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Introduction
A new study item on new Radio Access Technology (RAT) [1] was approved in RAN#71. The high-level objectives of the new study item are copied from [1] below:
· The study aims to develop a new RAT to meet a broad range of use cases including enhanced mobile broadband, massive MTC, critical MTC, and additional requirements defined during the RAN requirements study. 
· The new RAT will consider frequency ranges up to 100 GHz [2].
One of the key differences of this new study item from what is specified in LTE is the support of higher frequencies. The study item will evaluate the feasibility and candidate specification support for the new RAT considering deployment on frequency ranges up to 100GHz. Due to the significantly higher frequency range the new RAT has to support, when compared to LTE, new technologies need to be considered to compensate for the higher path-loss. MIMO/beamforming is one of such technologies and will be the focus of this contribution. The contribution will discuss why MIMO/beamforming is essential to the operation of the new RAT in higher frequencies and propose a generalized architecture and design for future studies during the course of the study item.
Challenges of new RAT in over-6GHz
The characteristics of the wireless channel at higher frequencies are significantly different from the sub-6GHz channel that LTE is currently deployed on. Although the details on the channel model are currently being worked out in a separate study item, what is certain is that the higher frequencies will be subject to significantly higher path-loss than sub-6GHz. In Table 1, we provide a toy example showing the path-loss derived from Friis’ equation in free space for 2.8GHz and 28GHz.
[bookmark: _Ref447268358]Table 1. Comparison of path-loss derived from Friis’ equation for 2.8GHz and 28GHz.
	
	2.8GHz
	28GHz
	Note

	RX aperture size
	9.135cm2
	0.091cm2
	Due to smaller wavelength for 28GHz, aperture size is reduced to 1/100th of that of 2.8GHz

	Path-loss over 1m
	-41.4 dB
	-61.4 dB
	Due to smaller aperture size, path-loss is increased by 100 times (20dB additional path-loss)


As shown in Table 1, the key challenge of designing the new RAT for over-6GHz will be in overcoming this larger path-loss. In addition to this larger path-loss, the higher frequencies are subject to unfavourable scattering environment due to blockage caused by poor diffraction [3]. 
Due to the above challenges in the higher frequencies, MIMO/beamforming is essential in guaranteeing sufficient signal level at the receiver end. One thing to consider before initiating discussions on the detailed design of MIMO/beamforming for over-6GHz is the implementation complexity involved in overcoming this path-loss. From Table 1, it can be observed that the MIMO/beamforming for the higher frequencies needs to be designed to compensate for 20~30dB of additional path-loss. If this path-loss is compensated relying just on digital precoding, the number of required TXRUs at the eNB/UE would be well over 100 and can be as high as 1000. Note that this 20~30dB only takes care of the path-loss aspects of the higher frequencies to make it comparable to a single TX antenna setup for the lower frequencies. To achieve similar MIMO/beamforming performance as the lower frequencies (e. g, 16 TXRUs in Rel-13 FD-MIMO), MIMO/beamforming for over-6GHz would need to support even more TXRUs. Needless to say, relying solely on digital precoding that handles this large number of TXRUs is simply too costly from implementation point of view.
In order to compensate the large path-loss while maintaining reasonable implementation complexity, the design of MIMO/beamforming needs to deviate from the full digital precoding that is currently used in LTE. Instead of full digital precoding, adaptive analog beamforming need to be used in conjunction with digital precoding. The analog beamforming would compensate the path-loss while the digital precoding would provide additional performance enhancements similar to MIMO for sub-6GHz. Note that the implementation complexity involved in supporting adaptive analog beamforming is significantly less than digital precoding since it primarily relies on simple phase shifters. In the rest of this contribution, this combination of adaptive analog beamforming and digital precoding will be referred to as hybrid beamforming.
Figure 1 shows a block diagram of hybrid beamforming. As explained above, it consists of a digital precoding segment and an analog beamforming segment.
[image: ]
[bookmark: _Ref447274472][bookmark: _Ref447274304]Figure 1. Block diagram of hybrid beamforming (combination of analog beamforming and digital precoding).
Analog beamforming is not something new. It has been widely implemented in many generations of cellular systems at the eNB side. Sectorization is one example of analog beamforming. However, the analog beamforming for sub-6GHz has been mostly transparent to the UE since it is fixed. Compared to such an approach, the analog beamforming shown in Figure 1 needs to adaptively change its direction so provide service coverage to all the UEs in a cell without having to implement too many antenna elements at the eNB. It is this aspect that needs to be considered in the design of the specification to support this feature. In the following section, we will provide details on how hybrid beamforming operates and potential specification support that would be needed.
Observation 1: Relying solely on digital precoding to compensate for the additional path-loss in higher frequencies will lead to excessive implementation burden at the eNB.
Proposal 1: Hybrid beamforming which combines adaptive analog beamforming and digital precoding should be adopted as the baseline MIMO/beamforming scheme for over-6GHz in 5G new RAT.

