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1. Introduction
A wide range of deplyment scenarios and high level requirements were defined in TR 38.913 [1] for the next generation New Radio (NR) access. The carrier frequency ranges from 700 MHz to 70 GHz while the system bandwidth ranges from 20 MHz to 1 GHz. It is stated in the same document that “more detailed attributes and simulation parameters, for example, the channel model, BS / UE Tx power, number of antenna ports, etc. should be defined in the new RAT study item.” In this contribution, we aim to address some of those details related to multi-antenna schemes for NR, particularly for above 6 GHz scenarios. Our views on below 6 GHz MIMO schemes can be found in a separate paper [2]. The considerations for MIMO schemes for higher carrier frequency, especially in the millimeter wave bands, require special attention due to its dramatically different radio prpagation characteristics. Here we attempt to highlight the most important ones that need to be addressed before system design can proceed.
2. Link Budgets for Various Scenarios and Assumptions
We calculate link budget here for Dense Urban and Urban Macro deployment scenarios, similar to what is done in [5]. However, parameters and propagation model are updated by the ones with consensus. Specifically, the parameters used in the analysis are based on the assumptions in [1]. The propagation model is based on the latest agreement in [3], where Non-Line-of-Sight (NLoS) outdoor condition is assumed for both deployments. To highlight the impact of system bandwidth and the importance of beamforming gain, different values for bandwidth as well as TRP array gain and UE array gain are used. The results are summarized in Table 1
Two different values for system bandwidth are used in the analysis for dense urban deployment. While the predominant consensus on the bandwidth for evaluation is between 100 MHz to 200 MHz at the moment, it is specified up to 1 GHz in [1]. We also believe that in the future, bandwidth higher than 200MHz is likely. On the other hand, due to the larger inter-site distance in Urban Macro deployment, only 200MHz case is analyzed. We also highlight that two different sets of array gains for TRP and UE are considered. The set with higher gains is achieved by using the largest number of TRP and UE antennas taken from [1]. The set with lower gain attempts to show a minimum requirement for providing, e.g., broadcast information, where high spectral efficiency is not a major concern. Please note that the term “array gain” here is not precisely the same as array size, as will be clarified in later sections.
Table 1: Exemplary Massive MIMO Parameters

	
	Dense Urban
	Urban Macro

	ISD [m]
	200
	500

	Cell size [m]
	115.47
	288.68

	Frequency [GHz]
	28
	28

	BW [MHz]
	200
	200
	1000
	1000
	200

	PL loss model
	UMi NLoS
	UMa NLoS

	PL loss [dB]
	126.03
	140.08

	Fade margin [dB]
	7.82
	6

	TRP Tx power [dBm]
	35
	42

	TRP element gain [dBi]
	8
	8

	TRP noise figure [dB]
	7
	7

	TRP array gain
	256
	8
	256
	8
	256
	8

	UE Tx power [dBm]
	23
	23

	UE noise figure [dB]
	10
	10

	UE element gain [dBi]
	5
	5

	UE array gain
	32
	4
	32
	4
	32
	4

	DL SNR (before beamforming)
	-9.86
	-9.86
	-16.85
	-16.85
	-15.09
	-15.09

	UL SNR (before beamforming)
	-21.86
	-21.86
	-28.85
	-28.85
	-34.09
	-34.09

	DL SNR (after beamforming)
	29.27
	5.19
	22.28
	-1.80
	24.05
	-0.04

	UL SNR (after beamforming)
	17.27
	-6.81
	10.28
	-13.80
	5.05
	-19.04


3. Considerations Essential to System Design
From Table 1 it can be noted that the antenna/array gain required to close the link varies greatly for different deployment scenarios and assumptions. In the following we highlight some important issues that need to be discussed and clarified before the system design can proceed.
Broadcast Channel

