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1. Introduction

TR 38.810 defines the baseline system to be Far-field measurement system in an anechoic chamber.  This paper compiles technical information from previous contributions showing that CATR is a valid far field testing methodology for NR RF FR2 requirements.
2. CATR working principle

A CATR (Compact Antenna Test Range) is a collimator system in which the spherical wave is transformed in plane wave within the desired quiet zone (QZ). In other words, a compact range project the measurement (range) antenna infinitely far away thus making it a far-field range. Figure 1 does show this concept:
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Figure 1. Compact Range – working principle

This is a reciprocal system setup. For TX measurements, the device under test will radiate a spherical wavefront to the range collimator which focalises into the feed antenna only the propagation vector which matches with the boresight direction of the reflector. On the other hand, for RX measurements, the feed antenna would radiate a spherical wavefront to the range reflector which is collimated towards the DUT. In other words, the spherical wavefront is transformed into a plane wavefront when at the DUT.

In order to meet the requirements, the following parameters are mainly considered when designing a CATR:

· Quiet Zone

· Focal length

· Offset angle

· Feed location 

Figure 2 does introduce the concept of quiet zone (QZ). Basically, the plane wavefront (uniform amplitude and phase) is guaranteed in a certain cylinder volume:

[image: image3.png]



Figure 2 CATR – Quiet Zone concept

Quiet Zone size would depend on mainly the reflector, feed taper, anechoic chamber design. In figure 3 is shown the phase distribution in the QZ for a state of the art CATR designed for 3m QZ size at 18GHz:

[image: image4.png]ERICSSON 2

Phase, 3 m diamater QZ, 18 GHz

— 1.5 m (right)
S —1.0m
) - 05m
@ ~—0m
s —-05m
o —-10m
—-1.5m (left)

-15 -1 -0.5 0 05 1 15
Height (m), top to bottom

_<&7 ORBIT/FR - Europe GmbH





Figure 3 Phase curvature within the CATR QZ

It has to be noted that the total phase variation in the QZ for a CATR is much lower than the phase variation (22.5deg) for a typical direct FF range.

3. CATR - a far field system
In this section the CATR key points are reported. 
3.1       FF criteria

The CATR system does not require a measurement distance of 
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to achieve a plane wave as in a standard far field range. 
The tables below from show a comparison of the paths losses which can be expected for the CATR and the standard far field system meeting the requirement of a measurement distance of  
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	D(cm)
	Frequency (GHz)
	Near/far boundary (cm)
	Path Loss(dB)

	5
	28
	48
	55

	10
	28
	188
	66.9

	15
	28
	420
	73.8

	30
	28
	1680
	85.9


Table 1: Near field/far field boundary for different frequencies and antenna sizes for a traditional far field anechoic chamber
	DUT size [cm]
	Frequency (GHz)
	Path Loss(dB)

	5
	28
	51

	10
	28
	58.2

	15
	28
	61.4

	30
	28
	67.8

	NOTE 1:
	Final values will depend on CATR specific implementation


Table 2: Example of CATR path losses

For direct FF, the FF distance has been calculated by applying the FF criteria while for CATR the FF distance is seen as the focal length, distance between the feed and reflector for a CATR, which can be calculated as shown below (as a rule of thumb):
D =x [m]

size of reflector=2*D

R=focal length = 3.5*size of reflector = 3.5*(2*D)

In a CATR, from the reflector to the quiet zone, there is a plane wave with no space loss.

For both direct FF and CATR, space path loss is calculated by applying the Free Space Loss formula with R=FF distance:

                                                   (λ/4*π*R)^2
This gives the CATR an advantage in that the path losses are lower for the CATR than the standard FF system.  

3.2       Quiet zone
Quiet zone quality can be impacted by amplitude uniformity, phase planarity and polarization purity. 

Amplitude uniformity is mainly due to feed pattern, alignment and reflector design while phase planarity is due to feed alignment and reflector design. The polarization purity is mainly due to the parabolic system geometry considering high polarization purity feeds.

