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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] based on consensus that a new non-backward compatible radio access technology need to be developed in order to meet the challenges of next generation cellular communications. The SI will 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 MIMO in the context of the new RAT with a focus on sub-6GHz scenarios. MIMO design for above-6GHz is addressed in our companion contribution [2]. Section 2 addresses design principles for DL and UL, followed by discussions on basic components for DL and UL in Sections 3 and 4, respectively. Section 5 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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For sub-6GHz, a proposed design principle which holds for both DL and UL MIMO is to build from the features available in the anticipated Rel.14 LTE (Rel.14 eFD-MIMO and Rel.10 UL MIMO). This involves two efforts:
1. Streamline Rel.14 DL and UL MIMO: Starting from the framework given in Rel.14, the following streamlining can be done:
a. Removing design constraints (and perhaps features) specifically tied with LTE backward compatibility: For DL MIMO, this includes the presence of Rel.8 CRS in every subframe and reserving the first 3 OFDM symbols per subframe for PDCCH transmission. It also includes LTE subframe structures which may not be used for the new radio interface (e.g. LTE TDD special subframe).
b. Removing redundant features especially those which result in unnecessary specification complexity: For DL MIMO, this includes the large number of CSI reporting modes in Rel.13/14 LTE which unnecessarily overlap in functions without any clear difference in the trade-off between performance and feedback overhead.  
2. Introduce new features specific to the new radio interface: Some examples are:
a. Designs compatible with new subframe structure(s) such as self-contained subframes as well as variable TTI length.
b. Designs compatible with “flexible TDD”: to some extent, Rel.13 LAA and eIMTA impose such constraints. Yet the current LTE MIMO may not be designed with such constraints in mind. 
c. Enabling high-resolution DL and UL CSI measurements at the eNB: for DL MIMO, this includes departure from LTE CSI reporting paradigm (termed the implicit feedback) and adopting another paradigm more suitable for MU-MIMO transmission.
Some basic design requirements are summarized in Table 1. 
· Sub-6GHz NR MIMO is targeted to facilitate flexible trade-off between diversity and multiplexing gain over a wide range of use cases while striving for a single framework. For instance, the chosen MIMO transmission scheme can be configured to accommodate low- to high-speed UEs.
· Following a design principle from LTE, dual-polarized antenna array is assumed in designing MIMO components such as CSI reporting and codebook (whenever applicable). 
· For DL NR MIMO, OFDMA (or OFDMA-based scheme) is assumed. For UL NR MIMO, a single framework is used for both OFDMA and SC-FDMA while prioritizing OFDMA. It is noted that DFT-precoded OFDMA with non-adjacent PRB allocation (supported in LTE) shares much commonality with OFDMA. 
· 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. 

[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;
Low to high UE speeds as defined in the requirements for new radio interface;
All relevant services: eMBB, URLLC, mMTC, eMBMS 

