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1. Introduction

In the RAN (Plenary) Meeting #94e, a new Work Item (WI) was approved targeting MIMO evolution for Downlink (DL) and Uplink (UL). The 5th objective of the aformentioned WI is:
“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”
The lagacy specifications include support of up to 4 UL TX ports, allowing up to 4 trasnmission layers with Codebook and Non-Codebook based schemes.
· The codebook transmission scheme entails providing the UE with a specific Transmit Precoder Matrix Indicator (TPMI) chosen from a predefined codebook, based on non-precoded SRS transmission.
· The non-codebook scheme, on the other hand, relies on channel reciprocity, to deduce general precoding weights. Those weights are in turn used to precode SRS. Up to 4 SRS resources in one SRS Resource Set are configured, with only one port per SRS resource. The Network (NW) indicates to UE which precoding weights to use, in addition to the trasnsmission rank, through SRS Resource Indicators (SRI).

In this document, we discuss enhancememnts to TPMI and SRI targeting both codebook and non-codebook transmission to enable up to 8 TX UL operation .






2. More than 4 TX
Increasing number of TX ports at UE, not only enables higher diversity and power gains, but it also leads to higher degrees of freedom (DoF). However, to realize the benefits of the higher DoF in the channel, support for more transmission layers is required. 
To understand the nature of potential gains with larger than 4 TX, we conducted some system level simulations in Dense Urban (DU) environment, with 80% indoor UEs and 20% outdoor UEs and other simulation assumptions as mentioned in Table III. Following DL layer mapping operation, in these simulations two codewords were used when operating at > Rank 4 UL transmission. Apart from legacy UL codebook, SVD and Type I SP codebook (CB) as defined in section 5.2.2.2.1 of TS 38.214 were also tested with a maximum of 4-layer and 8-layer UL transmission. Usage of the Type I SP CB is motivated by our observation that the legacy UL CB is a subset of it, hence the Type I CB can be used as a baseline for our study.
Our results show that the 8-TX has significant gains in terms of Avg. Spectral Efficiency (SE) over the legacy 4-TX where up to 15% of SE gains can be observed. At least with the setup considered for these results, limited gains are observed when maximum number of layers is increased from 4 to 8. The gains with 8-layer transmission compared to 4-layer transmission are  and  improvement in SE for Type I SP CB and SVD based precoders, respectively (in [8RX, 8TX] channel). 
Table I: Results with 8 TX UL
	Simulation Parameters
	Antenna Configuration
	8x4 [8 RX, 4 TX]
	8x8 [8 RX, 8 TX]

	
	Max Layers
	4 layers
	4 layers
	8 layers

	
	Codebook
	Legacy UL 
	Type I 
	SVD
	Type I 
 
	SVD
 
	Type I
	SVD

	Performance Metrics
	Avg SE
	4.19
	4.25
	4.6
	4.76
	5.148
	4.8
	5.169

	
	Cell edge SE
	0.112
	0.112
	0.128
	0.152
	0.152
	0.144
	0.152


 
Observation 1: 8-TX antenna transmission is beneficial compared to legacy 4-TX, as 	indicated by our results.
Observation 2: More than 4 transmission layers bring no significant improvement in terms of average SE in the current setup of 8x8 channel Dense Urban environment.
Based on the above observations, we propose the following
Proposal 1: Support both Codebook and Non-Codebook-based UL Transmission precoding for 8 TX UL.
Proposal 2: Study and if justified, support more than 4 transmission layers.
Proposal 3: Study, and if justified, support two codewords for more than 4-layer 	transmission, where codeword-to-layer mapping follows its DL equivalent 		defined in  3GPP TS 38.211 Section 7.3.1.3. 

Furthermore, the impact of number of Rx antennas at the BS on the performance (in terms of SE) is summarized in Table II. As expected, our results indicate that SVD-based precoding always outperforms Type I SP and Legacy UL codebooks and can be used as an upper bound. From the results, we can observe that SVD precoding has significant gains of around  and  compared to Type I and Legacy UL CB, respectively. However, the Type I and Legacy CB get closer to SVD precoder with increased receiver number of antennas as shown in Table II. In the channel setting of 16x8 and 32x8, Type I and Legacy are almost close and the Avg. SE difference between SVD with Type I and Legacy is . From these results, it is evident that with the increase in number of RX antennas, receiver beamforming is dominant and makes it hard to study the precision of TX precoders. 
Table II: Results with varied number of Rx antennas
	Simulation Parameters
	Antenna Configuration
	8x4
	16x4
	32x4

