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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
The recent discussions on MPR for PC6 have been focused on spectral emission [1][2], albeit some papers pointed out the importance of limiting peak current consumption [3][4]. During the RAN4#88bis meeting, the following MPR table received no objection except from Huawei [5], due to the concern on peak current consumption. 
Table 6.2.3F-2: Maximum Power Reduction (MPR) for UE category NB1 and NB2 Power Class 6
	Modulation QPSK
	QPSK

	3 Tones allocation
	0 dB

	6 Tones allocation
	≤ 1 dB

	12 Tones allocation
	≤ 1.5 dB


In this paper, we formally present our qualitative analysis on the correlation between MPR and peak current consumption, and argue that a non-zero MPR (at least 0.5 dB) is needed even for 3-tone UL transmission.
Discussion
There is no MPR (i.e. MPR=0) for single-tone transmission. This means that a PC6 UE would transmit at max power of 14 dBm using single-tone when needed, which would ensure that the cell coverage is not compromised. In this case, it is safe to assume that the PA is operating at Psat where the optimal efficiency (PAE) is achieved. 
On the other hand, the multi-tone signals have significant PAPRs as shown in [6]. Table 1 summarizes the values in [6].
[bookmark: _Ref528240282]Table 1: PAPR of Multi-tone Signals
	Number of sub-carriers
	PAPR@99.9% (dB)

	3-tone
	5.1

	6-tone
	5.8

	12-tone
	5.7



Owing to the PAPR, the PA has to operate below Psat, i.e. back-off is needed. As a result, the corresponding PA efficiency is lower than the optimal one. If the same max TX power is required, the transmission of multi-tone signals would incur higher peak current consumption than that for the transmission of single-tone signal.
One of the major motivations of introducing PC6 is to enable the use of small form-factor, low-cost batteries such as coin cells. Such batteries have very stringent limit on peak current as shown in [3][7]. Therefore from UE implementation point of view, it is desirable to set the peak current consumed by transmitting single-tone as the upper bound, and use MPR to help reduce the peak current required by transmitting multi-tone in order to compensate for the loss of PA efficiency.
In the following, we will present more detailed analysis.
Peak Current Calculation
We adopt similar assumptions for the peak current calculation as those in [7], which were used when the introduction of PC6 was discussed. The main assumptions are:
1) The optimal PA efficiency is 45% when operating at Psat, e.g. for single-tone transmission;
2) The driver power is 60 mW, which includes digital processing and baseband and analogue signal generation prior to the PA input;
3) PA output power includes 1dB loss from switch & harmonic filter.

Typically, the PA efficiency (PAE) decreases when the back-off (BO) from Psat is increased. For class-A PAs, the relationship is linear, e.g. 3 dB BO results in half of the PAE. For other classes, the decrease is non-linear; the resultant efficiency is implementation-dependent and could be higher than class-A. Below is a copy of Fig 6 from [8] showing the PAE versus output power of some example amplifiers.
[image: ]
Figure 1: PAE versus Output Power, copied from [8]
Furthermore, the PAPR of multi-tone signals could be reduced by, e.g. clipping, to a certain extent before causing excessive out-of-band emission or too much EVM. As a result, the required back-off may be reduced. Table 2 lists the assumed BO values and the corresponding PAE for class-A PAs. 
[bookmark: _Ref528273324]Table 2: PA Back-off and PAE
	UL Signal
	Back-off (dB)
	PAE (Class-A PA)

	3-tone
	2
	28%

	6-tone
	2.5
	25%

	12-tone
	3
	23%


				Note: PAE=45% for BO=0 dB and PAE decreases linearly with BO.

Consider 3-tone transmission using a class-A PA. We first vary the MPR and calculate the peak current as shown in Table 3. It can be seen that an MPR of 2.2 dB would be needed for this type of PAs in order to make the peak current no more than that of single-tone transmission.
[bookmark: _Ref528247230]Table 3: Peak current for 3-tone assuming class-A PA and variable MPR
	UL Signal
	MPR (dB)
	Pout @Ant (dBm)
	PA out (dBm)
	Psat (dBm)
	PAE
	PA Pdc (mW)
	Driver Power (mW)
	Total DC Power (mW)
	Supply current (mA) @ 3V

	
	
	
	
	
	
	
	
	
	

	3-Tone 
	0.5
	13.5
	14.5
	16.5
	28%
	101
	60
	161
	54

	3-Tone
	1
	13
	14
	16
	28%
	90
	60
	150
	50

	3-Tone
	2.2
	11.8
	12.8
	14.8
	28%
	68
	60
	128
	43

	Single-Tone
	0
	14
	15
	15
	45%
	70
	60
	130
	43



For other type of PAs, the PAE may be higher for the same BO. In order to derive how high the PAE needs to be, we then fix the MPR=0.5 dB and vary the PAE. The resultant peak current is listed in Table 4. At the median PAE of 37%, the peak current is 46 mA. Only when the PAE is increased to 40%, the design target of 43 mA is achieved. Such high PAE at 2 dB back-off would make the PA design very challenging.
[bookmark: _Ref528247815]Table 4: Peak current for 3-tone assuming fixed MPR and variable PAE
	UL Signal
	MPR (dB)
	Pout @Ant (dBm)
	PA out (dBm)
	Psat (dBm)
	PAE
	PA Pdc (mW)
	Driver Power (mW)
	Total DC Power (mW)
	Supply current (mA) @ 3V

