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Introduction
In RAN1#86, two WFs related to UL MIMO [1][2] have been discussed.  It is agreed that following aspects of UL MIMO transmission should be supported [1]: 
· Transmission schemes/methods for reciprocity calibrated UEs, reciprocity non-calibrated UEs, and non-reciprocity/partial reciprocity cases
· If needed, signalling associated with UL reciprocity based operation is introduced, e.g. UE capability which indicates calibration accuracy
· Whether to differentiate reciprocity non-calibrated UEs from non-reciprocity or not is to be studied
· Note: the number of transmission schemes/methods can be further discussed
· At least one of the following candidate schemes/methods is to be supported
· Candidate 1: Codebook based transmission 
· Candidate 2: Non-codebook based transmission 
It is also agree that [2]
· Study UL precoder signaling for frequency selective/non-selective precoding
· Example 1: Signaling of single or multiple PMIs via DL control and/or data channels
· Multiple PMIs can be signaled via a single DCI or multi-level DCI (1st level DCI contains a location indication to the 2nd level DCI)
· Example 2: For TDD, precoder calculation at the UE based on DL RS 
· Notes: 
· The feasibility of frequency selective precoding is conditioned RAN1 decision on, e.g. NR frame structure, waveform(s)
· Impact on other system design aspects (e.g. DL control channel decoding performance/complexity) should be considered.
· Study the use of UL frequency selective precoding for precoded transmission including precoder cycling
· For frequency selective precoding, study UL precoding granularity (i.e. UL subband size) considering following aspects
· Implicit (defined by spec.) or explicit (by eNB/UE decision) signaling support
· Whether to align with DL or not
· Evaluation should include UL specific aspects such as CM analysis according to UL waveform, etc.
· Study of frequency non-selective precoding is of higher-priority 
In this contribution, we discuss some details of UL MIMO transmission schemes and related signalling.
Discussion
Transmission schemes
The LTE system has specified support for the use of various MIMO schemes for uplink MIMO such as closed spatial multiplexing.  The NR system shall be able to use a wide range of frequency bands, from sub-6GHz to 100GHz, including both FDD spectrum and TDD spectrum.  The NR system is expected to improve user experience in a variety of scenarios. Various MIMO transmission schemes shall be considered for NR for the uplink in an effort to provide improved user experience. 
Codebook based precoding
In LTE, the codebook based UL transmission is specified to support up to spatial multiplexing with up to 4 layers.  For codebook based spatial multiplexing, the UE transmits an uplink reference signal such as SRS in order to sound the channel.  Based on this reference signal, the network estimates the uplink channel between the UE and the TRP.  Further, using a predefined codebook and potentially an estimate of the uplink interference covariance matrix, the TRP may select the precoding matrix, rank and MCS for uplink data transmission. The network may also multiplex one or more data layers of a single UE or multiple UEs on the same time-frequency resource, allowing for multi-user MIMO.  
The selected precoding information can be explicitly indicated to the scheduled UEs.  The network transmits a grant message to every scheduled UE to convey the uplink resource allocation and an indication of the precoding matrix.  This index is then used by the UEs to apply the precoding for uplink data transmission.  
Codebook based spatial multiplexing allows the TRP to select the scheduled set of UEs and their precoding as well as MCS in a centralized manner.  This can help to better manage interference between different spatial layers.  Another benefit of codebook based precoding is that the precoding matrices in the codebook can be optimized to improve the power-amplifier efficiency.  For example, cubic-metric-preserving precoding matrices are specified for LTE UL MIMO where the UL precoding maps at most one layer to each antenna port.  The transmitted signal thus preserves good cubic-metric property when those precoding matrices are applied.  Such design is especially important to cell-edge UEs, as less additional power-amplifier back-off needed is needs, the better uplink coverage can be provided.
Proposal 1: NR UL MIMO shall support codebook based precoding using antenna ports with DMRS.
Non-codebook based transmission
Instead of using a precoding matrix in the predefined codebook based on UL reference signals, the uplink precoding may also be done without a precoding matrix codebook.  The UL precoding matrix may be determined by exploiting the UL/DL channel reciprocity.  It is well known that even under TDD operation, the reciprocity is guaranteed only for the physical propagation channel between the transmit and receive antennas at both ends, but not for the effective baseband channel due to asymmetric RF circuits in the transmitting/receiving paths.  So, the channel estimates from the DL reference signals cannot be directly utilized for deriving the UL precoding matrix.  
One workaround to this issue is to estimate the UL channel at the UE side by two-way channel training [4].  Based on this, an analogue feedforward scheme was proposed in [3] to acquire CSI for UL transmission.  The idea is that the TRP transmits the received SRS samples in an amplify-and-forward manner to the UE, in addition to the regular DL reference signals.  The UE thus has the observation of the DL channel and the observation of the round-trip channel (i.e., concatenation of UL channel and DL channel).  The UE first estimates its DL channel from the DL reference signals, and then estimates UL channel from the round-trip channel given the estimated DL channel.  With this method, the UE may estimate the UL channel and derive the UL precoding matrix.  But there could be some potential risks.  First, the amplify-and-forward protocol is mainly useful in high signal-to-noise ratio environments, because the TRP amplifies whatever it receives, including noise and interference.  For cell-edge UEs, the observation of the round-trip channel can be very noisy with strong interference.  Hence, the UL channel estimation quality may be insufficient for deriving the UL precoding matrix.  Second, dedicated DL resources (power and time-frequency resources) need to be allocated for forwarding the UL channel observation to the UE.  Additional signalling to support the amplify-and-forward protocol is also needed. 
