[bookmark: _Hlk66949131][bookmark: _Hlk514061252]3GPP TSG-RAN WG4 Meeting #98-Bis-e	R4-2104489
e-Meeting, Apr. 2021

Title:	Transmit signal quality measurements by TE with dual pol Rx

Source:	Qualcomm Incorporated

Agenda item:	9.1.3
Release:	Rel-17
Work Item:	FS_FR2_enhTestMethods
Responsible WG:	RAN4

Document for:	Approval
1.	Introduction
During the study item on enhanced test methods for FR2, it was agreed that a TE with dual polarization coherent receivers would be an ‘enhancement which addresses the UE demodulation part of the polarization mismatch objective’ [1]. Existing verification methods for Tx signal quality are however derived from conducted domain testing and do not exploit coherent combining facility afforded by dual pol Rx. In this contribution we propose enhancements to the demodulation strategy to exploit the enhanced TE architecture.
2. 	Discussion
Existing FR2 test methodology which is based on a single Rx-chain TE cannot reliably work in an OTA environment, where it is impossible to separate the influence of multiple UE Tx chains at the antenna [2]. While it is agreed that dual coherent receivers are essential for proper demodulation of OTA signals [1], it is also recognized that a new demodulation procedure that takes advantage of the new architecture must be established. At the outset it is useful to identify the goals for the enhanced TE demodulation procedure. It is also useful to clarify that a new demodulation procedure is not intended as a proposal to change existing core requirements in TS38.101-2.
2.1	Goals of the TE demodulation procedure
The overarching goal for the enhanced TE procedure is to enable proper demodulation of UL from UEs that utilize transparent diversity schemes, i.e. without introducing amplitude flatness artefacts. Legacy methods based on a single chain Rx generally fail in this regard [2] necessitating workarounds in RAN5.
Goal 1: The procedure should be able to demodulate UL from UE using any transparent diversity scheme without injecting flatness or phase artefacts into measurements.
Ideally, the enhanced demodulation procedure would have strong continuity with existing and proven single chain UL demodulation procedure. This continuity helps on at least 2 fronts: it allows building on existing track record of successful operation of the legacy method, and results would be comparable across the change. Note that the existing single chain demodulation procedure utilizes ZF equalization derived from an LSE estimate of the channel.
[bookmark: _Hlk68003346]Goal 2: The demodulation procedure should have strong continuity (ZF equalization derived from an LSE channel estimate) with the existing single chain demodulation procedure.
The core requirement states that the UE is configured for 2L UL MIMO transmission for verifying UL MIMO transmit signal quality (TSQ) metrics. To account for OTA limitations in legacy TE methods, the core requirement also provides an alternative configuration and verification procedure, based on single layer UL: [image: ]
Ideally the enhancements should enable both, proper demodulation of 2L uplink as well as retain the ability to fall back to the legacy method of using single layer UL for verification.
Goal 3: The demodulation procedure must gracefully scale between 2 layer and single layer UL without major change.
The core requirement for FR2 also specifies that the transmit modulation quality metrics (D-suffix) apply per layer:
[image: ]
Goal 4: Transmit modulation quality metrics (EVM, IBE, carrier leakage) should be calculated per layer.
2.2	Proposed TE demodulation scheme
2.2.1	2L OTA demodulation
A demodulation procedure for the TE for 2L UL has previously been proposed in [3] based on a ZF equalizer. While the context for that proposal was FR1, the demodulation strategy remains FR-agnostic. The proposal for FR2 requires only minor modification from the proposal in [3] (pertaining to IBE calculation, goal 4). The choice of ZF equalizer is driven principally by goal 1. The proposal is an extension of the procedure described in RAN5 documents for single chain TE, a choice motivated by goal 2. 
For the 2L UL MIMO EVM test case, the system is framed as [5]:

Here, H is the 2x2 OTA channel, G is the 2x2 diversity scheme that the UE uses, and W is the 2x2 precoder matrix. G and W are UE-resident. The UE implementation is shown in block diagram form in figure 2.2.1-1 as partially reproduced from [5]:
[image: ]
Figure 2.2.1-1: UE implementation model [5]
Here, the effective channel (HGW) as seen by the TE can be represented by a 2x2 matrix for each subcarrier (‘SC’). The process of equalization is implemented by multiplying data collected simultaneously at the TE receiver ports ‘y’ by an equalization matrix ‘A’. A unique ‘A’ matrix is computed for each SC. Using the ZF equalization method, ‘A’ is generated as the inverse of the estimate ‘F’ of the effective channel HGW for that SC. 

