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1. Introduction
The trends for LNA Noise Figure for BS has been investigated in detail and RAN4 reached consensus on Noise Figure of 7 dB, 8 dB and 9 dB for example frequencies of 10 GHz, 15 GHz and 20 GHz respectively.
The BS noise figure is the total noise figure taking to account the whole receiver chain with all possible loses such as switch, filter and routing losses etc.
The UE noise figure is still “TBD” but given similarity in used technologies, the total Noise figure for the UE is in the same range as BS but allow for higher losses etc.
The UE key figures of merits and in particular, noise figure described in subclause 6.3.3.1 covering SOI-CMOS and BI-CMOS node does not consider the UE total noise figure which is reality is by far higher and thus a clarification is needed to avoid any misunderstanding.
In this paper, some updates in relation achievable UE noise figure as well as a clarification around the UE key figure of merits is proposed.

2. Proposal
It is proposed that the attached text proposal is included in TR 38.820 [1].  

3. References
[1]	TR 38.820, “7-24 GHz frequency range”
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************ Start of change *************
[bookmark: _Toc18467470]5.5.1	Noise figure
Receiver Noise Figure (NF) is one of the essential metrics for determining receiver requirements. For determining typical NF value some fundamental principles should be considered:
· The NF is not given by the LNA alone, but also by bandwidth, linearity and dynamic range dependencies as there is a delicate balance which should be considered when future requirements are specified.
· A full RF receiver chain all the way up to radiating elements should be addressed as all parts in the chain would contribute to the overall receiver performance including switch (for TDD), routing and filter losses, etc.
· For some compact and highly integrated building practices with many transceivers and antennas, the power efficiency and heat dissipation in small area/volume is necessary needs to be considered. 
· As an example, in the context of NF, it might be possible to reduce the noise contribution from ADC by using more bits, but this would have significant implication in terms of power consumption and heat dissipation aspect as a single added bit to ADC would result in four times higher power consumption. In general the ADC power consumption is proportional to
BW2 · DRACD
      where DRACD is the ADC dynamic range. 
For UE, the typical NF values considering the usage of similar technologies as for BS, should be similar but slightly higher to allow more flexibility in the implementation and taking to account the size limitations.
Table 5.5.1-1	Typical noise figure for 7 - 24 GHz example frequencies
	Example frequency (GHz)
	Typical NF values for NR BS (dB)
	Typical NF values for NR UE (dB)

	10
	7 
	TBD[8]

	15
	8
	TBD[9]

	20
	9
	TBD[10]



[bookmark: _Toc18467471]5.5.1.1	NF Analysis for NR BS 
Considering recent state-of-the-art LNA only noise figure publications, figure 5.5.1.1-1 presents the LNA only noise figure for different semi-conductor technologies over frequency based on published data [x].
[image: ]
Figure 5.5.1.1-1	LNA only NF trend over frequency
The typical noise figure values presented in table 5.5.x1-1 are based on assumption of pre-LNA noise figure of ~1.8 dB and per example frequency calculation of losses such as routing losses, etc.


************ End of change *************

************ Next changed subclause *************
[bookmark: _Toc18467498]6.3.1.3 RF front end technology
Current RF front-end technology used for >3.3GHz TDD bands and Wi-Fi can be extended at least up to 12 GHz. 
GaAs or Si based power amplifier technologies used in FR1 for NR and Wi-Fi can support up to 1W peak power at reasonable gain thus enabling reasonable peak currents. Still, some antenna gain via UL MIMO would be preferable as it would lower the total power and higher EIRP are achieved.
Technology used for LNA and switches are already suitable for both FR1 and FR2 with only more aggressive lithography used at higher frequencies, these can naturally support any approach within the 7.125 - 24.25 GHz range. Below 12 GHz it is feasible that a switch supporting branches for FR1 frequencies would support one branch up to 12 GHz.
Active 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, with typical values shown in the table not accounting for variation in PVT
Table 6.3.1.3-1: 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



The key figure of merit for NFmin above does not take to account the whole receiver chain including all possible losses and needed trade-offs.
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, with typical values shown in the table not accounting for variation in PVT
Table 6.3.1.3-2: 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



The key figure of merit for NFmin above does not take to account the whole receiver chain including all possible losses and needed trade-offs.
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.
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.


************ End of change *************
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