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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
One of Rel-18 MIMO evolution WID scopes is to enable 8 Tx UL operation to support 4 and more layers per UE as highlighted in the approved WID [1]:
	5. Study, and if justified, specify UL DMRS, SRS, SRI, and TPMI (including codebook) enhancements to enable 8 Tx UL operation to support 4 and more layers per UE in UL targeting CPE/FWA/vehicle/Industrial devices
· Note: Potential restrictions on the scope of this objective (including coherence assumption, full/non-full power modes) will be identified as part of the study.


In this contribution, we provide our views on the support of UL 8TX operation.
Discussion
[bookmark: _Hlk101298283]Two different PUSCH modes named as codebook based PUSCH and non-codebook based PUSCH are specified in Rel-15, where the precoding matrix for codebook based PUSCH is selected from a specified codebook and indicated by a TPMI in the scheduling DCI, while the precoding matrix for non-codebook based PUSCH is calculated by the UE based on channel reciprocity. Hence, codebook-based PUSCH is more suitable for FDD systems, whereas non-codebook based PUSCH is more suitable for TDD systems. Therefore, for 8Tx UL operation, both codebook and non-codebook based PUSCH modes should be supported as that for 4Tx UL operation.
[bookmark: _Toc101300502][bookmark: _Toc101983693][bookmark: _Toc101300297][bookmark: _Toc101300503][bookmark: _Toc101302639][bookmark: _Toc101539862][bookmark: _Toc102029158]Both codebook and non-codebook based PUSCH should be supported for 8Tx UL operation 
Also, one other important discussion point is whether the supported rank for UL transmission with 8 Tx UL operation exceeds 4. We believe the benefits of 8Tx UL operation should be evaluated for both Rank = 4 and Rank > 4. In our opinion, Rank > 4 UL transmission should only be supported in case of significant throughput gains are realized, due to the large complexity at the UE side and increased signaling overhead as well as potentially non-trivial specification impact corresponding to supporting Rank > 4. 
[bookmark: _Toc101300298][bookmark: _Toc101300504][bookmark: _Toc101302640][bookmark: _Toc101539863][bookmark: _Toc101983694][bookmark: _Toc102029159]Evaluate 8Tx UL operation for both  Rank = 4 and Rank > 4. Rank > 4 is supported only if the potential gains exceed the complexity corresponding to rank upgrade. 

Althrough WID indicates that this scenario should focus on how to support 4 and more layers per UE, support of less than rank 4 PUSCH transmission should not be precluded according to the following considerations:
1) Less than 4 layers is a typical scenario at least for the case that the UE at cell edge.
2) Although 4Tx codebook can be adopted by 8Tx device by antenna port virtualization, additional UE capability is required. For example, both 4Tx codebook and 8Tx codebook, and the corresponding signaling should be supported by the UE.
3) A well-designed  8Tx codebook with lower rank could provide better performance compared with 4Tx codebook+antenna port virtualization.
Based on the above consideration, we have the following proposal:
[bookmark: _Toc101983695][bookmark: _Toc102029160]Support of less than rank 4 is not precluded for 8Tx UL operation.
Note that in case Rank > 4 is supported, a new codeword-to-layer mapping rule for UL transmission needs to be agreed, i.e., whether two codewords are supported for Rank R>4, and, if supported, the mapping of layers 1,…, R to the two codewords. Using the same mapping as DL can be considered as baseline. For R≤4, codeword-to-layer mapping should not be discussed for 8Tx UL operation. 
[bookmark: _Toc101300299][bookmark: _Toc101300505][bookmark: _Toc101302641][bookmark: _Toc101539864][bookmark: _Toc101983696][bookmark: _Toc102029161]Study codeword-to-layer mapping for 8Tx UL operation if Rank>4 is supported 
Since the antenna ports for PUSCH transmission is tightly coupled to the SRS antenna ports, to support 8Tx UL operation, extension for the Rel-15 SRS configuration is needed. For example, SRS resource with 8 SRS ports should be supported for codebook based PUSCH transmission. For non-codebook based PUSCH, up to 8 single port SRS resources should be supported in a SRS resource set. In our company contribution [2], more detailed discussion on SRS enhancement to support 8Tx UL operation are provided.

