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1. Introduction
In RAN#71 new work item for Uplink Capacity Enhancements for LTE [1] was agreed. The WI objective is to “specify 256QAM support in UL for LTE”.  

The WI includes RAN4 aspect with the following objective: “Introduce RF requirements for single carrier and for carrier aggregation on both licensed and unlicensed spectrum”
In this paper, we discuss challenges of UL 256QAM compared to legacy transmitter. We will conclude that 256QAM will impose new tighter linearity requirements for transmitter as opposed to what was the case for 64QAM. Finally, we will propose that to enable efficient, the UE should be allowed to signal on which bands the transmitter is.
This paper is mostly a resubmission of [6] but we have added some clarifications and more importantly new PA EVM and efficiency data to section 2.2. 
2. Discussion

During discussion on UL 64QAM, companies provided simulation results on applicable EVM for 64QAM [2]. The applicable transmitter impairments were agreed and are also shown in Table 1 in this paper. The agreed EVM was 8 % [3]. These were then used as starting point for MPR analysis. MPR was then agreed to be 2 and 3 dB [4,5]. The initial impairment assumptions were the same values what were used for number of other work items like when defining A-MPR or MSD in simulations and they still are valid.
Observation 1: General transmitter requirements did not need to be tightened for 64QAM

In the following sub-sections, we will show why those assumptions need to be revised for 256QAM and before going in to MPR discussion, RAN4 needs to acknowledge that MPR may not be as efficient solution as it was for 64QAM.
2.1. EVM Budget for 256QAM   
The base station TX EVM for 256QAM is agreed as 3.5% (3GPP TS 36.104 V13.2.0). For UE, RAN4 needs to run system simulations to determine what is a proposer number but for the purposes of discussing the issue brought up in this paper, we can assume UE requirement is the same as for BS. The EVM budget in comparison to 64QAM budget is shown in Table 1.

Table 1 EVM budget for 256QAM and 64QAM [2] and [3] (WC in both cases)
	Non-linearity source
	256QAM
	64QAM

	
	%
	C/N
	%
	C/N

	PA
	1.50%
	36.5
	4.00%
	28.0

	Transmitter nonlinearity
	1.34%
	37.4
	3.37%
	29.5

	LO Phase noise
	1.78%
	35.0
	2.24%
	33.0

	IQ Image
	2.24%
	33.0
	5.62%
	25.0

	
	
	
	
	

	Transmitter total
	3.50%
	29.1
	8.00%
	21.9


From Table 1 it can be observed that improvement is needed in all parameters to reach the total target of 3.5%. In following sub-section we discuss some of the impairments further.
Observation 2: The agreed transmitter linearity requirements will need to be revised for 256QAM 

2.2. PA EVM floor
One assumption was in 64QAM work that with sufficient back of, MPR, the linearity will be improved. We took some data from commercial and pre-commercial PAs to understand how 256QAM is different from 16 and 64 QAM. The EVM measurement data is shown in Figure 1. 
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Figure 1 PA EVM as a function of output power, nominal conditions, nominal sample. PA EVM spec 1.2 % = 2 dB margin to WC transmitter budget
It can be observed that for majority of PA’s, the EVM levels that are needed for lower order modulations, back off provides better linearity after few dB’s which confirms that 16 and 64 QAM MPR is correct. For EVM levels needed for 256QAM, the back off needs to be significantly larger. There is an EVM floor i.e. a level where EVM does not improve anymore with back off. It seems majority of the existing PAs will not meet EVM requirement for 256QAM at all.  
Observation 3: PAs not designed to support 256QAM, have EVM floor i.e. back off may not improve PA EVM beyond level it was designed for

Looking more closely to the PA EVM behavior in Pout 11-19 dBm range in Figure 1, it can be observed that the EVM drops very slowly with back off. All the PA’s show similar behavior of very shallow EVM slope towards larger back off. This would imply a large MPR to reach required EVM. More optimal behavior for PA intended to support 256QAM would be such that the slope would be steeper therefore enabling smaller back off.  

