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Introduction
In RAN1#97, a working assumption was reached to support two modes of full power operation for two PA architectures where all or some PAs have less than full power (so-called ‘Capability 2’ and ‘Capability 3’, respectively.   Further details of these modes were agreed in RAN1#98. A new codebook subset for Mode 1 was defined for 2 and 4 Tx for all ranks, and 2 Tx rank 1 TPMI=0 and TPMI=1 were agreed to support full power for Mode 2.  It was also agreed up to support 2 or 4 SRS resources for full power operation in Mode 2, according to UE capability.   Agreements in RAN1#98bis for mode 1 include the ‘selection’ TPMIs only for non-full power operation for both 2 and 4 Tx UEs in the codebook subset used for mode 1, although there is an FFS whether they could be added for 4 Tx.  Support for partially coherent codebook subsets in Mode 1 was also agreed, identifying a set of TPMIs used for rank 1.  However, partially coherent TPMIs for ranks 2 and 3 have yet to be identified and there is an FFS item on if it should be clarified which port pairs are coherent.  For mode 2, power scaling was defined according to the following:
Agreement
For Mode2, 
· Power scaling factor is equal to 1 for the reported TPMI precoders that supports full power Tx
· for the other TPMI precoders, if only one SRS resource is configured, the power scaling factor is determined by #non-zero-PUSCH-port divided by #SRS-ports
· for the other TPMI precoders, the power scaling factor is determined by #non-zero PUSCH port/#SRS ports in the SRS resource indicated by SRI
So-called ‘Capability 1’ UEs were agreed in RAN1#96bis to support PA architectures where all PAs can transmit the UE’s rated power using a power scaling solution:
Agreement
Supported UE capabilities and supported scheme for UE capability 1
· Option 3
· FFS: Whether to additionally support Option 1-2
In RAN1#98, it was further agreed for these UEs that:
Agreement
For a capability 1 UE working with full power operations, for PUSCH power control, power scaling factor is fixed to 1
Therefore, the high level solutions are identified for all the UE PA architecture options, and the remaining issues are primarily:
· Details of mode 1 and 2 schemes
· Whether additional codebook subsets are needed for Mode 1 such as selection precoders
· Which TPMIs/TPMI groups support full power for Mode 2 for 4 Tx
· UE capabilities needed for the 3 UE architectures (corresponding to ‘Capabilities’ 1-3)
This contribution investigates these open issues, provides system level results on different solutions, and then makes recommendations accordingly.  The focus of the discussion is on Mode 1 and Mode 2 UE capability and the related power scaling schemes, and a simple capability and power scaling approach that requires a few basic parameters.
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It is important to note that, as stated in the LS [1], how to reflect the assumed PA power per Tx chain in UE capability is to be further discussed, and so the UE capabilities above are not strictly ‘capabilities’ and may not directly indicate maximum PA power on each of the UE’s Tx chains.  While this terminology is somewhat confusing now that we will discuss what UE capabilities we will actually specify, we will refer to the PA power architectures as ‘Capability 1’, ‘Capability 2’, and ‘Capability 3’ to be consistent with the RAN1 terminology, but use the quotation marks to differentiate from the capabilities to be specified. 
Simplified 4 Tx UE capabilities for Mode 2
The power scaling and/or TPMI subsets that provide full power vary according to the combination of maximum powers supported by the UE on its Tx chains.  It is not possible or desirable to support an arbitrarily large number of combinations.  One reason is that exactly identifying transmission power on each of the UEs Tx chains may limit how the UE can virtualize those Tx chains to provide full power.  Another reason is that such power can vary according to e.g. bands of band combinations, which can lead to very high signalling overhead and complexity.  Furthermore, it is desirable from a network perspective that the UE power varies with as few parameters as possible to simplify scheduling.  Therefore, some notion of what UE power combinations can be supported should be understood, such that minimum complexity capabilities can be defined.  