Another solution to resolve this issue is to perform RF calibration at the UE side.  This is similar to the RF calibration at the TRP side when performing DL precoding based on UL channel estimation.  TRP side calibration has been thoroughly discussed in LTE.  Essentially, there are two types of calibration schemes – self-calibration methods (e.g. [5]) and over-the-air (OTA) calibration methods (e.g., [6]).  Self-calibration does not need any additional air-interface signalling, but does require additional costly analogue switches and attenuators to be implemented for wiring all the antennas together, which makes this scheme too costly to use at the UE.  OTA calibration which doesn’t require any additional hardware support, on the other hand, is more suitable for UE calibration.
Proposal 2: Study OTA UE calibration solutions for non-codebook based UL MIMO transmission.
Open-loop transmission
In some scenarios, the PMI selected by the TRP based on SRS may not be suitable for forthcoming UL transmission.  For example, in high mobility scenarios, the precoding matrix selected by the TRP may be outdated when UE receives the UL grant and transmits using the indicated PMI due to channel decorrelation.  In such scenarios, open-loop precoding can provide a means to benefit from the degrees-of-freedom provided by multiple antennas.  The UE may perform a random precoding.  The random precoding may be implemented either by cycling precoding matrices over the codebook, or by cyclic delay diversity (CDD), as shown in Figure 1.  The TRP shall determine the number of layers and indicate it to the UE in the UL grant.  The TRP may determine the MCS for each codeword based on the UL channel estimation on SRS.  The SRS transmission may or may not be precoded.  If SRS is not precoded, the TRP may assume the UL transmission including a predetermined precoding matrix cycling or CDD to derive the MCS.
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Figure 1. UL open-loop spatial multiplexing using antenna ports associated with DMRS.
Proposal 3: NR UL MIMO shall support codebook based open-loop precoding using antenna ports with DMRS.  Precoding matrix cycling and cyclic delay diversity can be considered.
Besides codebook based open-loop precoding, non-codebook based open-loop transmission may also be considered.  For example, a UE may transmit UL data by cycling among the precoded SRS antenna ports.
Proposal 4: Study non-codebook based open-loop precoding in NR UL.
Single antenna port transmission
The single antenna port case has been specified in LTE as transmission mode 1 for uplink SIMO.  The single antenna port scheme can be useful for cell-edge UEs.  Beamforming can be applied to multiple UE transmit antennas to for the single antenna port.  The UE may determine the beamforming vector based on DL channel measurement.  The beamforming vector can be transparent to the TRP by transmit the UL sounding signal on the single antenna port, as show in Figure 2.  The single antenna port scheme may serve as a fall back scheme for close- or open-loop spatial multiplexing.  Another use case of single antenna port transmission is for UEs with single RF chain.  Analog beamforming can be applied to multiple transmit antennas to form a single antenna port. 
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Figure 2.  Single antenna port scheme.
Proposal 5: NR UL MIMO shall support single antenna port transmission.
Transmit diversity
In LTE, spatial orthogonal-resource transmit diversity (SORTD) can be applied to PUCCH.  In NR, the transmit diversity may also be considered for UL data transmission using antenna port associated with DMRS.  The UL transmit diversity may be achieve by SFBC/FSTD.  If a UE is equipped with multiple antenna subarrays, the UL transmit diversity may also achieved by subarray selection/cycling.  Joint operation of SFBC/FSTD and subarray selection/cycling may be studied, where the antenna ports for SFBC may be mapped to different subarrays.  
Proposal 6: NR UL MIMO may consider to support transmit diversity using antenna ports with DMRS.  Subarray selection/cycling may be supported.
UL precoding granularity
In RAN1#86, it is agreed to study frequency selective UL precoding.  Frequency selective UL precoding may not be always provide substantial gain over wideband UL precoding.  First, the gain may only be observed when the resource allocation in frequency domain is wide enough.  In case of narrow band resource allocation, e.g., for cell-edge UEs which have limited transmit power, frequency selective UL precoding cannot bring any performance benefit at all.  Second, even for the cell-center UEs which can support a wider band UL transmission may still not be benefit from frequency selective precoding.  This is because the precoding granularity is getting less significant as the number of receive antennas is increasing, which is true that much more antennas can be used for UL receiving at the TRP than those at an LTE eNB.  Third, there is a trade-off between the gain brought by finer precoding and the overhead required to indicate subband precoding information in UL grant.  This may even limit the usefulness of frequency selective precoding.  At last but not least, the increased UE implementation complexity is another importance aspect which need to be taken into account.  Based on above analysis, we think the necessity of introducing frequency selective UL precoding is not well justified yet.
Proposal 7: Study performance benefit of introducing frequency selective precoding in UL.  The increase in UE implementation complexity and/or DL signalling overhead need to be justified by sufficient and consistent performance benefit.
Conclusions 
To summarize, we discussed several uplink MIMO transmission schemes. We propose the following:
Proposal 1: NR UL MIMO shall support codebook based precoding using antenna ports with DMRS.
Proposal 2: Study OTA UE calibration solutions for non-codebook based UL MIMO transmission.
Proposal 3: NR UL MIMO shall support codebook based open-loop precoding using antenna ports with DMRS.  Precoding matrix cycling and cyclic delay diversity can be considered.
Proposal 4: Study non-codebook based open-loop precoding in NR UL.
Proposal 5: NR UL MIMO shall support single antenna port transmission.
Proposal 6: NR UL MIMO may consider to support transmit diversity using antenna ports with DMRS.  Subarray selection/cycling may be supported.
[bookmark: _GoBack]Proposal 7: Study performance benefit of introducing frequency selective precoding in UL.  The increase in UE implementation complexity and/or DL signalling overhead need to be justified by sufficient and consistent performance benefit.
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