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Introduction
In this contribution, we have identified a potential problem in OTA verification of any RF requirement that requires demodulation at the TE. This category includes all Transmit Modulation Quality requirements (frequency accuracy, carrier leakage, EVM, IBE, and spectrum flatness). The problem stems from three contributing factors that come together in FR2: UL transmission in both polarizations, allowable transmit diversity schemes and TE measurement in a single polarization.
Discussion
In FR2, a UE is not precluded from transmitting its UL signal in mutually orthogonal polarizations simultaneously, even for single-layer UL (polarization diversity). Indeed, during the process of determining UE requirements for minimum peak EIRP, several companies included non-zero polarization gain in their budgets, as captured in discussion in [1]. 
In an OTA context of EVM testing, it was agreed in [4] that EVM would be evaluated separately for each polarization of the measurement antenna, and that the EVM requirement shall be met in at least one of those polarizations. Note that the general condition is that a UE’s UL polarization axes are not aligned with those of the TE. 
Separately, RAN1 has advised RAN4 that operation with UL transmission diversity is transparent to specification. CP-OFDM is addressed in [2], while DFT-s-OFDM is addressed in [3]. 
When a UE’s UL signal is captured per [4], without benefit of coherent combining across two mutually orthogonal polarizations, the combination of UL polarization diversity and certain transparent frequency-domain diversity schemes can cause artefacts in the signal’s spectral flatness. This effect needs consideration because it can impact compliance with spectrum flatness requirements, and possibly IBE. We attempt to shed light on these artefacts in subsections below. 
A simplified approach to estimate signal captured at TE
We start our analysis assuming a single tone transmission radiated in both polarizations from the notional UE. This transmission is radiated with some reference phase in one polarization, ‘H’, and with some intentional time-phase difference (‘’) in the second, orthogonal polarization, ‘V’. This phase difference will later accommodate frequency diversity schemes when the analysis is generalized to multiple SCs in an UL allocation. The UL radiation is captured by a TE antenna whose polarization axis is misaligned by some spatial angle ‘’ to the UE’s H-polarization axis. Figure 2.1 shows the relationship between the UE polarization axes, the radiated field, and the captured fields along the TE antenna’s polarization axis.


