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[bookmark: _Ref157172412]Introduction
During RAN#102, a new WID for Rel-19 MIMO enhancements was agreed [1], the objective of the WI concerning 3 Tx UL transmission reads as follows:
4. Specify non-coherent UL codebook to facilitate 3-antenna-port codebook-based transmissions, without enhancement on UL full power transmission and without enhancement on SRS resource
· Note: UL full power transmission mode 1 and 2 are not supported.

In this contribution, we consider ways to fulfill this objective. The non-coherent precoding and ways to specify the precoders is firstly described. Partially coherent operation is also discussed in the context of forward compatibility. Further, though also outside the scope of WID, how non-codebook based 3 Tx might be specified is briefly considered. The design of SRS for 3 Tx is next discussed, comparing methods that combine SRS resources (‘SRS combining’) and that set zero power to one port of a four-port resource (‘SRS port blanking’). Subsequently, the power split for SRS ports and PUSCH ports for 3 Tx transmission is investigated to align with the 3 port SRS design. Next, the DCI signaling for the DMRS-PTRS association is addressed. Lastly, simulation results are provided to investigate the benefit of 3 Tx vs. 2 and 4 Tx transmission, the performance of different SRS resource design alternatives, and the improvement from using the correct PUSCH power scaling for 3 Tx.
[bookmark: _Ref178064866]Discussion
3 Tx UL transmission
The WID (quoted again below) targets a strictly minimalistic design for 3 Tx UL transmission: only codebook-based non-coherent transmission is to be supported without UL full power modes 1 or 2, and without enhancements on SRS resources. 
4. Specify non-coherent UL codebook to facilitate 3-antenna-port codebook-based transmissions, without enhancement on UL full power transmission and without enhancement on SRS resource
· Note: UL full power transmission mode 1 and 2 are not supported.

The rationale for these restrictions in our understanding is to minimize design and specification effort. In the following, we explore the implications of these constraints on 3 Tx design, some possible design approaches within the scope of the constraints, and discuss if all the restrictions are beneficial.
3 Tx CB-based UL transmission
 Non-coherent precoder design
In the RAN1#116 meeting, the following agreements were made to support non-coherent precoder design for 3 Tx PUSCH:
Agreement (RAN1#116)
For non-coherent uplink precoding by a 3TX UE, at least following precoders are supported for single-layer transmission.


Agreement (RAN1#116)
For non-coherent uplink precoding by a 3TX UE, at least following precoders are supported for two-layer transmission.
, ,  
Agreement (RAN1#116)
For non-coherent uplink precoding by a 3TX UE, at least following precoders are supported for three-layer transmission.













Two alternatives seem straightforward to implement a non-coherent (NC) 3 Tx codebook using these agreed precoders: one based on the 8 Tx non-coherent codebook, and another based on the 4 Tx codebook. We consider those here in turn.
The 8 Tx codebook (without the TPMIs for full power mode 1) is defined in 38.211 as follows. The codebook allows any combination of each  layer subset of the 8 ports. For 3 Tx non-coherent operation, one good approach could be to reuse this design principle of supporting any combination of each  layer subset.  This design principle would be most straightforwardly implemented by reparameterizing Table 6.3.1.5-47 for 3 ports, but other expressions are of course possible. 
Table 6.3.1.5-47: Intermediate precoding matrix  for codebook4 and transmission using eight antenna ports.
	TPMI index
	Intermediate precoder matrix 

	0 – 
	

where column  of , denoted , has an element 1 on the row corresponding to the port  on which layer  is to be transmitted, and element 0 in all other rows, ,
[bookmark: _Hlk137039828], where  if a layer is to be transmitted on port  and  otherwise, and  for , where  is defined by Table 5.2.2.2.5-4 of [6, TS 38.214].  

TPMI indices  to  are mapped to values of , first by increasing values of the number of transmitted layers, and then by increasing values of  for a given number of layers.