	
	Max Layers
	4 layers
	4 layers
	4 layers

	
	Codebook
	Legacy UL 
	Type I 
	SVD
	Legacy UL 
 
	Type I 
 
	SVD
 
	Legacy UL 
 
	Type I 
 
	SVD
 

	Performance Metrics
	Avg SE
	4.19
	4.25
	4.6
	8.219
	8.12
	8.36
	12.63
	12.561
	12.98

	
	Cell edge SE
	0.112
	0.112
	0.128
	0.368
	0.344
	0.384
	0.584
	0.576
	0.592


 
Observation 3: The importance of TX precoding accuracy is emphasized for smaller 	 number of RX antennas.
Proposal 4: For the evaluations of 8 TX UL, 8 Rx antennas should be considered for the baseline evaluation.
Table III: Summary of simulation assumptions
	Simulation Parameter
	Value

	Scenario
	Dense Urban

	Environment
	Multi-cell

	ISD
	200m

	fc
	4GHz

	SCS
	15KHz

	MIMO
	SU-MIMO

	Traffic
	Full buffer



3. Codebook-based TX Scheme

Before diving into viable solutions for the 8 TX UL codebook, let us start with a brief description of the legacy 4-TX codebook design.
The Legacy 4-TX Codebook Design
Focusing on the precoding matrices defined for transmission without transform precoding and for coherent antenna ports, it can be observed that the available precoder choices constitute a strict subset of the available precoders for the DL Type 1 Single-Panel (SP) codebook. Specifically, if we were to examine the Type 1 SP precoder codebook and particularly focus only on 4 TX ports, we will find that the supported antenna configuration is (N1,N2) = (2,1), with oversampling factors (O1,O2) = (4,1). Taking the 1-layer transmission as example, codebook mode #1 produces 24 DFT beams  4 co-phasing choices = 32 precoders. On the other hand, the 4TX uplink precoder specifies only 16 choices for coherent ports (half of the number from DL Type 1 SP). Those 16 precoders can be obtained by considering oversampling offsets  only instead of all choices . In other words, we could describe the UL codebook with one layer with exact mathematical formulation to the DL Type 1 SP (codebook mode #1) if we set O1 = 2 instead of O1 = 4. Another example is the 3-layer UL precoder where the UL codebook (again for coherent TX ports) can be obtained by restricting  only, instead of . Following similar derivations, we can also specify the 2-layer, and 4-layer UL codebook as subsets of the Type 1 SP DL, albeit with more restrictions than simply limiting the DFT beam oversampling factors.

Towards Release-18 UL 8-TX Codebook
Extending the legacy UL CB to support 8 TX antennas can naturally be done with an eye on the Type I SP CB. However, an inherent assumption here is that the antenna elements are placed in a uniform array (either a Uniform Linear Array (ULA) or a Uniform Planar Array (UPA)). With 8 elements and cross-polar antennas, the possible configurations are:
· 41 ULA 
· 22 UPA


[image: ]

Fig 1. Proposed Antenna port layout consideration for 8 port configurations

These antenna configurations are also the only ones supported for 8 antenna ports in DL. Although non-uniform arrays are possible with CPE/FWA devices (which are the main target use cases for this WI), are large enough that uniform antenna configurations can be easily fitted. Hence, we do not believe that non-uniform arrays need to be considered. This also enables us to reuse the DL Type I CB.

Proposal 5: Support uniform antenna arrays for UL 8 TX codebook, with 41 and 2 antenna configurations.

With uniform antenna arrays supported, we can turn our attention to the design of precoding matrices by borrowing DL CB designs. Here, two options are available:
1.1. Use the DL Type I CB with 8 TX for UL CB.
1.2. Use a subset of the DL Type I CB with 8TX for UL CB.
As we discussed above, option (ii) is already used for the legacy UL CB design, and is our preferred option for UL CB extension to 8TX, as well. Using only a subset of the Type I SP CB in UL is motivated by our simulations results, which show that limited gains are attained if we consider the full Type I SP CB for UL. Hence, we see an opportunity to save TPMI feedback overhead by restricting the size of the UL 8TX CB. Next, we will delve deeper into our simulation setting and results.

