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1	Introduction
As part of the Work Item LTE_NR_B41_Bn41_PC29dBm for the 29 dBm Power Class, UL MIMO with two separate 26 dBm transmit chains is envisioned.  For both Power Class 3 (23 dBm total power) and Power Class 2 (26 dBm total power), the MPR allowances for UL MIMO have been reused from single transmitter specifications.  But since there is no single transmitter specification for 29 dBm power, that approach cannot be directly used for Power Class 1.5 UL MIMO.
Reverse intermodulation (R-IMD) between the two transmitters may cause an increase in emissions (ACLR, OOBE) or decrease in transmitted signal quality (EVM) compared to a single transmitter at the same power.  However, with UL MIMO the transmit power is split between two transmitters, so each PA is operating at 3dB lower power than it would otherwise be for the same total output power.
This contribution presents measurements intended to contribute to the definition of MPR for PC1.5 UL MIMO.
2	Discussion
[bookmark: _Hlk20400780][bookmark: _Hlk22239522]2.1 Approach
Using a lab bench setup similar to that used for B41/n41 EN-DC, with two cross-coupled PAs, measurements of OOBE, ACLR, and EVM were taken for various power levels.  These measurements were made using realistic ET PA bias, but with memory-less DPD, rather than the usual memory-DPD.  The intention was to mimic the worst case with memory DPD in real phones. 
The same waveform, with the same data pattern is used for each PA input in these measurements.  In the real UL MIMO case, the waveforms will have different encoded symbols for each PA.  In that case, the ACLR, EVM, and SEM may be a bit worse since each waveform interferes with the timely incoherent waveform’s pattern and it creates an additional mismatch between the envelope signal of the ET supply at PA Vcc and the waveform signal at PA collector. The ability to create a different data pattern waveform for more realistic operation is being investigated.  

Test Setup Details:
· Maximum power of 26dBm MPR1 at each phone antenna to test Power Class 1.5, so 29dBm MPR1 of composite ANT power: 1dB PCB loss between module output and phone antenna.
· Equal back-off, Pmax + 0.5dB – MPR by 0.5dB steps of each phone ANT, down to Pmax+0.5dB - MPR -3dB for each test waveform
· ANT-ANT isolation: 10dB 
· ET-NR – ET-NR, 100MHz – 100MHz with same waveform at each PA input
· MPR0 28dBm, MPR1 27dBm, MPR 4.5 23.5dBm, MPR6.5 21.5dBm at each module output

Test measurement items
· General SEM
· EUTRA-ACLR
· EVM

Selected worst case waveforms:
· 273RB/100MHz, RBstart 0, SCS 30KHz, QPSK, CP-OFDM : General SEM, ACLR, EVM
· 270RB/100MHz, RBstart 0, SCS 30KHz, QPSK, DFT-s-OFDM : General SEM, ACLR, EVM
· 273RB/100MHz, RBstart 0, SCS 30KHz, 256QAM, CP-OFDM : General SEM, ACLR, EVM
· 270RB/100MHz, RBstart 0, SCS 30KHz, 256QAM, DFT-s-OFDM : General SEM, SEM with NS_04, EVM

Test frequencies:
· 2593MHz (mid channel: ACLR, SEM are invalid, EVM is valid)
· 2640MHz (high channel: ACLR, SEM are invalid in high side)
Tests were also performed with a low channel configuration centered at 2546 MHz.  However, in analysis of the measurements from the low channel case, a problem was found with the biasing used for these test cases.  The low channel data is not included in the results here. 
The test set up is illustrated in Figure 1, below.   Note that measurements were physically performed at the output of the PAMiD module.   Except where otherwise noted, all measure results presented in the following section have been adjusted to correspond to the antenna connector (subtracting 1 dB for the insertion loss).
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Figure 1 – Test Setup

2.3 Transmit Signal Quality Specifications
The required transmit signal quality is specified in 38.101-3.  Applicable specification tables are copied below.
Table 6.5.2.2-1: General NR spectrum emission mask
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Table 1 - General NR spectrum emission mask