The test procedure defined in TR 38.810 Annex D.2 for determining the MU contribution from the quiet zone quality applies equally well to both direct far-field and CATR systems.

Plots in Figure 4 and 5 show the amplitude and phase taper plots of the in the quiet zone of a CATR system.
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Figure 4. Amplitude variation across the quiet zone of 15cm
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Figure 5. Phase variation across the quiet zone of 15cm

The measurements of quiet zone in the planes as shown in Figure 4 and Figure 5 that 

· the overall amplitude variation within the quiet zone is less than 1.2 dB 

· the overall phase variation within the quiet zone is less than 10˚ 

3.3       Implementation Requirements 

When it comes of CATR implementations, the reflector design is one of the key point to be considered. Another important piece is the feed antenna location in the system setup. Different implementations may exist based on the test system frequency range and quite zone requirements.

3.3.1    Reflector (s) Type
The reflector design does play an important role when designing a CATR.

A Compact Range is a geometrical optical design, for which the reflector(s) is large in wavelength. Edges diffraction (edges are like cylindrical sources) needs to be minimized using edge treatment. Common edge treatments are:

· serrated edge – figure 6 (right)

· rolled edge – figure 6 (left)
The lower frequency limit of a compact range depends on the edge treatment. 
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Figure 6 – Reflector Types – Rolled edge (left), Serrated Edge (right)

The Quality of the Quiet Zone is characterized for CATR ranges and always includes the reflections off the edges of the reflector.  The specifications for a commercially available CATR system can be seen in Table 3.  These specifications should show that the impact of these reflections is minor.  In order to meet such specifications, the reflector must be designed in a way to reduce the reflection off the edges (the edges are either curved or have serrated edges).
	Frequency Range (GHz)
	1.5 - 100

	Quiet Zone Dimensions [H x W x L] (m)
	0.5 x 0.5 x 0.5

	Cross Polarization (dB)
	-30

	Amplitude Ripple
	0.4

	Phase Total Variation (degrees)
	0.4 f> 26 GHz


Table 3:   Commercially Available CATR system specifications

3.3.1.1 Serrated Edge 

The direction of the edge is designed such that minimum diffraction enters the quiet zone sources. With serrations, there is a smooth transition between parabolic surface of the reflector and free space, thus reducing the diffraction effects and directing the diffracted field away from the QZ. The length of serrations defines the lowest frequency of operation. Typical serrations lengt is 5λ.

3.3.1.2  Rolled edge
The edges of the compact range reflector are no longer cut off abruptly but are smoothly bent backwards thus reducing the energy at the edges of the reflector. With well-designed rolled edge, diffraction reduces compared to serrated edge at the low and middle end of the frequency spectrum. 

3.3.2     Feed Antenna location

The following are the feed locations most commonly used when designing a CATR:

· Side-fed

· Floor-fed

· Diagonal-fed

For a side-fed system, the feed is placed on one side of the chamber at the same height as the center of the quiet zone so that the ray from the feed to the reflector to the center of the quiet zone spans a horizontal plane. For a floor-fed system, the feed in placed on the floor between the reflector and the quiet zone so that the ray from the feed to reflector to the center of the quite zone spans a vertical plane. In case of diagonal-fed (corner-fed) system, the feed is in a cornerbetween side wall and floor so that the ray from the feed to the reflector to the center of the quiet zone spans a diagonal plane. Typically the diagonal fed-system allows for size reduction of the anechoic chamber of approx SQRT(2).

4. CATR – reciprocity

CATR systems are inherently reciprocal, i.e. they support device characterization in both transmit and receive modes and it has been already used as such within 3GPP: TR 37.842 for testing active antenna systems describes base station conformance testing for radiated transmit power (EIRP) in section 10.3.1 as well as for OTA sensitivity (EIS) in section 10.3.2.

