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1. Introduction
This contribution provides an overview of the state of the art RFFE active and passive technologies applicable to NR for above 6GHz operation for both UE and BS. It also discusses integration and partitioning options in relation to these technologies and MIMO and antenna beamforming architectures. 
2. Discussion
In this contribution, we will first provide an overview of the key active and passive technologies parameters for RF front end at mm-wave frequencies. Then, applicability of technologies for UE or BS will be discussed based on performance and cost trade-offs. Finally, the integration and partitioning options offered by these technologies will be discussed. Note that a similar contribution was provided in [1] at RAN4#79.
Due to the amount of papers reviewed to construct the presented data it is unpractical to reference all of them.
2.1. Key performance parameters for mm-wave technologies 
2.1.1. Active technologies
The key RF front end active blocks are: PA, LNA, switch, mixers and phase shifters. In terms of setting the system performance, the PA and LNA performance are arguably the most critical and at mm-wave bands it should be noticed that it includes the losses associated with input and output matches that may need to be realized on-die. 
Fmax and Power gain
One of the key figures of merit for the performance of both Power Amplifiers and LNA that sets the ability of the front end to maximize performance on the system is Fmax (and not Ft which is rather representative of digital switching performance). Fmax allows us project the available power gain and:
· It gives the ability of the last stage (PA) of the transmit chain to amplify the signal efficiently (PAE), and
· It gives the ability of the first stage (LNA) of the receive chain to dominate the receiver sensitivity performance.

Moreover, it generally agreed that Fmax should be in the order of 3 to 5 times the operating frequency to provide adequate design margin and performance. For NR, this corresponds to:

· Fmax >100GHz for 30GHz

· Fmax >250GHz for 70GHz

To fully support the NR frequency range, a 300GHz Fmax is a reasonable target. Correspondingly, if limited to 41GHz operation -- 200GHz Fmax may be acceptable
Table 1 below shows the available Ft/Fmax for different technologies based on survey of both foundry data and published data. Although we do not have a comprehensive data set for each node, the goal there is to show the overall trends.
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Figure 1: Ft versus feature lithography node for different technologies
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Figure 2: Fmax versus key feature size for different technologies
In figure 1, Ft values which are key for switching speed but less relevant to RF performance: 
· As expected, Ft continues to increase with reduced feature sizes and especially with gate length of FET structures.  Bipolar devices are more dependent on the implementation of vertical layers rather than lithography.

In figure 2, we see the Fmax values that are key to RF performances and can make the following comments:

· Fmax conversely tends to saturate at low geometries this is due to increase of access resistances at lower geometries.  Both gate and base resistance may increase but also the finer pitch lower metals and contacts have higher resistances increasing access resistance to all 3 terminals of the devices.
· At same geometry, SOI CMOS devices show improved Ft and Fmax compared to their bulk counterparts. This is due to the lower substrate parasitic but also to back-end-of-line (BEOL) that may be tailored for RF performance.
· GaN HEMT Fmax is showing relatively low values but this is due to the fact that Ft/Fmax have been so far been traded off against breakdown voltage to realize high voltage (>10V) devices. Devices retargeted for 5V operation would be fully relevant for base station power amplifier devices at least for 30GHz operation.
· InP devices show excellent Ft/Fmax allowing further trade-off between max and BV making it the device of choice for base station power amplifiers at >60GHz frequencies.

