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1. [bookmark: _Toc474161164]Introduction

Following agreements from RAN1#88 and RAN1#88bis for codebook based transmission for uplink were reached:
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


Furthermore, the minimum number, as well as the definition, of X and Y ports from the agreement below used to determine the support of frequency selective precoding for Scheme A and B are still undecided.
Agreements:
· Scheme A: Codebook based UL transmission
· For the previous agreement “Support frequency selective precoding for CP-OFDM when the number of transmission port(s) is equal to or greater than X (FFS: Value of X).”, FFS the value X and the interpretation of transmission port(s)
· Scheme B: Non-codebook based UL transmission
· For the previous agreement “Support frequency selective precoding for CP-OFDM when the number of transmission port(s) is equal to or greater than Y (FFS: Value of Y).”, FFS the value Y and the interpretation of transmission port(s)

In RAN1 #89, additional agreements were reached:

Agreements:
· One of the following UL codebook design principles is down-selected until next meeting.
· Alt1:
· NR supports UL codebook at least for a single panel. 
· Note: This does not preclude the use of components of single panel UL codebook for multi-panel.
· FFS on multi-panel UL codebook
· Whether or not support additional components (e.g., panel co-phase)  
· NR supports a UL codebook optimized for single-panel and support multi-panel via indicating multiple TPMIs
· Focus on single panel based UL codebook design first, then support multi-panel via selecting a panel via SRI or indicating TPMI per SRS resource.
· Alt 2: 
· Focus on designing a common framework UL codebook for single-panel and multi-panel
· Alt 3: 
· Design different UL codebooks for single-panel and multi-panel, respectively.
· Codebook details are FFS 
· Existing LTE codebooks should be considered as baseline.

In RAN1 #90, the following were agreed:

Agreements:
· For DFT-S-OFDM, use rank 1 precoders from table below for 2 Tx with wideband TPMI only
· Note: in the following table “codebook index” should be called “TPMI index”
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Agreements:
· 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
Agreements:
· 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
· Specify UE capability identifying if UL MIMO capable UE can support coherent transmission across its transmit chains
· FFS: if UE capability identifies if coherent transmission is supported on all of, vs. none of, vs. on a subset, of its transmit chains
· FFS: how UL MIMO precoding design takes into account the above capability
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2. Discussion on UL codebook design
Compared with DL codebook design, there are significant differences in terms of node implementation and deployment scenarios. Due to different gain set points, the issue of RPD has been identified in LTE. Due to limited form factor, and also the immediate radiation/propagation environment is susceptible to effect such as hand-holding, rich local scatter etc, possible antenna gain difference can also exist on the UE side. When multiple panels are used at a UE, there can be also the frequency coherence issue such as non-common mode phase noise. To complicate the situation even more, in NR both DFT-OFDM and CP-OFDM waveforms are supported, and they have different requirements on the precoder in terms of   PAPR preserving.
In summary, the following factors need to be considered in the NR UL codebook design:
1. In terms of coherent transmission from different Tx chains:
a. Consideration 1: non-common mode phase noise for different Tx chains;
b. Consideration 2: Relative Phase Discontinuity. Note this is not an inherent UE property from system design point of view. A gNB can conduct a calibration procedure to probe the relative phase difference between different Tx chains at different power levels, with that it can predict the relative phase jump between a SRS transmission and a PUSCH transmission. Then the gNB can mitigate the RPD issue at the UE by signalling a modified PMI according to the PMI from UE feedback and the expected relative phase jump. For example, if the PMI from UE feedback is for [1 1], and the expected relative phase jump is 180 degrees, then the gNB instructs the UE to use [1 -1] instead of [1 1] for PUSCH transmission. More detailed considerations are provided in Appendix C.
2. Antenna gain imbalance (AGI)
a. Port selection is more suitable than port combining with the presence of severe AGI. Note if one antenna is of a lower gain than another by design, the UE can signal that to the gNB. Yet it may well happen antenna gain difference are manifested only in use (e.g. due to hand-holding).
3. In terms of PAPR preserving/friendly precoders:
a. For DFT-OFDM, PAPR preserving is a key consideration.
4. In terms of antenna configuration
a. ULA antenna configurations, as typically assumed for base stations, may be assumed when the UE form factor is not a critical issue (e.g. on a NR-capable laptop computer), and non-ULA antenna configurations are assumed for some other cases.
5. In terms of propagation condition
a. If the propagation condition is simple enough so a few DFT beams can effectively characterize the spatial channel between the UE and the gNB with a ULA antenna configuration at the UE, the grid-of-beam design principle used since Rel-10 can be re-used.
b. If the propagation condition is so complicated, the required number of DFT beams is too many; codebook construction for un-correlated channels may be more suitable. 