Transceiver Architecture for over-6GHz
1 
2 
For designing hybrid beamforming which combines adaptive analog beamforming and digital precoding for over-6GHz, one of the first tasks could be to agree on transceiver architecture(s), based on antenna model(s). In this sense, the antenna model for over-6GHz should be first discussed before describing the proposed hybrid beamforming transceiver architecture. 
1.1 eNB/UE Antenna Models for over-6GHz
In 3GPPTR36.873 [4], 2D antenna array model and TXRU virtualization models for elevation beamforming (EBF)/full dimension (FD)-MIMO transceiver are described. In particular, the sub-array partition model in [4] had been used to construct non-precoded CSI-RS ports in the codebook evaluations of the subsequent WI. In addition, it is well understood that the other downlink antenna ports (e.g., CRS and DMRS) can also be constructed with applying digital precoding on non-precoded CSI-RS. In the EBF/FD-MIMO SI/WI, a common understanding of TXRU virtualization models was essential for system design as well as for performance evaluation. However, static TXRU virtualization has been considered for EBF/FD-MIMO.
As beamforming is conducted by using multiple antennas, antenna and TXRU virtualization modelling can also be essential to design and evaluate over-6GHz beamforming based systems. A first step had already been taken in the over-6GHz channel model SI, with a generalized antenna modelling to support multiple antenna panels, which can be used to generate a large beamforming gain to cope with the high path-loss. A WF [5] agreed in RAN1-channelmodel-adhoc in March 2016 describes a generalized version of the 2D antenna array model (see Figure 2). The WF extends the single antenna panel in [4], and proposes a uniform rectangular panel array (URPA) comprising multiple Mg∙Ng antenna panels. On each antenna panel, uniform rectangular array is placed, which comprises multiple antenna elements with (M, N, P) and (dH, dV) as defined in [4]. For this generalized multi-panel antenna, TXRU virtualization has not been considered in [5].

Proposal 2: eNB/UE antenna models that will be studied in this study item should include the URPA shown in Figure 2.


Figure 2. Uniform rectangular panel array (URPA) for eNB/UE [5]

1.2 Hybrid Beamforming Architecture for over-6GHz
For EBF/FD-MIMO transceiver architecture [4], two TXRU virtualization models had been considered for the single-panel antenna array: sub-array partition and full-connection. Here, TXRU virtualization is mapping between one antenna port and a few antenna elements, which results in the beamforming. However, a static TXRU virtualization in EBF/FD-MIMO has been considered, so it has no capability to adaptively steer the analog beam direction. Since EBF/FD-MIMO is basically focus on the high-order multi-user MIMO with large DoF (Degree of Freedom), the TXRU beam-width is quite wide enough to cover a good portion of the sectorization angle range. On the other hand, the beams of data transmission made by digital precoding over multiple TXRUs can be narrower than the TXRU beams and steered toward a certain angle within the TXRU beam-width.
As mentioned in Section 2, relying solely on digital precoding over large number of TXRUs should not be feasible to overcome the challenges for over-6GHz frequencies because of high cost from implementation point of view. Instead of full digital precoding, therefore, adaptive analog beamforming need to be used in conjunction with digital precoding. When a small number of TXRUs for large antenna array systems, e.g., multi-panel systems, for over-6GHz is affordable, the number of antenna elements in each panel can be quite large to overcome the large path-loss in high frequency bands. In such a case, the resulting TXRU beam may cover only a fraction of the sectorization bandwidth, and it is likely that coverage holes will be formed. Hence, it should be necessary to allow adaptively time-varying TXRU virtualizations, so that the whole sectorization angle range is covered at least by virtualization beam sweeping across the angles. In short, hybrid beamforming which combines adaptive analog beamforming and digital precoding should be considered as the baseline MIMO/beamforming scheme for over-6GHz. Here, adaptive analog beamforming can be realized by dynamically adapting TXRU virtualization weights.

Similar with EBF/FD-MIMO, two TXRU virtualization models, e.g., sub-array partition and full-connection, can be considered for the multi-panel antenna array systems. An examplary extensions of the FD-MIMO sub-array partition and the FD-MIMO full-connection to URPA with co-pol antenna elements are illustrated in Figure 3 and Figure 4. Full-connection model requires smaller number of power amplifiers (PAs) to get the same beamforming gain with sub-array partition model, however, PAPR and implementation complexity of full-connection model is higher than that of sub-array partition model. Overall, the sub-array partition model is preferred to be studied as it is more viable to implement.  

Proposal 3: The sub-array partition for the URPA, where each panel is associated with P TXRUs, should be studied as a transmitter architecture for over-6GHz communication, as shown in Figure 3. 



[bookmark: _Ref427174174]Figure 3. Sub-array partition model for over-6GHz.



Figure 4. Full-connection model for over-6GHz.

