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[bookmark: _Ref465963108]Introduction
In RAN #80 meeting [1], the following WI was approved as one of work items for NR MIMO Enhancements.
· Specify enhancement to allow full power transmission in case of uplink transmission with multiple power amplifiers (assume no change on UE power class)
In RAN1 #94bis meeting [2], the following agreements were made on this WI:
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 apply 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)

In RAN1 #95 meeting [3], the following agreements were made on this WI:
Agreement 1: Full TX power UL transmission with multiple power amplifier is supported at least for codebook based UL transmission for non-coherent and partial/non-coherent capable UEs
-	This specification support is a UE optional feature
-	FFS: Whether this applies for the entire codebook or subset of codebook
Agreement 2: Full TX power UL transmission, one additional option (option 5) is added

Option5: For the precoders with 0 entries, the linear value  of a PUSCH transmission power is scaled by a ratio Rel-16.  The value of Rel-16 is selected up to UE implementation within the range of [Rel-15, 1],  where Rel-15 is the ratio of the number of antenna ports with a non-zero PUSCH transmission power to the number of configured antenna ports for the PUSCH transmission scheme as defined in NR Rel-15 specification.  
· UE is required to maintain consistent Rel-16 value on different occasions of PUSCH transmissions with the same precoder for PUSCH
Agreement 3: Full TX power UL transmission, option 4 is updated as follows
Option 4: Up to UE implementation with UE capability signalling of full power transmission in UL (no specification impact)
For guidance in future RAN1 discussions:
Understanding of antenna virtualization for ease of discussion (not for specification):
-	A UE forms an antenna port by transmitting on one or more TX chains (each with a power amplifier)

In RAN1 AH-1901 meeting [4], the following agreement was made in this WI:
Agreement: Full TX power UL transmission with multiple power amplifier is supported at least for codebook based UL transmission for non-coherent and partial/non-coherent capable UEs. The support of this feature is indicated by the UE as part of UE capability signalling. For power class 3:
· 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 
· FFS: detailed power scaling description 
· Note: Full Tx power means UE delivers total power of 23dBm for PC3
· 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 
· FFS: detailed design
· 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
FFS: Whether all three capabilities will be specified, or a subset will be specified
FFS: UE capability signaling/reporting details
Note: Two or more of the above capabilities could be merged depending on the further details
Send LS to RAN4 to provide their view on PC 2 applicability of the new UE capability (Rakesh, vivo).
In Ran1 96 meeting, the following agreements were made 
Agreement
Note: UE capability 1, 2, 3 agreed in RAN1#AH1901 mean the PA architectures.
At least for PC3, UE capability 1, 3 can support full power transmission.
Working assumption: For PC3, UE capability 2 can support full power transmission.
· Companies to check for any implementation issues and/or performance of Rel-16 full power transmission compared to Rel-15 non-coherent codebook subset uplink transmission)

Agreement
Down select among the following two alternatives by RAN1#96bis. As part of UE capabilities signalled the following is included:
Alt1: UE capability signaling of supported one or group of TPMI precoder(s)
Alt3: UE capability signaling of power scaling schemes for full uplink power transmission
· Note: This does not imply any restriction on UE antenna virtualization
· FFS: Whether full uplink power transmission needs to be supported for all precoders

In this contribution, the background and summary of the problem is introduced in Section 2. The UE capabilities to support UL full power transmissions are discussed in Section 3. The way to signal UE capabilities to support UL full power transmissions is discussed in Section 4. The solutions to support UL full power transmission with each UE capability is provided in Section 5. The design details and simulation results for proposed solutions are given in Section 6, and 7. Section 8 proposes a solution to support UL full power transmission from channel multiplexing point of view. Conclusions are drawn in Section 9. 
[bookmark: _Ref3800303][bookmark: _Hlk1063896][bookmark: _Ref525738522][bookmark: _Ref471731770][bookmark: _Ref462669569]Background and summary of the problem
In NR Rel. 15, two key restrictions can potentially prevent a UE from transmitting PUSCH at full power. The first issue arises due to restrictions on transmit precoder codebook for UEs with non-coherent or partially coherent antennas (see Tables 7.3.1.1.2-2 to 7.3.1.1.2-5 in 38.212), and the second is due to the power allocation rule in 38.213, Section 7.1 This section focuses on addressing these two issues.
Issue 1: Restriction on TPMIs for UEs with non-coherent or partially-coherent antennas


In NR Rel. 15, for PUSCH transmission using codebooks, when UEs have non-coherent antennas or partially coherent antennas, the set of TPMIs are restricted so that the precoder for a layer only spans a coherent subset of antennas (see Tables 7.3.1.1.2-2 to 7.3.1.1.2-5 in 38.212). For example, if a UE has two non-coherent antennas, then the precoders are restricted to be either  or . Such a restriction can prevent such UEs from transmitting at full power. For example, suppose the UE is a class-3 UE, powered by 2 PAs, each with a 20 dBm output rating, then the UE cannot transmit at full power in the scenario described above.
Issue 2: Uplink power allocation
In NR Rel. 15, 38.213, Section 7.1 states that





 “For PUSCH, a UE first scales a linear value  of the transmit power  on UL BWP , as described in Subclause 12, of carrier  of serving cell , with parameters as defined in Subclause 7.1.1, by the ratio of the number of antenna ports with a non-zero PUSCH transmission to the number of configured antenna ports for the transmission scheme. The resulting scaled power is then split equally across the antenna ports on which the non-zero PUSCH is transmitted.” 