The downlink SNR before beamforming for dense urban deployment in a 200 MHz system bandwidth is around -10 dB (-9.86 to be exact). At such low SNR, the Gaussian capacity is log2(1+0.1)=0.1375 bit/sec/Hz, or 27.5 Mbps in 200 MHz system bandwidth. This will determine the broadcast channel (PBCH) overhead required in a stand-alone deployment above 6GHz. In general, transmit beamforming cannot improve broadcast channel capacity. In fact, it may actually lower the spectral efficiency slightly at such low SNR. An M-element linear array can raise the SNR level by M times but at the same time reduce the radiation coverage by about the same factor. Thus, it takes M times beamformed transmissions to cover the entire area. The resulting spectral efficiency becomes 1/M×log2(1+0.1×M) = 0.106 bit/sec/Hz for M=8. For the same scenario operating in a 1 GHz system bandwidth, the SNR before beamforming is -16.85 dB and the difference between omnidirectional and directional broadcast becomes even smaller.
Nevertheless, delivering broadcast information such as MIB and SIB in beamformed transmission has certain advantages. At frequency above 6 GHz, each antenna element is likely connected to a low-power PA. To maximize the total broadcast power, all PAs need to be transmitting at its maximum power. It is not straightforward to design constant modulus antenna weights to create an omnidirectional beam pattern. On the other hand, a highly directional beam can be easily formed using Fourier coefficients. Moreover, channel estimation also has better performance in beamformed transmission since pilot power is focused toward the direction of the intended UE instead of being spread thin in the space. The same pilot for the demodulation of the broadcast channel can also be used as measurement pilot for the UE to determine the channel’s spatial profile.
In summary, a periodically configured beam sweeping is the preferred method for delivering broadcast information. Considering the trade-off between directional and omnidirectional broadcast, knowing the lowest SNR before beamforming at which the system is expected to operate is thus a key to designing the broadcast channel. The remaining works are to determine the information that needs to be broadcast in the above 6 GHz NR and the data rate required to carry that information. Many of the LTE MIB/SIB contents will be included in the NR, but additional messages, particularly those related to beamforming, are for further study.
Observation 1: SNR values for above 6 GHz deployment is very low without beamforming, which makes broadcasting of system information very challenging. Omni-directional or directional sweeping are approximately the same in terms of capacity at such low SNR.
Proposal 1: The minimum downlink SNR without beamforming in all scenarios need to be agreed so that broadcast channel can be properly designed.
UE side beamforming

The broadside HPBW (or 3 dB beamwidth) of a half-wavelength uniform linear array with M elements is approximately [4]
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For an array with 32 (32 by 8 plenary array for example) elements in azimuth dimension, the azimuth HPBW is 3.18(. At the distance of 100 meters from the TRP the beamwidth is 5.57 meters, which takes a UE moving at 30 km/hr 668 ms to traverse, as shown in Figure 1(a). Since the maximum UE speed of 30 km/hr is specified in [1], the transmit beamforming behavior can be modeled and subsequently the corresponding system design can ensue.

It is clear from Table 1 that UE side beamforming is required in most of the DL scenarios and all uplink scenarios in order to establish a link with reasonable spectral efficiency. When UE beamforming is employed, orientation or angular information is needed in addition to the displacement of the UE to fully characterize the UE side beamforming behavior. For a UE that rotates 3.18( in 668 ms, the angular speed is 4.76(/s, or equivalently one full circle in 75 second which is probably much lower than practical situation. It is therefore clear that UE side beam tracking is more challenging than TRP side beam tracking when the same array configuration is used on both sides. Such orientation behavior is not yet specified in the deployment scenario. One potential method may be the Brownian motion often used to model the phase noise of an oscillator.
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Figure 1: TRP and UE beamforming

Observation 2: UE beamforming is required for above 6GHz NR in order to establish a link with reasonable spectral efficiency. UE’s speed alone is not enough to model beam tracking behavior when UE side beamforming is employed. Its change of orientation over time is required to fully characterize the beam tracking behavior.
Proposal 2: UE’s angular movement needs to be modeled and specified for system design. The Brownian motion commonly used to model phase noise can be a candidate. 
Beamforming Reciprocity

If a beamformer can form identical transmit and receive beam pattern, beam alignment and tracking can be made easier. Referring to Figure 2, this means the large scale (wideband) gain of the channel formed by the transmit beamforming weight vector vBS and the receive beamforming weight vector vUE will be the same when the same weight vectors are used in the reverse direction. Under this condition and in the absence of interference, the best combination of the transmit beam of a first device and the receive beam of a second device should remain the same when the communication direction is reversed. Therefore, the procedure of establishing a beamformed link needs only be executed in a single direction. Note that such reciprocity can even be achieved in FDD mode as long as the duplex spacing is small enough so that transmit and receive wavelengths are approximately the same [6]. In lower carrier frequency, the uplink and downlink channels are typically not reciprocal even with perfect RF calibration in TDD mode due to the different interference conditions. However, the interference becomes less dominant with narrowly focused beamforming in above 6 GHz deployment and reciprocity condition is more likely to be met. Because this condition will have profound implication on system design, we believe whether beamforming reciprocity is the working assumption should be discussed in the early stage.
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Figure 2: Beamforming reciprocity

