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1	Introduction
In the past RAN4 meeting cycles, RAN4 discussed how to support transparent Tx diversity in RAN4 requirement [1], however, not yet concluded in RAN4#95e and 96-e with many aspects of details to be specified or clarified [2][7]. In the last meeting (RAN4#97-e), companies further discussed the detailed requirement to support of transparent TxD, with the following remaining topics captured in way forward [10], as follows: 
	<From R4-2016830, Way Forward on NR TxD & Power Class>
EVM for Transparent TxD:
· Proposals: 
· Option 1: As in agreed WF R4-2008465
· 
· Option 2: As has been provided in R4-2016288:
· Option 2a.
·  where 
· Option 2b.
· 
UE Behavior under Conformance Testing 
· Background: Motivation is to guide how to test requirements that require power changes such as relative power control.
· Proposals:
· Option 1a: UE will keep the tx diversity status unchanged in conformance testing.
· Option 1b: Test mode signalling is implemented to instruct UE to keep TX div status unchanged
· Option 2: TE will detect and sum for every power step and change in condition from all connector
Power splitting behavior
· Background: Motivation is to guide how to test requirements that require power changes such as relative power control 
· Proposals: 
· Option 1: Only allow equal power split between connectors
· Excludes 17+17+20 dBm implementations
· Excludes power control optimizations
· Option 1a: Per instructed as test mode, UE should keep equal power split between connectors in all cases. 
· Option 2: Allow any power split between connectors
Signaling for Transparent TxD
· Whether and how RAN4 introduce signalling for transparent TxD: 
· Option 1: Introduce some sort of signaling by UE
· Option 1a. Use ModifiedMPRbehavior bits to signal additional relaxations;
· Option 1b: Introducing a new (capability) signalling for TxD
· Option 1c: Introducing a new power class (e.g. PC2.5) for TxD
· Option 2: Based on UE vendor declaration.
· Option 3: Using existing signalling to indicate the 2Tx implementation capability.
Applicability of Transparent TxD Requirement
· The applicability of the newly introduced test procedure (if any) and specific requirement (if any) for transparent TxD UE : 
· FFS whether or not applicable to UE implementation without transparent TxD
· If requirements are embedded in to general requirements or distinguished in to TxD dedicated requirements is FFS
CDD-related Requirement
· For transparent TxD UE, necessity of CDD related requirements, e.g. requirement on TAE+CDD, is need to be further studied: 
· Proposals
· Option 1: Yes
· Option 2: No.



To complete the work to support transparent Tx diversity in Rel-16, we would like to provide our analysis and viewpoints in this contribution. 
2	EVM Requirement for Transparent TxD
In previous RAN4 meetings, some companies proposed that the previously agreed EVM definition () should be revisited [8, 9]. In general, we share the same view as [8, 9] while in the paper we would like to provide additional analysis. 

2.1 Generalization of TX Filtering for CDD-based Transparent TxD
Firstly, as mentioned in reference papers [8, 9], the frequency-domain signals at the transmitter antenna connectors (given by and ) are provided as: 
,
where  is the data symbol (i.e., one layer data transmission for transparent TxD),  is the transmitter noise at the two antenna connectors as . It should be noted that  is the general frequency domain representative for transparent TxD operation. It should be note that normally transparent TxD operation is operated as time-domain operation of cyclic delay-diversity, while in the following sub-section, we will firstly show that the frequency domain filtering operation  can still be used as a general representative for CDD. 

If the well-recognized cyclic delay-diversity (CDD) is used for UE TX implementation, for a given subcarrier, we can prove that frequency domain filtering  to represent CDD operation in the Appendix-1. Specifically, for CDD-based transparent TxD, we assume  and are the values of cyclic delays over two Tx antenna respectively, in which we can set  and equal power splitting without losing any generality. Based on the derivation in the Appendix-1, after the receiver side FFT operation, the frequency domain representative at receiver side can be provided as    

And based on the above equation, we can observe that: for a given subcarrier, the CDD-based operation ( and  for CDD, and equal power splitting) can be represented by frequency domain filtering  to the frequency domain data input  (where ): 

Observation 1: The time-domain CDD-based operation for transparent TxD can represented by the frequency domain filtering . By adopting CDD parameters as  and , and assuming equal power splitting , which varies over subcarriers. 

Based on Observation 1, it can be seen that the modeling used in [8,9] is general enough to cover CDD-based transparent Tx diversity, while the EVM measurement should be estimated over subcarriers. 
Observation 2: The frequency-domain filtering modeling () used to derive per-port EVM () is general enough to cover CDD-based transparent TxD. 
 
2.2 Physical Meaning for EVM Definition of 
In previous meeting, some company argued that the port EVM is valid only for MMSE receiver, however based on our analysis, the port EVM definition is general enough for all linear unbiased estimation.  