This rule requires scaling the linear value  of the transmit power  by the ratio of non-zero PUSCH ports to total configured ports, then divides the resulting power equally among non-zero PUSCH ports. Such an approach can prevent the UE from transmitting at full power. For example, consider a UE with 2 non-coherent antenna ports that is assigned the precoder , in this case, the first antenna port is assigned  transmit power (linear value) to transmit PUSCH. Thus, for a class-3 UE that is powered by 2 PAs, each with a 23 dBm output rating, the maximum transmit power for this precoder is 3 dB below the maximum power the UE can transmit at.
Resolving Issue 1 helps a class-3 UE with 2 PAs of 20 dBm output rating each to transmit at full power, while resolving Issue 2 helps a class-3 UE with 2 PAs having 23 dBm output rating each to transmit at full power. In what follows, we make proposals to address the above two issues.
[bookmark: _Ref4603364][bookmark: _Hlk1063907]UE Capabilities to support UL full power transmissions
Recognizing that solutions to the full power transmission issue are dependent on the output power rating of the PAs at the UE, RAN1 meeting (AH-1901) agreed categorizing UEs into three types based on the output power rating. The first category applies to UEs with only full-power PAs (full-power PAs are PAs whose output power rating allows the UE to transmit at the maximum allowed power for its class, i.e., for  a power class 3 UE, 23 dBm PAs are considered full-power PAs) , the second category applies to UEs with no full power PAs where simultaneous transmission from more than one PA is necessary to hit the maximum allowed power, and finally the third category applies to UEs with heterogenous PAs, i.e., only a subset of the PAs have full power rating.
We strongly believe that having all three capabilities is important. This ensures that the specification accommodates any new future applications/devices and new UE architectures. Additionally, the choice of PAs at the UE is governed by multiple reasons including, cost, power efficiency, diversity, etc. Given the multi-dimensional aspect of such an optimization, the specification must allow for some flexibility. 
For example, to emphasize the importance of including the third capability, consider a Class 2 UE with 2 transmit chains may be powered by one 26 dBm PA and another 23 dBm PA. Such a UE is able to transmit at full power using either both the PAs at 23 dBm or using just one PA at 26 dBm. If the overall cost of keeping two transmit chains powered on is found to be unacceptable, this UE has the option of keeping just one chain turned on and yet being able to transmit at full power. On the contrary, if the cost of operating two chains is acceptable, then the UE can allow for more diversity gains by using both the transmit chains.
Capability 2 UEs to support full power transmissions with S-CDD
Capability 2 UEs have no single PA that can transmit at full power. To enable such UEs to transmit at full power, more than one transmit chain needs to be utilized. For non-coherent or partially coherent UEs, transparent SCDD is the preferred option to enable simultaneous transmission from multiple non-coherent transmit chains. A detailed design of SCDD is provided in Section 6. In this section, the performance of S-CDD is shown by both link level and system level simulation to demonstrate the gain of S-CDD scheme over Rel-15 baseline. 
Link level simulation results
To demonstrate the value of allowing the UE to use Option 1-1 + Option 2 (extending codebook to span non-coherent antennas and then apply CDD across non-coherent ports), we first consider a 2 TX PC3 UE with two 20 dBm PAs. Such a UE will identify itself as Capability 2 and needs to use both PAs to transmit at full power. 
In the following simulation, we compare the performance of such a UE using only Rel. 15 techniques against the performance using techniques being considered for Rel. 16. In particular, we have the following techniques:
Rel. 15 scenario: 
· antenna selection for rank 1 transmission via TPMI selection
· identity precoder for rank 2 transmission

Rel. 16 scenario:
· antenna selection for rank 1 transmission via TPMI selection
· option 1-1 + option 2 for rank 1 transmission
· identity precoder for rank 2 transmission

Link adaption is turned on in both Rel-15 and Rel-16 scenarios. Link adaption is based on SRS without additional virtualized SRS for CDD. The details of SRS sounding and link adaptation with nonvirtualized SRS ports are given in Section 6.2 and Section 6.3.
If such a UE is restricted to rank 1 transmission while other link adaptation such as MCS adaptation is still turned on, then, it is clear that the Rel. 16 scenario shows significant gains across a wide range of SNRs. In Rel. 16 UE is able to use all available transmit power, but in Rel. 15 UE is only able to use half the available power. An expected 3dB gain of CDD over Rel-15 baseline is clearly seen in Figure 2 Performance comparison between Rel. 15 and Rel. 16 techniques for a 2 Tx non-coherent UE with link and rank adaptation. Simulation setup: codebook-based PUSCH, TDL-C channel, 16 RB allocation, SRS embedded with delay associated with CDD to aid link adaptation.
If we lift the restriction on rank 1 transmission, and allow for link adaptation with rank adaptation, then it is seen while both Rel. 15 and Rel. 16 techniques perform similarly at high SNRs because higher ranks (>1) kicks in.  At low SNR, Rel 16 scenario does significantly better due to the additional transmission method offered by option 1-1 + option 2. This difference is shown in Figure 1 Performance comparison between Rel. 15 and Rel. 16 techniques for a 2 Tx non-coherent UE with link adaptation but UE is restricted to a rank 1 transmission (no rank adaptation). Simulation setup: codebook-based PUSCH, TDL-C channel, 16 RB allocation, SRS embedded with delay associated with CDD to aid link adaptation.
Detailed Simulation parameters are given below:
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[bookmark: _Ref4755404][bookmark: _Ref4751142]Figure 1 Performance comparison between Rel. 15 and Rel. 16 techniques for a 2 Tx non-coherent UE with link adaptation but UE is restricted to a rank 1 transmission (no rank adaptation). Simulation setup: codebook-based PUSCH, TDL-C channel, 16 RB allocation, SRS embedded with delay associated with CDD to aid link adaptation.
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[bookmark: _Ref4755417][bookmark: _Ref4750653]Figure 2 Performance comparison between Rel. 15 and Rel. 16 techniques for a 2 Tx non-coherent UE with link and rank adaptation. Simulation setup: codebook-based PUSCH, TDL-C channel, 16 RB allocation, SRS embedded with delay associated with CDD to aid link adaptation.
Similar behaviour is observed for a Capability 2, 4 Tx non-coherent, PC3 UE with four 17 dBm PAs. For such a UE, Rel. 15 provides the following options:
Rel. 15 scenario: 
· antenna selection for rank 1, 2, 3 transmission via TPMI selection
· identity precoder for rank 4 transmission