It is possible to support a wide variety of PA power combinations even for 4 Tx UEs with 9 or 16 states of UE capability, or roughly 3-4 bits, as described in [2].  However, discussions in RAN1 have focussed on more restrictive sets of capability and so the greater UE PA architecture flexibility does not appear desirable in Rel-16, and the UE capability design can be further simplified.  In this section, we focus on PA architectures suitable for Modes 1 and 2; ‘Capability 1’ UEs may be supported by other mechanisms other than those used by Modes 1 & 2. To restrict the number of PA architectures that need to be taken into account when designing the capability signalling, we consider only PA architectures which fulfil the following criteria:
1. UE PA architectures should use at most two different power values
a. Having three different values may not bring much cost or power saving and may complicate UE implementations
2. At least one PA architecture with a single full power Tx chain should be supported
a. This is natural as one option to allow full power single port transmission without virtualization
i. Useful for fallback operation or transmission prior to RRC configuration
3. At most two Tx chains have full power 
a. Having one low power Tx chain may not bring much cost or power saving and may complicate UE implementations
b. Note: This excludes ‘Capability 1’, which will have all Tx chains with full power, as commented above.
4. Rank 2 operation should always have full power, at least for 2 ports 
5. Rank 3 full power operation should be possible for some but not all UE capabilities
a. While full power for rank 3 can be obtained from PAs that transmit Pcmax/3, these PAs may be uncommon compared to those supporting Pcmax/2 or Pcmax/4.  Consequently, it may be sufficient to only consider PAs with full, half, or quarter power.
Applying these principles and considering both the use of virtualization and higher power PAs results in the following table of PA power combinations.  It should be emphasized that these are representative PA power combinations to be used to design the UE capabilities and related power control.  UE capabilities should not state that any particular PA power combination or architecture is used, as this would be too restrictive on UE implementation.  Similarly, it is up to UE implementation whether to support full power with a higher power PA or with virtualization, and this should not be specified.
Considering the PA combinations above, we observe:
· PA power combinations with at least three 20 dBm PAs (combinations 1, 3 & 5 in Table 9) can support rank 3 at Pcmax.  These deliver 1/2 power (i.e. 20 dBm) on the 3 lowest power ports.  When such UEs also have a half or full power PA on the strongest port, all 4 ports can support at least Pcmax/2 for rank 1 transmission.  This can be captured by allowing a 3 dB boost for rank 1 transmission, in other words, that the UE can transmit at most Pcmax/2 on a given antenna port.
· Exploiting this 3 dB greater power for rank 1 can substantially improve performance, as shown in the simulation results in section 3.2.
· For four ports, for PA power combinations 1-4, antenna port 0 delivers Pcmax, while antenna port 1 may deliver Pcmax.  Therefore, further performance in addition to the 3 dB boost (attained from using at least three 20 dBm PAs) is possible when TPMI0 is used, and may be possible when TPMI1 is used (for some power combinations).  This can be supported by indicating that {TPMI0,TPMI1} deliver Pcmax.  When a rank one 4 port Pcmax TPMI is used, it should supersede the 3 dB boost.
· When {TPMI0,TPMI1} or TPMI0 deliver Pcmax for the 4 port configuration, they also do so for the 2 port configuration. Therefore indications of {TPMI0,TPMI1} or TPMI0 Pcmax support can apply to two port configurations as well.
· Antenna port 0 with a 2 port configuration delivers Pcmax for all PA power combinations except 7 & 8, which have low power (17 dBm) PAs and must virtualize both ports of a two port SRS to meet the power requirements. If combinations 7 & 8 are to be supported, when capability for TPMI0 is not indicated for 4 port rank 1, the UE additionally indicates if it can support TPMI0 for 2 port rank 1.
· Note: All PA power combinations support transmission at Pcmax for rank 1 for 1 SRS port, rank 2 for 2 SRS ports, and rank 4 for 4 SRS ports
· If ports 0 and 1 do not support Pcmax, and Pcmax/2 is not supported for rank 1 with 4 ports, the UE will not be able to deliver Pcmax for rank 2 with 4 ports.
· A variety of UEs whose PA combinations are not listed in the table are also supported.  For example, UEs with [23 23 20 17], [23 20 20 17], or [20 20 20 17] dBm PAs could indicate support for {TPMI0,TPMI1} or TPMI0 according to their capability.  Therefore, this proposal is quite flexible.
Table 1: Simplified PA Power CombinationsTPMI 0 & 1
4 port
TPMI 0
4 port
TPMI 0
2 port
No TPMIs