There are two options for UL codebook design:
Alt. 1. Design a codebook for each induvial scenario. When in operation, the gNB signals to the UE the specific codebook to assume for PUSCH transmission, based on UE signalling and gNB’s own measurements/observations.
Alt. 2. taking into considerations of the diverse use cases/scenarios, a master codebook which can handle various scenarios is designed. When in operation, codebook subset restriction is used by the gNB to inform the UE what codewords can be used for PUSCH, and the signalling overhead in the DCI is budgeted for the codewords in the CBSR only.  
 
We consider Alt. 2 (master codebook) in the following. Obviously the considerations below can applied to Alt. 1.
 
3. Discussion on master codebook
To account for the diverse situation and also forward compatibility, the uplink codebook(s) should support different UEs now and in the future for phase-coherent transmissions, non-phase-coherent transmissions and partially phase-coherent transmissions.

NR supports two waveforms in uplink. Some companies have proposed to switch dynamically between those two waveforms. It may be also desirable to support both CP-OFDM and DFT-OFDM waveforms for uplink transmission with the same codebook.

The resulted codebook (master codebook) with all the considerations can contain a large number of codewords, at least for some ranks, and the practically useful codewords for a specific UE with a specific waveform, e.g. DFT-OFDM and specific Tx architecture, can be more limited. Hence CBSR can be signaled by the base station to the UE, either in the form of a bitmap for codewords in the master codebook or pointers to sub-codebooks within the master codebook. In the case two uplink waveforms can be dynamically switched with a UL DCI, then besides introducing a field for waveform switching or tying the used waveform to a code state in some other field (e.g. low MCS indices are associated with DFT-OFDM and high MCS indices are associated with CP-OFDM), separate CBSRs for two waveforms are also configured for the UE.
For downlink transmissions, conventionally CBSR (codebook subset restriction) does not lead to change in the signaling design, for example in TM4 in LTE. With DMRS based transmission from a base station, it also becomes un-necessary for the base station to signal the used precoder to a UE.

In NR, for codebook based UL MIMO, as DCI bits in an UL DCI format come at a premium especially for cell edge UEs, it is desirable to reflect the CBSR in the signaling design. In another word, even though the master codebook is designed to cover phase-coherent transmissions/non-phase-coherent transmissions/partially phase-coherent transmissions, and CP-OFDM and DFT-OFDM, etc the instantaneously used codebook can be a subset of the master codebook, e.g. depending the used waveform and UE Tx chain capability (coherent transmissions vs non-coherent transmissions vs partial coherent transmissions), and the TMPI field in the DCI for uplink grant is budgeted according to the sub-codebook resulted from CBSR, from which a more compact DCI can be used compared with the case of using TMPI addressing all possible codewords in the master codebook.

With respect to phase-coherent transmissions/non-phase-coherent transmissions/partially phase-coherent transmissions, Tx chains at a UE are categorized into coherence groups. Tx chains within a coherence group don’t suffer from issues such as RPD or non-common mode phase noise, port combining is possible over those Tx chains.

We denote 4 Tx chains at a UE by 1, 2, 3 and 4. If Tx chains 1 and 3 are in one coherence group, and Tx chains 2 and 4 are in another coherence group, then (1,3),(2,4) is used to represent that Tx chain configuration. If all Tx chains are in the same coherence group, then that configuration is represented by(1,2,3,4). If no two chains can perform phase-coherent transmissions, then (1),(2),(3),(4) is used.

For a 4Tx codebook, we need to support the following  
    • 4 antennas on a single coherence group: (1,2,3,4) 
    • one pair of Tx chains in coherence group 1, and another pair in coherence group 2 (e.g. (1,2),(3,4) or (1,3),(2,4). etc)). 
    • 4 Tx chains in 4 coherence groups, i.e. no Tx chain is coherent with any other, which is denoted by (1),(2),(3),(4) 

Having the flexibility to use arbitrary SRS port indexing irrespective of coherence groups does not provide value to either the base station or the UE. Hence we process all the SRS ports mapped to Tx chains in the same coherence group use consecutive indices. From that, a UE signals to the network of coherence group composition (how many coherence groups are present at the UE). And in the case of 2 coherence groups at a UE, only coherence group composition (1,2),(3,4) is considered, and (1,3),(2,4) is not considered.