Using the techniques currently under consideration, in a Rel. 16 scenario, such a UE may have the following options
Rel. 16 scenario:
· antenna selection for rank 1, 2, 3 transmission via TPMI selection
· option 1-1 + option 2 for rank 1 transmission
· identity precoder for rank 2 transmission

If such a UE is restricted to rank 1 transmission, Rel. 16 scenario shows significant gains across a wide range of SNRs where UE is able to use all available transmit power in contrast to antenna selection under Rel. 15. An expected 6dB gain of CDD over Rel-16 baseline is clearly seen in Figure 3 Performance comparison between Rel. 15 and Rel. 16 techniques for a 4 Tx non-coherent UE with link adaptation but UE is restricted to a rank 1 transmission (no rank adaptation). Simulation setup: codebook-based PUSCH, TDL-C channel, 16 RB allocation, SRS embedded with delay associated with CDD to aid link adaptation.
Similar to the 2 Tx case, if we lift the restriction on rank 1 transmission, and allow for link adaptation with rank adaptation, then it is seen while both Rel. 15 and Rel. 16 techniques perform similarly at high SNRs, but at low SNRs Rel-16 scenario does significantly better due to the additional transmission method offered by option 1-1 + option 2. This difference is shown in Figure 4 Performance comparison between Rel. 15 and Rel. 16 techniques for a 4 Tx. non-coherent UE with link and rank adaptation. Simulation setup: codebook-based PUSCH, TDL-C channel, 16 RB allocation, SRS embedded with delay associated with CDD to aid link adaptation.
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[bookmark: _Ref4755584][bookmark: _Ref4752356]Figure 3 Performance comparison between Rel. 15 and Rel. 16 techniques for a 4 Tx non-coherent UE with link adaptation but UE is restricted to a rank 1 transmission (no rank adaptation). Simulation setup: codebook-based PUSCH, TDL-C channel, 16 RB allocation, SRS embedded with delay associated with CDD to aid link adaptation.
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[bookmark: _Ref4755594][bookmark: _Ref4752419]Figure 4 Performance comparison between Rel. 15 and Rel. 16 techniques for a 4 Tx. non-coherent UE with link and rank adaptation. Simulation setup: codebook-based PUSCH, TDL-C channel, 16 RB allocation, SRS embedded with delay associated with CDD to aid link adaptation.

Observation 1: Cell-edge or coverage-limited UEs significantly benefit from Option 1-1 + Option 2. Benefits are seen for both 2 Tx and 4 Tx capability 2UEs with non-coherent antennas. 
System-level simulation results
In this section, we present system-level simulation results that compare the performance of NR Rel-15 non-coherent uplink transmission scheme with the enhanced scheme that enables full-power transmission using S-CDD.  
The simulation assumptions are listed in Table 5. The value of P0 in power control is swept to study the behaviour of the two schemes in different conditions. It is important to note that even with the same setting of P0, the two schemes may allow UEs to use a different transmit power, and this may result in a different interference level to other cells. In this context, to ensure a fair comparison, the two schemes are compared in terms of the UE throughput for the same level of inter-cell interference over thermal (IOT). 
[bookmark: _Ref3991603]Table 5: System-level simulation assumptions
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The results are shown in Figure 6 for the case of 2 transmit antennas. For the same level of IOT, it can be seen that the enhanced scheme provides an improvement in the mean and cell-edge (5th percentile) UE throughput.
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[bookmark: _Ref3992284]Figure 6: UE throughput vs. Median IOT (2 Tx Antennas)
Observation 2: From the system-level simulations, it can be seen that the S-CDD scheme (Option 1-1 + Option 2) provides a significant performance improvement over the NR Rel-15 baseline.
Based on the observed gain in both link level and simulation level simulation results, we make the following proposal.
Proposal 1: Confirm the following working assumption
· For PC3, UE capability 2 can support full power transmission.
Extend the UE capabilities to other power class UEs
We additionally note that these three capabilities are useful for UEs of all power classes, and must not be restricted to only power class 3 UEs.
Further given that Issue 2, noted above in Section 2, impacts coherent UEs as well, we must ensure that these capabilities are clearly specified for coherent UEs as well, so that appropriate uplink power scaling factors can be chosen.
With the above in mind, we propose the following:
Proposal 2: Extend the definitions of the three capabilities to UEs of any power class and to UEs with coherent antenna capability.
[bookmark: _Ref4603433][bookmark: _Ref1070726]Signalling of UE capability to support UL full power transmissions
In last meeting, it was agreed to down select between two alternatives to signal the UE capability of UL full power transmission. One alternative is signalling UL full power capability per TPMI or TPMI group. The other alternative is signal UE capability to support which UL full power transmission scheme. Both alternatives could work fine. But overhead of the former alternative could be significantly high than the latter alternative. To reduce the signalling overhead, the later alternative is preferred. Therefore, we make the follow proposal
Proposal 3: In UE capability signaling, UE indicates its capability to support which power scaling schemes for UL full power transmission. 
[bookmark: _Ref1121903]Solutions to support UL full power transmissions
Solutions for UE capability 1: UEs having PAs with full power rating
We split this discussion into two parts.
UE with Capability 1 and coherent antennas: For such UEs, any TPMI can be used to transmit at full power. Since it is known that all PAs can transmit at full power, the first step of the power allocation rule where the linear value  of the transmit power   is scaled by the ratio of non-zero PUSCH ports to total configured ports can be omitted. The linear value  can be directly divided equally among the the non-zero PUSCH ports. No further changes are necessary.
UE with Capability 1 and non-coherent or partially-coherent antennas:  Once again, any TPMI from codebookSubset “partialAndNonCoherent” or “noncoherent” can be used to transmit at full power by omitting the first step of the power allocation rule.
Observation 3: For UEs with Capability 1, full power UL transmissions can be supported by dividing the linear value of power  equally among the non-zero PUSCH ports.
[bookmark: _Ref3800905]Solutions for UE capability 2: UEs not having any PAs with full power rating
We split this discussion into two parts.