; where 
The block diagram of the demodulation scheme for FR2 2L UL is shown in figure 2.2.1-2. Everything to the right of the FFT blocks is per SC, and therefore must be replicated for the entire UL allocation.

Figure 2.2.1-2: Demodulation scheme for FR2 2L UL
For each SC, the train of reconstructed symbols and received symbols are jointly used to estimate F (effective channel, also per SC), by minimizing the LSE between the received symbols and those that are calculated from the estimated channel and the reconstructed symbols, over all the symbols in the measurement interval. This technique is a 2L generalization of the legacy method to estimate the legacy rank 1 channel. This LSE minimization procedure is detailed further in [3] and results in the following channel estimate:

Where xk and yk are respectively the kth transmitted and received OFDM symbol in the measurement interval:

Note the strong resemblance to the expression for channel estimate for the single layer legacy demodulation case. 
While A can be taken as the inverse of ‘F’ for the ZF equalizer, we show later that there is a more general form of A that helps streamline single layer and 2L treatments. Two aspects bear further consideration: the existence of F and the invertibility of ‘F’, see Annex. The detailed treatment logically derives that if either F or F-1 do not exist, it is because the UE cannot support an OTA channel (coded into matrix ‘H’) of rank2, and is unable to maintain valid 2L UL. Failure to calculate either of the quantities therefore is tied to poor UE implementation rather than TE limitation.
Noting that A is the inverse of the estimate of the product HGW, the equalization step can be written as:

The matrix equation can be resolved into 2 separate scalar equations corresponding to the two layers:
;
 
Where, x̂m represents equalized layer data ‘m’, xm represents reconstructed (ideal) layer ‘m’ data, and vm represents noise accompanying ideal layer data ‘m’ after equalization. Note that the transmitted symbols are recovered without phase or gain modification, albeit in the presence of accompanying noise (responsible for EVM degradation). This is the case for every allocated SC – when the symbol on each sub carrier on each layer is reproduced without gain modification as this method does, we can conclude that this method does not introduce any flatness artefacts into the measurements. Goal 1 is thus satisfied by design.
2.2.2	Single layer OTA demodulation
The 2L MIMO EVM calculator scales readily to single layer EVM calculation in an OTA context (Goal 3). Figure 2.2.2-1 shows the 2L demodulation calculator while suppressing sections that would be unused for single layer operation. 


Figure 2.2.2-1: Demodulation scheme for 2L UL, used for single layer UL
The channel estimate remains of the same form as in the 2L case, but the dimensions are now 2x1 because x is now a scalar for the single layer case:

Because x is a scalar, (SxxH)-1 is merely the reciprocal of a scalar quantity. Consequently, there are no numerical corner cases pertaining to existence of the quantity to ponder. 
Due to F not being square, the equalization matrix ‘A’ must be derived as the pseudo inverse of F, rather than a true inverse as in the 2L case:

This type of ZF equalizer implements MRC for the single layer case. Note that this expression simplifies to A=F-1 for the 2L case, and so, ‘ASL’ is a more general construction for ‘A’ that is appliable to both cases (single layer as well as 2L). Like the 2L case, this procedure recovers the transmitted symbols without gain or phase modification (goal 1).
2.2.3	Summary
Proposal 1: The 2L MIMO demodulation scheme in figure 2.2.1-2 is proposed as the basis for TE employing dual receive chains.
2.3	Evaluation of proposal against goals
2.3.1	Goal 1
Goal 1 is reproduced here for convenience: 
Goal 1: The procedure should be able to demodulate UL from a UE using any transparent diversity scheme without injecting flatness or phase artefacts into measurements.
The choice of equalizing the channel with the inverse of the channel estimate ensures that the transmitted symbols are recovered without gain or phase change by design. (Note the identical coefficients of ‘x’ and ‘x̂’ in the equation below):

