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Abstract

A reduced bandwidth MTC UE can be supported using a narrowband control channel region. The narrowband control channel region can contain a narrowband PDCCH that is a symbol shifted version of the PDCCH that has been supported in LTE since Release-8. The narrowband control region enables reduced complexity, enhanced coverage and reduced power consumption. This document describes details of operation of the narrowband PDCCH.
1. Introduction
This document describes the proposal for using a narrowband control channel region that is a symbol shifted version of the Release-12 control channel region. This narrowband control channel region can carry three physical channels: NC-PDCCH, NC-PHICH and NC-PCFICH. These control channels correspond to their obvious Release-12 equivalents.

The current document is an updated version of [1], updated based on our current understanding and simulation results (summarized in [2]).

2. Concept of Operation
Our concept for the operation of the control channels for Release-13 LTE MTC devices is that they exist within a narrowband control channel region of the legacy LTE carrier. The narrowband control channel region can be considered to be a symbol-shifted version of the Release-12 control channel region, minimizing specification changes.

Figure 1 illustrates diagrammatically how a narrowband region operates within a host LTE carrier. The narrowband region contains a narrowband control channel region, within which a narrowband PDCCH exists. 
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Figure 1 - Downlink: use of a narrowband region for MTC UEs within a legacy carrier
Figure 1 shows a primary narrowband region. In the figure, this region straddles the DC subcarrier of the legacy LTE carrier. If MTC UEs are to be supported in the subframe, this primary narrowband channel would be active and the UE would decode the region of the resource space shown in Figure 2. It is natural that this primary narrowband region is used for initial cell acquisition by the UE, including the reading of system information and probably RRC connection. If MTC UEs are not supported in the subframe, it can be reused by legacy UEs for PDSCH reception (Figure 3). 
Figure 1 also shows a secondary narrowband region. This secondary narrowband region is offset from the primary narrowband region. Its location would be known to the UE, e.g. via RRC signaling during the RRC connection process. The UE does not need to receive the DC carrier within this narrowband region and via a fairly simple remapping of reference signal and resource element locations, can demodulate the secondary narrowband region. As for the primary narrowband region, if there are no UEs to be served in the secondary narrowband region, its resources can be reused to serve legacy UEs.
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Figure 2 – Region of resource space decoded by a UE attached to the primary narrowband region
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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 Narrowband PDCCH

Section 2 described the concept of operation of the narrowband region for the support of reduced complexity MTC devices. This section considers details of operation of the narrowband PDCCH (NC
-PDCCH). 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 symbol-shifted copy of the legacy subframe format. The subframe contains:
· Narrowband PDCCH: NC-PDCCH

· Narrowband PHICH: NC-PHICH

· (optionally) Narrowband PCFICH: NC-PCFICH. If the NC-PCFICH is not supported, the narrowband control channel region is of a fixed length.

· (optionally) Narrowband PCFICH2: NC-PCFICH2. This is located in a known location of the narrowband region and defines the start symbol of the narrowband region. If the NC-PCFICH2 is not supported, the start symbol of the narrowband region is fixed.
The subframe format of the narrowband region is illustrated in Figure 4.
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Figure 4 – Subframe format of narrowband region

Reference Signals
The CRS reference signals of the legacy carrier exist also in the narrowband region. Hence:

· An MTC UE can also re-use the CRS of the legacy carrier to demodulate the control channels in the narrowband region. It can also average CRS (or channel estimates) from subframe to subframe (to an extent that depends on UE speed) since the UE knows that the eNodeB does not apply a changing precoding weight vector to the CRS.
· A legacy UE can use the CRS within the narrowband region in order to demodulate PDSCH that abuts (is next to) the narrowband region and to derive channel state information. The legacy UE is unaware that the CRS are actually located within a narrowband region.