The 4 Tx codebook can also be used to generate the agreed precoders above, since it has all possible combinations of 3 ports for ranks 1 to 3, as can be seen from inspection of Tables 6.3.1.5-3, -5, and -6 of 38.211. Two similar alternatives are possible to design a 3 Tx from the 4 TX codebook: a) ‘precoder subset selection’, where the non-coherent 4 Tx precoders that allow all combinations of one set of 3 ports for up to 3 layers are selected for the codebook or b) ‘SRS port blanking’, by setting one row (corresponding to one antenna port) of the 4 Tx codebook to zero, and using only the non-coherent subset. Of these two approaches, SRS port blanking seems to be the better choice, as it allows direct reuse of any 4 Tx precoder in the design, which then can be forward compatible to partially and fully coherent operation by simply selecting Rel-15 partialAndNonCoherent or fullyAndPartialAndNonCoherent subsets, as well as to full power modes 1 and 2. By contrast, extending the precoder subset selection based design to partial or full coherence would require new precoder tables for each of partial and full coherent operation. This is also true for the full power modes.
As observed in Section 5.3 of the Appendix, coherence can improve performance for UEs that do not have full power PAs.  If Rel-15 power scaling is used in an eMBB scenario with a ULA UE, 2 Tx transmission can outperform 3 and 4 Tx transmission using a non-coherent codebook, specifically for the cell-edge UEs. However, partially coherent 3 Tx transmission can have up to 1.2x gain over 2 Tx.
3 Tx non-coherent codebooks that allow any combination of ports can be designed based on the Rel-18 8 Tx non-coherent codebook or the Rel-15 4 Tx codebook.
Blanking an SRS port and reusing the Rel-15 4 Tx codebook can allow forward compatibility to full- or partial-coherent operation, whereas selecting precoders and a 3-port subset from the 4 Tx codebook or reparameterizing the 8 Tx non-coherent codebook requires redesign.
[bookmark: _Toc163232836]The 3 Tx codebook is supported by setting a same row of all 4 Tx precoders to zero (‘port blanking’).
 3 Tx NCB-based UL transmission
As discussed above, the NR MIMO Phase 5 WID does not call for non-codebook-based operation to be specified. However, SRI indication for non-codebook-based operation with up to 3 SRS resources and 1 to 3 layers is already specified in 38.212. Therefore, our understanding is that what prevents 3 Tx for non-codebook-based operation is the lack of a maximum 3 layer UE capability. This seems quite easy to specify, and so in our view is worthwhile if time allows in the work item.
What prevents 3 Tx for non-codebook-based operation is the lack of a maximum 3 layer UE capability
[bookmark: _Toc163232837]Consider defining a maximum 3-layer capability for non-codebook based operation if time allows in the work item.
[bookmark: _Ref158898185][bookmark: _Ref162433911] 3 Tx SRS design
To support PUSCH in a 3 TX UE, the following agreements were made for SRS configuration during the RAN1#116 meeting:
Agreement (RAN1#116)
For SRS configuration supporting codebook-based UL transmission by a 3TX UE, down-select one of
· Alt1 – Support configuration of X 4-port SRS resources in a resource set where one the ports is muted
· Alt2 – Support configuration of X SRS resources with equal/unequal number of ports (e.g. 2 + 1 or 1 + 1 + 1) in a resource set,
The value for X is FFS, and it will be determined according to the selected alternative.

Agreement (RAN1#116)
For SRS configuration supporting codebook-based UL transmission by a 3TX UE, one SRS resource set is configured for single TRP operation.

Agreement (RAN1#116)
Conclusion
For a given CC, multiple SRS resources in a set with usage “Codebook” are not expected to be overlapped in time.

As can be seen from the RAN1#116 agreements, three possibilities have been identified to create 3 port SRS transmission: combine a two and a one port resource (the ‘2+1’ option), combine 3 one port resources (the ‘1+1+1’ option), and transmit zero power (‘blank’) one port of a 4 port SRS resource. Combining SRS resources has a number of problems:
It can be argued to be an enhancement to SRS resources, since the 3 ports belonging to different SRS resources would be combined together by a 3 Tx precoder.
If resources are transmitted at different time instants, this will increase the delay, and probably the overhead of SRS as compared to simultaneous transmission. SRS resource dropping will complicate codebook-based operation as well.
If the SRS resources are only transmitted simultaneously, the motivation for separate resources becomes unclear, since the behavior of all ports should be the same as for single resource transmission with respect to power splitting, timing, etc. Such simultaneous SRS resource transmission also diverges from current codebook-based operation, where simultaneous SRS resource transmission is not supported.  This was verified with the conclusion above ‘For a given CC, multiple SRS resources in a set with usage “Codebook” are not expected to be overlapped in time’.
The power per port could be different if a one and a two port SRS resource are used, since power is split equally among ports at a given time instant according to current specifications.

Blanking one port of a 4-port SRS resource should by contrast allow most of the 4-port SRS transmission behavior to be reused. The main difference would be that one SRS port is transmitted with zero power, and the power would be split equally among the non-zero ports of the SRS resource.
Defining 3 port SRS transmission as a combination of multiple one or two port SRS resources has a number of problems, including more complex timing, impacts of SRS dropping, how power is split among ports for different size SRS resources, delay, overhead, and whether such combinations are even allowed by the Rel-19 MIMO WID.
[bookmark: _Toc163232838]3 port SRS transmission for 3 Tx codebook-based operation is supported by setting the power of one port of a 4 port SRS resource to zero (‘blanking’ an SRS port).
Power split for SRS and PUSCH ports
Three Tx transmission may require modification for the power scaling for SRS and PUSCH, which was captured in the following agreement during RAN1#116 meeting:
Agreement (RAN1#116)
For a 3-antenna-port codebook-based UL transmission, study power split for each port of SRS and PUSCH.

Agreement (RAN1#116)
For codebook-based uplink transmission by a 3TX UE, support full-power Mode 0, subject to UE capability.