The process of faithful demodulation applies to all subcarriers, thereby guaranteeing fulfilment of goal 1.
Observation 1: The proposed demodulation procedure does not inject any amplitude flatness or phase artefacts in measurements of UE from a UE that uses transparent diversity schemes.
2.3.2	Goal 2
Goal 2 is reproduced here for convenience: 
Goal 2: The demodulation procedure should have strong continuity (ZF equalization derived from an LSE channel estimate) with the existing single chain demodulation procedure.
The proposed procedure is conceived as an extension of proven single chain Rx demodulation procedure as documented in RAN5 specifications for LTE and FR1 NR. It continues to an LSE estimate for the channel derived over multiple OFDM symbols and retains the use of the ZF equalizer. It also uses the same steps to reconstruct the transmitted symbols and boils down to the legacy method for SISO systems.
Observation 2: The proposed demodulation procedure has strong continuity with legacy methods owing to retention of ZF equalization and LSE-based channel estimation.
2.3.3	Goal 3
Goal 3 is reproduced here for convenience: 
Goal 3: The demodulation procedure must gracefully scale between 2 layer and single layer UL without major change.
The 2L demodulation procedure of section 2.2.1 can be readily used for single layer operation as shown in section 2.2.2. As noted in the single UL demodulation case, it requires adoption of a generalized definition for the equalization matrix:
One can therefore conclude that the demodulation procedure achieves goal 3.
Observation 3: The proposed demodulation procedure gracefully scales between 2L UL and single layer UL operation.
2.3.3	Goal 4
Goal 4 is reproduced here for convenience: 
Goal 4: Transmit modulation quality metrics (EVM, IBE, carrier leakage) should be calculated per layer.
We evaluate each of those TMQ metrics individually.
2.3.3.1	DC (LO) cancellation
EVM calculation is gated by the TE’s procedure to cancel LO. Per existing signaling, only one LO location can be declared per BWP for the carrier being tested, be it single layer or two.  More significantly, the only locations allowed to be declared are SC locations. For NR, LO cancellation based on signaling declaration of LO location can therefore be performed either pre- or post-FFT. Per layer quantities are only available in the post-FFT, post-equalization domain where the channel has already been diagonalized, so the focus in the treatment below is the post-FFT method. 
A UE can expect LO cancellation only if the LO location is signalled in terms of a valid subcarrier location. If the UE reports 3300 or 3301 via IE txDirectCurrentLocation the TE or network can get no information on LO location other than ‘it does not coincide with the FFT grid’. This aspect is consistent with the exception in the core-requirement pertaining to this IE.
The following passage describes a method based on post-FFT LO removal based on LO location declaration via IE txDirectCurrentLocation. Post-FFT LO removal involves removing dependency on the LO-bearing SC or being able to ignore the impact of LO leakage.
Recall that each allocated SC has an instantiation of the post-FFT procedure outlined in figure 2.2.1-2. The equalization matrix ‘A’ is calculated for each sub carrier and is derived from reconstructed symbols recovered from processing DMRS. In NR, DMRS symbols do not occupy each SC of the OFDM symbol, necessitating some form of interpolation for DMRS-less sub carriers. To minimize impact of LO leakage on the accuracy of the process of reconstructing the transmitted symbols, a logical choice is to select a DMRS comb that skips over the SC declared to have the LO leakage.
While it is relatively easy to ensure that the reconstruction process remains free of impact from LO leakage by using the comb, the measured symbols ‘y’ for the LO-bearing SC still contain a systematic and constant leakage term for all OFDM symbols in the measurement interval.
; where 
where c1 and c2 are complex constants pertaining to the LO leakage. The channel estimate for the LO-bearing SC starts with the LSE estimate:


There are multiple options to deal with this extra term from LO leakage (C(SxH(SxxH)-1). The first option is to use a very long-term averaging to determine ‘F’ for the LO-bearing SC. Since ‘C’ is a constant and (SxH) can reasonably be assumed to be zero for a long enough average, the contribution of the first term reduces to zero. So, the first option is to do nothing other than ensure a very long-term average is used for calculating ‘F’ for the LO bearing SC. The second option is to interpolate from neighbour SCs to determine F for the LO-bearing SC. Other, more sophisticated treatments may also exist. ‘F’ calculated from either of these methods can be compared to ‘F’ calculated using the LSE-estimate expression over the standard measurement interval to derive the value of ‘C’ for the measured interval.
The equalization equation for an LO-bearing SC is:Reconstructed symbol
EVM contributor
LO leakage component

