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Introduction
In RAN1#87, the following agreements on UL MIMO were made.
	Agreements:
· For the purpose of discussions, replace the classifications ’closed-loop’/‘open-loop’ with method-based classification of ‘precoding’ and ‘precoder cycling’
· Signalling and UL-CSI measurement support are to be addressed separately
· Both precoding and precoder cycling can be considered for UL DMRS-based spatial multiplexing (SM)
· Note: For only CP-OFDM waveform, SFBC is covered by this clarification
· Frequency selective precoding is supported for UL MIMO with CP-OFDM waveform when the transmission ports is greater than X
· Following examples can be studied
· Example 1: Precoding information for a given partial BW is explicitly indicated by gNB
· The precoding information can be indicated through a hierarchical indication manner with wideband W1 and subband W2
· W1 and W2 can be signaled in one DCI or two separate DCIs
· Example 2: A single beam group in UL codebook is indicated by BS for UL transmission in perspective of the system bandwidth
· Example 2a: Precoder cycling  is adopted within the beam group 
· Example 2b: The UE has certain flexibility to decide which particular beam/precoder in the beam group for actual transmission.
· Example 3: Reciprocity based precoding
· Other examples are not precluded
· FFS: X value



In RAN1 #88bis, the following agreements about codebook-based UL transmission were made.
	Agreements:
· Codebook based transmission for UL is supported at least by following signaling in UL grant:
· SRI+TPMI+TRI, where 
· The TPMI is used to indicate preferred precoder over the SRS ports in the selected SRS resource by the SRI.
· No SRI when a single SRS resource is configured
· The TPMI is used to indicate preferred precoder over the SRS ports in the configured single SRS resource.
· Support indication on selection of multiple SRS resources 
· FFS details
Agreements:
· For codebook based transmission for CP-OFDM based UL, when a UE is configured with UL frequency selective precoding and if subband TPMI signaling is supported, support one of the following alternatives: 
· Alt 1:Subband TPMIs are signaled via DCI to the UE only for allocated PRBs for a given PUSCH transmission 
· Alt 2:Subband TPMIs are signaled via DCI to the UE for all PRBs in UL, regardless of the actual RA for a given PUSCH transmission
· Other alternatives are not precluded
· Note: Subband TPMI may correspond to W2 if dual-stage codebook is supported
· FFS whether or not wideband TPMI is always signaled along with subband TPMI



[bookmark: _Ref446598547]This contribution addresses the following issues related to the highlighted part of the agreements: 
1. DL control signaling for codebook based UL transmission
2. Support for frequency selective precoding
3. UL fall-back transmission scheme
4. UL codebook
The system-level simulation results are also provided to demonstrate the performance gain of frequency-selective precoding over frequency non-selective precoding.
DL control signaling for codebook based UL transmission
1 
To enable UL MIMO, transmit PMI (TPMI) and transmit RI (TRI) are signaled in the UL-related DCI. TPMI indicates the choice of precoder taken from a predefined codebook for a given number of layers, and TRI the number of transmission layers (hence enables rank determination by gNB). Just as LTE, this TPMI indicates the single precoding matrix used by the UE for the scheduled UL transmission. Therefore, one precoder or beamformer is applied to all scheduled PRBs for that UE (“wideband” or frequency non-selective precoding). 
For UL transmission using precoder cycling in frequency domain, although a group of (hence multiple) precoding vectors/matrices are used for diversity-based transmission, signaling multiple TPMIs on a DCI is not needed. Instead, one TPMI field which indicates a selection of precoder group can be used – if the precoder group information is to be signaled dynamically. If a dual-stage codebook (e.g. W1*W2) is adopted for larger number of ports, W1 (one PMI per grant) signifies a precoder group. In this case, the support for frequency-selective precoding is not needed. More details about UL codebook is discussed separately in Section 5.