Power is split among PUSCH ports according to the number of SRS ports used for codebook based transmission and according to any full power UL MIMO transmission mode used. This is specified in 38.213 with the following from Section 7.1.  
	For a PUSCH transmission on active UL BWP , as described in clause 12, of carrier  of serving cell , a UE first calculates a linear value  of the transmit power , with parameters as defined in clause 7.1.1. For a PUSCH transmission scheduled by a DCI format other than DCI format 0_0, or configured by ConfiguredGrantConfig or semiPersistentOnPUSCH, if txConfig in PUSCH-Config is set to 'codebook', 
-	if ul-FullPowerTransmission in PUSCH-Config is provided, the UE scales  by  where:
-	if ul-FullPowerTransmission in PUSCH-Config is set to fullpowerMode1, and each SRS resource in the SRS-ResourceSet with usage set to 'codebook' has more than one SRS port,  is the ratio of a number of antenna ports with non-zero PUSCH transmission power over the maximum number of SRS ports supported by the UE in one SRS resource
-	if ul-FullPowerTransmission in PUSCH-Config is set to fullpowerMode2, 
-	 for full power TPMIs reported by the UE [18, TS 38.306], and  is the ratio of a number of antenna ports with non-zero PUSCH transmission power over a number of SRS ports for remaining TPMIs, where the number of SRS ports is associated with an SRS resource indicated by an SRI field in a DCI format scheduling the PUSCH transmission if more than one SRS resource is configured in the SRS-ResourceSet with usage set to 'codebook', or indicated by Type 1 configured grant, or the number of SRS ports is associated with the SRS resource if only one SRS resource is configured in the SRS-ResourceSet with usage set to 'codebook', 
-	, if an SRS resource with a single port is indicated by an SRI field in a DCI format scheduling the PUSCH transmission when more than one SRS resource is provided in the SRS-ResourceSet with usage set to 'codebook', or indicated by Type 1 configured grant, or if only one SRS resource with a single port is provided in the SRS-ResourceSet with usage set to 'codebook', and 
-	if ul-FullPowerTransmission in PUSCH-Config is set to fullpower, 
-	else, if each SRS resource in the SRS-ResourceSet with usage set to 'codebook' has more than one SRS port, the UE scales the linear value by the ratio of the number of antenna ports with a non-zero PUSCH transmission power to the maximum number of SRS ports supported by the UE in one SRS resource. 
The UE splits the power equally across the antenna ports on which the UE transmits the PUSCH with non-zero power.



For full power Mode 0 operation (i.e. PUSCH-Config is set to fullpower), there is no dependency on the maximum number of SRS ports supported by the UE in one SRS resource. Therefore, no change to Mode 0 is foreseen from 3 Tx operation.
However, for Rel-15 power (in the highlighted ‘else’ clause), the maximum number of SRS ports supported by the UE in one SRS resource is used to scale the PUSCH power. Since a 3 port SRS resource will not be defined for 3 Tx UL transmission, there should be new behavior in the 3 Tx case.  For example, if the UE supports up to 4 SRS ports in one resource, the power will be scaled down by 4, even though the UE should reach full power by transmitting on 3 Tx chains.  As can be seen in section 2.4.3, scaling down by 4 in a 3 Tx UE can significantly degrade performance.
In order to obtain the correct behavior for a 3 Tx UE, something like the following could be used.
	-	if ul-FullPowerTransmission in PUSCH-Config is provided, the UE scales  by  where:
-	…
-	, if an SRS resource with a single port is indicated by an SRI field in a DCI format scheduling the PUSCH transmission when more than one SRS resource is provided in the SRS-ResourceSet with usage set to 'codebook', or indicated by Type 1 configured grant, or if only one SRS resource with a single port is provided in the SRS-ResourceSet with usage set to 'codebook', and 
-	if ul-FullPowerTransmission in PUSCH-Config is set to fullpower, 
-	 is equal to the number of antenna ports with non-zero PUSCH transmission power over 3, 
-	else, if each SRS resource in the SRS-ResourceSet with usage set to 'codebook' has more than one SRS port, the UE scales the linear value by the ratio of the number of antenna ports with a non-zero PUSCH transmission power to the maximum number of SRS ports supported by the UE in one SRS resource. 



[bookmark: _Toc163232839]Adapt non-full power PUSCH power scaling in 3 Tx transmission to divide the non-zero PUSCH ports by factor of 3.
PTRS-DMRS association
The following agreements were mode during RAN1#116 for PTRS-DMRS configuration:
Agreement (RAN1#116)
For a 3TX UE, down-select one of the following options for the number of PTRS ports,
· Option-1: A single PTRS port is supported.
· Option-2: Up to 2 PTRS port may be configured.

Agreement (RAN1#116)
For a 3-antenna-port codebook-based UL transmission, study PTRS-DMRS association.

Agreement (RAN1#116)
For codebook-based transmission by a 3TX UE, 
· Only PUSCH antenna ports 1000, 1001, 1002 are used
· Option- 2: Subject to UE capability, up to 2 PTRS ports may be configured in PTRS-UplinkConfig, 
· FFS whether a single bit or 2 bits are used for PTRS-DMRS association indication.
Above is only for single panel transmission.

