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1. Introduction
At RAN4#103-E a way-forward with guidance to this meeting was agreed in [1]. Extending NR frequency support up to 71 GHz will open up for discussion on relevant test methods, measurement uncertainties, additional intermediate calibrations stages and other aspects related to testing higher frequencies and carriers with wider carrier bandwidths. At last meeting it was agreed to start from test methods and procedures applicable for FR2-1 and evaluate what changes to do to support also FR2-2. The foreseen changes can be both additional components in the test setup as well as additional calibration procedures. 
In this contribution we present information relevant to progress the conformance work with the intention to extend the frequency support of TS 38.141-2 up to 71 GHz in line with previous extensions made to TS 38.104. 

2. Discussion
In the following sections, details related to OTA conformance testing of test requirements applicable for FR2-2 are collected. 
  
2.1 Pathloss calculation in CATR
In the technical background for FR2-1 frequency range 43.5 to 48.2 GHz captured in TR 38.847 [2], section 10 Base station requirements, the CATR pathloss characteristics is evaluated. The calculations assume an effective CATR area of 20 m2. With 20 m2 effective CATR area, the coupling loss will be according to Table 2.1-1 below.
Table 2.1-1: Coupling loss for CATR with area of 20 m2 with  (0 dB)
	Carrier frequency 
(GHz)
	 
(dB)

	38.0
	66.1

	47.0
	67.9

	52.6
	68.9

	71.0
	71.5



According to R4-2208542 [3] section 2.3 Test object size consideration, a FR2-2 radio is expected to have a maximum antenna size of about 100x100 mm, and a smaller CATR can be used to reduce the coupling loss.
Using a CATR with a 14 dB gain feed horn antenna and 2 m distance between the feed horn and the mirror, the effective CATR area will be 2 m2. Note: This could be further reduced to match the wanted size of the test zone. With 2 m2 CATR area, the coupling loss will be according to Table 2.1-2 below.
Table 2.1-2: Coupling loss for CATR with area of 2 m2 with , (0 dB)
	Carrier frequency
(GHz)
	
(dB)

	38.0
	56.1

	47.0
	57.9

	52.6
	58.9

	71.0
	61.5




2.1.1 Background to area-formula
The principle of a CATR is visualised in Figure 2.1.1-1
[image: ]
Figure 2.1.1-1: CATR principle
TR 38.847 uses the CATR area formula for calculating the coupling loss:
		(Eq. 2.1.1-1)
for a unit gain receiver antenna. Here, the receiver gain is written out for clarity.
The coupling loss is defined as:

Area approach
One way to derive the chamber loss is to assume that the power density (power per unit area) of the field in test zone can be calculated as the transmitted power  divided by the effective area as

The received power is obtained by multiplying with the effective area of the receiver, i.e.,

Here

has been used. Hence the coupling loss becomes

Distance approach
The coupling loss can also be calculated from the feed horn gain  and the distance d between the feed horn and the mirror. The power density of the spherical wave impinging on the reflector can be calculated as

This leads to

This is the classical Friis transmission formula using the distance of spherical wave propagation from the feeder to the reflector. The coupling loss becomes

Comparison and relation to directivity
By comparing the two alternative ways of calculating the coupling loss we get an expression for the effective area of the CATR

Hence, the effective reflector area includes the feeder gain. This is natural since a higher feeder gain will reduce the illuminated area and a lower feeder gain will increase the illuminated area. We also note that the above equation leads to

i.e., the feeder gain is the fraction of the surface of a sphere of radius  and the effective area of the reflector or equivalently the fraction of the full sphere solid angle and the beam solid angle  of the feeder antenna, see [5]. Note, that

is by definition directivity. However, in this context we assume the transmitting antenna is lossless and therefore . 

Observation: The chamber loss of a CATR can be calculated either by the area formula or by the distance formula. The effective area of the CATR depends on the feeder gain.
Observation: The coupling loss in a CATR can be optimized by adapting the CATR size according to the radio size and frequency. By reducing the CATR area a factor 10 from 20 m2 to 2 m2, the coupling loss can be reduced a factor 10 from 71.5 dB to 61.5 dB at 71.0 GHz. This significantly reduces the requirements on the power amplifier. 
Observation: The improvement in pathloss, by reduction of the effective CATR area, is relevant for both DL and UL.

