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1
Introduction
An objective of the 5G study item [1] is to identify and develop technology components needed for new radio (NR) systems being able to use any spectrum band ranging at least up to 100 GHz. The goal is to achieve a single technical framework addressing all usage scenarios, requirements and deployments defined in TR38.913 [2]. One of the key technology components for satisfying the coverage and capacity requirements of the NR systems is the use of large scale antenna arrays with MIMO and beamforming. This contribution discusses the high level design principles behind MIMO and Beamforming technology for satisfying the requirements of the NR system. The focus of this contribution is the architectures and implementation issues surrounding the use and deployment of MIMO systems for the downlink NR system.  
2
Motivation and Challenges
Supporting carrier frequencies up to 100GHz brings a number of challenges in the area of radio propagation. As the carrier frequency is increased, the path loss increases due to the assumption of a fixed antenna size relative to the wavelength. However, a smaller antenna size at the higher carrier frequencies means more antennas will fit in the same area as will fit in the same area at the lower carrier frequencies. This increase in path loss with the carrier frequency can be overcome through the use of more antennas without necessarily requiring an increase in the overall physical size of the antenna array. Also, as the carrier frequency increases beyond roughly 10GHz, diffraction will no longer be a dominant propagation mechanism. Beyond 10 GHz, reflections and scattering will be the most important propagation mechanism for non-line-of-sight propagation links. Furthermore, the penetration loss from propagating into a building tends to increase as the carrier frequency increase, which may render in-building coverage impractical for BSs deployed outdoors.
Observation #1: Propagation conditions are different for low and high frequencies targeted by new radio, implying different array architectures might be preferable at different carrier frequencies for both the BS and the UE.  

Large scale antenna arrays will be critical to providing high coverage and capacity performance in the NR system.  Massive MIMO systems provide several benefits: enhancing coverage through the use of high gain adaptive beamforming and enhancing capacity through the use of high order spatial multiplexing. The coverage-enhancing capabilities of a large scale antenna array will be important to mitigate the propagation challenges at the higher carrier frequencies. The capacity-enhancing capabilities will be important for interference limited systems operating with a high density deployment, e.g., at the lower carrier frequencies. In addition, MIMO technology can steer the energy towards wanted directions, and the narrower beam width can create less interference in the system. Through the use of active antenna systems (AAS), better energy efficiency and better adaptability to the traffic conditions can also be achieved.
Observation #2: The use of large scale antenna arrays with MIMO and beamforming is ideally suited for addressing the capacity and coverage challenges of the NR system.  

3
Antenna Array Architectures 
For next generation radio access it is expected that single user, multi-user and beamforming solution are essential. Due to different carrier frequencies and deployment scenarios, the utilization of different transmission and reception technologies is envisioned. We foresee that fully digital baseband, Hybrid array, Analog/RF array solutions, depicted in Figure 1 and Figure 2, will be used in variety manner by different implementations at the BS and also at the UE. Furthermore we consider that specifying which technology is to be used on certain carrier frequencies and bandwidth in a forward compatible manner is difficult and not preferable in standardization. However, an understanding of the different candidate architectures is important for defining a system agnostic to the antenna array architecture. As shown in Figure 1 and Figure 2, the difference between the three main array architectures lies in where the beamforming operation occurs (as in the RF / analogue domain versus the baseband / digital domain).  

Baseband Architectures: In the baseband architecture of Figure 1, each antenna element or antenna port has a transceiver unit, and the beamforming operation occurs in the baseband digital domain prior to the upmixing to RF.  Baseband architectures provide a high degree of flexibility such as frequency-selective beamforming across OFDMA subcarriers, but at the cost of using a transceiver unit behind every antenna element. This architecture is the choice of LTE, as the number of antenna ports (for example around 32 ports) versus the antenna cost can still be manageable. However, a downside of the baseband architecture is that it does not scale in the high carrier frequencies. The use of large scale antenna arrays in the cmWave or mmWave bands poses a variety of challenges due to the high system bandwidths and the need for a large number of antenna elements to overcome the propagation challenges in those bands. Using a separate transceiver behind every antenna element becomes significantly difficult in a large scale array not only for cost reasons, but also because the wide bandwidth necessitates very high speed A/D and D/A processors which have significant power consumption requirements. Simply scaling the same MIMO baseband architecture into the high frequency bands is currently not economically feasible, considering that a rather large number of ports, like 256, could be used.
RF Architectures: An alternative to the baseband architecture is the all-RF architecture, shown in Figure 1, where control of the MIMO and beamforming is performed at RF in the analogue domain with RF components having phase shifting and potentially gain adjustment capabilities as well. In contrast to baseband architectures, frequency selective beamforming with an RF architecture is generally not feasible as the transmit weights are applied at RF across the entire signal bandwidth.