According to the above agreement, an open issue is whether 1 or 2 bits in DCI should be used for PTRS-DMRS association indication. 
For 3Tx non-coherent PUSCH, each DMRS port is assumed to be associated with a single antenna port. Further, antenna ports may be directional and pointing in different directions, which may result in a large variation of link budget across antenna ports and, consequently, across the DMRS ports. DCI overhead of PTRS-DMRS association may be reduced (from 2 bits to 1 bit) by restricting, according to some predefined rule, how the up to two PTRS ports can be mapped to DMRS ports. However, doing so may prevent associating PTRS port(s) to the strongest DMRS port(s), since it cannot be known a priori which DMRS port(s) that will be associated with the highest link budget.
In our view, the potential 1 bit DCI overhead reduction does not warrant potential loss in link budget. Accordingly, 2 bits seems appropriate for signalling the PTRS-DMRS layer association. 
[bookmark: _Toc163232840]When 1 or 2 PTRS ports are configured in PTRS-UplinkConfig for 3 Tx UE, support 2 bits for PTRS-DMRS association indication.
If one PTRS port is configured (maxNrofPorts in PTRS-UplinkConfig IE is set to ‘n1’), the PTRS-DMRS association for one PTRS port for a 3 TX UE can be given by Table 1.
[bookmark: _Ref162431810] Table 1	PTRS-DMRS association table where a two-bit bitfield is used to indicate the association between one PTRS port and three DMRS ports for a 3 TX UE.
	Value
	DMRS Port

	0
	1st scheduled DMRS port

	1
	2nd scheduled DMRS port

	2
	3rd scheduled DMRS port

	3
	Reserved




If two PTRS ports are configured (maxNrofPorts in PTRS-UplinkConfig IE is set to ‘n2’), the PTRS-DMRS association for two PTRS ports for a 3 TX UE can be given by Table 2.
[bookmark: _Ref162431838]Table 2	PTRS-DMRS association table where a two-bit bitfield is used to indicate the association between two PTRS ports and DMRS ports for a 3 TX UE.
	Value
	DMRS Port

	0
	1st DMRS port and 2nd DMRS port

	1
	1st DMRS port and 3rd DMRS port

	2
	2nd DMRS port and 3rd DMRS port

	3
	Reserved



It can be observed with 2 bits to indicate the PTRS-DMRS association for the case when either one or two PTRS ports are configured, one associated field is reserved. This field could be used, e.g., for dynamically turning PTRS on/off. 
System-level simulation results
 Gain compared to 4 Tx and 2 Tx non-coherent PUSCH
In the following, the 3 Tx NC PUSCH is compared with 4 Tx and 2 Tx NC PUSCH with different antenna configurations and in different scenarios, which are described below:
I. In Figure 1, the analysis is carried out for an outdoor FWA scenario. The 3 Tx UE has three single pol directional antennas pointing in three different directions, the 4 Tx UE has four single pol directional antennas pointing in four different directions, and the 2 Tx UE has two single pol directional antennas pointing in two different directions. The antenna configurations are illustrated in Figure 6 in the Appendix. Rel-16 mode 0 power scaling is used for the PUSCH transmission. 
II. In Figure 2, the analysis is carried out for an eMBB scenario. The 3 Tx UE has a dual pol isotropic antenna and a single pol isotropic antenna in a ULA, the 4 Tx UE has two dual pol isotropic antennas arranged in an ULA, and the 2 Tx UE has a dual pol isotropic antenna. The antenna configurations are illustrated in Figure 7 in the Appendix. Rel-15 power scaling is used for the PUSCH transmission. 

From Figure 1, it can be observed that the 3 Tx UE achieves higher gain compared to 2 Tx UE mainly due to the transmission of one additional PUSCH layer in outdoor FWA scenario. The gain from additional layer is also highlighted comparing the performance of the 3 Tx PUSCH with 4 Tx PUSCH, where a 4 Tx UE can transmit with an additional PUSCH layer depending upon on the channel conditions. Specifically, 3 Tx has 1.40x and 1.52x more mean throughput at mid and high load (~50% and ~70% resource utilization), respectively, compared to 2 Tx, while 4 Tx has about 1.16x and 1.24x more mean throughput than 3 Tx at mid and high load, respectively.
From Figure 2, it can be observed that the 3 Tx UE on an average achieves a higher gain compared to 2 Tx UE though the gain is smaller compared to the gain observed in the outdoor FWA scenario. Specifically, 3 Tx has 1.08x and 1.09x more mean throughput at mid and high load (~50% and ~70% resource utilization), respectively, compared to 2 Tx. However, there is a limited gain for 4 Tx over 3 Tx PUSCH. Further, it can be observed that the PUSCH performance degrades with an increase in the number of antenna ports for the coverage limited UEs. In fact, the cell edge throughput of 2 Tx is actually greater than those of 3 and 4 Tx. This degradation in the performance can be attributed to the decrease in the maximum power (with Rel-15 power-scaling) for a coverage limited UE which usually transmits with a lower rank. Further the lower transmit power can i) inflate the inter-layer interference for a non-coherent transmission, where each PUSCH layer is transmitted independently over antenna ports (with at least two antenna ports in the same polarization), and ii) limit the performance of the realistic PUSCH channel estimation. The performance degradation can be tackled by allowing additional coherence between at least a subset of antenna ports which is discussed in Section 5.3 in the Appendix. 