A.sin (2.f.t - )
A.sin (2.f.t + )
UE H-axis
UE V-axis
Net UE UL E-field

TE polarization axis
UL Captured by TE

The field captured by the TE antenna can be described by the following equation:
Equation 2.1-1
eTE(t) = 
Observation 1: Field strength captured by the TE antenna from a single tone radiation is a function of both, the time-phase difference in the signal streams launched by the two polarizations at the source, and the misalignment angle.
Note that the equation above is a time varying quantity. The amplitude ‘E’ of the captured tone can be determined by choosing a time instant that maximizes the expression. 
ETE = 
Equation 2.1-2
ETE = 
This simplified analysis can be generalized easily for OFDM: for an OFDM allocation, the expression above would apply to each SC. If the distribution of the time-phase difference (f) is known for each subcarrier of an allocation in a diversity scheme, it would be possible to calculate ETE(f) by subcarrier. ETE(f) represents the relative strength of each SC, as captured by the TE, using the diversity scheme (f).
Equation 2.1-3
ETE(f)=
Observation 2: The quantity ETE(f) captures any spectral flatness artefacts across an allocation, from using Tx diversity schemes, and OTA capture in single polarization.
Allowable Diversity Schemes
A diversity scheme is allowed if it is transparent, per [2] and [3]. While a thorough treatment of diversity scheme choices is out of scope of this document, we will evaluate an example scheme to highlight the OTA problem. The diversity scheme treated in this paper is a frequency-domain diversity scheme, CDD.
Short-delay CDD
Circular delay diversity (CDD) is implemented by generating a second UL symbol as a circularly delayed version of the main symbol to be transmitted. The second symbol when transmitted concurrently with the main symbol creates frequency diversity. When the circular delay is sufficiently smaller than the CP, it is considered transparent (‘short delay’).
From Fourier theory, we note that adding a circular delay in the time domain is equivalent to multiplying the original waveform with a phase ramp in the frequency domain.
If we define a Fourier transform pair:
x(t) ↔ X(f)
A circularly time delayed version can be represented as:
x(t-) ↔ X(f).e-j.2..f
Figure 2.2.1-1 shows the phase ramp associated with CDD.
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Fig 2.2.1-1: CDD Phase Ramp
For CDD, which in effect is a time delay, the frequency domain phase ramp takes the form:	
Equation 2.2.1-1
(f)=k.f, where k is a constant
Spectral Flatness Impact
It is now possible to investigate the spectral flatness impact at the TE by combining the equation 2.1-3 for ETE(f) with equation 2.2.1-1 for (f). 
Equation 2.3
ETE_CDD(f) = 
ETE_CDD(f) can be evaluated for various phase ramps ‘k’ and various angular misalignment angles ‘’ to predict spectral flatness of the UL signal as captured by a TE in a single polarization, when the UE uses polarization diversity in addition to a frequency diversity scheme.
Figure 2.3-1 shows ETE_CDD(f) across allocation, as a function of TE antenna misalignment, for a CDD phase ramp of 360 degrees across a 10RB allocation. Note that for a 10RB allocation, a 360deg phase ramp represents a circular delay of about 0.83% of symbol duration (without CP). This delay is considerable smaller than the CP. The ‘normal length’ CP is about 7% of symbol duration. i.e A 360deg phase ramp across 10RBs qualifies as short delay, and transparent.
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Fig 2.3-1: Spectral Flatness captured by TE in a single polarization, as a function of TE antenna misalignment, for CDD phase ramp of 360degrees across allocation.
The figures above exemplifies the problem of testing OTA in conjunction with CDD, dual pol UL signal and single polarization TE antenna: Even when a UE transmits an UL signal with a perfectly flat PSD in both polarizations, the TE can misconstrue the signal as having significant amplitude flatness degradation, if the UE also uses an allowable diversity scheme (SD-CDD). The trend is symmetric around 45degrees of misalignment, which is a worst-case misalignment.
Observation 3: Spectral flatness as captured by a TE antenna in any one polarization can be adversely affected, when UL combines frequency diversity schemes with polarization diversity. 
This problem can impact all tests in Section 6.4 of TS38.101-2 (Transmit Modulation Quality), among others.  
Mitigation Proposals
From a requirements perspective, the problem of spectral flatness artefacts needs to be addressed to ensure Transmit Modulation Quality requirements can be meaningfully tested. Some potential solutions are discussed in more detail in subsections below.
Accommodating Spectral Flatness Artefacts
One avenue is to systematically comb through existing performance requirements and loosen those that will be affected by spectral flatness artefacts. Unfortunately, the degree of spec. relief to accommodate the OTA problem under our starting assumptions depends on both, antenna misalignment and UE implementation (phase ramp slope in our example implementation). The variation due to the two dependencies is also very significant (as seen in fig 2.3-1), which rules out introducing a ‘reasonable’ MU term that could capture this effect. At this time, we cannot recommend this avenue.
Preventing Spectral Flatness Artefacts
A second avenue is to identify and disable a contributing mechanism. 
Disabling UE resident mechanisms 
The standard would have to prevent UEs from using diversity schemes, or limit UL transmission to a single UE polarization. Neither of these methods enjoy the requisite study phase in RAN4, and in our opinion are not feasible in the rel. 15 timeframe.
Disabling TE resident mechanisms 
The standard would have to mandate that the TE align its polarization axis with one of the UE’s UL polarization axes, prior to measuring in both polarizations sequentially, as agreed in [4]. While this may be feasible, there may be test speed concerns, as well as in ability to deal with rank 2 transmissions.
Anticipating and Treating Spectral Flatness Artefacts
A third avenue is to comprehensively treat the problem by mimicking the receive process at the gNB. This scheme calls for coherently combining signals captured concurrently by the TE in both mutually orthogonal polarizations. This avenue requires two receiver chains in the TE, and further, a method for combining the two signal streams. 
While this method requires more TE complexity, it is, in our opinion, the correct way to implement OTA measurement schemes for FR2. It also lends itself to OTA testing with rank2 transmissions.
Proposal: Measurement at the TE should be performed concurrently in mutually orthogonal polarization angles, to accommodate UEs that implement allowable diversity schemes in conjunction with polarization diversity in the UL.
Conclusion
In FR2, when a UE implements allowable diversity schemes, in conjunction with polarization diversity, measurement in a single polarization TE antenna can cause artefacts in flatness of measured spectrum. These artefacts are a function of UE implementation (specific diversity scheme chosen) and angular misalignment between TE antenna and UE polarization axes.
[bookmark: _GoBack]We propose a solution that requires coherent combing across two receive chains in the TE, one assigned to each of two measured polarizations:
Proposal: Measurement at the TE should be performed concurrently in mutually orthogonal polarization angles, to accommodate UEs that implement allowable diversity schemes in conjunction with polarization diversity in the UL.
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