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Introduction
Agreements from RAN1#88 and RAN1#88bis for UL MIMO codebook structure can be summarized as:
· NR supports UL-MIMO scheduling by DCI, which includes at least some of
· Indication of an SRS resource (SRI) which has been transmitted by this UE in previous time instance
· Each configured SRS resource is associated with at least one UL Tx beam/precoder
· No SRI when a single SRS resource is configured
· Transmit Rank indicator (TRI)
· Possible values are up to the number of SRS ports configured in the indicated SRI
· Wideband transmit PMI (TPMI)
· The TPMI is used to indicate preferred precoder over the SRS ports in the selected SRS resource by the SRI.
· FFS: Possible PMs depend on the number of SRS ports configured in the indicated SRI
· FFS: whether to allow the existence of this field for non-codebook-based UL-MIMO transmission
· FFS: Subband TPMI 
· Support indication on selection of multiple SRS resources 
· FFS details
· 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 this contribution, we discuss a variety of UL MIMO codebook related topics related to the above issues, including definitions of codebook based UL transmission and non-codebook based UL transmission, the design of UL MIMO codebooks, the amount of TPMI overhead that may be available to support them, the benefit of frequency selective precoding, whether TPMI should be persistent, and the number of ports and layers UL SU-MIMO and the codebook should be designed for. Simulation results investigating the upper bounds of precoding gains for 2 and 4 ports at 2 and 28 GHz are provided.  In our companion contribution [1] we further elaborate on Non-codebook based UL transmission.
[bookmark: _Ref178064866]Discussion
Non-codebook and codebook based UL transmissions
Codebook based UL transmission and Non-codebook based UL transmission have been mentioned in previous agreements, but the definition of them has not yet been clarified. This paper aims to define the two transmission schemes and elaborate a bit more in detail about the Codebook based UL transmission scheme. The Non-codebook based UL transmission scheme will be further discussed in [1]. 
As mentioned in previous agreements, UEs can transmit one or several SRS resources where each SRS resource can contain one or several SRS ports. The TRP can then signal an SRS resource indicator (SRI) to indicate an SRS resource to the UE, and in case of multiple SRS ports within each SRS resource the TRP can use a codebook to evaluate a preferred precoder to be applied over these SRS ports, and signal the corresponding transmission precoding matrix indicator (TPMI) to the UE. 
Non-codebook based UL transmission is defined as the case where each SRS resource only contains a single SRS port. For this case, the TRP will only report SRIs to the UE (i.e. no TPMI is needed).
Codebook based UL transmission is defined as when an SRS resource contains multiple SRS ports. In case of multiple SRS resources an SRI is used to select SRS resource. TPMI is used to indicate preferred precoder over the SRS ports in the selected SRS resource. 
[bookmark: _Toc481337236][bookmark: _Toc481744756][bookmark: _Toc481755632][bookmark: _Toc481755893][bookmark: _Toc481756479][bookmark: _Toc481756653][bookmark: _Toc481756681]Non-codebook based UL transmission can use SRI(s) to feedback which single-port SRS resource(s) the UE should use.
[bookmark: _Toc481337237][bookmark: _Toc481744757][bookmark: _Toc481755633][bookmark: _Toc481755894][bookmark: _Toc481756480][bookmark: _Toc481756654][bookmark: _Toc481756682]For codebook based UL transmission, each SRS resource contains more than one SRS port.
[bookmark: _Toc481337238][bookmark: _Toc481744758][bookmark: _Toc481755634][bookmark: _Toc481755895][bookmark: _Toc481756481][bookmark: _Toc481756655][bookmark: _Toc481756683]Codebook based UL transmission can use SRI, in case of multiple SRS resources, to select a single SRS resource.
[bookmark: _Toc481337239][bookmark: _Toc481744759][bookmark: _Toc481755635][bookmark: _Toc481755896][bookmark: _Toc481756482][bookmark: _Toc481756656][bookmark: _Toc481756684]Codebook based UL transmission uses TPMI from a codebook to feedback precoders to apply over SRS ports for the SRS resource.

Wideband and frequency selective TPMI
The primary driver for TPMI overhead is whether wideband or frequency selective TPMI is supported.  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 considerations
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.