[image: ][image: ]
[bookmark: _Ref162432068][bookmark: _Hlk157885781]Figure 1	Mean and cell-edge user UL throughout versus served traffic, comparing gains for 3 Tx NC PUSCH with 4 Tx and 2 Tx NC PUSCH in the “outdoor FWA” scenario with Rel-16 Mode 0 power-scaling. Here, the 3 Tx UE has a three single pol directional antennas pointing in three different directions, the 4 Tx UE has four single pol directional antennas pointing in four different directions, and the 2 Tx UE has two single pol directional antennas pointing in two different directions (illustrated in Figure 6). The remaining SLS parameters are collected in Table 4 in the Appendix.
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[bookmark: _Ref158393619]Figure 2	Mean and cell-edge user UL throughout versus served traffic, comparing gains for 3 Tx NC PUSCH with 2 and 4 Tx NC PUSCH in the “eMBB” scenario with Rel-15 power-scaling. Here, the 3 Tx UE has a dual pol isotropic antenna and a single pol isotropic antenna arranged in an ULA, the 4 Tx UE has two dual pol isotropic antennas arranged in an ULA, and the 2 Tx UE has a dual pol isotropic antenna (illustrated in Figure 7). The remaining SLS parameters are collected in Table 3 in the Appendix. 

3 Tx antenna configurations can offer substantial mean throughput gains (e.g. up to 1.52x) over 2 Tx, especially when uplink full power mode 0 and directional antennas are used in outdoor FWA scenarios.
Gains with different SRS configurations for 3 Tx PUSCH
In the following, the performance with different SRS configuration alternatives is compared for UL transmission by a 3Tx UE, which are described below:
I. 3-port SRS by combining three 1-port SRS resources (denoted by 1+1+1 port SRS) in a SRS resource set, where all the resources are transmitted in one SRS symbol.
II. 3-port SRS by combining one 2-port SRS resource and one 1-port SRS resource (denoted by 2+1 port SRS) in a SRS resource set, where all the SRS resources are transmitted in one SRS symbol.
III. 3-port SRS with 4-port SRS resource in a SRS resource set, where the last port is blanked/muted (denoted by 4 port SRS with muting) and is transmitted in one SRS symbol.
IV. 3-port SRS by combining three 1-port SRS resources (denoted by 1+1+1 port SRS) in an SRS resource set, where each of the resources are transmitted in different SRS symbol, i.e., three SRS symbols.
V. 3-port SRS by combining one 2-port SRS resource and one 1-port SRS resource (denoted by 2+1 port SRS) in a SRS resource set, where each of the resources are transmitted in different SRS symbol, i.e., two SRS symbols. 

In Figure 3 and Figure 4, the link-level throughput performance of the above SRS configurations are presented with CDL-C channel and 300ns delay spread for different antenna configurations and PUSCH power scaling. The performance of 2 Tx UE is included as benchmark, where the 2-port SRS resource for the 2 Tx UE is transmitted in one SRS symbol. Note that the power scaling of SRS ports is such that transmit power is split equally across all SRS ports of all SRS resources in an SRS resource set in a symbol for SRS transmission.
· In Figure 3, the 3 Tx UE has a dual pol isotropic antenna and a single pol isotropic antenna in a ULA and the 2 Tx UE has a dual pol isotropic antenna. The antenna configurations are illustrated in Figure 7 in the Appendix. Rel-15 power scaling is used for the PUSCH transmission, such that the transmit power is scaled by a factor of  before splitting the resultant power equally across the antenna ports transmitting the PUSCH layer(s), where is the scheduled rank and  is the number of antenna ports. 

· In Figure 4, the 3 Tx UE has three single pol directional antennas pointing in three different directions and the 2 Tx UE has two single pol directional antennas pointing in two different directions. The antenna configurations are illustrated in Figure 6 in the Appendix. Rel-16 mode 0 power scaling is used for the PUSCH transmission, such that the transmit power (without any scaling) is split equally across the antenna ports transmitting the PUSCH layer(s).


From the figures, it can be observed that all the alternatives for SRS configurations attain similar performance. However, there is a minor degradation for configurations using more than one SRS symbol, which can be attributed to the increase in the SRS transmission overhead. Because SRS is transmitted once every 10 slots, the amount of loss in these simulations is minor. In configurations where the SRS overhead is higher, the loss will be more significant. This highlights that there is no gain from spreading the SRS ports over resources and/or symbols, but rather a loss that increases with SRS overhead. 

[image: ]
[bookmark: _Ref162432778]Figure 3	Mean UL throughout versus SNR comparing gains for SRS configuration alternatives in a 3 Tx NC PUSCH with Rel-15 power-scaling. Here, the 3 Tx UE has a dual pol isotropic antenna and a single pol isotropic antenna arranged in an ULA and the 2 Tx UE has a dual pol isotropic antenna (illustrated in Figure 7). The remaining LLS parameters are collected in Table 5 in the Appendix. 
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[bookmark: _Ref162432789]Figure 4	Mean UL throughout versus SNR, comparing gains for SRS configuration alternatives in a 3 Tx NC PUSCH with Rel-16 Mode 0 power-scaling. Here, the 3 Tx UE has a three single pol directional antennas pointing in three different directions and the 2 Tx UE has two single pol directional antennas pointing in two different directions (illustrated in Figure 6). The remaining SLS parameters are collected in Table 5 in the Appendix.
Even when SRS is used for TPMI determination and link adaptation, in the scenarios studied, there is no gain from spreading the SRS ports over resources and/or symbols, but rather a loss that increases with SRS overhead.
Gains with correct PUSCH power scaling for 3 Tx PUSCH
In the following, the performance of 3 Tx NC PUSCH is compared for two different PUSCH power scaling when a 4-port SRS resource (with muting) is assumed to be configured. The two PUSCH power scaling is described below:
1. Legacy power scaling: The UE firstly scales the transmit power by the ratio of the number of antenna ports with a non-zero PUSCH transmission power to the maximum number of SRS ports supported by the UE in one SRS resource. In this case, the transmit power is scaled by a factor of . Finally, the UE splits the power equally across the antenna ports on which the UE transmits the PUSCH with non-zero power.  
2. Revised power scaling: The UE firstly scales the transmit power by the ratio of the number of antenna ports with a non-zero PUSCH transmission power to the number of non-muted SRS ports supported by the UE in one SRS resource. In this case, the transmit power is scaled by a factor of . Finally, the UE splits the power equally across the antenna ports on which the UE transmits the PUSCH with non-zero power.

