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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#71, an update to TR 36.888 was agreed which lists a number of means by which steps towards this goal might be taken [1]:

· Repetition/retransmission/spreading/low rate coding
· Includes TTI bundling, RLC segmentation
· Power boosting
· Includes power spectral density boosting
· Relaxed requirements (e.g., acquisition time, longer averaging time)
· Design new channels 

Others may also be added later.
We have previously discussed in [2] the potential coverage extension which could be available from system bandwidth reduction, amounting to power-spectral density boosting. Other companies have also proposed techniques with a similar motivation, such as [3] and [4].
In this contribution, we offer a power-density boosting approach which could be achieved largely by scheduling decisions at the eNB. However, we find there is a limitation to the benefit of power boosting on PDSCH using transmit diversity (TxD) as a result of not boosting the CRS used for channel estimation and demodulation, and therefore propose combining DM-RS with TxD to overcome this.
2
Discussion
Consider a scenario where low-cost MTC UEs can be served when the normal LTE traffic in a cell is very light. This could be, for example, late at night or during an opportunistic quiet period in the daytime. In such a scenario, non-MTC UEs can be served with reduced resource allocations compared to times of ordinary service. In order to extend coverage, the transmit power the eNB might otherwise spread across resources matching the system bandwidth can be concentrated into a reduced number of RBs, so increasing the power density transmitted to a UE. This will naturally improve coverage for a UE benefitting from such an arrangement, in exchange for reduced utilization of resource (which, in this scenario, is only lightly-loaded).
2.1
PDSCH power-density boosting
The basis of the proposal in this Tdoc is that power-density boosting for PDSCH transmitted to a coverage-limited MTC UE is applied by unloading some RBs that could otherwise have been used for transmissions to ‘normal’ LTE UEs. The physical-layer principles are illustrated in Figure 1. Here, the eNB is providing a 10 MHz DL carrier, comprising 50 RBs.  Coverage-limited MTC UEs have been allocated the central 6 RBs (equivalent to the smallest system bandwidth of 1.4 MHz), and normal LTE UEs have been allocated 38 of the remaining 44 RBs. This leaves 6 RBs which now carry no PDSCH for any UE and the power they could have contained is assigned additionally to RBs allocated to the MTC UE, amounting to approximately a 3 dB power boost there (CRS are still transmitted in all RBs).

[image: image1.emf]Frequency

P

o

w

e

r

Normal LTE 

PDSCH (19RBs)

MTC 

PDSCH 

(6RBs)

Normal LTE 

PDSCH (19RBs)

3RBs 

Unloaded

3RBs 

Unloaded

3dB Power Boost

CRS


Figure 1: PDSCH power-boosting by unloading some RBs. The PDSCH power available in the 6 unloaded RBs is transferred to the central 6 RBs which are allocated to a MTC UE. CRS (indicative vertical lines) are not boosted.
In general, if the MTC UE is allocated M RBs, and the number of unloaded RBs is N, the maximum power boost B that could be provided to the MTC UE is:
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Legacy broadcast transmissions of PBCH, PSS, SSS, and CRS (but see Section 2.2) are not altered since their coverage is already good and our focus in this contribution is on PDSCH. PDCCH, PCFICH and PHICH are also assumed to not be altered by the power-boosted PDSCH transmissions.
In this contribution, we have considered that a low-cost MTC UE might support only the narrowest LTE system bandwidth of 1.4 MHz (in line with cost-reduction techniques discussed in TR 36.888), i.e. a contiguous 6 RBs. Clearly, a cell can support multiple such UEs by allocating them each fewer than six RBs, but for link-level simplicity we have taken the case where a single MTC UE is allocated all six central RBs (M = 6) and, likewise, the remaining loaded PDSCH resources are allocated to another single UE. According to (1), in a 10 MHz (50 RBs) system bandwidth, the maximum possible boost for a 6 RB MTC UE is therefore approximately 9 dB, and in 20 MHz (100 RBs) it is approximately 12 dB. 
2.1.1
Link-level simulation results
To evaluate how much of the theoretical gain from (1) is actually obtained, simulation results for providing the MTC UE with a PDSCH power-boost from unloading 6, 18, and 44 RBs are shown below. This amounts to a boost of 3 dB, 6 dB and approximately 9 dB (the latter by unloading all available non-MTC RBs). Simulation parameters are shown in detail in the Annex.

