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Introduction
[bookmark: OLE_LINK2]Various semiconductor technologies suitable for UE RFFE in 7-24GHz band have been discussed in detail in [1]. It is proposed the following text to be captured in the TR 38.820.
Discussion
The proposals put forward elaborate capability of recent developments in SiGe BiCMOS semiconductor technology and its impact on PA, LNA, switch, etc front-end blocks in UE.
Conclusion
It is proposed the following text proposals to be captured in the TR 38.820.
References
R4-1913080 TR 38.820 V0.3.0 (2019-10); 7 - 24 GHz frequency range (Release 16).


--------------Start of text proposal-------------
[bookmark: _Toc22912317]3.3	Abbreviations
For the purposes of the present document, the abbreviations given in 3GPP TR 21.905 [1] and the following apply. An abbreviation defined in the present document takes precedence over the definition of the same abbreviation, if any, in 3GPP TR 21.905 [1].
AA	Antenna Array
AAS BS	Active Antenna System Base Station
CA	Carrier Aggregation
CMOS	Complementary Metal Oxide Semiconductor
CPE	Customer Premises Equipment
DC	Dual Connectivity
EESS 	Earth Exploration Satellite Service
FR	Frequency Range
FS 	Fixed Services
Ft	Cut-off frequency
GaAs	Gallium Arsenide
GaN	Gallium Nitride
HBT	Heterojunction Bipolar Transistor
IAB	Integrated Access and Backhaul
InP	Indium Phosphide
LDMOS 	Laterally-Diffused Metal-Oxide Semiconductor
METSAT	Meteorological Satellite
MMSS	Maritime Mobile Satellite Service
MR	Medium Range (BS)
MSS	Mobile Satellite Services
NR		New Radio
OTA	Over The Air
PAE	Power Added Efficiency
pHEMT	Pseudomorphic High Electron Mobility Transistor
RAS	Radio Astronomy Service
RDN 	RF Distribution Network
RFFE	RF Front-end
RIB	Radiated Interface Boundary
SiGe	Silicon Germanium
SRS 	Space Research Service
SU	Spectrum Utilization
TAB	Transceiver Array Boundary
TRXUA	Transceiver Unit Array
UWB	Ultra-wideband
WA	Wide Area (BS)
--------------End of text proposal-------------

[bookmark: _Toc22912337]--------------Start of text proposal-------------
5.4	RF technology considerations in the 7-24 GHz range
Editor’s note: This section is intended to capture conclusions on the performance of key technologies in the BS and UE in the range, such as power amplifiers, filters, receivers, phase noise etc.
[bookmark: _Toc5697985][bookmark: _Toc22912338]5.4.1	PA trends
For 7 – 24 GHz frequency range, it is essential to perform in-depth analysis of power amplifiers based on different semi-conductor technologies. In addition, complex relation between output power, ACLR (linearity) and efficiency is an important aspect considering the performance and feasibility for example frequencies.
The PA technology and trends are based on professor Hua Wang [11] work where a large power amplifier survey consisting of more than 2700 power amplifier data points has been collected. Wang’s database covers published results, both from the open literature, as well as commercial amplifiers from various vendors. 
Based on the information from [11], the PA database information was summarized for all the considered RF technologies in figure 5.4.1-1. It can be observed that based on the available information, there is no data for the LDMOS technology for the 7 – 24 GHz range, while the InP technology data is available from 20 GHz upwards. 
[image: ]
Figure 5.4.1-1: Saturated output power versus frequency (red box depicts 7 – 24 GHz range)
In order to derive more accurate PA trends, all the figures below were plotted with PA the operating frequencies much wider then just 7 – 24 GHz range. More detailed technology-specific plots (e.g. PAE vs. Psat, or Psat vs. frequency) can be found in [11]. 
Based on the analysis of the achievable Psat trends over the 7 – 24 GHz range, the saturated output power maximum trend values for 7.125 GHz and 24.25 GHz from [11] were listed in table 5.4.1-1, further extended with additional extrapolated values. It may be noted here that trend of SiGe BiCMOS PA in figure 5.4.1-1 is limited to 10 GHz frequency. If the trend line is extrapolated down to 7 GHz then Pout of 36 dBm is expected.
Table 5.4.1-1: Maximum trend values of the saturated output power
	RF technology
	Estimated maximum trend value of the saturated output power @7.125 GHz (dBm)
	Estimated maximum trend value of the saturated output power @24.25 GHz (dBm)