As mentioned previously, for Tx chains in the same coherence group, port combining is possible. Port selection among coherence groups can be supported: e.g. with Tx chain composition (1,2),(3,4), using port combining from 1 and 2, and from 3 and 4 can support rank 2 transmission; and port selection with 1 and 3 can also support rank 2 transmission.


We use 4Tx design consideration as an example while the proposed design can be also applied to 8Tx or more Tx chains.
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Figure 1 component codebooks in a master codebook

From the above discusison, the master codebook for  4Tx  as shown in Figure 1 consists of the following components:
 
· Port combining for 4Tx for non-ULA based codebook A.1 and A.2, only A.1 or A.2 needs to be included.  Refer to Section 5 for detailed discussions.
· Port combining for 4Tx for ULA based codebook: B.1 And B.2. Only B1. Or B.2 needs to be included. Two candidates can be considered: the Rel-12 DL 4Tx codebook and the NR DL 4Tx codebook.
· Recursive construction from NR 2Tx codebook C. C discussed in Section 4 and also in Appendix A.
· Port selection codebook for AGI, D. D completely covered by C, so we don’t treat D separately.
· PAPR preserving codewords,  E. E is discussed in Appendix B. 

The gNB can configure different components according to the need of the UE. A few examples are given below:
· For a UE does not suffer from the RPD issue, for the CP-OFDM waveform, A.1 (or A.2),  B.1 (or B.2) and D can be configured. 
· For a UE does not suffer from the RPD issue, for the DFT-OFDM waveform, D and E can be configured. 
· For a UE suffers from the RPD issue, for the CP-OFDM waveform, C and D can be configured. 

We have 
Proposal 1: NR 4Tx UL codebook consists of component codebook entries tailored for diverse antenna configurations/coherence group composition/sensitivity to PAPR.



4. Coherence group and recursive codebook construction








We assume that we can consider a UE reports coherence group composition of its Tx chains to the gNB. All the Tx chains within a coherent group can maintain transmission coherence, not suffering from either phase noise or RPD, hence port combining for ports mapped to Tx chains within a coherence group can be conducted. In contrast, port combining for ports mapped to Tx chains from different coherence groups can lead to unpredictable link quality in PUSCH. From gNB’s evaluation, it may find it useful to use one or more coherence groups for PUSCH. Assume the number of transmission layers for coherence group  is , then total number of transmission layers from all coherence groups is  ( may equal 0 for some ). For  SRS ports, there can be  coherence groups (we assume the number of Tx chains in each coherence group is a power of 2 for simplicity). And there are  ports in each coherence group respectively. We note the gNB and the UE need to have the same understanding what Tx chains are in the same coherence group so signaling overhead can be reduced. Consequently the Tx chains in the same coherence group are mapped to consecutive SRS indices.



For a  port antenna configuration, with 2 coherence groups with  Tx chains in each group, the  port codewords with port combining/selection can be constructed recursively as


	


	


	






where  is a rank  codeword and  is a rank  codeword from a  Tx UL codebook. It can be seen that when there are 2 or more coherence groups, the codebook construction for  ports can recursively use codebooks of smaller numbers of Tx ports.



For 4 Tx ports () with 2 coherence groups, the rank 1 codewords (one column for one codeword) can be composed from the agreed NR UL 2Tx codebook: 

A similar procedure can be used to obtain rank 2, rank 3 and rank 4 precoders at 4 Tx ports from the precoders of 2 Tx ports (e.g. NR UL 2 Tx codebook).

In summary, the construction procedure as follows can be used to obtain a  port UL codebook:
 

    • Assume a  UL codebook is available, which may include codewords derived from port combining or port selection construction principles



    • The  port UL codebook consists of a sub-codebook comprising of port combining over all  ports (the sub-codebook’s construction is discussed in the next two sections); and a sub-codebook constructed with the following:


	


	


	

A complete list of codewords generated from the NR 2Tx UL codebook following the above procedure is provided in Appendix A.





5. Discussion on non-ULA motivated codebook design

Rel-8 DL 4Tx codebook and Rel-10 UL 4Tx codebook can be also considered for non-ULA antenna configurations and rich scatter environments.

In the Rel-8 DL 4Tx codebook, a column vector  is used to construct a unitary matrix through the Householder transmform:


	
and precoders at different ranks/transport blocks are obtained through column selection.
Rel-10 UL 4Tx codebook uses mutually unbiased bases to construct the rank 1 codewords, and different design principles and considerations were used to construct codewords for ranks 2-4. Rel-10 UL 4Tx codebook’s rank1 codewords can be used in a similar fashion to construct ranks 1-4 codewords.
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From MUB , one vector  is chosen to construct a  precoder.

for example, from , the third vector is chosen:


	


And the Householder transform is applied to  to obtain the  precoder:


	




Let  be the  vector with zeros at all elements except element , and the value at element  is 1.

