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1 Introduction

Massive MIMO technology is one of the most promising candidates for the next generation wireless cellular communication systems (5G) to address the current challenge of bandwidth shortage [1]. Massive MIMO is not only useful for mmW transmissions [2], but also could be useful for sub-6GHz cellular systems. Yet, a critical problem for this concept is that, the conventional fully digital beamforming schemes for massive MIMO may not exhibit the best tradeoff between cost and throughput performances due to the cost of RF chains.
A promising approach to reduce the number of costly RF chains is hybrid analog/digital architectures. In hybrid architectures, MIMO signal processing is divided into the analog (known as the TXRU virtualization) and digital (known as the Port virtualization) domains separately to reduce the number of required RF chains, as shown in Fig. 1. It is noted that, in analog beamforming, the TXRU virtualization is time adaptable, while in Rel-13 3D-MIMO discussions the TXRU virtualization is not time adaptable.
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Figure 1. Block diagram of hybrid beamforming.
The contribution covers several unified architectures for the current and future hybrid beamforming massive MIMO, and presents the critical issues which should be considered for designing hybrid beamforming systems. It should be noted that the discussions in this paper are equally applicable to mmW and sub-6GHz systems.
2 Motivation
In order to fully make use of the potential of massive MIMO, the conventional fully digital beamforming schemes for massive MIMO are not practical in mmWave communications. When each antenna element is allocated one dedicated RF chain in fully digital beamforming systems, it would be prohibitive from cost and/or power consumption perspectives at mmWave frequencies, though it can provides full capacity and flexibility. Besides, as the number of BS antennas increase, the digital beamforming is also impractical due to the tight space constraints, that is, the small separation of array elements leaves little room at the back of the array to accommodate all RF chains and for connecting them to the baseband processors [3]. Hence, hybrid beamforming is proposed as a promising approach.
As for the hybrid beamforming designing, one of the most urgent tasks is to reach an agreement on transceiver TXRU virtualization architecture for the reason that it would have significant impact on the following aspects.
Cell coverage: The cell coverage will be quite limited with the increasing of the carrier frequency. It is available to compensate for the path-loss by taking advantage of the large array gain of the massive MIMO antenna arrays. Since the TXRU virtualization architecture would directly determine the analog beamforming gain which is multiplied by the digital beamforming gain, it would be important to propose the appropriate TXRU architectures in order to improve the cell coverage.
Data rate: The cell average sum-rate of the communications systems depends highly on the degrees of freedom of the Tx-Rx. Since the number of the ports determines the degrees of freedom of the data symbols, how to make smart use of the extra antenna elements to release the pressure of digital beamforming (Port virtualization) from diversity gain to multiplexing gain, i.e., using the extra antenna elements to mitigate the intra-cell (and/or inter-cell) interference, would also depend on the architecture of TXRU virtualization.
Power consumption: On one hand, the power consumption of RF couplers, splitters and switches will significantly increase the operating burden for a large number of the densified BSs in the future days. On the other hand, these power consumptions will have great impact of the battery life for the UEs which may affect the user experience. 
Hardware cost: It is usually assumed that the infinite resolution phase shifters are available in the hybrid beamforming, so the elements of RF beamformers can have any arbitrary phase angles. However, components required for accurate phase control can be expensive. Hence, cost-reduced TXRU virtualization architectures, e.g., based on switches, are proposed and also attractive.
Signalling: The RS design, the synchronization (or access) signal design, signals for feedbacking analog beam information and even the analog beam updating period will be affected by the TXRU virtualization architecture. 
Algorithm complexity: From the simple single antenna selection algorithms to complex analog beamformer calculating algorithm, the algorithm complexity depends highly on the TXRU virtualization architecture.
Proposal 1: Hybrid beamforming which includes digital beamforming (Port virtualization) and analog beamforming (time adaptable TXRU virtualization) should be employed as a beamforming candidate for the new RAT.
3 TXRU Virtualization Architectures
As the digital beamforming (Port virtualization) has been comprehensively discussed in LTE and LTE-A systems, we just consider the architecture of analog domain (time adaptable TXRU virtualization). 
As is shown in Fig. 1, the P streams of data symbols would be mapped to the inputs of the L TXRUs via Port virtualization WD, which is equivalent to a L*P digital precoder. Then, the outputs of the L TXRUs (which are in the analog domain) are routed to the Nt antenna elements through the TXRU virtualization WA, which controls the sidelobes of the emitted signal by analog phase shifting across each of the antenna elements. Five TXRU virtualization architectures will be considered for the massive MIMO hybrid beamforming, as depicted in Fig. 2. These architectures can be further distinguished as full-connection architectures (shown as 1A, 2A) and sub-array partition architectures (shown as 1B, 2B).
For the full-connection architectures, each antenna element is associated with the weighted sum of all outputs from the L TXRUs which provides better suppressions on the sidelobes of its radiation pattern, in spite of the higher complexity than the sub-array model. Yet, for the sub-array architectures, the feature of low cost due to smaller number of phase shifters is also attractive. Hence, summarizing the candidate architectures and balancing the trade-off of them to select the appropriate one for BSs and UEs is an urgent task.
Architecture 1A: In this architecture, each TXRU is connected to each antenna element through the mapping of phase shifters. Since the phase shifters are assumed with infinite resolution, each TXRU achieves high array gain. Moreover, since all the antenna elements could be joint optimized, the analog beam of this architecture could be quite narrow.
Architecture 1B: In this architecture, each TXRU is mapped to a subset of Nt/Lt antenna elements. Since each TXRU is connected to a certain subset of the antenna elements, the maximum gain of each TXRU is reduced by Lt-1 compared with Architecture 1A. In this way, the mapping complexity of this architecture is much lower than that of 1A. This solution is also quite attractive for that, in the multi-user scenarios, since each subset of antenna elements are separated, the mutual coupling and interference between the users could be reduced totally. Note that, the narrowest beam of 1B may be wider than that of 1A.
Architecture 2A: In this architecture, each TXRU is mapped to each antenna element through a mapping of switches. When each analog phase shifter is replaced by a simple switch, Architecture 1A would be equivalent to Architecture 2A. Each antenna element is assumed to transmit (or receive) along different directions and all of them should cover the whole angular space. At each time, each TXRU would select one or more antenna elements to form an analog beam to cover certain direction. Since finding its mapping is a binary integer optimization problem (BIP), the computation complexity would be much smaller than that of 1A, and the cost of phase shifter is much reduced.
Architecture 2B: This architecture is similar with Architecture 2A, yet, each TXRU is mapped to a subset of Nt/Lt antenna elements through a network of switches. Since the couplers of Architecture1A and 2A would result in extra power consumption, this architecture may save more energy than 1A and 2A.
Architecture 3: In this architecture, each TXRU is routed to one group of antennas with fixed (pre-defined) transmitting direction, e.g., each group of antennas focusing on vertical areas with different height. Hence, the inter group interference is mitigated. Note that, this architecture is a special case of Architecture 1B and/or Architecture 2B
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Figure 2. TXRU virtualization model (in 2-A and 2-B, each antenna element may physically point to different directions).
Generally speaking, in order to improve the system spectral efficiency, enlarge the cell coverage and reduce the intra-cell (and/or inter-cell) interference, the hybrid beamforming is assumed to be realized at both the UE and BS side.
Architecture 1A/1B corresponds to full-connection/subarray in R13 3D-MIMO, respectively, except that the virtualization weight may change via phase shifters. In NR it is possible to continue to discuss the two architectures at eNB.

