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In the RAN1#85 meeting, multi-antenna scheme for new radio interface was discussed as a key feature to meet the requirement of future 5G, both in below 6GHz and above 6GHz range [1].  In the mmW range, transmission suffers from higher path loss than in the microwave range, typically with an additional loss of 20 to 30dB. Without increasing the transmission power, the additional pathloss is usually compensated by deploying a large number of antenna elements and using transmission and reception beamforming at the TRP and the UE. The number of antenna elements at the TRP can be in the order of hundreds or higher. Transmission beamforming with a large number of antenna elements focuses the transmission energy in a certain direction (with a narrow angle) to compensate for the additional pathloss.  A large directional gain is achieved in the transmission. Receiving beamforming can be used to achieve a large receiving gain as well. 

With a large number of antenna elements, the cost of implementing all-digital transceiver can be very high. This requires a separate RF chain for each antenna element (either TX or RX) and the associated cost and power consumption is often prohibitive. A compromise is hybrid analog/digital beamforming, where a small number of RF chains are used to power a large number of antenna elements through a RF distribution/phase shift network (RDN). The relative phases between these antenna elements are controlled by adjusting the phase shifters in the RDN. Hybrid beamforming was proposed by several companies in RAN1#85 [2-4] and has been agreed to be included in NR MIMO study.

The following agreements were reached in RAN1#85:

Agreements:
· Following three implementations of beamforming are to be studied in NR
· Analog beamforming
· Digital beamforming
· Hybrid beamforming 
· Note: The physical layer procedure design for NR can be agnostic to UE/TRP with respect to the beamforming implementations employed at TRP/UE, but it may pursue beamforming implementation specific optimization not to lose efficiency
· RAN1 studies both multi-beam based approaches and single-beam based approaches for these channels/signals/measurement/feedback
· Initial-access signals (synchronization signals and random access channels)
· System-information delivery 
· RRM measurement/feedback
· L1 control channel
· Others are FFS
· Note: The physical layer procedure design for NR can be unified as much as possible whether multi-beam or single-beam based approaches are employed at TRP at least for synchronization signal detection in stand-alone initial access procedure
· Note: single beam approach can be a special case of multi beam approach
· Note: Individual optimization of single beam approach and multiple beam approach is possible
· Multi-beam based approaches
· In Multi-beam based approaches, multiple beams are used for covering a DL coverage area and/or UL coverage distance of a TRP/a UE
· One example of multi-beam based approaches is beam sweeping:
· When beam sweeping is applied for a signal (or a channel), the signal (the channel) is transmitted/received on multiple beams, which are on multiple time instances in finite time duration
· Single/multiple beam can be transmitted/received in a single time instance
· Others are FFS
· Single-beam based approaches
· In single-beam based approaches, the single beam can be used for covering a DL coverage area and/or UL coverage distance of a TRP/a UE, similarly as for LTE cell-specific channels/RS
· For both single-beam and multi-beam based approaches, RAN1 can consider followings in addition
· Power boosting
· SFN
· Repetition
· Beam diversity (only for multi-beam approach)
· Antenna diversity
· Other approaches are not precluded
· Combinations of single-beam based and multi-beam based approaches are not precluded



In this contribution, we discuss some issues specific to hybrid beamforing. 
 
Discussion

Hybrid beamforming combines traditional baseband digital precoding with analog beamforming to achieves a tradeoff between performance and complexity. Hybrid beamforming can be used at the TX side and the RX side independently. Figure 1 shows transmitter and receiver architecture deploying hybrid beamforming [2]. 
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Figure 1. Hybrid beamforming employed at the TX and the RX side.
In the TX side, the baseband signal  transmitted by the antenna array can be represented as

where , ,  are the baseband input signal, baseband TX precoder, and RF TX precoder respectively. At the RX side, the received signal  can be represented by

where , ,  are the output signal at the antenna ports, RF RX receiver matrix, and baseband RX receiver matrix respectively. The structure of the RF precoder or receiver matrix depend on the structure of RDN network implementation. Assume  is the physical channel between the antenna arrays the TX and the RX. The effective channel between the baseband input signal and the baseband output signal is given by

and the effective channel between the RF input signal and output signal is given by 
.
The RF precoding matrix can be changed by changing the phase shifts. Different phase shifts correspond to different TX and RX beams. 

· (Baseband) channel reciprocity

Channel reciprocity is often used in TDD systems. With hybrid beamforming, the effective baseband channel incorporates the RDN networks at the TX and RX sides. Symmetry for the effective baseband channel requires
,
where


In turn this requires
.
This is true when
 and .
For the baseband channel to be symmetric, the TX RDN and RX RDN need to be transpose of each other. This may be difficult in practice, due to the limitation of the circuitry of the TX RDN and RX RND. This is also made worse by the limited resolution of the phase shifters. Therefore the concept of channel reciprocity is made more complicated by the introduction of TX and RX RDNs and need more study. 

Proposal 1: Study the issue of baseband channel reciprocity in hybrid beamforming. 

· Calibration

Because of the analog RF circuitry (transmission lines, power splitter/combiner, phase shifters, etc) in a RDN, calibration is more important than before.  Therefore we propose to consider the calibration of the RDNs.
Proposal 2: Study the calibration issue for hybrid beamforming.  

· Different array size and RDN structure

Hybrid beamforming depends heavily on the size of the antenna array and the structure of the RDN. The number of antenna elements may vary significantly in TRPs and UEs of different types and costs. In different RDN architectures, baseband ports may have separate or shared antenna arrays. Figure 2 shows two different architectures with dedicated or shared antenna arrays per baseband port [3].
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Figure 2. TX RDN with dedicated (top) or shared (bottom) antenna arrays.

The size of the antenna array and the detailed RDN structure may be different from different vendors and for different device types. Such details should be left as TRP and UE implementation issues, which should be supported by the 5G standard without over complication. At least some of the detailed RDN design should be transparent to the NR MIMO design. Therefore we make the following proposal:
Proposal 3: Consider the large variations of antenna array size and RDN structure in hybrid beamforming. Such variations should be transparent to NR MIMO operation if possible.

Conclusions
In this contribution, we discussed various issues unique to hybrid beamforming, including calibration, channel reciprocity, and impact of different implementation. Our proposals are summarized as below: 

Proposal 1: Study the issue of channel reciprocity in hybrid beamforming. 
Proposal 2: Study the calibration issue for hybrid beamforming.  
Proposal 3: Consider the large variations of antenna array size and RDN structure in hybrid beamforming. Such variations should be transparent to NR MIMO operation if possible.
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