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Introduction
[bookmark: _GoBack]Since the 2 Tx codebooks and rank one 4 Tx codebooks are UL MIMO codebooks are agreed, only the rank 2-4 4 Tx UL MIMO codebook for CP-OFDM needs to be decided.  In RAN1#90, the following agreements were reached regarding the codebook for 4 Tx UL MIMO for CP-OFDM:
Agreement:
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

Agreement:
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

Agreement:
· For 4 Tx with wideband TPMI, use at least single stage DCI
FFS for 2 stage DCI
· 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
[bookmark: _Ref178064866]
In this contribution, we address designs for 4 port UL MIMO for CP-OFDM, how TPMI, TRI, and SRI should be encoded, and how to support non-coherent transmission through the use of multiple SRI and/or TPMI. Link level simulation results investigating the relative performance of codebooks based on Rel-8, Rel-10, and Rel-15 are given.  
Discussion
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We focus here on wideband TPMI design, as the use of subband TPMI remains FFS for 4 Tx at present due to the large DCI overhead it would need [7].  Design constraints supporting full coherence, partial coherence, and non-coherent UE capabilities are considered first.  Then design approaches considering the three alternatives of Rel-10, Rel-8, and Rel-15 based precoders are presented.
Precoder constraints for coherence capabilities
In order to support fully coherent, partially coherent, and non-coherent transmission, precoding matrices must meet certain constraints.  The constraints for non-coherent matrices are straightforward: they must have a single non-zero magnitude element per column.  Partially coherent matrices must have at least one non-zero magnitude element in a column.  However, this is an insufficient constraint, since two Tx chains require coherent transmission for one layer, they require it for all layers.  Furthermore, the same coherence must be used for all precoding matrices in the codebook.  To illustrate this further, consider matrices A-D below.  Matrix A requires ports (1,2) to be coherent for the first layer, (3,4) for the second and third layers.  This means that two pairs of the 4 ports (namely (1,2) and (3,4)) require coherent transmission, and so matrix A can be used in a partially coherent UE.  Matrix B requires (1,2) on the first and third layer, and (3,4) to be coherent on the second.  Since the same antenna ports require coherency as for matrix A, both matrix A and B can be in a codebook that requires coherence for ports (1,2) and (3,4).  
Table 1: Precoder Coherence Example Matrices 
	A
	B
	C
	D

	
	
	
	



Matrix C requires coherent transmission on ports (1,2), (3,4), and (2,3) on the different layers. Since ports (1,2) and (2,3) must be coherently transmitted together, ports (1,2,3) must all be coherent.  Since (3,4) are also coherent, then all ports (1,2,3,4) must be able to be transmitted together coherently.  Therefore, matrix C can actually only be used by UEs with fully coherent capability, even though it is a sparse matrix.
Matrix D requires (1,2) and (2,4) to be coherent on layer 1 and layers 2 & 3, respectively.  Therefore matrix D can be used with partially coherent transmission.  However, if it is in a codebook with matrix A or B, then ports (1,2), (3,4), and (2,4) must be coherent.  Similar to matrix C, this means that (1,2,4) and (3,4) are coherent, and so (1,2,3,4) are all coherent.  Therefore, while individual matrices may support partially coherent transmission, a codebook constructed from the matrices may not.
Observations:
· A fully coherent precoding matrix is not limited to matrices with all non-zero magnitude
· All sparse precoding matrices are not partially coherent 
· To support partial coherence, the same set of antenna ports must require coherence throughout the codebook
· Including on all layers and precoders in the codebook.
Rel-10 based codebook design for full and partial coherence
The Rel-10 UL precoding matrices have a sparse structure, and therefore are natural candidates as a basis for partially coherent precoders, especially given the short time available to complete the 4 Tx NR CP-OFDM UL MIMO codebook.  There seems general agreement for this, since the Rel-10 vectors 16-23 are already used for rank 1 (with additional selection vectors for 1 antenna).  
The Rel-10 precoding vectors for rank 1 combine either 2 or 4 ports coherently, and so the two port cases can be used for partial coherence.  The Rel-10 matrices for ranks 2 & 3 have a very similar structure: at most a pair of antenna ports are combined coherently.  Continuing to use the Rel-10 codebook for ranks 2 and 3 seems a reasonable starting point for the NR 4 Tx CP-OFDM codebook.
Considering the rank 2 codebook for LTE below, we can see that 8 indices (0-7) all require coherence between ports (1,2) and (3,4), while 4 indices (8-11) need coherence for (1,3) and (2,4), and another 4 indices (12-15) require coherence on (1,4), (2,3).  Since 8 indices all use the same ports these indices should determine which antenna ports are coherent for rank 2, and so ports (1,3) and (2,4) should be coherent for rank 2.
Table 2: Rel-10 UL MIMO 4 Tx Codebook for rank 2 [6]
	Codebook index
	