Proposal 1: For FR2-2 consider CATR pathloss values for a CATR suitable for FR2-2 testing. Pathloss values in Table 2.1-2 can be used as baseline for FR2-2.









2.2 Optimal test antenna gain
In Figure 2.2-1, two different test distances between the EUT and measurement antenna, are depicted.  
[image: ]
Figure 2.2-1: Optimal test antenna beamwidth
An optimal test antenna illuminates the Equipment Under Test (EUT) uniformly and does not illuminate anything else. In practice this implies that the Half Power Beamwidth (HPBW) spans the cross-sectional area  of the EUT. This is illustrated in Figure 2.2.-1 wherein a wider beam is used at a shorter test distance (left) and a narrower beam is used at a longer test distance (right). For an optimal CATR the illuminated area at the reflector should fit with the EUT area. 
Hence, if the EUT is located a distance  from the test antenna the optimal beamwidth can be written as

The optimal test antenna gain can be written as 


Here, C is a constant that depends on the exact antenna design. Hence, for a test setup with an optimal test antenna



Here,  has been used. Note, that the test antenna gain is here increased just enough to compensate for increased loss implied by an increased test distance. For practical reasons the number of test antennas is of course limited, but whenever the frequency range or the test antenna size is significantly changed there is a possibility to compensate for much of the path loss by choosing a proper test antenna. 

Fundamental limitations on OTA testing at higher frequency bands rather come from increasing requirements on mechanical tolerances, possibility to generate power within a given volume, and cable related losses and uncertainties.

Observation: The test distance and measurement antenna gain can be optimized to make most usage of power and mitigate pathloss. 


2.3 Additional components in test setup
Based on already defined test setup for NR in TS 38.141-2 Annex E, the extension to FR2-2 may require additional components to be considered for some requirements and related test setups. 
2.3.1 Transmit test setups

2.3.1.1 EIRP based requirements
For requirements related to EIRP (Radiated transmit power, OTA output power dynamics, OTA transmitted signal quality, OTA occupied bandwidth and OTA transmit ON/OFF power, the test setup is visualised in Figure 2.3.1.1-1.
[image: ]
Figure 2.3.1.1-1: EIRP test setup
In Table 2.3.1.1-1, test requirements are listed with expected additional test setup extensions. 
Table 2.3.1.1-1: EIRP test requirements
	Test
	Issue at high frequency
	Expected need of change

	Radiated transmit power
	Alignment due to more narrow beams
	Improved alignment procedure

	OTA output power dynamics
	Limited SNR in test setup
	An LNA may be required before measurement receiver

	OTA transmitted signal quality
	Limited SNR for higher modulation formats?
	

	OTA occupied bandwidth
	Limited SNR in test setup
	

	OTA transmit ON/OFF power
	Limited SNR in test setup
	



2.3.1.2 TRP based requirements
For TRP requirements such as OTA base station output power, OTA ACLR, OTA operating band unwanted emissions (OBUE) and OTA spurious emissions the test setup is visualized in Figure 2.3.1.2-1.
[image: ]
Figure 2.3.1.2-1: TRP test setup



In Table 2.3.1.2-1, test requirements are listed with expected additional test setup extensions. 
Table 2.3.1.2-1: TRP test requirements
	Test
	Issue at high frequency
	Expected need of change

	OTA base station output power
	Dynamic range
	LNA and shorter test distance

	OTA ACLR
	Dynamic range
	LNA and shorter test distance

	OBUE
	Dynamic range
	LNA and shorter test distance

	Spurious emissions
	Dynamic range
	Additional LNA and mixer stage may be required.

	Receiver spurious emissions
	Dynamic range
	Additional LNA and mixer stage may be required.