	Antenna array
	Dual-polarized 

	Multiple access schemes
	DL: OFDMA
UL: OFDMA (primary), SC-FDMA

	Max. no. DL/UL layers per UE
	8/4



Proposal: Some basic design principles for sub-6GHz NR MIMO are as follows:
· Building from Rel.14 DL eFD-MIMO and Rel.10 UL MIMO), streamline unnecessary restrictions and redundant features in conjunction with adding new features for new subframe structures, flexible TDD, and high-resolution yet efficient CSI measurements
· A single framework to support various use cases for both DL and UL, optimized for OFDMA (while keeping SC-FDMA in mind for UL) and dual-polarized antenna arrays
· Maximum number of DL and UL layers follow Rel.14 LTE 
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Transmission schemes
To facilitate various use cases such as a wide range of UE speed, a two-tier beamforming-based framework analogous to the potential schemes supported in Rel.14 eFD-MIMO is proposed. As illustrated in Figure 1, two transmission schemes which facilitate dynamic and semi-dynamic beamforming are supported. For FDD, dynamic beamforming is analogous to LTE closed-loop MIMO while semi-dynamic beamforming is analogous to semi-closed-loop MIMO evaluated in Rel.14 eFD-MIMO. 
Dynamic beamforming is especially applicable when accurate CSI is available at the eNB (for instance, low UE speeds and good cell isolation or inter-cell interference coordination). In this case, the eNB can transmit data through a narrow directional beam since accurate directional information is available in the CSI report. This directional information can be reported via PMI or other precoding-related feedback which includes both long-term and short-term precoding information. Analogous to LTE, short-term precoding information can be reported as a wideband or subband CSI parameter. This facilitates frequency-selective precoding/beamforming.
Since accurate CSI is available at the eNB, the maximum number of DL layers (per UE) of 8 (see Table 1) can be supported.
Semi-dynamic beamforming is especially applicable when CSI quality is impaired at the eNB (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 approximate directional information can be reported via PMI or other precoding-related feedback which includes only long-term precoding information. Such long-term precoding information does not require subband PMI (or precoding-related) reporting. 
Without accurate CSI at the eNB, the maximum number of DL layers (per UE) of 2 can be supported as high peak data rate is not expected in use cases of interest.
For TDD scenarios, both dynamic and semi-dynamic beamforming can be supported without precoding-related feedback provided that DL CSI can be estimated by exploiting UL-DL short-term reciprocity. In addition, both transmission schemes should facilitate dynamic switching between SU-MIMO and MU-MIMO.  
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[bookmark: _Ref446632390][bookmark: _Ref446632384]Figure 1 DL transmission scheme: dynamic and semi-dynamic beamforming (applicable especially for FDD)

The above beamforming framework can be applied for different services. For example:
· Both dynamic and semi-dynamic beamforming, along with dynamic rank adaptation and MU scheduling, are applicable for eMBB. Depending on the link between the UE and the eNB, the UE can be configured with either dynamic or semi-dynamic beamforming.
· Both low-rank dynamic and semi-dynamic beamforming are especially suitable for URLLC (including challenging applications such as V2V/V2X). With low-rank transmission (such as rank-1), beamforming gain is maximized. For high mobility UEs (e.g. for V2I/N scenarios), the combination of long-term beamforming and beam cycling in semi-dynamic beamforming offers an efficient diversity-based scheme for group-based multicasting. For low-mobility UEs, low-rank dynamic beamforming offers the best performance.
· Rank-1 “dynamic” beamforming is especially suitable for mMTC. Since mMTC UEs are expected to be of low mobility (many of them static), dynamic beamforming with very low CSI update rate maximizes beamforming gain. 
· For eMBMS, semi-dynamic beamforming seems to be a good scheme when group-based multicasting is desired. For such applications, the ability to configure the number of beams within one beam group (represented by the long-term PMI) is important depending on the configuration for eMBMS.    

Table 2 summarizes the comparison of these two transmission schemes.

[bookmark: _Ref446633766]Table 2 Dynamic and semi-dynamic beamforming
	System aspect
	Dynamic beamforming
	Semi-dynamic beamforming

	Max. no. DL layers per UE
	8
	2

	Data transmission using
	One directional beam
	A group of cycled beams in frequency domain

	Precoder-related feedback
	Short-term and long-term, wideband and subband reporting can be supported
	Long-term and wideband reporting 



Reference signals
To support DL MIMO operation, two types of RS are required analogous to LTE: CSI-RS and DMRS.
 