Observation 3: Since the system is likely to be dominated by noise, not interference in above 6 GHz NR, beamforming reciprocity also implies uplink/downlink channel reciprocity. The complexity of beamforming procedure can be significantly reduced if such condition is met.
Proposal 3: Whether beamforming reciprocity is the working assumption should be agreed.
Array Configuration
Array configuration is essential for the design and evaluation of beamforming-based system. Different assumptions lead to very different beamforming capability and performance. To fully exploit the advantages of array processing, an all-digital architecture as used in LTE is preferred. However, in above 6 GHz NR, it may imply much higher cost and power consumption when considering the large size of antenna array. With the same considerations, the other extreme end is an all-analog architecture. Although an all-analog beamforming system is more cost efficient, it lacks the possibility of harvesting system diversity. A good tradeoff is to go for a hybrid beamforming architecture where one digital chain is mapped to multiple antenna elements. On one hand, hybrid architecture provides a balance from the perspective of cost and power assumption. On the other hand, it introduces new issues to be addressed, namely, transceiver virtualization. In the release 13 FD-MIMO [7] study, both sub-array and fully connected based approaches are assumed for transceiver virtualization. Fully connected approach enables full array gain on individual transceiver paths and in principle is able to provide better performance than sub-array based approach. Unfortunately, in the above 6 GHz NR, the additional combiners required in fully connected approach may easily consume the additional array gain obtained from larger array size.
Observation 4: Hybrid beamforming architectures such as those adopted in release 13 FD-MIMO can achieve good tradeoff from the perspectives of cost and power consumption for above 6 GHz NR. However, the configuration of the architecture such as TXRU virtualization and number of antenna ports need to be reconsidered due to the difference in channel’s propagation characteristics and the increase in number of antenna elements.

Proposal 4: The RF and antenna architecture such as TXRU virtualization and number of antenna ports for above 6 GHz NR should be specified and agreed.
Yet, another issue to be addressed is what are the degrees of freedom from the channel do we expect. This has a direct impact on the number of antenna ports for data transmission and determines the UE complexity. Due to the sparsity of millimeter wave channel, we do not expect high number of antenna ports to be defined as in LTE case. One thing worth mentioning is that co-located cross-polarized antennas could provide a simple way of harvesting channel diversity. However, the challenge of integrating multiple dual-feed cross-polarized antennas in the UE with half wavelength spacing should be considered before any decision.
Observation 5: Above 6 GHz channel is sparse, especially in millimeter wave frequency, and thus has limited degrees of freedom when compared to below 6 GHz channel. Polarization antenna provides a simple and straightforward way for increasing degrees of freedom.

Proposal 5: Whether dual-polarized antenna will be the working assumption for MIMO schemes in above 6 GHz NR as in sub-6 GHz FD-MIMO should be discussed and agreed.
4. Conclusion
In summary, based on the above discussion we have the following observations and proposals for the beamforming of above 6 GHz NR:
Observation 1: SNR values for above 6 GHz deployment is very low without beamforming, which makes broadcasting of system information very challenging. Omni-directional or directional sweeping are approximately the same in terms of capacity at such low SNR.
Proposal 1: The minimum downlink SNR without beamforming in all scenarios need to be agreed so that broadcast channel can be properly designed.

Observation 2: UE beamforming is required for above 6GHz NR in order to establish a link with reasonable spectral efficiency. UE’s speed alone is not enough to model beam tracking behavior when UE side beamforming is employed. Its change of orientation over time is required to fully characterize the beam tracking behavior.

Proposal 2: UE’s angular movement needs to be modeled and specified for system design. The Brownian motion commonly used to model phase noise can be a candidate. 
Observation 3: Since the system is likely to be dominated by noise, not interference in above 6 GHz NR, beamforming reciprocity also implies uplink/downlink channel reciprocity. The complexity of beamforming procedure can be significantly reduced if such condition is met.

Proposal 3: Whether beamforming reciprocity is the working assumption should be agreed.
Observation 4: Hybrid beamforming architectures such as those adopted in release 13 FD-MIMO can achieve good tradeoff from the perspectives of cost and power consumption for above 6 GHz NR. However, the configuration of the architecture such as TXRU virtualization and number of antenna ports need to be reconsidered due to the difference in channel’s propagation characteristics and the increase in number of antenna elements.

Proposal 4: The RF and antenna architecture such as TXRU virtualization and number of antenna ports for above 6 GHz NR should be specified and agreed.
Observation 5: Above 6 GHz channel is sparse, especially in millimeter wave frequency, and thus has limited degrees of freedom when compared to below 6 GHz channel. Polarization antenna provides a simple and straightforward way for increasing degrees of freedom.

Proposal 5: Whether dual-polarized antenna will be the working assumption for MIMO schemes in above 6 GHz NR as in sub-6 GHz FD-MIMO should be discussed and agreed.
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