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Introduction
In RAN4#90b, initial thoughts on possible split of the 7-24 GHz frequency range between “FR1 like” and “FR2 like” regions where shared in [1] and other contributions [2 - 4] discussing applicable technologies on the UE side. These discussions resulted in a WF [5] requesting detailed input on applicable UE technologies for this new frequency range between FR1 and FR2. In this contribution, we provide input on the performance that can be expected from RF front-end (RFFE) technologies used in FR1 when applied above 7.125GHz.
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FR1 Active Technologies above 7 GHz
Silicon Based technologies
SOI CMOS is currently the work horse for the switch and LNA RFFE functions in FR1 for both cellular and Wi-Fi systems. Especially since it associates good noise figure/Gain and good switch losses/isolation on the same die for the main antenna Tx/Rx modules and also for the diversity and MIMO antennas Rx modules. It should be noted that SOI CMOS is also used for PA / SWT / LNA / phase shifter functions in FR2 with superior performance compared to bulk CMOS. So the coverage of the LNA and switch functions in the 7.125-24.25 GHz range is only a matter of picking the right node. 
In order to illustrate the options that can be picked from, Table 1 recapitulates the key figures of merit for LNA and switches versus nodes in SOI CMOS:
· Fmax in GHz provides a measure of the achievable power gain which is essential in LNA and PA designs. A ratio of 5 (and preferably >10) between Fmax and the frequency of operation is desirable.
· RON*COff in fs is key for switch performance as RON dictates the losses in ON state and COff the isolation in off state, the lower the value, the better and the higher frequency of operation can be targeted.
· Transistor voltage is important to gage the output power capability for PAs and power handling for switches. In general, the voltage capability reduces with higher Fmax which is consistent with lower output power capability at higher frequencies of operation.
· Gain and NFmin at 5 GHz is regularly used as our benchmark for LNA design
Table 1: Key figures of merit vs SOI CMOS node
	SOI CMOS data
	Gate lithography [nm]

	Parameter
	180
	180/130
	130/65
	45

	Fmax [GHz]
	150
	230
	250
	320

	Voltage [V]
	1.8
	1.8
	1.8
	1.2

	Ron*Coff [fs]
	150
	120
	90
	<80

	Gain@5 GHz [dB]
	25
	28
	>30
	>30

	NFmin@5 GHz [dB]
	0.36
	0.3
	0.25
	<0.25



To further gage which node is used versus frequency, the 45nm is used at FR2 frequencies and implements state-of-the-art PA (>15dBm Pavg), switch and LNA functions. A number of papers have been published using 45nm SOI CMOS by Peter Asbeck and his team on 15 GHz (26 dBm Psat) and 28 GHz (22 dBm Psat) PAs, one useful reading is in [6]. On the other end 180nm SOI CMOS node has been used for year up to 5 GHz for LNAs and switch functions in FR1, it also enabled compact PA (>24dBm Pavg) / switch / LNA functions for the IoT space. 
Observation: From this discussion it can easily be deducted that SOI CMOS nodes in the 130nm to 65nm range can be used for the 7-24 GHz range well beyond 15 GHz. As an example, a 110nm SOI CMOS LNA achieves 16 dB gain, 2 dB noise figure and 8 dBm IIP3 at 7 GHz.
BiCMOS technology has also been used for Wi-Fi RF front-end in 5 GHz band especially because it has enabled compact single band TDD PA / switch / LNA Tx/Rx modules. The Bipolar device has a better output power capability than CMOS due to higher voltage handling for PAs (>24 dBm) while the bulk CMOS device provides reasonable switches and LNAs can be implemented in either bipolar or CMOS depending on the linearity and NF trade-off.
Similar to SOI CMOS, Table 2 illustrates the key figure of merit for BiCMOS technologies for different nodes:
· Fmax*BVCEO provides a measure of power capability and gain for PA designs. It is a combination of the two first parameters of the SOI CMOS table.
· RON*COff in fs is key for switch performance as RON dictates the losses in ON state and COff the isolation in off state, the lower the value, the better and the higher frequency of operation can be targeted.
· Gain and NFmin at 5 GHz is regularly used as our benchmark for LNA design

Table 2: Key figures of merit vs BiCMOS node
	BiCMOS Data
	Gate lithography [nm]

	Parameter
	350
	350/250
	180/130
	130/65

	Fmax*Bvceo
	531
	713
	775
	837

	Ron*Coff [fs]
	540
	385
	385
	250

	Gain@5GHz [dB]
	13
	14
	15
	16

	NFmin@5GHz [dB]
	0.9
	0.6
	0.5
	0.4



Here again, multiple choices are available and for the 7-24 GHz range and 180/130nm nodes provides a good compromise for PA / switch / LNA function up to 12 GHz. Above this frequency, if lower PA power is acceptable, SOI CMOS offers a better overall compromise.