Table 6.5.2.4.1-2: NR ACLR requirement
	
	Power class 2
	Power class 3

	NR ACLR
	31 dB
	30 dB


Table 2 - NR ACLR requirement

Table 6.4.2.1-1: Requirements for Error Vector Magnitude
	
Parameter
	Unit
	Average EVM Level

	Pi/2-BPSK 
	%
	30

	QPSK
	%
	17.5

	16 QAM 
	%
	12.5

	64 QAM 
	%
	8

	256 QAM
	%
	3.5


Table 3 - Requirements for Error Vector Magnitude


Table 6.2.2-2 Maximum power reduction (MPR) for power class 2
	Modulation
	MPR (dB)

	
	Edge RB allocations
	Outer RB allocations
	Inner RB allocations

	DFT-s-OFDM 

	Pi/2 BPSK
	≤ 3.5
	≤ 0.5
	0

	
	QPSK
	≤ 3.5
	≤ 1
	0

	
	16 QAM
	≤ 3.5
	≤ 2
	≤ 1

	
	64 QAM
	≤ 3.5
	≤ 2.5

	
	256 QAM
	≤ 4.5

	CP-OFDM 

	QPSK
	≤ 3.5
	≤ 3
	≤ 1.5

	
	16 QAM
	≤ 3.5
	≤ 3
	≤ 2

	
	64 QAM
	≤ 3.5

	
	256 QAM
	≤ 6.5


Table 4 – MPR Allowances for Power Class 2


2.2 Results
Unless otherwise stated, plots in this section are of maximum values of the EVM, ACLR ratios, and OOBE powers, from the pertinent data included, representing worst cases. 
Error Vector Magnitude
 [image: ]     [image: ]
Figure 2 - Delta in EVM between 1 Tx (STX) and 2 Tx (DTX) for 10 dB antenna isolation

As can be seen in the plots above, EVM increases significantly with the introduction of the second transmitter, as a result of R-IMD.   However, the measured EVM remain below the specified maximum of 17.5% for QPSK, and 3.5% for 256QAM for all cases measured.
Observation 1: Measured EVM values are below specified maximums for all cases.

Notably, the EVM magnitude does not appear to be highly sensitive to Pout levels.   This suggests that for this biasing configuration, MPR may not be an effective mitigation to EVM concerns.
Observation 2:  For existing ET PA biasing approaches, EVM levels do not appear to be highly sensitive to changes in output power.
For reference, EVM measurements were also taken using an antenna isolation of 13 dB.   A comparison between 10 dB and 13 dB isolation with 2Tx, and single Tx is show below in Figure 3.

[image: ]
Figure 3 – DFT 256QAM EVM by Antenna Isolation
It can be seen that 2Tx EVM does appear to be sensitive to the antenna isolation, with 3 dB of additional isolation decreasing average EVM by 0.19% for 256 QAM DFT-S-OFDM.  This suggests that relatively small antenna design changes to a UE could make a significant difference to EVM performance.
Observation 3: EVM for 2Tx does appear to be sensitive to antenna isolation.
The EVM values presented above are worst case total EVM measured using 3GPP methodology.   The contribution to EVM from R-IMD for 10 dB antenna isolation can be derived from these measurements, using the formula EVM_RIMD = [ (EVM_2Tx)2 - (EVM_1Tx)2 ]0.5.  This breakdown may be useful in the context of an overall EVM budget
[image: ]
Figure 4 - Contribution of R-IMD to EVM for 10 dB antenna isolation

In Figure 4, the derived R-IMD contribution to EVM is shown.  Note that this analysis uses average EVM values across applicable measurements, rather than maximum values used in the previous plots.  It can be seen that R-IMD contributes an EVM% of <1.5% for 256QAM, and <3.5% for QPSK.
[bookmark: _Hlk37328248]Observation 4: For 10 dB antenna isolation, R-IMD contributes an EVM% of <1.5% for 256QAM, and <3% for QPSK.

