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1
Introduction
The RAN1 study on low-cost MTC UEs is currently tasked with finding techniques to extend the coverage of LTE for such devices by as much as 20 dB. In RAN1#72, an update to TR 36.888 was agreed which lists a number of means by which steps towards this goal might be taken [1].
We have previously discussed in [2], [3] the potential coverage extension which could be available from power spectral density boosting. Other companies have also proposed techniques with a similar motivation, such as [4], [5].
In this contribution we analyze a power density boosting approach to improve the coverage of PDCCH for MTC UEs without impacting legacy UEs.
2
Discussion
Power density boosting can be an effective means to extend the coverage of a cell, as shown in the case of PDSCH for example, in [2], and PBCH in [6]. The basic principle used in those contributions is that the low traffic demands on a cell during MTC coverage extension operation allow the power from lightly-loaded PDSCH RBs to be concentrated into RBs spanning a narrow bandwidth, thus increasing the power density of transmissions to the relevant UE. It is not possible to directly apply the same principle to PDCCH since it is distributed across the system bandwidth. It is therefore beneficial to allow a PDCCH structure that on the one hand provides for low-cost and extended coverage operation for MTC UEs and on the other does not disrupt legacy UEs.
2.1
Extending PDCCH coverage for low-cost MTC UEs
Allocating an additional PDCCH in a narrow bandwidth within the PDSCH region can offer cost reduction benefits, as identified in earlier stages of the MTC Study Item, and in designs such as those in [7] - [9] illustrated in Figure 1a. Given the light non-MTC traffic load in the cell at the times coverage extension is enabled, the width of the legacy control region can be fixed (or at least semi-static) and an additional, narrow bandwidth, MTC PDCCH transmitted after it. Since this MTC PDCCH is in the PDSCH region, the same power-density boosting principles as used for PDSCH in [2], [3] and PBCH in [6] can be deployed to extend coverage, as illustrated in Figure 1b. For example, a 3 dB power density boost can be given to the MTC PDCCH by unloading 6 PDSCH RBs which are not needed at times of low traffic. Legacy transmissions such as CRS are not affected.
If the total duration of both control regions is less than 5 OFDM symbols, this structure can be supported in any subframe, and if a total of 5 or more symbols are required, it can be supported in time contiguous resources in all subframes apart from #0 and #5.
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Figure 1a: Location of narrowband MTC PDCCH within a subframe. 
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Figure 1b: Unloading of PDSCH to allow power-density boosting of MTC PDCCH. CRS are not altered.



This approach does not affect legacy UEs, since they will simply decode PCFICH and find the same value each time. Depending on the bandwidth supported by the MTC UE, it can either decode the legacy PCFICH to determine where the MTC PDCCH begins, or, if it is a narrowband device (e.g. 1.4 MHz), it can be provided with an RRC configuration of the contents of PCFICH, the contents of which is semi-static in the relevant scenario. In either case, this allows low cost UEs to be manufactured which need only do channel estimation over a restricted bandwidth, even if they support a wider bandwidth, or to be manufactured to only receive a narrow bandwidth with correspondingly reduced baseband costs.
Observation 1: Coverage extension by power-density boosting can be enabled by using an MTC PDCCH which is positioned in the PDSCH region and occupies a bandwidth smaller than the system bandwidth.
2.1.1
Link-level simulation results

The link-level BLER performance of this approach is shown when 6, 18 and 44 RBs are unloaded from PDSCH and the released power concentrated into the MTC PDCCH resources. Resources are reserved for PCFICH and PHICH in the MTC control region. The simulation is configured as follows:

	Legacy control region duration
	2 OFDM symbols

	MTC control region duration
	3 OFDM symbols

	System bandwidth
	10 MHz (50 RBs)

	MTC control region bandwidth
	1.4 MHz (6 RBs)

	DCI format
	1A

	Aggregation level
	4


Table 1: PDCCH and MTC PDCCH simulation parameters.
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Figure 2:  MTC PDCCH coverage extension by power-density boosting, using a non-boosted CRS channel estimate in the central 6 RBs.
	PDCCH power boost
	Coverage extension @1% BLER
(loss from ideal)

	3 dB
	1.9 dB (1.1 dB)

	6 dB
	3.6 dB (2.4 dB)

	9 dB
	5.1 dB (3.9 dB)


Table 2: MTC PDCCH coverage gain from power-density boosting 

Table 2 summarizes the results in Figure 2, it shows that power-density boosting of an MTC PDCCH can provide up to 5.1 dB of coverage extension when a 9 dB boost is applied, but also that there is an element of inefficiency in that the loss from ideal increases as the boost does. This is due to using only non-boosted CRS for channel estimation, which eventually becomes the limiting factor in BLER performance.
Observation 2: Power-density boosting of an MTC PDCCH within a 10 MHz channel can provide up to 5.1 dB coverage extension when channel estimation is based on CRS.
2.2
MTC PDCCH Power Boosting Reference Symbols