[bookmark: _Toc101300506][bookmark: _Toc101302642][bookmark: _Toc101539865][bookmark: _Toc101983697][bookmark: _Toc101300300][bookmark: _Toc102029162]To support 8Tx UL transmission, on the SRS configuration, 
· [bookmark: _Toc101302643][bookmark: _Toc101539866][bookmark: _Toc101983698][bookmark: _Toc101300507][bookmark: _Toc102029163]One or two SRS resources with 8 SRS ports can be configured in the SRS resource set for CB when codebook based UL transmission is configured, and
· [bookmark: _Toc101302644][bookmark: _Toc101539867][bookmark: _Toc101983699][bookmark: _Toc102029164]Up to 8 SRS resources with single port can be configured in the SRS resource set for nCB when non-codebook based UL transmission is configured.
Three different coherent capabilities including full coherence, partial coherence and non-coherence are supported for Rel-15 4Tx codebook, wherein partial coherence and non-coherence are important for lower cost devices. Since 8Tx UL study is supposed to focus on advanced devices, e.g., CPE, FWA, vehicle, industrial devices, antenna cost may not be an important issue. Considering that the UL performance including UL Tx power and UL coverage for non-coherent UE with 8Tx is limited, we prefer to first consider the full coherence UE with 8Tx. 
[bookmark: _Toc101302645][bookmark: _Toc101539868][bookmark: _Toc101983700][bookmark: _Toc101300301][bookmark: _Toc101300508][bookmark: _Toc102029165]Prioritize full coherence and partial coherent UE capability for 8Tx UL operation. 
[bookmark: _Hlk101301217]In Rel-15, 4Tx codebook for UL is specified without any assumption on how the antennas at the UE are structured. In our opinion, one important aspect to discuss for evaluation methodology is the antenna configuration corresponding to 8Tx devices. In Figure 1, we propose three potential single-panel full coherent antenna configurations to be considered for evaluation. For example, antenna configurations illustrated in Figure 1(a) and Figure 1(b) may be equipped by CPE and FWA, and the antenna configuration illustrated in Figure 1(c) may be equipped by vehicle and portable devices (e.g., laptop). Therefore, the 8Tx codebook should be applicable for all these antenna configurations. 
[bookmark: _Toc101302646][bookmark: _Toc101300302][bookmark: _Toc101300509][bookmark: _Toc101539869][bookmark: _Toc101983701][bookmark: _Toc102029166]For full coherent single panel UE, the antenna configurations illustrated in Figure 1 are considered for evaluation of 8Tx UL operation.



                                            
(a)                                                                                (b)


(c)
[bookmark: _Ref101021281]Figure 1. Different antenna structures for single panel 8Tx UE.
In Figure 2, two potential multi-panel antenna configurations are provided. In the given example, each panel has four coherent antennas, however, panel 0 and panel 1 may be coherent or non-coherent. When panel 0 and panel 1 are non-coherent, only one panel can be used for a PUSCH layer transmission. When panel 0 and panel 1 are coherent, both panels can be used for a PUSCH layer transmission. Both coherence capabilities should considered for codebook design.
[bookmark: _Toc101983702][bookmark: _Toc102029167]For multi-panel UE, the antenna configurations illustrated in Figure 2 are considered for evaluation of 8Tx UL operation.



        
(a)                                                                (b)
[bookmark: _Ref101981218]Figure 2  Example of multi-panel antenna structure