As provided in reference papers [8, 9], and based on Observation 1, with the general representative of frequency domain filtering operation  for transparent TxD operation, the frequency-domain signal at the receiver side (in case of two receiver antenna) is given by

where  is the 2x2 channel matrix between the UE transmitter and the gNB receiver. Considering two TX branches share the same antenna port, they are not invisible in the receiver side, and the channel is equivalent as SIMO while ZF receiver is equivalent to MRC receiver. By applying ZF (or equivalently MRC) unbiased filtering, with the target of the expected value being equal to , the ZF filtering can be expressed as: 

Therefore the equivalent noise after ZF filtering (i.e., per-TX-port noise) can be expressed as

and based on the proof in Appendix-2, the variance of  is proved to be 

Interestingly, it is observed that the noise variance for ZF/MRC filtering is the same as MMSE estimator provided in [8,9], while the reason is only one layer TX signal is transmitted and for SIMO channel these linear estimator are equivalent. Furthermore, for SIMO channel, linear estimator is already equivalent to ideal ML receiver. 
Observation 3: The antenna port EVM () is general for all kinds of receivers used for CDD-based transparent TxD. 

2.3 Measurement of Port EVM 
Based on the analysis in [9], the antenna port EVM can be obtained based on per-antenna connector EVM measurement. For per-connector EVM, it can be provided by     

Therefore, the port EVM can be further expressed as

where  and . If two TX branches’ EVM are uncorrelated, i.e.,  and  are uncorrelated, we can have
, if  and  are uncorrelated
Observation 4: The port  effectively observed in receiver side is smaller than per-connector observed  and . 
During previous meeting’s discussion, one misunderstanding is that to measure Port EVM, TE vendors needs to implement MMSE receiver while it should be noted that that is totally not correct. As mentioned in Section 2.2, the antenna port EVM () is just a general expression to specify the equivalent TX noise level observed for the TX antenna port, and how to derive the measurement results for antenna port EVM is another story. Specifically, previous discussion already gives a reasonable method to calculate antenna port EVM as below figure quoted from [10], and there is not necessary to implement a MMSE receiver at TE, which is different from antenna port EVM for UL-MIMO. 


Observation 5: No MMSE receiver is needed to be implemented in TE for TX antenna port EVM. 
[image: cid:image007.png@01D6B494.60D8F8C0]
Figure-1: Testing Method for TX Antenna Port EVM, quoted from [10].

2.4 Comparison between two EVM Definitions
Although the EVM definition provided in R4-2008465 [2] has been discussed for several RAN4 meetings, the physical meaning behind this EVM definition () has been clarified yet, while companies just have the intuition that this definition can balance the contributions from two branches by considering the powers on each branches. 
To further make comparison between two EVM definition, the following table is provided. 
Observation 6: The two EVM definitions for transparent TxD are compared as below: 
	Transparent TxD EVM Definition
	Average of Per-Connector EVM

	TX Antenna Port EVM


	Physical Meaning
	No physical meaning.
	Equivalent TX noise level observed for the TX antenna port, which impact RX performance

	General Testability Comparison

	Need to estimate TX frequency domain filtering ?
	Yes, 
even for per-connector EVM
	Yes, 
but no extra difficulties introduced compared with per-connector EVM

	Need to per-subcarrier estimate ?  
	Yes, 
because for CDD-based TxD w is rotating over subcarriers
	Yes, 
but no extra difficulties introduced compared with per-connector EVM

	Testability if uncorrelated noises from two TX branches

	If uncorrelated noises, how to test?
	Measure per-connector EVM and then
perform averaging over two EVM values:
	Measure per-connector EVM and then
perform derive port EVM as:


	Testability if correlated noises from two TX branches

	If correlated noises, how to test?
	EVM result will be no change, and the impact from correlated noises are not reflected.
	Measurement still doable by using 
, where 
And the correlation of per-connector noise will increase port EVM, which reflect RX side performance

	Simplified Test Methodology
	N/A
	



Based on the above analysis and observations, again, we see the necessity of adopting TX port EVM for transparent TxD. 
Proposal-1: RAN4 adopt TX antenna port EVM definition  

3 Expected UE Behaviors and Power Splitting under Testing
Since the transparent TxD-based UE behaviour should be totally UE-independent, we see no reason to restrict UE should be also in transparent TxD mode, while the opportunities should be provided if UE identify that it is better to have 1-PA branch transmission than transparent TxD mode, e.g. Switching Tx Diversity (STD), it can be considered as unequal power splitting (0% vs 100%). Similarly, if both TX PAs are full-rated PA, then the feasibility should be provided if unequal power splitting is utilized, e.g. Pre-Rake Tx diversity (PRT), different Tx ports have different weights. 
More interestingly, if CDD-based TX diversity is utilized, based on our observation 1 mentioned above, the equivalent frequency domain filtering  varies over subcarriers, and to obtain enough measurement accuracy, the UE behaviour should be locked, otherwise there will be issues for testability issues for transparent TxD.  
To balance the testability and UE implementation flexibility, we agree with other company’s proposal on developing the function of “lock mode” for transparent TxD, just similar to “beam lock” developed for FR2. Furthermore, it is natural to have UE vendor claim a default Tx connector as companies proposed this in RAN5 before. 