Number of layers 

	0 – 3
	

	

	

	


	4 – 7
	

	

	

	


	8 – 11
	

	

	

	


	12 – 15
	

	

	

	




Examining the agreed rank 1 for 4 Tx CP-OFDM, we see that the partially coherent ports are (1,3) and (2,4).  Therefore, the Rel-10 TPMIs 0-7 are not compatible as they are.
Table 3: NR 4 Tx CP-OFDM partially coherent precoding matrices for rank 1 
	TPMI index
	

(ordered from left to right in increasing order of TPMI index)

	16 – 23
	

	

	

	

	

	

	

	




The Rel-10 TPMIs can be made to be compatible with the NR rank 1 partially coherent codewords, however.  Since reordering antenna ports for a given spatial layer does not change the performance of the codebook for that layer, we can reorder the rank 2 Rel-10 codebook such that the partially coherent antenna ports match for ranks 1 and 2.  Swapping the second and third ports then results in a codebook where indices 0-7 have the structure as 


and so these are compatible with the rank 1 partially coherent precoders. Note that the resulting full codebook is given in Table 13 in Appendix 2.
Given that ports (1,3) and (2,4) are partially coherent for ranks 1 and 2, this should be maintained for rank 3.  The Rel-10 codebook combines either of ports (1,3) and (2,4) on TPMIs 2, 3, 8, and 9. Therefore these should be used as partially coherent matrices in order to align with ranks 1 and 2.  The resulting codebook for rank 3 for NR is then given in Table 14 in Appendix 2.
Table 4: Rel-10 UL MIMO 4 Tx Codebook for rank 3 [6]
	Codebook index
	
Number of layers 

	0 – 3
	

	

	

	


	4 – 7
	

	

	

	


	8 – 11
	

	

	

	




Finally, the codebook for rank 4 in Rel-10 is a simple identity.  This should be sufficient for NR as well, since there is no precoding gain from unitary precoding when the number of antenna ports is equal to the number of transmitted layers.  The corresponding rank 4 codebook is also captured in Table 15 in Appendix 2 for reference.
Codebook design for non-coherence
To support fully non-coherent operation, it is necessary to add precoding matrices to the Rel-10 UL MIMO 4 port codebooks, since no columns in the precoding matrices of these codebooks has a single non-zero magnitude element.  For rank 1 operation, it may be desirable to select any one antenna port, since it may be assumed that any port is equally likely to have the best SINR at the receiver.  This is already used agreed the agreed 4 Tx CP-OFDM codebook below.
Table 5: NR 4 Tx CP-OFDM non coherent precoding matrices for rank 1 
	TPMI index
	
(ordered from left to right in increasing order of TPMI index)

	24 – 27
	

	

	

	




This same principal can be followed for rank 2, which requires 6 combinations to support all possible rank 2 matrices with one antenna port per layer:
Table 6: Non coherent precoding matrices for rank 2 
	

	

	

	

	

	

	




If we again choose all possible combinations for rank 3, the following 4 matrices result. It is possible to include these matrices in a codebook.  However, as will be seen later, it may not be worthwhile to do so when taking into account TPMI overhead.  The largest gains in the codebook will come from the rank 3 partially coherent matrices and from the lower ranks’ matrices. Therefore, if a few precoding matrices are to be removed from the codebook in order to save TPMI overhead, using fewer rank 3 non-coherent precoders would seem to be the best approach.  
[bookmark: _Ref498607634]Table 7: Non coherent precoding matrices with all port combinations for rank 3
	

