH (the reference scheme), and the EPDCCH search supported by DMRS sequence signatures as described in [1] assuming a fixed number of EPDCCH sets configured for a UE. 

For localized EPDCCH transmission, if an EPDCCH signature sequence is used to modulate the EPDCCH DMRS for all UEs, such a signature sequence will allow each UE to identify any PRB pair, within the configured search space, carrying either a single or multiple EPDCCHs (so-called “candidate EPDCCH PRB pairs” [1]), and then to perform blind decoding within each candidate PRB pair in order to find its own EPDCCH. The results in [1] demonstrate that the number of operations for a single blind EPDCCH detection attempt is much larger than for a single DMRS signature sequence detection attempt. Hence, the average number of operations for an EPDCCH detection scheme based on 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. 
With the current UE-specific EPDCCH search-space design for distributed EPDCCH transmission, the EPDCCH searching rule from [1] can be readily modified to identify not just a single PRB pair carrying an EPDDCH transmission, but rather the entire EPDCCH set where the EPDCCH is transmitted. The UE can then perform blind decoding only within each candidate EPDCCH set, i.e., an EPDCCH set in which a signature sequence is successfully detected. As we will demonstrate in the sequel, this feature has the twofold advantage of significantly reducing the number of EPDCCH blind detection attempts and to approach the ideal EPDCCH detection performance of pure blind detection. 
We evaluate the EPDCCH searching complexity through extensive Monte-Carlo link-level simulations. Since it has not been decided yet how to multiplex multiple EPDCCHs in an EPDCCH set, nor how the total number of allowed blind decoding attempts for a UE shall be split among different sets, we measure the efficiency of the EPDCCH searching rule in terms of average number of EPDCCH sets over which blind decoding is performed per subframe, as shown in Fig. 1. 
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	(a) Localized EPDCCH transmission
	(b) Distributed EPDCCH transmission


Fig. 1. Average number EPDCCH sets per subframe over which blind detection will be performed. 
In our simulations we assume that a single EPDCCH is transmitted within an EPDCCH set (other simulation assumptions are listed in the Appendix I). Fig. 1(a) compares the complexity of EPDCCH detection for localized EPDCCH transmission with and without DMRS signature sequences, and search space consisting of six EPDCCH sets of two PRB pairs each (additional simulations for larger EPDCCH sets can be found in Appendix II). The usage of signature sequence provides benefit over purely blind detection already at low SNR (e.g., -10 dB). As the SNR grows, the performance gain becomes more significant, with over 60% complexity reduction at 0 dB SNR. Fig. 1(b) compares the complexity of EPDCCH detection for distributed EPDCCH transmission with and without DMRS signature sequences for a search space of six EPDCCH sets of two PRB pairs each. At very low SNR (e.g., -10 dB), both schemes are unreliable and each set has to be checked at least once. As the SNR increases, the trend becomes similar to the case of localized transmission, with a significant complexity reduction achieved by the signature sequence detection over purely blind EPDCCH detection.
When an equal number of blind decoding attempts are used in each EPDCCH set, the observed gain in terms of average number of sets over which blind detection is performed directly reflects the gain in terms of total number of blind decoding attempts performed to decode an EPDCCH. A natural choice, however, is to assign more decoding attempts to larger EPDCCH sets. In this case, an EPDCCH search based on the detection of DMRS modulation signatures has the advantage of reliably identify whether large EPDCCH sets are unused without performing blind decoding. 
For localized EPDCCH, signature sequence can also be used to efficiently indicate the candidate PRB pairs in an EPDCCH set, over which an EPDCCH might be potentially transmitted. In Appendix II, the performance benefit of using signature sequence is evaluated in terms of average number of PRB pairs in an EPDCCH set for EPDCCH blind decoding.  
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 also be of interest to  evaluate the power consumption of the EPDCCH search when the UE is not scheduled in a subframe. In this idle searching, described in details in [1], the EPDCCH search complexity per subframe (as well as the average complexity) can be significantly reduced if the blind decoding step is performed without full blind detection but only on candidate EPDCCH sets, i.e., an EPDCCH set in which a signature sequence is successfully detected. 
For localized EPDCCH transmission, the price for such complexity reduction is a slight increase of the EPDCCH BLER (less than 1dB), as shown in Fig. 2(a), where we compare the case of blind EPDCCH detection performed on all the configured EPDCCH sets and the case in which blind detection is only performed on candidate EPDCCH sets. For distributed transmission, Fig 2(b) indicates there is no noticeable performance loss in terms of BLER when using signature sequences transmitted in an EPDCCH set consisting of 2 PRB pairs, i.e. the worst case scenario in the agreed EPDCCH search-space design. This occurs because, in the case of distributed transmission, multiple DMRS resource elements belonging to the PRB pairs forming the EPDCCH set are available to improve the signature sequence detection performance compared to the case of localized EPDCCH transmission, where only one single PRB pair with 12 DMRS resource elements is considered.
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	(a) Localized EPDCCH transmission.
	(b) Distributed EPDCCH transmission.