Proposal 2: Per instructed by the signaling to enable test mode, UE should keep its Tx diversity status unchanged during the conformance tests, in terms of
· (1) TX diversity mode, such as 1TX or 2TX; 
· (2) If 2TX diversity mode is applicable, equal power splitting can be locked. 


4 CDD-related Requirement (Same Content as [11])
<The start of the same content as previous content from [11]>
Cyclic delay-diversity (CDD) is well recognized as an adaptation of the generalized delay diversity scheme to OFDM systems, which is an implementation scheme for transparent Tx diversity. With sending on each antenna a circularly shifted version of the same OFDM symbol in time domain, CDD turns the MIMO channel into a SIMO channel with enhanced frequency selectivity, and the subsequent frequency diversity may then be extracted by appropriate outer channel coding.
In academic papers, the relationship between the cyclic shift in time domain and the multiplication by a phase shift in frequency domain has been demonstrated, i.e., the received signal at k-th subcarrier in frequency domain can be written as:

where the equivalent SIMO channel matrix on the k-th tone, denoted as , is given by

where  with  dimension is the DFT of the impulse response evaluated on the k-th subcarrier for N-tone OFDM modulation, and is cyclic delay over m-th Tx antenna (). It can be observed that the equivalent channel’s frequency selectivity is much increased due to the phase-shifted version of channel fadings adding together. Theoretically, the cyclic shifting with  can provide the maximum Tx diversity, i.e., by assuming  for practical UE implementation, we have  and . However, it should be noted that the maximum diversity is achieved by minimizing the frequency correlation between adjacent tones, with the assistance of interleaver over tones and outer channel code to extract this frequency diversity. For the other extreme case, if the difference between cyclic shifting values is chosen to be small enough, the increased time-spread delay is not enough to provide extra frequency-selectivity compared with 1TX scheme, which will also result in limited performance improvement. 
Hence, by considering practical UE implementation, the performance of CDD scheme at least depends on factors including: the choice of delay difference  (correspondingly obtainable TX diversity), the impact of practical channel estimation at gNB, the channel correlation and the delay profile over two TX antennas. As one of the most important factor, the performance impact from the choice of cyclic shifting delay difference (by assuming  in simulation) can be demonstrated as below baseband performance figures in terms of throughput and BLER.
[image: ] [image: ]
With the above analysis into account, the following observation can be reached: 
Observation 7: The performance of CDD scheme at least depends on factors including: the choice of cyclic delay difference ∆m (correspondingly obtainable TX diversity), the impact of practical channel estimation at gNB, the channel correlation and the delay profile over two TX antennas. 
In previous meetings, some companies propose that RAN4 should specify the upper and lower bounds of transparent TxD, because the transparent TxD does not always play positive contribution by giving diversity, by with wrongly configured cyclic delay difference, the transparent TxD may not outperform the single Tx antenna transmission. With this into account, companies proposed the following CDD-related requirements: 
- Minimum allocation bandwidth of contiguous PRB for transparent TxD;
- Upper and lower bound of the sum of TAE+CDD for transparent TxD;
- Minimum number of Rx antenna. 
However, with the above analysis taken into account, the performance gain (or loss) by CDD-based scheme over single TX cannot be guaranteed by just specifying the above factors, but the impact of practical channel estimation at gNB, the channel correlation and the delay profile over two TX antennas also account. 
Observation 8: Even the following requirements are specified, CDD-based scheme can still not guarantee better performance than 1TX scheme baseline:  
- Minimum allocation bandwidth of contiguous PRB for transparent TxD;
- Upper and lower bound of the sum of TAE+CDD for transparent TxD;
- Minimum number of Rx antenna. 
Proposal 3: CDD-related requirement shall not be introduced. 
<The end of the same content as previous content from [11]>