UE with Capability 2 and coherent antennas: Since such UEs do not have full-power PAs, the first step of the power allocation rule cannot be skipped. Note that two power class 3 UEs having 4 transmit chains with one powered by 20 dBm PAs and the other by 17 dBm PAs will both identify themselves as having Capability 2. In the absence of information on exact UE PA rating on the gNB side, Option 5 from the Agreement reached after RAN1 #95 meeting provides the UE with enough flexibility to transmit at full power. For example, given a precoder , a power class 3 UE with 4 coherent 20dBm PAs can transmit with full power. While a power class 3 UE with 4 coherent 17dBm PAs may not able transmit with full power. We therefore make the following observation:
Observation 4: For a UE with Capability 2 and coherent antennas, Option 5 is suitable to support full power UL transmissions.
UE with Capability 2 and partially-coherent or non-coherent antennas: Since the UE has no full-power PAs, restricting the UE to transmit from just one or a subset of transmit chains may not allow the UE to transmit at full power. We therefore require a combination of Option 1-1 and Option 2 from the agreements made in RAN1 #94bis. For such UEs, we make the following observation:
Observation 5: For UE with Capability 2 and non-coherent or partially coherent antenna ports, full power UL transmission can be supported by the following 
· Adopt option 1-1 + option 2 to add a subset of precoders with nonzero entries to PUSCH codebook. 
· For existing precoders with zero entries in Rel-15 PUSCH codebook, adopt option 5 to support full power UL transmissions 
Solutions for UE capability 3: UEs having a subset of PAs with full power rating
We split this discussion into two parts.
UE with Capability 3 and coherent antennas: Such UEs can have PAs with different output power rating and there can be certain TPMIs where UE can and does transmit at full power, and certain TPMIs where UE is unable to transmit at full power and certain TPMIs where UE can transmit at full power but is restricted to a lower power by the current Rel. 15 spec. Under such circumstances, allowing some flexibility on the UE-side to determine how  is divided among the transmit chains where non-zero PUSCH is transmitted is desirable to utilize all available power at the UE. We therefore make the following observation:
[bookmark: _Hlk1063304]Observation 6: For a UE with Capability 3 and coherent antennas, Option 5 is suitable to support full power UL transmissions.
UE with Capability 3 and partially-coherent or non-coherent antennas:
Since the UE has only a subset of PAs with full power, for UEs with S-CDD capability, option 1-1 combined with option 2 can be applied. For UEs without S-CDD capability, we require Option 5 to allow UE some flexibility in determining how power is allocated among the transmit chains. 
Observation 7: For UE with Capability 3 and non-coherent or partially coherent antenna ports, full power UL transmission can be supported by the following 
· Adopt option 1-1 + option 2 to add a subset of precoders with nonzero entries to PUSCH codebook. 
· For existing precoders with zero entries in Rel-15 PUSCH codebook, adopt option 5 to support full power UL transmissions

Based on the above observations, it is clear that the proposed solutions are equally applicable to 2 Tx and 4 Tx UEs within the same capability. We do not see any technical reasons to treat these two cases separately. We therefore make the following proposal:
Proposal 4: For 2 Tx UEs and 4 Tx UEs belong to the same capability category, adopt a unified solution to support UL full power transmission.
Further, based on the observations listed above, we propose to adopt the following table as a solution to support full power UL transmissions for each of listed scenarios in the table. 
Proposal 5: Adopt the solutions in the following table to support full power UL transmissions in Rel-16.
	Solution
	non-coherent and partial/non-coherent antenna ports
	Coherent antenna ports

	UE capability 1
	The linear value of power  is divided equally among the non-zero PUSCH ports

	UE capability 2
	· adopt option 1-1 + option 2 to add a subset of precoders with nonzero entries to PUSCH codebook. 
· For existing precoders with zero entries in Rel-15 PUSCH codebook, adopt option 5 to support full power UL transmissions 
	For existing precoders with zero entries in Rel-15 PUSCH codebook, adopt option 5 to support full power UL transmissions 

	UE capability 3
	
	


[bookmark: _Ref4603654]Detailed design of option 1-1 + option 2 (S-CDD)
[bookmark: _Ref4688470]PUSCH transmission with option 1-1 + option 2
As noted in the prior section, restricting precoders to non-zero entries within coherent subsets of antenna ports can prevent a UE from transmitting at full power. Additionally, such a restriction does not take full advantage of all available transmit chains at the UE. Using all available chains can potentially bring more diversity gains in addition to power and help improve performance. One crucial observation in this context is that transparent diversity schemes such as small cyclic delay diversity (S-CDD) do not require coherence across antenna ports. This motivates us to consider schemes that exploit precoding within coherent set of antenna ports while deploying diversity schemes across non-coherent set of antenna ports.
In particular, we envision a two-step process wherein the UE first precodes the transmit signal using the assigned precoder, followed by the application of a transparent diversity scheme across the non-coherent sets of antennas. This process is illustrated in the following two figures for a UE with 2 non-coherent antenna ports and a UE with 4 pairwise-coherent antenna ports.