	CMOS
	30
	26

	SiGe
	-36
	3029

	GaN
	58
	46

	GaAs
	45 (HBT)
	28 (pHEMT)

	LDMOS
	-
	-

	InP
	-
	34



The following analysis covers the saturated peak output power and power added efficiency (PAE). It should be noted that for all presented characteristics, the results are based on peak power, non-linearized power amplifiers without considering the bandwidth impact to show the trends with respect to frequency for different technologies.
--------------End of text proposal-------------
--------------Start of text proposal-------------
[bookmark: _Toc22912379]6.3.1.3.1	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 6.3.1.3.1-1 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 6.3.1.3.1-1: 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 [Vdd]
	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


NOTE: NFmin above does not take to account the whole receiver chain including all possible losses and needed trade-offs.
SiGe 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 (>9 V) handling for PAs (>24 dBm) while the bulk CMOS device provides reasonable switches. and LNAs can be implemented in either bipolar HBT or CMOS depending on the linearity and NF trade-off. LNA implemented in HBT has demonstrated NF similar to RF SOI technology. This technology has also been widely used as a cellular RFFE technology in FR1 and FR2. In FR2 it has capability to monolithically integrate TDD PA / switch / LNA / phase shifter / VGA in HBT with ‘light’ digital functions like control interface, memory, DFX, etc in CMOS.
Similar to SOI CMOS, table 6.3.1.3.1-2 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
· State-of-the-art low noise transistors in SiGe HBT technology have nominal minimum NF values of 0.25 dB, 0.55 dB, 0.8 dB and 1.1 dB at 10 GHz, 20 GHz, 30 GHz and 40 GHz, respectively.
Table 6.3.1.3.1-2: Key figures of merit of SiGe HBT vswith indication of 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



	BiCMOS Data
	Gate lithography (nm)

	Generation
	1
	2
	3
	4

	CMOS node
	350
	350/250
	180/130
	130/65

	Fmax (GHz)
	30-90
	110-200
	200
	320

	Voltage (Vcc)
	-
	3.3/5
	1.8/3.3/5
	1.1/3.3/5

	Ron * Coff (fs)
	-
	250
	200
	<200

	Gain@5GHz (dB)
	13
	14
	15
	16

	NFmin@5GHz (dB)
	0.9
	0.6
	0.4
	<0.25




NOTE: 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 till and including FR2 band12 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 GaAs pHEMT 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) [@xx% peak PAE]
· SiGe BiCMOS: 241 dBm (3.3-5V) @ [37.5% peak PAE]
· SOI CMOS: 20 dBm (3.3V) [@xx% peak PAE]
· GaAs HBT: 26 dBm (3.3-5V) [@xx% peak PAE]
· GaN HEMT: 33 dBm (12V), similar to GaAs HBT at 5V [@xx% peak PAE]
· 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, when compared to CMOS, 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.
There is reported evidence that III-V based PAs can be designed inherently broadband whilst preserving good efficiency, linearity and output power which will thus address a wide range of perceivable band combinations without needing too many separate PA devices. ACLR could be better than -35dB at +26dBm. The channel bandwidth of III-V based PA can be beyond 500 MHz while the frequency coverage can be made larger than 40%. 
SiGe HBT of BiCMOS has high Ft and Fmax compared to GaAs HBT. In FR1 band, PA in this technology has demonstrated performance comparable to that in GaAs HBT between 3 and 7 GHz. SiGe HBT PAs have high gain and wideband response because of high Ft/Fmax. Optimization in doping profile has enabled variants with higher breakdown voltage. In FR1 band SiGe HBT technology based PA have similar PAE as GaAs HBT for cellular and WiFi applications. At higher frequency, e.g.  12 GHz, no significant degradation is expected from active device because operating frequency is significantly lower than Ft/Fmax. However, some degradation is expected from back-end technology due to higher substrate losses at higher frequency. Minimum NF of LNA in this technology lies between 0.25 dB and 0.65 dB in 7 - 24GHz range and a 2-stage LNA can produce small signal gain in excess of 25 dB. TDD switch in RF SOI is better than that in SiGe BiCMOS.

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 and SiGe BiCMOS are 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 SiGe BiCMOS offer good performance/integration trade-off.
[bookmark: _Hlk21080685]III-V pHEMT based LNAs can achieve a NF below 2 dB within the 7-24 GHz frequency range, while the gain of a two stage LNA can be above 20 dB.
--------------End of text proposal-------------
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