Figure 2, summarized in Table 1, shows that this kind of PDSCH power-density boosting can provide useful coverage extensions, with approximately 4 dB available, at 70% of maximum throughput, when a 6 dB power boost is applied. However, it also shows that an increasing proportion of the power boost is lost – around 2 dB is missing from a 6 dB power boost for example. This is due to using only non-boosted CRS for channel estimation, which eventually becomes the limiting factor in throughput performance.
Observation 1: Approximately 4 dB of MTC coverage extension can be provided by a 6 dB power boost on a reduced bandwidth PDSCH allocated 6 RBs.
Another coverage extension approach discussed in [2] was to reduce the required throughput level from 70% to 30% of the maximum throughput (which amounts to tolerating increased HARQ retransmissions). Table 1 shows that this could be combined with power density boosting to obtain an additional 4.5 dB coverage extension, for a total of 8.5 dB.
Observation 2: Combining a 6 dB power boost on a 6 RB PDSCH with a reduction in the throughput requirement from 70% to 30% of the maximum could provide an 8.5 dB MTC coverage extension.
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Figure 2: Effect of PDSCH power-density boosting for MTC UE allocated central 6 RBs of 10 MHz system bandwidth. Channel estimation using CRS with no boosting. IMCS = 0.
	PDSCH power boost
	Coverage extension @70% Tput
(Loss from ideal)
	Gain from Tput relaxation to 30% 
	Combined coverage extension

	3 dB
	2 dB (1 dB loss)
	5 dB
	7 dB

	6 dB
	4 dB (2 dB loss)
	4.5 dB
	8.5 dB

	9 dB
	5 dB (4 dB loss)
	5 dB
	10 dB


Table 1: Approximate MTC UE coverage enhancements in Figure 2.
The potential throughput available to the ‘normal’ LTE UE will clearly be reduced during the operational periods of this coverage extension mechanism, as shown in Figure 3. However, the scenario of a lightly-loaded cell in which this coverage extension technique would be best deployed should mean that this throughput capability was not in fact required in order to meet the remaining non-MTC needs of the cell.
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Figure 3: Impact of power boosting resource reduction on a ‘normal’ LTE UE allocated (50 – M) RBs, distributed symmetrically across the system bandwidth. Channel estimation using CRS with no boosting. IMCS = 0.
2.2
Channel estimation and reference signals

The results for PDSCH power-density boosting showed that coverage extension gains are eventually limited by channel estimation quality based on CRS, which were not power boosted. Boosting CRS in mitigation may be undesirable since:

· Power would be wasted on boosting CRS (i) in RBs which no longer contain any user data transmission; and (ii) in RBs for ‘normal’ LTE UEs which do not require power boosting for successful operation.

· Legacy UEs would be prone to over-estimating the RSRP of the cell when determining which cell to connect to initially. In order to not affect handover decisions in neighbor cells, all neighboring eNBs would need to be mutually aware of other cells’ CRS power boosting arrangements.

· There could be some small impact on CQI and MCS determination since, although the eNB could try to correct a legacy UE’s CQI report for the power boost, the quantization of CQI and the implementation-specific nature of the UE’s calculation could make this imprecise.

· Demodulation of 16- and 64-QAM PDSCH by legacy UEs relying on CRS would be degraded since they would have incorrect channel amplitude estimates.