	
	
	PA Power Combination Number

	
	Antenna Port
	1*
	2
	3*
	4
	5*
	6
	7
	8

	4 Port Configuration
	0
	23
	23
	23
	23
	20
	20
	20
	17

	
	1
	23
	23
	20
	17
	20
	20
	17
	17

	
	2
	20
	17
	20
	17
	20
	17
	17
	17

	
	3
	20
	17
	20
	17
	20
	17
	17
	17

	2 Port Configuration
	0
	23
	23
	23
	23
	23
	23
	20
	20

	
	1
	23
	23
	20
	20
	20
	20
	20
	20

	1 Port Configuration
	0
	23
	23
	23
	23
	23
	23
	23
	23


We therefore make the following observations and proposals.  Note that they can be supported with 3 bits of UE capability.  The corresponding TPMI capabilities used in the proposals are also illustrated for the table above.  The blue and green colored ports illustrate that once full power is assumed for 4 port transmission on a port, we can assume that port also has full power for 2 port and 1 port configurations.  The red coloring on port 0 of 2 port SRS highlights where virtualization is assumed for that port. The PA power combinations for which rank 1 transmission with any TPMI at half power is supported are also indicated with an asterisk in the combination number.
Observations:
· A simple power scaling scheme taking into account capability to increased single port power transmission and full power TPMIs can support both increased power over Rel-15 and full power for a relatively wide variety of PA architectures.
· Rank one 4 port transmission in a UE with half power PAs can be up to 3 dB higher than Rel-15, but still less than full power, and schemes need to be designed with this in mind.
Because they use Rel-15 power scaling according to the number of SRS ports associated with the PUSCH transmission, agreements in RAN1#98bis for mode 2 require that:
· PUSCH transmission corresponding to a 1 port SRS resource is at Pcmax
· Rank 2 is transmitted at Pcmax for a 2 port SRS resource
Therefore, the remaining decisions are which TPMI combinations should be full power and how increased power that is less than full power should be supported by the scaling scheme.

