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[bookmark: _GoBack]Introduction
In RAN1#90, the following agreements were reached on codebook based uplink MIMO:
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”
[image: ]
· 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 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


[bookmark: _Ref178064866]In this contribution, we address a variety of UL MIMO codebook remaining issues, including the design of 4 port UL MIMO codebooks, the amount of TPMI, TRI, and SRI overhead that may be available for UL MIMO, how TPMI, TRI, and SRI can be encoded, the benefit of frequency selective precoding, whether TPMI should be persistent, whether TPMI or SRI should be used for antenna selection, the number of ports and layers UL SU-MIMO and the codebook should be designed for, as well as support for non-coherent transmission through the use of multiple SRI and/or TPMI. Link level simulation results investigating the gains of the various precoding designs are given.  
Discussion
Wideband and frequency selective TPMI
The primary driver for TPMI overhead is whether wideband or frequency selective TPMI is supported.  While wideband TPMI has been agreed for DFT-S-OFDM with 2 Tx ports, this is still an open issue for other configurations, there is no clear mutual understanding in RAN1 of how much TPMI overhead can be used, and the support for wideband vs. subband TPMI is a key aspect to resolve.  Therefore, we first examine what TPMI overhead might be reasonably carried in PDCCH and then consider upper bounds on what gain might be possible from frequency selective precoding.
TPMI overhead limitations
Signaling to support codebook based frequency selective precoding on uplink and downlink are fundamentally different.  In the downlink, TPMI signaling can be avoided, since the UE can determine the effective channel by measuring DMRS.  However, in codebook based UL MIMO, the UE must be aware of the precoding desired by the gNB, and so must be signaled with TPMI.  
A second difference between uplink and downlink precoding is that UCI payloads can be a wide variety of sizes, while a UE is configured for only a small number of DCI formats with fixed sizes. Therefore, PMI for DL MIMO can have a wide variety of sizes, while TPMI for UL MIMO should preferably have a fixed size.  We note that two stage DCI signaling is possible to carry additional overhead, but such two stage designs would significantly complicate NR control signaling in general, and in our view are not preferred in at least a first version of NR.  Furthermore, two stage DCI has been deferred until single stage DCI is complete, and so it seems unlikely at this late stage that two stage DCI will be specified in Rel-15.
A final observation is that NR PDCCH should have the same coverage as LTE PDCCH, and therefore the format sizes should be similar. This can be used as a rough guide for TPMI sizes for NR UL MIMO. We note that up to 6 bits are used for 4 Tx precoding and rank indication and that 5 bits are used for MCS of a second transport block, with 1 bit for a new data indicator. Therefore, a total of 12 bits for all of TPMI, SRI, and TRI would have a consistent amount of overhead relative to LTE with respect to UL MIMO operation.  
[bookmark: _Toc490252212]Observation:
· Roughly 10 DCI bits for all of TPMI, SRI, and TRI can be used as a starting point for NR UL MIMO codebook design
Performance of wideband and subband TPMI