Observation 1:
· Both BiCMOS and SOI CMOS can provide lower cost / better performance trade-off as an alternative to advanced bulk CMOS for UE RF front end offering better system performance.
· GaN and InP devices have optimum performance for infrastructure application respectively at 30GHz and >60GHz especially for power amplifiers.
Power capability of different technologies: Breakdown voltage and Fmax
The output power capability of a technology is directly related to the maximum voltage swing capability at the transistor output and its current drive. Although the output match or other combining and cascading techniques can be used to provide impedance transformation, the transformation ratio is limited as it incurs further losses due to limited Q of matching elements. Similarly the devices cannot be made too big to provide current drive at mm wave frequencies as the increased parasitic just kills the available gain.
Given a breakdown voltage the Fmax of a technology is another key element to provide high Power Added Efficiency. Power Added Efficiency accounts for the power needed at the input of the amplifier stage. If the power gain is 10dB then the needed input power is 10% of the output power thus reducing the efficiency of the system. Note that a trade-off exists between breakdown voltage and Fmax.
Figure 3 and 4 from [2] provide an overview of output power and efficiency vs frequency for different technology based on a paper survey of 700 papers other the 2008 to 2013 period
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Figure 3 : PA output power versus frequency for different technologies

Observation 2
· GaN devices offer the best output power capability for infrastructure application at 30GHz followed closely by InP for above 100GHz.  The disadvantage of GaN or InP technology may be in the ability to integrated additional signal conditioning functions.
· SOI and bulk CMOS show similar capabilities since they have very similar voltage handling capability and are valid approaches for UE output power levels

· BiCMOS SiGe and SiGeC technologies can offer a slightly higher output power thanks to a slightly higher breakdown voltage especially at >30GHz and are a valid alternative for UE power amplifiers.
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Figure 4 : PA efficiency versus frequency for different technologies

Observation 3
When it comes to efficiency which at first order depends on Fmax then on voltage capability all technologies tend to collapse in their efficiency performance towards 100GHz with notable exception to InP which thanks to very high Fmax may offer good solution at 100GHz. These overviews being relatively old, technology has progressed meanwhile but the overall trend stays true. Still very little data was available at the time on SOI CMOS and was limited to technologies optimized for RF switches applications
SOI CMOS PA example:

It has to be noted that SOI CMOS technology offers interesting features for power amplifiers at mm-wave as they generally approach similar Fmax than BiCMOS and RF friendly back end compared to bulk CMOS. On the output power capability side SOI CMOS can offer extended power capability by device cascoding without suffering of significantly reduced frequency capability compared to bulk CMOS thanks to lower parasitic and absence of back gating effect.
Figure 5 show an example of a 60GHz 2 stage cascoded transistors SOI CMOS power amplifier with fully integrated matchings showing 15 dB power gain and saturated output power capability >13dBm.
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Figure 5: 60GHz 2 stage SOI CMOS PA measurement
NFmin and Associated gain: key for LNA design

Table 1: NFmin data for different technologies

	technology / feature [nm]
	NFmin [dB] / Freq [GHz]

	SiGe HBT / 180
	3/30

	SiGe HBT / 130
	1.2/30

	SiGeC HBT / 130
	0.5/30

	Bulk CMOS / 130
	3/30

	Bulk CMOS / 65
	1.8/30

	Bulk CMOS / 40
	1.2/24 , 4.5/94

	SOI CMOS / 65
	1/24

	SOI CMOS / 45
	0.9/30

	InP HBT / 500
	4/30

	InP PHEMT / 50
	0.5/25


It is more difficult to obtain comparable data on NFmin for different technologies but table 1 provides some incomplete but useful comparisons when put in parallel with Fmax data especially around 30GHz

Observation 3
When put in prospective with associated Fmax:

· InP PHEMT is the device of choice for infrastructure design especially if it can be associated with InP HBT for PA application in a BiFET technology

· Both SiGeC HBT and SOI CMOS offer good performance for UE especially as the RF friendly back end will also minimize the input matching loss, the even better performance of SOI on high resistivity substrate can easily offset the slight NFmin difference.
SOI CMOS LNA example:

Using exactly the same technology that was used for the 60GHz power amplifier, the measured results from a 28GHz single stage LNA design is shown on figure 6. For a single stage design, with integrated input and output matchings, a 10dB gain and 3dB Noise figure is obtained. 
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Figure 6: Single stage 28GHz SOI CMOS LNA measurement
Observation 4: In a solution with 3.5dB loss in front of 2 cascaded stages of this LNA before a 12dB NF down converted a system noise figure of 7dB is achievable. Inserting a band filter between the two stages less than 8dB noise figure is achievable.
Switches: Floating switch capability and Ron*Coff performance