	

	

	

	




Observations:
· For rank 2 non-coherent precoders, it is reasonable to continue the principal agreed for the NR rank one 4 Tx codebook where all possible port combinations are used in the codebook
· For rank 3 non-coherent precoders, it is not essential to use all port combinations in the codebook
Proposal:
· Use all possible port combinations of non-coherent precoders for rank 2
· Use one TPMI state for rank 4 non-coherent operation
TPMI/TRI Overhead
Taking the entire codebook design into account, we can determine the TPMIs that UEs supporting full coherence, partial coherence, and only non-coherent transmission would be required to support.  In Table 8 below, we classify the TPMIs into categories that are supported by UEs with a minimum coherence capability.  Note that we say ‘minimum coherence capability’, since UEs supporting fully coherent TPMIs support those used for partially coherent and for non-coherent transmission.
[bookmark: _Ref498608108]Table 8: TPMIs and number of states vs. minimum coherence capability
	Rank
	Full Coherence 
Min. Capability
	Partial Coherent 
Min. Capability
	Non Coherent
Min. Capability

	[bookmark: _Hlk498337505]1
	Table 12 TPMIs 0-15
(16 TPMIs)
	Table 12 TPMIs 16-23
(8 TPMIs)
	Table 12 TPMIs 24-27
(4 TPMIs)

	2
	Table 13 TPMIs 8-15
(8 TPMIs)
	Table 13 TPMIs 0-7
(8 TPMIs)
	Table 13 TPMIs 16-21
(6 TPMIs)

	3
	Table 14 TPMIs 4-11
(8 TPMIs)
	Table 14 TPMIs 0-3
(4 TPMIs)
	Table 7 TPMIs 0-3
(4 TPMIs)

	4
	0
	0
	Table 15 TPMI 0
(1 TPMI)



Table 9 below shows the total number of TPMIs supported by a UE with a given coherence capability per rank.  Here, the TPMIs for partial coherent and non-coherent operation are included in the total for full coherence capable UEs, since such UEs can also transmit partially coherent and non-coherent TPMIs.  Similarly, the TPMIs for non-coherent operation are included in the total for partial coherent partially coherent capable UEs, since such UEs can also support non-coherent TPMIs.  Finally, non-coherent TPMIs are only in the total TPMIs, since UEs supporting only non-coherent capable can only support these TPMIs.  
[bookmark: _Ref498608182]Table 9: Total TPMIs and number of states vs. minimum coherence capability 
	Rank
	Full Coherence 
Min. Capability
	Partial Coherent 
Min. Capability
	Non Coherent
Min. Capability

	1
	Table 12 TPMIs 0-27
(28 TPMIs)
	Table 12 TPMIs 16-27
(12 TPMIs)
	Table 12 TPMIs 24-27
(4 TPMIs)

	2
	Table 13 TPMIs 0-21
(22 TPMIs)
	Table 13 TPMIs 0-7,16-21
(14 TPMIs)
	Table 13 TPMIs 16-21
(6 TPMIs)

	3
	Table 14 TPMIs 0-11
Table 7 TPMIs 0-3
(16 TPMIs)
	Table 14 TPMIs 0-3
Table 7 TPMIs 0-3
(8 TPMIs)
	Table 7 TPMIs 0-3
(4 TPMIs)

	4
	Table 15 TPMI 0
(1 TPMI)
	Table 15 TPMI 0
(1 TPMI)
	Table 15 TPMI 0
(1 TPMI)



We can then observe that the total number of TPMIs accumulated over rank, which then can be used to determine potential TPMI sizes.  This is shown in Table 10 below.  We note that the full and partial coherence capabilities have slightly more TPMIs than can be signaled with one less bit.  If we were to reduce the number of TPMIs used for these two coherence capabilities, we could save a bit in both cases.
[bookmark: _Ref498608716][bookmark: _Ref498695587]Table 10: Total TPMIs and number of states vs. minimum coherence capability (Alt 1)
	Cumulative 
Rank
	Full Coherence Capability 
Cumulative Sum of TPMIs
	Partial Coherent Capability 
Cumulative Sum of TPMIs
	Non Coherent Capability 
Cumulative Sum of TPMIs