The number of bits needed for frequency selective TPMI tends to be proportionate to the number of subbands.  In this section, we present link level simulation results comparing the gains of subband TPMI-based transmission to that using wideband transmission. The performance of the Rel-8 two port codebook an example codebook with non-constant modulus elements are shown.  Rank 1 precoding is used, since this is where the greatest precoding gains tend to be, and so can evaluate the maximum merit of subband TPMI.  A CDL-A channel with 300ns delay spread was used, with a 20 MHz carrier at 3.5 GHz.  We use MCS 1 from the CQI table (rate 0.074 QPSK) as an example. Additional simulation details are in the Appendix.  As link level simulations are used, system level considerations such as inter-UE interference are not captured in our performance comparison. Ideal channel estimation is used.  Consequently, the results can be considered as upper bounds on the gains of frequency selective precoding when used with realistic codebook structures. 
The results are shown in Figure 1 below.  We observe about 1.9 and 2.3 dB gain at 10% BLER for the Rel-8 and non-constant modulation codebooks respectively, when a single wideband precoder is used.  When subband precoding is used, the gains rise to 2.4 and 2.9 dB, respectively, for the Rel-8 and non-constant modulus codebooks.  Therefore, the gain from non-constant modulation is relatively constant at 0.5-0.6 dB regardless of whether wideband or subband precoding is used.  Furthermore, even with extremely heavy subband precoding using 13 subbands in 20 MHz and 26 bits TPMI, we find that subband precoding with constant modulus precoding performs within 0.1 dB of wideband constant modulus precoding requiring 4 bits.  We also note that this is consistent with prior results using idealized SNR comparisons in system level models of both a single panel array at 2 GHz [1] and a multi-panel array at 28 GHz [2], where the gains from frequency selective constant modulus precoding were essentially the same as those from wideband non-constant modulus precoding.
[image: ]
[bookmark: _Ref490074457]Figure 1: Subband vs. Wideband Precoding for Rel-8 and Non-Constant Modulus Codebooks
Additional results for 4 port operation and with 8 PRBs per subband are shown in Figure 2 below.  The remaining simulation conditions are the same as for Figure 1.  We observe more than 4 dB gain for both the Rel-8 and non-constant modulus codebooks, and about 0.4 dB gain from non-constant operation.  Therefore, the use of non-constant modulus operation is helpful when 4 ports are used, as well as for 2 port.
[image: ]
[bookmark: _Ref490076308]Figure 2: Rel-8 vs. Non-Constant Modulus Codebook with 4 Ports
[bookmark: _Toc490080433][bookmark: _Toc490081559][bookmark: _Toc490080434][bookmark: _Toc490081560][bookmark: _Toc490080435][bookmark: _Toc490081561][bookmark: _Toc490080436][bookmark: _Toc490081562][bookmark: _Toc490080437][bookmark: _Toc490081563][bookmark: _Toc490080438][bookmark: _Toc490081564][bookmark: _Toc490080439][bookmark: _Toc490081565][bookmark: _Toc490080440][bookmark: _Toc490081566][bookmark: _Toc490080441][bookmark: _Toc490081567][bookmark: _Toc485287595][bookmark: _Toc485287747][bookmark: _Toc485288046][bookmark: _Toc485290989][bookmark: _Toc485291224][bookmark: _Toc485291253][bookmark: _Toc485287596][bookmark: _Toc485287748][bookmark: _Toc485288047][bookmark: _Toc485290990][bookmark: _Toc485291225][bookmark: _Toc485291254][bookmark: _Toc485287597][bookmark: _Toc485287749][bookmark: _Toc485288048][bookmark: _Toc485290991][bookmark: _Toc485291226][bookmark: _Toc485291255][bookmark: _Toc485287598][bookmark: _Toc485287750][bookmark: _Toc485288049][bookmark: _Toc485290992][bookmark: _Toc485291227][bookmark: _Toc485291256][bookmark: _Toc490252213]Observation:
· Gains from subband TPMI with practical numbers of bits in realistic channels may be modest.   Link level simulations in 20 MHz at 3.5 GHz show that a wideband 4 bit codebook can provide nearly identical performance to subband reporting with 26 bits.  The same observations have been made for ideal codebooks at 2 GHz [1] as well as multi-panel operation at 28 GHz [2].
