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Introduction
In RAN1#94bis, some potential solutions enabling full power transmission for PUSCH were identified:
Agreement
Consider the following potential solutions and other solutions (such as combination of the solutions below) for UL full power transmission. Decision will be made in RAN1#95:
Option 1: Refinement/adjustment of UL codebook is supported
· 1-1: Support a new codebookSubset for non-coherent and partial-coherent transmission capable UEs
· 1-2: Introduce additional scaling factor for uplink codebook
Option 2: UE transparently applies a small cyclic or linear delay
Option 3: Power control mechanism to be modified to support UL full power transmission without precluding the use of full rated PA(s)
· Note: Full rated PA refers to a PA having power not lower than that of the power class
Option 4: Up to UE implementation (no specification impact)
[bookmark: _Toc517265033]
These options can be classified into two basic categories: those that rely on combining the power of Tx chains through virtualization (options 1-1 and 1-1 combined with option 2 or ‘1-1 + 2’), and those that exploit higher power of a Tx chain (those based on option 3).  Virtualization implies that signals from Tx chains can mutually interfere, and so the performance of options 1-1 and 1-1 + 2 require in such cases that the combined effective channel between Tx chains is sufficiently random such that destructive combining is minimized.  Such randomization can be done with e.g. CDD, but since the CDD should be transparent, it must be such that it is perceived at gNB as multipath behavior, which then means that PUSCH allocations must have sufficient bandwidth to allow for the randomization.  Another effect on the performance of virtualization is the directivity of the UE antennas.  Since power must combine at the gNB, transmitting energy in different directions tends to degrade the performance of virtualized schemes.  Therefore, in this contribution we consider the relative performance of virtualized schemes such as options 1-1 and 1-1 + 2 in different bandwidth allocations and with different UE antenna patterns, comparing them to schemes where PUSCH is not combined across antennas based on option 3.  Two cases of option 3 are considered: where one full power PA is present vs. when all PAs are full power.  Based on the performance, we make recommendations on requirements for full power schemes to be specified, including a unified scheme that supports both virtualization and full power PAs.
[bookmark: _Hlk510732493]Performance of antenna virtualization and full power Tx chains
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 four different UE antenna configurations, two configurations with two Tx chains and two configurations with four Tx chains, illustrated in the Figure 1. The left side antenna configurations are referred to as “2Tx Omni UE” and “4Tx Omni UE” and consist of one respective two dual polarized omni-directional antenna elements. The right side antenna configurations are referred to as “2Tx Directional UE” and “4Tx Directional UE” and consist of two respective 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.
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[bookmark: _Ref4791305]Figure 1: Two different UE antenna configurations: 1x2 ULA and diamond-shaped (DIAMOND) transmit antenna array
Simulation setup 
We list the used simulation parameters in the Appendix. We would from this set of simulations parameters like to emphasize that: 
· We use the full buffer traffic model. 
· We consider where the rank is fixed at 1 
· 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 32 Rx antennas at gNB.
Simulation results
We will here simulate five different UE cases in case of codebook-based UL transmission for a 2Tx UE:  
· 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) of the maximum allowed output power, i.e. the maximum power per antenna element is [P/2 P/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, i.e. the maximum power per antenna element is [P/2 P/2].
· Option 1-1: This is the proposed option 1-1 enhancement for rel-16 where we allow a non-coherent UE to use codewords intended for a fully coherent UE. For a 2 Tx UE, we assume that each PA can transmit half of the maximum allowed output power, i.e. the maximum power per antenna element is [P/2 P/2].
· Option 1-1 and option 2: This is the approach where the Tx chains use different delays and the SRS are not virtualized. We will use  = CP/4 where CP is the cyclic prefix. For a 2 Tx UE, we assume that each PA can transmit half of the maximum allowed output power, i.e. the maximum power per antenna element is [P/2 P/2].
· Option 2-2: For this case, we assume that each PA can transmit half (2 Tx) 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 [P P/2]. 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. 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 SRS resource one SRS port is transmitted per antenna element as in normal case. 
· Option 3: This is a 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 [P P].
In the figures below, we present system level simulations for the 5 schemes above where performance is plotted relative a rel-15 non-coherent UE.  Figure 2 shows results for 1 MHz and 10 MHz PUSCH bandwidths where the UE uses omni antennas, while Figure 3 has results for 1 MHz and 10 MHz PUSCH bandwidths but where the UE uses directional antennas.
Considering the 1 and 10 MHz results for omni antennas in Figure 2, we first observe that the performance of the non-coherent combining options in the order of increasing performance is 1-1, 1-1 + 2, 2-2, and 3, and that this holds for both 1 and 10 MHz.  Since options 2-2 and 3 use 1 full power and 2 full power Tx chains, respectively, and since option 2-2 uses CDD, this implies that the effect of destructive combining is significant.  That is, using full power on a Tx chain rather than virtualizing to combine Tx chains tends to provide better performance, and randomization using e.g. CDD can reduce, but not eliminate, the effect of destructive combining (at least in the conditions studied).   Next, comparing relative gains for 1 and 10 MHz, we see that all schemes have less cell edge gains relative to Rel-15 non-coherent transmission in 10 MHz than in 1 MHz operation.   We expect this is due to the higher SINR of 1 MHz operation, which limits the throughput gains from better SNR due to precoding or greater transmitted power.  On the other hand, the mean gains for the non-virtualized options 2-2 and 3 reduce slightly in 1 MHz as compared to 10 MHz, while they are significantly less for the virtualized options 1-1 and 1-2 + 2.  More quantitatively, in Table 1 we can see that option 1-1 + 2 provides about 20% cell edge and 5% mean throughput gains over Rel-15 non-coherent operation with allocations of 10 MHz, but only 6% and 2% cell edge and mean gains with 1 MHz.  Options 3 has more consistent gains as the bandwidth varies: 30% cell edge and 7% mean throughput gains with allocations of 10 MHz, and 14% and 6% cell edge and mean gains with 1 MHz.   Option 2-2 has similar robustness to bandwidth variation, although lesser gains: 22% cell edge and 5% mean throughput gains with allocations of 10 MHz, and 10% and 4% cell edge and mean gains with 1 MHz.
[bookmark: _Ref8554040]Table 1: Gain over Rel-15 non-coherent operation at 10 MHz. vs. 1 MHz for Omni Antennas
	 