Observation: For the 7-24 GHz range 180/130nm nodes provides a good compromise for single die PA / switch / LNA function up to 12 GHz.
III-V Based Technologies
When uncompromised performance in terms of output power, bandwidth and efficiency is needed, III-V PAs, and at FR1 frequencies, GaAs HBTs are dominating in RF front-end modules. For low voltage (3-5V) applications, GaAs HBT perform well up to >15 GHz and unless much higher voltage is available (12V), GaAs HBT is on par with GaN which targets higher power applications like small cells or infrastructure.
One way to compare the different technologies is to look into achievable average output power performance for Wi-Fi OFDM at 6 GHz and extrapolate to 12 GHz. The linearity level we would design for is -30 dB EVM which is quite comparable to 30 dBc ACLR linearity level for NR with CP-OFDM:
· Bulk CMOS: 16 dBm (3.3V)
· SiGe BiCMOS: 21 dBm (3.3V)
· SOI CMOS: 20 dBm (3.3V) 
· GaAs HBT: 26 dBm (3.3-5V)
· GaN HEMT: 33 dBm (12V), similar to GaAs HBT at 5V
· For DFT-s-OFDM QPSK output power capability is about 2 dB higher
III-V based PAs have at 10% higher efficiency and >6 dB higher power capability which is essential for battery power especially for applications with significant post-PA losses such as FR1 UE supporting large number of bands and band combinations.
At 12 GHz output power capability may be reduced by 1 dB but for technologies where power gain is reduced, the Power Added Efficiency (PAE) would suffer as it accounts for the power delivered at the input of the PA stages. If high power capability (>23 dBm) at 12 GHz is needed, GaAs is the preferred choice to control the battery current to reasonable levels. At lower power levels, and when further integration on the die is needed both SOI CMOS and BiCMOS offer good performance/integration trade-off.
Observation: For PA technologies up to 12 GHz the choice between Si-based or GaAs-based power amplifiers mostly depends on the required output power and/or integration level needed.
FR1 Passive Technologies above 7 GHz
Although BAW filters are discussed above 10 GHz in literature, above 8 GHz maintaining high Qs will be difficult as thinner acoustic layer (AlN has a speed of ~10km/s) or development of new material or modes would be needed. With current technologies the piezo + electrodes stack thickness should be smaller than 1um at 10 GHz. Thus, similar to the frequencies above 3.3 GHz in FR1, filter performance should be relaxed compared to those used in FDD bands to be essentially feasible with LC filter, while BAW can still be used to provide notches at some particular frequencies.
Miniature ceramic dielectric filters or MEM cavity-based filters can operate in the 7-24 GHz range but are usually too bulky for a smartphone. 
Above 7 GHz, the use of discrete passive components like inductors and capacitors SMTs isn’t an option for RF matching and decoupling due to self-resonance issues. It can still be used for lower frequency like DC supply decoupling, but it needs to rely on integrated passives technologies like LTCC or IPD for critical RF passive functions.
Integrated Passive Device (IPD) LC designs are widely used in FR1 to integrate critical harmonic filters or PA matching. IPD works reasonably well up to 12 GHz provided capacitor Qs are improved, which is feasible by adapting the MIM (Metal Insulator Metal) capacitor dielectric thickness and/or material. Figure illustrates an IPD LC filter design at 6-7 GHz providing 40 dB rejection for cellular bands up to 5 GHz. It is also to be noted that transmission line designs can also be realized on IPD which allows designs above 12 GHz, furthermore some of these design techniques are also applicable on the active dies but with lower Q.
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Figure 1: Simulation of an IPD filter operating at 7GHz

Observation: LC filter and diplexer designs used in TDD bands above 3.3 GHz can be extended up to 12GHz using IPD and extended further with transmission line designs. BAW resonators can complement to reject some particular frequencies in the 7-10 GHz range but will require improvement in the electrode piezo layers stack.
Packaging Technologies above 7GHz
At 12 GHz, any parasitic to ground and in inter-connect would kill performance dramatically; flip chip die is a must as wire bonds would represent too high inductance. This can be applied to both active and passive dies in a module. Provided the phone PCB ground is good, current module technologies can be used beyond 12 GHz and are also used for antenna arrays in FR2.
Observation: Current RF front-end module and flip chip die technologies are applicable across the 7-24GHz range.
Conclusions
In this contribution, we discussed active, passive and packaging technologies in use in RF front-end and their applicability to the 7.125-24.25 GHz range. What we show is that there is a continuum of technologies between FR1 and FR2 to pick from. With the exception of the availability of small size high Q filtering, FR1 techniques can be supported up to 12GHz and beyond provided that the appropriate node and power capability is chosen together with cost and size aspects. This may drive technology choice in terms of integration capability.

Observations:
· Both Si and III-V based active technologies are available to support 7-24 GHz range given appropriate node is chosen and output power requirement known. Cost/size trade-off also influences the choice in terms of integration capability.
· Integrated passive and for specific cases BAW can provide filtering options.
· As such the key to decide which part of the range should use “FR1 like” or “FR2 like” implementations is whether the use cases and associated link budgets requires beam forming capability.
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