The calculated quantity ‘AC’ can be used both to estimate carrier leakage per layer, as well as to correct the estimated symbol on the LO-bearing SC prior to EVM calculation.
2.3.3.2	EVM equalizer flatness
As proposed in [3]: In the legacy single layer UL case, the channel estimate for each SC was a (complex) scalar, so it was straightforward to evaluate equalizer flatness. In the 2L test case however, the channel equalizer ‘A’ consists of 4 elements, 2 for each layer. Framing A as a row vector:

For layer ‘m’, recall that the ZF equalization coefficients for each layer AmT are scaled to diagonalize the channel. There is no realistic bound on the relative ratios of the coefficients, but the coefficients together preserve any frequency domain shape of the channel. Therefore, a composite parameter cm for each layer ‘m’ can be used to evaluate the equalizer spectrum flatness, given by:

Or

The FR2 single layer case is merely a subset of the 2L case, where ‘m’ can take on just one value:  1.
2.3.3.3	IBE
The FR2 IBE requirement differs from LTE and FR1 IBE requirements in being defined per layer. This requirement necessitates evaluation of post-equalized quantities as shown in figure 2.2.1-2, but the mechanics remain the same as before. It is also possible to calculate IBE compliance based on layer data equalized by the LSE equalizer, rather than the DMRS based equalizer (as shown in figure 2.2.1-2) for more stability. 
Here, it is also useful to highlight the only significant difference in the proposed 2L demodulation procedure between FR1 and FR2, which is the position of the IBE block. In FR1, output power and emissions are defined as the sum of the per UE connector measurements. Consequently, in FR1, the IBE blocks are in the ‘pre-equalized’ domain. In FR2, the requirements are per layer and therefore the IBE blocks are placed in the ‘post-equalization’ domain. This difference can also be streamlined if the IBE requirement itself is redefined for FR2, a core requirement discussion that is out of scope for this study.
Some aspects of the IBE requirement were calculated in the Rel-15 work phase using OTA emissions power rather than per layer emissions, like this requirement:
[image: ]
This inconsistency is ignored for now and noted as a second IBE core-requirement discussion possibility for the future.
2.3.3.4	Goal 4 conclusion
Observation 4: Transmit modulation quality metrics (EVM, IBE, carrier leakage) are calculated by the proposed demodulation procedure in per layer form as required by the standard.
3. 	Conclusion
It is possible to create a unified TE demodulation procedure for FR2 targeted at TE with dual pol receiver architecture that achieves the following goals:
Goal 1: The procedure should be able to demodulate UL from UE using any transparent diversity scheme without injecting flatness or phase artefacts into measurements.
Goal 2: The demodulation procedure should have strong continuity (ZF equalization derived from an LSE channel estimate) with the existing single chain demodulation procedure.
Goal 3: The demodulation procedure must gracefully scale between 2 layer and single layer UL without major disruption.
Goal 4: Transmit modulation quality metrics (EVM, IBE, carrier leakage) should be calculated per layer.
The reader is referred to section 2.2.1 for details of the proposed TE demodulation scheme.
Proposal 1: The 2L MIMO demodulation scheme pictured below is proposed as the basis for TE employing dual receive chains.
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5. 	Annex: Existence of F and F-1
Recall that F, the estimate of the effective channel for each sub carrier is derived as an averaging operation over multiple OFDM symbols:

The existence of F depends on the sum matrix SxxH being rank 2. Recall now that ‘xk’ is the train of constellation symbols per SC, for both layers, as embedded in the train of OFDM symbols. For pseudo-random data, the sum matrix SxxH accumulates positive values along the diagonal, and random zero-mean values in off diagonal locations (cross correlation across independent data). As the number of OFDM symbols increases in the averaging interval, this matrix tends towards a multiple of an identity matrix. Could this matrix be rank 1 in some corner case? Mathematically, this can happen only if ‘x’ is the same (both layers) in a SC for all OFDM symbols in the averaging interval. This outcome is extremely improbable if not impossible due to reliance on scramblers and standardized pseudo-random data generators in the UE. One can therefore conclude that F exists if the TE can merely work out ‘xk’. Since the TE estimates ‘xk’ by decoding measured data (see figure 2.2.1-1), the TE still depends on the UE’s ability to transmit data with enough inter-layer isolation to allow reconstruction. If F does not exist or is ill conditioned, it must mean that the UE is unable to maintain valid 2L UL.
The invertibility of ‘F’ depends on the invertibility of the cross-correlation term SyxH in the expression for ‘F’: 