· The narrowband region does not require additional reference signals (such as DMRS), thus saving resource. However if a DMRS-based transmission scheme is desired for the NC-PDSCH, this can be applied within the frame format of the narrowband region (as per Release-12 specifications).
When the eNodeB transmits using two transmit antennas (e.g. TM2 is applied to NC-PDSCH), and the legacy control channel region occupies 2 OFDM symbols, 72 of the 864 resource elements (i.e. 8.3%) in the narrowband region are used for reference signals.
Figure 5 illustrates MTC UE channel estimation for the NC-PDCCH based on legacy CRS. The figure shows approximately 2 PRB of the narrowband region, a legacy control channel region spanning 2 OFDM symbols and (for the sake of simplicity) the eNodeB transmitting with a single transmit antenna.
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Figure 5 – Channel estimation based on legacy CRS

For many combinations of {number of symbols for legacy control channel region, number of symbols for narrowband region}, the channel estimates for the narrowband control channel region are based on channel estimates of CRS contained within the narrowband control channel region. The maximum distance of the narrowband control channel region from a reference signal is 2 OFDM symbols (e.g. the case of {legacy control channel region spans 2 OFDM symbol, narrowband control channel region spans 1 OFDM symbol}. Hence the narrowband control channel region can be expected to provide robust performance in even high speed channels (these channels might occur for example in the case where a user with a CE-LTE smartwatch rides on high speed public transport).
NC-PDCCH Message Sizes
Table 1 provides calculations of the number of CCE that can be supported as a function of the number of OFDM symbols used for the narrowband control channel region. Table 2 details the NC-PDCCH code rates that can be supported based on PDCCH formats 0,1 and 2; and DCI formats 0/1A (37 bits). Lower code rates could be supported if either new more efficient DCI formats are produced for MTC, the definition of PDCCH format is simply extended for MTC to include a PDCCH format consisting of 6 CCE or the definition of the narrowband PDCCH is extended to include support for 5 OFDM symbols. These tables assume a legacy control channel region spanning 2 OFDM symbols.
Table 1 – Number of CCE that can be supported as a function of the number of OFDM symbols used for the narrowband control channel

	#OFDM symbols for narrowband control channel
	#CCE
	Max PDCCH formats supported

	1 (extension to Rel-12 specs)
	1
	format 0

	2
	3
	{format 1, format 0}

	3
	4
	format 2

	4
	6
	{format 2, format 1}

	5 (extension to Rel-12 specs)
	8
	format 3


Table 2 – Minimum DCI code rates supported as a function of the number of OFDM symbols used for the narrowband control channel region

	#OFDM symbols for narrowband control channel
	PDCCH format
	DCI code rate

	1 (extension to Rel-12 specs)
	0
	0.52

	2
	1
	0.26

	3
	2
	0.13

	4
	2
	0.13

	5 (extension to Rel-12 specs)
	3
	0.065


NC-PDSCH Message Sizes
The amount of resource used by the legacy and narrowband control channel regions affects the number of bits that are available for the NC-PDSCH. Table 3 lists the number of transport channel bits
 available for the DL-SCH (accounting for CRC and tail bits, but excluding the number of bits occupied by the optional NC-PCFICH2), 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.
Table 3 – Supported transport block sizes (bits) as a function of the number of OFDM symbols used for the narrowband control channels
	
	DL-SCH transport channel bits

	#OFDM symbols for narrowband control channels
	QPSK R=1/3
	QPSK R=1/8

	1
	444
	144

	2
	396
	126

	3
	364
	114

	4
	316
	96


Granularity
If a single MTC UE is to be allocated in the narrowband region, the whole of the narrowband region becomes reserved for MTC use since the narrowband control channel region occupies the width (in terms of frequency) of the narrowband region. Any unused PDSCH resource in the narrowband region can’t be assigned to non-MTC UEs. This granularity issue is illustrated in Figure 6.
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Figure 6 – Resource potentially unused due to granularity of narrowband region

The resource is only unused due to the granularity issue if:

· There is only a single UE (or in general a small number of UEs) that needs to be serviced in a subframe.

· The single UE has insufficient data to transmit to fill 6PRB pairs.

· The single UE is located in good channel conditions (the UE can support a high MCS) such that the transport block for the UE does not occupy the 6 PRB pairs of the narrowband region.

· The data to be transmitted is so time sensitive that the eNodeB scheduler is unable to buffer the data until multiple MTC UEs can be scheduled in the narrowband region.

· The legacy carrier is so heavily loaded that all of its DL resource is used to service legacy UEs (and hence the eNodeB could have scheduled the granularity-constrained resource to a legacy UE, if only it hadn’t been blocked by the granularity issue)
Some form of dynamic system simulation might be required to determine the magnitude of the granularity issue. 
Taking as an example a UE that is in reasonable channel conditions (able to support QPSK R=1/2), with a 50 byte DL packet, in a legacy system using 2 OFDM symbols for the legacy control channel region: 436 resource elements are used to transmit the packet out of 792 resource elements reserved for the narrowband control channel region.
Simulations [5] have shown that ePDCCH performance is impaired unless the distributed ePDCCH is allocated the PRBs at the extremities of the narrowband region for MTC. Hence in practice, the granularity exists for both the NC-PDCCH and the ePDCCH.