Proposal: Transmit PMI (TPMI) facilitates both frequency non-selective and frequency-selective precoding:
· Single TPMI can be used for frequency non-selective precoding as well as diversity-based transmission (where TPMI indicates a precoder group)

Frequency-selective precoding
2 
3 
In RAN1#87, support of frequency selective precoding when transmission ports is greater that X is agreed. On this issue, detailed definition of antenna port has been discussed, but failed to reach an agreement. Several options of antenna port e.g. DMRS port, PUSCH port and SRS port are discussed. Firstly, DMRS port shall not be transmission port for UL frequency selective precoding. When UE supports transparent precoding, number of DMRS ports does not indicate actual transmission port, but indicates number of layers to be supported in UL transmission. Since performance benefit of frequency selective precoding comes from number of TXRUs, number of DMRS port is not an option of X. As well as DMRS port, same principle can be applied to PUSCH port. In most of case, number of PUSCH port is associated transmission layer. In that sense, number of PUSCH port is not applicable choice for number of X. In contrast to DMRS port and PUSCH port, SRS port to acquire UL channel information indicates possible number of TXRUs for UL data transmission. In that sense, the transmission ports should be SRS ports. For number of X, two alternatives can be considered as follows:
· Alt 1-1. Number of antenna ports in the SRS resource which is indicated by SRI
· In this alternative, application of frequency selective precoding can be different according to the indication of SRI. Since payload size of DCI can be different according to the application of frequency selective precoding, UE complexity on DCI blind detection shall be increased. 
· Alt 1-2: Maximum number of configured SRS ports
· In this alternative, application of frequency selective precoding should be fixed to RRC configuration. Since payload size of DCI does not change regardless of the application of frequency selective precoding, UE complexity on DCI blind detection is not increased.
Based on the above discussion, Alt 1-2 seems to be a simpler solution for supporting frequency-selective precoding. But further study is needed according to the design of subband TPMI indication. 
Additionally, in the case of beamformed SRS transmission, the number of SRS port may not reflect actual number of TXRUs. In this case, additional condition i.e. number of configured SRS resources should be considered in addition to the number of SRS port

Proposal: For transmission ports, SRS ports shall be supported. 
· Maximum number of configured SRS ports would be better option than number of antenna ports in the SRS resource which is indicated by SRI.
· When configured number of SRS resources is greater than Y, frequency selective precoding shall be supported regardless of value X.

To support frequency selective precoding, the required DL control signaling overhead increases since the number of TPMIs increases with larger resource allocations. Note that the latency from MAC CE based solution is too high for this purpose. Hence, only DCI-based solution is considered. Therefore, the following two alternatives are available:
· Alt1. Include multiple (N>1) TPMIs in UL-related DCI: 
· For this purpose, the number of TPMIs per DCI should be sufficiently small to avoid excessive DL signaling overhead. At the same time, the number of TPMIs should be fixed to avoid increasing the number of DCI blind decodes at the UE. To ensure that TPMI is efficiently used, rather than using a fixed “subband” size (for a given UL system bandwidth), the “subband” size for each of the N TPMIs should be determined based on the resource allocation (RA). For instance, for a contiguous RA of MRA PRBs, the “subband” size is approximately  PRB(s).  
· This approach offers a simple support for frequency-selective precoding. The potential drawback, however, is the potential performance loss when the size of RA is large. The trade-off between performance and DCI overhead in choosing N needs to be carefully studied. 
· Alt2. Signal multiple PMIs separately from UL-related DCI:
· A pointer field for indicating such signaling is included in the UL-related DCI. For this purpose, the DL channel for signaling multiple PMIs is to be specified. This can be done either via dual-level DCI or a separate DL channel allocation for signaling frequency-selective PMIs. In either case, the first decoded DCI contains a pointer to the second signaling which contains multiple PMIs.
· While this approach allows a variable (and larger) number of TPMIs without overloading the (primary/level-1) DCI, it tends to result in unnecessary decoding latency and complexity. That is, the UE must decode the level-2 signaling (located elsewhere within the slot) to be able to start the granted UL transmission. Regardless whether this level-2 signaling is placed (either different part of DL system bandwidth and/or different OFDM symbol), it increases UE power consumption and latency in decoding DL control signaling.
Based on the above discussion, Alt1 seems to be a simpler solution for supporting frequency-selective precoding. But further study is needed to choose the number of TPMIs supported in the associated UL-related DCI. 

Proposal: For frequency-selective precoding, using a fixed number (N) of TPMIs are introduced in the UL-related DCI supporting SU-MIMO transmission seems to be a simpler solution:
· The “subband” size for each of the TPMIs is determined based on UL resource allocation  

In RAN1#88, an indication of a SRS resource for UL-MIMO scheduling is agreed. Such specification support is introduced in NR to identify required antenna port(s) and corresponding configurations for UL data transmission. In Figure 1, possible UE allocation in UL data transmission is depicted. 