The theoretical analysis behind this statement can be as follows:

C.A. Balanis (in his book “Antenna Theory: Analysis and Design,” Ch. 3, pp. 127-132) provides a thorough discussion of reciprocity and its consequences for radiation patterns:  In brief, it shows that, due to reciprocity, the antenna patterns measured by a receiving probe antenna with the DUT transmitting will be identical to those measured by the DUT in receive mode when the probe antenna is transmitting. It is further explained that reciprocity holds whenever certain conditions are met, e.g. the device materials and propagation medium are linear.  
These are the conditions met in a CATR:
As the nominally spherical wave from the feed antenna propagates toward the mirror, it’s power density per area,
[image: image10.wmf]dens

P

, falls off with the square of the distance from the feed antenna so that at the mirror, 



[image: image11.wmf]feedfeed

dens

2

4

PG

P

f

p

=

, 
 MACROBUTTON MTPlaceRef \* MERGEFORMAT (1)

where 
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is the power transmitted from the feed antenna, 
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 is the gain of the feed antenna, and 
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 is approximately the focal length of the mirror.  The precise distance from the feed antenna to the center of the mirror is typically slightly longer than the focal length due to the off-axis illumination and parabolic curvature of the mirror.
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 does not change as the beam propagates to the DUT since the beam is collimated.  For a DUT in the quiet zone, the power received by the DUT is the product of 
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and the DUT’s effective aperture, 
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.  This effective aperture depends on the orientation of the DUT relative to the beam, indicated by the DUT’s elevation angle, 
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, and its azimuth angle, 
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.  The DUT’s gain, 
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Thus, the ratio of received power to transmitted power, is 
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From this derivation, it is clear that the path-loss for a CATR does not depend on the total distance between the feed antenna and the DUT but on the focal length of the mirror instead.  

Less intuitive is the derivation of the path loss when the DUT is in transmit mode. In that case, the DUT’s radiation pattern can be treated as a superposition of plane waves propagating in different directions.  This superposition concept is valid whether the mirror is in the near or far-field of the DUT.  As shown in Figure 7, the mirror captures plane waves propagating in a range of directions, but the different directions are focused to different points by the mirror.  Only those plane waves propagating along the optical axis of the mirror (indicated in pink) are focused into the feed antenna for measurement; in this mode, the feed antenna is receiving the signal from the DUT.  Plane waves at larger angles not captured by the mirror are instead absorbed by the anechoic chamber.  The particular angle measured by the feed antenna can be varied by rotating the DUT.  For example, a rotation of the DUT in this figure could align the blue plane wave with the optical axis allowing measurement of the transmitted power in that direction. 
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Figure 7 CATR when DUT is in transmit mode
The feed antenna can only capture radiation from the relatively small range of angles that converge to a point within its aperture.  The maximum angular deviation from the optical axis that can be accepted by the feed antenna is given by



[image: image24.wmf](

)

maxmax

tan,

r

f

jj

==

 
 MACROBUTTON MTPlaceRef \* MERGEFORMAT (4)

where 
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 is the radius of the aperture, 
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is the focal length of the mirror, and the small angle approximation - a very good approximation for typical CATR geometries - has been invoked for simplicity.

The radiation intensity (power per unit solid angle), 
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, emitted by the DUT is the total power emitted divided by 
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The total power accepted by feed antenna is the integral of 
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 over the range of angles that converge within its aperture.  Using the small angle approximation, the integral gives
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Substituting for 
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, and with the aperture of the feed antenna as  GOTOBUTTON ZEqnNum486372  \* MERGEFORMAT , the ratio of power received by the feed antenna to power transmitted by the DUT is 
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Equation (3)

, thus proving reciprocity.  (7)

 shows that the transmission losses from the DUT to the feed are identical to the transmission losses from the feed to the DUT, given by Eq. 
This reciprocity result, which holds true regardless of DUT orientation, assures identical antenna pattern measurements for DUTs in both transmit and receive modes.  Beyond pattern measurements, this result also has implications for other device tests.  EIRP and EIS tests are both possible in a CATR system as the same path losses are present in both directions.  Likewise, EVM in transmit and receive are supported since both will experience the same predicted path losses given in Eqs. (7) and (3).