The first term inside the parenthesis (GWSxxH) involves 2 unitary matrices multiplied by a strongly diagonal matrix (as discussed in the section about the existence of F), and so remains rank 2. The second term inside the parenthesis (SnxH) is a measure of correlation between noise and data symbols. 
‘Noise’ can be truly thermal (low output power cases) in which case the second term would tend towards an all-zero matrix and can be ignored. We can therefore conclude that in low output power cases, SyxH is rank 2 (i.e it is invertible) if H is also rank 2. Now, H contains information about the UE antenna’s cross-pol isolation: H is strongly rank 2 for UE implementations with good cross-pol isolation. H loses rank or becomes ill-conditioned if the UE’s transmit chains suffer from high antenna correlation. If F is not invertible or is ill conditioned, the reason can be traced back to the UE’s inability to maintain valid 2L UL.
Alternatively, the ‘noise’ can be composed of third order non-linearity from a PA. This is the case for high output power cases. A PA can be approximated by the time domain normalized characteristic shown here (k3 > 0):

The cubic term retains strong correlation with the linear term, so the PA model’s cubic term output can be approximated as sum of a correlated component (‘a.x’, where ‘a’ is related to the correlation coefficient of the cubic term to the linear term) and an un-correlated component (‘nun’). In the post-FFT frequency domain, SyxH can be rewritten as:

We focus on the matrix inside the parenthesis:

The third term inside the parenthesis is a measure of correlation between data and the un-correlated component, which (by definition) would tend towards an all-zero matrix and can be ignored, like the low output power case. There is still risk of SyxH losing rank and becoming non-invertible, however, for example if the matrix (GW-a.k3.I) loses rank. 
Note that this mechanism (3rd order nonlinearity) also exists in the case of demodulation by TE with single chain receivers, and experience tells us that PA non-linearity products do not contribute to a situation where the channel cannot be inverted. Legacy demodulation procedures therefore serve as empirical proof of the argument that the matrix (G.W-a.k3.I) never loses rank.
Physically, for compliant UEs, | k3| is in the range of 0.10-0.20 in normalized form, and a, while PAPR dependent, can be verified to be <= 2 for NR UL waveforms. We also note that matrices G and W are unitary, which allows direct comparison of the terms in (GW-a.k3.I);  the relative magnitude of | a.k3| is small enough that matrix B would still be dominated by the first term (GW SxxH) for the range of EVMs expected to be measured. We therefore expect B is rank 2 for pseudo random data. Consequently, here too, rank of SyxH depends solely on rank of H. i.e SyxH is rank 2 (i.e it is invertible) if H is also rank 2. If F is still not invertible (i.e SyxH is rank 1), it is because the UE cannot support an OTA channel (H) of rank2, and is unable to maintain valid 2L UL.
This treatment can conclude with the observation that both F and F-1 exist provided the UE can support a rank 2 OTA channel, i.e rank(H)=2
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6.4D.2 Transmit modulation quality for UL MIMO
‘For UE supporting UL MIMO, the transmit modulation quality requirements are specified at each layer separately.
‘The transmit modulation quality requirements are specified in terms of:

‘Error Vector Magnitude (EVM) for the allocated resource blocks (RBs)

EVM equalizer spectrum flatness derived from the equalizer coefficients generated by the EVM measurement
process

Carrier leakage (caused by 1Q offset)
In-band emissions for the non-allocated RB.
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6.4D.0 General

For a UE supporting UL MIMO. the transmit modulation quality requirements in clause 6.4 apply. The requirements
apply when the UE is configured for 2-layer UL MIMO transmission as specified in Table 6.2D.1.3-3.

The requirement may alternatively be verified in each of the single layer UL MIMO configurations as specified in Table
6.4D.0-1.

Table 6.4D.0-1: Alternative UL MIMO configuration for transmit signal quality tests

Transmission scheme DCI format TPMI Index
Codebook based uplink DCI format 0_1 0
Codebook based uplink DCI format 0_1 1





