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1 Introduction

CATR test methods have previously been proposed [1-3] as an alternate RF test method for mmWave UE.  CATR systems are inherently reciprocal, i.e. they support device characterization in both transmit and receive modes.  Many descriptions of CATR operation focus on the characterization of a device in receive mode as this mode seems to be the more intuitive.  This paper will describe the less intuitive operation of the CATR when charactering a DUT in transmit mode and then show theoretically and experimentally that CATR systems are inherently reciprocal, i.e. device characterization in transmit and receive modes are both equally valid.

2 Discussion
Beyond this document, other authorities attest to the ability of a CATR to make measurements of DUT transmissions.  Within 3GPP, TR 37.842 [4] 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.  Balanis in [5] provides a thorough discussion of reciprocity and its consequences for radiation patterns.  In brief, [5] 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.  [5] further explains 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.

2.1 Derivation of Path Loss Reciprocity
Figure 1 shows the the basic elements of the CATR method: a feed or probe antenna (bottom right), a parabolic mirror (left), and the DUT (or AUT) (right), which is typically installed on a rotating positioner.  When testing a DUT in receive mode, a diverging beam from the feed antenna situated at the focus of the mirror illuminates the parabolic mirror which then collimates the original beam and directs it to the DUT.  The collimated beam has a nominally uniform amplitude and phase across an area referred to as the quiet zone.
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Figure 1

As the nominally spherical wave from the feed antenna propagates toward the mirror, it’s power density per area,
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, falls off with the square of the distance from the feed antenna so that at the mirror, 


[image: image3.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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 is related to this aperture according to the formula
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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 2, 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 2
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
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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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steradians and multiplied by the gain of the DUT; 
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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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 using 
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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.  The same result for the DUT at boresight is also derived in [6].
(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).

3 Experimental Confirmation

A 10-dBi standard gain horn in a CATR system was measured in both transmit and receive mode at 28 GHz.  A network analyzer was used to provide a stimulus from the feed antenna and measure S21 using the signal received by the 10-dBi DUT.  The active port on the network analyzer was then swapped so that a stimulus was provided to the 10-dBi DUT and the feed antenna was connected to the receive port to measure S12.  
Figure 3 shows the results of an H-plane measurement.  Gain measurements in transmit (S21) and receive mode (S12) differ by < 0.1 dB clearly demonstrating the reciprocity predicted by the theory in section 2.1. Phase measurements (not shown here) were differ by < 1 degree.  
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Figure 3. Antenna pattern measurements using transmit and receive modes
4 Conclusion

A theoretical description of the operation of a CATR when characterizing radiated signals from a device in transmit mode and positioned in the quiet zone has been presented.  The analysis shows that the transmission losses for signals propagating from the DUT to the feed antenna are identical to those incurred in propagating from feed antenna to the DUT.  This result is in accord with electromagnetic reciprocity principles, and with experimental measurements of antenna gain patterns in both transmit and receive modes.  Based on this analysis and reciprocity, it is claimed that a CATR can support valid EIRP, EVM and other transmit-mode device tests.  This is true independent of the device directivity. 
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