	
	
	
	
	
	
	
	
	
	

	3-Tone 
	0.5
	13.5
	14.5
	16.5
	28%
	101
	60
	161
	54

	3-Tone
	0.5
	13.5
	14.5
	16.5
	37%
	77
	60
	137
	46

	3-Tone
	0.5
	13.5
	14.5
	16.5
	40%
	70
	60
	130
	43

	Single-Tone
	0
	14
	15
	15
	45%
	70
	60
	130
	43



Similar analysis may be performed for 6-tone and 12-tone. Due to similarity, only the results for 12-tone are presented. We first vary the MPR and calculate the peak current as shown in Table 5. It can be seen that an MPR of 3 dB would be needed for class-A PAs in order to make the peak current no more than that of single-tone transmission.
[bookmark: _Ref528249250]Table 5: Peak current for 12-tone assuming class-A PA and variable MPR
	UL Signal
	MPR (dB)
	Pout @Ant (dBm)
	PA out (dBm)
	Psat (dBm)
	PAE
	PA Pdc (mW)
	Driver Power (mW)
	Total DC Power (mW)
	Supply current (mA) @ 3V

	
	
	
	
	
	
	
	
	
	

	12-Tone 
	1
	13
	14
	17
	23%
	109
	60
	169
	56

	12-Tone
	2
	12
	13
	16
	23%
	87
	60
	147
	49

	12-Tone
	3
	11
	12
	15
	23%
	69
	60
	129
	43

	Single-Tone
	0
	14
	15
	15
	45%
	70
	60
	130
	43






We then fix the MPR=1.5 dB and vary the PAE. The resultant peak current is listed in Table 6. At the PAE of 33% given 3 dB back-off, the design target of 43 mA may be achieved. 
[bookmark: _Ref528249230]Table 6: Peak current for 12-tone assuming fixed MPR and variable PAE
	UL Signal
	MPR (dB)
	Pout @Ant (dBm)
	PA out (dBm)
	Psat (dBm)
	PAE
	PA Pdc (mW)
	Driver Power (mW)
	Total DC Power (mW)
	Supply current (mA) @ 3V

	
	
	
	
	
	
	
	
	
	

	12-Tone 
	1.5
	12.5
	13.5
	16.5
	23%
	97
	60
	157
	52

	12-Tone
	1.5
	12.5
	13.5
	16.5
	28%
	80
	60
	140
	47

	12-Tone
	1.5
	12.5
	13.5
	16.5
	33%
	68
	60
	128
	43

	Single-Tone
	0
	14
	15
	15
	45%
	70
	60
	130
	43



In summary, the required MPRs for a class-A PA and a very optimistic PA are listed in Table 7.
[bookmark: _Ref528275804][bookmark: _Ref528588247]Table 7: Summary of the required MPRs for different types of PAs
	UL Signal
	Class-A PA
	Optimistic PA

	
	MPR (dB)
	PAE
	MPR (dB)
	PAE

	3-tone
	2.2
	28%
	0.5
	40%

	6-tone
	2.6
	25%
	1
	36%

	12-tone
	3
	23%
	1.5
	33%



As seen from Table 7, with the compromised MPR values (i.e. MPR=0.5/1/1.5 for 3/6/12-tone, respectively), the required PAE is very optimistic at the given back-off from Psat. Considering the situation in RAN4, if no further compromise can be made, we would have to accept that the peak current for transmitting multi-tone signal might be larger than that for single-tone transmission when using a more realistic PA.
Summary
[bookmark: _Ref129681832][bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424][bookmark: _GoBack]Detailed analysis of peak current consumption for multi-tone signal transmission have been presented. It is shown that an MPR of 2-3 dB is needed when using a class-A PA. On the other hand, for the MPR values that were discussed in the previous meetings (i.e. MPR=0/1/1.5 for 3/6/12-tone, respectively) unrealistically high PAE would have to be achieved for 3-tone to maintain the same peak current from the battery as for single-tone. 
Therefore we strongly propose that at least 0.5 dB MPR is allowed for 3-tone. Without the help of sufficient MPR, UE vendors would have to accept that the peak current for transmitting 3-tone signal may become the actual limiting factor rather than that for single-tone transmission. In short, our proposal is:
Proposal: Adopt at least the MPR values in the table below for PC6 of category NB1/NB2.
Table 8: Proposed MPR for PC6
	UL Signal
	MPR (dB)

	3-tone
	≤ 0.5

	6-tone
	≤ 1

	12-tone
	≤ 1.5
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