Figure 7: Precoding + CDD for a UE with 2 non-coherent antenna ports



[bookmark: _Ref4694013]Figure 8: Precoding + CDD for a UE with 4 pairwise coherent antenna ports
As illustrated in Figure 8, the precoder assigned to a UE with 4 pairwise coherent antenna ports can be interpreted to contain two  precoders, one spanning the first pair of coherent antenna ports and the second spanning the second pair of coherent antennas. With this interpretation, the precoding operation can be seen as synthesizing two virtual antenna ports that are non-coherent with each other. In the second step, a transparent diversity scheme such as cyclic delay diversity (CDD) is used across these two virtual antenna ports to synthesize a single virtual port for uplink transmission.
Such a scheme is observed to show performance gains compared to current Rel. 15-compliant transmission of codebook-based PUSCH transmission. In the following figure the proposed scheme is compared against a 1 or 2 layer codebook-based  PUSCH transmission for a UE with 4 pairwise-coherent antenna ports. Note that for 1 layer transmission, only 2 of the 4 antenna ports are used while the two layer transmission can potentially use all four antenna ports.
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Figure 9: Performance of the proposed scheme compared to Rel. 15-compliant precoding scheme
Based on these observations, we can consider allowing UEs with noncoherent antennas to use the following TPMIs:
· TPMIs 0 to 2 in 38.211 Table 6.3.1.5-1 (Single-layer transmission using two antenna ports),
· TPMIs 0 to 4, 8, and 12 in 38.211 Table 6.3.1.5-2 (Single layer transmission using four antenna ports with transform precoding), 
· TPMIs 0 to 4, 8, and 12 in 38.211 Table 6.3.1.5-3 (Single layer transmission using four antenna ports without transform precoding),
· [bookmark: _Hlk528845712]TPMI 0 to 6 in 38.211 Table 6.3.1.5-5 (Two layer transmission using four antenna ports without transform precoding),
· and TPMI 0 to 1 in 38.211 Table 6.3.1.5-6 (Three layer transmission using four antenna ports without transform precoding).
Similarly, we can consider allowing UEs with partially coherent antennas (pairwise coherence) to use the following TPMIs:
· TPMIs 0 to 19, in 38.211 Table 6.3.1.5-2 (Single layer transmission using four antenna ports with transform precoding)
· TPMIs 0 to 19 in 38.211 Table 6.3.1.5-3 (Single layer transmission using four antenna ports without transform precoding). 

Based on these observations we make the following proposal
Proposal 6: Option 1-1+option 2 is implemented by allowing the following PUSCH precoders with non-zero entries that span across non-coherent antenna ports with up to UE implementation e.g. a small cyclic or linear delay may be applied across non-coherent antenna ports.
· Introduce a new codebookSubset = “noncoherentWithCyclicDelay” in 38.212 Section 7.1 for UEs with noncoherent antennas to include:
· TPMIs 0 to 2 in 38.211 Table 6.3.1.5-1 (Single-layer transmission using two antenna ports).
· TPMIs 0 to 4, 8, and 12 in 38.211 Table 6.3.1.5-2 (Single layer transmission using four antenna ports with transform precoding). 
· TPMIs 0 to 4, 8, and 12 in 38.211 Table 6.3.1.5-3 (Single layer transmission using four antenna ports without transform precoding).
· TPMI 0 to 6 in 38.211 Table 6.3.1.5-5 (Two layer transmission using four antenna ports without transform precoding).
· and TPMI 0 to 1 in 38.211 Table 6.3.1.5-6 (Three layer transmission using four antenna ports without transform precoding).
· For Tables not listed above, set of allowed TPMI remains same as that for codebookSubset “nonCoherent” in 38.212.
· Introduce a new codebookSubset = “partialAndNonCoherentWithCyclicDelay” in 38.212 Section 7.1 for UEs with partial and noncoherent antennas to include:
· TPMIs 0 to 19, in 38.211 Table 6.3.1.5-2 (Single layer transmission using four antenna ports with transform precoding).
· TPMIs 0 to 19 in 38.211 Table 6.3.1.5-3 (Single layer transmission using four antenna ports without transform precoding). 
· For Tables not listed above, set of allowed TPMI remains same as that for codebookSubset “partialAndNonCoherent” in 38.212.
· Support of this feature of Option 1-1+Option 2 is subject to UE capability per band-band combination.

[bookmark: _Ref1120412][bookmark: _Ref4755243]SRS-related aspects for option 1-1+option 2 
One key question that emerges when considering option 1-1+option 2 is on whether or not it is possible to sound the virtual port to the gNB. It is important for the gNB to have knowledge of this virtual port either through explicit sounding or through implicit reconstruction of the virtual port based on individual antenna ports. 
Given the precoding+CDD scheme proposed in Section 6.1, we need to ensure that SRS-based sounding enables the gNB to reconstruct the virtual port. Two options exist: 
· Virtualize SRS to explicit sounding of the virtual PUSCH port 
· Do not virtualize SRS. Virtual SRS is implicit reconstructed at the gNB based on sounding the individual antenna ports. 


