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1. Introduction

Due to its huge potential in enhancing spectral efficiency, coverage and robustness of radio link, MIMO is widely accepted as one of the most important physical layer technologies. Therefore it has been extensively used throughout modern radio access systems such as HSPA, LTE, WiFi and WiMax. In LTE, for instance, nearly all the classical MIMO schemes, like transmit diversity, open-loop & close-loop spatial multiplexing, MU-MIMO and beamforming, were adopted right at its beginning stage, i.e. Rel-8. Thereafter, as a crucial component in improving system performance, the evolutions of LTE in release 9 and beyond were always accompanied by the enhancements of MIMO operations. 

With potentially more controllable radiation elements and baseband ports on planar or even cylinder array, the recent application of AAS in commercial mobile communication system further boosts the spatial degree-of-freedom of multi-antenna system in 3-D channel and offers more opportunities for MIMO to improve coverage, interference mitigation and multi-user operation, especially for the realistic deployment scenarios with 3-D distributed users. The performance gains in system capacity, user experience as well as spectral and energy efficiency with large-scale antenna system (LSAS) were also proved by theoretical researches in [1-3]. Therefore, LSAS or massive MIMO is viewed as a promising technology for the next generation systems by both industrial and academic communities. 

Related standardization works in 3GPP started with study items on AAS and 3-D channel modeling which were conducted in RAN4 and RAN1 respectively. An initial version of massive MIMO scheme based on planar antenna array was first introduced in Rel-13. Further enhancement on the so-called FD-MIMO with more ports is still an ongoing topic in Rel-14 now. 

In RAN#71, a study item on new radio (NR) access technology was approved in [4]. To fulfill the requirements for the next generation system, the NR air interface will cover frequency ranges up to 100GHz with the objective of a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913[5]. For carrier frequency above 6GHz, the communication link suffers from significant path loss, penetration loss and blockage effect. In such cases, array gain inhered with large-scale antenna system is expected to be essential in overcoming the non-ideal factors in propagation environments. To this end, it’s agreed in RAN1#84 [6] to study massive MIMO schemes based on digital/analog/hybrid beamforming architectures. 

In this contribution, we present our considerations on beamforming operations and MIMO scheme designs for data and control channel transmissions for NR. 
2. Beamforming operation for NR MIMO 

2.1. Beamforming architectures
The extraordinary performance gain of MIMO comes from spatial degree-of-freedom with multi-antenna channel. Antenna array, as a part of MIMO channel, is essential to the achievable capacity. In practice, selections of antenna array architecture have critical impact on complexity, cost, and power consumption too. As mentioned above, massive MIMO schemes based on three types of antenna array/beamforming architecture will be considered for NR.

For given radiation element pattern and array layout, the energy distribution of beamformed signal in spatial domain depends on the weights applied on arrays of both radiation element and TXRU. Depending on specific implementations, the equivalent pattern for each TXRU is determined by the weights of radiation elements connected with it, which can be either adjustable in dynamic or semi-static manners or even fixed. TXRU virtualization operations through weighting of the RF chains connected to each TXRU respectively are also known as analog beamforming. 

Ultimately, based on the equivalent pattern formed in analog domain, for an antenna array with more than one TXRU, user-specific and frequency dependent weights can be applied on the TXRU array to adjust actual beams for layers of each user on allocated frequency resources at baseband part. Besides the aforementioned dynamic baseband beamforming or digital beamforming, weighting on TXRU array can also be semi-static or fixed for some certain physical layer signals and channels, such as CRS and CRS based transmissions via PDCCH and PDSCH, namely, antenna or RS port virtualization.   

· The terminology full-digital beamforming implies semi-static or fixed analog beams are used in RF part, and the system relies nearly solely on dynamic weighting of TXRU array at baseband to optimize the transmission and/or reception. Analog weighting, in effect, forms wide coverage patterns to coarsely match the serving area. With digital beamforming, the most flexible MIMO operations can be implemented at baseband through sophisticated beamforming/precoding/reception algorithms to match the channel characteristic for each layer, or even mitigation inter-user/cell interference at the same time, with high processing accuracy on each scheduled resource unit.  Up to now, discussions on FD/eFD-MIMO mainly focus on full-digital beamforming.  It’s expected that, in most cases, the amount of baseband controllable TXRU is on par with that of physical antenna elements in a full-digital antenna array. So it’s concerned that, with increased scale of antenna array, wider bandwidth and larger amount of potentially scheduled users, practical factors, including complexity, cost, and power consumption, full-digital array based implementation might be unrealistic, especially for frequency band above 6GHz.