In the sample set, we also found a PA that meets 256QAM EVM, PA5 in the Figure 1. This PA seems to be superior to other samples. To understand why this is so, we also took efficiency data from the samples. Efficiencies of the PAs are plotted in Figure 2. The sample with very good EVM, PA5, has worst efficiency and the two samples, PA1 and PA2, with worst EVM have best efficiency. PA6 seems to be some kind of outlier.
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Figure 2 Efficiency of the PA under EVM test in Figure 1
2.3. LO Phase noise
The LO phase noise assumption for 64QAM was 33 dBc. From Table 1 it can be seen that improvement is needed to 35 dBc. The phase noise comes from the PLL which relies on oscillator core and a high Q element to generate the frequency. The phase noise is damped by the amount of quality factor (Q) in the oscillator. The definition of Q is fr / ∆ f i.e. the relation of center frequency and frequency offset.  If center frequency is larger, to reach same noise damping at same offset, the Q needs to be higher. In LTE system the subcarrier spacing is the same 15 kHz for all bands. 
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Figure 3 Illustration of LO phase noise at higher center frequency. Noise is equal at frequency offsets of Z and n x Z Hz.  
If center frequency is multiplied by n, also the noise at a given fixer frequency offset will be higher.
Observation 4: The LO phase noise at a given fixed frequency offset is larger at higher center frequency.
In order to reach this improved requirement, new technologies may need to be studied to create resonators with high Q  especially for high frequencies. 
2.4. IQ Image
The IQ image represent what is the level of the image of the allocated RBs on the other side of the LO. Even this is mostly visible when the allocation is small, the image is there also for fully allocated waveform causing degradation in C/N. For 64QAM and lower order, the level is -25 dBc and from Table 1 we can see that that alone would represent 5.6 % EVM. Improvement is needed for 256QAM and in Table 1 for 256QAM the level 33 dBc is used.
Observation5: IQ image will need to be improved for 256QAM
One source for IQ Image is the imbalance in IQ modulator due to processing imperfections and unwanted couplings. For both, mitigation techniques exist which need to be designed in to meet 256QAM requirements from scratch.  Phenomena are frequency dependent since they depend on relation between physical size of the design and wavelength. The challenge of meeting the 256QAM requirements are therefore greater at higher frequencies. One way to improve IQ image is additional calibration to align I and Q path balance more accurately. Calibration, however, has limits on how much it can improve.  
Other source is imperfection in the LO signal itself. The LO oscillator frequency is derived from RF VCO by dividing the RF VCO frequency. If the division ratio is low, the PA harmonics may couple in to RF VCO and distort the signal. This is especially challenging design aspect when RF VCO runs at twice the LO frequency because PA 2nd harmonic tends to be very strong. Division by two is used mainly at high bands because it would be impractical to design an oscillator for more than twice the frequency of RF center frequency when center frequency is high itself. 
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Figure 4 PA 2nd harmonic problem with 2xRF frequency LO
Considering IQ imbalance and 2nd harmonic coupling, we believe that meeting IQ Image budget for 256QAM is challenging and possibly even impossible without new inventions for high bands.    
Observation 6: IQ Image has a high band dependency

2.5. Summary

256QAM will require number of improvements in the design. The improvements need to be done for each band separately and this will unavoidably mean penalties like degraded PA efficiency, more expensive RFIC implementation or added calibration time. Penalties will be there for lower order modulations also. To avoid unnecessary accumulation of these negative impacts we would like to propose that 256QAM is optional for each band.
Proposal 1: Introduce signalling for UE to enable UL 256QAM support for each band separately

Proposal 2: Define UL 256QAM as optional feature for each band separately 
RAN1 has sent RAN4 an LS [7] regarding “UE/band specific support of UL 256QAM “. RAN1 is asking 

“whether the UL 256QAM support should be per UE or per band & band combination.”
If proposals 1 and 2 are agreeable, we would like propose to respond to the LS with the following text:

“RAN4 has discussed and studied the topic of UE/band specific support for 256QAM and reached an agreement that UL2 256 QAM support should be band dependent”

3. Conclusion

We discussed number of transmitter linearity requirements that will be impacted by 256QAM requirement and compared then with requirements set for lower order modulations. We observed that for 64QAM, transmitter requirement did not need tightening but for 256QAM, all of them will need to be tightened and transmitter need to be designed to support 256QAM from the beginning. We observed also that the new requirements will have a strong band dependency. As a conclusion we presented two proposals:

Proposal 1: Introduce signalling for UE to enable UL 256QAM support for each band separately

Proposal 2: Define UL 256QAM as optional feature for each band separately   

In addition we propose to respond to LS [7] with a text: 

“RAN4 has discussed and studied the topic of UE/band specific support for 256QAM and reached an agreement that UL2 256 QAM support should be band dependent”
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