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1. Introduction
A technology SI for the new radio was started in a few meetings. Until now the RAN4 discussion was mostly about the SI scope. In order to progress the work it is important to understand the underlying technology that will power the devices. In this paper we discuss some UE RF architecture aspects for mmWave.
2. Discussion
The technology SI for the new radio considers frequencies up to 100GHz as possible candidates for deployment of NR. The frequency range above 24GHz is completely new to 3GPP and a thorough study of the technologies to be used is needed to understand what requirements should be defined and how to be define them. In this paper, we elaborate on some aspects of the UE RF architecture for mmWave.
The main difference between devices operating below 6GHz and devices operating above 24GHz will be the use of active antenna arrays. Antenna array gain is needed to overcome the larger over the air transmission losses and made possible due to the short wavelengths above 24GHz (enables many small antenna elements in a compact volume). Considering this aspect and the relatively high losses (e.g. PCB loss) expected at these high frequencies, the RF front end implementation is expected to be highly integrated as explained below. In this paper we only describe some possible implementations, while in practice, there may be other possible approaches. However, some of the basic concepts discussed here are applicable to different designs.
The mmWave RF components have lower efficiency and higher PCB losses compared to devices operating below 6GHz. In order to optimize the power consumption, it is important to limit the losses (at mmWave frequencies) between the up-conversion mixer and each antenna element. Hence, there is a need for a highly integrated design. 

A high level description of a RF front end antenna module implementation is depicted in Fig. 1.  Both a side view (Fig. 1a) and front view (Fig. 1b) are illustrated. In these examples, the RFIC is connected to the bottom side of the substrate via a flip chip bonding method where the antenna elements (aperture) are located on the top side of the substrate. 
In the Fig. 1 example, patch antennas are used for illustration. However, depending on the design/application different types of antennas may be used. Another possible implementation is to have the RFIC mounted directly on the device PCB and antenna elements “printed” on the PCB. The placement, size, shape and type of antennas will depend on the final design requirements.  A device may also contain multiple modules placed in different locations to optimize system performance.

The RFIC illustrated in Fig. 1 may contain all the RF components (up-conversion mixer, phase shifter, combiner/divider, PA/LNA, etc) in a single package. In some approaches (not shown here) the IF and baseband components may also be included on the antenna module.  Additionally, the solution can be composed of one or many discrete components mounted on the same substrate.  
It should be noted that due to the large number of radio chains, small size, and increased losses in circuits at frequencies above 24GHz, it is not expected that each mmWave radio path may have its own RF filter.  The antenna bandwidth and RF components may inherently create frequency selectivity for the radio (depends on design).

Fig. 2 illustrates a conceptual diagram with detail of the above mmWave RF signal path. After IF to RF signal frequency translation, phase shift and amplification are applied to achieve analog beamforming. The RF signals are delivered to each antenna elements forming the antenna array.  
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Figure 1. (a) side view of RFFE module, (b) front view of RFFE module      
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Figure 2. Block diagram of an RF front end circuit

Combining and splitting networks are relevant in analog beamforming radios.  As an example on the Tx path in Fig. 2, the IF signal is up-converted to the desired frequency and split into multiple paths corresponding to different antenna elements. Depending on the number of antenna elements, multiple combiners/splitters are cascaded. The phase of the signal is adjusted on each path in the phase shifter and then amplified and delivered to the antenna. It should be noted that the power amplifier preferably is placed nearby the antenna on each path in order to minimize any PCB losses thereby optimizing the device power consumption. 

Other transmit beamforming approaches may consider amplifying the signal before splitting and adjusting the phase. This approach places more challenging linearity requirements on the phase shifter (post PA) which can be difficult to achieve in practice with low power consumption.  Additionally, the PA Pout requirements are elevated thereby limiting the efficiency of the transmit chain.

The receiver side in Fig. 2 amplifies the signal in the LNA right after the antenna. A key receiver design goal is to minimize signal loss between the antenna and LNA to achieve low noise figure. After the phase adjustment, the signals from multiple receive paths are combined and down-converted to IF.   Overall, many of the components are preferably shared between the Tx and Rx paths to minimize radio cost and complexity. The phase adjustment for each antenna element may be analog or digitally controlled from the baseband through beam tracking algorithms. 

While Fig. 2 illustrates a single layer Rx/Tx beamforming chain, multi-layer radios (MIMO) require multiple RF chains. Digital beamforming designs require the number of radio chains (baseband to RF) to correspond to the number of digitally formed beams.
It can be seen that there are significant differences in beamforming radio architectures above 24GHz compared to devices operating below 6GHz. 
3. Conclusion
In this paper we presented some possible architectures for radios above 24GHz, and where applicable, highlighted differences to radio architectures for devices operating below 6GHz. These key differences should be taken into account when mmWave RF requirements are discussed.
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