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Introduction
Among a number of features supported in LTE, MIMO has been indispensable for meeting system throughput requirements. Having undergone multiple stages of enhancements over Rel.8, it can be said that LTE Rel.14 will support a competitive MIMO system which facilitates various use cases and levels of trade-off.   
In the last RAN plenary (RAN#71), a study item on ‘New Radio Access Technology’ (RAT) was approved [1] to study and evaluate potential technologies targeted for meeting key 5G requirements under future 5G deployment scenarios and applications. It is expected that MIMO continue to be as essential feature for this new RAT.  
This contribution addresses general design principles and basic components for UL MIMO in the context of the new RAT. Section 2 addresses design principles for UL, followed by discussions on basic components for UL in Section 3. Section 4 concludes this contribution. For brevity, the term “NR MIMO” will be used to refer to MIMO system designed for 5G new radio interface. 
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In Rel.10 LTE-A, a compact one-size-fit-all codebook-based UL MIMO system is supported where an UL grant (containing DCI format 4) including a single PMI field (along with RI). This PMI indicates the single precoding matrix used by the UE for the scheduled UL transmission. Therefore, wideband UL precoding is applied.
For NR MIMO, the following design principles are considered for system design – summarized in Table 1:
1. Facilitate flexible trade-off between diversity and multiplexing gain over a wide range of scenarios while striving for a single framework. For instance, the chosen MIMO transmission scheme can be configured to accommodate low- to high-speed UEs. This common framework is used for:
a. Above-6GHz as sub-6GHz: Specific design constraints imposed by the use of analog/hybrid beamforming for above-6GHz (such as sweeping beam architecture) may be accommodated via a combination of potential specification support and system implementation. Some further study on this is needed.
2. Following a design principle from LTE, dual-polarized antenna array is assumed in designing MIMO components such as CSI reporting and codebook (whenever applicable). 
3. In terms of UL MIMO use cases, eMBB which requires high spectral efficiency is a clear use case. URLLC can also benefit from lower-rank UL beamforming. On the other hand, it may not be relevant for mMTC since mMTC UEs are low-cost UEs with lower complexity and power rating. 
a. If a possible use case for SC-FDMA is only mMTC, UL NR-MIMO can be designed assuming OFDMA.   
4. The maximum number of layers for DL and UL NR MIMO are kept the same as LTE. There is no strong motivation to increase the maximum spatial multiplexing gain for each UE as any increase in spectral efficiency from higher-order SU-MIMO transmission is unlikely. 
5. [bookmark: _Ref446608541]Table 1 Basic design requirements
	System aspect
	Design requirement

	Use cases
	Outdoor, indoor, outdoor-to-indoor; 
Macro- and small-cells;
FDD, flexible TDD;
Sub-6GHz and above-6GHz;
Low to high UE speeds as defined in the requirements for new radio interface;
Use cases: eMBB, URLLC 

	Antenna array
	Dual-polarized 

	Multiple access schemes
	[bookmark: _GoBack]UL: OFDMA (primary), SC-FDMA (secondary, if applicable)

	Max. no. UL layers per UE
	4



Based on the above principles, the following enhancements over Rel.10 LTE can be studied and will be discussed in the following sections.
1. Support for both dynamic (analogous to Rel.10 UL MIMO) and semi-dynamic (not yet supported) beamforming wherein a UE can be configured with each of the two modes
2. Support for frequency-selective (RB-specific) precoding for UL MIMO in addition to frequency non-selective precoding
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[bookmark: _Ref450308028]Beamforming schemes
Analogous to DL NR MIMO (see a companion contribution [2]), UL NR MIMO will benefit from dynamic and semi-dynamic beamforming as illustrated in Figure 1. Unlike for DL, however, UL MIMO may need to be implemented differently depending on the duplexing scheme.
Dynamic beamforming is especially applicable when accurate UL-CSI is available at an eNB or UE (for instance, low UE speeds and good cell isolation or inter-cell interference coordination). In this case, the UE can transmit data through a narrow directional beam since accurate directional information is accessible. For FDD, the eNB can signal a choice of precoding vector/matrix (or vectors/matrices) to a UE via a DL control channel, such as an UL grant. Upon receiving such precoding information, the UE shall use the associated precoder to transmit the requested UL data to the eNB. This precoding information is updated dynamically by the eNB. 
Semi-dynamic beamforming is especially applicable when UL-CSI quality is impaired at the eNB or UE (for instance, high UE speeds and poor cell isolation which causes bursty inter-cell interference known as the flash-light effect). In this case, it is more advantageous for the eNB to transmit data through a group of directional beams since the UE can only indicate an approximate (or a range of) directional information. For this purpose, precoder (beam) cycling within a group of beams in frequency domain can be employed. This cycling pattern can either be fixed or signalled to the UE. The same codebook can be used for both dynamic and semi-dynamic beamforming.


