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1. Introduction
At the last RAN4 meeting (RAN4#97-E) a structure and some initial technical information was agreed for RAN4 aspects in TR 38.808. Last meeting technical background information relevant for the extension of NR to support 52.6 GHz to 71 GHz was presented, but just a fraction was captured in TR 38.808. Based on submitted technical background information in [1] a text proposal has been created to capture remaining essential parts. 
At the end of this contribution a text proposal to TR 38.808, clause 2 and subclause 4.2.5 is attached for approval. The text proposal adds missing parts of technical information to be captured in TR 38.808 to be able to conclude the Study Item. 

2. Discussion
In this contribution a text proposal has been created to capture technical information relevant for extend NR to support the frequency range 52.6 to 71 GHz. The text proposal cover following technical aspects;
1. In subclause 4.2.5.1 addition of parameterized array antenna model from [1] is added.
2. In subclause 4.2.5.1 addition of antenna parameter sets for multiple deployment scenarios. A 16x16 URA parameter set is added. 
3. In subclause 4.2.5.2 addition of noise figure characteristics based on published information from [1] is added.
4. In subclause 4.2.6.1.3 addition of ACLR and output power from [1] is added. 
5. In subclause 4.2.5.4, BS requirement overview is added.
  

3. Conclusion
At the end of this contribution a text proposal to TR 38.808, clause 2 and subclause 4.2.5 is attached for approval.   
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[bookmark: _Toc41298316]4.2	RAN4 aspects
4.2.1	General description of study in RAN4
RAN4 and RAN1 had one common objective for the study on supporting NR from 52.6 GHz to 71 GHz, which is reproduced here from study item description

· Study of required changes to NR using existing DL/UL NR waveform to support operation between 52.6 GHz and 71 GHz
· Study of applicable numerology including subcarrier spacing, channel BW (including maximum BW), and their impact to FR2 physical layer design to support system functionality considering practical RF impairments [RAN1, RAN4].

Aligned with this objective, RAN4 has studied practical RF impairments and captured relevant technology status in this TR. On top of aspects impacting FR2 physical layer design, aspects impacting RAN4 requirements have also been considered and documented.
4.2.2	Timing considerations
4.2.3	Phase noise characteristics
It was considered which level of detail of the RF architecture is considered. The actual LO-architecture of an antenna array can vary ranging from a single LO driving the whole antenna array up to small sub-arrays each having their own LO. When multiple LOs are considered, the phase noise output of those can have a varying degree of correlation. The LO-structure is an implementation specific aspect, and does not need to be considered in the standard. 
4.2.4	Power amplifiers trends
The PA technology trends are based on PA performance survey in [5]. The referred PA survey captures a large power amplifier database consisting of more than 3400 data points with over 1200 data points for CMOS, SiGe PAs and over 1700 power amplifier data points has been collected for GaN, GaAs, InP. This database covers published results, both from the open literature, as well as commercial amplifiers from various vendors. 
Based on the information in [5], the PA database information was summarized for all the considered RF technologies in figure 4.2.4-1 and 4.2.4-2, where the 52.6 – 71 GHz frequency range was highlighted. It can be observed that based on the available information, there is no data for the LDMOS technology for the 52.6 – 71 GHz range. 
In order to derive more accurate PA trends data, figure 4.2.4-1 was plotted with PA operating frequencies much wider than just 52.6 – 71 GHz range. More detailed technology-specific plots (e.g. PAE vs. Psat, or Psat vs. frequency) can be found in the Excel spreadsheet capturing all the PA survey data in [5]. 
[image: ]
Figure 4.2.4-1: Saturated output power versus frequency (red box depicts 52.6 – 71 GHz range)
[image: ]Figure 4.2.4-2: Saturated output power versus frequency – focus on 52.6 – 71 GHz range
Based on the analysis of the achievable Psat trends over the 52.6 – 71 GHz range, the saturated output power maximum trend values for 52.6 GHz and 71 GHz from [5] were extracted in table 4.2.4-1. 
Table 4.2.4-1: Maximum trend values of the saturated output power
	RF technology
	Estimated maximum trend value of the saturated output power @52.6 GHz (dBm)
	Estimated maximum trend value of the saturated output power @71 GHz (dBm)

