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1 Introduction
In LTE, UL MIMO is a key feature that has been supported to boost the uplink throughput. Before RAN1#90bis, it was agreed that [1] [2] [3] [4]:
For UL-MIMO codebook design:
· For DFT-S-OFDM, use rank 1 precoders from table below (LTE’ UL 2Tx codebook) for 2 Tx with wideband TPMI only
· At least for the case where single SRS resource is configured and for DFT-S-OFDM, supports the LTE Rel-10 UL 4Tx codebook for rank-1.
· For CP-OFDM

· At least TPMI indices 0-3 for rank 1 and TPMI indices 0 and 1 for rank 2 are used

· One of the two following Antenna port selection mechanisms is supported; Decide among the two alternatives in RAN1# 90bis

· Alt 1: TPMI indices 4 and 5 for rank 1, and 2 for rank 2, from the above table are used for CP-OFDM

· Alt 2: SRI indicates selected antenna ports
· For wideband TPMI, for NR 4 Tx codebook for CP-OFDM, downselect one of:

· Alt 1: Rel-10 UL, possibly with additional entries: 

· Alt 2: Rel-15 DL, possibly with additional entries: 

· Alt 3: Rel-8 DL, possibly with additional entries

· Evaluate performance of candidate codebooks & decide by RAN1#91

· NR supports 3 levels of UE capability for UL MIMO transmission 

· Full coherence

· All ports can be transmitted coherently

· Partial coherence

· Port pairs can be transmitted coherently

· Non-coherence

· No port pairs can be transmitted coherently
· TPMI codewords from the codebook are used by gNB accordingly
· For 1 SRS resource

· Full coherence

· All ports corresponding to ports in an SRS resource can be transmitted coherently

· Non-coherence

· All ports corresponding to ports in an SRS resource are not transmitted coherently

· Partial coherence

· Ports pairs corresponding to ports in an SRS resource can be transmitted coherently

· In RAN1#91, decision will be made whether, in addition to codebook based transmission using one SRS resource, codebook based transmission using multiple SRS resource including non-coherent inter-SRS resource transmission is supported

· Non-coherent inter-SRS resource transmission: 

· FFS: use of two DCI, with one TPMI per DCI

· One TPMI/TRI per SRS resource is signaled 

· Note: Indication of selection of multiple SRS resources was agreed

For UL-MIMO control signaling design:
· 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
· 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
· For 2 Tx, use single stage DCI with a semi-statically configured size to convey TPMI, SRI, TRI in Rel-15
· Total combined DCI size of TPMI, TRI, and SRI does not vary with PUSCH resource allocation for single stage DCI

· For 4 Tx with wideband TPMI, use at least single stage DCI

· FFS for 2 stage DCI

In this contribution, based on those agreements, we will present our views on the UL codebook based MIMO design.
2 Details on UL Codebook design for NR
In previous meeting, UL DFT-s-OFDM codebook and 2-port CP-OFDM codebook have been agreed except for some details, such as the scaling factor, the necessity of CBSR, etc. For the 4-port CP-OFDM codebook, it was agreed to down select from 3 alternatives with possible performance justification. In our view, the 4-port CP-OFDM codebook should follow the same design principle as the agreed UL codebook. In the following, we will firstly discuss the design principles and list the priority of those principles in the phase I NR. In the end, we provide our view on the 4-port CP-OFDM codebook.
2.1 Discussion on UL codebook design principle for phase I NR
Based on the RAN1 discussion, the following design principles are identified:

1) Assumptions on UE array type and coherence type.
NR will support a variety of UE antenna structure especially considering higher frequency. Therefore, codebook design should consider multiple coherence type (e.g. full coherence, partial coherence and non coherence) and multiple UE array types (e.g. ULA, dual-polarized pair, UPA, etc.). To achieve optimal performance for each use case, different types of codebook are preferred. So far, it has been agreed that for different coherence type, different TPMI entries from the codebook can be used by gNB accordingly. However, for the arbitrary UE array type, it would be very difficult to design a compact codebook with only necessary entries, given the objective that all the potential use cases are optimized. In legacy LTE, the uplink codebook specified in Release 10 considered dual-polarized pair, which is actually a general use case for a typical handheld UE. Moreover, for rank=1, the minimal Grassmannian distance between codebook entries was maximized so as to adapt to the arbitrary UE array type. Given the limited time for the first release of NR, similar approach would be considered at this stage. 
2) Codebook size

