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Introduction
The use of simultaneous transmission/reception of (combined) signals has been brought up in online and offline discussions. While some progress was made in the last meeting, further enhancements to the measurement procedures were briefly discussed in the last meeting to address the polarization mismatch. This contribution provides our views of some of these options. 
UL Polarization Selection Implementation

In the last meeting, 2TX/2RX UE front-end architectures were discussed that transmit in UL only on UE antenna polarizations that the UE receives power on in the DL [1]

 REF _Ref4139928 \n \h 
[2]. It was argued that the current test procedures do not properly capture a 3dB polarization gain of the UE due to UE and TE/TS antenna polarization mismatch. While this particular UL polarization selection implementation is optimized from a power conservation perspective, it might not necessarily optimize system performance for realistic channel conditions. 

Observation 1: The particular UL polarization selection implementation, i.e., UL transmission only on UE antenna polarizations that the UE receives power on in the DL, might not optimize system performance/link budget for more realistic channel conditions.

UE front-ends that transmit on both polarizations in the UL simultaneously regardless of whether the UE measures power in the DL in the respective polarizations will likely have optimized system performance/link budget for more realistic channel conditions but consume more power. 

Observation 2: A UE architecture that transmits on both polarizations simultaneously regardless of DL measurements might optimize system performance/link budget for more realistic channel conditions 
Proposal 1: Before major changes to test procedures and testability are considered, feedback from OEMs and chipset vendors is requested whether 2TX/2RX UE front ends that select the transmission of polarizations in the UL based on measurements in the DL will need to be considered in the future or whether those front end implementations will be replaced with FEs that transmit in both UL polarizations simultaneously. 
Discussion: Two Simultaneous DL with 0o relative phase
In [3], it was mentioned that the introduction of simultaneous transmission of DL signals does not guarantee the TE will capture a 3dB polarization gain. This is further outlined and explained with some example scenarios, illustrated in Figure 1. 

