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1 Introduction
This contribution collects the different contributions presented on the UE RF technology for 7-24GHz range into one text proposal into TR 38.820.
During the SI stage there is no need to write requirements and therefore this text proposal tries to capture the presented technology aspects and findings into TR for future use.
The contributions that have been used as input to this TR are listed in the references.

2 [bookmark: _Ref189046994]Text Proposal
START OF TEXT PROPOSAL:
[bookmark: _Toc2329515]6.3	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.
6.3.1	UE RF technology aspects
The RF requirements for NR UEs are broadly classified based on whether the UE is tested in the conducted domain (“FR1 like”) or OTA (“FR2 like”). With a mobile phone used as the typical UE example, some clear criteria may be found to assess the “FR1 like” or “FR2 like” sub-ranges within 7.125 - 24.25 GHz regions. Nevertheless, other types of UE (CPE) may also need to be considered and an exact frequency limit between “FR1 like” or “FR2 like” is harder to define.
From UE point of view, RF system design must balance several considerations such as antenna size and polarization, semiconductor NF and phase noise associated, gain and linearity. 
6.3.1.1 Antenna Technology
6.3.1.1.1 Beamforming
Figure below shows the equivalent antenna array size in free space conditions what has been used in earlier co-existence studies and referred among others in [2]. From this Figure we can see that the antenna module doubles in size going from 28 GHz to 20 GHz and further doubles at 14 GHz. Some handhelds are bigger today so it is hard to set an absolute limit for the size and new antenna implementations may also surface. At the same time, pathloss halves from 28 to 20 and further halves when moving from 20 to 14 GHz.


Figure 6.3.1.1.1-1: FR2 type antenna size (free space) vs. operating frequency
Another example that also takes the antenna substrate into account is shown below. Taking the microstrip patch array design as an example, the patch width and ground plane extension can be calculated based on a common Rogers substrate: the element dimensions and array length (assuming 4 elements with half-wavelength spacing) can be calculated, as shown in Figure 6.3.1.1.1-2.
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Figure 6.3.1.1.1-2: Patch array dimensions vs. frequency 
Antenna size increases at lower frequencies it scales down at higher frequencies and around 20GHz the AIP technology is getting feasible and similar RF architecture as used in FR2 could be used. However, the antenna size at the highest frequencies of 7-24GHz range is still larger than antennas of Rel-15 28GHz solutions.
It is important to note that for frequencies close to 24 GHz the antenna array dimensions are similar to the FR2 (24.25 - 52.6 GHz) array dimensions: especially if the UE is a multi-band design which co-locates 28 GHz and 39 GHz antenna arrays in the same volume.  Thus, in a handheld UE supporting both FR2 and 7-24 GHz, an antenna array for the upper frequencies in the 7 - 24 GHz range competes for physical space in a handset with an FR2 antenna array, and it is not likely that UE FR2 coverage performance can be traded off to support beamforming arrays in the 7 - 24 GHz frequency range.  As the wavelength increases with decreasing frequency, the antenna array size becomes prohibitively large, with the array at 7 GHz approaching a significant percentage of the entire length of a handset. Thus, from the perspective of potential array size, a radiated requirement with an antenna beamforming assumption may be challenging in handset form factor.
Smaller antenna arrays, e.g. 2×1, or individual antenna element could be used. However, taking the complexity of beam management into account, the benefit from using a beam steering antenna system with such a small number of elements need to be understood.
UEs that have possibilities to deploy larger antennas like CPE or cars can possibly utilize technologies that are not feasible for handheld devices in this 7-24GHz frequency range. 
6.3.1.1.2 MIMO
Using spatial multiplexing or MIMO antennas offers higher flexibility in terms of antenna design than antenna arrays, since it does not require specific antenna radiation pattern, polarization or inter-element distance. Such flexibility also eases the multi-band antenna design. However, the performance of spatial multiplexing is limited by the channel property, which requires that the channel can offer a high number of ranks. In order to the investigate the possibility of using spatial multiplexing/MIMO antenna system on the UE at a medium frequency in 7-24 GHz band, a measurement campaign, as described below was carried out at 15 GHz.
The measurement was carried out in an indoor studio hall, where multiple objects with different materials exist (see Figure below). Two transmit points (TPs) are mounted on the internal wall of the hall, and the UE is moved along a closed route within the hall, as shown in Figure 6.3.1.1.2-2. Two UEs with smart-phone form factor and a reference UE are measured in this campaign, where each of them has four antenna ports. The two UEs with smart-phone form factor are identical, and are placed vertically and horizontally, respectively. Each UE is equipped with 4 single polarized antenna elements which point to four different directions, as shown in Figure 6.3.1.1.2-1. The UE with smart-phone form factor is placed both vertically and horizontally during the measurement. The reference UE has omni-coverage with dual-polarization on the horizontal plane. Each TP has two beams with dual polarizations for each of them.
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Figure 6.3.1.1.2-1The measurement environment in the hall space and the illustration of the UE antenna radiation patterns at 15 GHz
The measured channel rank is shown in Figure 6.3.1.1.2-2. It can be observed that for such an environment, regardless of the UE antenna configuration, the rank of the channel is larger than 1 in most of the time, and in more than 60% of the time the rank of the channel reaches 3 or higher. This measurement result shows that the possibility that spatial multiplexing through UE pattern diversity is valid, at least for 15 GHz band. Optimization of antenna design on both UE and TP side may also further increase the rank of the channel.
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Figure 6.3.1.1.2-2: The measurement route and the measured rank number distribution.