	TABLE IV: Type I CB evaluations in Single-cell environment

	Antenna Configuration
	N1 = N2 = 2

	Channel Dimensions
	8Rx/8Tx
	16Rx/8Tx

	
	1
	2
	4
	1
	2
	4

	Avg SE
	7.87
	8.022
	8.025
	16.94
	17.244
	17.392

	Cell edge
	0.345
	0.355
	0.36
	0.744
	0.739
	0.772



	TABLE V: Type I CB evaluations in multi-cell environment

	Antenna Configuration
	N1 = N2 = 2

	Channel Dimensions
	8Rx/8Tx
	16Rx/8Tx

	
	1
	2
	4
	1
	2
	4

	Avg SE
	4.472
	4.708
	4.73
	8.701
	8.841
	8.849

	Cell edge
	0.12
	0.144
	0.139
	0.374
	0.398
	0.384



One evident solution to reduce the size of the Type I CB is to reduce the oversampling factors  and  down from a value of 4 to smaller sizes of either 1 or 2. Another alternative is to limit the number of choices for the co-phasing values (for precoding on the second polarization). In this document, we will focus on the possible reduction of DFT beam oversampling.

To assess the effect of reducing  and  we conduct SLS simulations for a UPA antenna configuration of size 22, and let . The channel environment is a SU-MIMO where 80% of UEs are distributed indoors with 3Kmh speed, while the remaining 20% UEs are outdoors and moving at 30Kmh. Table IV and Table V show results for Single-Cell and Multi-Cell environments, respectively. For 88 channels, our results indicate that average SE for Single-Cell SU-MIMO is reduced only by  and  for , and , respectively, compared to . Moreover, for Multi-Cell environments, an average drop of  and  for the same respective oversampling factors. On the other hand, for 168 channels, our results indicate that average SE for Single-Cell SU-MIMO is reduced only by  and  for , and , respectively, compared to . Moreover, for Multi-Cell environments, an average drop of  and  for the same respective oversampling factors.

These results highlight the promising potential of restricting the space of matrices allowed in an 8 TX UL CB to be a smaller subset of the DL counterpart. In our evaluation above, there was one scenario where a performance drops of  was observed for  compared to 4. In this situation, it is likely that the smaller rank suffers more from inaccurate precoding compared to higher rank transmission. Hence, the oversampling factors can be transmission-rank-dependent. Meaning that for a smaller number of layers, the precoding weights may have a significant impact on achievable gain, and hence, a higher oversampling factor could be warranted. On the other hand, for larger number of transmission layers, the channel becomes DoF limited, and there is less impact on the precoder accuracy. Hence, lower oversampling factors can be used.

Proposal 6: Study the effect of precoding accuracy as a function of the transmission rank, and if justified, design the precoder CB with variable accuracy at different ranks.

Proposal 7: Specify the 8 TX UL precoder codebook as a subset of (or identical to) the 8-TX DL Type 1-SP precoder codebook.

Proposal 8: With Release 15 Type I SP CB as a baseline design for 8 TX UL CB, subsets of Type I CB can be chosen to help reduce PMI overhead through the following techniques: 
· Lower DFT oversampling factors (which can be rank-dependent).
· Smaller number of beam co-phasing choices.
· FFS: Other schemes

Limited-Mobility Use cases
The WI’s 8 TX-UL objective specifies the use cases of 8-TX UEs to include CPE and FWA devices. Due to the static nature of those devices, the channel’s large-scale fading is going to be almost fixed or changing at a slow pace. Moreover, the doppler spread is likely small, leading to a large channel coherence time. With those observations in mind, it is reasonable to assume that the optimal precoding weights are going to remain almost identical for extended periods of time. To best exploit the nature of the target devices and improve performance, the following actions can be done:
1.3. We can reduce the feedback overhead by introducing a two-stage TPMI feedback, similar to Type I precoders. In the first stage, DFT beam information is specified (either a specific beam, for codebook mode #1 structures, or a DFT beam group, for codebook mode #2). In the second stage, co-phasing information is provided (plus a specific a DFT beam within the beam group identified in the first stage of codebook mode #2).
1.4. We may be able to afford very high-resolution precoding weights, given that the periodicity of such feedback is slow.
This leads to the following proposals:
[bookmark: _Int_AnOwRDiW]Proposal 9: For Type I SP based UL precoder, study and if justified specify a two-stage PMI feedback to limit feedback overhead, where
· Slow-changing PMI elements are grouped in one stage with low feedback frequency
· Fast-changing PMI elements are grouped in the other stage with higher feedback frequency
· Information from both PMI feedback stages construct a complete PMI.
Higher feedback resolution can improve performance as shown in our results in Table I, where SVD-based precoding performs better than Type I SP based precoding by  for 168 channels with 8 layers,  for 88 channels with 8 layers, and  for 84 channels with 4 layers. The SVD based precoder can be approached by a Type II CB-like design in DL. However, the feedback overhead will be significant, yet not frequently required due to the nature of the static CPE/FWA channels. Hence, a MAC CE based feedback can be afforded.
Proposal 10: Study and if justified specify an 8 TX UL precoder codebook using linear combination coefficients of DFT beams.
· Example: A subset of the Type II DL CB.