· Example 1: The -polarized component from the TE (shown in blue) is received only by the -polarized component of the antenna array (aligned with polarization references of the TE measurement antenna) and makes the UE transmit 30dBm only on the -polarization (0dBm on the -polarization). The total EIRP measured by the TE with two sequential EIRP measurements is then
EIRP (PolLink= ) = EIRP(PolMeas=, PolLink= ) + EIRP(PolMeas=, PolLink= ) ≈ 30dBm
· Example 2: The -polarized component from the TE (shown in green) is received by the -polarized component of the antenna array (aligned with polarization references of the TE measurement antenna) and makes the UE transmit 30dBm only on the -polarization (0dBm on the -polarization). The total EIRP measured by the TE with two sequential EIRP measurements is then
EIRP (PolLink= ) = EIRP(PolMeas=, PolLink= ) + EIRP(PolMeas=, PolLink= ) ≈ 30dBm 
· Example 3: The -polarized component from the TE is received by the ’ and ’-polarized components of the antenna array (misaligned with polarization references of the TE measurement antenna) and makes the UE transmit 30dBm only on both polarizations. The total EIRP measured by the TE with two sequential EIRP measurements is then
EIRP (PolLink= ) = EIRP’(PolLink= ) + EIRP’(PolLink= ) = EIRP(PolMeas=, PolLink= ) + EIRP(PolMeas=, PolLink= ) ≈ 33dBm 
· Example 4: The -polarized component from the TE is received by the ’ and ’-polarized components of the antenna array (misaligned with polarization references of the TE measurement antenna) and makes the UE transmit 30dBm only on both polarizations. The total EIRP measured by the TE with two sequential EIRP measurements is then
EIRP (PolLink= ) = EIRP’(PolLink= ) + EIRP’(PolLink= ) = EIRP(PolMeas=, PolLink= ) + EIRP(PolMeas=, PolLink= ) ≈ 33dBm 
· Example 5: The TE simultaneously transmits the  and -polarized components with 0o phase difference. The resulting polarization is a 45o slanted linear polarized component which is received by both  and  polarized components of the antenna array (aligned with polarization references of the TE measurement antenna) and makes the UE transmit 30dBm on both polarizations. The total EIRP measured by the TE with two sequential EIRP measurements is 
EIRP (PolLink=  and ) = EIRP(PolMeas=, PolLink=  and ) + EIRP(PolMeas=, PolLink=  and ) ≈ 33dBm
· Example 6: The TE simultaneously transmits the  and -polarized components with 0o phase difference. The resulting polarization is a 45o slanted linear polarized component which is received only by the ’ polarized components of the antenna array (misaligned with polarization references of the TE measurement antenna by 45o) and makes the UE transmit 30dBm only on the ’-polarization (0dBm on the ’-polarization). The total EIRP measured by the TS with two sequential EIRP measurements is then
EIRP (PolLink=  and ) = EIRP’(PolLink=  and ) + EIRP’(PolLink=  and ) = EIRP(PolMeas=, PolLink=  and ) + EIRP(PolMeas=, PolLink=  and ) ≈ 30dBm
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Figure 1: Illustration of EIRP measurement examples with sequential DL signals introduced to UE (Examples 1-4) and with simultaneous DL signals introduced to UE (Examples 5-6).
As example scenarios 3 and 4 show, both UE UL transmitters can be triggered to transmit max output power if the single DL polarization is mismatched (by about 45o) with respect to the UE polarization planes. However, the diversity gain of 3dB is not guaranteed.
Observation 3: When the polarizations between TE and UE antennas are mismatched, the UE front end implementations investigated in this contribution could trigger both UE UL transmitters to transmit max output power and the total EIRP could include the diversity gain. 
As example scenarios 5 and 6 show, presenting two DL signals with 0o phase shift between them does not guarantee the 3dB polarization gain to be captured. The 3dB polarization gain is only guaranteed if the polarization planes are aligned. 
Observation 4: Presenting two DL simultaneously with 0o phase shift between them does not guarantee the 3dB polarization gain for the previously introduced UL polarization selection implementations 
These 6 examples can be tabulated as shown in Figure 2. Similar illustrations/tables are going to be used in the following sections.  
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Figure 2: Example measurement results for EIRPtotal when UL is measured with two orthogonal polarizations sequentially and with the DL presented sequentially (Test IDs 1-4) or simultaneously with 0o phase difference between DL polarizations
Option 1: Use of Circular Polarization in UL and DL
The use of circular polarization was discussed as a potential alternative. As illustrated in Figure 3, circular polarization (CP) requires the definition of the handedness, i.e., clock vs counter-clock wise or left-handed circular polarization (LHCP) vs right-handed circular polarization (RHCP). 
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Figure 3: Enhancement to Measurement Procedure Option 1: Use of Circular Polarization

Leaving aside the test system implementation to introduce circularly polarized DL signals for now, this section is focused on whether a circularly polarized antenna (RHCP or LHCP) used for both UL and DL can be used as measurement antenna. It should be noted that circular polarization in wireless telecommunications is very untypical; the use of linear polarizations is much more predominant.
Observation 5: The use of circular polarization in wireless telecommunications is very untypical

Similar to Figure 2, Figure 4 illustrates different examples and results for EIRPtotal assuming that the UE antenna receives and transmits linear polarization on each RX/TX. It should be noted though that the combination of linear signals transmitted by each UE transmitter could result in linear, circular, and elliptical polarization.  
The difference between Test IDs 1-3 and 4-6 is the handedness of the measurement antenna (CW vs CCW). In each case, the circularly polarized DL signal is assumed to trigger a sufficiently high DL measurement in both receivers RX0 and RX1 which in turn will make the UE transmit max power on both transmitters, i.e., the resulting EIRPs transmitted by each TX are assumed to be 30dBm. For Test IDs 1 and 4, it is assumed that the phase difference between both simultaneously transmitting UL signals is 0o or 180o, i.e., the combined signal is linearly polarized. Since linear polarization is a combination of RHCP and LHCP, and the measurement antenna can only receive one CP component, the total EIRP does not capture diversity gain. For Test IDs 2, 3, 5, and 6, it is assumed that the phase difference between both UL simultaneously transmitting signals is ±90o, i.e., circular polarization. Specifically, for Test IDs 3 and 5, the circular polarization of the resulting UL signal is opposite to the polarization of the measurement antenna so that this signal cannot be received, while for Test IDs 2 and 6, the circular polarization of the resulting UL signal is the same as the polarization of the measurement antenna so that this signal is received and includes the diversity gain. 
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Figure 4: Example measurement results for EIRPtotal when UL is measured with the same circularly polarized antenna that is used to present the DL with. 
Observation 6: The use of a LHCP or RHCP antenna for presentation of DL signals and UL measurements does not guarantee the measurement of the diversity gain. 
Theoretically, one could consider the use of circular polarization just in the DL while the UL measurements are performed sequentially with two linear, orthogonal polarizations. However, as this scenario that does not represent anything found in communication systems, it is not further investigated here.
Option 1: System Impact of Introducing CP