2.3.2 Receiver test setups
The receiver test setup is in general more complex compared to downlink. For several requirements both wanted signal and interferer signal is required. 
2.3.2.1 OTA reference sensitivity
[image: ]
Figure 2.3.2.1-1: OTA receiver sensitivity
In Table 2.3.2.1-1, test requirements are listed with expected additional test setup extensions. 
Table 2.3.2.1-1: OTA receiver sensitivity
	Test
	Issue at high frequency
	Expected need of change

	OTA reference sensitivity level
	Absolute signal power accuracy out from signal generator
	The signal generator absolute power can be calibrated using a power meter. An external mixer stage can be added to enhance signal generator frequency capability.











2.3.2.2 OTA ACS and OTA narrowband blocking
[image: ]
Figure 2.3.2.2-1: OTA ACS and OTA narrowband blocking
In Table 2.3.2.2-1, test requirements are listed with expected additional test setup extensions. 
Table 2.3.2.1-1: OTA ACS and OTA narrowband blocking
	Test
	Issue at high frequency
	Expected need of change

	OTA ACS
	Combination of high frequency signals may cause too large uncertainty.
	The signal generator absolute power can be calibrated using a power meter. An external mixer stage can be added to enhance signal generator frequency capability.

	OTA narrowband blocking
	Combination of high frequency signals may cause too large uncertainty.
	The signal generator absolute power can be calibrated using a power meter. An external mixer stage can be added to enhance signal generator frequency capability.




2.3.2.3 OTA blocking
[image: ]
Figure 2.3.2.3-1: OTA blocking
In Table 2.3.2.3-1, test requirements are listed with expected additional test setup extensions. 
Table 2.3.2.3-1: OTA blocking
	Test
	Issue at high frequency
	Expected need of change

	General OTA blocking
	Signal combination and circulator may be difficult at 71 GHz.
	Addition of mixer stage is required



2.3.2.4 OTA out-of-band blocking
[image: ]
Figure 2.3.2.4-1: OTA out-of-band blocking
In Table 2.3.2.4-1, test requirements are listed with expected additional test setup extensions. 
Table 2.3.2.4-1: OTA out-of-band blocking
	Test
	Issue at high frequency
	Expected need of change

	General OTA out-of-band blocking
	See right
	For this setup two mixer stages may be required, since wanted signal is within the operating band and interferer is within the range from lower test frequency limit to upper test frequency limit.




2.3.3 Power amplifier
Power amplifiers are needed to get the needed dynamic range in the test setup. At higher frequency and large carrier bandwidth the output power may be a limiting factor. At high frequencies the power capability of signal generators typically reduce, hence external linear power amplifiers may be required in many OTA situations. 
2.3.4 LNA
At higher frequencies the noise figure characteristics of typical measurement receivers reduces. Using an external linear Low Noise Amplifier (LNA) can improve the total noise figure of the test setup which will increase the measurement receiver sensitivity and improving the measurement uncertainty.
2.3.5 External mixer stage
Due to lack of high frequency high performance test equipment’s, external mixer stages can be used to down/up convert the signal of interest within the OTA test chamber. Moreover, cable loss (resistive, dielectric and radiated) is typically increasing with frequency. Cable handling (bending, cleaning connectors) is also more intricate at higher frequencies. One way to reduce cable length and the need for test equipment at higher frequencies is to use mixers. The calibration aspects related to usage of external mixer is discussed in section 2.4.2.
2.3.6 Power meter
A power meter typically has a more accurate reading compared to SAs and nominal output power values of SGs. Therefore, to mitigate other MU contributions with a tendency to increase with frequency, power meters might be needed in order to have a reasonable MU in OTA testing of FR2-2 devices.



2.4 Additional calibration stages
2.4.1 Calibration of spectrum analyser absolute power accuracy
For DL measurements the test setup is often calibrated with a Network Analyzer with low uncertainty. For absolute power measurements a Spectrum/Signal Analyzer is used. The absolute uncertainty of Spectrum/Signal Analysers can be significant, especially on higher frequencies.
Typical Spectrum/Signal Analyzer absolute power measurement uncertainty:
Table 2.4.1-1: Spectrum/Signal Analyzer Absolute Uncertainty Vendor A
	Frequency (GHz)
	Absolute Uncertainty (2-sigma)
	VSWR