4. Partially and Non-Coherent TX Ports
When the UE cannot maintain phase coherence across all 8 TX ports, transmission on TX antennas will have to reflect this limitation. Before delving into details of designing precoder matrices for either partially coherent or non-coherent ports, we believe that it is worth unifying the allowed designs on antenna configurations for those non-coherent port scenarios. The most simple and straightforward antenna grouping is a uniform one, depicted as follows:
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Fig 2. Possible antenna grouping considerations for partially coherent 8 Tx ports configurations


Proposal 11: For 8 TX UEs, partially coherent antenna groups should be uniformly divided into one or more of the following:
· Two groups of 4 coherent ports each
· Four groups of 2 coherent groups each
Once a partially coherent 8TX antenna configuration is assumed, then we can proceed to design the precoder matrices for the 8 TX CB. To that end, let us assume that a coherent antenna port group has size . In other words, the group contains  TX ports. Thus, the group can be used to simultaneously transmit up to  layers. With our uniform group structures, the valid values of  are in . And for both cases, precoder matrices for M coherent ports already exist in the legacy UL CB design. Hence, we can use the legacy UL CB to help design the partially coherent UL CB in a systematic way, as follows.
First, since 8 TX ports exist, then all precoder matrices have 8 rows. Now let us, for demonstration, assume one specific coherent port group structure, say 2 groups of 4 coherent ports each. Let us also focus on precoders of 2-layers. Then, any precoder matrix should look as follows:

In the above precoder , its elements  and  represent antenna ports from first and second coherent antenna groups, respectively. The sub matrices  and  are given by

Due to lack of coherence across those two groups, if  is non-zero, then , and vice versa. This means that if the first group (i.e., a) is used for transmission, then the other group is turned off. To fill out the values of  or , we can use the precoders of the 4 coherent TX ports with two layers in the legacy UL CB.
For more than 4 layers, both antenna groups can be active at the same time, but each group would be used for transmission of exclusive layers. For instance, if we have 6 layers, then the first group can transmit the first 4 layers, while the second group can be used to transmit the remaining 2 layers.
Proposal 12: For Partially coherent 8TX antenna ports, each antenna group of size M should be designed such that:
· The port group exclusively transmits up to M layers, which are not transmitted by the other port groups.
· The precoding weights for those port in the focus group constitute a sub-matrix of the full precoder matrix with size M  (where L is the number of layers and  )
· The  submatrix is populated using wither (i) the legacy coherent precoders for M TX ports with L layers, or (ii) alternative  precoder design.

Non-coherent antenna ports should also be supported for UEs that cannot maintain coherence across any of its 8 ports. This can be thought of an extension of our previous proposal where we have eight antenna groups of 1 antenna port per group.
Proposal 13: Support non-coherent antenna ports for 8 TX UEs.


5. Non-Codebook-based TX Scheme
When channel reciprocity can be assumed, precoding weights for UL transmission can be obtained using CSIRS. This provides much needed flexibility when choosing close-to-optimal precoding weights. After precoding weights are chosen, the UE uses those weights to precode SRS, then awaits an SRS Resource Indicator (SRI) to let the UE know which and how many of those weight vectors to choose for uplink data transmission. Since an SRI identifies an entire SRS Resource Set, for non-codebook transmission the UE is configured with multiple SRS Resources where only one port is active per SRS resource. This creates a one-to-one mapping between precoding weight vectors and SRI.

Thus, even for 8 TX, only one port per SRS resource is expected to be active, and the number of configured SRS resources equals the number of supported transmission layers. With 8 TX ports, up to 8 different precoding weight vectors are possible. Hence, SRS Resource Sets configured for non-codebook usage should support up to 8 SRS Resources.

Proposal 14: For SRS Resource Sets configured for non-codebook usage, support up to 8 SRS Resources.

6. Evaluation Methodology
Dense urban scenario is considered in the current system level simulations as this is suitable for low to moderate UE velocities. In the considered scenario, 80% UEs are distributed indoor with 3Km/hr and the remaining 20% UEs are distributed in outdoor with 30Km/hr. As the work item focus on the CPE devices which are mainly static devices, we prefer to have the UEs distributed with low to moderate velocities. Further the CPE devices can support higher transmission power and have larger coverage, scenarios like UMa with larger ISD (=500m) to be studied. 
 