	 
	Rel-15 coherent
	Option 1-1
	Option 1-1 + 2
	Option 2-2
	Option 3

	1 MHz
	Cell Edge
	15.9
	4.6
	5.6
	10.1
	14.4

	
	Mean
	6.3
	1.7
	2.1
	3.7
	5.6

	10 MHz
	Cell Edge
	35.4
	11.6
	20.5
	22
	29.8

	
	Mean
	7.6
	3
	5
	5
	6.9
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[bookmark: _Ref8471628]Figure 2. Performance of 2Tx Omni UE with 32 Rx gNB and fixed rank 1

Considering the 1 and 10 MHz results for directional antennas in Figure 3, we first observe that the performance of the TPMI based schemes as well as the Rel-15 coherent scheme is quite poor: very small or negative gains even at the cell edge.  This is because combining directive antennas reduces the array gain and increases inter-cell interference on non-serving cells, whereas antenna selection can reduce interference by pointing more at the serving cell than interferers.  On the other hand, significant gains are still present for the non-virtualized schemes (options 2-2 and 3) for 10 MHz bandwidth: 13-24% cell edge and 3%-5% mean throughput gains, depending on which of option 2-2 and 3 is used.  Gains are more limited for options 2-2 and 3 in 1 MHz: about 5-8% cell edge and 2-3% mean throughput gain, with the lesser and greater gains coming from option 2-2 and 3, respectively.  Given the poor performance of option 1-1, the gain of options 2-2 and 3 over option 1-1 are even greater in the directional antenna case, as can be seen in Table 2 below.
Table 2: Gain over Rel-15 non-coherent operation at 10 MHz. vs. 1 MHz for Directive Antennas
	 
	 
	Rel-15 coherent
	Option 1-1
	Option 1-1 + 2
	Option 2-2
	Option 3

	1 MHz
	Cell Edge
	0.6
	-2.3
	-2
	5.2
	7.8

	
	Mean
	0.5
	-0.9
	-0.8
	1.7
	3.4

	10 MHz
	Cell Edge
	-0.1
	-2.8
	-2.7
	13.5
	24

	
	Mean
	0.8
	-0.2
	-0.1
	2.9
	5.5
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[bookmark: _Ref8481402]Figure 3. Performance of 2Tx UE with Directional antennas, a 32 Rx gNB, and fixed rank 1.