Based on the simulation results presented in this contribution, we propose the following
Proposals:
· [bookmark: _Toc481744760][bookmark: _Toc481755636][bookmark: _Toc481755897][bookmark: _Toc481756483][bookmark: _Toc481756657][bookmark: _Toc481756685][bookmark: _Toc485287609][bookmark: _Toc485287761][bookmark: _Toc485288060][bookmark: _Toc485291003][bookmark: _Toc485291238][bookmark: _Toc485291267][bookmark: _Toc485386682][bookmark: _Toc490079210][bookmark: _Toc490080452][bookmark: _Toc490081577][bookmark: _Toc490082207][bookmark: _Toc490082420][bookmark: _Toc490248181][bookmark: _Toc490252219]Whether subband TPMI is needed is FFS 
· [bookmark: _Toc490080453][bookmark: _Toc490081578][bookmark: _Toc481744762][bookmark: _Toc481755638][bookmark: _Toc481755899][bookmark: _Toc481756485][bookmark: _Toc481756659][bookmark: _Toc481756687][bookmark: _Toc485287611][bookmark: _Toc485287763][bookmark: _Toc485288062][bookmark: _Toc485291005][bookmark: _Toc485291240][bookmark: _Toc485291269][bookmark: _Toc485386684][bookmark: _Toc490079212][bookmark: _Toc490080454][bookmark: _Toc490081579][bookmark: _Toc490082208][bookmark: _Toc490082421][bookmark: _Toc490248182][bookmark: _Toc490252220]Non-constant modulus transmission in codebook based operation is considered as an alternative to subband TPMI for UL MIMO
UL codebook structure
General considerations and number of SRS ports
A number of optimizations are possible for UL codebook design. Since both DFT-S-OFDM and CP-OFDM are to be supported for the uplink, one could design codebooks for both sets of waveforms.  Multi-stage or single stage codebooks could be supported according to channel conditions and the amount of UL overhead that can be tolerated.  Cubic metric preserving codebooks, or those with non-constant modulus elements could be configured to allow some potential power saving vs. performance tradeoffs, and so on.  Therefore, it is desirable to start with a simple, robust design as a baseline, and to add codebooks one-by-one after their performance gains, complexity benefits, and use cases are established.
Optimizations should keep in mind the use cases of UL MIMO.  The primary goal of multiple Tx chains in a UE is generally SU-MIMO, since it allows a higher peak rate that an end user can benefit from having.  System capacity gains are more likely to be from uplink sectorization and/or MU-MIMO, since gNBs tend to have more (perhaps many more) receive antennas.  It is not possible to set cell coverage based on multiple Tx antenna ports if multiple Tx antenna ports is a UE capability as well as due to UE implementation considerations and other reasons.  Therefore multiple UE antennas are not an effective way in general to increase range.  In short, designs should focus on getting the most ‘bang for the buck’ out of the DCI bits possible, and using simple schemes.
Observation:
· [bookmark: _Toc490252215]A wide variety of codebooks could be designed for CP-OFDM vs. DFT-S-OFDM, CM preserving vs. non-constant modulus, single stage vs. multi-stage, etc.
Proposal:
· [bookmark: _Toc481337242][bookmark: _Toc481744763][bookmark: _Toc481755640][bookmark: _Toc481755900][bookmark: _Toc481756486][bookmark: _Toc481756660][bookmark: _Toc481756688][bookmark: _Toc485287612][bookmark: _Toc485287764][bookmark: _Toc485288063][bookmark: _Toc485291006][bookmark: _Toc485291241][bookmark: _Toc485291270][bookmark: _Toc485386685][bookmark: _Toc490079213][bookmark: _Toc490080455][bookmark: _Toc490081580][bookmark: _Toc490082209][bookmark: _Toc490082422][bookmark: _Toc490248183][bookmark: _Toc490252221]Prioritize the design of a robust, simple, codebook as a baseline, and add other codebooks according to their gain, complexity, and use case.