Accordingly, in Figure 5, the 3 Tx NC PUSCH is compared with 2 Tx NC PUSCH in an eMBB scenario, where Rel-15 power-scaling is used for the transmission. Further, the 3 Tx UE has a dual pol isotropic antenna and a single pol isotropic antenna in a ULA and the 2 Tx UE has a dual pol isotropic antenna. From the figure, it can be observed that the performance for 3 Tx PUSCH degrades when using the legacy power scaling which transmits with 1.25 dB lower power compared to the revised power scaling. Specifically, 3 Tx with legacy PUSCH power scaling has 0.94x and 0.92x mean throughput loss at mid and high load (~50% and ~70% resource utilization), respectively, compared to 3 Tx with revised PUSCH power scaling. Further, as discussed for Figure 2, the cell edge throughput of 2 Tx is actually greater than those of 3 Tx. However, compared to 2 Tx, 3 Tx with legacy PUSCH power scaling has 0.75x and 0.77x cell-edge throughput loss, whereas 3 Tx with revised PUSCH power scaling has 0.90x and 0.92x cell-edge throughput loss at mid and high load (~50% and ~70% resource utilization), respectively. This shows the need to revise the legacy PUSCH power scaling for UL transmission with a 3 Tx UE.
 [image: ] [image: ]
[bookmark: _Ref162433483]Figure 5	Mean and cell-edge user UL throughout versus served traffic, comparing gains with different PUSCH power scaling for 3 Tx NC PUSCH in the “eMBB” scenario with Rel-15 power-scaling. Here, the 3 Tx UE has a dual pol isotropic antenna and a single pol isotropic antenna arranged in an ULA and the 2 Tx UE has a dual pol isotropic antenna (illustrated in Figure 7). The remaining SLS parameters are collected in Table 3 in the Appendix. 
Conclusion
In this contribution, we discussed the design and performance of different approaches to 3 Tx UL transmission and related supporting mechanisms such as the construction of 3 port SRS and antenna switching for 3 receive chain operation. We first discussed non-coherent precoding and ways to specify the precoders. Partially coherent operation was also discussed in the context of forward compatibility. Further, though also outside the scope of WID, how non-codebook based 3 Tx might be specified was briefly considered. The design of SRS for 3 Tx was next discussed, comparing methods that combine SRS resources (‘SRS combining’) and that set zero power to one port of a four-port resource (‘SRS port blanking’). Subsequently, the power split for SRS ports and PUSCH ports for 3 Tx transmission was investigated to align with the 3 port SRS design. Next, the DCI signaling for the DMRS-PTRS association was addressed. Lastly, simulation results were provided to investigate the benefit of 3 Tx vs. 2 and 4 Tx transmission, the performance of different SRS resource design alternatives, and the improvement from using the correct PUSCH power scaling for 3 Tx.

This led to the following proposals:
Proposal 1	The 3 Tx codebook is supported by setting a same row of all 4 Tx precoders to zero (‘port blanking’).
Proposal 2	Consider defining a maximum 3-layer capability for non-codebook based operation if time allows in the work item.
Proposal 3	3 port SRS transmission for 3 Tx codebook-based operation is supported by setting the power of one port of a 4 port SRS resource to zero (‘blanking’ an SRS port).
Proposal 4	Adapt non-full power PUSCH power scaling in 3 Tx transmission to divide the non-zero PUSCH ports by factor of 3.
Proposal 5	When 1 or 2 PTRS ports are configured in PTRS-UplinkConfig for 3 Tx UE, support 2 bits for PTRS-DMRS association indication.
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[bookmark: _Ref127451154]Appendix
Antenna configurations:
In the following, the antenna configurations for the 3 Tx UEs and the corresponding baseline for 4 Tx and 2 Tx UEs. 

[image: ][image: ][image: ]
[bookmark: _Ref158393541]Figure 6	UE antenna configuration where for 3 Tx UE (left most) has three single pol antennas pointing in three different directions, 4 Tx UE (middle) has four dual pol antennas in four different directions, and 2 Tx UE (right most) has two dual pol antennas pointing in two different directions.

[image: ][image: ][image: ]
[bookmark: _Ref158628344]Figure 7	UE antenna configuration where for 3 Tx UE (left most) has a dual pol antenna and a single port antenna in a ULA, 4 Tx UE (middle) has two dual pol antennas in a ULA, and 2 Tx UE (right most) has a dual pol antenna.