	CMOS
	23
	22

	SiGe
	26
	25

	GaN
	39
	37

	GaAs
	35
	34

	InP
	30
	29



The same dataset used for peak power trends was used to study the efficiency of available semiconductor technologies. In Figure 4.2.4-3, a scatter diagram of peak Power Added Efficiency (PAE) as function of operating frequency for power amplifiers made using Silicon and semiconductor transistors (GaAs and GaN). As expected, the efficiency is mainly dependent on the operating frequency and not the transistor technology. The wide spread of data is mainly due to different power levels and different amplifier architectures.
 [image: C:\Users\erafarg\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\820A9A88.tmp][image: C:\Users\erafarg\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\AE6249D6.tmp]
Figure 4.2.4-3: Peak power added efficiency versus frequency for power amplifiers using Silicon transistors (left) and GaN and GaAs transistors (right)
The trend analysis indicates that from a technological perspective the power amplifier efficiency in the frequency range 52 to 71 GHz is worse compared to FR2. The need for AAS type of products for this frequency range, as well as high level of integration in limited space, requires care for thermal design and considerations.
As shown, with the support from both empirical data and theoretically established limits we know that that both power efficiency and RF saturated output power capability decrease with increasing frequency. The choice of process technology used in fabricating the PAs may offset the capabilities at a given frequency but the trends versus frequency of operation remains.
4.2.5	BS aspects
4.2.5.1	BS antenna arrays
[bookmark: _Hlk53486780]4.2.5.1.1	Model
To model the array antenna characteristics for the frequency range 52.6 to 71 GHz, the parameterized array antenna model described in Table 4.2.5.1.1-2. The parameters supported by the model is described in Table 4.2.5.1.1-1.
Table 4.2.5.1.1-1: Parameters of the parameterized array antenna model
	Parameter
	Symbol
	Unit

	Front to back ratio
	Am
	dB

	Side lobe suppression
	SLAv
	dB

	Horizontal HPBW
	3dB
	Degrees

	Vertical HPBW
	3dB
	Degrees

	Array element peak gain
	GE,max
	dBi

	Number of radiating elements columns and rows
	(M, N)
	Integer

	Horizontal element separation
	dh
	m

	Vertical element separation
	dv
	m

	Electrical down-tilt angle
	etilt
	Degrees

	Electrical scan angle
	escan
	Degrees



The parameterized antenna model is built around array antenna model where the element factor, array factor and linear phase progressing is characterized as described by equations in Table 4.2.5.1.1-2. 
Table 4.2.5.1.1-2: Array antenna model details
	Description
	Equation
	Unit

	Peak normalized element radiation pattern
	
	dB

	Peak gain normalized element radiation pattern
	

	dBi

	


Composite array radiation pattern
	 
, where 


	



dBi



More detailed antenna array modelling may be further considered in the work item if needed.
4.2.5.1.2	Array antenna parameters
In Table 4.2.5.1.2-1, example parameters suitable for different deployment scenarios is listed. Element parameters have been selected to produce correct element peak gain determined by calculating the directivity from a given geometry including beam widths. The element directivity can be calculated based on the pattern described by Table 4.2.5.1.1-2 in dBi as:
			
, where the peak directivity DE,max is calculated from given values on 3dB, 3dB, dh and dv as:
		
, where Alin(,) is defined in linear scale as:


More detailed antenna array modelling may be further considered in work item if needed.
Antenna array configurations were evaluated with respect to target output power. It is assumed that each antenna array element has its own power amplifierstage. The loss associated with the transmission between the power amplifier and element is included in the element loss (LE) and antenna elements have 60% aperture coupling efficiency. The EIRP can be calculated as shown in Table 4.2.5.1.2-14.2.4.2-3. While the example in table 4.2.5.1.2-14.2.5.1-1 is provided for 16x8 and 16x16 element array, the same principle can be used to evaluate the array sizes and output power capability if required. to reach 40 dBm and 60 dBm EIRP, which we set for targets for system evaluations according to Annex A.2 The result is that reaching 40 dBm EIRP requires an 4x8 element array whereas 60 dBm EIRP requires 16x16 element array.
It should be noted that the estimates are very conservative, given that the power amplifier study in subclause 4.2.4[5] outlines the saturated power for CMOS technology between 22 and 23 dBm for 52.6 – 71 GHz frequency range. Therefore, plenty of design margin for possible front-end losses have been included.
Table 4.2.5.1.2-14.2.5.1-1: Example antenna arrays 
	Carrier frequency
	 
	70.0 GHz
	70.0 GHz

	Array size (MxN)
	
	16x8
	16x16

	System Gain & Coverage Analysis
	 
	 
	

	Total Conducted Power
	dBm
	28.0
	31.0

	Tx Arrayed Antenna Gain
	dBi
	24.8
	28.5

	EIRP per polarization
	dBm
	52.8
	59.5

	Number of antenna polarizations
	 
	2
	2

	Number of streams / polarizations
	 
	1
	1

	Transmitter Array Information (per polarization)
	 
	 
	

	# elements in XNumber of columns (M)
	 
	16
	16

	# elements in YNumber of rows (N)
	 
	8
	16

	Number of antenna elements
	 
	128
	256

	Element spacingseparation (dv, dh)
	lambda
	0.5
	0.5

	Element horizontal half power beamwidth (3dB)
	degrees
	90
	90

	Element vertical half power beamwidth (3dB)
	degrees
	90
	90

	Array size, horizontalX dimension
	mm
	34.3
	34.3

	Array size, verticalY dimension
	mm
	17.1
	34.3

	Element peak directivitygain (GE,max)
	dBi
	6.03.8
	4.5

	Array factor peak gain
	dB
	21.0
	24.0

	Antenna directive gain
	dB
	27.0
	

	Antenna coupling efficiency
	%
	60 %
	

	Antenna coupling efficiencyElement loss factor (LE)
	dB
	-2.2
	3.0

	Tx Array Antenna Gain
	dBi
	24.8
	28.5

	Transmitter Power Amplifier Info (per polarization)
	 
	 
	

	PA OP1dB
	dBm
	16
	16

	Backoff, i.e. modulated signal PAPR
	dB
	9.0
	9.0

	Average conducted output power output per PA
	dBm
	7.0
	9.0

	Power into each sub-array or antenna element
	dBm
	7
	

	Number of Tx sub-array PAs or antenna elements
	 
	128
	256

	Multi element or sub-array power gain
	dB
	21.0
	24.0

	Total Conducted Power
	dBm
	28.0
	31.0



The array sizes are similar to FR2 array in 24.25 – 52.6 GHz frequency range, and therefore also the beamwidths are similar. 
Total radiated power (TRP) is calculated in dBm as:
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, where P is the total condcuted power in dBm, LE is the element loss factor in dB and 3 is a factor accouting for two polarizations. 
4.2.5.2	Noise figure
Considering recent state-of-the-art LNA-only noise figure publications in [1 to 6], figure 4.2.5.2-1 presents the LNA-only noise figure for different semi-conductor technologies over frequency based on published data.

[image: ]
Figure 4.2.5.2-1: LNA-only NF trend over frequency
The typical noise figure values presented in table 4.2.5.2-1 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.
Referring to ETSI technical report TR 101 854 [6] on fixed radio point-to-point systems, one can find information on typical NF and associated industrial margins (IMF) values across wide range of frequencies. The IMF considers various performance variations of system elements over e.g. temperature extremes, voltage variations, or aging by capturing production spread of RF circuits. 
For the 52.6 – 71 GHz range, the above NF values are in range of 10 – 13 dB.
Table 4.2.5.2-24.2.5.2-1: Typical Noise Figures (NF) and associated Industrial Margins (IMF)
	Frequency band
(GHz)
	Typical Noise Figure (NF)
(dB)
	Industrial margin (IMF)
(dB)