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. A motivation for locating the narrowband region in the centre of the legacy carrier might be to work around any potential “DC subcarrier issue” (although a UE operating on a non-central narrowband region can deal with the DC subcarrier issue by simply performing a remapping of the reference signal and PRB locations within the resource element matrix of the LTE signal).

Figure 7 shows how the PDSCH region of a legacy carrier is fragmented by a centrally located narrowband region and how this fragmentation can be avoided by locating the narrowband region at one of the extremities of the bandwidth of the legacy carrier.
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Figure 7 - Locating the narrowband region at the extremity of the legacy carrier does not lead to fragmentation of the legacy PDSCH resource
Since the location of the narrowband region is a network design parameter rather than [necessarily] a specification parameter, it is really just an implementation choice of the network vendor. In any case, the PDSCH can be allocated in a distributed manner in the subframe, so the potential DL fragmentation issue is not serious.
Transmit Diversity
Some form of transmit diversity is likely to be useful for MTC in order to provide for some antenna diversity (considering that the UE has a single receive antenna). If the UE reuses the legacy PBCH, it needs to support the same number of transmit antennas as used by legacy devices. It seems unreasonable to restrict transmit diversity for legacy devices to {TX = 1, RX = n}. 
Hence it is expected that the MTC device would support transmit diversity with 2 or 4 transmit antennas. The reference signals for Alamouti-based SFBC coding with 2 or 4 transmit antennas are already provided by the legacy carrier and the narrowband control channel region does not need to provide additional reference signals for transmit diversity.

The Alamouti-based SFBC coding scheme provides the benefits of transmit diversity to the NC-PDCCH regardless of the number of CCE applied to the NC-PDCCH.

Frequency Diversity
The NC-PDCCH is naturally spread across the full 1.4MHz bandwidth of the narrowband control channel region and hence provides a distributed form of frequency diversity, albeit across a relatively narrow bandwidth (1.4MHz). It has been shown [5] [6] that even in a 1.4MHz bandwidth, frequency diversity can provide a gain of 1dB or more and that the NC-PDCCH benefits more from frequency diversity than the distributed ePDCCH because the NC-PDCCH is spread across more subcarriers than the ePDCCH.
The whole narrowband region could be frequency hopped in order to provide for additional distributed frequency diversity. Frequency hopping could be applied to both primary and secondary narrowband regions (Figure 1) if the hopping pattern is fixed in the specifications and linked to the system frame number, or applied only to the secondary narrowband region if the primary narrowband region is required to send information to UEs to “bootstrap” the frequency hopping process. Figure 8 shows frequency hopping applied to a single narrowband region (in a non-coverage extended mode of operation).
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Figure 8 – Frequency hopping of narrowband region between subframes

Higher Layer Signalling
Some of the unused bits in the MIB may be required to indicate the location of a primary narrowband region (Figure 1). Once the primary narrowband region has been decoded, SIBs on the primary narrow band region could potentially indicate the locations of any secondary narrowband regions and any frequency hopping patterns applied to the secondary narrowband regions.
The location of the start symbol of the primary narrowband region could be indicated by a new physical control channel (referred to as NC-PCFICH2 in Figure 4), be fixed in the specifications or be determined by blind decoding.
The structure and coding of the narrowband control channels (NC-PDCCH, NC-PCFICH and NC-PHICH) are expected to be defined in the specifications (as for other Release-12 channels) and should not require configuration by higher layer signaling.

Relationship to other channels

The narrowband control channels are related to other physical channels in the following manner:

· NC-PDCCH allocates NC-PDSCH in the same subframe (at least in a non-extended coverage mode of operation)

· NC-PHICH provides ACK / NACK information for narrowband PUSCH and is naturally contained within the structure of the narrowband control channel region, in the same manner that PHICH is contained within the legacy control channel region in Release-12

· NC-PCFICH defines the number of OFDM symbols used in the control channel and is embedded within the narrowband control channel region, as per Release-12.

· NC-PCFICH2 optionally defines the start OFDM symbol of the narrowband control channel region.

Hence when coverage extension is not applied, the narrowband control channels have a similar relationship to the channels in Release-12.