Depending on the use case, a UE may be configured to measure CSI associated with broader (uncompressed) or narrower (compressed) propagating channel. In the second case, the UE ‘zooms in’ to a smaller part of the channel. Thus, the eNB can increase CSI-RS penetration by applying precoding/beamforming on a CSI-RS with a large number of ports to generate a CSI-RS with a much smaller number of ports. Such beamforming gain is maximized when CSI-RS beamforming is applied in a UE-specific manner. To facilitate such trade-off, several types of CSI-RS can be used. 
In Rel.13 LTE, CLASS A and CLASS B eMIMO-Types are defined to allow the above eNB implementation. CLASS A is associated with the so-called non-precoded (NP) CSI-RS while CLASS B with beamformed (BF) CSI-RS. For CLASS B, virtual sectorization is enabled when a UE is configured with K>1 CSI-RS resources where each CSI-RS resource represents a macro-beam which is static. The UE reports CRI (CSI-RS resource index) along with a CSI report for the selected macro-beam. This operation is also known as cell-specific BF CSI-RS. CLASS B is also used for UE-specific BF CSI-RS where a UE is configured with 1 CSI-RS resource of m ports and UE-specific beamforming is applied to the m ports. In this case, m/2 micro-beams per polarization group is measured by the UE. In turn, the UE reports a PMI from associated with a codebook.
For NR MIMO, it is possible to further streamline the framework for CSI-RS. Upon a closer look, NP CSI-RS and cell-specific BF CSI-RS (both composed of one or more static macro-beams) can be combined into one type, termed the coverage CSI-RS which is composed of K ≥ 1 CSI-RS resources. Each of the K static macro-beams represented by each of the K CSI-RS resources is termed the “coverage beam”. As evident, the use cases of coverage CSI-RS are the combination of use cases of Rel.13 NP CSI-RS and cell-specific BF CSI-RS. When used for virtual sectorization, a UE can be configured with CRI feedback. In addition, partial-port CSI-RS (CSI-RS subsampling in port-domain) can be implemented by configuring a UE to measure K > 1 CSI-RS resources, each resource representing a part of the larger port array. The second type of CSI-RS, analogous to Rel.13 UE-specific BF CSI-RS, is termed the UE-specific CSI-RS. Sharing the same characteristics, UE-specific CSI-RS can be dynamically beamformed and composed of dynamic micro-beams. Table 3 summarizes the comparison between these two CSI-RS types.   
Figure 2 describes the above two-level CSI-RS design. An eNB transmits two coverage CSI-RSs on two coverage beams to two UEs. These two coverage beams 0 and 1 (hence two coverage CSI-RSs) can be transmitted simultaneously or multiplexed in time or frequency. The eNB transmits two UE-specific CSI-RSs 0.0 and 0.1. The two UE-specific beams utilized for transmitting the two UE-specific CSI-RSs are derived relative to the first coverage beam and hence correspond to subspaces of the coverage beam. Since these two UE-specific beams are transmitted along a smaller range of directions, they have higher penetration due to additional beamforming gains. The second UE measures UE-specific CSI-RS and receives data transmission from the eNB along a data beam 0.1.0. Beamforming vector for the data beam can be formed either from a CSI reporting derived from the UE-specific CSI-RS (more relevant for FDD) or measuring UL SRS (more relevant for TDD).  
CSI-RS resource allocation can be drawn from a common CSI-RS resource pool analogous to Rel.13 LTE principle. Two types of resource allocation, defined in terms of UE measurement and resource definition, can be supported: periodic and aperiodic. This will be further discussed in section 3.3 in relation with CSI reporting.
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[bookmark: _Ref446669586]Figure 2 Dual-level CSI-RS: coverage and UE-specific

[bookmark: _Ref446672980]Table 3 Coverage and UE-specific CSI-RS
	System aspect
	Coverage CSI-RS
	UE-specific CSI-RS

	CSI-RS resource usage
	One CSI-RS resource per “coverage beam”, each associated with nk (1,2,4,6,.., 32) CSI-RS ports, K ≥ 1 CSI-RS resources 
	One CSI-RS resource per UE with m (2,4,6,8) ports, m ≤ nk


	CSI-RS “beams”
	K ≥ 1 static “macro/coverage beams” configured per UE
	m/2 dynamic “micro-beams” per polarization group

	Use cases
	1) Virtual sectorization
2) “Partial port” CSI-RS mapping
	1) UE-specific beamformed CSI-RS  