As discussed above, UL MIMO design is primarily motivated by peak rate.  NR requires a peak spectral efficiency of 15 bps/Hz on the uplink, and this can be met with four 64 QAM MIMO layers each with a code rate of 5/8.  Therefore, although NR Rel-15 does support 8 SRS and DMRS ports, there does not seem to be a need for 8 SU-MIMO layers nor a codebook to support 8 SRS ports at least in a first release of NR.  However, 8 port codebooks can be relatively easily added in later releases since 8 port SRS and DMRS are already defined.  
Observation:
· [bookmark: _Toc490252216]4 layer SU-MIMO can meet NR peak spectral efficiency requirements [4] of 15 bps/Hz 
Proposal:
· [bookmark: _Toc481755641][bookmark: _Toc481744764][bookmark: _Toc481755901][bookmark: _Toc481756487][bookmark: _Toc481756661][bookmark: _Toc481756689][bookmark: _Toc485287613][bookmark: _Toc485287765][bookmark: _Toc485288064][bookmark: _Toc485291007][bookmark: _Toc485291242][bookmark: _Toc485291271][bookmark: _Toc485386686][bookmark: _Toc490079214][bookmark: _Toc490080456][bookmark: _Toc490081581][bookmark: _Toc490082210][bookmark: _Toc490082423][bookmark: _Toc490248184][bookmark: _Toc490252222]Rel-15 NR supports at most 4 layers for SU-MIMO transmission and codebooks.
Codebook structure alternatives and 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 (where each antenna arrangement, e.g. a single antenna element or a panel, is assumed to be connected to one baseband port) 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. The DL DFT-based codebooks which are based on a uniform linear array of antenna elements or subarrays, with equally spaced antenna elements, may not be sufficient for UEs. 
Observation:
· To support full UE antenna implementation freedom, NR codebook should be designed considering a wide variety of UE antenna configurations and channel conditions.
We compare the performance of additional codebook configurations and at higher ranks below.  Here the Rel-10 4 port UL MIMO codebook and the Rel-8 DL codebook are compared.  Single antenna port for rank 1 and non-precoded transmission for ranks 2 and 3 (where the first 2 or 3 ports are used without precoding across the ports, i.e. a 2x2 or 3x3 identity matrix is used) are shown for reference.  MCS 1 is used, and the other simulation conditions are the same as those used above.  We observe that the performance of the Rel-10 UL codebook and the Rel-8 DL codebook are close for all ranks, especially for ranks 1 and 2.  Given the close performance of the Rel-8 DL and Rel-10 UL codebooks, it appears that it may be difficult to find new constant modulus codebooks with substantial gain over the existing LTE UL codebook. However, as observed above, non-constant modulation can provide some gains.
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Observations:
· Constant modulus codebooks providing substantial gain over the LTE 4 port UL codebook may be difficult to find.
Diagonal precoding matrices
One remaining detail of the 2 Tx codebook is if the diagonal precoding matrix for rank 2 (TPMI index ‘2’ for rank 2) is used with TPMI.  This matrix is expected to improve performance, especially for dual polarized UE antenna setups under line of sight conditions.  A second use for such a diagonal precoding matrix is to support non-coherent transmission, as it can indicate power allocation across layers as well as that the layers are not combined.  Noting its use for both 2 and 4 antennas in the LTE UL codebook, and the need for non-coherent transmission on 4 as well as two ports, the diagonal matrix seems equally useful for 4 ports.
Key Proposal:
· The following diagonal precoding matrices are included in the 2 port UL MIMO codebook for rank 2 and in the 4 port UL MIMO codebook for rank 4, respectively:
· 