Search space
Operation of the NC-PDCCH is analogous to that of the legacy PDCCH, hence common and UE-specific search spaces would be naturally supported. 

The NC-PDCCH does not require the support of the legacy wideband PDCCH to provide a common search space.

Standalone mode operation
Some operators may wish to support dedicated LTE MTC 1.4MHz carriers. The narrowband region referred to elsewhere in this document is a symbol-shifted version of the Release-12 LTE 1.4MHz control channel region. When a symbol shift of 0 is applied to the narrowband region, it is identical to that of the legacy MTC 1.4MHz carrier. 
Hence, the concept of the narrowband region naturally supports standalone operation with minimum specification changes.

Coverage Extension
The NC-PDCCH naturally supports an aggregation level of up to 4 CCE (see Table 1 and Table 2). An aggregation level of 6 could easily be supported in 4 OFDM symbols with a minor change to the specifications. 
MTC would be expected to use compact DCI formats (e.g. DCI formats 0/1A). When these DCI formats are supported, a minimum MCS of QPSK R=0.13 can be applied to NC-PDCCH. When lower MCS are required for coverage extension purposes, two potential options are:
· Extend the number of symbols that the narrowband control channel region operates in. Many companies support a cross-subframe scheduling mode of operation for enhanced coverage where an (E)PDCCH allocation in subframe “n” allocates PDSCH in subframe “n+1”. In this case, it may be natural to extend the number of symbols used by the NC-PDCCH in coverage extension mode to the full subframe (excluding the legacy control region).

·  Start repeating the NC-PDCCH across adjacent subframes (Figure 11).

The operation of the narrowband region in the coverage extension mode is illustrated in Figure 9. Even subframes would contain a coverage-extended narrowband control region (with no NC-PDSCH) and odd subframes would contain a coverage-extended NC-PDSCH (with no narrowband control region). This coverage extension mode could be equally applied to MTC UEs and non-MTC UEs.


[image: image9] 

Figure 9 – Operation of the narrowband region in coverage-extension mode

Power consumption reduction
When the control channel region exists for a restricted time duration, the UE is able to decode the control channels in a “microsleep” mode of operation. When microsleep is applied, the UE can turn off its receiver once it knows that it does not have a PDSCH allocation. By microsleeping, the UE can reduce power consumption, which is all the more important for battery constrained MTC devices (than for high feature smartphones). In previous releases, microsleep functionality could be applied by rapidly decoding PDCCH and terminating reception of the PDSCH if it was determined that the PDSCH was not destined for that UE. Microsleep is even more applicable to Release-13 LTE MTC in the following two cases:

· For the purposes of complexity reduction, companies have proposed a timing relationship for Release-13 MTC whereby an (E)PDCCH in subframe “n” allocates PDSCH in subframe “n+1”. In this case, the UE can turn its receiver “off” in subframe “n” when it is not receiving NC-PDCCH (Figure 10). 


[image: image10]
Figure 10 - The UE can microsleep and turn its receiver "off" when not receiving NC-PDCCH if NC-PDCCH allocates NC-PDSCH in the next subframe

· When coverage extension is applied, the (E)PDCCH channel is repeated multiple times before the PDSCH channel is received. In this case, the UE only needs to have its receiver “on” for the number of symbols that the NC-PDCCH is active and can switch its receiver off at other times.


[image: image11]
Figure 11 - The UE can microsleep and turn its receiver "off" during coverage extension mode operation

Simulations have shown [7] that, averaged over all the locations in an urban macro deployment, the NC-PDCCH receiver needs to be “on” for only 0.2ms of the subframe. In contrast, the ePDCCH receiver needs to be “on” for 0.8ms of the subframe.
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 narrowband region does not have to straddle the DC subcarrier of the legacy carrier and hence 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 12: 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 12 – ICIC when narrowband regions are centred at different frequencies

4. Conclusion
This document has described Sony’s view on how a narrowband PDCCH could be used to support reduced bandwidth operation of Release-13 LTE MTC UEs. 

The use of a symbol-shifted narrowband version of the Release-12 control channel region allows reduced bandwidth LTE MTC UEs to be supported efficiently, allowing for coverage extension and power consumption reduction, with minimal specification impacts. The performance of the NC-PDCCH is superior to that of the ePDCCH [2].
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� This proposal is characterised by the Narrowband Control channel region, hence channels associated with this proposal are termed “NC-xxxx”


� 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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