· Due to the reasons discussed above, use cases for full-digital architecture might be small scale of antenna ports, e.g., no more than 128, and lower frequency bands. For mmW bands, with large bandwidth available, the system designers are facing even more severe challenges in ensuring necessary coverage while maintaining reasonable complexity, cost, and power consumption. In order to compensate inclement propagation conditions, higher array gain and therefore more antenna elements are needed. As a consequence, even though only coarse and wideband analog beams are available for each transmission/reception, and flexibility of digital beamforming operations are constrained within given narrower analog beams, a hybrid antenna array with simpler analog beamformer and dimension reduced TXRU array serves as a more reasonable choice to reach better tradeoff between cost and performance. It’s particularly concerning that, hybrid architecture also applies to sub-6GHz frequency band.

· As merely relatively low-resolution phase shifter and possible gain adjuster are needed, RF analog beamforming further simplifies the required antenna array architecture. However, only TDM of analog beams over the whole bandwidth can be used. The inflexibility and accuracy deficiency incur inevitable performance loss with pure analog beamforming. 

Observation 1: Selection of antenna array architectures has critical impact on complexity, cost, power consumption and available beamforming operations as well.  
2.2. Requirements for beamforming
The general requirements for beamforming in NR fall into two categories, i.e., to ensure coverage of elementary system and control information common to all of the potential users of a TRP, and to offer user-specific data and control information with enhanced spectral efficiency and/or transmission reliability under possibly unfavorable deployment scenarios. 

In conventional systems deployed in lower frequency bands, usually wide beams are used to form sector coverage, while much narrower beams are more relevant for beamformed data transmissions. For frequency bands above 6GHz, on the other hand, array gain is essential for common information deliveries as well to ensure basic coverage. In such cases, the whole serving area for a TRP is not likely to be covered by a single high-gain and thin beam at one time instant. Consequently, sweeping of beams seems to be necessary to provide enough coverage distance and width for common information, such as essential system message broadcasting and synchronization. The actual type of information needs to be delivered in the manner of beam sweeping depends the detailed deployment scenario, i.e., standalone or non-standalone. Other alternatives, such as SFN, power boosting and repetition, can also been combined with beamforming based approach to alleviate the problem with coverage for high frequency band deployment.

As reference signals are inserted in baseband, the full MIMO channel matrix seen by radiation element arrays is generally assumed to be unknown to both sides of a radio link using analog and hybrid array. Therefore, beam sweeping of training signals is also necessary for MIMO operations with hybrid/analog beamforming in determining the optimal analog beams for transmission and reception at transmitter and receiver respectively.  

It’s noted that, sweeping-like beamforming procedures might be useful even for full-digital array based MIMO system. Possible examples are:

· Common information deliveries. With the increase of array scale, user-specific transmissions definitely benefit from high-gain and narrower beams. For sector-specific information, on the contrary, it’s hard to keep high power efficiency and ensure wide enough coverage simultaneously if traditional static wide beam is still to be used. Hence, sweeping based transmission serves as an potential alternative for common information deliveries with large full-digital array.
· CSI acquisition related operations.  The dimension of equivalent MIMO channel matrix after beamforming can be reduced. Depending on detailed designs, the required RS overhead and channel estimation complexity thereafter might be lower, especially for the cases with large-scale full-digital array. In addition, the channel quality with multiple potential beamformers can be experienced by users prior to user-specific data and control information transmissions, more accurate CSI feedback is expected as results of beam sweeping in CSI measurements. 
Observation 2: Beam sweeping is necessary for offering coverage and supporting hybrid/analog beamforming, especially for deployment scenarios with high frequency bands and large-scale antenna array.