Codebook design
In this section we focus on UL precoding matrix design for codebook-based PUSCH transmission. In our opinion, three alternative codebook designs can be considered, as follows
Alt-1a. Extend Rel. 15 TPMI to 8Tx 
Under this approach, a similar codebook design to Rel. 15 4Tx UL TPMI is adopted, with the network signaling a selection of 4 ports out of the 8Tx ports. Obviously, this alternative would only support Rank≤4 UL transmission, but should outperform Rel. 15 4Tx UL TPMI performance due to the additional Tx port selection stage. This codebook design is limited to wideband format.
Alt-1b. Extend Rel. 15 TPMI to 8Tx and M sub-bands
This alternative follows a similar design to that of Alt-1a, with the exception that TPMI is reported on a sub-band basis, i.e., M TPMI corresponding to M sub-bands of the UL BWP are indicated. FFS: Configured value of M.
Alt-2. High-resolution WB TPMI
One other alternative is to support a new codebook design for TPMI with a higher resolution compared with the Rel. 15 TPMI, e.g., via designs similar to that of DL Type-I or Rel. 15 Type-II port-selection wideband codebooks, with per coefficient quantization. Under this design, the precoding matrix W is indicated in wideband format, and comprises K.R coefficients, corresponding to K Tx ports and Rank R. Coefficient quantization as well as further aspects of such design are FFS.
Alt-3. High-resolution frequency-selective TPMI
Under this alternative, a high-resolution codebook design for TPMI is supported, with frequency-selective precoding design, i.e., multiple precoding matrices are supported across the BWP. Such design is similar to that of  higher resolution DL codebook compared with the Rel. 15 TPMI, e.g., via designs similar to that of DL Type-I or Rel. 15 Type-II port-selection codebooks with sub-band format. Alternatively, a dual-stage codebook design can be adopted, similar to Rel. 16/17 Type-II port-selection codebooks, where a frequency-domain transformation matrix is applied to the codebook to reduce the number of precoding matrix coefficients per Tx port. Further details are FFS.
[bookmark: _Toc101302647][bookmark: _Toc101539870][bookmark: _Toc101983703][bookmark: _Toc102029168]Study different codebook design alternatives for 8Tx UL operation. 
Based on the prior categorization of UL codebooks, two different codebook types can be considered for 8Tx codebook design. The first one is single-stage codebook such as the Rel-15 based UL codebook designs in Alt-1a, Alt-1b, which does not exploit the UL channel correlation. Another type of codebook is a dual-stage codebook such as those in Alt-2 and Alt-3, which exploits the UL spatial/frequency channel correlation thanks to the structured codebook. Further, dual-stage codebook helps in overhead reduction for SB TPMI indication to support frequency selective pre-coding in UL. Therefore, for CP-OFDM based UL, the dual-stage codebook structure can be supported since it can support attractive UL features such as frequency selective precoding, precoding cycling based diversity transmission in UL and NR Rel-15 DL Type I CSI codebook for 8 antenna ports can be adopted as a starting point. 
[bookmark: _Toc101300303][bookmark: _Toc101300510][bookmark: _Toc101302648][bookmark: _Toc101539871][bookmark: _Toc101983704][bookmark: _Toc102029169]Dual-stage codebook should be adopted for 8Tx UE and Rel-15 DL Type-I CSI codebook for 8 ports can be adopted as a starting point.
Clearly, each of the alternatives of the 8Tx UL codebooks provided above would lead to different signaling overhead for TPMI, which may exceed the number of bits for precoding information in PUSCH-scheduling DCI Formats, i.e., DCI Format 0_1/0_2. Based on that, the signaling overhead of TPMI should be a main performance metric of this study/work item. Means of signaling the TPMI are FFS.
[bookmark: _Toc101302649][bookmark: _Toc101539872][bookmark: _Toc101983705][bookmark: _Toc102029170]TPMI signaling overhead is considered as a performance metric when studying different alternatives for 8Tx UL codebook design. 
Compared with 4Tx UL operation, 8 transmit antenna ports can provide additional gains including diversity gain and antenna array gain. Frequency selective based pre-coding for codebook based PUSCH is not supported for 4Tx UE because of the TPMI indication overhead.  However, if dual-stage codebook is adopted for 8Tx UE, frequency selective based precoding can be supported with a reasonable TPMI overhead.
We provide some preliminary evaluation on the frequency selective precoding for 8Tx UE as illustrated in Figure 2. 
 