5 Conclusion
In this paper, we provided our views on the outstanding aspects which should be considered in the work to enable transparent TxD in Rel-16 requirement and corresponding test methods, with following observations and proposals:
Observation 1: The time-domain CDD-based operation for transparent TxD can represented by the frequency domain filtering . By adopting CDD parameters as  and , and assuming equal power splitting , which varies over subcarriers. 
Observation 2: The frequency-domain filtering modeling () used to derive per-port EVM () is general enough to cover CDD-based transparent TxD. 
Observation 3: The antenna port EVM () is general for all kinds of receivers used for CDD-based transparent TxD. 
Observation 4: The port  effectively observed in receiver side is smaller than per-connector observed  and . 
Observation 5: No MMSE receiver is needed to be implemented in TE for TX antenna port EVM. 
Observation 6: The two EVM definitions for transparent TxD are compared as below: 
	Transparent TxD EVM Definition
	Average of Per-Connector EVM

	TX Antenna Port EVM


	Physical Meaning
	No physical meaning.
	Equivalent TX noise level observed for the TX antenna port, which impact RX performance

	General Testability Comparison

	Need to estimate TX frequency domain filtering ?
	Yes, 
even for per-connector EVM
	Yes, 
but no extra difficulties introduced compared with per-connector EVM

	Need to per-subcarrier estimate ?  
	Yes, 
because for CDD-based TxD w is rotating over subcarriers
	Yes, 
but no extra difficulties introduced compared with per-connector EVM

	Testability if uncorrelated noises from two TX branches

	If uncorrelated noises, how to test?
	Measure per-connector EVM and then
perform averaging over two EVM values:
	Measure per-connector EVM and then
perform derive port EVM as:


	Testability if correlated noises from two TX branches

	If correlated noises, how to test?
	EVM result will be no change, and the impact from correlated noises are not reflected.
	Measurement still doable by using 
, where 
And the correlation of per-connector noise will increase port EVM, which reflect RX side performance

	Simplified Test Methodology
	N/A
	



Proposal-1: RAN4 adopt TX antenna port EVM definition  
Proposal 2: Per instructed by the signaling to enable test mode, UE should keep its Tx diversity status unchanged during the conformance tests, in terms of
· (1) TX diversity mode, such as 1TX or 2TX; 
· (2) If 2TX diversity mode is applicable, equal power splitting can be locked. 
Observation 7: The performance of CDD scheme at least depends on factors including: the choice of cyclic delay difference ∆m (correspondingly obtainable TX diversity), the impact of practical channel estimation at gNB, the channel correlation and the delay profile over two TX antennas. 
Observation 8: Even the following requirements are specified, CDD-based scheme can still not guarantee better performance than 1TX scheme baseline:  
- Minimum allocation bandwidth of contiguous PRB for transparent TxD;
- Upper and lower bound of the sum of TAE+CDD for transparent TxD;
- Minimum number of Rx antenna. 
Proposal 3: CDD-related requirement shall not be introduced. 
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Appendix-1: Proof of Represent CDD-based Transparent TxD by using Frequency-domain Filtering
At TX side, after iFFT, the time-domain OFDM signal at the time n (where ), can be represented as: 

Where  (where ) is the frequency domain input. By assuming  and are the values of cyclic delays over two Tx antenna respectively, in which setting  without losing any generality, the time-domain signals from two branches can be presented as: 
             Branch-1		, and then after adding CP to have 
             Branch-2		, and then after adding CP to have 
The matrix representation of time-domain signalling  at receiver side (after CP removal) is: 

Where  is the vector representation of receiver side noise values, while  and are cyclic-shifted version of channel matrix for Branch-1 and Branch-2 respectively. Here we provide as below and  can be given similarly by changing the subscript. 

After receiver side FFT operation of , the frequency domain representative at receiver side can be provided as , by using the matrix representation of FFT and iFFT operation, we can have 


in which the matrix  is the matrix representation for FFT operation in the following format, with  defined as , while its conjugate transpose  is the counterpart for iFFT operation:  

Based on the above analysis, for a given subcarrier, , the CDD-based operation can be represented by frequency domain filtering  to the frequency domain data input  (where ): 


Appendix-2: Proof of Equivalent Noise Level for ZF/MRC Receiver
For a given subcarrier, by considering TX EVM at two connectors, the frequency-domain signals at the transmitter antenna connectors (given by and ) are provided as 

where  is the data symbol (i.e., one layer data transmission for transparent TxD),  is the transmitter noise at the two antenna connectors as , and  is the general frequency domain representative for transparent TxD operation.
For the receiver side, in case of two receiver antenna, the frequency-domain signal received by the gNB is given by

where  is the 2x2 channel matrix between the UE transmitter and the gNB receiver. By assuming ZF receiver is applied, the estimate of the transmit signal X can be expressed as

in which ZF (or equivalently MRC) receiver is unbiased filtering so that the expected value is equal to . It is well known that the ZF filtering can be expressed as: 

Therefore the equivalent noise after ZF filtering (i.e., per-TX-port noise) can be expressed as

where is a complex value and the variance of  can be provided as 




where .
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