Another difference is that UCI can be carried on a wide variety of PUCCH formats as well as PUSCH, which allows UCI to adapt according to coverage requirements.  While PDCCH supports compact and larger DCI formats to allow for different coverage conditions, there is considerably less flexibility.  

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 11 bits for all of TPMI, SRI, and RI would have a consistent amount of overhead relative to LTE with respect to UL MIMO operation.  

[bookmark: _Toc481758035]Roughly 10 DCI bits for all of TPMI, SRI, and RI 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 high level simulation results comparing the ideal array gains of rank 1 subband TPMI-based transmission to that using wideband transmission. The upper and lower bound performances are evaluated by ideal closed loop (CL) MIMO based on the SVD of subband correlation matrices and an ideal transmit diversity (TXD) scheme. For a performance comparison, we also evaluated the Rel.8 codebook and an example codebook with non-constant modulus elements.  Rank 1 precoding is used, since this is where the greatest gains tend to be, and so can serve as an initial check on the merits of subband TPMI.  The plots shown in this contribution are obtained by using the channel realizations extracted from the system-level simulators with the 3GPP evaluation assumptions to model a single link. Therefore, system level considerations such as ‘flashlight effects’ 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.
In Figure 1 and 2, we show our evaluation results for rank 1 transmission over 2 port case with channel bandwidth of 10MHz, respectively, at the frequencies of 2GHz and 28GHz. In these simulations, four different subband sizes are compared, namely 1 PRB, 6 PRBs, 6 RPBs and 24 PRBs per subband in addition to the wideband transmission, assuming 48 PRBs in total, which is depicted in different curves in the same color in the figures. 
From these results, we observe that the maximum (essentially theoretical) gain up to 0.6 dB is achievable by subband TPMI-based transmission over wideband transmission with one PRB subband size.  More realistic numbers of subbands, such as 2 or 4 subbands, produce on the order of 0.15 to 0.3 dB median gain.  
Comparing codebooks, it can be seen that the example codebook tends to notably outperform the Rel-8 codebook, often having a median gain that is on the order of 0.3dB.  The wideband example codebook with an overhead of 3 bits actually tends to outperform the Rel-8 codebook even when the Rel-8 codebook uses 8 bits over 4 subbands.   We expect the gains of the example codebook are largely due to its use of non-constant modulus elements, and so conclude that a larger codebook with non-constant modulus elements may be a better performing solution than using more subbands with a Rel-8 (constant modulus) codebook. 
[image: ][image: ]
Figure 1 Performance Comparison in terms of achievable channel gains between different transmit schemes and different codebooks	for rank1 transmission over 2 ports at frequency 2 GHz
[image: ][image: ]
Figure 2 Performance Comparison in terms of achievable channel gains between different transmit schemes and different codebooks for rank1 transmission over 2 ports at frequency 28 GHz

The simulation results for rank-1 transmission over 4 port cases are provided in Figure 3 and 4. Similar observations can be made for these 4 port cases.  In particular, we see that the gain from practical numbers of subbands in frequency selective precoding is again a few tenths dB.  However, since 4 port codebooks are larger than 2 port codebooks, TPMI overhead for 4 port subband precoding to reach the same gains as for 2 port subband precoding is much larger.  Therefore, subband TPMI seems less motivated for 4 ports than for 2 ports.

[image: ][image: ]
Figure 3 Performance Comparison in terms of achievable channel gains between different transmit schemes and different codebooks	for rank1 transmission over 4 ports at frequency 2 GHz
[image: ][image: ]
Figure 4 Performance Comparison in terms of achievable channel gains between different transmit schemes and different codebooks for rank1 transmission over 4 ports at frequency 28 GHz
[bookmark: _Toc481758036]Gains from subband TPMI with practical numbers of bits in realistic channels may be modest.   For example, for both 2 and 4 ports at 2 and 28 GHz, we observed on the order of 0.15-0.3 dB median gain in UMa.
[bookmark: _Toc481758037]Increasing codebook size and using non-constant modulus elements can provide similar or better gains than increasing subband size.
Based on the simulation results presented in this contribution, we propose the following
[bookmark: _Toc481744760][bookmark: _Toc481755636][bookmark: _Toc481755897][bookmark: _Toc481756483][bookmark: _Toc481756657][bookmark: _Toc481756685]Whether subband TPMI is needed is FFS 
[bookmark: _Toc481755637][bookmark: _Toc481755898][bookmark: _Toc481756484][bookmark: _Toc481756658][bookmark: _Toc481756686]The value of X is not determined by UL MIMO subband precoding gains
[bookmark: _Toc481744762][bookmark: _Toc481755638][bookmark: _Toc481755899][bookmark: _Toc481756485][bookmark: _Toc481756659][bookmark: _Toc481756687]Codebooks with non-constant modulus are considered as an alternative to subband TPMI for UL MIMO