Introducing circular polarization in the DL can be achieved by either
· Using circularly polarized antennas, such as (conical) spiral antennas

· Using dual linearly (orthogonal) polarized antennas with input signals that are in quadrature
Circularly polarized antennas generally support just a single polarization (LHCP or RHCP) which is not sufficient as many conformance test cases [5] still require the use of linear polarizations to be introduced in the DL and for linear polarization transmit cases, e.g., REFSENS, EVM, etc. Additionally, very broadband and directive circularly polarized antennas are not widely available commercially.
Observation 7: The use of antennas with native circular polarization is not suitable for FR2 OTA conformance test cases. 

The use of dual linearly polarized antennas with orthogonal polarizations seems the more practical approach if CP was introduced for select conformance test cases. Suitable implementations would be dual polarized horn or Vivaldi antennas or corrugated horn antennas with integrated (Ortho Mode Transducers) OMTs. Both would require the input signals to be controlled individually in amplitude (due to antenna gain differences in the two respective polarizations) and in phase, i.e., achieve the relative +90o or -90o phase differences. 
Observation 8: The use of dual, linearly polarized with orthogonal polarizations, e.g., horn or Vivaldi antennas, or OMT&corrugated horn antennas seems more suitable for conformance test cases that use CP

If we assume that the gain difference between two polarizations is insignificant, the DL signal could be split in front of the antenna inputs of the OMT and a (90o phase shifter needs to be inserted at one input to support both LHCP and RHCP. However, switchable fixed 90o and -90o phase shifters are not readily, commercially available. A solution could be implemented with discrete components, e.g., using a switchable passthrough and 90o phase shifters, in front of each antenna input (90o​ polarizers for OMTs). However, accurate and broadband phase shifters/polarizers covering the entire FR2 are not readily available and a customized solution with multiple discrete components would introduce additional insertion loss and reduction of SNR. 
Observation 9: The use of discrete 90o phase shifters/polarizers inserted in front of dual-linearly polarized antennas to generate CP seems not feasible and not practical at this moment. 

An alternate approach would be to individually adjust the magnitudes and phases of the DL signals connected to the dual-linearly polarized antenna or OMT&corrugated horn combination at the output of the gNB emulator. In order to feed the antenna in quadrature, the phase differences between gNB emulator ports have to be controllable individually and accurately. However, as outlined in [3], such adjustability has never been made a requirement in 3GPP for UE RF testing and therefore not considered in gNB emulators architectures so far. It was furthermore observed that performing phase calibrations before and/or during each UE RF test is impractical [3].
Observation 10: The need for fixed phase differences between gNB emulator ports has not been made a requirement in 3GPP for UE RF testing and therefore has not yet been taken into account for gNB emulator architectures.
Observation 11: Performing phase calibrations before or during each UE RF test is impractical

