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Abstract

ePDCCH could be used as a control channel for Rel.-13 LTE MTC. This document describes Sony’s understanding of how ePDCCH could be used as an LTE MTC control channel. Some modifications and extensions are probably going to be required to make ePDCCH suitable for MTC usage. 
1. Introduction
This document presents Sony’s understanding of how an MTC ePDCCH would operate. A companion document [1] describes Sony’s understanding of how a narrowband PDCCH (NC-PDCCH) could support the use of reduced bandwidth MTC UEs. Simulation results comparing the performance of the NC-PDCCH and ePDCCH are provided in [7].

The current document is an updated version of [1], updated based on our current understanding and simulation results (summarized in  [7]).

2. Concept of Operation
Our understanding of the concept of operation for Release-13 LTE MTC devices when ePDCCH is used for the allocation control channel is that the ePDCCH operates in a “standalone mode” (without a PDCCH or higher layer signaling to bootstrap it), starts at a fixed symbol location in the subframe, operates within a defined narrowband region known to the MTC UE and operates independently of other control channels (notably the (e)PHICH might not exist and the PCFICH is not required).
Figure 1 illustrates diagrammatically our understanding of how ePDCCH for MTC operates within a host LTE carrier
. The ePDCCH operates in a distributed manner and relies on DMRS for demodulation. The PDSCH for the reduced bandwidth UEs is contained within the same narrowband region as occupied by the ePDCCH. The ePDCCH does not exist in the same set of subcarriers as the PSS / SSS / PBCH, at least in those subframes that contain PSS / SSS / PBCH.
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Figure 1 - Downlink: use of ePDCCH for MTC UEs within a legacy carrier
Figure 1 shows a single narrowband region containing ePDCCH, but there may be multiple narrowband regions containing ePDCCH. One of these narrowband regions could be a “primary narrowband region” that contains system information / control messaging that is common for other secondary narrowband regions. If a narrowband region exists in the centre of the subframe, it is not active during those subframes when PSS / SSS / PBCH are active due to the lack of DMRS in those subframes (i.e. the central narrowband region exists for 8 out of the 10 subframes of an LTE frame).
Figure 2 shows the region of the subframe that is decoded by LTE MTC UEs occupying a narrowband region when ePDCCH is applied. These UEs do not decode the legacy control channel region. Multiple narrowband regions can be supported within the cell, but any particular UE only ever attaches to a single narrowband region.
When there are no LTE MTC UEs to be scheduled, the resources of the narrowband region can be applied to legacy UEs (Figure 3).
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Figure 2 – Region of resource space decoded by a UE attached to a narrowband region containing ePDCCH
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Figure 3 – Resources that can be applied to legacy UEs when MTC narrowband region is not active
3. Features of the MTC ePDCCH

Section 2 described the concept of operation of the narrowband region using ePDCCH for the support of reduced complexity MTC devices. This section considers details of Sony’s understanding of how ePDCCH is meant to be used for the support of reduced bandwidth MTC devices. The following aspects are considered
:

· Subframe format

· Reference signals

· Message sizes on PDCCH and PDSCH

· Granularity

· Fragmentation of resource

· Transmit Diversity

· Frequency Diversity

· Higher layer signaling
· Relationship to other channels

· Search space

· Standalone mode operation

· Coverage extension

· Power consumption reduction

· ICIC

Subframe format

The subframe format of the narrowband region is a set of resource elements containing ePDCCH, DMRS and some PDSCH resources into which LTE MTC UEs can be scheduled. The start symbol of the narrowband region is defined in the specifications (the assumption is that the ePDCCH start symbol is the 3rd OFDM symbol, since this choice would not restrict scheduling of the legacy control channel region). The characteristics of the subframe format are:
· A distributed ePDCCH is supported. This ePDCCH occupies at least 2 PRB pairs.