Out of Band Emissions (OOBE)
Out of Band Emissions were measured for the specified regions of the General Spectrum Emission Mask.  The values in Table 5 are measured at a single PA output.  Looking at the difference between the 1Tx and 2Tx OOBE emission levels, R-IMD does appear to increase the emission power.  Note that the emissions powers in Table 5 below are measured at the module output, so are 1 dB higher than the corresponding power at the antenna port.
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Table 5 – OOBE measurements for 1Tx and 2Tx – Actual max values at each PAout

[bookmark: _GoBack]Looking now at absolute values of OOBE emissions power, the pertinent measure is the sum of the emission powers from both antenna ports.  Assuming both PAs have the same emission behavior, we can estimate the sum of the powers by adding 3dB to the measured values.  And since the reference point for measurements is the antenna connector, we must subtract the 1 dB post-PA insertions loss.   The net adjustment is thus +2 dB.  Table 6 presents margins to specified OOME power after this adjustment.
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Table 6 – OOBE Margins with 2Tx – Max values at single PAout + 2dB

As can be seen, in most frequency ranges, OOBE margins are still large, > 5dB in most cases.   However, for the +100 MHz and +105 MHz regions of the SEM, margins become tight.   The worst case in this data is for DFT-S-OFDM and QPSK, which corresponds to the lowest MPR tested, and thus the highest absolute Tx powers.
Looking at the > +105 dBm frequency range, which has the smallest margins, the margins as a function of single antenna power is shown in Figure 5.  
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Figure 5 – 2Tx OOBE Margin for > +105 MHz Region, by single Tx Antenna Power

At the highest powers tested, ≥ 26 dBm, the margin over the SEM limit of -30 dBm/MHz approaches 0.   But it must be noted that the test waveform here is a full 270 RBs (273 for CP-OFDM) on the 100 MHz channel, and the PC2 MPR definition for this edge case is 3.5 dB.  A nominal maximum power of 26 dBm and MPR of 3.5 dB results in a power of 22.5 dBm, at which the OOBE margin is much greater, > 3 dB.
Observation 5: In the frequency ranges with the tightest OOBE emissions, the existing PC2 MPR allowance gives a 3dB margin over the SEM limits, for 2x26dBm 2Tx.


Adjacent Channel Leakage Ratio (ACLR)
ACLR measurements were taken for single Tx and 2Tx.  RIMD does appear to cause a significant increase in ACLR in the 2Tx case for antenna isolation of 10dB.  Worst case measurements, across waveforms, channel frequencies, and modulations, are shown below in Figure 6 for both 1Tx and 2Tx.

[image: ]
Figure 6 – ACLR as a function of Power for 1Tx and 2Tx

ACLR as a function of power appears similar for DFT and CP OFDM, as well as for 256QAM and QPSK, as shown  below in Figure 7.

[image: ]
Figure 7 – ACLR as a function of Power for different Waveforms and Modulations

As can be seen, ACLR ratios remain below the specification value of -31 dBc for the full range of powers, with more than 3 dB margin at the PC2 MPR adjusted maximum power of 22.5 dBm.
Observation 6: ACLR ratios remain below the specification value of -31 dBc for the full range of powers, with more than 3 dB margin at the PC2 MPR adjusted maximum power.


3	Conclusions 

Observation 1: Measured EVM values are below specified maximums for all cases.
Observation 2:  For existing ET PA biasing approaches, EVM levels do not appear to be highly sensitive to changes in output power.
Observation 3: EVM for 2Tx does appear to be sensitive to antenna isolation.
Observation 4: For 10 dB antenna isolation, R-IMD contributes an EVM% of <1.5% for 256QAM, and <3% for QPSK.
Observation 5: In the frequency ranges with the tightest OOBE emissions, the existing PC2 MPR allowance gives a 3dB margin over the SEM limits, for 2x26dBm 2Tx.
Observation 6: ACLR ratios remain below the specification value of -31 dBc for the full range of powers, with more than 3 dB margin at the PC2 MPR adjusted maximum power.
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