2 port rank 2:, 4 port rank 4:
Non-coherent transmission
UE capability supporting non-coherent transmission for NR UL-MIMO was agreed in RAN1#90.  However, it was left FFS if UE capability identifies if coherent transmission is supported on all of, vs. none of, vs. on a subset, of its transmit chains.  We consider these alternatives further below.
There are 4 possibilities for complete and partial non-coherent transmission: 
1. The UE does not support coherent transmission between any SRS ports.
In such a case, the UE transmits a different modulation symbol on each of its transmit chains, and the relative phase of the transmit chains is not adjusted.  Therefore, TPMI is not needed, but mechanisms to determine the rank are.  

If there is more than one port in the SRS resource(s) indicated by SRI, and TPMI is not indicated, it is still necessary to determine the power transmitted on each layer as well as the rank.  One mechanism to determine the power is to define a default diagonal precoding matrix with equal power split across all layers.  The total rank can be indicated by a sum of RIs, or simply the sum of one port resources if SRIs indicate one port resources.

2. The UE can transmit coherently between SRS ports in an SRS resource, but not across SRS resources.
An example of this operation could be where a UE has two dual-polarized panels, where each panel corresponds to an SRS resource.  The two antenna ports within a panel are calibrated with respect to each other, but the antenna ports corresponding to different panels are not calibrated with respect to each other. In this case, it would be preferred to coherently transmit within a panel (where each panel is corresponding to one SRS resource) and non-coherently transmit between the panels. 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.

3. The UE can transmit coherently only between subsets of SRS ports in an SRS resource
The two panel setup above could be used, except that one SRS resource is used for both panels.  Such a design would require indicating combinations of SRS ports that could be coherently transmitted together, and codebook structures supporting partial coherency would need to be designed.  Consequently, this configuration does not seem beneficial to support.

4. The UE cannot coherently transmit within an SRS resource, but can across SRS resources.
This configuration does not seem too useful, since one of the main benefits is to select which SRS resources to transmit. Selecting a resource means that it can’t be coherently combined.
[bookmark: _Toc490079215][bookmark: _Toc490080457][bookmark: _Toc490081582][bookmark: _Toc490082211][bookmark: _Toc490082424][bookmark: _Toc490248185][bookmark: _Toc490252223]Key Proposals:
· Non-coherent transmission between all SRS ports or between SRS resources is supported
· Non-coherent transmission on all ports in the SRS resources signaled by multiple SRI is supported.
· [bookmark: _Toc490079216][bookmark: _Toc490080458][bookmark: _Toc490081583][bookmark: _Toc490082212][bookmark: _Toc490082425][bookmark: _Toc490248186][bookmark: _Toc490252224]Multiple TPMIs can be signaled to allow non-coherent transmission over SRS ports belonging to different SRS resources.
Single shot vs. persistent TPMI
The two alternatives from RAN1#88bis below have fundamental implications on whether TPMI is persistent over time.
· 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

In Alternative 1, TPMI applies only to a PUSCH transmission.  This means that there is no interdependence or accumulation of TPMI between subframes, i.e. TPMI is ‘single shot’.  Allowing TPMI to be persistent could be used to reduce overhead, e.g. in multi-stage codebooks where a long term ‘W1’ is signaled less frequently than a short term ‘W2’.  Similarly, different TPMIs in different subframes could apply to different subbands.  However, if or how much overhead can be saved depends on channel characteristics and how many PUSCH transmissions a UE makes.  
Furthermore, TPMI only applies to PUSCH, rather than other signals, such as SRS.  This is in contrast to alternative 2, which allows precoded SRS controlled by TPMI, since the TPMIs can apply to all PRBs in UL, not just the PUSCH.  Since eNB knows the TPMI, and has either non-precoded SRS or DMRS, eNB should be able to determine the composite channel after precoding, and there is no benefit from e.g. interference estimation or power control perspectives.  Furthermore, multiple SRS resources can be used to track the beamforming gain of Tx chains.  Consequently, the need for TPMI control of SRS precoding should be further studied.
Finally, it is unclear if Alt 2 applies outside of a bandwidth part.  If Alt 2. Is further considered, this should be addressed.

