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1. Introduction
Maximum power level of new power class has been discussed in previous meetings. The discussion in RAN4 was initiated by LS from RAN1 [3] which only stated:
In addition, RAN1 would like to ask RAN4 to provide guidance on:

2. Maximum power level of new power class

We provide further background to the discussion and objectives and details on why new power class should be defined and propose the power level for the new power class.
2. Background and scope
In Ran#66 WI for LTE_MTCe2_L1 was agreed [2] and objective in regards of UE power class is as follows:
The general objective is to specify a new UE for MTC operation in LTE that also allows for enhanced coverage compared to existing LTE networks and low power consumption, with the following detailed objectives:

· Specify a new Rel-13 low complexity UE category/type for MTC operation in any LTE duplex mode (full duplex FDD, half duplex FDD, TDD) based on the Rel-12 low complexity UE category/type supporting the following additional capabilities:

· Reduced maximum transmit power.

· The maximum transmit power of the new UE power class should be determined by RAN4 and should support an integrated PA implementation.

And further down the WI objective:

· RAN4 work

· Determine the maximum transmission power level for the new UE power class.

Requirement of “ultra-long battery life” was also mentioned in the WI.

RAN1 has agreed in [1] a default assumption of 20 dBm output power and there will be no link budget impact if new power class is ≥ 20 dBm.
•
The above targets are assuming that the maximum UE transmission power P [dBm] of the new UE power class is ≥20 dBm.

–
Working assumption: If RAN4 agrees that P < 20 dBm, the target uplink MCL for the new UE power class is reduced correspondingly to 155.7 - (20 - P) dB.
So only new agreements are needed if RAN4 decides output power less than 20 dBm.
3. Discussion

It has been discussed what is the optimum power level for eMTC UE. We see that the tradeoff is between network coverage and UE complexity and cost. As described in section 2, RAN1 agreements hold as such if UE conducted power is ≥20 dBm. 

3.1. PA power consumption impact to UE   
PA is one of the biggest power consumers in the cellular mobile device. PA power consumption has a notable impact on the mobile device size and cost.

3.2. PA efficiency

Each PA is designed to meet requirements in a specific environment. Dominant requirements are the needed output power and the supply voltage. A tuned PA, as most of mobile PAs are, can deliver voltage amplitude of (Vcc-Vknee) [6] across the drain of the power transistor. Vknee is dependent on the output transistor technology and size. Value can be from 0.2 to 0.5 V in transistors for mobile cellular applications. Peak output power is then determined by the load on the Drain. In the following sub-section, basic analysis for highly simplified example PA is performed for 20 and 23 dBm UEs. The assumed schematics is shown in Figure 1.
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Figure 1 Simple PA schematic

3.2.1. 23 dBm PA

If the peak Pout requirement is 30 dBm (23 + FE Loss (1.5 dB)+ PAR (5.5 dB)) and Vcc is 3 V these parameters define the needed load impedance to reach the appropriate output power by:
R=U2/P => R=((Vcc-Vknee) / SQRT(2))2 / Pout => RLoad = 3.125 ohm with Vknee = 0.5 V and Vcc = 3 V

ILoad_RMS becomes Pout / VLoad = 0.566 A

Further extending the analysis including parasitic resistances for RLoad ~ 0.5 ohm and 0.1 ohm in the Source of the output transistor and for simplicity reducing both to the load (we do not analyse the gain drop here) we can calculate power loss in the parasitic resistances:
PLoss_Parasitic=ILoad^2*RParasitic
The same current flows through the parasitic resistances and the load. Iterative calculating how much power is needed from the transistor to deliver the 1 W power to the load, we get the following numbers for the transistor:
RLoad_Drain= 2.31 ohm; ILoad=0.764 A; PLoss_Parasitic=0.35 W

Further assuming Class B operating class, Imax=2*(ILoad*SQRT(2))=2.16 A and IDC=IMax/pi = 0.69 A
Peak Efficiency = Pout / (Vcc*IDC)=0.484

3.2.2.  20 dBm PA
PA that needs to deliver 20 dBm to antenna instead of 23 dBm would have 27 dBm peak power requirements and 0.4 V VKnee instead of 0.5 V because the transistor current handling capability would be the same. The output matching loss is also smaller due to smaller impedance conversion ratio and this can be modelled by assuming same resistive component in the output matching. Repeating the analysis in the previous section yields

IDC=0.279 A and Efficiency = 0.62.

This analysis does not take into account the losses in the driver stages which would also be smaller in the lower output power device.
3.2.3.  Comparison of 20 and 23 dBm PA

The peak current drain of two PA’s optimised for 20 dBm and 23 dBm antenna power realised with same technology are shown in Figure 2. This data is from two PA’s that are realised using exact same technology with different max output power requirement. The PA’s include further non idealities than the theoretical examples in the previous sections.   
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Figure 2 Efficiency curves and Icc curves of two different PA designed for 20 and 23 dBm power classes
From analysis in previous sub-sections and from Figure 2, the 20 dBm device draws 268 mA @ 20 dBm antenna power and 23 dbm device draws 612mA @ 23 dBm antenna power. The difference is 228 %. It should also be noted that if the PA is sized for bigger max Pout, the current drain at the lower power levels e.g. 10 dBm power is also worse. In our example, at 10 dBm PA power level current drains are 140 and 65 mA. 
Observation 1: PA for 23 dBm UE max pout will draw 228 % more current and max Pout compared to PA in 20 dBm UE. 23 dBm UE also consumes more current if the transmission time is only half of the 20 dBm UE 
3.3. Larger PA current drain impact to UE
A component with high power consumption requires careful design in areas of 1) Thermal design of the component and its surroundings; 2) Supply power delivery to the device i.e. with thicker power lines leading from battery to the component; 3) Size of power storage, i.e. battery, which must be able to deliver the power to the power hungry component. 