[bookmark: _Ref158826428]Simulation parameters:
In the following, the simulation parameters for the “eMBB”, and “outdoor FWA” scenarios are collected. Unless otherwise explicitly stated, these are the parameters used for all above evaluations.
[bookmark: _Ref159087302]Table 3	Parameters for UL SLS simulations for “eMBB” scenario
	 System-level simulation parameters

	Metric
	UL mean and cell-edge user throughput

	Scheduler
	Proportional fair

	Traffic model
	FTP model 1

	ISD
	200 m

	Number of sites
	7

	Number of UEs
	10000

	UE distribution
	80% outdoor, 20% indoor

	Handover margin
	3 dB

	Carrier frequency
	3.5 GHz 

	Bandwidth
	100 MHz 

	Subcarrier spacing
	30 kHz

	Channel model
	Dense urban (according to TR 38.901)

	Packet size
	500 kB

	MIMO scheme
	SU-MIMO

	Power mode
	Rel-15 PS

	Power control
	 (ideal open loop)

	Modulation
	Up to 256 QAM

	Channel estimation
	Ideal SRS and realistic DMRS

	Receiver
	MMSE-IRC

	BS antenna configuration (AAS)
	AAS: (,,,,,,) = (8,4,2,1,1,4,4) with (, ) = (0.5, 0.8), tilt: 104°


	BS antenna pattern
	Directional (8 dBi, 65 BW)

	BS antenna height
	According to TR 38.901

	BS noise figure
	5 dB

	UE antenna configuration
	A dual pol antenna and a single pol antenna arranged as ULA (Figure 7).

	UE antenna height
	According to TR 38.901

	UE transmit power
	23 dBm

	UE speed
	3 km/h (Indoor) and 30km/hr (Outdoor)



[bookmark: _Ref159087378]Table 4	Parameters for UL SLS simulations for “outdoor FWA” scenario
	 System-level simulation parameters

	Metric
	UL mean and cell-edge user throughput

	Scheduler
	Proportional fair

	Traffic model
	FTP model 1

	ISD
	500 m

	Number of sites
	7

	Number of UEs
	10000

	UE distribution
	100% outdoor

	Handover margin
	3 dB

	Carrier frequency
	3.5 GHz 

	Bandwidth
	100 MHz 

	Subcarrier spacing
	30 kHz

	Channel model
	UMa (according to TR 38.901)

	Packet size
	500 kB

	MIMO scheme
	SU-MIMO

	Power mode
	Rel-16 mode 0

	Power control
	 

	Modulation
	Up to 256 QAM

	Channel estimation
	Ideal SRS and realistic DMRS

	Receiver
	MMSE-IRC

	BS antenna configuration
(for outdoor BS)
	AAS: (,,,,,,) = (8,4,2,1,1,4,4) with (, ) = (0.5, 0.8), tilt: deg.

	BS antenna pattern
	Directional (8 dBi, 65 BW)

	BS antenna height
	According to TR 38.901

	BS noise figure
	5 dB

	UE antenna configuration
	Three directional (4 dBi, 110BW) single pol antennas pointing in three different directions (Figure 6)

	UE antenna height
	According to TR 38.901

	UE transmit power
	31 dBm

	UE speed
	3 km/h




In the following, the simulation parameters for link level simulation for SRS configuration are collected. Unless otherwise explicitly stated, these are the parameters used for the link level simulations in the above evaluations.
[bookmark: _Ref162433267]Table 5	Parameters for UL LLS simulations 
	 System-level simulation parameters

	Metric
	UL user throughput

	Waveform
	CP-OFDM

	SCS
	30 KHz

	System bandwidth
	100 MHz

	Scheduled PRBs
	260 PRBs

	gNB RX antenna setup and port layouts
(𝑀,𝑁,𝑃,𝑀𝑔,𝑁𝑔,𝑀𝑝,𝑁𝑝)
	(8,8,2,1,1,4,8) with (𝑑H, 𝑑V) = (0.5, 0.8)𝜆, tilt: deg

	UE speed
	3 km/h

	Number of Layers
	Adaptive 

	AMC
	Adaptive

	DMRS configuration
	Type 1; 1 front loaded + 1 additional symbol

	Channel estimation
	Real

	Channel Model
	CDL-C (300ns)

	SRS periodicity 
	10 slots



[bookmark: _Ref163143998]Partial-coherent codebook design    
The NC precoders have mainly two disadvantages. Firstly, a 3 Tx UE transmitting with NC precoders for  and with Rel-15 power scaling (PS), cannot transmit with full power. For example, for rank 1 and 2 PUSCH, a 3 Tx UE operating with Rel-15 PS can transmit with ~1.8 dBm lower power compared to a 2 Tx UE. This can adversely affect the performance of the coverage limited UEs. Further, the lower transmit power can affect the PUSCH channel estimation (especially for the coverage limited UEs). Secondly, for antenna configurations where at least two antennas in the same polarization are arranged in a ULA, the NC precoders fail to achieve a beamforming gain of 3 dB. These disadvantages can result in loss in performance, which was observed in Figure 2. Accordingly, in the following, partial-coherent (PC) precoder designs are discussed which can help in mitigating the above two disadvantages of the NC precoders.
Two alternatives seem straightforward to implement a PC 3 Tx codebook, which are described below:
i. With a 8 Tx PC precoder design principle: The 3 Tx antennas can be divided in two groups, where the first group has 2 antennas and the second group has one antenna. The two antennas within the first group are considered to be coherent and are non-coherent with respect to the third antenna in the second group. Accordingly, the PC precoders can be designed with the Rel-15 2 Tx fully-coherent (FC) precoders for the two coherent antennas in the first group, while the antenna in the second group transmits PUSCH layer as it is. Further, the number of layers transmitted per antenna group can be governed by the layer split distribution given in Table 6. As an example, when the antennas in a first polarization is in the first group and the third antenna in the second polarization is in the second group, the PC precoders (shown in bold font and provided along with NC precoders) are given by Table 7. 
[bookmark: _Ref159173922]Table 6	Layer distribution for PC precoders with two antenna group
	Rank, 
	All layers in one antenna group
	Layers split across two antenna groups