If we assumed that the generation of signals in quadrature at the input of the antenna/OMT was feasible in principle, other aspects need to be considered. The deviation from the ideal (90o phase differences at the gNB emulator outputs need to be taken into account together with the axial ratio, i.e., deviation from the ideal (90o phase differences, in the far field of the antenna (assuming the antenna was fed in perfect quadrature), especially in off-axis directions. More importantly, the relative phase differences for two orthogonal polarizations inside the quiet zone need to be determined at various discrete locations caused by reflections/standing waves from support structures, positioners, absorbers, the deviation in AR of the feed antenna (especially off-axis directions), etc. Additionally, the relative amplitude differences for two orthogonal polarizations inside the quiet zone need to be determined as well. All of the above degradations need to be considered for an additional MU element related to UEs receiving downlink signals with an axial ratio of less than 1 (an axial ratio of 1 which corresponds to circular polarization). These three phase deviation terms (output phase of the gNB emulator, antenna axial ratio variation, and the quality of the quiet zone) could change the intended circular polarization to elliptical polarization and thus no longer trigger both polarizations in the UL of the UE to be transmitted. The change from circular to elliptical and even to linear polarization due to changes in phase is illustrated in the Poincare sphere in Figure 5.
Observation 12: New and modified quality of quiet zone procedures are needed for relative phase and amplitude
Observation 13: Additional MU element(s) are needed to account for the relative phase variation (due to gNB emulator output phase variation, antenna axial ratio, quality of quiet zone).

Observation 14: An intended circularly polarized signal could become elliptically or even linearly polarized due to cumulative relative phase difference changes anywhere within the quiet zone. 
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Figure 5: Poincare Sphere and Changes in Polarization due to relative phase differences

Given the many observations and impact on test equipment and MUs, it is proposed not to consider the introduction of circular polarization for EIRP UL measurements. 

Proposal 2: The introduction of circular polarization for EIRP UL measurements is not considered due to the lack of improvements with respect to test time and lack of diversity gain measurement. Additionally, this approach has a significant impact on test equipment and measurement uncertainty.
Option 2: Use of Polarization Scan with Linear Polarization
An alternate option discussed to enhance the measurement procedure was the use of a polarization scan with linear polarization, further illustrated in Figure 6.
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Figure 6: Enhancement to Measurement Procedure Option 2 (Use of Polarization Scan with Linear Polarization)
Here, the combined DL/UL polarization planes of the dual linear polarized measurement antenna are changed between N difference scans with the orthogonal polarization planes tilted by 90o/N between subsequent scans. For the example in Figure 6, N is 4 and the polarization planes differ by 22.5o, respectively.
Introducing a polarization scan with N different polarization scans obviously requires the test time to increase by a facto of approximately N. 
Observation 15 : A polarization scan with N different polarization scans requires the test time to increase approximately by a factor or N 
Figure 7 illustrates different examples and results for EIRPtotal. For each Test ID, only one DL polarization is presented to the UE at a time, i.e., no simultaneous polarizations, and the UL measurements are performed sequentially with the two orthogonal polarizations of the measurement antenna. For Test IDs 1 and 2, the 1st polarization scan is utilized and for each subsequent pair of the Test IDs, the polarization planes are increased by 22.5o. For all test IDs other than 5 and 6, the total EIRP is 30dBm as the DL polarizations are assumed to only trigger one TX (instead of both) to transmit at max power for the UE architectures analysed in this contribution. For Test IDs 5 and 6, the DL polarization triggers both TXs to transmit an EIRP of 30dBm and the polarization mismatch between the UE and the TE measurement antennas is captured. 
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Figure 7: Measurement results for EIRPtotal for N=4 different polarization scans with linear polarization.
Observation 16: The polarization scan with linear polarizations could capture the TX diversity gain for the UE architectures analysed in this contribution if the single DL polarization triggers both polarizations transmitted in UL

Option 2: System Impact of Introducing Polarization Scan
The polarization scan can be implemented two different ways, i.e., by rotating the feed antenna mechanically around its own axis or by rotating the polarization plane electrically by adjusting amplitudes and phases of simultaneously transmit and receive signals on fixed polarization planes.
Observation 17: A polarization scan with linear polarization can be implemented mechanically by physically rotating the feed antenna or electrically by adjusting amplitudes and phases of simultaneously transmitting and receiving signals to align on fixed polarization planes
Implementing a rotating stage for the feed antenna could correspond to significant system re-designs. Rotating the feed antenna mechanically requires existing systems to be retrofitted (if even possible) and for all quality of quiet zone evaluations to be redone. 
Observation 18: Implementing polarization scans for new and existing based on the mechanical approach will require re-designs and re-evaluations of existing systems

Adjusting the polarization planes of the UL and DL signals electrically requires the simultaneous transmission and reception of signals on fixed, orthogonal polarization planes. While the adjustment of amplitudes with the with the gNB emulator is straightforward, the adjustment of the relative phases is not feasible, as discussed in an earlier section. 