4 rank 1 precoders are generated for MUB :


	

6 rank 2 precoders can be generated for MUB :


	


To control the signaling overhead, we can choose 4 out of the 6 precoders in the codebook according to the chord distance metric: for example , and the chord distance profile for all rank 2 precoders constructed thereby from  compares favorably with that for the rank 2 precoders from Rel-8 DL 4Tx codebook.

4 rank 3 precoders can be generated for MUB :


	

Assuming all 4 spatial layers are mapped to one transport block, one rank 4 precoder is generated for MUB :


	
If 4 spatial layers can be mapped to two transport blocks or NR codeword mapping can be further optimized in the future, then layer permutation as in Rel-8 4Tx codebook can be also considered.



If  is also included along with  to , then port selection precoders can be also included in the resulted codebook.




If a dual stage codebook is preferred, e.g. to achieve some commonality with the ULA-motivated component codebook as discussed below, then  can take the role of , and  can take the role of .
There may be some benefit in aligning the NR 4Tx UL codebook with the LTE 4Tx UL codebook, at least for the common part. It can be verified that
 

    •  generate precoders 0,2,8,10 at rank 1 from Rel-10 4Tx UL codebook,


    •  generate precoders 1,3,9,11, at rank 1 from Rel-10 4Tx UL codebook,


    •  generate precoders 5,7,13,15 at rank 1 from Rel-10 4Tx UL codebook,


    •  generate precoders 4,6,12,14 at rank 1 from Rel-10 4Tx UL codebook. 

From that, the considered codebook design for ranks 1-4 can be considered as an extension from rank 1 precoders 0-15 of the Rel-10 4Tx UL codebook.

If more orthogonal bases besides those 4 MUBs are used in the codebook construction, then a larger codebook can be obtained. Enforcing the limit of using the alphabet  only to construct vectors, we notice there are in total 60 orthogonal bases over the 4 dimension space. All the 60 orthogonal bases can be generated as follows. First we define 4 orthogonal bases (each column for one vector):


	


	

Then each orthogonal basis with alphabet  can be represented by a collection of column vectors:


	

for .


It can be verified that all ,  can be obtained through


	


where , and .
Specifically for the 4 MUBs used previously, we have


, ,


, .


Similar phase rotations can be applied to , ..., . For example:






, , , , and then , ...,  are used in the codebook construction.


We have 
Proposal 2: The Householder transform is applied to Rel-10 MUBs and additional orthogonal bases to for codeword generation for non-ULA scenarios.

6. Discussion on ULA motivated codebook design
In Rel-12, a 4Tx codebook for DL with the dual codebook structure was specified for rank 1 and rank 2. For rank 3 and rank 4, the Rel-8 4Tx codebook has been inherited. In NR, a 4Tx codebook for DL, also with the dual codebook structure has been agreed. They can be considered as candidates for inclusion in the master codebook.

As either 4Tx codebook provides a way to systematically to enumerate many 4 Tx vectors, we can also consider using rank 1 precoders from the dual stage codebook from either NR 4Tx codebook or the Rel-12 4Tx codebook, and apply the Householder transform on them to generate higher rank precoders, which can be used indepedently or jointly with existing higher rank precoders from either 4 Tx codebook. If used jointly, then effectively two different codebook construction methods (one being grids-of-beam based, another being Householder based) are used for a given rank.




Assume is a rank 1 precoder from either 4Tx codebook, then we first flip the sign of the first element in  to obtain a vector :


	

Next we use the Householder transform with :


	


It can be verified that the first column of  is identical to . For higher ranks, column selection can be performed, e.g. {1,2},{1,3}, etc for rank 2.



7. Codebook design with beamformed SRS











Due to the phase discontinuity issue, ideally the UE power amplifier output power used for SRS transmission should be the same as that for data transmission. To analyze the problem, we first consider non-precoded SRS transmission. If there are two Tx antennas with separate power amplifiers at a UE, and power is used for SRS port ,  at time . Then the base station measures the SRS transmissions from the UE and derives a preferred precoder (e.g. with 90 degrees phase difference between the channels from two ports, a precoder with 90 degrees phase difference between two ports is chosen). In the DCI scheduling PUSCH, the base station requests the preferred precoder for PUSCH. When the UE transmits PUSCH with power  at , if , , the phase difference between Tx antennas at  may be different from that at , and the applied precoder (e.g. 90 degrees co-phasing) does not lead to good combining from those two antennas.