[bookmark: _Ref446632390][bookmark: _Ref446632384]Figure 1 UL MIMO transmission scheme: dynamic and semi-dynamic beamforming
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To support dynamic beamforming, a codebook-based MIMO transmission can be used where an UL grant (containing a relevant DCI) includes a single precoding information (PMI) field (along with RI). This PMI indicates the single precoding matrix used by the UE for the scheduled UL transmission. Therefore, one precoder or beamformed is applied to all scheduled PRBs for that UE (“wideband” or frequency non-selective precoding). This feature is supported in Rel.10 LTE where DCI format 4 is used for this purpose. Therefore, this scheme can be readily borrowed for NR.
Frequency non-selective precoding tends to perform well when a UE is allocated a small number of contiguous RBs. For other cases, however, frequency non-selective precoding is suboptimal. For instance, when the UL system bandwidth is large or a UE is allocated several clusters of RBs, using a single precoding vector/matrix will result in significant performance loss. 
For this reason, supporting frequency selective precoding for UL NR-MIMO is beneficial. The main difficulty, however, is associated with DL signalling. If this signalling is performed as a part of DCI, the required overhead increases since the number of PMIs increases with larger resource allocations. Therefore, the number of PMIs per DCI should be limited to avoid excessive DL signalling overhead. Such a trade-off needs to be further studied.     
For semi-dynamic beamforming, although a group of (hence multiple) precoding vectors/matrices are used for precoder cycling, signalling multiple PMIs on a DCI is not needed. Instead, one PMI field which indicates a selection of precoder group can be used – if the precoder group information is to be signalled dynamically.        

UL MIMO for TDD
The design issues discussed in sections 3.1 and 3.2 are readily applicable to FDD.
When UL-DL reciprocity is feasible such as for TDD scenarios, a UE can obtain an estimate of UL channel from measuring DL CSI-RS. In this case, the UE can calculate its own precoder for a given resource allocation. This seems to obviate the need for signalling a precoder information DCI field via a DL control channel and require no additional DL control overhead. 
It should be noted, however, that although the UE is capable of obtaining an estimate of UL channel to derive its precoder, this precoder calculation can be inaccurate due to the absence of UL interference information (primarily intra-cell interference, which can only be obtained at the eNB). This is especially relevant when UL multi-user MIMO (MU-MIMO). In this case, the eNB-centric precoder calculation together with DL signalling (as discussed in sections 3.1 and 3.2) can be used. 
Therefore, the use of CSI-RS for estimating UL CSI via reciprocity still needs to be investigated for TDD. If UL CSI can be reliably estimated via CSI-RS, there is no need to include precoder information in the DCI field. 

4 Reference signals
Similar to Rel.10 LTE, uplink channel measurement and demodulation are facilitated by SRS and UL DMRS, respectively. In terms of functionalities, they are expected to share the framework offered by LTE except for the following additions.
To facilitate DL CSI measurement at the eNB for TDD (in addition to UL channel measurement), SRS should be designed to offer a maximum of 8 ports. This allows the eNB to measure DL CSI assuming 8 RX antennas. For this reason, high SRS capacity is expected.
In addition, while both periodic and aperiodic SRS can be supported, it is proposed that aperiodic SRS be the default SRS operation especially for high-spatial-resolution UL channel measurement. Similar reasoning applies: efficiency in SRS resource utilization and reducing unnecessary interference. Periodic SRS is used primarily to maintain the link.
To facilitate UL demodulation, UL DMRS is designed with a maximum of 4 ports per UE. Needless to say, UL DMRS should also be designed with UL MU-MIMO in mind.   

5 Conclusions
In this contribution, Samsung’s view on UL MIMO for new radio interface (NR) is presented. It is proposed that UL NR MIMO be enabled by the following components:
· OFDMA-centric design focusing primarily on eMBB and URLLC use cases
· Dynamic and semi-dynamic beamforming transmission schemes 
· Dynamic beamforming: analogous to Rel.10 LTE codebook-based transmission
· Frequency non-selective precoding: same as Rel.10 LTE
· Frequency-selective precoding: multiple PMIs in a DCI depending on resource allocation 
· Semi-dynamic beamforming: precoder cycling in frequency domain, same codebook as dynamic beamforming 
· For TDD, whether CSI-RS can be used for estimating UL CSI needs to be further studied
· Reuse reference signal framework from Rel.10 but redesigned for OFDMA 
· SRS with a maximum of 8 ports to facilitate DL NR MIMO for TDD
· Aperiodic SRS as the default SRS operation, e.g. for hi-res UL channel measurement, complemented by periodic SRS for, e.g. lo-res measurement
· UL DMRS with a maximum of 4 ports per UE, designed to facilitate UL MU-MIMO
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