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Introduction
In the last meeting two approaches have been presented to solve the issue of UL transmit signal quality measurements on two polarisations [1], [2], either for single- or multi-layer transmissions. As agreed as part of the WF [3] we further discuss the open issues for the UL demodulation measurements.
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 Background
As part of the WF [3] the following agreements have been captured at RAN4#98e-bis:
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 Existence of equalizer G and channel matrix H 
The existence of ZF equalizer G depends on the invertibility of channel matrix H. This is a general requirement for 2-Layer MIMO transmission which is only possible if channel matrix H has rank 2.
Using the channel estimation method as described in [1], based only on DMRS symbols, the existence of channel matrix H is always guaranteed. EVM calculation is completely independent of any correlation properties of transmitted data like e.g. pseudo-random data.
Observation 1: For the method provided in [1], based only on DMRS symbols, the existence of channel matrix H is always guaranteed.
For the method described in [2] this will depend on the transmitted data symbols on each layer and subcarrier and will lead to a non-invertible matrix under certain circumstances.
At first let’s see why using decided data symbols for MIMO channel estimation is not that effective as for SISO, and even new problems arise when doing so.
In case of SISO transmission per subcarrier one received symbol depends on one channel coefficient and one reference or data symbol:


Each single decided symbol can be used as a pilot symbol for channel estimation, independently of which data symbol is transmitted.
In case of MIMO transmission two received symbols depend on four channel coefficients and two reference or data symbols, one data symbol per layer

or
, where 

where k is the OFDM symbol index.
For MIMO transmission reference symbols for different layers are designed to be orthogonal to each other, i.e. either they use different subcarriers (CDM groups) per layer, or if same subcarriers are used orthogonal codes wf and wt are applied to different layers. Due to this property it is possible to estimate all channel coefficients based on a single DMRS symbol.
When data symbols are used, channel estimation is not that easy anymore. For 2 layers at least two OFDM symbols are necessary (4 layers require at least four OFDM symbols) and transmitted data on these symbols have to fulfill certain requirements. The strongest requirement is that for each OFDM symbol k data symbols transmitted in each layer must be different i.e.


In addition to this requirement the transmitted data symbols must be also different from one OFDM symbol to the other for at least one layer. The requirements must be fulfilled for all subcarriers.
Observation 2: When using data symbols for channel estimation, the data symbols in each layer must be different for a given OFDM symbol. 
Observation 3: When using data symbols for channel estimation, the data symbols must be different from one symbol to the next on at least one layer.
Observation 4: Observation 2 and 3 must be fulfilled on each subcarrier.
For the channel estimation presented in [2] based on a 2x2 LS algorithm, including reference symbols as well as decided data symbols in the LSE minimization process, the effective channel estimate is given by:

 
The requirements for data symbols mentioned above are reflected in the invertibility of data autocorrelation sum matrix . The contribution from an OFDM symbol not fulfilling the requirement above, i.e. with  is:


Even if both data symbols differ from one OFDM symbol to the other but the requirement is not fulfilled for all OFDM symbols in a subcarrier the resulting sum matrix is not invertible.
The interesting question now is what’s the probability that this happens, i.e. identical data symbols for both layers for K OFDM symbols, on at least one out of N subcarrier. Assuming random equally distributed QPSK modulation symbols the probability can be computed as follows:
1. Probability for a two layer transmission that same QPSK symbol is transmitted for one OFDM symbol on one subcarrier on both layers is 4/16 or 1/4.
2. Probability that this happens for K OFDM symbols on one subcarrier is:

which decreases exponentially with number of transmitted symbols K.
3. Probability that this doesn’t happen on one subcarrier is:

4. Probability that this doesn’t happen on N subcarriers is: 

5. And finally, probability that this happens on at least one out of N subcarriers is: 


The maximum number of allocated subcarriers is  (max RBs * 12 SC), reference symbols are embedded in data symbols and transmitted on every second subcarrier (for config type 1). In the following calculation only half the maximum number of subcarriers are considered. The number of scheduled OFDM symbols is flexible from 1 to 14, the lowest value for mapping type A is 4 and the UL RMCs mandate 11 symbols. The probabilities for different numbers of OFDM symbols K are: 
P(4) = 99.8%, P(8) = 2.5%, P(11) = 0.04%
The probabilities are in a range which show that this issue cannot be simply neglected, especially if not all OFDM symbols are scheduled within one slot.
Observation 5: For the method provided in [2], the matrix will not always be invertible, with a very high probability for low numbers of symbols.
Since channel estimation method must be scalable with the number of scheduled OFDM symbols it is necessary is to avoid this issue and perform the MIMO channel estimation based only on DMRS symbols.
Observation 6: The channel estimation method must be applicable for any number of scheduled OFDM symbols.
Proposal 1: Agree on the approach outlined in [1] as the baseline for UL transmit signal quality measurements.
Applicability of the proposed solution
As part of the study item the goal was to solve the issue of the polarization mismatch for the UL demodulation measurements, which was an outcome of the initial testability study item. Although this work was initially focused on solving the issue for a single-layer transmission, the issue must also be solved for UL MIMO transmission, since the issue here is identical.
As shown during the last meeting in [1] & [2], the same basic approach can be used for single- and multi-layer measurements. Thus in our understanding the solution shall be agreed as a package for single- and multilayer measurements.
In our understanding, the single-layer solution presented in [1] is an enhancement to the existing solution in TR 38.810 [4] already implemented by RAN5, while the multi-layer solution is the baseline solution for the UL MIMO transmit signal quality measurement.
Proposal 2: Agree the single- and multi-layer solution as a package.
A further discussion point as outlined by the WF [3] was, to which requirements this new approach shall apply. The current requirements in TS 38.101-2 [5] are shown below:
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Transmit modulation quality defines the modulation quality for expected in-channel RF transmissions from the UE. The transmit modulation quality is 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
-	In-band emissions for the non-allocated RB
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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 IQ offset)
In-band emissions for the non-allocated RB
From these measurements, the propose dual receiver methodology in our view applies to the following:
· 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 IQ offset)
For in-band emissions, these are already measured per connector for the single-layer case and then those emissions are summed up, as for all other regular emission measurement. For UL MIMO although the in-band emissions are currently defined as part of the per layer measurements, this in our understanding is incorrect and the in-band emissions shall be treated in the same way as the other emission measurement. Since this requires a core requirement change, we have submitted a corresponding CR in this meeting [6].
Proposal 3: The methodology applies to the following measurements:
· 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 IQ offset)
Proposals
[bookmark: _Ref473660868][bookmark: _Ref473660708][bookmark: OLE_LINK6][bookmark: OLE_LINK7]In this paper we further discuss the details on the receiver architecture for FR2 to perform transmit signal quality measurements for either 1- or 2-layer transmissions.
Observation 1: For the method provided in [1], based only on DMRS symbols, the existence of channel matrix H is always guaranteed.
Observation 2: When using data symbols for channel estimation, the data symbols in each layer must be different for a given OFDM symbol. 
Observation 3: When using data symbols for channel estimation, the data symbols must be different from one symbol to the next on at least one layer.
Observation 4: Observation 2 and 3 must be fulfilled on each subcarrier.
Observation 5: For the method provided in [2], the matrix will not always be invertible, with a very high probability for low numbers of symbols.
Observation 6: The channel estimation method must be applicable for any number of scheduled OFDM symbols.
Proposal 1: Agree on the approach outlined in [1] as the baseline for UL transmit signal quality measurements.
Proposal 2: Agree the single- and multi-layer solution as a package.
Proposal 3: The methodology applies to the following measurements:
· 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 IQ offset)
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5.2.3	Enhanced test method for UL demodulation measurementtransmit signal quality

5.2.3.1	Test equipment Zero-forcing MIMO receiverDemodulation of OTA UL measurements
As an enhancement to the FR2 test equipment topology, it has been proposed to adopt a zero-forcing MIMO receiver architecture so that dual-polarization transmissions by the UE can be demodulated by the test equipment receiver. Further details of the implementation are FFS.
Two methods of transmit signal quality measurements were discussed, one based DMRS based channel inversion (Method 1), and the other based on inversion of the LSE-estimate of the channel (Method 2)
5.2.3.1.1 Method 1 transmit quality measurements
The EVM calculation method for 2-layer measurements is shown in Figure 5.3.2.1.1-1 and for 1-layer measurements in Figure 5.3.2.1.1-2.
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Figure 5.3.2.1.1-1: EVM calculation block diagram for 2-Layer UL MIMO
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Figure 5.3.2.1.1-2: EVM calculation block diagram for 1-Layer
The TE receives signals from 2 different ports which are connected to the dual polarized measurement antenna in the FR2 test system. 
For the 2-layer transmission case shown in figure 5.3.2.1.1-1 a MIMO equalization step as described in section 5.3.2.2 is performed to separate the layers.
For the 1-layer transmission case shown in figure 5.3.2.1.1-2 the signals from both measurement antenna polarizations are combined using maximum ratio combining as described in section 5.3.2.3.
Each layer is then processed as described in section 5.3.2.1.1.4 to receive the measurement results for each individual layer.