At UE side, if the cost of phase shifter is not acceptable, architecture 2A/2B may be considered to achieve directional transmissions, in which phase shifters are replaced by switches. It should be noted that only a subset of power amplifier is used in 2A/2B, which implies further discussion on efficient use of PA at UE side.
Proposal 2: One (or more) architecture should be chosen from the candidates in this contribution to be the architecture for the conventional and future hybrid beamforming massive MIMO based on the cost, performance ,energy consumption, etc.
4 Designing Considerations 

1.1  Considerations on Antenna Array Models

In order to exploit distinguishable beamforming gain at the vertical domain, the 2D antenna array is recommended instead of a linear antenna array with a fixed radiation pattern in the vertical domain. As is mention in [4], a uniform rectangular panel array (URPA) is proposed. Besides, non-uniformed antenna array may also be supported by TDD reciprocity enhancement, as shown in Fig. 3. 
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Figure 3. Illustration of uniform and non-uniform antenna arrays.
Proposal 3: 2D antenna array is recommended including uniform and non-uniform designs. Non-uniform array may be supported by TDD reciprocity enhancement.
1.2  Consideration on latency of analog beam updating
Several kinds of time delay should be considered, including

· Analog beamforming vector computation latency (maybe including the feedback latency);
· Transmission latency from the analog beamforming computer to the PS (and PA), maybe depending on the interface;
· PS (and PA) updating latency;
· Antenna array calibration latency.
The total latency is generally from (s level to ms level. This latency would have impact on frame structure and analog beam updating period which should be detailed modelled, studied and discussed.
Proposal 4: This periodicity and transit time of analog beam updating needs to be taken into account when designing hybrid beamforming system.
1.3 Consideration on others
Hybrid beamforming may impact at least the following aspects of system design.
As for the initial access procedure, compared with the traditional full-digital beamforming systems, the initial access procedures of hybrid beamforming systems involve a new problem of Tx-Rx analog beam alignment. In this procedure, different approaches, e.g., exhaustive beam-sweeping, two-stage beam-sweeping or information-aided beam-sweeping (e.g., the geographic information) could be considered. The general considerations on initial access can be found in our companion paper [5], which includes more details of beamform with respect to control channels..
As for the CSI acquisition (or RS design), UL RS and DL RS (and potential joint using of them) are both capable for CSI acquisition. For example, BS could use the UL RS to: 1) recover the antenna element based CSI; 2) adjust the analog beam direction iteratively and exquisitely, i.e., beam-tracking. Besides, BS could use the beam based DL RS and the feedbacked the analog beam index to: 1) refine the analog beam weight, i.e., analog beam selection; 2) adjust the analog beam direction iteratively and exquisitely, i.e., beam-tracking. A comprehensive view on reference signal design can be found in our companion paper [6], which includes more concrete proposals of CSI acquisition and RS designs.
5 Conclusions

This contribution discussed system architecture and design considerations of hybrid beamforming system. The observation and proposals are as follows:
Proposal 1: Hybrid beamforming which includes digital beamforming (Port virtualization) and analog beamforming (time adaptable TXRU virtualization) should be employed as a beamforming candidate for the new RAT.
Proposal 2: One (or more) architecture should be chosen from the candidates in this contribution to be the architecture for the conventional and future hybrid beamforming massive MIMO based on the cost, performance ,energy consumption, etc.
Proposal 3: 2D antenna array is recommended including uniform and non-uniform designs. Non-uniform array may be supported by TDD reciprocity enhancement.
Proposal 4: This periodicity and transit time of analog beam updating needs to be taken into account when designing hybrid beamforming system.
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