[bookmark: _Toc481755903][bookmark: _Toc481756489][bookmark: _Toc481756663][bookmark: _Toc481756691][bookmark: _Toc485287615][bookmark: _Toc485287767][bookmark: _Toc485288066][bookmark: _Toc485291009][bookmark: _Toc485291244][bookmark: _Toc485291273][bookmark: _Toc485386688][bookmark: _Toc490079218][bookmark: _Toc490080460][bookmark: _Toc490081584][bookmark: _Toc490082213][bookmark: _Toc490082426][bookmark: _Toc490248187][bookmark: _Toc490252225][bookmark: _Toc481337243][bookmark: _Toc481744766][bookmark: _Toc481755643]Proposal:
· A variation of Alt 1 from RAN1#88bis is supported for at least wideband TPMI and single stage codebook: TPMI is signaled via DCI to the UE only for allocated PRBs for a given PUSCH transmission 

Uses of SRI with TPMI
Since antenna patterns, orientations, and polarization behavior will vary widely in UEs, it is not practical to develop models specifically for multi-panel UEs.  However, codebook designs that support uncorrelated elements can provide gains across a wide variety of antenna configurations.  Therefore, a sufficiently robust single panel design could be used in the multi panel case.  
Observation:
· Robust single panel designs can be used for multi-panel applications
Proposal:
· UL codebook design targets single panel operation; multi-panel operation is supported with the single panel design
It is natural to transmit from different panels on different SRS resources, since spatial characteristics of elements in panels are likely to be different between panels.  However, it can also be beneficial to transmit simultaneously on multiple panels to produce a higher rank, a more directive transmission, and/or to combine transmit power from multiple power amplifiers, as discussed 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 panels, and that the two antenna ports within a panel are calibrated with respect to each other, but the antenna ports corresponding to different panels are not calibrated with respect to each other. In this case, it would be preferred to do coherent transmission within a panel (where each panel is corresponding to one SRS resource) and non-coherent transmission between the panels. 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.
Key Proposals:
· 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 resource.
It was agreed in RAN1#90 that NR will support antenna port selection using either TPMI or SRI.  Selection with TPMI can be accomplished by using N port precoding matrices containing fewer than N non-zero entries per column, such as PMIs 4 and 5 in the agreed 2 port codebook from RAN1#90.  SRI can select antenna ports by indicating a subset of the SRS resources configured for the UE.  We consider these two alternatives below.
For two ports, if SRS selection is used, then two different one port SRS resources are configured. 3 SRI states are possible: the first or second port is used, or both are used.  If one port is used, there is no corresponding TPMI state and the TRI is equal to one.  If both ports/resources are used, there are 7 matrices using both antenna ports: 4 for rank 1 and 3 for rank 2.  Therefore, SRI can be jointly encoded with TPMI/TRI in a total of 9 states and therefore 4 bits.  This is identical to when TPMI is used for selection in one 2 port SRS resource.  If SRI and TPMI/TRI are not jointly encoded, two bits for SRI and 3 bits for TPMI/TRI would be needed for a total of 5 bits.
For 4 ports, if SRS selection is used, then either two 2 port SRS resources or four 1 port SRS are configured.  In the 4 resource case, 1, 2, or 4 ports can be selected.  Here, we presume a 3 port codebook is not defined as that would take significant specification effort, and since the benefit of such a codebook has not yet been studied.  The number of SRI states needed to select 1, 2, or 4 ports from 4 total ports is 4, 6, and 1.  If we use the agreed 2 port codebook without the rank 1 selection vectors and the Rel-10 4 port codebook without its selection vectors, then the total number of states for jointly encoded SRI/TMPI/TRI is 91, or 7 bits.  We note that if SRI is independently encoded from TPMI/TRI in this case 10 bits are needed (4 bits for the 11 SRI states and 6 bits for TPMI/TRI), resulting a 43% increase in overhead for this field.
Table 1: SRI, TPMI, and TRI Overhead with SRI Selecting from 4 one port SRS resources
	# Selected 
SRS Resources
	SRI States
	TPMI/TRI States
	TPMI/TRI &
SRI States

	1
	4
	0
	4

	2
	6
	7
	42

	4
	1
	45
	45

	Total
	11 (4 bits)
	52 (6 bits)
	91 (7 bits)