CMOS SOI and pHEMT switches dominate the switch market as they provide low Ron*Coff value but also these technologies allow floating devices that are essential to enable stacked devices necessary to handle the output power with the desired linearity. With gate lithography shrinks both are capable to address the switch blocks needed for mm-wave NR at antenna interface but also in all the needed MIMO layer and beamforming paths muxing.
1.7dB losses have been reported for a two stack SOI CMOS device at 45GHz. SOI RF switch has been reported up to 220Ghz in [4].
2.1.2. Passive technologies

The key RF front end passive blocks are: band filter, antenna, couplers, matching
Antennas:
Antenna arrays at 30 and 70GHz offer small sizes and both patch and side firing antennas integrated in the PCB of the RF front end package are obvious options for the UE side as the PA and LNA interface to the antennas needs to be as short as possible.
This approach is also very suitable to the UE application as a single antenna array is not an acceptable option as well known blockage, hand and head effect will require multiple antenna placements. This together with an expected MIMO order lower than the number of antennas call for multiple RF front end modules with beamforming capabilities the number of baseband interfaces being limited to the number of MIMO layers as is supported by an architecture and partitioning often known as hybrid beamforming that is also compatible with a MIMO approach.

Observation 5:

Integrated multi path T/R RF front end modules with embedded antennas and RF beamforming capability offers a versatile approach for UE application mitigating RF losses and possible blockage issues
For infrastructure application integrated ceramic Substrate Integrated Waveguide filter array directly attached behind the antenna array as described in [3] seems a promising approach.

Filters and other passives

If for infrastructure equipment the above solution is acceptable it is too costly and bulky for a UE application especially with regards to the height. At these mm-wave frequencies BAWs and SAWs are no longer an option and coupled transmission lines or stub based filters are possible on ceramic substrates, high frequency organics materials or even SOI high resistivity substrates as described in [5] with a 2dB loss 60 to 80GHz filter.
Their loss being high an approach where filters are only placed after a first stage LNA is probably the best approach assuming that required selectivity is low at mm-wave frequencies. In the case of filters integrated with the active devices on high resistivity substrate SOI filters tuning is an option.
Low selectivity on the UE and relaxed blocking requirements are key for UE receiver at mm-wave and is supported by the fact that for an interferer to be an issue when beamforming is assumed the victim receiver needs to point in the interferer direction but also the interferer needs to point into the victim direction.

It is to be noted that GaAs MMIC, SOI CMOS and BiCMOS technologies offer better back end than digital bulk CMOS with lower access resistance to devices and thicker high metal resulting in higher Q passives. SOI (especially with high resistivity substrate) and GaAs also have reduced substrate losses. A summary is proposed in table 2.

Table 2: Substrate resistivity and permittivity for different technologies

	
	Si
	HR SOI
	InP
	SOS

	Substrate resistivity
	~ 10ohm/cm
	> 1kohm/cm
	>> Mohm/cm
	>> Mohm/cm

	Substrate permitivity
	11.7
	11.7
	11.9
	10.5


3. Conclusion
A brief overview of the key RF front end technologies for application at mm-wave frequencies has been discussed and key figure of merit presented. 

Beyond GaN and InP that are obvious candidates for infrastructure applications it has been shown that RF SOI offers an unique versatility for high performance RF front end T/R modules including some filtering capability and high Q passives and can be associated with antenna arrays embedded in the module packaging.

This technology is already dominating the switch and LNA functions in high performance RF front end modules below 6GHz and offers a good cost approach as 300mm wafers as advanced digital or RFCMOS with a much simpler back-end

Observation: In UE applications the need for multiple antenna arrays justifies a dedicated RF front end technology approach. RF SOI and to a lesser extent BiCMOS are valid higher performance alternatives to advanced bulk CMOS with good cost structures.
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