3.3.1. Battery capacity
Battery discharge rate [C] is directly proportional to the battery capacity [mAh] as discussed in [5]. Typically C is approximately 1 for current technologies. Battery volume is again directly proportional to the capacity. If PA peak power drain doubles, also the battery capacity needs to double and battery volume needs to double.
From numbers calculated in the previous sub-section we observe that 23 dBm device will need more than 2.3 times the battery size. 
Observation 2:  For 23 dBm max Pout UE, the battery volume needs to be 2.3 times the battery of 20 dBm max Pout UE. 
The difference would be even higher if Vcc would be lower than 3 V. There has been indications that eMTC will adopt new batteries that may have supply voltages lower than 2 V which then will increase the current drainage and efficiency delta between 20 and 23 dBm devices.
3.3.2. Supply lines

PA draws current proportional to instantaneous envelope power. The envelope will change quite rapidly depending on modulation and RB allocation. Supply lines from battery are slightly resistive, typically 0.1 to 0.3 ohm can be assumed. In order to allow PA to operate flawlessly, supply voltage should be stable. The voltage droop in the supply lines need to be compensated with local bypass capacitors. The larger the current peaks, the larger the capacitors and more difficult it is to place them close to the PA supply. 

Larger current drain also increases the physical size of the needed DC Choke inductor (see Figure 1). The larger the current flowing through the inductor, the larger the magnetic fields it creates to its surroundings. These magnetic fields will induce further harmful RF frequency noise into its surroundings. This effect is stronger with higher integration level.
3.3.3. Thermal design

Component thermal power delivery can be calculated if the efficiency and output power are known. In the examples described in the previous sub-sections, the thermal powers at max output power are 410 mW and 1083 mW. Even though prolonged transmission at maximum output power is rare, the UE and its thermal design needs to be able to support it. Otherwise, device may experience thermal shutdown and even permanent failure which are not desired occurrences for e.g. remote sensors.

We will not discuss in detail how much this will complicate eMTC UE design but refer to the fact that excess thermal power needs to be passed on to the surroundings and thermal resistance from UE to surroundings is directly proportional to the surface area of the UE when UE internal thermal design is made such that the entire surroundings can be used as heat sink.  
3.4. PA output matching
PA design is always a compromise. Here we want to focus on PA bandwidth. The bandwidth is defined mostly by the passive matching circuits of the PA. Output matching circuit has the biggest impact to the PA performance. The wider the operational bandwidth is, the lower the Q i.e. higher losses are introduced. This principle is shown in Figure 3. 
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Figure 3. Matching circuit loss and operational bandwidth dependency

As the intention is to support integrated PA implementation, the power device, the transistor, available for PA design may not be as good as in discrete solutions. In order to reach output power target, a lower loss output matching is needed. From Figure 3 it can also be seen that if high loss can be allowed, wider operational bandwidth can be reached. This is important factor for the device cost as it is assumed that eMTC device needs to support more than one band and the more bands can be covered by one PA component.
Observation 3: Allowing lower max Pout enables fewer PA’s to be used in device.   
3.5. PA Technology considerations

Currently the dominant technology in mobile PA market is GaAs. GaAs transistor is superior to CMOS transistor in high frequency power applications. GaAs superiority comes from the fundamentals of the device technology, it has higher gain, higher current handling capability for square mm and therefore lower parasitic components and higher breakdown voltage. However, GaAs tends to be higher cost and less suitable technology for integration. Also, preventing further solution integration with GaAs PA is the fact that dominant GaAs PA supplier companies own majority of the factory capacity. The industry is very different from Silicon based fabrication industry. 

Lowering output power requirements, will help to narrow gap between CMOS competitiveness and promote higher integration solution and lower cost. This is further emphasised if eMTC will adopt lower voltage batteries where it will be close to impossible for CMOS to deliver the needed power for 23 dBm antenna Pout.
4. Conclusion
The scope and objective of this agenda topic was discussed. Analysis of key parameters for simplified PA was performed. Impact of 20 and 23 dBm max Pout requirement to UE was discussed.
Observation 1: PA for 23 dBm UE max pout will draw 228 % more current and max Pout compared to PA in 20 dBm UE. 23 dBm UE also consumes more current if the transmission time is only half of the 20 dBm UE
Observation 2:  For 23 dBm max Pout UE, the battery volume needs to be 2.3 times the battery of 20 dBm max Pout UE. 

Observation 3: Allowing lower max Pout enables fewer PA’s to be used in device.   

We conclude with our proposal for max power requirement for new power class:

Proposal: Max Pout for new power class should be 20 dBm +/- 2 dB.
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