5.2.3.1.2	Method 1 MIMO Equalization
The MIMO equalization is based only on reference signals (DMRS) without using any data symbols. In order to obtain comparable EVM results independent of the number of DMRS symbols per slot, only the first DMRS symbol in each slot is used. 
Estimation of effective 2x2 channel matrix is a well known procedure if reference signals use different subcarriers, e.g. in case of DMRS antenna ports 0 and 2. In case that same subcarriers are used, e.g. DMRS antenna ports 0 and 1, a channel decomposition is necessary taking advantage of the orthogonal codes wf and wt and assuming identical channel coefficients for adjacent subcarriers of same CDM group.
Effective channel including the precoding matrix P is:

with


where y denotes the received symbol on port index n and r the reference signal for layer index ν.
Since reference signals of a specific layer are transmitted only on subcarriers of one CDM group channel, interpolation is needed in order to obtain channel coefficients for all subcarriers. Channel interpolation is done using the channel coefficients of active CDM group in all other CDM groups.
The channel coefficients used to calculate the equalizer coefficients are obtained after channel smoothing in frequency domain by computing the moving average of interpolated channel coefficients. The moving average window size is 7. For subcarriers at or near the edge of allocation the window size is reduced accordingly.
The ZF equalizer coefficients are calculated as pseudo inverse of effective channel matrix, in general:

5.2.3.1.3	Method 1 Maximum Ratio Combining
The channel estimation for maximum ratio combining is based only on reference signals (DMRS) w/o including any data symbols. One or all DMRS symbols of one slot can be considered, but in order to obtain comparable EVM results independent of number of DMRS symbols per slot, only first DMRS symbol is used.
Estimation of effective 2x1 channel is a well known procedure. In case of transmit diversity, the effective channel includes the precoding matrix P:

with


where y denotes the received symbol on port index n and r the reference signal.
Since reference signals are transmitted only on subcarriers of one CDM group, channel interpolation is needed in order to obtain channel coefficients for all subcarriers. Channel interpolation is done using the channel coefficients of active CDM group in all other CDM groups.
The channel coefficients used to calculate the equalizer coefficients are obtained after channel smoothing in frequency domain by computing the moving average of interpolated channel coefficients. The moving average window size is 7. For subcarriers at or near the edge of allocation the window size is reduced accordingly.
The ZF equalizer coefficients for maximum ratio combining are calculated as pseudo inverse of effective channel, in general:

5.2.3.1.4	Method 1 Layer processing
After performing either the MIMO equalization as described in section 5.2.3.1.2 or the maximum ratio combining as described in section 5.2.3.3, each layer is processed using the existing procedure as defined in Annex E of  TS 38.521-1 [6].
Since the channel estimation is calculated only on first DMRS symbol an averaging including all 14 symbols of one slot, i.e. data and reference signals, is needed in order to minimize EVM. The averaging is achieved by the LS equalization method described for single layer in Annex E.3. of  TS 38.521-2 [6].
MS(f,t) and NS(f,t) are processed with a least square (LS) estimator, to derive one equalizer coefficient per time slot and per allocated subcarrier. EC(f) is defined for each layer as:

With * denoting complex conjugation. EC(f) are used to equalize layer data symbols.
EVM equalizer spectral flatness is derived from equalizer coefficients for each layer as follows:


-------------- End of text proposal 1 -------------
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* NOTE: outcome of Issues 2-2-1, 2-2-2
* Agreement

RAN4 shall specify solution(s) for transmit signal quality issue due to polarization
basis mismatch

RAN4 shall send LS to RAN5 to notify the transmit signal quality issue and the agreed
solution(s) for corresponding alignment in the end

FFS 2L and 1L setups should be agreed as a package

The study item outcome will capture clear guidance related to this enhancement
Companies are encouraged to provide further analysis of the following:

* How to handle the probability of having a non-invertible matrix in the demodulation paths of
both proposed schemes

* Potential differences in calculated EVM of both proposed schemes

« Other solutions not excluded based on the condition aligned with previous agreement
TP drafting: it is proposed to postpone the TP related to this setup until the next
meeting, with the understanding that companies will seek ways to converge on the
above aspects in the interim
FFS whether the enhanced solutions applicable for all the requirements within
transmit signal quality
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