Figure 1: An illustration of UE allocation for UL transmission
In contrast to gNB, UE’s transmit power is limited due to limitations of form factors and power amplifier. Therefore, as depicted in (c) of Figure 1, UE may be allocated a very narrow bandwidth to provide higher power spectral density when UL channel is in relatively poor condition. Moreover, data transmission in multiple time resources can help to achieve more power utilization. However, another UE may use a wider bandwidth, e.g. (a), (b) in Figure 1, for its data transmission if it is in relatively good channel condition. Due to such aspects, interference characteristics of UL data transmission is quite different for each subband while DL interference characteristics are relatively similar in wideband. Therefore, SRS resource indication needs to be different for each subband and multiple SRS resources should be indicated to a UE for UL data transmission. In this case, DCI overhead may be large if SRS resources have different number of ports. Considering such aspects, the number of SRS ports can be fixed to one value to achieve effective dynamic indication. Moreover, it should be noted that the flexibility on number of SRS antenna ports for one UE may not be beneficial since number of UE antennas is relatively limited than number of gNB antennas due to UE form factor.

Proposal: In order to reflect different interference hypothesis for each subband, support indication of multiple SRS resources for UL data transmission.

UL fall-back transmission scheme
4 
5 
Although both CP-OFDM and DFT-S-OFDM are supported for UL NR, DFT-S-OFDM is used only for single-stream transmission while CP-OFDM can be used for either single- or multi-stream transmission. For UL SU-MIMO where link adaptation applies, to avoid any complication in dynamic switching between two waveforms, it is proposed that CP-OFDM be used for UL SU-MIMO regardless of the transmission rank. 
For coverage-limited scenarios which can occur abruptly yet remain for a prolonged period of time (such as bursty interference or blockage for >6GHz scenarios), a fall back transmission scheme with single-stream SC-FDMA waveform (DFT-S-OFDM with contiguous RB allocation) can be supported. To allow sufficient flexibility, this fall-back scheme is enabled via a “compact” UL-related DCI analogous to format 1A DCI for LTE DL transmission. 

Proposal: CP-OFDM waveform is used with rank-adapted transmission irrespective of the rank 
· Single-stream SC-FDMA-based transmission can be supported as a fallback transmission scheme, enabled via a compact UL-related DCI.

1. UL codebook
The codebook-based UL transmission schemes include frequency non-selective or frequency-selective precoding, referred to as Transmission Scheme 1 (TS1), and diversity-based scheme, referred to as Transmission Scheme 2 (TS2). For TS1, a fixed number (N) of pre-coders (N TPMIs) are indicated to a UE, and for TS2, a single PMI (TPMI) indicating a group of pre-coders is indicated. The UL codebook for TPMI indication for both TS1 and TS2 is discussed in this section.  
In LTE, UL codebook for 2 and 4 antenna ports are supported. The codebook includes pre-coders with antenna turn-offs (i.e., some antenna ports are assigned zero values) in order to keep peak-to-average power ratio (PAPR) low and cubic-metric (CM) for rank > 1 small [2-5]. But its benefit seems to be limited to cases such as DFT-S-OFDM based UL. For CP-OFDM based UL, the antenna turn-off may or may not be beneficial for transmission. It is therefore proposed that antenna turn-off is configurable in NR UL codebook. When turned ON, both pre-coders with and without antenna turn-offs are considered in TPMI indication. Otherwise, only pre-coders without antenna turn-offs are considered in TPMI indication. 
Proposal: For rank-1 transmission, support configurable antenna turn-off in NR UL codebook design
· Only applicable when DFT-S-OFDM waveform is used.
Since for pre-coder cycling based TS2, TPMI indicates a group of pre-coders, pre-coders in UL codebook need to be grouped for cycling. Following DL codebook structure, a simple approach to group UL pre-coders is to consider a dual-stage codebook W = W1W2 for UL, where the first stage codebook W1 is used to form pre-coder groups. The dual-stage codebook is also be used for TS1, for example, to reduce the number of pre-coders for frequency-selective pre-coder selection, where pre-coder selection is performed using the second stage codebook W2. An example of UL codebook structure is shown in Figure 2 in which there are M groups of pre-coders and each group comprises of N pre-coders. 