Proposal 15: UL 8 TX to be evaluated under low to moderate UE velocity scenarios as 8 TX is aimed for relatively static CPE devices. Study Dense Urban with ISD=200m and UMa with ISD=500m to evaluate scenarios under larger ISD.
Our proposed evaluation assumptions are summarized in Table 4.
Table 4: Simulation assumptions for UL 8TX
	Parameter
	Value

	Scenario
	Dense Urban (macro only)
	UMa

	Duplex, Waveform 
	TDD, OFDM 

	Multiple access 
	OFDMA 

	Frequency Range
	FR1 only.

	Inter-BS distance
	200 m 
	500 m

	Channel model
	According to the TR 38.901 

	Antenna setup and port layouts at gNB
	8 TX: (2,2,2,1,1,1,2), (dH,dV) = (0.5, 0.8) λ

	Antenna setup and port layouts at UE
	8 TX: (2,2,2,1,1,1,2), (dH,dV) = (0.5, 0.5) λ

	BS Tx power 
	41 dBm
	46 dBm

	BS antenna height 
	25 m 
	25 m

	BS noise figure
	5 dB

	UE noise figure
	7 dB

	UE antenna height & gain
	Follow TR36.873 

	Modulation 
	Up to 256 QAM 

	Numerology
	Slot/non-slot 
	14 OFDM symbols per slot

	
	SCS 
	15 kHz 

	Simulation bandwidth 
	10 MHz

	Frame structure 
	Slot Format 1 (all uplink) for all slots

	Traffic model
	Full-buffer, FTP1 with 50% Resource Utilization

	UE distribution
	[80%] indoor (3km/h), 
[20%] outdoor (30km/h)
	   [80%] indoor (3km/h), 
[20%] outdoor (30km/h)





7. Conclusion


Observation 1: 8-TX antenna transmission is beneficial compared to legacy 4-TX, as 	indicated by our results.
Observation 2: More than 4 transmission layers bring no significant improvement in terms of average SE in the current setup of 8x8 channel Dense Urban environment.
Proposal 1: Support both Codebook and Non-Codebook-based UL Transmission precoding for 8 TX UL.
Proposal 2: Study and if justified, support more than 4 transmission layers.
Proposal 3: Study, and if justified, support two codewords for more than 4-layer 	transmission, where codeword-to-layer mapping follows its DL equivalent defined in 3GPP TS 38.211 Section 7.3.1.3.
Proposal 4: For the evaluations of 8 TX UL, 8 Rx antennas should be considered for the baseline evaluation.
Proposal 5: Support uniform antenna arrays for UL 8 TX codebook, with 4x1 and 2 antenna configurations.
Proposal 6: Study the effect of precoding accuracy as a function of the transmission rank, and if justified, design the precoder CB with variable accuracy at different ranks.
Proposal 7: Specify the 8 TX UL precoder codebook as a subset of (or identical to) the 8-TX DL Type 1-SP precoder codebook.
Proposal 8: With Release 15 Type I SP CB as a baseline design for 8 TX UL CB, subsets of Type I CB can be chosen to help reduce PMI overhead through the following techniques: 
· Lower DFT oversampling factors (which can be rank-dependent).
· Smaller number of beam co-phasing choices.
· FFS: Other schemes

Proposal 9: For Type I SP based UL precoder, study and if justified specify a two-stage PMI feedback to limit feedback overhead, where
· Slow-changing PMI elements are grouped in one stage with low feedback frequency
· Fast-changing PMI elements are grouped in the other stage with higher feedback frequency
· Information from both PMI feedback stages construct a complete PMI.

Proposal 10: Study and if justified specify an 8 TX UL precoder codebook using linear combination coefficients of DFT beams.
· Example: A subset of the Type II DL CB.

Proposal 11: For 8 TX UEs, partially coherent antenna groups should be uniformly divided into one or more of the following:
· Two groups of 4 coherent ports each
· Four groups of 2 coherent groups each
Proposal 12: For Partially coherent 8TX antenna ports, each antenna group of size M should be designed such that:
· The port group exclusively transmits up to M layers, which are not transmitted by the other port groups.
· The precoding weights for those port in the focus group constitute a sub-matrix of the full precoder matrix with size M  (where L is the number of layers and  )
· The  submatrix is populated using wither (i) the legacy coherent precoders for M TX ports with L layers, or (ii) alternative  precoder design.

Proposal 13: Support non-coherent antenna ports for 8 TX UEs.

Proposal 14: For SRS Resource Sets configured for non-codebook usage, support up to 8 SRS Resources.
Proposal 15: UL 8 TX to be evaluated under low to moderate UE velocity scenarios as 8 TX is aimed for relatively static CPE devices. Study Dense Urban with ISD=200m and UMa with ISD=500m to evaluate scenarios under larger ISD.
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