	[bookmark: _Hlk498337467]Rank 1
	28 (5 bits)
	12 (4 bits)
	4 (2 bits)

	Rank 1-2
	50 (6 bits)
	26 (5 bits)
	10 (4 bits)

	Rank 1-3
	66 (6 bits)
	34 (6 bits)
	14 (4 bits)

	Rank 1-4
	67 (7 bits)
	35 (6 bits)
	15 (4 bits)


 
As discussed above with respect to rank 3 non-coherent operation for precoders in Table 7, one rank 3 non-coherent precoder should be sufficient.  If we only use one, then the TPMI analysis above becomes the following (where the reduced number of TPMIs for rank 3 is highlighted).  The number of TPMI/TRI bits now exactly fits into 6 and 5 bits for rank 4, and one less bit is needed for the full and partial coherence cases.  
Table 11: Total TPMIs and number of states vs. minimum coherence capability (Alt 2)
	Cumulative 
Rank
	Full Coherence Capability 
Cumulative Sum of TPMIs
	Partial Coherent Capability 
Cumulative Sum of TPMIs
	Non Coherent Capability 
Cumulative Sum of TPMIs

	Rank 1
	28 (5 bits)
	12 (4 bits)
	4 (2 bits)

	Rank 1-2
	50 (6 bits)
	26 (5 bits)
	10 (4 bits)

	Rank 1-3
	63 (6 bits)
	31 (5 bits)
	11 (4 bits)

	Rank 1-4
	64 (6 bits)
	32 (5 bits)
	12 (4 bits)


 
We also observe that number of states always decreases according to coherence capability, by one bit in almost all cases.  However, the number of TPMI bits for a given coherence capability only decreases with TRI when TRI is reduced from a maximum rank of 2 to a maximum rank of 1.  Therefore, the benefit of TRI reduction in terms of overhead is somewhat limited.
Observations:
· 6 bits maximum TPMI/TRI field size should be sufficient to support all coherence capabilities
· Each lower coherence capability uses one less bit than the next higher coherence capability
· Reducing maximum rank does not seem to save TPMI/TRI overhead, except for rank 2 to rank 1.
Proposal:
· Use one TPMI state for rank 3 non-coherent operation
· TPMI/TRI field size is set according to UE coherence capability