Proposals:
Support the following for Mode 2 full power PUSCH transmission as a simplified alternative
· 4 Tx Mode 2 power scaling is according to the following UE capabilities:
· TPMI0 and TPMI1 support transmission at Pcmax for rank 1 with 2 and 4 ports
· TPMI0 supports transmission at Pcmax for rank 1 with 2 and 4 ports
· TPMI0 supports transmission at Pcmax for rank 1 with 2 ports
· Neither TPMI0 nor TPMI1 support transmission at Pcmax for 2 or 4 ports
· Tx UE Mode 2 power scaling is also according to if a UE can transmit at Pcmax/2 with rank 1 for 4 ports
· If so, it also supports rank 3 transmission at Pcmax for 4 ports.
· If not, and TPMI0 and TPMI1 are also not supported at Pcmax, then scaling is determined by #non-zero PUSCH port/#SRS ports in the SRS resource that is either indicated by SRI or configured.
Capabilities for Mode 1 operation with ‘fully coherent’ TPMIs in partial- or non-coherent operation
The agreements below from RAN1#98bis leave two FFS issues, which we address in the following.  
While Mode 1 for 2 Tx was agreed to support selection precoders using Rel-15 power scaling, it is still FFS if antenna selection precoders can be included for full power transmission with 4 Tx:
Agreement
For 2Tx in mode 1, 
· For rank=1, TPMI=2, TPMI=0, TPMI=1 are included in new codebook subset for non-coherent UEs with power scaling defined as in [38.213] Rel-15 
· For rank=2, TPMI=0 is included in the new codebook subset
Agreement
For Mode 1 4TX, for non-full power uplink transmission, antenna selection precoders are included in the new codebook subset following Rel-15 power scaling factor
· FFS: Whether to include antenna selection precoders for full power uplink transmission
Mode 2 explicitly includes the support for precoders that deliver full power on part of the ports.  Supporting them also in Mode 1 would introduce duplicate functionality, unnecessarily complicating the specification.  Antenna selection typically also implies different UE architectures, such as those that can’t virtualize their Tx chains.  Mode 1 was driven by the desire to virtualize Tx chains, and so mixing modes 1 and 2 may preclude designs of UEs that only support one of virtualization or higher power Tx chains to provide full power.
Observations:
· Supporting precoders that deliver full power on part of the ports in Mode 1 is contrary to the design of mode 1, which targeted Tx chain virtualization.
· Mixing modes 1 and 2 may preclude designs of UEs that only support one of virtualization or higher power Tx chains to provide full power
Proposal:
· Mode 1 for 4 Tx UEs does not support precoders that deliver full power on part of the ports.
Partially coherent operation was agreed for Mode 1 in RAN1#98bis, but with an FFS on whether a clarification is needed on which port pairs are coherent:
Agreement
For full power uplink transmission Mode 1, 4TX partial-coherent, the new codebook subset includes
· Rank1(CP-OFDM): TPMI = 12,13,14,15 
· Rank1(DFT-s-OFDM): TPMI = 12,13,14,15
· FFS: TPMI=16, 17, 18, 19
· FFS: Whether clarification on which port pairs are coherent is needed
While port pairs 0,2 and 1,3 are non-coherent in partially coherent operation in Rel-15, the Rel-15 specifications do not directly define which port pairs are coherent and non-coherent.  This is not necessary, since the TPMI subsets used for partially coherent operation have zero precoder values on non-coherent ports, and so the gNB can apply the partially coherent TPMIs to the estimated channel for each antenna port to derive the effective channel for the PUSCH.  However, Mode 1 uses unit magnitude TPMIs on both the coherent and non-coherent ports.  Since the UE will be capable of maintaining phase only on the coherent ports, if the gNB simply applies the precoders to the measured SRS ports, the non-coherent ports will not combine according to the precoder.  Using transparent CDD may help by averaging the combined power over the non-coherent ports, but sufficiently large bandwidth allocations are needed to allow for this averaging.  In these and other cases where CDD is ineffective, the gNB will not be able to determine the received power per layer accurately.  Such cases can be compensated for by knowing which ports are coherent and which are not.  The gNB can use the precoder directly on the coherent ports and assume that a random phase is used on the non-coherent ports to derive the power spectral density of the combined signal.
Observations:
· Mode 1 partially coherent TPMIs do not have zero magnitude precoder elements, and so it is unclear which ports are non-coherent.
· Applying the partially coherent TPMIs directly to channel estimates may result in inaccurate PUSCH layer power estimates
· Port pairs 0,2 and 1,3 support partially coherent operation in Rel-15
Proposal:
· Specify that a UE capable of partially coherent operation in full power Mode 1 is not expected to maintain relative phase between ports 0 and 2 nor between ports 1 and 3
Simulations
In this section we will present results from full buffer system level simulations for UL codebook transmission. 
Simulation parameters
UE antenna setup
The antenna array topology of UEs is expected to be quite arbitrary with respect of antenna element radiation patterns, polarization properties, antenna element separations and pointing directions. For UE implementations, especially at higher frequencies, it is expected that the different antenna arrangements within a UE will experience channels with low or no correlation, for example due to radiation patterns pointing in different directions, large separation between the antenna arrangements or orthogonal polarizations.  Therefore, it is motivated to consider various UE configurations when investigating UL MIMO related enhancements. 