Now we can consider beamformed  SRS. Assume a UE has N transmit antennas and the network configures a  DL-port CSI-RS, and the UE estimates a DL covariance matrix  for example over a wideband.

And eigen-decomposition is performed on :










 is a  unit-norm vector, , and  are the eigenvalues. Assume the UE uses some of , say  and  for beamformed SRS  transmission, the power emitted from antenna  is proportional to:

, where  is the antenna index.And it can happen that


	


if , .
To deal with such  an issue, then the precoders for CSI-RS need to be normalized:


	

and  are used as the precoders for SRS. Alternatively, the UE can also use W1 in a dual stage codebook for SRS  precoding to ensure each element in the vector has the same amplitude. 







Let (e.g.  ) be the precoder used for SRS, be the number of columns in .  And the precoder for PUSCH requested by the network through beamformed SRS is given by . Now we can consider what condition needs to be enforced on to avoid the phase discontinuity issue.


To statisfy the requirement that phase discontinuity problem does not arise, we need to enforce the rule that the power difference between antennas does not change due to the use of :


	

With the notations 


	












The precoder  for rank1 is given by  , , ...,   with a possible power scaling so the antenna power amplifier output for PUSCH is exactly the same as for beamformed SRS. If =4, then rank 2 precoders are given by , .


rank 3 precoders are given by  .



rank 4 precoder is given by , where  are the power scaling factors. For rank >1, besides being used to meet the amplifier output requirement,  can be also used for a waterfilling- transmission scheme.

The uplink codebook design may include signalling for  for rank >1.
The extraction of the SRS precoder can be also performed on a polarization basis. For example, if Tx antenna ports 1-4 at UE are at 45 degrees, and T antenna ports 5-8 at UE are at -45 degrees. The SRS precoder can be extracted from 2 4x4 covariance matrices respectively for Tx antenna ports 1-4 and port 5-8. In this case, the port selection codebook from FD-MIMO class B can be used. 
 We have:

Proposal 3: the codebook for the beamformed SRS is based on port selection.
 

 
8. Signaling considerations on wideband vs frequency selective precoding

Previously, the following agreements were reached:

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



 

First, we have the observation that with DCI based signaling, the size of fields for transmission rank and TPMI (and potentailly padding) should be fixed irrespective of the transmission rank and resource allocation, otherwise the blind detection complexity would explode.

Inspecting the table below for DL NR Type I feedback overhead (Figure 1), for both the single-panel and multi-panel codebooks, it is clear that frequency selective precoding for lower ranks such as rank 1 comes with much higher signaling overhead for sub-band indication. From that we propose to use different sub-band sizes for different ranks. For example, for rank 1 and rank 2, one sub-band consists of 20 PRBs, and for rank 3 and higher, one sub-band consists of 5 PRBs. One illustration is provided in Figure 2 below. In this way, the signaling overhead for frequency selective precoding remains the same irrespective of the transmission rank.



Figure 2 NR Type I feedback overhead


Beyond the consideration on the signaling overhead, the adapation of the subband size according to transmission rank can be also justified by the relationship between delay spread and angular spread, and ultimately between delay spread and the spatial rank of the propogation channel. As a larger delay spread tends to be associated with  a higher spatial rank of the propagation channel; if the desired precoding is at rank 1/rank 2, it can suggest the channel may not be very frequency-selective, hence a larger sub-band size is justified.
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Figure 3 Example for different sub-band sizes at different ranks


Then in the downlink signalling (either in DCI or MAC CE), we have 

Total bits for rank indication & PMI indication





	Rank indication
	Wideband indication
	Sub-band indication 1
	Sub-band indication 2
	
	…


Figure 4 Part of DL signaling fields  for UL codebook based transmission

As shown in Figure 3, the number of sub-band indication fields is a function of the transmission rank. The transmission rank, which is determined from the field “rank indication” can inform a UE how many fields for “sub-band indication” are expected. For example, if the size of the sub-band signaling fields is designed/configured for 12 bits, then 3 fields for sub-band signalling at rank ½ can fit in, and 12 fields for sub-band signalling at rank 5-8 can fit in. 

As the maximum allowable uplink transmission bandwidth can be different depending on bandwidth adaptation, the sub-band size can be a function of the maximum allowable uplink transmission bandwidth if Alt. 2 is adopted. 