[bookmark: _Ref101340534]Figure 3 Performance comparison of wideband precoding and sub-band precoding for 8Tx UE with Rank 1
It can be seen that the performance gain of frequency selective precoding at lower and medium SINR range is significant. For example, 42% throughput gain can be obtained at SNR=14dB. Although the maximum rank is limited to 1 in our simulation, it can be predictable that frequency selective gain can also be obtained for higher rank scenario. Given these results, the performance benefits, signaling overhead and specification impact of supporting frequency-selective precoding for 8Tx UE should be further studied.
[bookmark: _Toc101300304][bookmark: _Toc101300511][bookmark: _Toc101302650][bookmark: _Toc101539873][bookmark: _Toc101983706][bookmark: _Toc102029171]Study the performance benefits, signaling overhead and specification impact of supporting frequency-selective precoding for 8Tx UE. 

Conclusion
Proposal 1	Both codebook and non-codebook based PUSCH should be supported for 8Tx UL operation
Proposal 2	Evaluate 8Tx UL operation for both  Rank = 4 and Rank > 4. Rank > 4 is supported only if the potential gains exceed the complexity corresponding to rank upgrade.
Proposal 3	Support of less than rank 4 is not precluded for 8Tx UL operation.
Proposal 4	Study codeword-to-layer mapping for 8Tx UL operation if Rank>4 is supported
Proposal 5	To support 8Tx UL transmission, on the SRS configuration,
•	One or two SRS resources with 8 SRS ports can be configured in the SRS resource set for CB when codebook based UL transmission is configured, and
•	Up to 8 SRS resources with single port can be configured in the SRS resource set for nCB when non-codebook based UL transmission is configured.
Proposal 6	Prioritize full coherence and partial coherent UE capability for 8Tx UL operation.
Proposal 7	For full coherent single panel UE, the antenna configurations illustrated in Figure 1 are considered for evaluation of 8Tx UL operation.
Proposal 8	For multi-panel UE, the antenna configurations illustrated in Figure 2 are considered for evaluation of 8Tx UL operation.
Proposal 9	Study different codebook design alternatives for 8Tx UL operation.
Proposal 10	Dual-stage codebook should be adopted for 8Tx UE and Rel-15 DL Type-I CSI codebook for 8 ports can be adopted as a starting point.
Proposal 11	TPMI signaling overhead is considered as a performance metric when studying different alternatives for 8Tx UL codebook design.
Proposal 12	Study the performance benefits, signaling overhead and specification impact of supporting frequency-selective precoding for 8Tx UE.
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Appendix
Table 1  Simulation assumption
	Parameters
	Values

	frequency
	4GHz

	Subcarrier spacing
	30kHz

	Channel model for link-level simulation
	TDL-C

	Delay Spread
	300ns

	UE velocity
	30 km/h

	Occupied channel bandwidth
	272 PRB

	Configuration of UE antennas 
	8T8R with (M, N, P) = (2,2,2), (dH, dV) = (0.5, 0.5) λ

	Configuration of gNB antennas 
	8T8R with (M, N, P) = (2,2,2), (dH, dV) = (0.5, 0.5) λ

	Bandwidth
	100MHz

	Channel estimation
	MMSE

	Rank, precoders and MCS
	Fixed rank-1, TPMI and MCS are adaptive.
Rel-15 Type-I single-panel codebook for 8 CSI-RS ports with the parameter  (N1,N2)= (2,2) and (O1, O2)=(4,4) is used as the UL codebook for 8Tx

	Precoding granularity 
	Sub-band, 4RB per RBG



Throughput of CB based PUSCH

CB wideband	SNR=-4dB	SNR=4dB	SNR=14dB	SNR=24dB	2637.49	3999.6	7547.57	16581.66	CB 4RBs/subband	SNR=-4dB	SNR=4dB	SNR=14dB	SNR=24dB	3286.56	5490.31	10903.11	17438.29	

Mbps



throughput comparision of CB based PUSCH

CB wideband	SNR=-4dB	SNR=4dB	SNR=14dB	SNR=24dB	1	1	1	1	CB 4RBs/subband	SNR=-4dB	SNR=4dB	SNR=14dB	SNR=24dB	1.2461	1.3727	1.4446000000000001	1.0516000000000001	
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