In email discussion, overhead reduction in TPMI signalling has been agreed as a working assumption. To reduce work load at this stage of NR and achieve similar PDCCH decoding performance as LTE, a codebook with only necessary entries is desired so as to minimize the codebook size and reduce the signalling overhead. Note that in the codeword to layer mapping agenda, one codeword for rank≤4 is agreed. We need to take this into consideration when selecting rank>1 codewords based on Grassmannian distance.
3) AGI

For sub6G uplink MIMO, the antenna gain imbalance (AGI) was raised as an important issue in LTE. AGI usually happens when some of the antenna is blocked by human’s hand. Therefore, codewords that deal with AGI should be included in NR UL codebook.
4) Impact to PHR reporting

In last meeting, it is agreed that power headroom report should both include PH and Pcmax,c. Although calculation of power headroom is up to UE implementation, codebook design should minimize the impact to the PHR calculation and reporting, so that the power control scheme at gNB is not complicated. With this consideration, the average power for each port, i.e. the modulus for each row containing non-zero elements, should be preserved constant across all codebook entries. 
5) Forward compatibility

In NR phase I, only 4 port transmission is agreed to be supported. However, considering the diverse deployment scenario in future releases, e.g. integrated access and backhaul, the number of port for uplink transmission may be increased to 8 or more. Therefore, good forward compatibility should be considered. Anyway, to reduce work load for phase I NR, this requirement can be deprioritized. 
6) SRS configuration flexibility
In last meeting, it was agreed to support all of full coherence, partial coherence and non coherence within one SRS resource. In addition to configuring one SRS resource for codebook based transmission, configuring more than one SRS resources would provide more flexibility in resource scheduling, beam selection, etc. However, given the limited time for the phase I NR, these additional requirements can be deprioritized. 
7) Antenna port permutation

Some companies proposed to consider arbitrary port permutation in UL codebook design, especially for port selection entries. However, in UL MIMO capable UEs, considering that dual polarized array is widely used and codebook-based scheme targets for scenarios without channel reciprocity, it is a general case to transmit two polarized beam pairs in the configured 4-port SRS resource. When AGI or blockage happens, it is more reasonable to select one pair of beams rather than to select one beam from each beam pair. Moreover, in the agreed DFT-s-OFDM codebook, port selection is only specified for {1,3}{2,4} port grouping. No additional port selection has been specified. To align the design principle for both DFT-s-OFDM and CP-OFDM, it is not a necessary to include all the entries to support arbitrary port permutation.
8) Cubic metric preserving (CMP)

In LTE, CMP principle is critical for the uplink codebook design because of the single carrier property. For NR CP-OFDM based uplink, the cubic metric preserving property can be trade for better performance, e.g. larger Grassmannian distance.

9) Reduced SINR calculation complexity

In LTE downlink, householder transformation was considered in the codebook design so as to reduce complexity in SINR calculation, especially for UE CQI reporting. However, for NR uplink, apparently this is not a necessary requirement.
Then based on the discussed principles, we compare the three codebook alternatives in table I.
Table I. Comparison of 3 alternative uplink codebooks
	
	R10 UL
	R15 DL
	R8 DL

	Assumption of UE antenna array and coherence type
	Optimized for both arbitrary array and dual-polarized pair;

Support both full coherence and partial coherence
	Optimized for highly correlated dual-polarized pair;

Support only full coherence
	Optimized for both ULA and dual-polarized pair;

Support only full coherence

	Codebook size
	6 bits for TMPI+TRI
	7 bits for TMPI+TRI [5]
	6 bits for TPMI+TRI

	AGI
	Supported
	Not supported
	Not supported

	Impact to PHR reporting
	Fixed row modulus
	Fixed row modulus
	Fixed row modulus

	Forward compatibility
	Not good
	Good
	Not good

	SRS configuration flexibility
	Good for multiple SRI
	Not good for multiple SRI
	Good for multiple SRI

	Antenna port permutation
	Not supported
	Not supported
	Supported

	CM preserving
	Supported
	Not supported
	Not supported

	Reduced SINR calculation complexity
	Good
	Not good
	Very good


We have shown some characters of the three candidate codebooks. For Rel-15, the codebook design could put the robustness as the highest priority. Therefore, R10UL codebook should be considered as baseline for NR Rel-15 uplink codebook design. However, when rank>1, the R10 UL codebook was designed with the constraint of single carrier property, hence the distance property was not optimized. Moreover, there is no codeword in Rel-10 UL codebook to support non coherence transmission within one SRS resource. Therefore, some additional entries should be added to overcome these shortages.