Reporting measurement results in order to further detail the reciprocity of a CATR by showing the comparison between the s12, and s21 coefficients of the scattering matrix have been obtained as follows:
· Measurement results are from a commercial CATR at mmWave. This range is capable of measuring DUTs within 24GHz to 40GHz frequency range. The CATR is designed for a 1.5m QZ and the results are from a QZ ripple test (field distribution) activity done on the setup. In figure 8 the QZ ripple test setup is shown:
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Figure 8. CATR- QZ ripple test (field distribution) set up
A Standard Gain Horn (SGH) is used as reference antenna. Since it is a field distribution measurement where the ability of the CATR to emulate a plane wave in the QZ is tested, for all the measurements the SGH aperture was pointing the CATR’s reflector. The reference antenna has been swept on the X and Y-axis when at different Z positions. Especially, Vertical cut means that the scan is done long the Y-axis while Horizontal Cut means that the scan is long the X-axis. In both cases, Vertical and Horizontal components of the field are measured in amplitude, and phase (complex quantity). The aim is to define the amplitude and phase taper in the QZ. For our measurements, s21 and s12 coefficients have been measured and compared for each Y axis positions (Vertical Cut) when the SGH is at Z=0, center of the QZ.

· Comparison between s21 and s12 complex coefficients (amplitude and phase) is reported for 26.5GHz and Vertical Cut.  Figure 9 and 10 show the reciprocity in terms of amplitude and phase
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Figure 9. CATR- Amplitude Reciprocity (Vertical cut)
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Figure 10. CATR- Phase Reciprocity (Vertical Cut)

5. CATR – DUT offset from the QZ centre
The uncertainty due to the DUT offset from the QZ centre can vary based on the knowledge of antenna array position embedded in the DUT. In this section, an analysis of the impact of this uncertainty for CATR compared to a direct far field solution is provided when measuring single points quantities such as both EIRP (TX measurements) and EIS (RX measurements).

5.1 Direct Far Field

In figure 11 a drawing showing two possible test scenarios for TX and RX tests is reported:
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Figure 11. Direct –FF test scenarios

Antenna Array displacement is d1 and d2 with d2>d1 for respectively A1 and A2. 

In this situation, the power transmitted (received) at position A2 is lower than the power transmitted (received) at A1 and the delta is around 20*log((d+Δd)/(d-Δd)). In table 4 the power level difference between A1 and A2 is reported for different (d, Δd) pairs:
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Table 4. Power levels difference A1 vs A2

5.2 Non-Direct FF – CATR
In figure 12, and 13 the test scenarios A1 and A2 are reported for RX tests and TX tests respectively:
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Figure 12. CATR – RX tests scenarios A1 and A2

The QZ is within the collimated beam. There are no free space losses between the reflector and DUT. The only path loss is between the feed and the reflector so since this distance is fixed, this path loss can be easily calibrated. The final spatial attenuation is equal to 1/FLeff^2, where FLeff=effective focal length =(2*FL)/(1+cos(offset)). It means that the distance from the QZ to the reflector is longer than the FL=focal length. In a state of the art CATR, the offset is typically set to 27deg by design, so that the FLeff=1.058*FL.

As a consequence of this, if DUT is moved within the QZ, there is no change in the path loss so the power received in A1 is equal to power received in A2. The associated uncertainty is then 0dB.

However, due to diffraction from the reflector, the field distribution in the Quiet Zone is not perfectly uniform. Therefore, there will be some variation for the amplitude and phase of the received field. Typical amplitude variations are less than 1 dB within the Quiet Zone and can be estimated by the QZ characterization process.
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Figure 13. CATR – TX tests scenarios A1 and A2

The following assumptions can be considered:

· Reciprocity

· For a CATR the reciprocity is valid

· Path loss calculation is identical to the RX case

· DUT will have a radiation pattern which can be described as a series of plane wave propagating in different directions.  The particular plane wave propagating along the reflector centerline will be focused on the reflector feed. Figure 14 does show this:
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Figure 14. CATR – Radiation Pattern measurement when TX by DUT

· By rotating the DUT in the QZ, the reflector moves a particular point of the FF pattern along the CATR feed
· No matter what the distances from the reflector are, the power received from the feed is the same.