Hybrid Architectures: the middle ground between digital and all-RF architectures is the hybrid architecture, where control of the MIMO and beamforming is split between RF and baseband. Figure 2 shows two examples of the hybrid architecture, where multiple streams are beamformed at RF in addition to the baseband MIMO precoding. In the hybrid architecture, each RF beam is driven by a transceiver, and multi-stream beam weighting or precoding is applied at baseband to the inputs of the transceivers. The left diagram of Figure 2 shows a hybrid architecture for a “fully connected” array configuration, where the multiple RF beamforming weight vectors are applied in parallel to all antenna elements of the array. In contrast, the right diagram shows a hybrid architecture for a “sub-array” configuration, where each RF weight vector is applied to a unique subset of the antenna elements. One advantage of the sub-array configuration is the lack of summation devices behind the antenna elements. A hybrid architecture provides additional flexibility and over an all-RF architecture as the baseband transmit portion can be adapted across the signal bandwidth to further optimize performance. Also, the ability to provide multi-beam transmission with baseband precoding promises to enhance capacity as well as coverage performance.  
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Figure 1: Antenna Array Architectures: Left = baseband, Right = RF
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Figure 2: Hybrid Antenna Array Architectures: Fully Connected: Left = fully connected, Right = sub-array
4
Enabling Support for Antenna Array Architectures 
From a standardization perspective, enabling support of the different architectures does not necessarily mandate the use of any particular architecture in an actual implementation. Methodologies designed with a hybrid architecture in mind can be supported with baseband architectures. Certainly an approach involving beams formed in the analogue RF domain can be implemented in the baseband digital domain as well, even though the practical implementation issues could be significantly different. However, methodologies designed for a digital architecture may not necessarily be able to be efficiently or practically realized with an RF or Hybrid architecture. 

Observation #3: Baseband architectures provide a high degree of flexibility such as the ability to perform frequency-selective beamforming across OFDMA subcarriers, but at the cost of requiring a transceiver unit behind every antenna element. Fully digital baseband solutions may not be practical at the higher carrier frequencies due to the high cost and high power consumption characteristics.
Observation #4: RF architectures are useful when operating in the higher carrier frequencies and with higher system bandwidths where the cost and power consumption requirements of the baseband architectures become prohibitive.  

Observation #5: Hybrid architectures seek to provide the advantages of both the RF and baseband architectures through the use of RF beamforming with baseband precoding.  

Observation #6: Designing a system to support different architectures does not necessarily mandate the use of any particular architecture in an actual implementation.

Recently in LTE Rel-13 and Rel-14, substantial work was done towards supporting larger antenna arrays and higher number of antenna ports. The FD-MIMO and eFD-MIMO work efforts are aimed at supporting up to 32 antenna ports for LTE Rel-13 and Rel-14. For the NR system, the FD-MIMO and eFD-MIMO mechanisms in Rel-13 and Rel-14 should be used as the starting point for the MIMO and beamforming design with a focus on providing efficient support of large scale antenna arrays with hybrid architectures in severe coverage-challenged and capacity-challenged scenarios.

Proposal #1: Standardization support for MIMO and Beamforming in the NR system should leverage the FD-MIMO (Rel-13) and eFD-MIMO (Rel-14) principles as a starting point and focus on improved support for larger scale antenna arrays with hybrid architectures.

With the challenges that result from supporting carrier frequencies up to 100 GHz, support for SU/MU-MIMO and beamforming solutions should be fully scalable in terms of number of antenna ports, number of transceiver ports, antenna array architectures and number of physical antenna elements. Reference [3] provides a more detailed discussion of how the MIMO solution for the NR system. 

Additionally we consider that the UE should operate with minimal assumptions on the SU/MU-MIMO and beamforming operation at the BS, which can be supported through the use of user-specific reference symbols. Unless significant gains cannot otherwise be realized, the transmission and reception technology and the BS antenna configuration should be transparent to the UE, and BS-array-specific CSI reporting schemes should be avoided. An advantage would be flexibility in network deployment, easy upgrade of BS array capabilities, etc.  
Proposal #2: The NR system design should provide flexible and scalable support for SU/MU-MIMO with different number of TX and RX antennas and transceiver units at the BS and the UE.

Proposal #3: The NR system design should be fully compatible with different transmission and reception architectures at the BS and the UE including for example full digital, RF, and hybrid antenna array architectures.
Proposal #4: The UE procedures should be agnostic as much as possible to the architectures employed at the BS (e.g., baseband, RF, or hybrid architectures for DL TX/ UL RX).

Proposal #5: The BS procedures should be agnostic as much as possible to the architecture employed at the UE (e.g., baseband, RF, or hybrid architectures for UL TX/ DL RX).

5
Antenna Array Implementation Issues 
In this section we discuss several implementation issues for antenna array technologies for operation in bands up to 100GHz.