Observation 19: Implementing polarization scans electrically by adjusting output and input phases of the gNB emulator is currently not feasible
Proposal 3: The introduction of polarization scans is not considered at this moment due to impact on test time and system implementation aspects that need to be further studied  
Conclusion
The following observations and proposals were made in this contribution
Observation 1: The particular UL polarization selection implementation, i.e., UL transmission only on UE antenna polarizations that the UE receives power on in the DL, might not optimize system performance/link budget for more realistic channel conditions.
Observation 2: A UE architecture that transmits on both polarizations simultaneously regardless of DL measurements might optimize system performance/link budget for more realistic channel conditions
Proposal 1: Before major changes to test procedures and testability are considered, feedback from OEMs and chipset vendors is requested whether 2TX/2RX UE front ends that select the transmission of polarizations in the UL based on measurements in the DL will need to be considered in the future or whether those front end implementations will be replaced with FEs that transmit in both UL polarizations simultaneously.
Observation 3: When the polarizations between TE and UE antennas are mismatched, the UE front end implementations investigated in this contribution could trigger both UE UL transmitters to transmit max output power and the total EIRP could include the diversity gain.
Observation 4: Presenting two DL simultaneously with 0o phase shift between them does not guarantee the 3dB polarization gain for the previously introduced UL polarization selection implementations
Observation 5: The use of circular polarization in wireless telecommunications is very untypical
Observation 6: The use of a LHCP or RHCP antenna for presentation of DL signals and UL measurements does not guarantee the measurement of the diversity gain.
Observation 7: The use of antennas with native circular polarization is not suitable for FR2 OTA conformance test cases.
Observation 8: The use of dual, linearly polarized with orthogonal polarizations, e.g., horn or Vivaldi antennas, or OMT&corrugated horn antennas seems more suitable for conformance test cases that use CP
Observation 9: The use of discrete 90o phase shifters/polarizers inserted in front of dual-linearly polarized antennas to generate CP seems not feasible and not practical at this moment.
Observation 10: The need for fixed phase differences between gNB emulator ports has not been made a requirement in 3GPP for UE RF testing and therefore has not yet been taken into account for gNB emulator architectures.
Observation 11: Performing phase calibrations before or during each UE RF test is impractical
Observation 12: New and modified quality of quiet zone procedures are needed for relative phase and amplitude
Observation 13: Additional MU element(s) are needed to account for the relative phase variation (due to gNB emulator output phase variation, antenna axial ratio, quality of quiet zone).
Observation 14: An intended circularly polarized signal could become elliptically or even linearly polarized due to cumulative relative phase difference changes anywhere within the quiet zone.
Proposal 2: The introduction of circular polarization for EIRP UL measurements is not considered due to the lack of improvements with respect to test time and lack of diversity gain measurement. Additionally, this approach has a significant impact on test equipment and measurement uncertainty.
Observation 15 : A polarization scan with N different polarization scans requires the test time to increase approximately by a factor or N
Observation 16: The polarization scan with linear polarizations could capture the TX diversity gain for the UE architectures analysed in this contribution if the single DL polarization triggers both polarizations transmitted in UL
Observation 17: A polarization scan with linear polarization can be implemented mechanically by physically rotating the feed antenna or electrically by adjusting amplitudes and phases of simultaneously transmitting and receiving signals to align on fixed polarization planes
Observation 18: Implementing polarization scans for new and existing based on the mechanical approach will require re-designs and re-evaluations of existing systems
Observation 19: Implementing polarization scans electrically by adjusting output and input phases of the gNB emulator is currently not feasible
Proposal 3: The introduction of polarization scans is not considered at this moment due to impact on test time and system implementation aspects that need to be further studied 
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Note 1: Due to the polarization mismatch between UE and TE antennas, the relative phase
between the simultaneous UL signals can lead to constructive and destructive interference
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