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1. Introduction
RAN#53 initiated a study item on “Provision of Low-Cost MTC UEs based on LTE” [1]. RAN1 is documenting the results of the study in a technical report and the already agreed parts are available in references [2] ~ [9].
This contribution provides further input on two aspects that were raised at RAN1#68bis:

1. PDCCH performance impacts from removed receive diversity and/or reduced reception bandwidth
Our earlier contributions [10] and [11] showed that each one of these two UE cost reduction techniques may result in a substantial PDCCH capacity degradation, and even more so if the two techniques are combined. In this contribution we discuss how the situation is affected by the level of PDCCH CCE aggregation.
2. How much the maximum UE transmit power can be reduced without limiting coverage (if at all)
Our earlier contribution [12] concluded that a reduction of the maximum UE transmit power sufficiently large to provide a significant UE cost reduction would have a clear impact on uplink coverage. In this contribution we elaborate on how much the transmit power can be reduced without limiting coverage. We also briefly revisit the question how much the transmit power would need to be reduced in order to provide a significant UE cost reduction.
2. PDCCH performance impacts from removed receive diversity and/or reduced reception bandwidth
Considering the low requirements on data rates in the targetted scenarios and the fact that the data channel PDSCH has HARQ retransmissions while the downlink control channels do not, it is expected that the downlink control channels rather than PDSCH may be limiting the coverage if UE receive diversity is removed. Hence we here focus on the impact on the coverage for the downlink control channels.

In contributions [10] and [11] we provided link-level simulation results for some downlink control channels (PDCCH, PCFICH, PHICH) for different channel models (EPA5, EPA300, ETU5, ETU300) for bandwidths ranging from 1.4 MHz to 20 MHz, with and without UE receive diversity. From a coverage perspective the downlink control channels are well balanced [13] and since the performance degradation tended to be more significant for PDCCH than for the other downlink control channels, we focus on PDCCH in this contribution.
Whether the performance degradations due to the cost reduction techniques have an effect on area coverage and possibility to deploy MTC devices depends on the network deployment. In some scenarios the uplink coverage may still be more limiting than the downlink coverage. However, in scenarios with non-insignificant load, where the downlink coverage is interference-limited rather than noise-limited, control channel capacity may become an issue.
Table 1: PDCCH SNR [dB] required for 1% PDCCH BLER (with ideal PCFICH decoding, random payload bits, payload size according to DCI format 1, resource allocation type 0, no antenna correlation, no antenna imbalance)
	BW
	CCE
	Rx
	EPA5
	EPA300
	ETU5
	ETU300

	1.4
	4
	1
	4.0
	5.2
	0.6
	2.2

	1.4
	4
	2
	-0.7
	-1.2
	-2.6
	-2.4

	3
	8
	1
	0.0
	1.9
	-3.3
	-1.9

	3
	8
	2
	-4.1
	-4.2
	-6.0
	-5.7

	5
	8
	1
	-0.8
	0.1
	-3.4
	-2.3

	5
	8
	2
	-4.7
	-4.9
	-6.7
	-6.0

	20
	8
	1
	-2.4
	-2.9
	-3.9
	-2.9

	20
	8
	2
	-6.9
	-6.8
	-7.4
	-6.1

	20
	4
	1
	0.6
	0.0
	-1.2
	-0.4

	20
	4
	2
	-3.9
	-4.3
	-5.0
	-3.5

	20
	2
	1
	3.7
	2.9
	1.7
	2.5

	20
	2
	2
	-0.9
	-1.4
	-1.8
	-1.4


Table 1 shows the required SNR for 1% BLER on PDCCH for a few combinations of bandwidths (1.4, 3, 5, 20 MHz), CCE aggregation levels (2, 4, 8) and number of receive antennas (1, 2). All the other tables in this section are derived from Table 1.

Table 2: PDCCH link performance degradation from removed receive diversity
	BW
	CCE
	Rx
	EPA5
	EPA300
	ETU5
	ETU300