	48 - 50
	~9
	+3

	52 - 55
	~10
	+3

	71 - 76
	~13
	+4

	81 - 86
	~13
		+4	


NOTE: 	The above ETSI originated Industrial Margins (IMF) shall not be confused with the Implementation Margins (IM) used in process of RAN4 conformance requirements derivation.
Referring to the system level evaluation assumptions in annex A, the BS NF was assumed as 7 dB, while UE NF was assumed as 10 dB (13 dB optionally). 
Link level and system level simulation assumptions in annex A are assuming UE mobility (i.e. 3km/h), while the above referred ETRI TR treats about the fixed point-to-point applications. Still one can observe good alignment of NF values among the ETSI TR and those in this 52.6-71 GHz performance evaluation. This can be interpreted that the RF technology to be used for both static and mobile applications in 52.6-71 GHz frequency range will have similar and comparable capabilities, making the ETSI TR 101 854 [6] a valid reference for this technical report. 
[bookmark: _Hlk58322007]4.2.5.3	Output power and ACLR dependencies
To initially investigate the important dependencies between output power, linearity and PAE, the empirical measurements of a 28 nm FD-SOI CMOS PA from a research project was used to model the behavior at 70 GHz proxy frequencies where the non-linear characteristics is kept with the output power scaled as -20 dB/decade while PAE scaled as ~-5dB /decade. CP-OFDM waveform at 400 MHz carrier bandwidth was used.
For 70 GHz proxy frequency, the relation between ACLR and output power is presented in Figure 4.2.5.3-1. It should be noted that the output power is related to PA output (including package losses) and does not consider losses such as routing, switch losses etc. implying that the achievable power before the radiating elements would be lower.
As shown in Figure 4.2.5.3-1, the achievable output power decreases with increased ACLR. Figure 4.2.5.3-1 depicts the relation between ACLR and PAE. 
[image: ] [image: ]
[bookmark: _Hlk53486570]Figure 4.2.5.3-1: ACLR versus output power (left) and PAE versus ACLR (right)
Figure 4.2.5.3-1 indicates that a reasonable PAE of 5 to 10% considering the thermal challenges, a feasible ACLR level would be in the range of 20 to 25 dB for frequency bands within 52 to 71 GHz. The feasible ACLR values should be weighted in when possible co-existence studied are conducted to settle the ACLR requirements.
In addition, as for frequency ranges between 52 to 71 GHz larger bandwidths than for FR2 is anticipated (~2 GHz), it is also essential to consider the impact of ultra-wide bandwidths to account when defining the ACLR and unwanted emission requirements. The impact of bandwidths and the dependencies towards other essential parameters will be further investigated in the coming meeting. Thus, following observation can be made:


4.2.5.4 BS requirement overview
In this sub-clause, a short overview of BS requirements and possibility for re-use of FR2 requirement baseline is given. Both transmitter and receiver requirements for 52.6-71 GHz are considered.
4.2.5.4.1 Operating bands and channel arrangement
Beside the addition of new operating bands (both licensed and unlicensed), new channel bandwidths which can be as high as ~2 GHz for unlicensed can be anticipated. If multiple numerologies are specified, multiple channel bandwidths should be considered independently for licensed or unlicensed usage.
The spectrum utilization for new numerologies and channel bandwidths should be investigated in detail when the new numerology is settled, and WI phase has started where the spectrum utilization should match or be better than the incumbent technologies. 
In addition, new channel raster, new channel spacings and synchronization raster need to be specified.
The channel bandwidths and channel arrangement does not necessarily be the same for possible licensed (66-71 GHz) or unlicensed bands pending on e.g. the need for LBT and LBT bandwidth.
4.2.5.4.2 OTA base station output power
The power related requirements can be adopted from FR2 with some modifications, but the levels would require a re-visit due to large channel bandwidths. As an example, total power dynamic range covering the power relation between full PRB allocation and single PRB allocation need to consider the ripple over large carrier bandwidths where the degradation of single PRB power accuracy due to ripple should be taken to account.
The off power and transient period requirements can use similar approach as FR2, but requirement levels need to be adapted for 52.6-71 GHz.
4.2.5.4.3 OTA transmitted signal quality
The frequency error can be re-used from FR2. Depending on the supported modulation order, the FR2 EVM requirements can be re-used. Given the degraded phase noise over frequency, 256QAM may be excluded for this frequency range but this would require further discussion during WI phase.
In addition, the FR2 time alignment requirements can be re-used for 52.6-71 GHz.
4.2.5.4.4 OTA unwanted emissions
The in-band unwanted emissions such as ACLR and emission mask need to be studied in detail considering both the co-existence studies as well as feasibility aspects. The FR2 mask differs from IEEE mask implying that not only the requirement levels but also shapes of the mask could differ between licensed and unlicensed bands within 52.6 – 71 GHz.
For licensed operation, the shape of FR2 unwanted emission mask can possibly be re-used while for unlicensed, the IEEE mask could be a choice. Note that for both licensed and unlicensed due to larger bandwidths and frequency band size, the ΔfOBUE should be adapted.
4.2.5.4.5 OTA transmitter spurious emissions
For general spurious emission requirements there is already category A and category B requirements applicable in different regions. As new larger bandwidths are anticipated for operation in 51.6-71 GHz for both licensed and unlicensed bands, the transmitter spurious emission concept for FR2 can be re-used with possible modification of frequency steps (Fstep,x).
In addition, the spurious emission requirements are applicable up to 2nd harmonic, implying that for possible licensed spectrum 66-71 GHz, the upper limit for spurious emission would be at 142 GHz. As there are limitations in both OTA chambers and upper frequency ranges of the measurement instruments, the upper frequency range of up to 2nd harmonic need to be re-visited and restricted.
4.2.5.4.6 OTA reference sensitivity level
The reference sensitivity concept from FR2 can be re-used for frequency bands within 52.6-71 GHz based on specifying a range. The levels need to be re-vised considering the new numerologies, bandwidths and corresponding FRC link simulations. In addition, the achievable Noise Figure (NF) for frequency ranges within 52.6 – 71 GHz described in sub-clause 4.2.5.2 should be considered.
4.2.5.4.7 OTA in-band selectivity and blocking
FR2 concept can be adopted for 52.6 – 71 GHz for ACS and in-band blocking with revised level and interferer type based on co-existence simulations and corresponding interferer level statistics. Depending on the channel bandwidths and frequency bands, ΔfOOB would require a re-visit.
The out-of-band blocking requirements for frequency bands within 52.6-71 GHz can re-use the concept from FR2 but the interferer frequency up to 2nd harmonic (up to 140 GHz) should be restricted similar to spurious emission requirements. In addition, the step size for CW interferer could be increased to reduce the number of test points.
There is a need to investigate the feasibility of generating OOB blocking interferer level of 0.1 v/m at very high frequencies and in case proven non-feasible, the level should be adapted to a more feasible level.
4.2.5.4.8 OTA receiver spurious emissions
As described for transmitter spurious emission, for receiver spurious emission the FR2 concept can be reused with some modifications e.g. frequency steps (Fstep,x) .
In addition, the receiver spurious emission requirements are applicable up to 2nd harmonic, implying that for possible licensed spectrum 66-71 GHz, the upper limit for spurious emission would be at 142 GHz. As there are limitations in both OTA chambers and upper frequency ranges of the measurement instruments, the upper frequency range of up to 2nd harmonic need to be re-visited and restricted.
4.2.5.4.9 OTA receiver intermodulation
The FR2 concept can be re-used for receiver intermodulation where interferer type, level and offsets would need to be adapted to new numerology and channel bandwidths.
4.2.5.4.10 OTA in-channel selectivity
During the FR2 studies in RAN4, the question around the need for in-channel sensitivity was raised and simulation campaigns were conducted indicating small difference between wanted and interfering signal. Before using the FR2 concept for in-channel selectivity with needed adaptations, more studies would be needed to conclude on the need for in-channel selectivity requirements.


4.2.6	UE aspects
4.2.7	RAN4 conclusions on numerologies and channel bandwidths
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