Rel-8 and Rel-10 based codebook designs
When CP-OFDM is used for uplink MIMO transmission, the peak to average power ratio (PAPR) or cubic metric (CM) of the PUSCH transmission may not be a primary design concern, and codebooks such as the Rel-8 and Rel-15 downlink codebooks that do not minimize PAPR or CM may be suitable.  UE antenna systems tend to have more decorrelated antenna ports than in base stations due to irregular antenna patterns in the UE and due to higher angle spreads found near UEs than near base stations.  Since the LTE Rel-8 downlink 4 port codebook was designed with uncorrelated antenna systems in mind, it is a logical candidate to use in an uplink MIMO design for CP-OFDM.  It is also worth evaluating the Rel-15 codebook, since antenna correlation can be larger when 4 antennas are used in the UE.
Codebooks based on Rel-8 and Rel-15 downlink codebooks need additional codewords to support both coherent and non-coherent operation, but can use the Rel-8 and Rel-15 precoders for the fully coherent portion of the NR 4 Tx codebook for CP-OFDM.  The Rel-8 codebook (in Table 6.3.4.2.3-2 of [6]) has 16 different precoding matrices for each of ranks 1-4.  This would mean that 48 different precoders would be needed for ranks 1-3, or a total of 80 total precoders for fully coherent operation. The extra 16 precoders are not likely to notably improve performance, and so a design based on the full Rel-8 codebook is not likely to be competitive with the Rel-10 design above that uses 64 total precoders.  Since the Rel-15 design is not fundamentally different, it will also need to target 64 precoders to be competitive.  Therefore, we concentrate on a design for both the Rel-8 and Rel-15 based codebook designs that is similar the Rel-10 codebook above, where 16, 8, and 8, precoding matrices are usable only for UEs capable of fully coherent across ranks 1, 2, and 3 respectively.
For the Rel-8 design, since rank 1 can use the full 16 ports, we only need to determine the subset of PMIs used for rank 2 and 3.  One simple way to do this is to consider the distance properties of the PMIs, and to select those with the greatest mutual distance.  When doing so, we find that one suitable set of 8 matrices is matrices 0-3 and 8-11.  This leads to the codebook in Appendix 3.
For the Rel-15, design, we consider the Mode 1 codebook as it is the most compatible with wideband TPMI and achieves good performance with low overhead.  Since 32 precoding matrices are needed for rank 1, we reduce the oversampling factor from O=4 to O=2, thereby reducing the number TPMIs to 16.  Furthermore, it is necessary to set i1,3=0 for rank 2 in order to reduce to 8 TPMIs for ranks 2 and 3.  This leads to the codebook in Appendix 4.
Codebook structure alternatives’ performance
The antenna array topology of UEs is expected to be quite arbitrary with respect of antenna element radiation patterns, polarization properties, antenna element separations and pointing directions. For UE implementations, especially at higher frequencies, it is expected that the different antenna arrangements within a UE will experience channels with low or no correlation, for example due to radiation patterns pointing in different directions, large separation between the antenna arrangements or orthogonal polarizations.  This is not to say that simple i.i.d. models are appropriate.  Rather, evaluations with realistic channels and models of these various UE configurations are needed to produce a robust codebook. 
Hence, it is desired to create a codebook that can function well in a wide variety of UE antenna configurations and channel conditions. For instance, the DL DFT-based codebooks such as Rel-12 DL and NR Rel-15 DL codebooks can be appropriate candidates for UEs equipped with a uniform linear array of equally-spaced antenna elements or subarrays but may be inappropriate for UEs with different antenna arrangements. In what follows, performances are compared for two different UE antenna configurations, illustrated in the following figure:
[image: ]
Figure 3: Two different UE antenna configurations: 1x2 ULA and diamond-shaped (DIAMOND) transmit antenna array
Observation:
· To support full UE antenna implementation freedom, NR codebooks should be designed considering a wide variety of UE antenna configurations and channel conditions.
We compare the performance of three candidate codebooks for 4 port transmission, agreed from RAN1-90b, including the designs based on Rel-10 UL, the Rel-8 (single stage) DL, the Rel-15 (dual stage) that include additional partial/non-coherent precoders. The detailed codebook compositions can be found in Appendices 2-4.
Note that in our simulations, all the precoders are normalized to have unit power, i.e., ignoring the power saving factor. We note that when power control is used, the scaling is irrelevant, although it can be used as an implementation hint on maximum power reduction.  5G SCM channel model defined in TR 38.900 was used, with 100 PRBs at 3.5 GHz.  We employ 16QAM modulation and a FEC code with code rate ½ .  Other simulation conditions are given in Appendix 1.
In Figure 4 to Figure 6, we investigate impacts of different UE antenna configurations on the performance of the three codebooks, respectively, given in Appendices 2, 3, and 4. Note that each of the three codebooks consists of full-coherent, partial-coherent and non-coherent precoders with the same rank. For comparison purpose, we also include the curves for the partial-plus-non coherent precoders and non-coherent precoders. 
We first observe that all 3 codebook alternatives perform quite similarly for the fully coherent case for ranks 1 and 2, being within a few tenths of dB of each other over all ranks at 10% BLER.  More specifically, in case of rank 1, the Rel15 DL-based codebook slightly outperforms the Rel10 UL-based codebook for the UEs with ULA while the opposite is observed for the UEs with DIA. However, for rank 2, the Rel8 DL-based codebooks tend to slightly outperform the Rel15 DL-based and the Rel10 UL-based codebook while performing as good as or showing similar BLER performance in the other cases of ranks and UE antenna configurations.  
While ranks 1 and 2 are close in performance, rank 3 sees a substantial difference between the Rel-10 and Rel-18 or Rel-15 based designs.  Both Rel-8 and Rel-15 are more than 4 dB better than the Rel-10 design.  Here, Rel-8 is quite close to the performance of Rel-15.  We should note however, that the available results shown here are for the ULA configuration only.  Relative performance may be substantially different in other configurations.
 [image: ] [image: ]
[bookmark: _Ref498608165]Figure 4: Performance Comparisons between different UE antenna configurations for rank 1
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Figure 5: Performance Comparisons between different UE antenna configurations for rank 2
 [image: cid:image002.png@01D35FF7.FE4F0A30]
[bookmark: _Ref498608177]Figure 6: Performance Comparisons between different UE antenna configurations for rank 3