	3
	0.3
	1.2

	8
	0.4
	1.3

	26.5
	1.7
	1.4

	50
	2.5
	2.0

	70
	3.1
	2.4



Table 2.4.1-2: Spectrum/Signal Analyzer Absolute Uncertainty Vendor B
	Frequency (GHz)
	Absolute Uncertainty (2-sigma)
	VSWR

	3
	0.3
	1.1

	8
	0.6
	1.2

	26.5
	0.7
	1.5

	50
	1.4
	1.7

	70
	1.5
	1.7

	90
	2.5
	1.6

	110
	2.5
	1.6



A power meter/sensor has generally lower uncertainty than Spectrum/Signal Analysers. By using a power meter/sensor as reference for Spectrum/Signal Analyzer DL absolute power measurements the uncertainty can be improved.
Typical Power Meter/Sensor absolute measurement uncertainty (far from noise floor):
Table 2.4.1-3: Power Meter/Sensor Absolute Uncertainty Vendor A
	Frequency (GHz)
	Absolute Uncertainty (2-sigma)
	VSWR

	3
	0.07
	1.2

	8
	0.07
	1.2

	26.5
	0.10
	1.3

	50
	0.17
	1.4

	70
	0.25
	1.6

	90
	0.27
	1.7

	110
	0.29
	1.7



Mismatch uncertainty can also be a significant at higher frequencies. The mismatch uncertainty can be estimated accordingly:

		(Eq. 2.4.1-1)
Assuming the source (e.g., Antenna) have VSWRAntenna of 1.4.
Assuming a Spectrum/Signal Analyzer (SA) with absolute uncertainty USA of 3.1dB and VSWRSA of 2.4 at 70GHz, the mismatch uncertainty will be:

		(Eq. 2.4.1-2)
The total absolute Spectrum/Signal Analyzer uncertainty will then be:
		(Eq. 2.4.1-3)
Assuming a Power Meter/Sensor (PM) with Absolute Uncertainty UPM of 0.25dB and VSWRPM of 1.6 at 70GHz, the mismatch uncertainty will be:

(Eq. 2.4.1-4)
The total absolute Power Meter/Sensor uncertainty will then be:
		(Eq. 2.4.1-5)

Proposal 2: Add intermediate calibration stage of spectrum analyser absolute power accuracy for DL EIRP measurement, with the intension to break the trend with very large measurement uncertainties for high frequencies. 

2.4.2 Calibration of external mixer stages
To extend the frequency range for a test range, mixer stages can be used to up/down convert signals within the chamber. This will allow for usage of coaxial cables and test equipment operating at a lower frequency than the test frequency. The mixer is typically mounted directly to the measurement antenna or calibration antenna using a waveguide interface. With this approach it is expected that measurement error sources can be minimized. 
In Figure 2.4.2-1, the calibration interfaces relevant for CATR is visualized without mixers.
[image: ]
Figure 2.4.2-1: Calibration interfaces for CATR
The CATR pathloss between point C and point B is characterized using a Vector Network Analyzer (VNA). The loss between point C and point A is calculated from the calibration antenna (Standard Gain Horn) gain and the cable loss. The cable loss can be measured using a VNA. The test range path loss, LAB defined between point A to point B is then calculated as the difference between LCB and LCA.
To extend the frequency range mixer stages are introduced as visualised in Figure 2.4.2-2.
[image: ]
Figure 2.4.2-2: Calibration stages for CATR with mixer stages
The calibration approach is similar as without mixers, with the extension that the path loss between point C and point A now also need to capture the transmission characteristics through the mixer stage. This characterization will be done as before but now also including the mixer and coaxial cable. The signal is up-converted between point C-A and down-converted between A-B. With the addition of up/down conversion test equipment operating at a lower frequency with better measurement uncertainty can be used.  Signal Generator (SG) is used to generate the Local Oscillator (LO) required by the mixer stages. To compensate for the power split required for up conversion and down-conversion a power amplifier is placed before the spitter. 
In Figure 2.4.2-3, the setup required for measuring transmitter requirements is visualized.
[image: ]
Figure 2.4.2-3: Measurement setup
Unlike traditional testing without mixer stages, the calibration stage now needs to capture both directions for transmitter requirements and receiver requirements. The reason is that the mixer stage is not bidirectional, since internal amplifier stages may be used in the signal chain. The path loss between point A and point B is used to associate the absolute power measured at A to the power measured with the Spectrum Analyzer (SA) at point B. The SA absolute power accuracy can be significantly improved by adding an intermediate extra calibration stage to characterise the absolute power measurement accuracy of the SA using a power meter.