[bookmark: _Ref4691631]Figure 10: Explicit sounding of the virtual port. UE is assumed to have 4 Tx antennas and pairwise coherent. [a b c d]T is the precoder and  indicates the delay used for CDD.
Virtualize SRS is not preferred due to the following reasons
· Large SRS overhead: for a two Tx UE, the SRS ports is increased from 2 to 3 with the additional virtual port, which is 100% SRS overhead increment. Previously, 2 SRS ports can be sound within 1 OFDM symbol by using comb-2. Now, with virtual SRS port, as the virtual port can not be sound together with other nonvirtual SRS port (see rationale below), two OFDM symbol is needed for SRS sounding. For 4 Tx UE, there are more potential virtual SRS ports because virtualization can be done with different combination cross 2 Tx, or 4 Tx. The overhead of SRS sounding is even larger. 
· Sound a virtualized SRS port with another virtualized/nonvirtualized SRS port may destroy single carrier waveform of SRS sounding. Let’s take a two Tx UE with two antenna port 0 and 1 as an example. Sounding the virtualized SRS port, say port 2, already physically light up both Tx chain on OFDM symbol l. In addition, if UE sound nonvirtualized port, say port 0, on the same OFDM symbol l. If port 0 is linked to physical Tx chain 0, then Tx chain 0 essentially need to transmit two SRS waveform, one for port 0, one for virtual port 2. Adding two SC waveform yields a non-SC waveform.  
· Large spec impact: If virtual SRS ports is defined, then the next question RAN1 as a group need to answer is how to configure SRS resource for these virtual ports? Should we define a new type of usage or should we reuse “codebook” usage? Even “codebook” usage is reused, how to configure SRS resource to make sure the virtual SRS ports coexists with nonvirtualized SRS ports still need quite large amount of effort to specify, due to the reason that a virtual SRS port may break SC waveform if it coexists with another SRS port on the same OFDM symbol.   

Due to the drawbacks mentioned above, as an alternate, we propose to instead sound the original antenna ports as they are, but with the additional delay corresponding to the usage of CDD. Figure 11 shows how the individual ports are sounded for the scenario considered in Figure 10.


[bookmark: _Ref4691615]Figure 11: Sounding individual antenna ports with additional delay on the second pair of ports to reflect usage of CDD. UE is assumed to have 4 pairwise-coherent Tx antennas.
To understand how the gNB can make use of these modified SRS ports, consider the scenario presented in Figure 12 where we consider a UE with 2 noncoherent antennas powered by a 20dBm PA each.





[bookmark: _Ref4691656]Figure 12: UE is assumed to have 2 non-coherent tx. antennas. Individual antenna ports are sounded with additional delay on the second port to reflect usage of CDD. With S-CDD as an option, there are three potential rank 1 TPMIs for the gNB to choose from:  . The last TPMI requires using S-CDD to be applied across the two noncoherent  Tx chains as discussed in Section 2.1.1. Focusing on a single tone , denote the channel measured on port  as  and the channel from the second port as  , where the additional phase offset reflects the delayed sounding. A virtual SRS port which matches the precoder can be synthesized at gNB by , where the additional phase is added to reflect the fact that the two ports are non-coherent. By selecting the best channel among  gNB selects the best TPMI among . Note that since precoders are chosen to only span a coherent set of antennas, adding delay to SRS ports has no impact on precoder selection.
An additional advantage of this approach to sounding SRS is that the current framework provided by NR Rel. 15 for SRS sounding via SRS resource sets and SRS resources can continue to be used with almost zero spec changes.
In summary, based on the above observations, no additional SRS resource or SRS resource set need to be added in NR Rel-16 to support the precoding + CDD scheme on PUSCH for full power transmission with non-coherent or partially coherent antennas.
Observation 6: To support full power PUSCH transmission with noncoherent or partially coherent antennas, there is no need to define new (virtualized) SRS ports for the allowed new PUSCH ports with small cyclic or linear delay. 
Proposal 7: To support option 1-1 + option 2, NO SRS enhancement is needed in specification except requiring the same amount of delay applied to SRS sounding and corresponding PUSCH transmission. UE transparently applies a small cyclic or linear delay to a subset of existing SRS ports defined for codebook-based PUSCH.   
[bookmark: _Ref4755260]Link adaptation with no virtualized SRS ports 
Adding a delay to one or more of the SRS ports raises a couple of key questions pertaining to uplink link adaptation. First, is on the question of whether adding a delay to one more SRS ports impacts uplink precoder selection. The second is on the question of whether it is possible to reliably predict the uplink CQI based on the individual SRS ports sounded as described above. 
On precoder selection, we note that since precoders are chosen to only span a coherent set of antennas, adding delay to SRS ports has no impact on precoder selection. For example, in Figure 4, the choice of the precoder [a b]T spanning the first pair of ports and the precoder [c d]T spanning the second pair of ports is not impacted since the first pair of ports are transmitted without any delay while the second pair is transmitted with the same delay.
On CQI prediction, and its impact on link adaptation, we show that we can indeed reliably reconstruct the effective channel of the virtual port in uplink using SRS port sounding as described above. For the gNB to be able to reliably reconstruct the channel of the virtual port, the delay used for CDD and the relative phase across non-coherent antenna ports are required. Assuming the delay used for CDD is reflected in the SRS ports as described earlier, the only unknown is the random relative phase difference across the antenna ports. Exact knowledge of this variable allows a faithful reconstruction of the channel on the virtual port, while the lack of this knowledge only allows a coarse reconstruction of the channel.
Since the base station does not having access to the random relative phase difference apriori, only a coarse estimate can be formed. However, simulation results in Figure 13 show that there is very little performance gap between the case where the base station is provided this value via a genie or the case where base station assumes a random relative phase difference to predict uplink CQI. Further, simulations results in Figure 13 also show that embedding the delay associated with CDD in the SRS port is a safer alternative to allowing the gNB to assume a certain CDD delay which can lead to a mismatch between the actual CDD delay chosen by the UE and the value assumed by the gNB.  Thus, these results show that it is indeed possible to get a reasonably accurate estimate of CQI using a random value for the relative phase without compromising on performance. 
[image: ]
[bookmark: _Ref4780435]Figure 13: Performance with link adaptation using CQI computed using either genie information on the relative phase difference or or some nominal value for the relative phase difference
[bookmark: _Ref1121985]Detailed design of option 5 