	1.4
	4
	2 ( 1
	4.7
	6.4
	3.2
	4.6

	3
	8
	2 ( 1
	4.1
	6.1
	2.7
	3.8

	5
	8
	2 ( 1
	3.9
	5.0
	3.3
	3.7

	20
	8
	2 ( 1
	4.5
	3.9
	3.5
	3.2

	20
	4
	2 ( 1
	4.5
	4.3
	3.8
	3.1

	20
	2
	2 ( 1
	4.6
	4.3
	3.5
	3.9


Table 2 shows the degradation from removing receive diversity. In the reference case (with receive diversity), the antennas are assumed to be balanced and uncorrelated. In practice the antennas will not be perfectly balanced and uncorrelated, which means that the degradation from removing receive diversity will be somewhat smaller than this. For most cases in the table the degradation is roughly 4 dB (slightly more for EPA and slightly less for ETU). However, in case of a small system bandwidth (that offer limited frequency diversity), the degradation from removing receive diversity can go up to around 6 dB for low dispersion channels (EPA). According to our analysis in [11], assuming re-use 1, this 4-dB degradation would result in roughly 55% PDCCH capacity loss in Case 1 and 80% PDCCH capacity loss in Case 3. Next we will check what happens if the CCE aggregation level is increased in order to compensate for the performance degradation.
Table 3: PDCCH link performance degradation from removed receive diversity AND increased CCE aggregation
	BW
	CCE
	Rx
	EPA5
	EPA300
	ETU5
	ETU300

	20
	2 ( 4
	2 ( 1
	1.5
	1.4
	0.6
	1.0

	20
	4 ( 8
	2 ( 1
	1.5
	1.4
	1.1
	0.6

	20
	2 ( 8
	2 ( 1
	-1.5
	-1.5
	-2.1
	-1.5


Table 3 indicates that when removing receive diversity, the PDCCH SNR can be restored if the CCE aggregation can be increased ~3 times (since 2 times is not quite sufficient and 4 times is more than enough). Next we will look at another cost reduction technique – bandwidth reduction.
Table 4: PDCCH link performance degradation from reduced bandwidth

	BW
	CCE
	Rx
	EPA5
	EPA300
	ETU5
	ETU300

	20 ( 1.4
	4
	2
	3.2
	3.1
	2.4
	1.1

	20 ( 3
	8
	2
	2.8
	2.6
	1.4
	0.4

	20 ( 5
	8
	2
	2.2
	1.9
	0.7
	0.1


Table 4 shows the degradation from reducing the bandwidth. For the cases in the table, the degradation when reducing the bandwidth from 20 MHz to 1.4 MHz is about 3 dB for EPA and less than that for ETU. And if a more moderate bandwidth reduction is performed, i.e. from 20 MHz to 3-5 MHz, the degradation is smaller, as expected. According to our analysis in [10]

 REF _Ref324369088 \r \h 
[11], assuming re-use 1, a 2-dB degradation would result in roughly 35% PDCCH capacity loss in Case 1 and 45% PDCCH capacity loss in Case 3. Next we will check what happens if the CCE aggregation level is increased in order to compensate for the performance degradation.
Table 5: PDCCH link performance degradation from reduced bandwidth AND increased CCE aggregation
	BW
	CCE
	Rx
	EPA5
	EPA300
	ETU5
	ETU300

	20 ( 1.4
	2 ( 4
	2
	0.2
	0.2
	-0.8
	-1.0

	20 ( 3
	4 ( 8
	2
	-0.2
	0.1
	-1.0
	-2.2

	20 ( 5
	4 ( 8
	2
	-0.8
	-0.6
	-1.7
	-2.5


Table 5 indicates that when reducing the bandwidth, the PDCCH SNR can be restored if the CCE aggregation can be doubled. Next we will look at what happens when the two cost reduction techniques are combined.
Table 6: PDCCH link performance degradation from removed receive diversity AND reduced bandwidth

	BW
	CCE
	Rx
	EPA5
	EPA300
	ETU5
	ETU300

	20 ( 1.4
	4
	2 ( 1
	7.9
	9.5
	5.6
	5.7

	20 ( 3
	8
	2 ( 1
	6.9
	8.7
	4.1
	4.2

	20 ( 5
	8
	2 ( 1
	6.1
	6.9
	4.0
	3.8


Table 6 shows the degradation from removing receive diversity AND reducing the bandwidth. The degradation when  removing receive diversity and reducing the bandwidth from 20 MHz to 1.4 MHz is in the order of 8-9 dB for EPA and 5-6 dB for ETU. And if a more moderate bandwidth reduction is performed, i.e. from 20 MHz to 3-5 MHz, the degradation is smaller, as expected. According to our analysis in [11], assuming re-use 1, an 8-dB degradation would result in roughly 75% PDCCH capacity loss in Case 1 and over 90% PDCCH capacity loss in Case 3. Next we will check what happens if the CCE aggregation level is increased in order to compensate for the performance degradation.
Table 7: PDCCH link performance degradation from removed receive diversity AND reduced bandwidth AND increased CCE aggregation
	BW
	CCE
	Rx
	EPA5
	EPA300
	ETU5
	ETU300