· The PHICH functionality is FFS. It is either supported as a new ePHICH (presumably within some of the CCEs of the ePDCCH), reuses the Release-12 PHICH structure in a narrowband control region before the first symbol of the ePDCCH or ePDCCH assumes the PHICH functionality in some manner (e.g. by using an adapative retransmission scheme for PUSCH). [4] considers aspects of PHICH support for MTC.
· PCFICH is not required 
The subframe format of the narrowband region containing ePDCCH is illustrated in Figure 4.
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Figure 4 – Subframe format of narrowband region containing ePDCCH
Reference Signals
The ePDCCH is demodulated using DMRS in the narrowband region. The CRS reference signals of the legacy carrier also exist in the narrowband region (these CRS may be used by legacy UEs that are not supported in the narrowband region, e.g. for the purposes of reporting channel state information, demodulating PDSCH resources in the legacy carrier that are adjacent to the narrowband region etc.).
Figure 5 illustrates the set of reference signals that are required for support of ePDCCH in a narrowband region. This figure assumes that the legacy control channel region occupies 2 OFDM symbols and that the start symbol of the narrowband region is fixed (e.g. in the specs). It is assumed that the PDSCH is decoded using CRS. The figure shows 2 PRB of the narrowband region (which extends for 6PRB overall): the other 4PRBs of the narrowband region contain the other half of the distributed ePDCCH and some more PDSCH resource. 
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Figure 5 – Reference signals in narrowband region when ePDCCH is used
In the subframe format of Figure 5 (where the eNodeB transmits using two transmit antennas, the legacy control channel region occupies 2 OFDM symbols and the narrowband region is decoded using DMRS), 72 of the 792 resource elements (i.e. 9%) in the narrowband region are used for reference signals.
The UE cannot assume that the same weight vector is applied to DMRS in adjacent subframes [5], hence the UE cannot interpolate channel estimates between subframes. This will reduce channel estimation performance in slow moving channels and will impact the coverage gains that can be achieved through repetition. This issue could be resolved in the Release-13 specifications by defining rules about the consistency of weight vectors that can be applied to DMRS across subframes.
PDCCH Message Sizes
Based on the subframe format of Figure 5, the number of resource elements (RE) per distributed ePDCCH in the narrowband region is 192. Assuming that all of these resource elements could be applied to a single DCI in the Release-13 specifications, Table 1 shows the minimum QPSK code rate that can be applied to DCI formats 0/1A (37 bits) as a function of the number of distributed PRB pairs (i.e. groups of 24 subcarriers) that are applied to ePDCCH. The table also shows the equivalent PDCCH aggregation level (which we define as the number of RE available for ePDCCH divided by the number of RE in a Rel-8 CCE (36RE), floored to 1,2,4,8 or 16). 
Table 1 – Minimum DCI code rates supported as a function of the number distributed PRB pairs for ePDCCH
	# distributed ePDCCH
	DCI code rate
	Equivalent PDCCH aggregation level

	1 (2 PRB pairs)
	0.096
	4

	2 (4 PRB pairs)
	0.048
	8

	3 (extension to Rel-12 specs)
	0.032
	16


PDSCH Message Sizes
The amount of resource used by the legacy control channel region and the ePDCCH affects the number of bits that are available for the PDSCH. Table 2 lists the number of transport channel bits
 available for the DL-SCH (accounting for CRC and tail bits), assuming an MCS of either QPSK R=1/3 or QPSK R=1/8. The table assumes that the legacy control channel region occupies 2 OFDM symbols and that the start symbol position of the ePDCCH is the 4th symbol (Figure 5).

Table 2 – Supported transport block sizes (bits) as a function of the number of distributed PRB pairs used for ePDCCH 
	
	DL-SCH transport channel bits

	# distributed ePDCCH
	QPSK R=1/3
	QPSK R=1/8

	1 (2 PRB pairs)
	292
	92

	2 (4 PRB pairs)
	132
	32

	3 (extension to Rel-12 specs)
	0
	0


Table 2 shows that only very small PDSCH transport block sizes can be supported in a narrowband region when ePDCCH is used. This is due to two out of the 6 PRB pairs (33%) of the narrowband region being required to support a distributed ePDCCH: there is very little resource left over for use by PDSCH. 