2.3. Robustness of beamforming
With more “antenna ports” adjustable at both analog and digital domains in 2D active antenna array, flexibility of MIMO operation is greatly improved compared with conventional 2D-MIMO. Theoretically, the increase of independent RF and baseband channels also makes the system more robust to the failures of some of T/R channels in an array. However, impact of partial failure of AAS on practical beamforming operations in sweeping, training, CSI feedback and data/dedicated control information needs further study.

Observation 3: Impact of partial failure of AAS on practical beamforming operations in sweeping, training, CSI feedback and data/dedicated control information needs further study.
3. Discussion on MIMO transmission schemes design for NR

3.1. General considerations 
Due to the reasons discussed above, it’s observed that, beamforming is even more important for NR. Beamforming in terms of blind sweeping to cover the serving area and dynamical adjustment to optimize user-specific transmissions and receptions might all be useful throughout L1/L2 operations. 

In the early phases of LTE standardization, i.e., Rel-8 through Rel-10, L1/L2 control information is transmitted in broadcasting manner based on sector-specific wide beams. With increased number of antennas, to extend PDCCH capacity and gain from more advanced MIMO transmission scheme other than simple transmit diversity, ePDCCH was introduced since Rel-11 which enables UE-specific beamforming for a part of L1/L2 control information. 

Similar requirements for dedicated transmission of user-specifc control signaling also exist in NR MIMO. For operations such as initial access and beam training in some deployment scenarios in NR, broadcast-like beam sweeping seems to be the only choice. However, blind beam sweeping raises inevitable problems with increase of overhead in beams transmitted repeatedly.  And it would be rather inefficient if all the L1/L2 control information is carried in broadcasting manners. Actually, with channel knowledge available through beam training and possible subsequent feedback in digital domain, more efficient unicast can also be used for user-specific control information transmissions to reduce the overhead in beam sweeping based transmission. Toward this end, a unified design for both data and user-specific control signaling transmissions is desirable. The idea also aligns with the self-contain design principle and would be helpful to minimize the always-on transmissions. 

Proposal 1: A unified design for both data and user-specific control signaling transmissions is desirable.
In legacy LTE system, targeting at distinct deployment scenarios, up to 10 Tx modes have been defined. And the switches between Tx modes can only be semi-statically configured via RRC signalings. The NR interface, on the other hand, is expected to support a single technical framework addressing all usage scenarios, requirements and deployment scenarios including eMBB, mMTC and URLLC. The single technical framework is expected to support different frequency bands including from sub-6GHz up to 100GHz. To avoid technology fragmentation, reduce specification efforts and implementation cost, a single unified MIMO framework that can be adapted to support a wide range of diverse use cases is also desirable for NR. Under the common framework, MIMO transmission can be optimized for different frequency bands, deployment and usage scenarios by choosing differently optimized numerologies, e.g. CSI quantization granularity, feedback delay and as such. 

Proposal 2: A single unified MIMO framework for all frequency bands, deployment scenarios and usage scenarios in NR is preferable, with differently optimized numerologies under the common framework.
3.2. Transmission schemes for NR
SU & MU-MIMO operation

Based on the aforementioned beamforming architectures, both single-user and multi-user MIMO can be supported. Multi-stream single-user transmission, or SU-MIMO, is capable of boosting peak data rate for users under favourable channel conditions. In LTE Rel-10, to fulfill the performance requirements of ITU IMT-Adv on peak data rate and spectral efficiency, together with CA, SU-MIMO with up to 8 layers was introduced. For NR, peak data rate as high as 20Gbps is still one of the critical performance challenges to the system. Whereas, further increase of layer numbers in SU-MIMO for NR seems to be unreasonable. First of all, ranging from sub to above 6GHz frequency bands, abundant bandwidth are supposed to be unleashed through refarming and frequency resource allocation. In such case, complicated higher-order SU-MIMO is not an economic choice in seeking of higher peak data rate. For NR MIMO in higher frequency bands with large amount of antenna and huge bandwidth, the system would be highly sensitive to cost and power consumption. Hence, simpler MIMO operations might be more preferable to the system. Furthermore, disadvantageous factors, such as less angular spread in high frequency bands, especially when highly directive narrower beams are used, will make higher-order MIMO transmission even more infeasible.  