For a UE supports 2, 4 or 8 Tx, first the UE needs to report such a capability to the network or such a capability can be inferred from the UE category. Next the network needs to configure the UE with the number of transmit antennas and the maximum transmission rank for the UE through RRC signaling, which can be different from the number of maximum allowed SRS ports. Say a UE can be configured 8 SRS ports yet the network chooses to limit the maximum transmission rank to 4. Further a UE’s number of transmit antennas can be modified at a more frequent basis through RRC signaling, L1/L2 signaling, if power saving through such signaling is found beneficial. As the number of transmit antennas is modified, the accompanying maximum transmission rank can be also affected.





Let  be the total bits for rank indication and PMI indication. Depending on the maximum transmission rank for UL, the field ( “rank indication” can take 1 bit to 3 bits. Assume the field “wideband signaling”(for W1 in the dual stage codebook) takes  bits (we use  to make the dependence of the “wideband signal” size on the transmission rank explicitly), then there are

 bits left for sub-band signaling (for W2 in the dual stage codebook).


With Alt. 2, then the sub-band size at rank  is given by


	
or


	


With Alt. 1, then the sub-band size at rank  is given by



	
or


	



We have:

Proposal 4: to keep the signalling overhead for TMPI constant, the sub-band size for TMPI signaling is adjusted according to the chosen transmission rank. 



9. Conclusion

In this contribution, we discuss UL codebook based MIMO transmission. We have 
Proposal 1: NR 4Tx UL codebook consists of component codebook entries tailored for diverse antenna configurations/coherence group composition/sensitivity to PAPR.
Proposal 2: The Householder transform is applied to Rel-10 MUBs and additional orthogonal basesto for codeword generation for non-ULA scenarios.
Proposal 3: the codebook for the beamformed SRS is based on port selection.
 
Proposal 4: to keep the signalling overhead for TMPI constant, the sub-band size for TMPI signaling is adjusted according to the chosen transmission rank. 
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Appendix A.  4 Tx component codebook recursively constructed from the NR 2Tx codebook

We list the codewords recursively constructed from the NR 2Tx UL codebook below.
Rank 1


The scaling factor  is omitted in the following.







Rank 2


The scaling factor  is omitted in the following.























Rank 3


The scaling factor  is omitted in the following.

























Rank 4


The scaling factor  is omitted in the following.









Appendix B.  Examination on the Rel-10 4Tx UL codebook

In the following the codewords covered by the component codebook in Appendix B are marked in yellow. The non-marked entries can be included in the master codebook.




 Table 5.3.3A.2-2: Codebook for transmission on antenna ports  with .
	Codebook index
	
Number of layers 

	0 – 7
	

	

	

	

	

	

	

	


	8 – 15
	

	

	

	

	

	

	

	


	16 – 23
	

	

	

	

	

	

	

	






Table 5.3.3A.2-3: Codebook for transmission on antenna ports  with .
	Codebook index
	
Number of layers 

	0 – 3
	

	

	

	


	4 – 7
	

	

	

	


	8 – 11
	

	

	

	


	12 – 15
	

	

	

	






Table 5.3.3A.2-4: Codebook for transmission on antenna ports  with .
	Codebook index
	
Number of layers 

	0 – 3
	

	

	

	


	4 – 7
	

	

	

	


	8 – 11
	

	

	

	






Table 5.3.3A.2-5: Codebook for transmission on antenna ports  with .
	Codebook index
	
Number of layers 

	0
	










Appendix C.  gNB calibration to takle the RPD issue







With or without UE’s report on its coherence group composition, optionally a gNB may attempt to assess the RPD situation at a UE. One possible approach is that the gNB triggers a UE to transmit SRS from its Tx chains at different transmit power levels, and the relative phase differences at different transmit power levels can be compared, and logged. From the log, the gNB can predict the relative phase jump it will take place if different power levels are used for SRS and PUSCH, then compensation of relative phase jump can be proactively taken by the gNB. For example, with 2 Tx chains at a UE, if the gNB is aware there is  ( say ) degrees relative phase jump between the UE’s SRS transmission at 10 dBm and 20 dBm, and the derived optimal precoder when the UE’s SRS transmitting at 10 dBm is , then for the same UE’s PUSCH at 20 dBm the gNB will indicate  instead  to be used by the UE.
The RPD calibration procedure can be conducted with periodic or aperiodic SRS transmissions.
With periodic SRS transmissions, evenly-spaced SRS transmissions with different power levels are sent by a UE, e.g. following a periodic power ramping schedule 13 dBm, 18 dBm, 23 dBm, 13 dBm, etc.
If the channel variation between two SRS transmissions at different power levels is small, as long as the gNB has a way to trigger the UE to transmit SRS at the end of a slot at any desired power level, the RPD calibration procedure can be based on gNB implementation with multiple triggers of aperiodic SRS transmissions. However, considering channel variation can be fast, the signaling overhead to trigger multiple SRS transmissions can be considerable, a single trigger is preferred. Also note the cell-specific SRS resources required to facilitate closely spaced SRS transmissions make the NR slot usage less flexible, for example consecutive slots need to dedicated to UL or at least part of them needs to be dedicated to UL to allow SRS transmissions.