Proposal 3: Introduce external mixer stage test setup and corresponding calibration procedures for receiver requirements and out-of-band requirements to improve measurement uncertainty. 



2.5 Test frequency limits
For FR2 test frequency limits have been defined for requirements to be tested in the out-of-band region. For FR2-1, the lower test frequency limit for spurious emission and out-of-band blocking is set to 30 MHz and the upper test frequency limit is set to 60 GHz.

2.5.1 Lower limit
Assuming a short dipole, the following can be considered. At low frequencies emission patterns will be dipole-like with few degrees of freedom. Moreover, the ability to send power at low frequencies over a given bandwidth will be limited by physical constraints. The Chu limits states that [6]

Here, G is antenna gain, B is bandwidth, k is the wave number and a is the antenna radius. Now let the aggressor be the high frequency antenna and consider the gain at a much lower frequency than the design frequency of the antenna. The antenna radius a is proportional to the wavelength for the high frequency system. Let the wavelength at the low frequency be much larger, i.e. The Chu bound can then be written as

Hence, the additional isolation per decade frequency difference is 1/1000 or 30 dB.
Observation: It would be possible to consider a lower frequency limit of 300 to 400 MHz for FR2-2.


2.5.2 Upper limit
For FR2-2 (52.6 to 71.0 GHz) the recommendation in SM.329 [7] would require the spurious emission to be tested within the frequency range 30 MHz to 142 GHz. However, the test setup complexity and test scope need careful considerations before a decision on the upper frequency limit can be made. Eventually, RAN4 can decide to set the upper test limit below the ITU-R recommendation in the same way as for FR2-1 if the test complexity and test equipment availability makes it impossible to set upper test limit to 2nd harmonic. 
The SM.329 gives recommendations of lower and upper limit for unwanted emission, but for receiver blocking there is no guidance available. For receiver output band blocking the capability of signal generators and power amplifiers generating power needs to be evaluated before the upper limit for receiver blocking can be determined. 
The Category B spurious emission depends on frequency as described in Table 2.5.2-1.  
Table 2.5.2-1: Step frequencies for defining the BS radiated Tx spurious emission limits in FR2
	Operating band
	Fstep,1
(GHz)
	Fstep,2
(GHz)
	Fstep,3
(GHz)
	Fstep,4
(GHz)
	Fstep,5
(GHz)
	Fstep,6
(GHz)

	n257
	18
	23.5
	25
	31
	32.5
	41.5

	n258
	18
	21
	22.75
	29
	30.75
	40.5

	n259
	23.5
	35.5
	38
	45
	47.5
	59.5

	n263
	18
	43
	53.5
	74.5
	85
	127



Based on frequency limits used for Category B it seems that 130 GHz can be candidate for the upper frequency limit for FR2-2, based on n263 Fstep,x values.

Proposal 4: Set the upper frequency limit to 130 GHz for FR2-2.




3. Conclusion
In this contribution we presented some more details related to OTA conformance testing at FR2-2.    
Based on the information the following proposals are presented for approval:
Proposal 1: For FR2-2 consider CATR pathloss values for a CATR suitable for FR2-2 testing. Pathloss values in Table 2.1-2 can be used as baseline for FR2-2.
Proposal 2: Add intermediate calibration stage of spectrum analyser absolute power accuracy for DL EIRP measurement, with the intension to break the trend with very large measurement uncertainties for high frequencies. 
Proposal 3: Introduce external mixer stage test setup and corresponding calibration procedures for receiver requirements and out-of-band requirements to improve measurement uncertainty. 
Proposal 4: Set the upper frequency limit to 130 GHz for FR2-2.

In addition, draft CRs to TS 38.141-2, clause 6 [8] and 7 [9] is provided to progress the work to update the conformance test specification. 
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