Therefore, in this Tdoc we prefer to power-boost the UE-specific RS (DM-RS) for PDSCH. DM-RS have the particular advantages that they are only transmitted in RBs onto which PDSCH is mapped for the UE. So far in the low-cost MTC SI, simulations have assumed a 2-transmit antenna eNB using TxD, i.e. TM2. It seems natural to continue this TxD assumption in work considering ways to achieve maximum cell coverage. However, TxD supports only the use of CRS (i.e. ports 0,1 or 0,1,2,3) for channel estimation, as DM-RS (i.e. ports 5, 7, 8, …, 14) were originally designed for beamforming TMs 7/8/9.
Therefore, we propose to send DM-RS in RBs allocated to PDSCH for an MTC UE which is configured with TxD. This could be viewed as altering TM2 by the addition of DM-RS, or altering 
TM 8 by the use of TxD instead of beamforming.  In Section 2.2.1 we have taken the example of DM-RS on ports 7 and 8, which are code multiplexed. Alternatives include using, e.g. ports 7 and 9 which are frequency multiplexed. There is an evident increase in the overhead when transmitting DM-RS as well as CRS, but for typical low-cost MTC UE traffic the data rates are expected to be very low so this does not present a problem. This allows the DM-RS to be power-boosted along with PDSCH with no effect on other UEs, potentially improving the quality of channel estimation for coverage-limited MTC UEs. See Figure 4 by way of illustration.
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Figure 4: PDSCH and DM-RS power-boosting by unloading some RBs. Vertical lines are indicatively DM-RS, boosted with PDSCH, and CRS, which are not boosted.
2.2.1
Link-level simulation results

Simulation results for providing the MTC UE with equal PDSCH and DM-RS power-density boosts of 3 dB, 6 dB and 9 dB are shown below. In Figure 5 and Table 2 we find that using boosted DM-RS has provided a channel estimate of sufficient quality to allow the full benefit of the power-density boost to transfer into coverage extension, at both 70% and 30% of maximum throughput. This is a considerable advantage compared to boosting only PDSCH. These improvements have been obtained with conservation of total power transmitted from the eNB since for every RE with a power boost another has been unloaded, for both PDSCH and DM-RS (CRS are neither boosted nor unloaded).
Observation 3: PDSCH and DM-RS boosting across a 6 RB allocation could provide the full benefit of the power boost into MTC coverage extension, allowing up to approximately 9 dB improvement in a 10 MHz system bandwidth.
Taking the coverage extension from power-density boosting and combining it with that from reducing the maximum throughput requirement can provide 10.5 dB extension from a 6 dB power-density boost, which is a significant step towards the 20 dB target of the SI.
Observation 4: Combining PDSCH and DM-RS power boosting across a 6 RB allocation with reducing the throughput requirement to 30% of the maximum could improve MTC coverage by up to 13.5 dB in a 10 MHz system bandwidth.
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Figure 5: Effect of PDSCH and DM-RS power-density boosting for MTC UE allocated central 6 RBs of 10 MHz system bandwidth. Channel estimation using DM-RS. IMCS = 0.

	PDSCH & DM-RS power boost
	Coverage extension @70% Tput
(Loss from ideal)
	Gain from Tput relaxation to 30% 
	Combined coverage extension