To support a maximum of 8 layers per UE, a maximum number of 8 DMRS ports can be allocated per UE. Continuing on the Rel.13 mind-set, DMRS should be designed to facilitate efficient MU-MIMO multiplexing. Thus, it is reasonable to increase the number of orthogonal DMRS ports beyond Rel.13 FD-MIMO. For instance, at least 8 orthogonal DMRS ports can be supported in DL NR MIMO.  
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To streamline CSI reporting operations as discussed in Section 2, reducing the amount of functional overlaps among CSI reporting modes is desirable. For this purpose, two functional categories are: 1) CSI content, 2) CSI reporting procedure. 
In terms of CSI content, the following two alternatives are possible for sub-6GHz FDD scenarios:
· Legacy CSI: Inherited from Rel.13 FD-MIMO, this includes CQI as well as PMI, RI, and/or CRI. These CSI parameters are calculated assuming a single-user transmission hypothesis. Therefore, codebook-based feedback is needed which tends to be designed with certain array geometry and configurations in mind. This is also known as implicit feedback.
· Advanced CSI: This includes an additional CSI feedback which better facilitates MU-MIMO multiplexing and circumvents the SU-MU mismatch inherent in implicit feedback paradigm. Some examples of advanced CSI are direct (quantized) channel feedback, covariance matrix feedback, or eigenvector feedback via an UL control channel. This type of CSI can also be designed with less dependence on array geometry and configurations. This is also known as explicit feedback (during the Rel.10 SI).
In terms of CSI reporting procedure, two mechanisms analogous to Rel.13/14 LTE are possible:
· Periodic CSI (P-CSI) reporting
· Aperiodic CSI (A-CSI) reporting
To simplify CSI reporting procedure and enhance measurement and reporting efficiency, the following changes from Rel.13 LTE are proposed:  
· A-CSI reporting is linked only with aperiodic (NZP and/or ZP) CSI-RS and P-CSI with periodic (NZP and/or ZP) CSI-RS. This is intended to avoid unnecessary overlap which increases the number of redundant features and extra DL signalling.
· A-CSI (in conjunction with aperiodic CSI-RS) is the default mode of operation. Therefore, CSI-RS transmission is performed only when needed which reduces DL overhead (hence increases cell throughput) and potential inter-cell interference. In addition, CSI reporting is performed only when needed which reduces UL control resource utilization and UL interference. 
· P-CSI is targeted for link maintenance rather than providing higher resolution CSI. Therefore, subband P-CSI is unnecessary.  
· To allow better synergy with flexible TDD, excessive inter-subframe dependency in P-CSI reporting which is characteristic to Rel.13 LTE should be avoided at all costs (ideally, one complete P-CSI report should be contained within one subframe). This design goal is aligned with avoiding subband reporting for P-CSI.  
· It is assumed that an NR eNodeB can jointly utilize both P-CSI and A-CSI reports within one CSI process. 
Based on the above points, a possible correlation between CSI content and reporting procedure is given in Table 4.
[bookmark: _Ref446677754]Table 4 CSI content and reporting procedure
	
	Legacy CSI content
	Advanced CSI content

	A-CSI
	Reuse Rel.13 LTE subband CSI modes (especially 1-2, 3-0, 3-1, 3-2) 
· Assuming single-cell reporting
· Support of wideband modes for multi-cell scenario is FFS
	Either wideband or sub-band explicit feedback
· May include interference feedback (also useful for TDD)
· Wideband can represent long-term channel stats
· CQI and RI may not be needed

	P-CSI
	Reuse Rel.13/14 LTE wideband modes (1-0, 1-1) with no inter-subframe dependency
· New PUCCH format similar to, e.g. PUCCH format 3, format 4/5
	Not supported



An exemplary operation utilizing the above features is illustrated in Figure 3. A simple LTE subframe structure is assumed. Within one CSI process, a UE is configured with P-CSI linked to a UE-specific CSI-RS and A-CSI linked to 2-resource coverage CSI-RS (two 16-port CSI-RS resources, forming a 32-port partial-port CSI-RS). Upon receiving an UL grant accompanied with one of the two resources associated with coverage CSI-RS, the UE reports A-CSI containing explicit channel feedback. Unlike implicit feedback, the eNB can assemble these two A-CSI reports without any reconstruction issue. Assembling these two reports simply amounts to concatenating two sets of disjoint 16-port quantized channel into a 32-port quantized channel. With a 32-port DL channel estimate, the eNB performs UE-specific beamforming on CSI-RS. Configured with a 4-port UE-specific CSI-RS, the UE reports P-CSI (consisting of wideband CQI, PMI, and RI) to maintain the link. Since the number of ports is small, the link can be well maintained with wideband PMI.   



[bookmark: _Ref446676563]Figure 3 Joint use of aperiodic advanced CSI (using K=2 coverage CSI-RS) and periodic legacy CSI (using UE-specific CSI-RS) 