The BLER results above showed that not boosting RS for MTC PDCCH limits the coverage extension gains that it could provide. Other contributions [3], [10] have discussed why it is undesirable to boost the CRS, principally the effects of doing so on legacy UEs. It is therefore reasonable to introduce a dedicated reference signal, here termed the power-boosting reference signal (PB-RS), for MTC PDCCH which can then be boosted on a cell-specific basis. This proposal is similar to those in our other contributions [3], [6], [11]. These additional PB-RS can then be power-boosted and used to improve the channel estimation for coverage limited MTC UEs.
To minimize the specification work required, we suggest re-using the DM-RS design for PDSCH on ports 7 and 8, but translating it in the time domain to be in the first two symbols of the MTC PDCCH, illustrated within one PRB pair in Figure 3. Other locations could also be possible, and the various proposals for new DM-RS patterns on the NCT [12] – [14] could also be studied for this purpose.
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Figure 3: MTC PDCCH PB-RS pattern in a PRB pair. 2-port CRS shown also, for
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To be able to carry at least a common search space MTC PDCCH, there must be a minimum of 144 REs available, so the MTC CFI ≥ 3, if the MTC bandwidth is 1.4 MHz. In total, CRS on two ports and PB-RS occupy 60 REs in a 1.4 MHz bandwidth, leaving 156 REs for control channels, of which at least 28 are taken by PCFICH and PHICH.
In RAN1#72, it was concluded that PCFICH and PHICH would not be studied further for coverage extension. The rationale was that the CFI would be fixed while the cell is operating in an extended coverage mode, and that HARQ ACK/NACK would be sent on PDCCH instead of PHICH. Therefore, to have enough resource to send a common search space PDCCH in the MTC control region, it does not include a PCFICH or a PHICH.
2.2.1
Link-level simulation results

The link-level BLER performance of this PB-RS based MTC PDCCH is shown in Figure 4, with a comparison to the CRS-only based channel estimation from Section 2.1.1. The PB-RS have been boosted by the same ratio as the MTC PDCCH itself. The maximum coverage extension over the baseline non-boosted CRS-based case is approximately 7.3 dB, although the transfer of power-boosting into coverage extension is now efficient, i.e. an incremental 3 dB power-density boost in the PB-RS based case adds the full 3 dB to the coverage. Approximately 0.2 dB of the gain over CRS-based estimation is due to removing the probability of incorrectly decoding PCFICH. Total transmit power at the eNB has been conserved since for each RE with a power-density boost, another has been unloaded for both MTC PDCCH and its associated PB-RS.
Observation 3: Using PB-RS based channel estimation for MTC PDCCH can give up to 7.3 dB coverage extension in a 10 MHz system bandwidth.
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Figure 4: MTC PDCCH coverage extension by power-density boosting, comparing CRS and power boosted PB-RS channel estimations in the central 6 RBs.
Comparing PB-RS to CRS-based channel estimation in Figure 4 shows that at lower boost levels, a lower SNR is possible when just relying on CRS despite the presence of PB-RS. This is because the distribution of CRS reduces the need for time and frequency domain interpolation for the channel estimation compared to just using the PB-RS. The distribution density of reference symbols at higher PB-RS power levels become less significant.
A UE implementation which estimates the channel jointly on PB-RS and CRS, achieves better performance at medium and lower boosts, as shown in Figure 5, but estimation on PB-RS alone is preferred at a 9 dB boost as it avoids any reliance on the non-boosted CRS. A good UE implementation might therefore detect the power-boost on PB-RS and operate its channel estimation accordingly.
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Figure 5: Comparison of joint PB-RS and CRS channel estimation vs. CRS-only channel estimation for MTC PDCCH in the central 6 RBs.
3. 
Conclusions
This Tdoc has proposed a means to use power-density boosting to improve the coverage of PDCCH for low-cost MTC UEs. To achieve this, we have observed that:
· Coverage extension by power-density boosting can be enabled by using an MTC PDCCH which is positioned in the PDSCH region and occupies a bandwidth smaller than the system bandwidth.
· Power-density boosting of an MTC PDCCH within a 10 MHz channel can provide up to 
5.1 dB coverage extension when channel estimation is based on CRS only.
· Using MTC PDCCH PB-RS based channel estimation can give up 7.3 dB coverage extension in a 10 MHz system bandwidth.
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