	3 dB
	3 dB (0 dB loss)
	4.5 dB
	7.5 dB

	6 dB
	6 dB (0 dB loss)
	4.5 dB
	10.5 dB

	9 dB
	9 dB (0 dB loss)
	4.5 dB
	13.5 dB


Table 2: Approximate MTC UE coverage enhancements in Figure 5.
A full comparison of using CRS only and DM-RS only channel estimation along with the relevant power boosting approach is shown in Figure 6. The maximum gain found from the baseline case (CRS, with no PDSCH power density boost) is nearly 13.5 dB. Gains compared to the CRS baseline are fractionally smaller than from the DM-RS baseline since CRS can give slightly better channel estimation in the first place owing mainly to their higher time/frequency density per antenna port than the DM-RS.
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Figure 6: Overall comparison of CRS vs. DM-RS channel estimation, power boosting on PDSCH vs. PDSCH and DM-RS, and throughput requirement relaxation.
2.3
Power boosting limitations
The simulation parameters used here limit the maximum power boost to approximately 9 dB. With large levels of power boost the gains may not be fully realized if the power boost results in harmful levels of in-band interference between subcarriers, or if the increased dynamic range seen by the UE degrades receiver performance. Power boosting may also increase out of band emissions (OOBEs) causing the eNB to fail a regulatory block-edge mask. This would require the eNB transmit power to be reduced to stay within the regulatory limits. eNB PA linearity and dynamic range of the UE receiver could restrict the maximum practical power boost.
RAN4 has previously studied power boosting [5], [6], and in TS 36.104 dynamic range limits have been defined for the REs with each modulation. For QPSK on PDSCH, deviation limits from the average of +3 dB to -6 dB have been set (see Table 6.3.1.1-1). These limits are based on power boosting being distributed across the system bandwidth and assume full utilization of RBs.
In this contribution, we have assumed that the central 6 RBs are boosted and the adjacent RBs are unloaded; as a result the largest third order intermodulation products generated by power boosting will mainly fall within unused RBs. This should limit the amount of interference between adjacent subcarriers and hence permit a higher level of power boost than currently permitted by the RAN4 specifications. The OOBEs can also be controlled by carefully choosing which RBs to unload. For example, unloading RBs at the band edge will reduce the OOBEs, thus permitting a higher power boost within the regulatory limit. Some RAN4 study of these effects could be desirable.
3. 
Conclusions
We have proposed power-density boosting for PDSCH with conservation of total transmitted power. This is achieved by unloading a number of RBs sufficient to provide the desired power boost, which may be tolerable in the scenario of late-night low-traffic operation, or opportunistic resource management during quiet periods in the daytime. The benefit of the PDSCH power boost can be fully transferred into coverage extension if DM-RS are configured and boosted together with PDSCH. To combine the benefits of TxD and power-boosted DM-RS requires some enhancements to existing TMs which presently offer TxD with CRS-based estimation (TM2) or DM-RS based estimation without TxD (TM7, 8, etc.).
In summary, we have found that:
1. Approximately 4 dB of MTC coverage extension can be provided by a 6 dB power boost on a reduced bandwidth PDSCH allocated 6 RBs.
2. Combining a 6 dB power boost on a 6 RB PDSCH with a reduction in the throughput requirement from 70% to 30% of the maximum could provide an 8.5 dB MTC coverage extension.
3. PDSCH and DM-RS boosting across a 6 RB allocation could provide the full benefit of the power boost into MTC coverage extension, allowing up to approximately 9 dB improvement in a 10 MHz system bandwidth.
4. Combining PDSCH and DM-RS power boosting across a 6 RB allocation with reducing the throughput requirement to 30% of the maximum could improve MTC coverage by up to 
13.5 dB in a 10 MHz system bandwidth.
PDSCH was shown in [7] to need a 16 dB coverage extension to achieve an UL-DL balanced system. A reduced bandwidth UE with DM-RS based channel estimation can immediately meet 9 dB of this requirement, and adding throughput relaxation reaches 13.5 dB – a significant step towards the target.
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Annex – Simulation Assumptions and Parameters

	Link-level PDSCH simulation parameters

	Frame structure
	Type 1 (FDD)

	Cyclic prefix
	Normal

	Max. HARQ transmissions
	4 (no TTI bundling)

	IMCS
	0

	ITBS
	According to allocated RBs

	System bandwidth
	10 MHz

	Antenna configuration
	2×2, low correlation

	Channel model
	EPA, 1Hz Doppler shift

	Transmission Mode
	TM2, as extended

	Control region
	2 OFDM symbols

	DM-RS
	Ports 7 and 8

	PDSCH subframes
	No PDSCH in subframe 5
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