	1
	(1,0), (0,1)
	

	2
	(2, 0)
	

	2
	
	(1,1)

	3
	
	(2,1)



[bookmark: _Ref159173961]Table 7	PC precoders (with NC precoders) with 8 Tx precoder design (without blanking)
	
	3-Tx PC (+ NC) precoders

	1
	

	2
	


	3
	



ii. Blanking Rel-15 4 Tx PC precoders: Alternatively, the 3 Tx PC precoder can be designed by blanking one port for Rel-15 4 Tx PC precoders. This can complement the SRS port blanking method for 3 port SRS design discussed in Section 2.2. As an example, when two antennas in a first polarization are in the first group and the third antenna in the second polarization is in the second group, the PC precoders (shown with bold font and provided along with NC precoders) are given by Table 8. Here, the second port of the Rel-15 4 Tx PC precoders for rank 1 and 2 is blanked, where it is not possible to blank Rel-15 4 Tx PC precoders for rank 3 to obtain 3 Tx PC precoders. Note that a subset of the Rel-15 4 Tx PC TPMIs is selected for rank 2 such that antennas within the first group are co-phased with factors {1, j, -1, j} only once, which corresponds to TPMIs 7, 9, 11, 13 in Table 6.3.1.5-5 of TS 38.211.

[bookmark: _Ref159174012]Table 8	PC precoders (with NC precoder) blanking
	
	3-Tx PC (+ NC ) precoders

	1
	

	2
	


	3
	



Hereafter the first and second designs are referred to as PC precoders without blanking and PC precoders with blanking, respectively. Note that the TPMI overhead for the 3 Tx PC (and NC) precoders without and with blanking are 5 and 4 bits, respectively. Further, the 3 Tx PC precoders with blanking do not have to be explicitly listed and thus have minimum spec impact. 
[bookmark: _Ref158817917][bookmark: _Ref162432329]Gain with additional coherence for the antenna ports at the UE
To tackle the loss in the performance observed in Figure 2, additional coherence can be introduced which can allow i) transmission of a PUSCH layer from more than one antenna port, thereby increasing the maximum transmit power for lower rank transmission, and ii) gain from beamforming where at least two antenna ports in the same pol are arranged in a ULA. Accordingly, in Figure 8, the 3 Tx NC PUSCH is compared with 3 Tx PC PUSCH in an eMBB scenario. Further, the performance of the 2 Tx FC PUSCH is also included to analyze the performance for the coverage limited UEs with additional antenna ports. From the figure, it can be observed that the additional coherence can bring 1.16x and 1.20x gain for the 3 Tx UE over the 2 Tx UE at the cell-edge at mid and high load (~50% and ~70% resource utilization), respectively, while the NC 3Tx precoder has a loss of 0.93x and 0.92x over 2 Tx at the cell-edge at mid and high load, respectively. Further, it can be observed that gain obtained from the PC precoders with and without port blanking is very similar with the mean throughput and cell edge curves essentially on top of each other. 
As the power class of a UL MIMO UE increases, the less likely it is to have a power amplifier that can deliver the full power on each of its transmit chains. For example, 2 Tx power class 1.5 UEs have been specified in RAN4 assuming that two 26 dBm power amplifiers are used and that transparent TxD is used to virtualize the Tx chains to reach full power with one port transmission. Such UEs would not support uplink full power mode 0, since it requires full power PAs on all Tx chains. Partially coherent transmission would be beneficial for such UEs, given its benefit shown above Rel-15 power scaling that the PC 1.5 UEs would have to use.
[image: ][image: ]
[bookmark: _Ref157887654]Figure 8	Mean and cell-edge user UL throughout versus served traffic, comparing gains for 3 Tx NC PUSCH with 3 Tx PC PUSCH in the “eMBB” scenario with Rel-15 power-scaling. Here, the 3 Tx UE has a dual pol isotropic antenna and a single pol isotropic antenna arranged in an ULA (illustrated in Figure 10). The remaining SLS parameters are collected in Table 3 in in section 5.2.
Hence, it can be observed that if Rel-15 power scaling is used in an eMBB scenario with a ULA UE, 2 Tx transmission can outperform 3 and 4 Tx transmission using a non-coherent codebook in low SINR scenarios. However, partially coherent 3 Tx transmission can have about 1.2x gain over 2 Tx, and could be beneficial especially in high power class UEs that virtualize to reach their power class.
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