Fig. 2. BLER for a localized and distributed EPDCCH (4 CCEs).
3 Conclusions
We analyze the EPDCCH searching complexity within the boundaries of the UE-specific search space design agreed at the RAN1#70 meeting considering two searching techniques: blind detection performed on each and every PRB pair within an allocated UE-specific EPDCCH search space; and a searching rule supported by DMRS sequence signatures similar to [1]-[2]. 
Somewhat surprisingly, for distributed EPDCCH transmission the EPDDCH search  rule supported by signature sequences jointly detected in all PRB pairs of an EPDCCH set can significantly reduce the search complexity (i.e., number of blind decoding attempts) without any noticeable BLER loss. 
Proposal: Adopt EPDCCH signature sequences for EPDCCH set detection.
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Appendix I – Simulation Settings

	Parameter
	Value

	System bandwidth
	10MHz

	Carrier frequency
	2.0 GHz

	Antenna configurations
	2x2

	Channel model
	TU

	UE velocity
	3 km/h

	Transmission schemes
	For localized EPDCCH:

Closed-loop rank=1 beamforming. 
For distributed EPDCCH
Rank=1 Random beamforming using 2 APs. 

	Codebook 
	Rel-10 codebook for 2-Tx

	CSI feedback
	Wideband PMI, sub-band CQI according to TS36.213

	CSI reporting delay
	10 ms

	DCI format and payload
	42+16CRC bits (DCI format 2C) 

	EPDCCH size
	4 CCEs

	CCE size
	36 REs (1CCE)

	EPDCCH set configuration
	For localized EPDCCH:

K=6 EPDCCH sets are configured to a UE.

Each EPDCCH set consists of 2 continuous PRB pairs.
For distributed EPDCCH:

K=6 EPDCCH sets are configured to a UE.

Each EPDCCH set consists of 2 PRB pairs largely spaced in frequency domain.

	PDSCH and EPDCCH configuration
	For localized EPDCCH:

Only 1 EPDCCH set is chosen for EPDCCH transmission according to CSI feedback. The EPDCCH of a given UE uses AP 7. And its EPDCCH-DMRS modulation sequences are scrambled with nSCID = 0.
All the remaining EPDCCH sets and all the remaining PRB pairs in the selected EPDCCH set are used for PDSCH transmission. 

The PDSCH on each of the remaining EPDCCH sets is transmitted either on AP 7 or AP 8 randomly. And its PDSCH-DMRS modulation sequence is scrambled either with nSCID = 0 or 1 randomly. 

For distributed EPDCCH:

Only 1 EPDCCH set is chosen for EPDCCH transmission according to CSI feedback. The EPDCCH of a given UE uses both AP 7 and AP9. And its EPDCCH-DMRS modulation sequences are scrambled with nSCID = 0.

All the remaining EPDCCH sets are used for PDSCH transmission. 

The PDSCH-DMRS in each PRB pair of the remaining EPDCCH sets use 24 DMRS REs, scrambled either with nSCID = 0 or 1 randomly.

	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%.


Appendix II– Additional simulations for localized EPDCCH transmission
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	(a) Localized EPDCCH transmission in an EPDCCH set of 4 PRB pairs uniformly spaced in frequency domain.
	(b) Localized EPDCCH transmission in an EPDCCH set of 8 PRB pairs uniformly spaced in frequency domain..


Fig. 3. Average number of PRB pairs per subframe where EPDCCH blind detection will be performed (4 CCEs, 1 EPDCCH SET).
For localized EPDCCH transmission, where an EPDCCH is not transmitted over all the PRB pairs of an EPDCCH set, another relevant performance metric of the EPDCCH search complexity is the average number of PRB pairs in the EPDCCH set over which blind detection is performed. In Fig. 3 we analyze the EPDCCH search complexity for two cases: an EPDCCH set consisting of four PRB pairs (Fig. 3(a)); and an EPDCCH set consisting of eight PRB pairs (Fig. 3(b)). In both cases, the usage of signature sequences transmitted within the PRB allows to significantly reduce the number of blind detection attempts performed within an EPDCCH set to detect the transmission of an EPDCCH. 














































