[bookmark: _Ref473879664]Figure 2: UL codebook structure
To construct UL codebook, the following cases are considered.
· If antenna turn-off is not configured, then pre-coder grouping is based on correlation, i.e., pre-coders with high-correlation (or spatially adjacent pre-coders) form a group.
· If antenna turn-off is configured, then pre-coder grouping is such that pre-coders which having zeros at the same entries form a group. Note that this is to ensure that pre-coders in a group have high correlation. 
For UL codebook W, both LTE UL codebook for 2 and 4 ports, and NR Type I CSI codebook for 2, 4, (and 8 if supported) ports, proposed in [6], can be considered as the starting point.   
Proposal: NR UL codebook is a dual-stage codebook W = W1W2, where the first stage codebook W1 is used to select a pre-coder group, and the second stage W2 codebook is used to select a pre-coder from the selected pre-coder group. 
· For TS2, W1 codebook is used, and for TS1, both W1 and W2 codebooks are used.
· When antenna turn-off is not configured, then pre-coder grouping is based on correlation. Otherwise, it is such that pre-coders having zeros at the same entries form a group.
· Consider both LTE UL codebook for 2 and 4 ports, and NR Type I CSI codebook for 2, 4, (and 8 if supported) ports, proposed in [6].
As proposed in [6], the DL codebook for Type I CSI reporting is parameterized by parameters such as number of ports in two dimensions, (N1, N2), oversampling factors in two dimensions, (O1, O2), one of non-orthogonal or orthogonal basis set, and number of beams (L = 1, 4) for beam group selection from the basis set. For UL codebook, (N1, N2), (O1, O2) (e.g. (4, 4)), and basis set type (e.g. non-orthogonal) can be fixed. The number of beams (L value) can be configured to the UE.   
Proposal: If UL codebook is the same as DL codebook for Type I CSI, then codebook parameters, (N1, N2), (O1, O2), and basis set type (e.g. non-orthogonal) are fixed. The number of pre-coders/beams (L value) that form a W1 group, however, is configured to the UE.    

7 Simulation results
In this section, system-level evaluation of the frequency-selective precoding scheme outlined in Section 3 is provided. The non-full-buffer system-level evaluation is carried out in low (20% target RU) traffic loading scenario and SU-MIMO with proportional fair scheduling is considered. The results are provided for 4 and 8 antenna ports with (N1, N2) = (2, 1) and (4, 1) at the UE where we assume that the first dimension is horizontal and the second dimension is vertical. The relevant simulation parameters are enlisted in Table 1. For 4-Tx, LTE UL 4-Tx codebook and LTE DL Rel. 12 4-Tx codebook are considered. For 8-Tx, LTE Rel. 10 codebook is considered. The performance of frequency-selective pre-coding with different values of the number (N) of TPMIs is provided. The simulation results are shown in Figure 3 and Figure 4 for 4-Tx and in Figure 5 for 8-Tx. As reference, LTE-like WB TPMI (N = 1) is considered. We can make the following observation.
Observation: 
· The frequency-selective precoding shows significant performance gain over frequency-non-selective precoding: ~6-11% gain in avg. UPT, and ~77-93% gain in 5% UPT
· N = 2 TPMIs does not show much gain over N = 1 TPMI
· N = 5,10 TPMIs achieves good performance-overhead tradeoff 