Generally, we assumed that analog beamforming in hybrid beamforming should be applied for both eNB and UE side in order to achieve high link quality and support the enough cell coverage. However, in some scenarios where no large coverage is required, deployment of analog beamforming to both sides would not be essential. Therefore, we assume deploying TXRU virtualization at both eNB and UE as a baseline, while UE end without analog beamforming can be additionally considered for the case of small coverage environment.

Proposal 4: Deploying TXRU virtualization at both eNB and UE needs to be assumed as a baseline, while UE architecture with no analog beamforming can be additionally considered for the case of small coverage environment.

3 
4 
Design Aspects for over-6GHz
In this section, design aspects of the hybrid beamforming system are discussed. Following the proposed structure above, the system operation should be studied taking account of dynamically steered beams at eNB and/or UE. The procedure for a hybrid beamforming system can be briefly described as below. As analog beams are steered in a certain direction, sweeping operation would be needed to guarantee reliable reception of the information at all the UEs in a cell. Each UE has to select eNB’s transmit and UE’s receive beams in the way that two beams are well aligned each other for better throughput, so a new reference signal (RS) should be designed. After beam selection procedure, each UE feedbacks the selected eNB’s transmit beam information. Once connected, UE may update preferred eNB’s transmit beam by examining beam selection RS. Based on the feedback information from UEs, eNB may determine directions of transmit beams as well as scheduling.

Transmit/Receive Beam Selection
4.1.1 RS for beam selection
RS design taking into account the beamforming and beam-selection is required in downlink and uplink transmission for the TXRU virtualization model. For example, in downlink, transmit and receive beams of eNB and UEs, respectively, can be selected at UE side based on the received beam-selection RS. Each RS is transmitted with a candidate beam, which has certain directivity. By examining RSs from all the candidate beams, the receiver selects the best beam or beam sets. As dynamic TRX beam change is needed to fully exploit beamforming gain, the beam-selection RS should be transmitted occasionally for certain duration. 

4.1.2 Feedback of selected beam information
Selected beam information needs to be delivered in uplink control channel. At eNB side, UEs’ preferred beam information is used in transmit beam selection and UE scheduling. Large number of feedback bits may optimize transmit beam combination, however, the large feedback burden is induced.

Synchronization Signal and Broadcast Channel
Synchronization signal and broadcast channel is compulsory to be transmitted in downlink for the synch and system information delivery, respectively. As synchronization signal and broadcast channel convey common information to all the UEs, reliable reception of the information at all the UEs in a cell should be guaranteed. To do that, all the information should be transmitted by multiple broadcasting beams each of which has different directivity. 

Wide-band Transmission related Issues
Owing to the analog beamforming nature, a single beam with certain directivity is transmitted from each antenna panel over the whole band and the number of beams for frequency division multiplexing (FDM) is limited to the number of TXRUs. In consequence, transmit beam selection and resource allocation should be jointly performed at eNB. Moreover, FDM between some channels in both downlink and uplink might not be efficient. For example, FDM between broadcasted channel(s) and data channel would not be favoured from implementation point of view, since the directions of the beams should be restricted to the broadcasting beam direction.

Types of RSs
RS for channel estimation and demodulation of downlink and uplink channels for over-6GHz should be studied. Due to the directivity of the beam, RS which is commonly transmitted to all the UEs for channel estimation and demodulation, such as cell-specific RS of LTE, might not be efficient and UE-specific RS would be preferred instead.

Proposal 5:
· RS for beam selection is required and should be designed.
· Preferred downlink beam information should be fed back.
· The number and direction of beams for broadcasting should be studied.
· RS which is commonly transmitted to all the UEs for channel estimation and demodulation, such as cell-specific RS of LTE, might not be efficient and UE-specific RS would be preferred instead.

Conclusions
This contribution discussed system architecture and design aspects of hybrid beamforming system. The observation and proposals are as follows:
Observation 1: Relying solely on digital precoding to compensate for the additional path-loss in higher frequencies will lead to excessive implementation burden at the eNB.

Proposal 1: Hybrid beamforming which combines adaptive analog beamforming and digital precoding should be adopted as the baseline MIMO/beamforming scheme for over-6GHz in 5G new RAT.
Proposal 2: eNB/UE antenna models that will be studied in this study item should include the URPA shown in Figure 2.
Proposal 3: The sub-array partition for the URPA, where each panel is associated with P TXRUs, should be studied as a transmitter architecture for over-6GHz communication, as shown in Figure 3. 
Proposal 4: Deploying TXRU virtualization at both eNB and UE needs to be assumed as a baseline, while UE architecture with no analog beamforming can be additionally considered for the case of small coverage environment.
Proposal 5:
· RS for beam selection is required and should be designed.
· [bookmark: _GoBack]Preferred downlink beam information should be fed back.
· The number and direction of beams for broadcasting should be studied.
· RS which is commonly transmitted to all the UEs for channel estimation and demodulation, such as cell-specific RS of LTE, might not be efficient and UE-specific RS would be preferred instead.
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