6.3.1.2 Propagation aspect for UE
6.3.1.2.1 Shadowing loss at 15 GHz
In addition to the antenna configuration, the deployment scenario of mobile networks is limited by the propagation channel as well. From the same measurement as described above, we can also capture some insight on how to deploy a cellular network at 15 GHz. The RSRP at the reference UE antennas is also shown in Figure 6.3.1.2.1-1. It can be observed that when the UE moves to the NLOS region, the RSRP drops about 30 – 40 dB.
[image: ]
Figure 6.3.1.2.1-1: The measured RSRP of the reference UE over the measurement route in the hall.

The user body shadowing effect is also critical. Therefore, we have also measured the shadowing loss due to the user body blockage at 15 GHz. Measurements were performed in an anechoic chamber, where a real user was holding a UE in data mode portrait position. The measured far field radiation pattern of antenna 2 in the UE is shown in Figure 6.3.1.2.1-2. A clear user body shadowing region can be observed, and a loss due to the user body blockage around 20 – 25 dB can be observed in this measurement.
This significant diffraction and shadowing losses due to the objects and user body will limit the deployment scenario of cellular networks at 15 GHz.
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Figure 6.3.1.2.1-2: The measurement setup with a real user; the measured radiation pattern with and without the user.

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



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



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.

Passive Technologies
LC filters using printed elements in a module or a passive substrate should also be feasible up to 12 GHz but would require special attention of the ground design. High Q filtering is limited but diplexing and harmonic rejection function should be feasible.
Technologies used in FR2 are obviously able to support the 7.125 - 24.25 GHz frequency range but at lower frequencies, integrating matching networks and phase shifters has a significant impact on size and using more advanced technologies, it may impact the cost negatively.
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.
[image: cid:image002.png@01D50000.2779C770]
Figure 6.3.1.3-1: Simulation of an IPD filter operating at 7GHz

As an example on the other filter technology simulated S21 of the LTCC filter is shown in Figure below. The insertion loss is less than 2.5dB for 2GHz wide bandwidth and also the stop band attenuations are better than -20dB at relative offset of ~5% (0.5GHz) from the pass band edge. The level of stop-band attenuation is still far from duplex-filter performance, but it should be noted that the relative bandwidth of the designed filter is also several times wider than band-width of the current duplex filters, which is usually no more than 4% (100Meg/2.5GHz). The achieved attenuations are sufficient for providing protection for adjacent frequency bands and for protecting own receiver from interference from these bands. The results shown are based on the simulations and are not fully taking into account the manufacturing tolerances and ambient conditions.
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Figure 6.3.1.3-2: Simulated S21 for the LTCC filter

6.3.1.4 Testability considerations
FR2 UE requirements carry with them an additional layer of complexity associated with beam management procedures both for the network and the UE, and additionally antenna array RF architecture for the UE. This complexity provides a motivation to determine whether conducted UE RF requirements over the entire frequency range of 7.125 to 24.25 GHz are feasible.
A reasonable starting point for this analysis is in the form of a connector and probe capability study, as shown in Table below.
Table 6.3.1.4-1: Connector and probe capability
	Supplier
	Connector dimensions
	Frequency range
	IL
	VSWR

	Supplier A
	< 2x2 mm
	0 - 12 GHz
	< 2 dB
	< 1.6

	Supplier B
	< 3x3 mm
	0 - 11 GHz
	< 2 dB
	< 1.5

	Supplier C
	< 3x3 mm
	0 - 11 GHz
	< 2 dB
	< 1.5

	Supplier D
	< 2x2 mm
	0 - 15 GHz (NOTE 1)
	< 2dB
	< 1.6

	Supplier E
	< 4x4 mm
	0 - 26.5 GHz
	< 0.5 dB
	< 1.25

	Supplier F
	< 2x2 mm
	0 - 11 GHz
	< 0.3 dB
	< 1.4

	Supplier G
	< 5x2 mm
	0 - 26.5 GHz
	< 0.4 dB
	< 1.4

	NOTE 1: Operation up to 12 GHz per spec sheet; operation up to 15 GHz feasible based on experimental data



When evaluating the connector from Supplier D, it was possible to verify experimentally that the connector’s use up to 15 GHz (3 GHz above the spec sheet) is feasible.  Evaluations of connectors from Supplier E and Supplier G have revealed that the full range of the frequencies in this study item’s scope is supported; however, the connector dimensions pose a mechanical challenge to their integration into a handset form factor. In this aspect, an outlook on future capabilities in terms of connector dimensions is needed rather than a survey of currently available dimensions.
Market need tends to identify innovation trends, and it is feasible that a convergence of an actual band plan, deployment scenario, and real market need can promote the industry to further innovate the connector technology to enable integration into a handset form factor.
Radiated measurements are needed if beamforming is needed to meet the system performance requirements or conducted measurements are otherwise insufficient to verify the system performance.

END OF TEXT PROPOSAL:
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