· The final spatial attenuation at the feed is equal to 1/FLeff^2, where FLeff=effective focal length.
Based on the above assumptions the associated uncertainty is 0dB.

To better understand the above, mainly for the TX case – DUT transmitting, in Figure 15 the CATR power transfer function is given:
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Figure 15. CATR – Power Transfer Function

Blue and Red lines are representing the DUT receiving and transmitting respectively. It is assumed that all sources are isotropic point sources. This assumption can be generalized to real sources since any real source can be expanded in a number of isotropic sources.

When transmitting from the QZ (TX case – DUT transmitting) the spherical wavefront is imaged by the lens/reflector in the focal point with the general magnification factor so that the below equations are valid:

· Loss up to the reflector -> 1/R^2

· Gain up to the reflector -> (R/FLeff)^2 -> magnification factor (R/FLeff) where FLeff=effective focal length 

· Total gain -> 1/R^2*(R/FLeff)^2=1/FLeff^2

When transmitting from the focal point – Fp  (RX case – DUT receiving) the spherical wavefront from the feed is become a “perfect” plane wave after the lens/reflector. The final attenuation is equal to 1/FLeff^2.

It was shown that in both cases the attenuation in the system is proportional to the free space path loss provided by the distance from the feed and lens/reflector. The attenuation is independent from the distance to the QZ.

6. CATR – operating frequency range

Compact Antenna Test Range solution can cope with all frequencies defined for FR2 as it can be seen on solutions already available in the market (refer to this link).
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Figure 16. Frequency specification for a commercial CATR
7. CATR – positioning system

CATR, as direct far field baseline, is provided with a positioning system such that the angle between the dual-polarized measurement antenna and the DUT has at least two axes of freedom and maintains a polarization reference. In the CATR case, positioner is placed at the quiet zone area where the DUT is.

8. CATR – link antennas

CATR for NR RF FR2 requirements includes a NR link antenna to allow off centre beam measurements. Together with the UE beam lock test function, this link antenna allows to measure the whole radiation pattern. 

The way it is used is described below:
Before performing the UE beam lock test function, the measurement probe acts as a link antenna maintaining polarization reference with respect to the DUT. Once the beam is locked then the link is to be passed to the link antenna which maintains reliable signal level with respect to the DUT.  Then UE can be rotated to measure the whole raditation pattern without losing the connection with the system simulator.

Hence, thanks to the link antennas and the UE Beamlock test function, CATR is capable of centre and off centre beam measurements.
Additionally, for setups intended for measurements of UE RF characteristics in non-standalone (NSA) mode with 1UL configuration, an LTE link antenna is used to provide the LTE link to the DUT

The LTE link antenna provides a stable LTE signal without precise path loss or polarization control

CATR, as direct far field baseline, is provided with such LTE link antenna.
9. CATR - Main advantages

As a summary, CATR main advantages are:
· Lower path losses. There are many tests which will be challenging or not possible in a standard far field anechoic chamber due to the high path losses and wide channel bandwidths (e.g. UE OFF power and minimum output power).  CATR improves the testability of these requirements.
· Lower amplitude and phase variation within the quiet zone area and therefore will not have the high measurement uncertainty related to testing with the black box measurement approach.  
· No manufacturer’s declaration needed for a DUT size within quiet zone size.  The field in the quiet zone of the CATR is columnated and therefore there are no path losses within the quite zone.    The pointing error, amplitude variation and phase curvature will not impact the measurement as with a standard far field measurement system.  
10. Proposals 
Proposal 1: Include the CATR system in 38.810 as a baseline system for NR RF FR2 measurements and add an annex into TR 38-810 including the information in clauses 2-9 above for future reference.
11. Conclusion

This paper compiles technical information from previous contributions showing that CATR is a valid testing methodology for NR RF FR2 requirements and makes the following proposal:
Proposal 1: Include the CATR system in 38.810 as a baseline system for NR RF FR2 measurements and add an annex into TR 38-810 including the information in clauses 2-9 above for future reference.
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