Antenna Array Size: As the carrier frequency increases, the wavelength decreases, and the size of an antenna elements are typically proportional to the wavelength. The result is that as the carrier frequency increases, the number of antennas that can fit into a given fixed area increases significantly. Viewed another way, as the carrier frequency increases the size of an array with a fixed number of antenna elements decreases significantly. Table 1 below shows the size of an array having 8 rows, 8 columns, and 2 polarizations (assuming a 2D array of co-located cross-polarized elements) as a function of frequency. Table 2 below starts with the area required for a 128 antenna 2D array at 3.5GHz and shows the number of antennas that can fit into that area as a function of carrier frequency. In these two tables, the spacing between the antennas is assumed to be one have the wavelength at the carrier frequency.
Table 1: Antenna Array Size versus Carrier Frequency
[image: image5.emf]Carrier Frequency (GHz) 3.5 15 28 38 60 73 83 94

Wavelength (mm) 86 20 11 8 5 4 4 3

Number of Rows 8 8 8 8 8 8 8 8

Number of Columns 8 8 8 8 8 8 8 8

Number of Polarizations 2 2 2 2 2 2 2 2

Total Number of Antennas 128 128 128 128 128 128 128 128

Size of array (vertical) (mm) 343 80 43 32 20 16 14 13

Size of array (horizontal) (mm) 343 80 43 32 20 16 14 13


Table 2: Number of Antenna Elements in a Fixed Area versus Carrier Frequency

[image: image6.emf]Carrier Frequency (GHz) 3.5 15 28 38 60 73 83 94

Wavelength (mm) 86 20 11 8 5 4 4 3

Size of array (vertical) (mm) 343 343 343 343 343 343 343 343

Size of array (horizontal) (mm) 343 343 343 343 343 343 343 343

Number of Rows 8 34 64 87 137 167 190 215

Number of Columns 8 34 64 87 137 167 190 215

Number of Polarizations 2 2 2 2 2 2 2 2

Total Number of Antennas 128 2312 8192 15138 37538 55778 72200 92450


Observation #7: As the carrier frequency increases, the number of antennas that can fit into a given fixed area increases significantly. As the carrier frequency increases, the size of an array with a fixed number of antenna elements decreases significantly.
Antenna Array Configurations: The uniform rectangular panel array model described in [9] involves the use of a single panel array that consists of multiple sub-panels, where each sub-panel is a 2D cross polarized array as defined in [8]. Such an arrangement typically would consist of two transceiver units per sub-panel, and each transceiver unit would typically feed a beam that spans the co-polarized elements within one sub-panel. More aspects on UE beamforming configurations are discussed in a companion contribution [4]. 
Proposal #6: Leverage the array configurations defined in [8] and [9].  

Antenna Array Calibration: In general beamforming schemes require some form of calibration to insure well behaved beam patterns that point in the desired directions. With the existence of vendor-specific calibration schemes, there may not be a need for standardization support for antenna array calibration. 
Proposal #7: Standardization support for antenna array calibration should not be pursued unless some compelling advantages can be shown over vendor-specific self-calibration mechanisms. 

6
Conclusion
In this contribution, we described the basic MIMO technology components that will provide high capacity and coverage performance in the NR system.  We focused on the issues surrounding array architectures and implementation.  
Based on the discussion, we make the following observations:
Observation #1: Propagation conditions are different for low and high frequencies targeted by new radio, implying different array architectures might be preferable at different carrier frequencies for both the BS and the UE.  

Observation #2: The use of large scale antenna arrays with MIMO and beamforming is ideally suited for addressing the capacity and coverage challenges of the NR system.  

Observation #3: Baseband architectures provide a high degree of flexibility such as the ability to perform frequency-selective beamforming across OFDMA subcarriers, but at the cost of requiring a transceiver unit behind every antenna element.  Fully digital baseband solutions may not be practical at the higher carrier frequencies due to the high cost and high power consumption characteristics.
Observation #4: RF architectures are useful when operating in the higher carrier frequencies and with higher system bandwidths where the cost and power consumption requirements of the baseband architectures become prohibitive.  
Observation #5: Hybrid architectures seek to provide the advantages of both the RF and baseband architectures through the use of RF beamforming with baseband precoding.
Observation #6: Designing a system to support different architectures does not necessarily mandate the use of any particular architecture in an actual implementation.
Observation #7: As the carrier frequency increases, the number of antennas that can fit into a given fixed area increases significantly. As the carrier frequency increases, the size of an array with a fixed number of antenna elements decreases significantly.

Based on the discussion, we make the following proposals:

Proposal #1: Standardization support for MIMO and Beamforming in the NR system should leverage the FD-MIMO (Rel-13) and eFD-MIMO (Rel-14) principles as a starting point and focus on improved support for larger scale antenna arrays with hybrid architectures.

Proposal #2: The NR system design should provide flexible and scalable support for SU/MU-MIMO with different number of TX and RX antennas and transceiver units at the BS and the UE.

Proposal #3: The NR system design should be fully compatible with different transmission and reception architectures at the BS and the UE including for example full digital, RF, and hybrid antenna array architectures.
Proposal #4: The UE procedures should be agnostic as much as possible to the architectures employed at the BS (e.g., baseband, RF, or hybrid architectures for DL TX/ UL RX).

Proposal #5: The BS procedures should be agnostic as much as possible to the architecture employed at the UE (e.g., baseband, RF, or hybrid architectures for UL TX/ DL RX).

Proposal #6: Leverage the array configurations defined in [8] and [9].  

Proposal #7: Standardization support for antenna array calibration should not be pursued unless some compelling advantages can be shown over vendor-specific self-calibration mechanisms. 
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