Given Option 1-1+Option 2, it is clear that for UEs with CDD capability, full power transmission can be achieved when precoders with all non-zero entries are assigned to the UE. For example, for a UE with 2 noncoherent Tx, a precoder  can be used to allow full power transmission with S-CDD. The remaining issue is on how to allow UEs to transmit at full power with precoders having zero entries, e.g. precoder  or .
Enabling full power transmission with precoders having zero entries is heavily dependent on a UE’s PA output rating. Given a power class 3 UE without CDD capability, if equipped with two noncoherent Tx/PA as an example, the situation can be summarized in the following table.
Table 1: Full power transmission with different PA settings (assume without S-CDD capability) 
	PA setting
	S-CDD with precoder [1,1] with full power transmission
	Precoder [1,0] with full power transmission
	Precoder [0,1] with full power transmission

	20dBm+20dBm
	no support
	no support
	no support

	20dBm+23dBm
	no support
	no support
	support

	23dBm+20dBm
	no support
	support
	no support

	23dBm+23dBm
	no support
	support
	support






 For a power class 3 UE with CDD capability, the situation is more complex, see table below. For example, for a UE with two 23dBm PAs, when precoder is scheduled, UE can either use single PA to achieve full power or use two PAs via CDD to achieve full power transmission. The former is more power efficient while the latter can provide some diversity gain. NR Rel-16 should allow flexible UE implementation to dynamically switch between the two approaches for tradeoff between performance optimization and UE battery power saving. 
Table 2: Full power transmission with different PA settings (assume with S-CDD capability) 
	PA setting
	S-CDD with precoder [1,1] with full power transmission
	Precoder [1,0] with full power transmission
	Precoder [0,1] with full power transmission

	20dBm+20dBm
	support
	Support via CDD
	Support via CDD

	20dBm+23dBm
	support
	Support via CDD
	Support via CDD or single PA

	23dBm+20dBm
	support
	Support via CDD or single PA
	Support via CDD

	23dBm+23dBm
	support
	Support via CDD or single PA
	Support via CDD or single PA



In summary, due to heavy dependence on UE PA implementation, whether and how to support full power transmission with precoders with zero entries should be up to UE implementation. In other words, if precoder [1,0] is scheduled to a UE, it is up to that UE’s implementation to keep or remove “the ratio of the number of antenna ports with a non-zero PUSCH transmission to the number of configured antenna ports for the transmission scheme”, i.e., to transmit with up to 20Bm or 23dBm. 
However, the UE’s behavior should be consistent across different PUSCH transmissions using the same precoder. If  the UE keeps the ratio for a precoder P, then the UE should keep the ratio for all PUSCH transmissions with precoder P. If UE removes the ratio for a precoder P, then UE should always remove the ratio for PUSCH transmissions with precoder P. UE is required to maintain consistent PHR on different occasions of PUSCH transmissions with same precoder so that the network can maintain a stable power control loop. 
With these constraints in mind, we propose that power scaling factor aRel-15 be left to the discretion of UE. UE is best placed to choose this scale factor such that all the resources at the UE’s disposal are used effectively. Allowing this flexibility is in line with the design principles that already exist as part of LTE and NR Rel. 15 standard and must not be equated with UE being allowed to adopt its own power control. For example, even now, in the current LTE and NR Rel. 15 specs, two terms in the UL power control are up to UE implementation --- (a) In LTE or NR Rel-15 power control, path loss estimation is up to UE, network never knows what is the value of pathloss and, (b) Pc_max is up to UE within the range of allowed MPR (maximum power reduction). As given in 38.101, The UE is allowed to set its configured maximum output power PCMAX,f,c for carrier f of serving cell c in each slot. The configured maximum output power PCMAX,f,c is set within the following bounds PCMAX_L,f,c ≤  PCMAX,f,c  ≤  PCMAX_H,f,c  where
PCMAX_L,f,c = MIN {PEMAX,c– ∆TC,c,  (PPowerClass – ΔPPowerClass) – MAX(MPRc + A-MPRc+ ΔTIB,c + ∆TC,c + ∆TRxSRS, P-MPRc),
and,
PCMAX_H,f,c = MIN {PEMAX,c,  PPowerClass – ΔPPowerClass }.
Additionally, it is important that UE maintain a consistent  value on different occasions of PUSCH transmissions with the same precoder for PUSCH. This ensures that the network can over time learn the scale factors associated with each precoder. This is once again similar to a scenario that arises with PRB allocation in LTE or NR Rel. 15 where when deciding to allocate a set of 10 PRBs to a UE, the network does not have apriori information on the different power reduction requirements associated with specific 10  RB allocations. For example, edge PRBs can have different power reduction than center PRBs, distributed PRBs can have different power reduction than contiguous PRBs, etc. PRB-specific power reduction is up to UE implementation, while staying within the range of MPR/A-MPR as defined by RAN4. Therefore, before a set of PRBs is scheduled, network has no knowledge of the power reduction value associated with that particular PRB allocation. Only after that PRB set is used does the network have the ability to learn about the power reduction value and can then start to use that information to make future scheduling decisions, assuming the UE maintains a consistent power reduction value over the same set of PRBs in future UL transmissions.
To summarize, we believe Option 5 as agreed in RAN #95 meeting provides a clean approach to resolve the full power issues across a wide range of UE implementations while incurring little to no overhead and staying within well established design principles. We make the following proposal:
Proposal 8: Adopt Option 5 as agreed in RAN1 #95 meeting to support UL full power transmissions with precoders with zero entries.
[bookmark: _Ref525738576]Simultaneous PUCCH+PUSCH transmissions across noncoherent antennas