Observations:
· NR Rel-15 DL, LTE Rel-8 DL codebooks, and LTE Rel-10 UL based full coherence codebooks perform quite similarly for rank 1 and 2
· However, LTE Rel-8 has slightly better performance in more scenarios than NR Rel-15
· For rank 3, LTE Rel-8 and NR Rel-15 DL based codebooks can substantially outperform LTE Rel-10.
Proposal:
Specify the 4 Tx CP-OFDM codebook using one of the following alternatives:
· An LTE Rel-8 DL based design for full coherent matrices, and an LTE Rel-10 UL based design for partial coherent precoding matrices (first preference) 
· Using the codebook in Table 16 through Table 19
· An NR Rel-15 DL based design for full coherent matrices, and an LTE Rel-10 UL based design for partial coherent precoding matrices (second preference) 
· Using the codebook in Table 20 through Table 23

Uses of SRI with TPMI
It is natural to transmit from different SRS resources, since spatial characteristics of elements in UEs can be different.  However, it can also be beneficial to transmit simultaneously on element with different spatial characteristics to produce a higher rank, a more directive transmission, and/or to combine transmit power from multiple power amplifiers, as discussed in detail in [8] and with related results in [3]. Consequently, the ports to which a codebook can apply should be able to be formed by aggregating SRS resources.  When multiple SRI(s) are indicated, it should be possible to signal a TPMI that applies across all ports in the indicated SRS resources, and a codebook corresponding to the aggregated resource is used which will result in coherent transmission over the ports in the indicated SRS resources. However, in some cases it might be preferred to perform coherent transmission only over the SRS ports within an SRS resource and non-coherent transmission between SRS ports corresponding to different SRS resources [3].  For example, assume that a UE has two dual-polarized sets of antennas pointing in different directions, and that the two antenna ports within a set are calibrated with respect to each other, but the antenna ports corresponding to different sets are not calibrated with respect to each other. In this case, it would be preferred to do coherent transmission within an antenna set (where each set is corresponding to one SRS resource) and non-coherent transmission between the sets. Therefore, it should be possible for the TRP to perform non-coherent transmission between SRS resources by feeding back multiple TPMIs, where each of the signaled TPMIs corresponds to one indicated SRS resource.
Since it has been agreed to support at most 4 SRS ports per SRS resource [4], it seems reasonable to assume that the total number of SRS ports indicated by SRI should be no more than 4. Otherwise, a codebook design specifically for the multi-SRS resource case is needed, probably for 8 ports, which does not seem to fit in the scope of Rel-15.  
if one TPMI is applied across the aggregated resource, and assuming that special codebooks are not design for the multiple SRI case, then a 1, 2, or 4 port codebook should be used.  This means that the total number of ports should be 1, 2, or 4.
If multiple TPMI indicate a total of 4 ports or less, it is possible to aggregate 3 ports: one SRS resource with one port and another with two ports.  However, a pair of two port resources can achieve the same precoding given that a selection component is used.  A pair of 2 port resources wastes 1 of 4 SRS ports, but only in the case where the UE is configured with 3 ports.  Given that a 3 port SRS resource was not defined for Rel-15, this does not seem essential to support.
As discussed in detail in [5], joint signaling of SRI, TMPI, and TRI, can save substantial amounts of TPMI overhead.  There we observe:
· If SRI, TPMI, and TRI are not jointly encoded, the overhead is generally larger compared to if they are jointly encoded
· In some cases as much as 50% larger.
Our other observations and our proposals here are then:
Observations:
· Since SRS resources contain at most 4 SRS ports in Rel-15, it is natural that SRI indicates a total of at most 4 SRS ports.
· Design of codebooks specifically for multiple SRI and/or more than 4 ports do not seem to fit in the scope of Rel-15
Proposals:
· Up to 4 SRS ports can be aggregated using all indicated SRI(s)
· An aggregation of SRS resources can contain 1, 2, or 4 ports 
· TPMI can apply to aggregated SRS Resources indicated by multiple SRI(s) to allow coherent transmission over SRS ports corresponding to multiple SRS resources.
· Multiple TPMIs can be signaled to allow non-coherent transmission over SRS ports belonging to different SRS resources.
· TPMI, TRI, and SRI are jointly encoded
Conclusions
In this contribution, we addressed designs for 4 port UL MIMO for CP-OFDM, how TPMI, TRI, and SRI should be encoded, and how to support non-coherent transmission through the use of multiple SRI and/or TPMI. Link level simulation results investigating the relative performance of codebooks based on Rel-8, Rel-10, and Rel-15 were given.
Given the results and analysis, we make following proposals:

1. Proposals For 4 Tx CP-OFDM Codebook Design:
· Use all possible port combinations of non-coherent precoders for rank 2
· Use one TPMI state in both rank 3 and rank 4 non-coherent operation
· TPMI/TRI field size is set according to UE coherence capability
Specify the 4 Tx CP-OFDM codebook using one of the following alternatives:
· An LTE Rel-8 DL based design for full coherent matrices, and an LTE Rel-10 UL based design for partial coherent precoding matrices (first preference) 
· Using the codebook in Table 16 through Table 19
· An NR Rel-15 DL based design for full coherent matrices, and an LTE Rel-10 UL based design for partial coherent precoding matrices (second preference) 
· Using the codebook in Table 20 through Table 23
2. Proposals for Operation with SRI:
· Up to 4 SRS ports can be aggregated using all indicated SRI(s)
· An aggregation of SRS resources can contain 1, 2, or 4 ports 
· TPMI can apply to aggregated SRS Resources indicated by multiple SRI(s) to allow coherent transmission over SRS ports corresponding to multiple SRS resources.
· Multiple TPMIs can be signaled to allow non-coherent transmission over SRS ports belonging to different SRS resources.
· TPMI, TRI, and SRI are jointly encoded
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[bookmark: _Ref485288006][bookmark: _Hlk492572064]Appendix 1: Simulation Parameters

	Parameter
	Value

	Channel Model
	TR38900_5G_URBAN_MACRO

	UE Tx x gNB Rx Antennas
	4x4; cross polarized elements

	Subcarrier Spacing
	15 kHz

	UE speed
	3km/h

	Transmission Slot Length
	14 symbols

	Channel estimation
	Ideal

	Link Adaptation
	Disabled












Appendix 2: Codebook Details based on LTE Rel-10 UL Codebook
[bookmark: _Ref498607538]Table 12: Codebook Based on Rel-10 (Rank 1)
	Codebook index
	
Number of layers 
	Minimum
Coherence Capability

	0 – 7
	

	

	

	

	

	

	

	

	Fully Coherent

	8 – 15
	

	

	

	

	

	

	

	

	

	16 – 23
	

	

	

	

	

	

	

	

	Partially Coherent

	24-27
	

	

	

	

	
	
	
	
	Non-Coherent




[bookmark: _Ref498604052]Table 13: Codebook Based on Rel-10 (Rank 2)
	Codebook index
	
Number of layers 
	Minimum
Coherence Capability

	0 – 3
	

	

	

	

	Partially
Coherent

	4 – 7
	

	

	

	

	

	8 – 11
	

	

	

	

	Fully
Coherent

	12 – 15
	

	

	

	

	

	16-19
	
	
	
	
	Non-Coherent

	20-21

	
	