	20 ( 1.4
	2 ( 4
	2 ( 1
	4.9
	6.6
	2.4
	3.6

	20 ( 3
	2 ( 8
	2 ( 1
	0.9
	3.3
	-1.5
	-0.5

	20 ( 5
	2 ( 8
	2 ( 1
	0.1
	1.5
	-1.6
	-0.9


Table 7 indicates that when removing receive diversity AND reducing the bandwidth to 1.4 MHz, the required PDCCH SNR level is nowhere near being restored by a doubling of the CCE aggregation – in this case the CCE aggregation level would probably need to be increased 8 times rather than 2 times (i.e. to 16CCE instead of 4CCE in this particular case).
Table 8: Resulting PDCCH SNR reduction from doubled CCE aggregation
	BW
	CCE
	Rx
	EPA5
	EPA300
	ETU5
	ETU300

	20
	4 ( 8
	1
	3.0
	2.9
	2.7
	2.5

	20
	4 ( 8
	2
	3.0
	2.5
	2.4
	2.6

	20
	2 ( 4
	1
	3.1
	2.9
	2.9
	2.9

	20
	2 ( 4
	2
	3.0
	2.9
	3.2
	2.1


Table 8 just shows that, at least for the 20-MHz case, the required SNR can be lowered about 3 dB by doubling the CCE aggregation level.

To summarize the results above,

· Removing receive diversity degrades the performance ~4 dB in most cases, somewhat more in some cases. This can be compensated for by increasing the CCE aggregation level ~3 times.

· Reducing the bandwidth from 20 to 1.4 MHz degrades the performance ~3 dB. This can be compensated for by increasing the CCE aggregation level 2 times.
· Removing receive diversity and reducing the bandwidth from 20 to 1.4 MHz degrades the performance close to 10 dB in channels with low dispersion, less in channels with high dispersion. Trying to compensate for this by increasing the CCE aggregation would require ~8 times higher CCE aggregation level.
Although a higher level of CCE aggregation may help avoid severe PDCCH capacity problems, it should be kept in mind that CCE aggregation steals capacity from PDSCH and that it may have impact on the PDCCH decoding complexity. Using ePDCCH instead of PDCCH, in combination with some form of ICIC in order to reduce the inter-cell interference, may help to mitigate some of the capacity impacts from the degraded receiver performance.
3. How much the maximum UE transmit power can be reduced without limiting coverage (if at all)

From the LTE FDD link budget in Table 5.2.1.2-2 in [2] we see that the PUSCH is the coverage limiting physical channel for an MTC terminal with 20 kbps data rate in uplink and downlink, and the MCL for PUSCH is 140.7 dB. From link budget evaluations in [13] it can be seen that also general LTE coverage is limited by PUSCH. An LTE network would have to be deployed taking this limitation into account. The operator requirement on cell edge performance determines the deployment requirements.
If the operator wishes to target a high data rate on the cell edge, a dense deployment is needed. For MTC users that will not make use of high data rates, the dense network deployment could be exploited for reducing the MTC UE cost by reducing the MTC UE transmit power. For example, targetting 384 kbps on the cell edge for normal LTE FDD users means that there is an 8-dB power margin for MTC users (since the PUSCH MCL for 20 kbps MTC users is 140.7 dB according to Table 5.2.1.2-2 in [2] and the PUSCH MCL for normal 384 kbps users is 132.41 dB according to Table 5-8 in [13]). On the other hand, if the operator is just targetting VoIP coverage on the cell edge, there may not be much of a power margin to exploit for MTC users. Figure 1 illustrates this power margin for MTC UEs at different target cell edge rates for normal LTE users.
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Figure 1: Power margin for MTC UEs at different target cell edge rates for normal LTE users
Our earlier contribution [12] suggested that it may be enough to reduce the maximum UE transmit power with roughly 5 dB (i.e. from 23 dBm to roughly 18 dBm) in order to be able to reduce the UE cost by replacing an external PA with an integrated PA. In our view, an indication that this may be technically feasible is given in [14], where a WLAN SoC solution with fully integrated front-end is presented which can transmit 19.4 dBm spectral mask compliant power and 18.4 dBm EVM-compliant power at 65 Mbps rate, although we acknowledge that there may be significant differences between the WLAN and LTE standards that may have impact on the feasibility of a similar solution for LTE. RAN1#68bis concluded that it may be appropriate to send an LS to RAN4 asking for their view on the output power level at which the external PA may be removed.
Finally, we would like to note that for some MTC applications, e.g. for power meters located in basements, it may very well be challenging to achieve sufficient coverage everywhere already with the reference EGPRS/LTE modems in typical EGPRS/LTE network deployments. In such cases, reducing the UE transmit power would make the situation even more challenging.
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