For the 2 two port resource case, either or both of the resources can be selected, and the same 2 or 4 port codebooks can be used.  This results in 59 total states for TPMI/TRI/SRI, or 6 bits.  Separate TPMI/TRI and SRI encoding would require 6+2=8 bits, or a 33% overhead increase as compared to joint encoding.
Table 2: SRI, TPMI, and TRI Overhead with SRI Selecting from 2 two port SRS resources
	# Selected 
SRS Resources
	SRI States
	TPMI/TRI States
	TPMI/TRI &
SRI States

	1
	2
	7
	14

	2
	1
	45
	45

	Total
	3 (2 bits)
	52 (6 bits)
	59 (6 bits)



Considering an 8 SRS resource case now with 1, 2, or 4 ports per SRS resource, it is possible to use 9 to 12 bits to jointly encode SRI/TPMI/TRI. 
Table 3: SRI, TPMI, and TRI Overhead with SRI Selecting from 8 {1, 2, or 4} port SRS resources
	#SRS Resources x
# SRS ports
	# Selected 
SRS Resources
	SRI States
	TPMI/TRI States
	TPMI/TRI &
SRI States

	8 x 1
	1
	8
	0
	8

	8 x 1
	2
	28
	7
	196

	8 x 1
	4
	70
	45
	3150

	Total
	
	106 (7 bits)
	52 (6 bits)
	3354 (12 bits)

	8 x 2
	1
	8
	7
	56

	8 x 2
	2
	28
	45
	1260

	Total
	
	36 (6 bits)
	52 (6 bits)
	1316 (11 bits)

	8 x 4
	1
	8
	45
	360

	Total
	
	8 (3 bits)
	45 (6 bits)
	360 (9 bits)



For more than 4 ports, it is similarly possible to describe an N port codebook using only TPMI/TRI bits, wherein at most 1, 2, or 4 elements of the codebook are nonzero.  However, using an N port codebook when only a subset of the ports are actually used is at best awkward, does not scale with the number of SRS resources / panels, and is not forward compatible if the number of supported SRS resources / panels increases.  Which combinations of ports are supported in the codebook would need to be specifically identified, and these will either be a subset of what can be accomplished using SRI(s), or match exactly what SRI(s) can select.  Determining the subset of ports selected for the many SRS ports that can be supported with multiple SRI will require substantial design effort and specification work.  If the full set of combinations is possible, antenna port selection becomes separable from the codebook design, and is much simpler to express with a fixed set of codebooks without port selection combined with antenna port selection.  
Observations:
· If SRI, TPMI, and TRI are jointly encoded, the overhead needed for selection if the selection PMIs are within a codebook or if SRI is used for SRS resource selection can be identical.
· The overhead is generally larger if they are not jointly encoded, in some cases as much as 43% larger.
· Joint encoding of SRI, TPMI, and TRI can be accomplished with 12 bits or less for up to 8 SRS resources
· Defining a port selection mechanism on top of multiple SRI signaling is 
· Redundant specification effort.
· The use of multiple SRI has been agreed for non-codebook based and codebook based precoding already.
· Not scalable with the number of SRS resources, nor forward compatible
· Rather counter intuitive for larger numbers of ports:
· Why define an N port codebook when only M<N ports is ever non zero?
Key Proposals:
· SRI selects and/or aggregates ports
· 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
· Precoding matrices for N ports contain at least N non-zero entries
· TPMI, TRI, and SRI are jointly encoded
Conclusions
This contribution has considered a variety of UL MIMO codebook related topics, including the design of 4 port UL MIMO codebooks, the amount of TPMI, TRI, and SRI overhead that may be available for UL MIMO, how TPMI, TRI, and SRI can be encoded, the benefit of frequency selective precoding, whether TPMI should be persistent, whether TPMI or SRI should be used for antenna selection, the number of ports and layers UL SU-MIMO and the codebook should be designed for, as well as support for non-coherent transmission through the use of multiple SRI and/or TPMI.  Link level simulation results investigating the gains of subband precoding, and various codebook designs were presented.  Given the results and analysis, we made the following observations:
Observations:
· Roughly 10 DCI bits for all of TPMI, SRI, and TRI can be used as a starting point for NR UL MIMO codebook design
· Gains from subband TPMI with practical numbers of bits in realistic channels may be modest.   Link level simulations in 20 MHz at 3.5 GHz show that a wideband 4 bit codebook can provide nearly identical performance to subband reporting with 26 bits.  The same observations have been made for ideal codebooks at 2 GHz [1] as well as multi-panel operation at 28 GHz [2].
· A wide variety of codebooks could be designed for CP-OFDM vs. DFT-S-OFDM, CM preserving vs. non-constant modulus, single stage vs. multi-stage, etc.
· To support full UE antenna implementation freedom, NR codebook should be designed considering a wide variety of UE antenna configurations and channel conditions.
· Robust single panel designs can be used for multi-panel applications
· Non-constant modulus codebooks can provide incremental gain over both LTE Rel-8 downlink and Rel-10 uplink codebooks.
· Constant modulus codebooks providing substantial gain over the LTE 4 port UL codebook may be difficult to find.
· If SRI, TPMI, and TRI are jointly encoded, the overhead needed for selection if the selection PMIs are within a codebook or if SRI is used for SRS resource selection can be identical.
· The overhead is generally larger if they are not jointly encoded, in some cases as much as 43% larger.
· Joint encoding of SRI, TPMI, and TRI can be accomplished with 12 bits or less for up to 8 SRS resources
· Defining a port selection mechanism on top of multiple SRI signaling is 
· Redundant specification effort.
· The use of multiple SRI has been agreed for non-codebook based and codebook based precoding already.
· Not scalable with the number of SRS resources, nor forward compatible
· Rather counter intuitive for larger numbers of ports:
· Why define an N port codebook when only M<N ports is ever non zero?
· 4 layer SU-MIMO can meet NR peak spectral efficiency requirements [4] of 15 bps/Hz 
We therefore make the following proposals, where the ‘key’ proposals should be addressed first, in the order shown.