	
	
	



[bookmark: _Ref498604899]Table 14: Codebook Based on Rel-10 (Rank 3)
	Codebook index
	
Number of layers 
	Minimum
Coherence Capability

	0 – 3
	

	

	

	

	Partially
Coherent

	4 – 7
	

	

	

	

	Fully 
Coherent

	8 – 11
	

	

	

	

	

	12
	
	
	
	
	Non-Coherent



[bookmark: _Ref498605125]Table 15: Codebook Based on Rel-10 (Rank 4)
	Codebook index
	
Number of layers 
	Minimum
Coherence Capability

	0
	

	Non-Coherent





Appendix 3: Codebook Details based on LTE Rel-8 DL Codebook
[bookmark: _Ref498689747]Table 16: Codebook Based on LTE Rel-8 DL (Rank 1)
	Codebook index
	
Number of layers 
	Minimum
Coherence Capability

	0 –15
	pmi=0,..,15 of LTE Rel-8 DL
	Fully Coherent

	16 – 23
	

	

	

	

	

	

	

	

	Partially Coherent

	24-27
	

	

	

	

	
	
	
	
	Non-Coherent




Table 17: Codebook Based on LTE Rel-8 DL (Rank 2)
	Codebook index
	
Number of layers 
	Minimum
Coherence Capability

	0 – 3
	

	

	

	

	Partially
Coherent

	4 – 7
	

	

	

	

	

	8 – 15
	LTE Rel-8 DL with pmi=0,1,2,3,8,9,10,11
	Fully
Coherent

	16-19
	[image: ]
	[image: ]
	[image: ]
	[image: ]
	Non-Coherent

	20-21

	[image: ]
	[image: ]
	
	
	



Table 18: Codebook Based on LTE Rel-8 DL (Rank 3)
	Codebook index
	
Number of layers 
	Minimum
Coherence Capability

	0 – 3
	

	

	

	

	Partially
Coherent

	4 – 11
	LTE Rel-8 DL with pmi=0,1,2,3,8,9,10,11
	Fully 
Coherent

	12
	[image: ]
	
	
	
	Non-Coherent



[bookmark: _Ref498689762]Table 19: Codebook Based on LTE Rel-8 DL (Rank 4)
	Codebook index
	
Number of layers 
	Minimum
Coherence Capability

	0
	

	Non-Coherent





Appendix 4: Codebook Details based on NR Rel-15 DL Codebook
[bookmark: _Ref498702136]Table 20: Codebook Based on NR Rel-15 DL (Rank 1)
	Codebook index
	
Number of layers 
	Minimum
Coherence Capability

	0 –15
	NR Rel15 DL codebook with CodeBookMode =1, but with O1=2
	Fully Coherent

	16 – 23
	

	

	

	

	

	

	

	

	Partially Coherent

	24-27
	

	

	

	

	
	
	
	
	Non-Coherent



Table 21: Codebook Based on NR Rel-15 DL (Rank 2)
	Codebook index
	
Number of layers 
	Minimum
Coherence Capability

	0 – 3
	

	

	

	

	Partially
Coherent

	4 – 7
	

	

	

	

	

	8 – 15
	NR Rel15 DL codebook with CodeBookMode =1, but with O1=2 and i1,3=0
	Fully
Coherent

	16-19
	[image: ]
	[image: ]
	[image: ]
	[image: ]
	Non-Coherent

	20-21

	[image: ]
	[image: ]
	
	
	



Table 22: Codebook Based on NR Rel-15 DL (Rank 3)
	Codebook index
	
Number of layers 
	Minimum
Coherence Capability

	0 – 3
	

	

	

	

	Partially
Coherent

	4 – 11
	NR Rel15 codebook with CodeBookMode=1-2, with O1=2
	Fully 
Coherent

	12
	[image: ]
	
	
	
	Non-Coherent



[bookmark: _Ref498702125]Table 23: Codebook Based on NR Rel-15 DL (Rank 4)
	Codebook index
	
Number of layers 
	Minimum
Coherence Capability

	0
	

	Non-Coherent
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