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Introduction
Over the past several meetings there have been many papers presented in RAN1 and RAN4 on enabling simultaneous UL transmission from multiple TX chains to boost the overall UE transmit power.  This paper presents reasons for enabling such schemes, the current agreements in place to configure multi-TX systems, agreed measurement methods to evaluate multi-TX performance and possible use of these schemes for enabling multi-port transmission.
Discussion
Reasons for enabling full power UL transmission
In release 15 of TS38.212 table 6.3.1.5-1 gives the TPMI matrix for single-layer transmission for UEs with two antenna ports:
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Table 1 – Precoding matrix for single-layer transmission using 2 antenna ports
Non-coherent or partially/non-coherent UEs are restricted to using only TPMI indices 0 and 1 highlighted in the above table. The remaining indices can only be used by coherent UEs. Power scaling rules outlined in section 7.1 of TS38.213 requires that the UL transmit power be scaled by the ratio of the non-zero PUSCH ports to the total configured ports. Therefore, for TMPI indices      or     the power scaling factor is 0.5 meaning that the UL power is backed-off by 3dB of the total transmit power per TX chain. For example, a TX chain having a maximum output power of 23dBm can transmit a maximum of 20dBm with these TMPI configurations. 

Methods for enabling full power UL transmission and metrics for measuring multi-antenna UE performance
To lend greater clarity to this issue RAN1 defined 3 capabilities for full TX power UL transmission for non-coherent and partial/non-coherent UEs [1] These capabilities are listed below:
· UE capability 1: for the UE to support full Tx power in UL transmission, full rated PAs on each Tx chain is supported with a new UE capability. 
· UE capability 2: for the UE to support full Tx power in UL transmission, no Tx chain is assumed to deliver full power with the new UE capability 
· UE capability 3: for the UE to support full Tx power in UL transmission, subset of Tx chains with full rated PAs is supported with a new UE capability.

One method of realizing higher output power from a single data stream is through antenna virtualization (AV), illustrated in Figure 1. The data stream is precoded and then mapped to 2 physical antennae SV1 and SV2 with each antenna port driven by a lower power PA.  For a single stream, the precoding matrix specified by the gNB for 1-layer 2 antenna port operation is either      or    . The AV scheme employed by the UE maps a single precoded data stream to 2 physical antennas. By transmitting simultaneously on 2 antenna AV enables the UE to achieve higher total output power without the need for higher power PAs. Such AV schemes can be employed by UEs having capabilities 2 and/or 3. Also AV in conjunction with a diversity enhancement scheme such as S-CDD makes the UL signal more robust to channel fading. 



Figure 1 – Antenna virtualization scheme for 1-layer system

For a 1-layer transmit port, S1, the AV scheme can be described by the following generalized matrix 
[. S1

The simultaneous transmission of RF signals from 2 antennas raises certain measurement issues which need to be clarified to fully specify the performance of this mode. 

It was agreed in RAN4#90 [2,3,4] that for multi-antenna UEs the following measurement methods will apply:
Output power: The total output power shall be the sum of the powers of the individual antenna ports
EVM: For 1-layer operation the EVM shall be met on a per antenna basis. 
SEM mask: The individual powers at the 2 antennas shall be summed as a function of frequency and compared with the SEM mask. 
ACLR: The sum of the powers of the individual antenna shall meet 31 dB ACLR for PC2
MPR and AMPR: The MPR and AMPR values that shall apply at each antenna port are those corresponding to the power class of the UE calculated from the sum of the powers of the individual antenna.  In other words, for a UE delivering PC2 by combining two 23 dBm chains, each antenna port shall be individually afforded the PC2 MPR/A-MPR.
For EVM measurements there is a discussion paper [6] and CR to clarify why a single layer measurement approach may not work since the testing is made with 2-layer signal. 
Figure 2 and 3 illustrate the ACLR and SEM performance of a single PA versus two frequency co-located PAs. As expected, the ACLR performance remained constant and the Pout and SEM power for the 2 PA setup is seen to be about 2.5dB larger compared to that of the single PA. This would mean that PAs used for 2 TX operation would need to have better SEM performance compared to those used in single PA applications. The antenna isolation between the 2 PAs was 10dB in these measurements.
Observation1: PAs used in multi-TX applications must have better SEM performance compared to those operating stand-alone.