Proposal 3: Up to 8 layers can be supported for SU-MIMO in NR.
By scheduling more than one user on overlapped resources, MU-MIMO has been always viewed as an essential component in improving spectral efficiency in course of LTE evolution. Up to 4 downlink layers and up to 2 layers for each co-scheduled UE can be supported since LTE Rel-9. MU-MIMO operation was further enhanced with more accurate CSI acquisition mechanisms, including up to 8-port CSI-RS and dual-level multi-granularity codebook.  As promised by massive MIMO theory, with larger antenna array and potentially more users to be served, MU-MIMO is more applicable for NR to reach higher performance requirement. As more antennas, users and frequency resources are involved, concerns on cost, complexity and power consumption still apply to the case with MU-MIMO. The dimension in MU-MIMO operation, including supported numbers of layer and orthogonal user-specific RS port, has impact on designs of RS and control signalings directly, and needs further study. Besides this, transparency is another issue needs to be considered as well. With more complicated control signaling and possible constraints on resource allocation in scheduling, introducing of non-transparent MU-MIMO should be justified by clear-cut gain. 

Proposal 4: MU-MIMO dimension for NR needs further study. Introducing of non-transparent MU-MIMO should be justified by clear-cut gain.
Open-loop transmissions for emerging business opportunities

LTE has been heavily focused on close-loop beamforming, where CSI feedback naturally breaks down when UE speed increases. For NR, practical robustness under high-speed scenarios with open-loop transmissions should not be overlooked. High-speed applications are increasingly important for emerging mobile devices and business opportunities as such connected automotives, V2X, and drones for civil and law enforcement, where high-speed robustness is critical. In such cases, combinations of beamforming and open-loop spatial multiplexing or transmit diversity can be considered. 
Proposal 5: Support both close-loop and open-loop MIMO in NR.

Open-loop and close-loop MIMO are separately designed in different transmission modes in LTE, i.e., TM3 and TM4/TM9/TM10. eNB has to choose appropriate transmission mode for UE according to moving speed, robustness requirements, etc. As transmission mode is semi-statically switched, it may not be able to fast track the environment variation. In addition, separate design makes it difficult to achieve robustness and efficiency simultaneously.  Hence, it is desirable to design open-loop MIMO and close-loop MIMO under the same transmission, CSI feedback, and RS framework.
Proposal 6:  Design open-loop MIMO and close-loop MIMO under the same framework.
Coordination of multiple TRPs

As carrier frequencies up to 100GHz are to be supported in NR, propagation conditions are quite different for distinct frequency bands. With the increase of carrier frequency, the radius of Fresnel zone decreases accordingly. In most of scenarios, diffraction-dominant propagation doesn’t exist for carrier frequencies above 10GHz. Unlike radio link below 6GHz, the transmission and reception are much easier to be blocked by barriers like cars or human bodies in higher frequency ranges. The use of highly directive large antenna array would even worsen the blockage effect, when only a single thin beam is used to match the most significant path. 

Coordinated multiple points (CoMP) was introduced since Rel-11 to enhance cell edge user’s experience via the coordination of more than one transmission points. Similar mechanism can also be considered to overcome disadvantageous propagation conditions in high frequency communication. For instance, dynamic TRP selection/switch would be helpful to maintain robust connection in presence of occasional occurred blockages caused by moving cars or human bodies. More advanced coordination schemes, such as JT and CS/CB can also be considered if applicable.

Proposal 7: Coordination in transmission and reception can be considered for NR.
MIMO for dedicated control

Accurate CSI at the transmitter is crucial to harness the gain of MIMO. In LTE, CSI feedback and fast link adaptation is only supported for data channel. For dedicated control channel, there is no corresponding CSI feedback, and control channel link adaptation can only be conducted at a slow pace, based on crude long-term channel statistics. For NR, supporting fast link adaptation to dedicated control channel can be considered to improve the control transmission efficiency, reduce inter-cell interference and increase the control channel capacity for massive device connectivity. This can be done by two separate CSI feedback for dedicated control channel and data channel, or alternatively a single unified CSI feedback to accommodate both control and data channel link adaptation. The latter alternative is attractive from UE complexity and eNB scheduling perspective and allows a unified CSI feedback design. To achieve this end, applying the same MIMO transmission scheme and/or pilot reuse for dedicated control channel and data channel may be exploited. Furthermore, co-scheduling of data/dedicated control information from different users on overlapped resources can also be considered.
Proposal 8: Consider fast link adaptation for dedicated control channel, e.g. common CSI feedback and transmission scheme for data and control channel. 