From that, it is better to allow the gNB to use a single trigger to indicate a UE to conduct a sequence of SRS transmissions at different transmit power levels, e.g. from one symbol to another. It may be also necessary to leave a gap between two adjacent SRS transmissions so the SRS transmissions at different transmit power levels in closely spaced time intervals don’t create a too challenging problem in terms of Tx waveform fidelity, e.g. SRS transmissions take place at evenly spaced OFDM symbols 1, 3, 5, etc. The signaling overhead can be much reduced by configuring through RRC signaling the power ramp step and number of SRSs in a sequence. For example, the gNB can configure a UE to transmit at , , , ..,  dBm in a sequence of SRS transmissions, say  dB, and  dBm. Alternatively  can be also determined jointly in the dynamic signaling for SRS triggering along with semi-statically configured parameters.





If a UE is able to perform self-calibration, e.g. with a calibration circuit to observe the relative phase difference at difference power levels. Once it receives a TMPI from the gNB for PUSCH, it can assume the TMPI is derived with a previous SRS transmission from itself, the most recent SRS may not be a legitimate reference, for example the UE transmits SRS at slots  and , and a TMPI is signaled by the gNB to be used for PUSCH at slot . Then the UE assumes the TMPI is derived from SRS at slot , as the gNB may not have enough time to process the SRS transmission at slot .
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Type I feedback overhead

Leading beam group identification

Beam group 

pairing 

(wideband)

Antenna group co-

phasing 

(wideband)

Inter-panel 

cophasing 

(wideband)

Inter-panel 

cophasing 

(subband)

subband beam 

selection

intra-

panel co-

phasing, 

subband

wideband feedback, # 

of additional bits 

beyond 

log2(N1xN2xO1xO2xNg)

subband 

feedback, # 

of bits 

(assume 

L1=L2=2)

wideband feedback 

only, # of additional bits 

beyond 

log2(N1xN2xO1xO2xNg)

rank 1 log2(N1xN2xO1xO2/(s1xs2))     log2(L1xL2)xS 2xS -2 4 2

rank 2 log2(N1xN2xO1xO2/(s1xs2)) 2   log2(L1xL2)xS S 0 3 3

rank 3 log2(N1xN2xO1xO2) 2   S 2 1 3

rank4 log2(N1xN2xO1xO2) 2   S 2 1 3

rank3 (>16)log2(N1xN2xO1xO2/2)   2 S 3 1 2

rank4 (>16)log2(N1xN2xO1xO2/2)   2 S 3 1 2

rank5 log2(N1xN2xO1xO2)     S 0 1 1

rank6 log2(N1xN2xO1xO2)     S 0 1 1

rank7 log2(N1xN2xO1xO2)     S 0 1 1

rank8 log2(N1xN2xO1xO2)     S 0 1 1

rank 1 log2(N1xN2xO1xO2/(s1xs2))     2x(Ng-1)   log2(L1xL2)xS 2xS 2x(Ng-2)-log2(Ng) 4 2xNg-log2(Ng)

rank 2 log2(N1xN2xO1xO2/(s1xs2)) 2   2x(Ng-1)   log2(L1xL2)xS S 2x(Ng-1)-log2(Ng) 3 2xNg+1-log2(Ng)

rank 3 log2(N1xN2xO1xO2) 2   2x(Ng-1)   S 2xNg-log2(Ng) 1 2xNg+1-log2(Ng)

rank4 log2(N1xN2xO1xO2) 2   2x(Ng-1)   S 2xNg-log2(Ng) 1 2xNg+1-log2(Ng)