In what follows, performances are compared for two different UE antenna configurations with four TX chains, illustrated in the Figure 1. The left antenna configuration is referred to as “4TX Omni UE” and consists of two dual polarized omni-directional antenna elements. The right antenna configuration is referred to as “4TX Directional UE” and consists of four directional antenna elements pointing in opposite directions (away from each other). The antenna element beamwidth is 90° vertical x 90° degrees horizontal and each antenna element has a radiation pattern gain of 7 dBi.
[image: ]
[bookmark: _Ref4791305]Figure 1: Two different UE antenna configurations: 
Simulation setup 
We list the used simulation parameters in appendix. We would from this set of simulations parameters like to emphasize that: 
· We use the full buffer traffic model. 
· We have rank adaptation (1-4 layers) 
· Ideal channel estimation from DMRS is considered. This may lead to optimistic performance results for the CDD approach, since channel estimation performance can degrade in the presence of (in this case artificially induced) delay spread.  
· We simulate with one BS antenna configuration with 32 TX.
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We will here simulate ten different UE cases in case of codebook-based UL transmission for a 4Tx UE with power class 3 (max 23 dBm), however the same techniques apply to any power class.
1. Rel-15, non-coherent UE: This is the current specification of a non-coherent UE using the rel-15 codebook intended for a non-coherent UE. For this case, we assume that each PA can transmit half (2 Tx UE) respective a quarter (4 TX UE) of the maximum allowed output power, i.e. the maximum power per antenna element is [20 20] dBm respective [17 17 17 17] dBm.
2. Rel-15, coherent UE: This is the current specification for a fully coherent UE using the rel-15 codebook intended for a fully coherent UE.  For this case, we assume that each PA can transmit half (2 Tx) respective a quarter (4Tx) of the maximum allowed output power, i.e. the maximum power per antenna element [20 20] dBm respective [17 17 17 17] dBm.
3. Option 1-1: This is Mode 1 where CDD is not used and where we allow a non-coherent UE to use codewords intended for a fully coherent UE. For this case, we assume that each PA can transmit half (2 Tx) respective a quarter (4Tx) of the maximum allowed output power, i.e. the maximum power per antenna element is [20 20] dBm respective [17 17 17 17] dBm.
4. Option 1-1 and option 2: This where Mode 1 is used with CDD and the Tx chains use different delays and the SRS are not virtualized. We will a use a cyclic shift = CP/4 per antenna where CP is the cyclic prefix. For this case, we assume that each PA can transmit half (2 Tx) respective a quarter (4Tx) of the maximum allowed output power, i.e. the maximum power per antenna element is [20 20] dBm respective [17 17 17 17] dBm.
5. Option 2-2: This is Mode 2 where SRS and DMRS are virtualized across Tx chains. For this case, we assume that each PA can transmit half (2 Tx) respective a quarter (4Tx) of the maximum allowed output power, except one PA that can transmit with the maximum allowed output power, i.e. the maximum power per antenna element is [23 20] dBm respective [17 17 17 17] dBm . We further assume that the TRP has configured the UE with one single-port SRS resource and one two port SRS resource for the two TX UE, and one single-port SRS resource and one four-port SRS resource for the 4 TX UE. The single-port SRS resource can be used to attain full output power for the single antenna element connected to the full rated PA. Even though Option 2-2 can apply virtualization for an SRS port over multiple TX chains, no virtualization is needed in this specific case, since the single-port SRS resource only is applied to one antenna element. And for the two-port respective four-port SRS resource one SRS port is transmitted per antenna element as in normal case. 
6. Option 3: This is a ‘Capability 1’ non-coherent UE where the UL power control power scaling has been modified such that the UE can deliver full power for all ranks when using the rel-15 codebook intended for a non-coherent UE. For this case, we assume that each PA can transmit with maximum allowed output power, i.e. the maximum power per antenna element is [23 23] dBm respective [23 23 23 23] dBm .
7. “SRI case [23 23 20 20]”. These two cases are similar as Option 2-2, except that the PA implementation is [23 23 20 20] dBm instead of [23 17 17 17]. 
8. “TPMI subset [23 23 20 20]”. These cases correspond to Mode 2 with full power TPMI indication with 4 SRS ports where the UE indicates to the TRP which TPMIs that can be used for full power transmission and where the UE has a PA implementation of [23 23 20 20] dBm.
9. “Hybrid TPMI + SRI [23 23 20 20]”. These cases correspond to Mode 2 operation with a combination of “SRI+Delta K” and “TPMI subset”, i.e. the UE can signal both a power scaling factor for each SRS resource and which TPMIs that can be transmitted with full power. 
10. “SRI + Delta K [23 23 20 20]”. These cases correspond to Mode 2 operation where the UE can signal one scaling factor for each number of SRS ports in the SRS resources. 