Figure 2 – Pout & ACLR performance


Figure 3 – Pout & SEM performance

In RAN1#97 [5] it was further agreed that for non-coherent and partial/non-coherent devices having capabilities 2 and/or 3 the UE can be configured for one of 2 modes of operation referred to as mode 1 and mode 2.
In mode 1 a new set of TPMI subsets is introduced only for rank values where full power UL transmission is not achievable. UEs can be assigned TPMI precoders from the fully and partial/non-coherent set defined in Rel-15 and presented in Table 1. Therefore, in Rel-16 UEs having capability 2 or 3 and transmitting a single layer over 2 antenna ports can now use TPMI precoders  , ,  , . With these TPMI precoders a diversity enhancement scheme such as S-CDD can be used. For SRS transmission the 2 SRS logical ports are individually mapped to the 2 physical antenna ports.
Observation2: Mode1 enables full power transmission by allowing the use of new TPMI precoders
In mode2 the UE can be configured with one or more SRS resources with a different number of SRS ports within each SRS resource set. In Rel-16 PUSCH data and SRS can be transmit on 1 port and both can be virtualized to 2 physical antennas if desired. For 2-layer UL transmission the PUSCH data and SRS are mapped to 2 individual antenna ports according to the Rel-15 specifications. For a multi-panel UE different SRS resources can be mapped to different panels. 
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Figure 4 – SRS resource set with 2 SRS resources

Figure4 illustrates an example of one SRS resource set containing 2 SRS resources with the first resource having 2 unvirtualized ports. This resource could be used for 2-layer transmission on one multi-panel while the second resource has one port which could be virtualized, if desired, and mapped to 2 physical antennas on another multi-panel. The beam direction of each SRS resource is governed by the individual spatial filters associated with each SRS resource.
Observation3: Mode2 allows the UE to be configured with SRS resources with different number of SRS ports within an SRS resource set which has usage set to ‘codebook’ 
Currently, when SRS usage is set to codebook, Rel-15 only allows 1 SRS resource set and 2 SRS resources per resource set. Also, it is required that both resources have the same number of ports and the same power level. There are ongoing discussions in RAN1 to increase both the number of SRS resource sets and the number of SRS resources per set in Rel-16. This would give greater flexibility to sound various number of ports on different panels either in a virtualized or unvirtualized manner. The ability to have multiple SRS resource sets will enable each multi-panel to be allocated its own SRS resource set as illustrated in figure 5 and each set can be assigned its own unique power control value which may prove useful in scenarios where the RF losses between panels may vary greatly. More features of mode2 have yet to be defined in RAN1. 
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Figure 5 – Multiple SRS resource sets
Observation4: Relaxing the Rel-15 restriction on the maximum number of SRS resources per SRS resource set and the maximum number of allowable SRS resource sets will provide greater flexibility many applications
The benefit in defining these new modes is that the use of mode1 enables full power transmission on a single layer which was not possible with the power scaling feature defined in Rel-15.  Also, the ability to combine the power of 2 PAs enables the use of lower power PAs to achieve higher UE output powers. For example, the power of 2 PAs, each transmitting 26dBm, can be combined to give a total output power of 29dBm which may not be practically achievable with a single PA.
The introduction of mode2 enables greater flexibility in how the physical antenna can be signalled. With this mode either single port or multi-port signalling is available. Currently, as mentioned earlier, an SRS resource set has only one output power level for all SRS resources in it. There are discussions in RAN1 to allow multiple SRS resource sets to be defined. This would prove useful in multi-panel applications as each panel can have an SRS resource set and different power level assigned to it. This may prove useful countering the signal imbalance that may exist due to physical layout constraints. All the features of mode 2 have not been finalized as yet and discussions on this topic are ongoing in RAN1.
Observation5: Multi-TX transmission can be used to obtain a Pout=29dBm using 2 lower power PAs. 
[bookmark: _GoBack]RAN4 needs to work on these new capabilities and enable some form of testable requirements. It should be discussed in currently ongoing Rel-16 work items what modes are covered. 
Conclusion
The power scaling factor introduced in Rel-15 prevents full power transmission for non-coherent and partial/non-coherent UEs transmitting a single layer on 2 antenna ports. To achieve full power transmission Rel-16 has introduced 2 new UE operation modes unknown as mode 1 and mode 2. Mode1 enables the use of TPMI matrices for non-coherent UE that were only available to coherent UEs in Rel-15. These new TPMI matrices enable the mapping of one logical SRS port to 2 physical antennas in a network-controlled manner. Diversity enhancing schemes such as S-CDD can be used on the output of one antenna if desired. In mode2 the UE can be configured with one SRS resource or multiple SRS resources with different number of SRS ports within each SRS resource set. In Rel-16 PUSCH data and SRS can be transmit on 1 port and both can be virtualized to 2 physical antennas if desired. For 2-layer UL transmission the PUSCH data and SRS are mapped to 2 individual antenna ports according to the Rel-15 specifications.  
The following observations are made:
Observation1: PAs used in multi-TX applications must have better SEM performance compared to those operating stand-alone.
Observation2: Mode1 enables full power transmission by allowing the use of new TPMI precoders
Observation3: Mode2 allows the UE to be configured with SRS resources with different number of SRS ports within a SRS resource set which has usage set to ‘codebook’ 
Observation4: relaxing the Rel-15 restriction on the maximum number of SRS resources per SRS resource set and the maximum number of SRS resource sets will provide greater flexibility
Observation5: Multi-TX transmission can be used to obtain a Pout=29dBm using 2 lower power PAs. 
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Pout & SEM vs PA back-off
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