Granularity
ePDCCH could potentially be transmitted using two contiguous PRB pairs. Simulations [9] have shown that the performance of such an ePDCCH is impaired (by 0.7dB in an ETU channel) compared to an ePDCCH that occupies the extremities of the MTC narrowband region (Figure 6). Hence it is assumed that an ePDCCH would operate in this maximally frequency diverse mode. In this case, the granularity of allocation of the MTC narrowband region is 6PRB whether MTC uses an NC-PDCCH or an ePDCCH.
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Figure 6 - ePDCCH occupying PRBs at the extremities of the narrowband region
Fragmentation of Legacy PDSCH Resource
Fragmentation of physical resource is more of an issue in the UL than in the DL, but fragmentation of the DL resource may restrict scheduler flexibility with some downlink resource allocation types. When the narrowband region is located in the centre of the of the legacy carrier, the resource space for legacy PDSCH is fragmented around that narrowband region. 
Even though any “DC subcarrier issue” might be simplified if the narrowband region is located at the centre of the legacy carrier, it might not be desirable to locate an ePDCCH allocated narrowband region in a central position of the legacy carrier due to the clash of the ePDCCH with PSS / SSS / PBCH in these centre frequencies. A potential solution (Figure 8) might be to define that MTC UEs are not allocated with ePDCCH in subframes 0 (PSS / SSS and PBCH active) and subframe 5 (PSS / SSS active). However this solution limits the available cell throughput to MTC UEs. 

It is hence assumed that an ePDCCH allocated narrowband region would be positioned at one of the extremities of the legacy carrier. 
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Figure 9 – Subframes containing PSS / SSS / PBCH do not contain MTC narrowband region
Transmit Diversity
Some form of transmit diversity is assumed to be required for MTC in order to provide for some antenna diversity (considering that the UE has a single receive antenna). 
The ePDCCH does not support Alamouti based SFBC coding, but some spatial diversity can be applied through the use of implementation dependent pseudo random beamforming in the distributed transmission mode. The use of two DMRS ports within a single PRB pair ensures that sub-PRB level spatial diversity can be implemented in ePDCCH. However the performance of pseudo random beamforming is inferior to Alamouti-based SFBC schemes [5]: the performance loss can be at least 3dB in the SINR range of -5dB and may be higher at lower SINRs (that would be of particular concern when coverage extension is considered) [6].
It is assumed that beamforming of localized ePDCCH is not used for MTC due to the CSI feedback requirements. The beamforming gains of localized ePDCCH are reported to not overcome the inherent loss in performance between ePDCCH and PDCCH [5].
It is noted that the legacy PDCCH provides robust transmit diversity through the use of Alamouti based SFBC codes and CRS without the need for techniques such as pseudo random beamforming. The performance of the NC-PDCCH when Alamouti decoding is applied has been found to be robust [10] and to be at least 2dB superior to that of ePDCCH in a 1.4MHz bandwidth ETU channel.
Frequency Diversity
ePDCCH supports both localized and distributed modes of transmission. 

It is assumed that localized scheduling of ePDCCH is not used due to the feedback overheads associated with the CSI feedback reports from the UE to the eNodeB. These CSI reports will increase UE power consumption and consume UL bandwidth (noting that in many MTC applications, the ratio of control signaling to data transmission is high, so it is desirable to minimise the amount of control signaling).
It is expected that ePDCCH will normally be transmitted in a distributed mode. Distributed transmission is required for UEs whose channel conditions are unknown (such as those UEs that are listening to broadcast channels such as SIB and those UEs that have not recently reported their channel conditions, or whose channel conditions are out of date). Once a distributed ePDCCH is configured in the cell for such UEs, it can be used for other UEs too. The frequency diversity achievable with an ePDCCH (2 PRBs) is less than the frequency diversity that can be achieved with a narrowband PDCCH (6 PRBs). and this loss in frequency diversity impacts the performance of the ePDCCH [10].
The whole narrowband region could be frequency hopped in order to provide for additional distributed frequency diversity. Frequency hopping could be applied to an ePDCCH allocated narrowband region. Figure 8 shows frequency hopping applied to an ePDCCH allocated narrowband region (in a non-coverage extended mode of operation).
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Figure 10 – Frequency hopping of ePDCCH allocated narrowband region between subframes

Higher Layer Signalling
Aspects of the Release-12 ePDCCH need to be configured via higher layer signaling, including:

· The start symbol of the ePDCCH

· DMRS scrambling sequences
· Aspects of the physical configuration of the ePDCCH, including definition of the ePDCCH sets for the UE

· Localised and distributed mode operation

· PUCCH resource starting offset

In Release-12, these parameters are signaled via RRC signaling, which is allocated using PDCCH. The Release-12 ePDCCH is unable to “bootstrap” itself without PDCCH. The Release-13 specifications would need to be changed to allow the ePDCCH to be bootstrapped, potentially by defining one or more default configurations. RAN1 would have to discuss and agree what the default ePDCCH configuration is; and if there is more than a single default configuration, how that default configuration is determined by the UE.
The SIB contains higher layer signaling and up to Release-12 has been allocated on PDSCH using the PDCCH. If the MTC UE is unable to decode PDCCH, the relevant portions of SIB will either have to be allocated with a default ePDCCH configuration or the method of decoding the SIB will have to be defined in the specifications.
Relationship to other channels

ePDCCH in Release-11 was specified with a relationship to PDSCH, PUSCH and PUCCH (e.g. in terms of the timing of ePDCCH to these physical channels). 
ePHICH and ePCFICH were not specified at the same time as ePDCCH. ePDCCH can operate without ePCFICH-like functionality, but this does lead to a semi-static definition of the ePDCCH start symbol location and consequenctly to either a restriction on the size of the legacy control channel region, and / or to wastage of some OFDM symbols when the legacy control channel region does not extend up to the start symbol of the ePDCCH.

A Release-12 UE that decodes ePDCCH can decode the legacy PHICH in order to decode ACK / NACK information from the eNodeB associated with PUSH. A Release-13 LTE MTC UE is unable to decode this legacy PHICH due to its wideband nature. In our view it is undesirable for the eNodeB to signal ACK / NACK using the ePDCCH (in an asynchronous HARQ mode of operation) due to the amount of physical resource that this signaling entails [4]. Our conclusion is that the Release-13 specifications for LTE MTC would have to specify some form of ePHICH.  
Search space
The Release-12 ePDCCH supports a UE-specific search space, but does not support a common search space. The alternative solutions to this issue are:

· RAN1 define a common search space for ePDCCH, at least for MTC UEs. This definition is likely to be a readily solvable problem, but will still requires discussion and agreement
· Define MTC procedures such that a common search space is not required. In this case a number of default parameters and configurations will probably have to be defined in RAN1 and RAN2 specifications.
Standalone mode operation
Some operators may wish to support dedicated LTE MTC 1.4MHz carriers. The Release-12 ePDCCH requires the support of a PDCCH. If the issues referred to elsewhere in this document relating to higher layer signaling, search space and ePHICH support are resolved, then it is probably reasonably straightforward to allow the ePDCCH to start in the first symbol of the subframe and to operate in a standalone mode.
A standalone carrier implementing ePDCCH would be more efficient than an “embedded carrier” since there would be no potential for wasted OFDM symbols at the interface between the narrowband region and the (now non-existent) legacy control channel region (Figure 4); and the standalone carrier could operate solely with DMRS and CRS could be dispensed with.