In the figure below, we present system level simulations for the two considered UE configurations where performance is plotted relative a rel-15 non-coherent UE.  The performance for case 1-6 together with cases 7-10 for a PA architecture of [23 23 20 20] dBm is shown. 
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Figure 2. Full buffer traffic simulations of a 4TX Directional UE utilizing codebook-based transmission for the UMa scenario. 4 RX BS. Rank is fixed to one.  Power control factor alpha=1.

From these results we notice that Mode 1 without CDD (option 1-1) is performance wise similar to the baseline which can be explained by the challenging link adaption this approach will result in. 
Mode 1 with CDD (option 1-1 with option 2) will to a large extent solve the link adaptation problem of option 1-1 and this approach gives moderate gains, at least for the UEs with omni directional antennas. It is however less efficient for directional antennas at the UE which makes intuitive sense. Here the gNB will most likely have a stronger channel to one of the UE ports than the others, and this should decrease the effect of the CDD; within each layer there will be one dominating port and the gNB will mainly receive the signal from this dominating port. 
For ‘Capability 1’ UEs with full power scaling (option 3) we observe larger gains. In fact, for the case of directional antennas at the UE, the gains from using a non-coherent UE with option 3 are larger than if one would use a coherent UE utilizing the coherent rel-15 codebook. This can be explained from the fact that there will be a set of “dominating ports” and the UE is then able to redistribute all its power to these ports this will be beneficial for system performance. Considering for instance the case that port 1 is the dominating port the precoder [1 0 0 0] should be more efficient for rank 1 than the precoder [1 1 1 1] if they are transmitted using the same total power. We also note that there is a large gain at cell edge for option 3 which comes from the fact that by going down in rank the option 3 UE will be able to increase its power on the remaining layers which is an ability the rel-15 non-coherent UE does not have.  
Another thing that can be noticed from the results is that the “SRI case” (i.e. Mode 2 without TPMI for PA architecture [23 23 20 20] dBm) has some reduction in performance compared to TPMI subset. It can also be seen that the updated version of Option 2-2 (SRI + Delta K) gives better performance than the TPMI subset method for PA architecture [23 23 20 20] and has the same performance as the case “Hybrid TPMI and SRI”. This is due to that with Delta K scaling factor it is possible to better utilize the 20 dBm PAs for single antenna port transmissions (20 dB output power can then be used instead of 17 dBm as for TPMI subset method).   
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· Gains of Mode 1 are dependent on antenna configuration.  When directional antennas are used as in the scenarios above, the gains of Mode 1 are substantially less than those of Mode 2 or from ‘Capability 1’ UEs.
· TPMIs scaling schemes that only scale for full power or Rel-15 delivered power can have worse performance than scaling schemes that can deliver additional, but less than full, power.
· Therefore, power scaling should allow for scale factors such as ½.
Conclusion
In this contribution, we considered UE PA power combinations, power scaling and UE capability for full power UL transmission for ‘UE Capabilities’ 1-3, and for Mode 1 and Mode 2 in the working assumption of RAN1#97.  The focus of the discussion was on Mode 1 and Mode 2 UE capability and the related power scaling schemes, and a simple capability and power scaling that requires a few basic parameters. We list the observations made and their corresponding proposals below.
Observation on UE PA power combinations:
· Applying a few design principles can provide a limited number of PA power combinations for which full power UE capabilities can be designed.
Observations on UE capability for Mode 2
· A simple power scaling scheme taking into account capability to increased single port power transmission and full power TPMIs can support both increased power over Rel-15 and full power for a relatively wide variety of PA architectures.
· Rank one 4 port transmission in a UE with half power PAs can be up to 3 dB higher than Rel-15, but still less than full power, and simplified schemes need to be designed with this in mind.
Observations on the performance of different full power schemes:
· Gains of Mode 1 are dependent on antenna configuration.  When directional antennas are used as in the scenarios above, the gains of Mode 1 are substantially less than those of Mode 2 or from ‘Capability 1’ UEs.
· TPMIs scaling schemes that only scale for full power or Rel-15 delivered power can have worse performance than scaling schemes that can deliver additional, but less than full, power.
· Therefore, power scaling should allow for scale factors such as ½.