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. 
[bookmark: _Toc481758038]To support full UE antenna implementation freedom, NR codebook should be designed considering a wide variety of UE antenna configurations and channel conditions.
UL codebook structure
General considerations and number of SRS ports
Moreover, 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.  Mult-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 antennas if multiple Tx antennas is a UE capability, and therefore multiple UE antennas are not an effective way in general to increase range.  Therefore, designs should focus on getting the most ‘bang for the buck’ out of the DCI bits possible, and using simple schemes.
[bookmark: _Toc481758039]A wide variety of codebooks could be design for CP-OFDM vs. DFT-S-OFDM, CM preserving vs. non-constant modulus, single stage vs. multi-stage, etc.
[bookmark: _Toc481337242][bookmark: _Toc481744763][bookmark: _Toc481755640][bookmark: _Toc481755900][bookmark: _Toc481756486][bookmark: _Toc481756660][bookmark: _Toc481756688]Prioritize the design of a robust, simple, codebook as a baseline, and add other codebooks according to their gain, complexity, and use case.

It is still undecided if 8 port SRS will be supported.  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, there does not seem to be a need for 8 MIMO layers nor a codebook to support 8 SRS ports at least in a first release of NR.  Note that forward compatibility should be kept in mind, so even if Rel-15 NR does not support 8 MIMO layers, it may be desirable to have 8 DMRS and 8 SRS ports in Rel-15. 
[bookmark: _Toc481758040]4 layer  SU-MIMO can meet NR peak spectral efficiency requirements [3] of 15 bps/Hz 
[bookmark: _Toc481755641][bookmark: _Toc481744764][bookmark: _Toc481755901][bookmark: _Toc481756487][bookmark: _Toc481756661][bookmark: _Toc481756689]Rel-15 NR supports at most 4 layers for SU-MIMO transmission and codebooks.

Single vs. multi-stage codebooks
Due to the assumption that, at least in some UE implementations, different antennas at a UE are expected to have low correlation a dual stage codebook (i.e. with a W=W1W2 structure, as defined for the LTE downlink) may not suffice, since this structure is specifically tailored to separate wideband (and potentially slowly varying) and subband behaviour. Furthermore, a 2 SRS port codebook will only be single stage.  
However, in some scenarios and with larger numbers of SRS ports, if channels show sufficient correlation, this could be exploited for reducing feedback as is done by the dual stage codebook. We propose it should be studied further if UL codebooks also should include a dual stage structure.
[bookmark: _Toc481758041]A single stage codebook structure is likely to be needed to handle low channel correlation. 
[bookmark: _Toc481337241][bookmark: _Toc481744765][bookmark: _Toc481755642][bookmark: _Toc481755902][bookmark: _Toc481756488][bookmark: _Toc481756662][bookmark: _Toc481756690]A multi stage codebook structure (e.g. using W=W1W2 as in DL) could be useful to reduce overhead if channel correlation so allows, and should be further studied.

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 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.