The standalone MTC carrier using ePDCCH could be considered to be a new type of LTE carrier (Figure 10). As it would not be able to support legacy UEs, a more clean slate approach could be taken with this standalone carrier. Our concern is that the support of a standalone carrier is not one of the objectives of the work item and spending a lot of RAN1 resources on a clean slate approach would detract from the primary objectives of the work item.
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Figure 11 – Standalone mode of operation utilizing ePDCCH
Coverage Extension
The ePDCCH occupies a lot of physical resource, due to the distributed nature of the ePDCCH and the size of the narrowband region (2PRB pairs are occupied by the distributed ePDCCH out of a total available bandwidth in the narrowband region of 6 PRB pairs). The ePDCCH is hence able to operate down to very low code rates (e.g. QPSK R = 0.048: Table 1, or QPSK R = 0.032 with a fairly trivial extension of the ePDCCH to allow it to be distributed across 6 PRB pairs). However the large amount of resource consumed by the ePDCCH (relative to the narrow MTC bandwidth) means that:
· In coverage limited situations, very few bits can be transmitted on PDSCH (e.g. according to Table 1 and Table 2, a distributed ePDCCH occupying 2 PRB pairs can support a DCI code rate of 0.096 and the narrowband PDSCH in the same subframe can transmit 60 transport bits at a similar MCS).
· The ePDCCH is inefficient at assigning PDSCH resources in good channel conditions (when a lot of ePDCCH resource is used up to allocate a small amount of PDSCH resource).
In a coverage extension mode, the ePDCCH could fill the entire narrowband region of a subframe and allocate PDSCH in a subsequent subframe. The operation of ePDCCH in the coverage extension mode is illustrated in Figure 11. Even subframes would contain a coverage-extended ePDCCH and odd subframes would contain a coverage-extended PDSCH (with no ePDCCH). This coverage extension mode could be equally applied to MTC UEs and non-MTC UEs. From a high level perspective, this mode of operation is the same as the narrowband control channel region approach described in [1], in the respect that the allocation channel occupies the whole of one subframe and the PDSCH occupies the whole of the next subframe. 
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Figure 12 – Operation of the narrowband region in coverage-extension mode
PSD boosting can be applied to ePDCCH since the ePDCCH is demodulated using DMRS (which are also power boosted). Any PSD boosting of the ePDCCH needs to operate within the constraints of eNodeB RF hardware (the extra power applied to the ePDCCH needs to be stolen from power applied to legacy UEs, leading to a power imbalance across the LTE carrier bandwidth) and needs to maintain the correct power level of the CRS embedded within the narrowband region (such that legacy UEs can perform CSI measurements).
Power consumption reduction
The ePDCCH extends across every symbol of the narrowband region, hence microsleep power saving is not possible. Power consumption reduction was not a goal of the Release-11 work on ePDCCH as ePDCCH was not envisaged to operate with power constrained devices (such as MTC devices), it was designed with high capability devices in mind for which the power consumption benefits of microsleep were not significant compared to all of the other processing that the device was required to perform. In contrast, MTC devices perform little processing, a significant amount of which will be consumed in monitoring (E)PDCCH. 

Figure 12 shows that an MTC UE can hardly microsleep in a coverage extension mode of operation since the ePDCCH exists in every symbol of the narrowband region of the subframe. The only time that the MTC UE is able to turn its receiver off is when the narrowband region of the subframe is inactive.
Simulations have shown [11] that the ePDCCH receiver is active for 0.8ms during the subframe, whereas the NC-PDCCH is active for 0.2ms during the subframe on average.
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Figure 13 – An MTC UE cannot microsleep when in a coverage extension mode when allocated with ePDCCH
Intercell Interference Co-ordination
The locations of the narrowband regions hosted by the legacy carrier do not need to be fixed. As previously described, the ePDCCH-enabled narrowband region will probably not straddle the DC subcarrier of the legacy carrier (due to the existence of PSS / SSS and PBCH in the centre of the carrier frequency in some subframes). Hence the ePDCCH-enabled narrowband region can be located anywhere within the bandwidth of the hosting legacy carrier.

When the locations of the narrowband regions are not fixed, different cells can host narrowband regions at different centre frequencies (Figure 13: the figure shows that ICIC can be applied to the narrowband regions supporting MTC devices; ICIC support for the legacy regions is as per Release-12). Hence a narrowband region for MTC devices naturally allows for ICIC.


[image: image12]
Figure 14 – ICIC when narrowband regions are centred at different frequencies

4. Conclusion
This document has described Sony’s understanding of the operation of the ePDCCH as the “Physical Downlink Control Channel for MTC”.

Simulations [7] have shown that the performance of the NC-PDCCH [1] is superior to that of the ePDCCH. The specifications impacts of the NC-PDCCH are also considered to be less than those of a modified ePDCCH (as described in this document). Hence Sony’s proposal is that the “Physical Downlink Control Channel for MTC”  is based on the NC-PDCCH.
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� The figure is a high level schematic rather than being correct down to the resource element / reference signal level. 


� Note that the structure of this section is the same as the structure used in � REF _Ref403033226 \w \h ��[1]�, for ease of cross referencing.


� The raw number of transport bits is calculated. The actual number of transport bits transmitted could be calculated once TBS size tables have been determined for MTC.
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