 

rank 1 log2(N1xN2xO1xO2/(s1xs2))     4x(Ng-1) 2x(Ng-1)xS log2(L1xL2)xS 2xS 4x(Ng-1)-2-log2(Ng) 2x(Ng+1) 6xNg-4-log2(Ng)

rank 2 log2(N1xN2xO1xO2/(s1xs2)) 2   4x(Ng-1) 2x(Ng-1)xS log2(L1xL2)xS S 4x(Ng-1) -log2(Ng) 2xNg+1 6xNg-3-log2(Ng)

rank 3 log2(N1xN2xO1xO2) 2   4x(Ng-1) 2x(Ng-1)xS S 4x(Ng-1)+2-log2(Ng) 2xNg-1  6xNg-3-log2(Ng)

rank4 log2(N1xN2xO1xO2) 2   4x(Ng-1) 2x(Ng-1)xS S 4x(Ng-1)+2-log2(Ng) 2xNg-1  6xNg-3-log2(Ng)

wideband feedback

subband feedback

                 N/A

Wideband feedback subband feedback

SP

MP   

Mode 1

MP   

Mode 2


Microsoft_Excel_Worksheet1.xlsx
NR MIMO

				Type I feedback overhead

						Wideband feedback								subband feedback

						Leading beam group identification		Beam group pairing (wideband)		Antenna group co-phasing (wideband)		Inter-panel cophasing (wideband)		Inter-panel cophasing (subband)		subband beam selection		intra-panel co-phasing, subband		wideband feedback, # of additional bits beyond log2(N1xN2xO1xO2xNg)		subband feedback, # of bits (assume L1=L2=2)		wideband feedback only, # of additional bits beyond log2(N1xN2xO1xO2xNg)

		SP		rank 1		log2(N1xN2xO1xO2/(s1xs2))		 		 						log2(L1xL2)xS		2xS		-2		4		2

				rank 2		log2(N1xN2xO1xO2/(s1xs2))		2		 						log2(L1xL2)xS		S		0		3		3

				rank 3		log2(N1xN2xO1xO2)		2		 								S		2		1		3

				rank4		log2(N1xN2xO1xO2)		2		 								S		2		1		3

				rank3 (>16)		log2(N1xN2xO1xO2/2)		 		2								S		3		1		2

				rank4 (>16)		log2(N1xN2xO1xO2/2)		 		2								S		3		1		2

				rank5		log2(N1xN2xO1xO2)		 		 								S		0		1		1

				rank6		log2(N1xN2xO1xO2)		 		 								S		0		1		1

				rank7		log2(N1xN2xO1xO2)		 		 								S		0		1		1

				rank8		log2(N1xN2xO1xO2)		 		 								S		0		1		1

		MP   Mode 1		rank 1		log2(N1xN2xO1xO2/(s1xs2))		 		 		2x(Ng-1)		 		log2(L1xL2)xS		2xS		2x(Ng-2)-log2(Ng)		4		2xNg-log2(Ng)

				rank 2		log2(N1xN2xO1xO2/(s1xs2))		2		 		2x(Ng-1)		 		log2(L1xL2)xS		S		2x(Ng-1)-log2(Ng)		3		2xNg+1-log2(Ng)

				rank 3		log2(N1xN2xO1xO2)		2		 		2x(Ng-1)		 				S		2xNg-log2(Ng)		1		2xNg+1-log2(Ng)

				rank4		log2(N1xN2xO1xO2)		2		 		2x(Ng-1)		 				S		2xNg-log2(Ng)		1		2xNg+1-log2(Ng)

																 

		MP   Mode 2		rank 1		log2(N1xN2xO1xO2/(s1xs2))		 		 		4x(Ng-1)		2x(Ng-1)xS		log2(L1xL2)xS		2xS		4x(Ng-1)-2-log2(Ng)		2x(Ng+1)		6xNg-4-log2(Ng)

				rank 2		log2(N1xN2xO1xO2/(s1xs2))		2		 		4x(Ng-1)		2x(Ng-1)xS		log2(L1xL2)xS		S		4x(Ng-1) -log2(Ng)		2xNg+1		6xNg-3-log2(Ng)

				rank 3		log2(N1xN2xO1xO2)		2		 		4x(Ng-1)		2x(Ng-1)xS				S		4x(Ng-1)+2-log2(Ng)		2xNg-1 		6xNg-3-log2(Ng)

				rank4		log2(N1xN2xO1xO2)		2		 		4x(Ng-1)		2x(Ng-1)xS				S		4x(Ng-1)+2-log2(Ng)		2xNg-1 		6xNg-3-log2(Ng)

						wideband feedback

						subband feedback

				 		               N/A

				S		number of subbands

				Ng		number of panels
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Port selection (D)
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PAPR preserving (E )

Rel-10 UL codebook, see 

Appendix B
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codebook, see 

Appendix B

8
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codebook, 

see 

Appendix B
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codebook, 

see 

Appendix B
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