[bookmark: _Ref463027406][bookmark: _Ref465963195][bookmark: _Ref466040522][bookmark: _Ref378529477][bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]To maximize network scheduling flexibility, for UE with non-coherent antennas, e.g., a power class 3 UE equipped with two non-coherent 20dBm PAs, NW may schedule a PUSCH transmission with precoder  and a simultaneous PUCCH transmission for certain use cases. One typical use case can be illustrated as in Figure 14. Consider a DL heavy TDD configuration where there is one UL slot out of 10 slots, similar to LTE TDD configuration 5. Since it is UL light scenario, for a cell centre UE, for power saving purpose, eNB schedules a rank-1 PUSCH with TPMI  in slot n. Therefore, only 1 Tx antenna is active with this TPMI where the other Tx antenna is turned off so far. In later DL slots, e.g., in slot n+4, eNB scheduled a PDSCH for the same UE with HARQ-ACK scheduled to transmit in slot n+9. It makes much sense to use the other Tx antenna to transmit HARQ-ACK. Since these are two different channels on two Tx antenna ports, no coherence between the two Tx antenna has no impact at all to the two transmissions. Another approach is to multiplex HARQ-ACK on the rank-1 PUSCH. But the multiplexing approach does not work actually because the DL grant is later than the UL grant. Therefore, the UL grant scheduling PUSCH does not have resource provision for HARQ-ACK. Furthermore, dynamic beta offset indication cannot be applied for rate-matching for HARQ-ACK multiplexing, again due to the fact that DL grant is later than UL grant thus eNB does not know what the correct beta factor is without knowing the HARQ-ACK codebook size. Since multiplexing does not work well, simultaneous PUCCH and PUSCH transmission cross different antenna ports is a better solution for this scenario. Of course, if the sum of the ranks of the two transmissions exceeds the maximum UL rank supported by the UE or the sum power of the two transmissions exceeds Pc_max, UE need to drop one of the channels. 


[bookmark: _Ref525143849]Figure 14: Simultaneous PUCCH+PUSCH transmissions cross two non-coherent antennas
Proposal 9: For UE with MIMO capability, support simultaneous intra-UE PUCCH and PUSCH transmissions cross non-coherent or partial coherent antenna ports on one OFDM symbol.
· Channel dropping is applied if the sum rank or sum power of the simultaneous transmissions exceeds UE capability.
[bookmark: _Ref525738606]  Conclusions
In summary, we have the following proposals to address the full power uplink transmissions for Rel-16 MIMO enhancements. 
Proposal 1: Confirm the following working assumption
· For PC3, UE capability 2 can support full power transmission.

Proposal 2: Extend the definitions of the three capabilities to UEs of any power class and to UEs with coherent antenna capability.
Proposal 3: In UE capability signaling, UE indicates its capability to support which power scaling schemes for UL full power transmission. 
Proposal 4: For 2 Tx UEs and 4 Tx UEs belong to the same capability category, adopt a unified solution to support UL full power transmission.
Proposal 5: Adopt the solutions in the following table to support full power UL transmissions in Rel-16.
	Solution
	non-coherent and partial/non-coherent antenna ports
	Coherent antenna ports

	UE capability 1
	The linear value of power  is divided equally among the non-zero PUSCH ports

	UE capability 2
	· adopt option 1-1 + option 2 to add a subset of precoders with nonzero entries to PUSCH codebook. 
· For existing precoders with zero entries in Rel-15 PUSCH codebook, adopt option 5 to support full power UL transmissions 
	For existing precoders with zero entries in Rel-15 PUSCH codebook, adopt option 5 to support full power UL transmissions 

	UE capability 3
	
	



Proposal 6: Option 1-1+option 2 is implemented by allowing the following PUSCH precoders with non-zero entries that span across non-coherent antenna ports with up to UE implementation e.g. a small cyclic or linear delay may be applied across non-coherent antenna ports.
· Introduce a new codebookSubset = “noncoherentWithCyclicDelay” in 38.212 Section 7.1 for UEs with noncoherent antennas to include:
· TPMIs 0 to 2 in 38.211 Table 6.3.1.5-1 (Single-layer transmission using two antenna ports).
· TPMIs 0 to 4, 8, and 12 in 38.211 Table 6.3.1.5-2 (Single layer transmission using four antenna ports with transform precoding). 
· TPMIs 0 to 4, 8, and 12 in 38.211 Table 6.3.1.5-3 (Single layer transmission using four antenna ports without transform precoding).
· TPMI 0 to 6 in 38.211 Table 6.3.1.5-5 (Two layer transmission using four antenna ports without transform precoding),
· and TPMI 0 to 1 in 38.211 Table 6.3.1.5-6 (Three layer transmission using four antenna ports without transform precoding).
· For Tables not listed above, set of allowed TPMI remains same as that for codebookSubset “nonCoherent” in 38.212
· Introduce a new codebookSubset = “partialAndNonCoherentWithCyclicDelay” in 38.212 Section 7.1 for UEs with partial and noncoherent antennas to include:
· TPMIs 0 to 19, in 38.211 Table 6.3.1.5-2 (Single layer transmission using four antenna ports with transform precoding).
· TPMIs 0 to 19 in 38.211 Table 6.3.1.5-3 (Single layer transmission using four antenna ports without transform precoding). 
· For Tables not listed above, set of allowed TPMI remains same as that for codebookSubset “partialAndNonCoherent” in 38.212.
· Support of this feature of Option 1-1+Option 2 is subject to UE capability per band-band combination.

Proposal 7: To support option 1-1 + option 2, NO SRS enhancement is needed in specification except requiring the same amount of delay applied to SRS sounding and corresponding PUSCH transmission. UE transparently applies a small cyclic or linear delay to a subset of existing SRS ports defined for codebook-based PUSCH.   
Proposal 8: Adopt Option 5 as agreed in RAN1 #95 meeting to support UL full power transmissions with precoders with zero entries.
Proposal 9: For UE with MIMO capability, support simultaneous intra-UE PUCCH and PUSCH transmissions cross non-coherent or partial coherent antenna ports on one OFDM symbol.
· Channel dropping is applied if the sum rank or sum power of the simultaneous transmissions exceeds UE capability.
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