Uplink MIMO

LTE supports single antenna port and close-loop spatial multiplexing in the uplink. UL precoding matrix is determined by eNB based on SRS measurement, and indicated to the UE via uplink grant. The number of SRS, PUSCH and DMRS ports can be 1, 2 or 4.

With emerging business opportunities in connected automotives, drones, home appliances, data center and security monitoring, UL MIMO could be a very interesting value-adding feature for NR in the next decade. For instance high-order UL MIMO for connected cars is attracting a growing amount of interest, as conventional implementation challenges such as form factor, power consumption, device cost for conventional hand-held devices are much alleviated for cars. In addition to close-loop, open-loop MIMO should not be overlooked. 
Proposal 9: Study up to 8 layer uplink beamforming for close and open-loop transmission.
LTE UL-MIMO is based on close-loop where the precoding vector is selected by the eNB based on SRS measurement. For future eMBB deployment with a massive number of mobile devices this can impose a challenging computational burden on the eNB. As an alternative solution, and especially at high frequency bands where TDD is expected to be more prevalent, UL-MIMO based on channel reciprocity could be studied. In brief the uplink beamforming vector may be determined by the UE by measuring the DL channel. 

Proposal 10: Study uplink beamforming based on TDD reciprocity, especially for high-frequency bands.  
Considering the power efficiency at UE transmitter and coverage range, instead of OFDMA, SC-FDMA with lower PAPR/CM was adopted for UL. MIMO related designs, such as SRS, DMRS and precoding in UL were also influenced greatly. As a result, only quite simple codebooks nearly based on antenna selection were actually introduced since Rel-10. For NR, as more flexible transmission mechanisms are being considered, the requirement on PA efficiency and the constraints MIMO design might be relaxed for UL in the future. If a unified and MIMO-favourable multiple access technology, e.g., OFDMA, is to be used, same MIMO designs can be considered to further optimize transmissions in both links.

Proposal 11: Strive for unified MIMO designs for both DL and UL for NR, if the same multiple access technology is to be used.
4. Conclusions

This contribution provides our high-level considerations on NR MIMO transmission scheme design. Based on the discussion above, we have the following observations and proposals:

Observation 1: Selection of antenna array architectures has critical impact on complexity, cost, power consumption and available beamforming operations as well.  

Observation 2: Beam sweeping is necessary for offering coverage and supporting hybrid/analog beamforming, especially for deployment scenarios with high frequency bands and large-scale antenna array.

Observation 3: Impact of partial failure of AAS on practical beamforming operations in sweeping, training, CSI feedback and data/dedicated control information needs further study.
Proposal 1: A unified design for both data and user-specific control signaling transmissions is desirable.

Proposal 2: A single unified MIMO framework for all frequency bands, deployment scenarios and usage scenarios in NR is preferable, with differently optimized numerologies under the common framework.

Proposal 3: Up to 8 layers can be supported for SU-MIMO in NR.

Proposal 4: MU-MIMO dimension for NR needs further study. Introducing of non-transparent MU-MIMO should be justified by clear-cut gain.

Proposal 5: Support both close-loop and open-loop MIMO in NR.

Proposal 6:  Design open-loop MIMO and close-loop MIMO under the same framework.

Proposal 7: Coordination in transmission and reception can be considered for NR.

Proposal 8: Consider fast link adaptation for dedicated control channel, e.g. common CSI feedback and transmission scheme for data and control channel. 

Proposal 9: Study up to 8 layer uplink beamforming for close and open-loop transmission.

Proposal 10: Study uplink beamforming based on TDD reciprocity, especially for high-frequency bands.  

Proposal 11: Strive for unified MIMO designs for both DL and UL for NR, if the same multiple access technology is to be used.
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