[bookmark: _Ref481707478]Figure 3: LTE UL 4-Tx codebook

[bookmark: _Ref481707479]Figure 4: LTE DL Rel. 12 4-Tx codebook


[bookmark: _Ref481707481]Figure 5: LTE DL Rel. 10 8-Tx codebook
8 Conclusions
In this contribution, Samsung’s view on codebook-based UL MIMO for NR is presented. Our proposals are summarized as follows:
· Transmit PMI (TPMI) facilitates both frequency non-selective and frequency-selective precoding
· Single TPMI can be used for frequency non-selective precoding as well as diversity-based transmission (where TPMI indicates a precoder group)
· For transmission ports, SRS ports shall be supported. 
· Maximum number of configured SRS ports would be better option than number of antenna ports in the SRS resource which is indicated by SRI.
· When configured number of SRS resources is greater than Y, frequency selective precoding shall be supported regardless of value X.
· For frequency-selective precoding, using a fixed number (N) of TPMIs are introduced in the UL-related DCI supporting SU-MIMO transmission seems to be a simpler solution:
· The “subband” size for each of the TPMIs is determined based on UL resource allocation  
· In order to reflect different interference hypothesis for each subband, support indication of multiple SRS resources for UL data transmission.
· CP-OFDM waveform is used with rank-adapted transmission irrespective of the rank 
· Single-stream SC-FDMA-based transmission can be supported as a fallback transmission scheme, enabled via a compact UL-related DCI.
· For rank-1 transmission, support configurable antenna turn-off in NR UL codebook design
· Only applicable when DFT-S-OFDM waveform is used
· NR UL codebook is a dual-stage codebook W = W1W2, where the first stage codebook W1 is used to select a pre-coder group, and the second stage W2 codebook is used to select a pre-coder from the selected pre-coder group. 
· For TS2, W1 codebook is used, and for TS1, both W1 and W2 codebooks are used.
· When antenna turn-off is not configured, then pre-coder grouping is based on correlation. Otherwise, it is such that pre-coders having zeros at the same entries form a group.
· Consider LTE UL codebook for 2 and 4 ports, and NR Type I CSI codebook for 2, 4, (and 8 if supported) ports, proposed in [6].
· If UL codebook is the same as DL codebook for Type I CSI, then codebook parameters, (N1, N2), (O1, O2), and basis set type (e.g. non-orthogonal) are fixed. The number of pre-coders/beams (L value) that form a W1 group, however, is configured to the UE.
Based on simulation results, the following can be observed: 
· The frequency-selective precoding shows significant performance gain over frequency-non-selective precoding: ~6-11% gain in avg. UPT, and ~77-93% gain in 5% UPT
· N = 2 TPMIs does not show much gain over N = 1 TPMI
· N = 5,10 TPMIs achieves good performance-overhead tradeoff 
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Appendix A: Simulation Assumptions 
[bookmark: _Ref427254851][bookmark: _Ref458526226]Table 1: Simulation Parameters
	Parameters
	Values

	Simulation Type
	Non-full-buffer (Medium load 50% Target RU, Lambda = 3), 100kbytes packet size

	Channel model
	UMi-4GHz, 120 downtilt

	Number of BS (H,V) antenna elements
	(2,2), x-polarized, subarray partition, 2x1 virtualization

	gNB: (N1,N2, P)
	2 ports: (2,1,1)

	gNB (H,V) antenna spacing
	(0.5, 0.8)λ

	BS and MS antenna polarizations
	BS: (+45°,-45°); MS: (0°, 90°)

	UE Tx power
	23 dBm

	UE: (N1,N2, P)
	4, 8 ports: (2,1,2), (4,1,2)

	UE (H, V) antenna spacing
	(0.5, -)λ

	SU pre-coding
	Conjugate beamforming

	Scheduling
	SU, Proportional fair

	Channel estimation
	Non-ideal

	Transmission rank
	1,2

	Receiver
	MMSE-IRC

	Codebook
	4Tx: LTE UL codebook, LTE DL Rel. 12 codebook
8Tx: LTE DL Rel. 10 codebook 




N = 1	

Avg. UPT	5% UPT	1	1	N = 2	
Avg. UPT	5% UPT	1.0125433125433125	1.0301003344481605	N = 5	
Avg. UPT	5% UPT	1.0579695079695079	1.4180602006688963	N = 10	
Avg. UPT	5% UPT	1.0944213444213444	1.8779264214046822	N = 25	
Avg. UPT	5% UPT	1.1095634095634095	1.9197324414715717	



N = 1	

Avg. UPT	5% UPT	1	1	N = 2	
Avg. UPT	5% UPT	1.0020993701889434	1.0265957446808511	N = 5	
Avg. UPT	5% UPT	1.036536407498803	1.345744680851064	N = 10	
Avg. UPT	5% UPT	1.056130529262274	1.5833333333333335	N = 25	
Avg. UPT	5% UPT	1.0618761739899083	1.7677304964539009	



N = 1	

Avg. UPT	5% UPT	1	1	N = 2	
Avg. UPT	5% UPT	1.0032314439278531	1.0566546762589928	N = 5	
Avg. UPT	5% UPT	1.0345896395950802	1.435251798561151	N = 10	
Avg. UPT	5% UPT	1.0446137105549509	1.7338129496402876	N = 25	
Avg. UPT	5% UPT	1.0554951033732316	1.9334532374100717	
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