The above proposed features can be summarized as follows.
Proposal: DL NR MIMO for sub-6GHz is enabled by the following components:
· Dynamic and semi-dynamic beamforming transmission schemes
· Semi-dynamic beamforming supported via cycling across a group of beams in frequency domain and long-term-only precoder feedback
· Configurable for different services
· Two-level CSI-RS: coverage and UE-specific representing two tiers of resolution 
· Maximum 32 ports per CSI-RS resource for coverage CSI-RS and 8 ports for UE-specific CSI-RS
· Coverage CSI-RS is composed of K≥1 CSI-RS resources
· Increased number of orthogonal DMRS ports to facilitate MU-MIMO multiplexing
· Two types of CSI reporting: aperiodic and periodic
· Aperiodic CSI reporting aimed for advanced CSI
· Periodic CSI reporting aimed only for link maintenance while avoiding excessive inter-subframe dependency
· Default operation is aperiodic CSI reporting in conjunction with aperiodic CSI-RS
· UE measures and reports CSI only when needed 
· eNB transmits CSI-RS only when needed
[bookmark: _Ref446598635]Components: UL MIMO
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Transmission schemes
For similar reasons to DL NR MIMO, UL NR MIMO will benefit from both dynamic and semi-dynamic beamforming. Unlike for DL, however, UL MIMO may need to be implemented differently depending on the duplexing scheme.
Dynamic beamforming can be supported by UL SU-MIMO from Rel.10 LTE. That is, a codebook-based MIMO transmission 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. This feature can be readily adopted for UL NR MIMO. 
Semi-dynamic beamforming resembling the one described above for DL NR MIMO (with beam/precoder cycling in frequency domain) can be supported and suitable for UL OFDMA. In this case, a predetermined cycling pattern (or set of cycling patterns) can be specified and signalled to the UE via an UL grant. The PMI field used for dynamic beamforming can be extended to support precoder cycling. 
Reference signals
Similar to Rel.10 LTE, uplink channel measurement and demodulation are facilitated by SRS and UL DMRS. 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 – analogous to the previous proposal of aperiodic CSI-RS in conjunction with A-CSI as the default operation for DL. 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.   

The above proposed features can be summarized as follows.
Proposal: UL NR MIMO for sub-6GHz is enabled by the following components:
· Dynamic and semi-dynamic beamforming transmission schemes 
· Similar to Rel.10 LTE codebook-based transmission (with wideband PMI), supplemented with precoder cycling in frequency domain for OFDMA 
· Periodic and aperiodic SRS 
· Maximum of 8 ports to facilitate DL NR MIMO for TDD
· Aperiodic SRS as the default SRS operation, e.g. for high-resolution UL channel measurement
· UL DMRS 
· Maximum of 4 ports per UE, designed to facilitate UL MU-MIMO
[bookmark: _Ref446598642]Conclusions
[bookmark: _GoBack]In this contribution, Samsung’s view of DL and UL MIMO for sub-6GHz 5G new radio interface (NR) is presented. Building on the latest MIMO LTE features ((e)FD-MIMO for DL and Rel.10 UL MIMO) via streamlining and adding differentiating features, our proposed MIMO framework can be summarized as follows. 
DL NR MIMO for sub-6GHz is enabled by the following components:
· Dynamic and semi-dynamic beamforming transmission schemes
· Semi-dynamic beamforming via cycling across a group of beams in frequency domain and long-term-only precoder feedback
· Configurable for different services
· Two-level CSI-RS: coverage and UE-specific representing two tiers of resolution 
· Maximum 32 ports per CSI-RS resource for coverage CSI-RS and 8 ports for UE-specific CSI-RS
· Coverage CSI-RS is composed of K≥1 CSI-RS resources
· Increased number of orthogonal DMRS ports to facilitate MU-MIMO multiplexing
· Two types of CSI reporting: aperiodic and periodic
· Aperiodic CSI reporting aimed for advanced CSI
· Periodic CSI reporting aimed only for link maintenance while avoiding excessive inter-subframe dependency
· Default operation is aperiodic CSI reporting in conjunction with aperiodic CSI-RS
· UE measures/reports CSI and eNB transmits CSI-RS only when needed 
UL NR MIMO for sub-6GHz is enabled by the following components:
· Dynamic and semi-dynamic beamforming transmission schemes 
· Similar to Rel.10 LTE codebook-based transmission, supplemented with precoder cycling in frequency domain for OFDMA 
· Periodic and aperiodic SRS 
· Maximum of 8 ports to facilitate DL NR MIMO for TDD
· Aperiodic SRS as the default SRS operation, e.g. for high-resolution UL channel measurement
· UL DMRS 
· Maximum of 4 ports per UE, designed to facilitate UL MU-MIMO
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