Proposal 1: In release 15, for uplink 4-port CP-OFDM codebook, support Alt. 1, i.e. Rel-10 UL, with additional entries. 
On the other hand, two-stage codebook, such as R15 DL, is optimized for highly correlated dual-polarized pair and can be easily scaled to 8 or more ports. It also enables frequency selective precoding in the uplink. As evaluated in [6], [7], [8], it can provide gain for uplink MU MIMO with adoptable overhead even when frequency selective precoding is configured. Given limited time in phase I NR and the fascinating performance, it should be supported in future release.
Proposal 2: Two-stage codebook should be supported in future release of NR. 
Additionally, the alphabet for the elements of the precoding matrix is only constituted by phase factors {+1,-1, +j, -j} (expect with 0 used for port selection), which may have restriction for the performance of UL codebook. If amplitude adaptation could be performed for precoder elements at least for OFDM based uplink transmission in future release, further performance gain could be achieved. 
2.2 Discussion on additional codebook entries for 4Tx CP-OFDM
In last meeting, it has been agreed to support full coherence, partial coherence and non coherence with different codebook entries. In the following, we examine the existing entries in Rel-10 UL codebook and provide our views.
1) Full coherence

For rank =1, codebook for DFT-s-OFDM has been agreed, and it is straight forward to reuse the same entries for CP-OFDM. Moreover, considering AGI, it is necessary to include port selection entries in the codebook subset for full coherence.
For rank = 2, the entries in Rel.10 UL codebook was designed with the constraint of single carrier property, hence the distance property was not optimized. On the other hand, we observed that rank-1 entries 0-15 in Rel.10 UL codebook are selected from 4 mutually unbiased basis (MUB) and have maximized minimal distance. Given that single carrier property is not an issue for NR UL, it would be better to obtain rank-2 entries for CP-OFDM from the same 4 orthogonal basis as rank-1 entries. The full set of extracted 2-columns from 4 MUBs is given as follows.
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On the other hand, when AGI happens, besides rank=1 transmission, rank=2 transmission is also possible. Therefore, considering entries that may result in zero minimal distance are removed, the rank-2 entries for AGI can be designed as follows.


[image: image4.wmf],

1

0

0

0

0

1

0

0

2

1

,

0

0

1

0

0

0

0

1

2

1

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é


For rank = 3, similar to the case of rank = 2, it would be better to obtain rank-3 entries from the same 4 orthogonal basis as rank-1 entries. The full set of extracted 3-columns from 4 MUBs is given as follows
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For rank = 4, only identity matrix is needed.
The projection 2-norm distance is proved to be a good metric for justifying optimal codebook when MMSE receiver is considered [9]. The projection 2-norm distance between 2 orthogonal basis F1, F2, corresponding to 2 different subspaces is defined as below.
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In LTE, the projection 2-norm distance was sacrificed for lower cubic metric. On the other hand, orthogonal basis obtained from MUB may achieve good distance property. However, to reduce TPMI signalling overhead, only a subset of precoder from the above full set need to be selected. Therefore, we have the following proposal
Proposal 3: For full coherence, additional entries for rank=2 or rank=3 obtained from the MUB is supported.
2) Partial coherence

For rank = 1, the entries for partial coherence can only be port selection entries. Similar to the full coherence case, if the codebook for DFT-s-OFDM is reused for CP-OFDM, entries 16-27 should be included.
For rank = 2, some entries from legacy LTE uplink codebook can be reused for partial coherence. Considering the agreed DFT-s-OFDM codebook can also be used for CP-OFDM, the subset of port that support coherence transmission should align with the agreed codebook. Therefore, only coherence transmission on port group {1,3} or {2,4} need to be specified. The full set of entries to support partial coherence need to be:
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Note that the first 4 precoders are already included in LTE uplink codebook. To optimize performance for rank-2 transmission, at least a subset of the last 12 precoder can be considered as additional codewords for rank-2.

On the other hand, for partial coherence, rank 2 transmission is also possible for the case of AGI. Hence the rank-2 port selection entries should also be included.

For rank =3, similar approach as LTE UL codebook can be adopted as following. The only difference is that port combination is only supported on port group {1,3} or {2,4}.
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For rank =4, only identity matrix is needed.