As discussed in [1], schemes using virtualized SRS can transparently support UE PA architectures with both full power PAs per Tx chain and where UEs virtualize Tx chains.  This is because the UE can transmit the same SRS on multiple Tx chains to combine power through virtualization or it can transmit the SRS on one Tx chain with higher power.  Since the gNB only measures the SRS, the gNB can’t tell the difference between the use of virtualization or higher Tx power.  Then because virtualizing the Tx chains results in a number of SRS ports that is smaller than the number of Tx chains, in order to support different ranks, it is necessary to support SRS resources with a different number of ports in each resource in the SRS resource set used for codebook based operation.  Moreover, this use of virtualized SRS with different numbers of ports in SRS resources allows full flexibility in UE implementation within a single full power transmission scheme, including support for directive or omnidirectional antennas with maximal performance.
Observations:
· Antenna virtualization (such as option 1-1 + 2) can improve performance when omni antennas are used with sufficiently wideband allocations.
· In the rank 1 scenario studied, 20% cell edge and 5% mean throughput gains over Rel-15 non-coherent operation were found with allocations of 10 MHz, but only 6% and 2% cell edge and mean gains with 1 MHz.
· When directive antennas were used, there was either no gain or a loss compared to Rel-15 non-coherent operation.
· Full power PA schemes without virtualization, such as where 1 PA (‘option 2-2’) or all PAs have full power (‘option 3’) provide more significant gain over Rel-15 non-coherent operation, independent of bandwidth and for both omni and directional antennas.
· For option 3, in the rank 1 scenario studied, 24-30% cell edge and 6-7% mean throughput gains were found with allocations of 10 MHz, and 8-14% and 3-6% cell edge and mean gains with 1 MHz, with the lesser gains from directional antennas.
· For option 2-2, in the rank 1 scenario studied, 13-22% cell edge and 3-5% mean throughput gains were found with allocations of 10 MHz, and 5-10% and 2-4% cell edge and mean gains with 1 MHz, with the lesser gains from directional antennas.
· Schemes using virtualized SRS can support UE PA architectures with both full power PAs per Tx chain and where UEs virtualize Tx chains and with both directive and omni UE antennas.
· By contrast, TPMI based schemes specify which antenna ports are combined, precluding UEs from transparently supporting either or both full power and virtualized operation, as well as requiring non-directional antennas.
Proposals:
· A full power scheme supports UE ‘capabilities’ 2 and 3
· A full power scheme using virtualized SRS with different numbers of antenna ports in SRS resources is supported

Conclusion
We have considered the relative performance of virtualized schemes such as options 1-1 and 1-1+2 as well as cases where PUSCH is not combined across antennas such as option 3, where one full power PA is present and when all PAs are full power.  The impact of different size bandwidth allocations and the use of directive or omni antennas was studied.  We made the following observations, which lead to the proposal below.
Observations:
· Antenna virtualization (such as option 1-1 + 2) can improve performance when omni antennas are used with sufficiently wideband allocations.
· In the rank 1 scenario studied, 20% cell edge and 5% mean throughput gains over Rel-15 non-coherent operation were found with allocations of 10 MHz, but only 6% and 2% cell edge and mean gains with 1 MHz.
· When directive antennas were used, there was either no gain or a loss compared to Rel-15 non-coherent operation.
· Full power PA schemes without virtualization, such as where 1 PA (‘option 2-2’) or all PAs have full power (‘option 3’) provide more significant gain over Rel-15 non-coherent operation, independent of bandwidth and for both omni and directional antennas.
· For option 3, in the rank 1 scenario studied, 24-30% cell edge and 6-7% mean throughput gains were found with allocations of 10 MHz, and 8-14% and 3-6% cell edge and mean gains with 1 MHz, with the lesser gains from directional antennas.
· For option 2-2, in the rank 1 scenario studied, 13-22% cell edge and 3-5% mean throughput gains were found with allocations of 10 MHz, and 5-10% and 2-4% cell edge and mean gains with 1 MHz, with the lesser gains from directional antennas.
· Schemes using virtualized SRS can support UE PA architectures with both full power PAs per Tx chain and where UEs virtualize Tx chains and with both directive and omni UE antennas.
· By contrast, TPMI based schemes specify which antenna ports are combined, precluding UEs from transparently supporting either or both full power and virtualized operation, as well as requiring non-directional antennas.
Proposals:
· A full power scheme supports UE ‘capabilities’ 2 and 3
· A full power scheme using virtualized SRS with different numbers of antenna ports in SRS resources is supported
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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 1
	(M, N, P, Mg, Ng) = (4,4,2,1,1), (0.8, 0.5)λ (V,H)-element spacing and 32 ports (hence no subarray virtualization)


	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
	ULA: (M,N,P)= (1,2,2) with 0.5λ spacing with omni-directional antenna elements. 
DIAMOND: 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

	
	0.8

	Transmission scheme
	Codebook based

	Rank adaptation
	Rank 1-4 used for transmission. 

	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. 

	Target SNR for open loop power control 
	7 dB per subcarrier
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2 Tx UE, Omni Antennas, Rank 1, 1 MHz
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