Key Proposals:
· SRI selects and/or aggregates ports
· 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
· Precoding matrices for N ports contain at least N non-zero entries
· TPMI can apply to aggregated SRS Resources indicated by multiple SRI(s) to allow coherent transmission over SRS ports corresponding to multiple SRS resources.
· Non-coherent transmission between all SRS ports or between SRS resources is supported
· Non-coherent transmission on all ports in the SRS resources signaled by multiple SRI is supported.
· 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
· The following diagonal precoding matrices are included in the 2 port UL MIMO codebook for rank 2 and in the 4 port UL MIMO codebook for rank 4, respectively:
· 

2 port rank 2:, 4 port rank 4:
Proposals:
· Whether subband TPMI is needed is FFS 
· Non-constant modulus transmission in codebook based operation is considered as an alternative to subband TPMI for UL MIMO
· Prioritize the design of a robust, simple, codebook as a baseline, and add other codebooks according to their gain, complexity, and use case.
· UL codebook design targets single panel operation; multi-panel operation is supported with the single panel design 
· A variation of Alt 1 from RAN1#88bis is supported for at least wideband TPMI and single stage codebook: TPMI is signaled via DCI to the UE only for allocated PRBs for a given PUSCH transmission 
Rel-15 NR supports at most 4 layers for SU-MIMO transmission and codebooks.
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Appendix: Simulation Parameters
	Parameter
	Value

	Channel Model
	TR38900_5G_CDL_A

	UE Tx x gNB Rx Antennas
	2x2, 4x4; cross polarized elements

	Subcarrier Spacing
	15 kHz

	UE speed
	3km/h

	Delay spread
	300 ns

	Transmission Slot Length
	14 symbols

	Channel estimation
	Ideal

	Link Adaptation
	Disabled
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