Based on above discussion, we have the following proposal
Proposal 4: For partial coherence, re-use legacy LTE uplink codebook, while port combination is only supported on port group {1,3} or {2,4}.
3) Non coherence
For the case of non coherence, all layers in all codebook entries can only be 1-port-selection precoder. Therefore, the additional entries for non coherence transmission should include full set of extracted 2-columns or 3-columns from the identity matrix. 
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Proposal 5: For non coherence, additional entries should include full set of extracted 2-columns or 3-columns from the identity matrix.
Note that although the number of proposed additional entries is not trivial, they are used for different UE coherence capability, therefore the overall overhead TPMI+TRI indication will not increase.
2.3 Discussion on remaining details on 2-port CP-OFDM codebook.

In last meeting, it was agreed to include TPMI 4 & 5 for rank 1 and TPMI 2 for rank 2, except the scale factor is FFS.As discussed in section 2.1, it is necessary to preserve constant modulus for each row of all the codebook entries so that the impact to PHR reporting is minimized. Therefore, the scaling factor should be included in the one-port-selection precoder in the 2-port codebook.
Proposal 6: Scaling factor is necessary for port selection entries in both 2-port codebook and 4-port codebook. 
2.4 On TPMI overhead reduction

TPMI overhead reduction is agreed as working assumption in the email discussion, but details are FFS. In the following, we will provide our views on these issues.
Considering that three levels of UE capability are reported, TPMI overhead can be reduced based on the definition of relationship between each level of the UE capability and the related codebook. However, since a fallback coherent capability can be supported in the case such as sudden antenna block at UE side, further overhead reduction can be realized by CBSR. For example, when UE reports its capability as full coherence, codebook for full coherence is configured. CBSR can be used to configure another codebook for partial coherence or non-coherence as a fallback codebook. In this case, overhead of TPMI can be reduced.

Proposal 7: Support CBSR at least for UE with partial coherence or full coherence. 
2.5 Discussion on non-coherent inter-SRS resource transmission

For some cases, e.g., UE with multiple panels and different panels can have independent RF chain and oscillator, non-coherent among antenna panels is preferred. For codebook based transmission, UL procedures mainly include beam management, UL CSI acquisition and PUSCH transmission, where SRS is used in all these three procedures. In general, different SRS resource can be configured at different UL stage for different purposes. However, it will cost lots of RRC signaling and SRS resources, especially when each antenna panel has only two antenna ports. For this case, gNB can configure M SRS resource group to the UE where M is the panel number and the resource number within each group equals to the number of candidate beams and each SRS resource has two ports. Through the beam sweeping or beam training by transmit all SRS resources, the gNB can not only get the optimal UL beam, but also obtain the CSI within each beam. After that, gNB can schedule the PUSCH within each beam directly without configuring any more SRS resources. Thus, non-coherent inter-SRS resource transmission should be supported for codebook based transmission.

For uplink non-coherent transmission of multi-beam system, as these beams have different directions and would experience different link attenuation or may have different transmit beamforming gain, each beam should do the power control independently according the beam-specific power control design of current agreements. For this case, using single downlink reference signal for pathloss calculation and single TPC couldn’t compensate the different link attenuation and the receive power among different ports at gNB side would have large fluctuation range. Therefore, if support one UL grant for multi-beam transmission, port-group level power control is required. This is not aligned with current power control design. If support multiple UL grant where each beam carries one UL grant, there is no such issue. As other issues may impact the single UL PUSCH over multiple beams as well, such as beam-specific TA design, we have the following proposal.

Proposal 8: Support non-coherent inter-SRS resource transmission with multiple UL grants where one TPMI/TRI per SRS resource is signaled and only one TPMI is included within one DCI.
3 Conclusions
From the above discussion, we have the following proposals:

Proposal 1: In release 15, for uplink 4-port CP-OFDM codebook, support Alt. 1, i.e. Rel-10 UL, with additional entries. 
Proposal 2: Two-stage codebook should be supported in future release of NR. 
Proposal 3: For full coherence, additional entries for rank=2 or rank=3 obtained from the MUB is supported.
Proposal 4: For partial coherence, re-use legacy LTE uplink codebook, while port combination is only supported on port group {1,3} or {2,4}.
Proposal 5: For non coherence, additional entries should include full set of extracted 2-columns or 3-columns from the identity matrix.
Proposal 6: Scaling factor is necessary for port selection entries in both 2-port codebook and 4-port codebook. 
Proposal 7: Support CBSR at least for UE with partial coherence or full coherence. 
Proposal 8: Support non-coherent inter-SRS resource transmission with multiple UL grants where one TPMI/TRI per SRS resource is signaled and only one TPMI is included within one DCI.
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