Observations on UE capability for Mode 1
· Supporting precoders that deliver full power on part of the ports in Mode 1 is contrary to the design of mode 1, which targeted Tx chain virtualization.
· Mixing modes 1 and 2 may preclude designs of UEs that only support one of virtualization or higher power Tx chains to provide full power
· Mode 1 partially coherent TPMIs do not have zero magnitude precoder elements, and so it is unclear which ports are non-coherent.
· Applying the partially coherent TPMIs directly to channel estimates may result in inaccurate PUSCH layer power estimates
· Port pairs 0,2 and 1,3 support partially coherent operation in Rel-15
Proposals for Mode 1
· Mode 1 for 4 Tx UEs does not support precoders that deliver full power on part of the ports.
· Specify that a UE capable of partially coherent operation in full power Mode 1 is not expected to maintain relative phase between ports 0 and 2 nor between ports 1 and 3
Proposal for Mode 2:
· 4 Tx Mode 2 power scaling is according to the following UE capabilities:
· TPMI0 and TPMI1 support transmission at Pcmax for rank 1 with 2 and 4 ports
· TPMI0 supports transmission at Pcmax for rank 1 with 2 and 4 ports
· TPMI0 supports transmission at Pcmax for rank 1 with 2 ports
· Neither TPMI0 nor TPMI1 support transmission at Pcmax for 2 or 4 ports
· Tx UE Mode 2 power scaling is also according to if a UE can transmit at Pcmax/2 with rank 1 for 4 ports
· If so, it also supports rank 3 transmission at Pcmax for 4 ports.
· If not, and TPMI0 and TPMI1 are also not supported at Pcmax, then scaling is determined by #non-zero PUSCH port/#SRS ports in the SRS resource that is either indicated by SRI or configured.
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Appendix: Simulation parameters
	Simulation parameters

	Carrier frequency
	3.5 GHz 

	Bandwidth
	10 MHz 

	Scenarios
	3D UMi 200m ISD

	BS antenna configuration 2
	(M, N, P, Mg, Ng) = (1,2,2,1,1), (0, 0.5)λ (V,H)-element spacing and 4 ports (hence no subarray virtualization).
Each element is a column antenna with vertical beamwidth=10 deg, horizontal beamwidth=70 deg and an electrical downtilt of 10 degrees.


	UE antenna configuration
	Omni: (M,N,P)= (1,2,2) with 0.5λ spacing with omni-directional antenna elements. 
Directional: Placement according to Figure 1 where each antenna element is directional with HPBW=90° and directivity 7 dBi (and all antenna elements are directed outwards).  

	Cell layout
	21 sectors in total

	Wrapping
	Radio distance based

	UE Tx power 
	Pcmax = 23dBm

	Traffic model
	Full buffer traffic

	UE speed 
	3 km/h

	Scheduling 
	Round robin

	HARQ
	Max 5 retransmissions

	Handover margin
	3 dB

	
	1.0

	Transmission scheme
	Codebook based

	Rank adaptation
	Fixed rank 1.

	Channel estimation from SRS and DMRS
	Ideal

	UE coherence model
	The output signal from UE antenna port i is multiplied with  where =0 for a coherent UE and for a non-coherent UE  is drawn from a uniform distribution between -1 and 1. 
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