[bookmark: _Toc481337243][bookmark: _Toc481744766][bookmark: _Toc481755643][bookmark: _Toc481755903][bookmark: _Toc481756489][bookmark: _Toc481756663][bookmark: _Toc481756691]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
We propose that the codebook used for Codebook based UL transmissions only contains port combining precoders (i.e. no port selection precoders as this can be handled via SRI) in order to minimize the size of the codebook and hence reduce the overhead signalling. 
As NR probably will support only a limited number of ports in a codebook, whereas the number of SRS resources will be more flexible, there is an advantage by using SRI instead of codebook for port selection.
[bookmark: _Toc481758042]SRI can be used for UE Tx antenna selection without increasing TPMI overhead
[bookmark: _Toc481744767][bookmark: _Toc481337244][bookmark: _Toc481755644][bookmark: _Toc481755904][bookmark: _Toc481756490][bookmark: _Toc481756664][bookmark: _Toc481756692]Codebook for Codebook based UL transmission should only contain port combining precoders
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 multipanel case.  
[bookmark: _Toc481758043]Robust single panel designs can be used for multi-panel applications
[bookmark: _Toc481337245][bookmark: _Toc481744768][bookmark: _Toc481755645][bookmark: _Toc481755905][bookmark: _Toc481756491][bookmark: _Toc481756665][bookmark: _Toc481756693]UL codebook design targets single panel operation; multi-panel operation is supported with the single panel design
It is natural to transmit 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 [2]. 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, the TPMI applies across all ports in the indicated resources, and a codebook corresponding to the aggregated resource is used
[bookmark: _Toc481756694]TPMI can apply to aggregated SRS Resources indicated by multiple SRI(s)

[bookmark: _Toc471396143]Conclusions
This contribution has considered a variety of UL MIMO codebook related issues, including definitions of codebook based UL transmission and non-codebook based UL transmission, the design of UL MIMO codebooks, the amount of TPMI overhead that may be available to support them, the benefit of frequency selective precoding, whether TPMI should be persistent, and the number of ports and layers UL SU-MIMO and the codebook should be designed for.  We made the following observations:
Observation 1	Roughly 10 DCI bits for all of TPMI, SRI, and RI can be used as a starting point for NR UL MIMO codebook design
Observation 2	Gains from subband TPMI with practical numbers of bits in realistic channels may be modest.   For example, for both 2 and 4 ports at 2 and 28 GHz, we observed on the order of 0.15-0.3 dB median gain in UMa.
Observation 3	Increasing codebook size and using non-constant modulus elements can provide similar or better gains than increasing subband size.
Observation 4	To support full UE antenna implementation freedom, NR codebook should be designed considering a wide variety of UE antenna configurations and channel conditions.
Observation 5	A wide variety of codebooks could be design for CP-OFDM vs. DFT-S-OFDM, CM preserving vs. non-constant modulus, single stage vs. multi-stage, etc.
Observation 6	4 layer  SU-MIMO can meet NR peak spectral efficiency requirements [3] of 15 bps/Hz
Observation 7	A single stage codebook structure is likely to be needed to handle low channel correlation.
Observation 8	SRI can be used for UE Tx antenna selection without increasing TPMI overhead
Observation 9	Robust single panel designs can be used for multi-panel applications

Given these observations, we propose:
[bookmark: _Toc481744771]Proposal 1	Non-codebook based UL transmission can use SRI(s) to feedback which single-port SRS resource(s) the UE should use.
Proposal 2	For codebook based UL transmission, each SRS resource contains more than one SRS port.
Proposal 3	Codebook based UL transmission can use SRI, in case of multiple SRS resources, to select a single SRS resource.
Proposal 4	Codebook based UL transmission uses TPMI from a codebook to feedback precoders to apply over SRS ports for the SRS resource.
Proposal 5	Whether subband TPMI is needed is FFS
Proposal 6	The value of X is not determined by UL MIMO subband precoding gains
Proposal 7	Codebooks with non-constant modulus are considered as an alternative to subband TPMI for UL MIMO
Proposal 8	Prioritize the design of a robust, simple, codebook as a baseline, and add other codebooks according to their gain, complexity, and use case.
Proposal 9	Rel-15 NR supports at most 4 layers for SU-MIMO transmission and codebooks.
Proposal 10	A multi stage codebook structure (e.g. using W=W1W2 as in DL) could be useful to reduce overhead if channel correlation so allows, and should be further studied.
Proposal 11	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
Proposal 12	Codebook for Codebook based UL transmission should only contain port combining precoders
Proposal 13	UL codebook design targets single panel operation; multi-panel operation is supported with the single panel design
Proposal 14	TPMI can apply to aggregated SRS Resources indicated by multiple SRI(s)
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