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Abstract: In this paper, a tri-reflector compact antenna test range (CATR) consisting of a main
parabolic reflector with a square aperture of 3 m in side length and two sub-reflectors of rotationally
standard quadric surfaces working in terahertz is proposed. By using the equivalent paraboloid
theory and cross-polarization elimination conditions and then combining with the appropriate
shaped feed, the low cross-polarization and good quiet zone (QZ) performance of the system are
achieved. The simulated results demonstrate that a cross-polarization isolation of >37 dB and a
peak-to-peak amplitude (phase) ripple of <1.8 dB (13°) can be achieved on the principal cuts of
the QZ at 100-500 GHz. At the same time, the QZ usage ratio of the CATR can reach 75%. The
proposed tri-reflector CATR composed of standard quadric surfaces not only exhibits good quiet
zone performance but also greatly reduces the manufacturing difficulty of the sub-reflectors and the
construction cost of the system.

Keywords: tri-reflector; compact antenna test range; standard quadric surfaces; low cross-polarization

1. Introduction

With the wide application and development of millimeter-wave and terahertz tech-
nology in the field of antennas [1-4], the demand for accurate measurement of antenna
radiation characteristics is becoming increasingly strong. The technique of compact antenna
test range (CATR), which transforms the spherical wavefront to a plane wave aperture
distribution, is a very promising solution for millimeter-wave and terahertz antenna
measurement [5-12] due to its relatively stable electromagnetic environment and full-
weather capability.

For millimeter-wave and terahertz applications, the commonly used single offset
reflector CATR [13-15] has poor linear cross-polarization and low QZ usage. Although the
dual-reflector CATR [16,17] can greatly improve the cross-polarization characteristics, the
quiet zone (QZ) will be affected by the feed leakage. To overcome this disadvantage, it is
necessary to build a larger sub-reflector [18], almost the same size as the main reflector,
which will inevitably increase the construction cost. As for the current tri-reflector CATR,
the cross-polarization and QZ performance have been greatly improved [19-21], but the two
shaped sub-reflectors have high requirements for processing technology, long production
cycle, and high cost. However, the cross-polarization cancellation tri-reflector antennas
with rotationally quadric surfaces have been studied in [22], which provides a new idea
for the large aperture and high-frequency tri-reflector CATR design of the mirror with
standard quadric surfaces [23-26].

In this paper, a tri-reflector CATR with a parabolic main reflector and two rotationally
standard quadratic surface reflectors is designed in 100-500 GHz bands. Of the two sub-
reflectors, the one closer to the feed source is a rotationally ellipsoid mirror, and the other
is a rotational hyperboloid mirror, which forms three confocal reflectors [27,28] with the
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Main reflector

main reflector. Since the rays emitted from the feed have the same optical path after passing
through the three confocal reflectors, a smaller phase ripple can be obtained in the QZ. Then,
by using the equivalent parabolic method and cross-polarization elimination conditions,
the low cross-polarization characteristics of the QZ of the system can also be obtained.
And finally, through the numerical simulation of the proposed tri-reflector CATR fed by
the appropriate shaped feed source, the results show that the theoretical design of the
tri-reflector CATR has achieved good QZ performance. The cross-polarization isolation is
more than 37 dB, and the peak-to-peak amplitude (phase) ripple is less than 1.8 dB (13°) on
the principal cuts at 100-500 GHz. At the same time, the QZ usage ratio has reached 75%.

2. Design of a Tri-Reflector CATR
2.1. Equivalent Paraboloid Method and Cross-Polarization Elimination Conditions

Figure la shows the Schematic diagram of a tri-reflector system. This system is
composed of a feed at point F, two sub-reflectors that are made of rotationally quadratic
surfaces, and a parabolic main reflector. Of the two sub-reflectors, the one closer to the feed
is sub-reflector one, and the other is sub-reflector two. Sub-reflector one is focused on Fj
and Fq, sub-reflector two is focused on F; and F», and the main reflector is focused on F.

(b)

Figure 1. (a) Schematic diagram and design parameters of a tri-reflector system; (b) the equivalent paraboloid of a

tri-reflector system.

In this system, the optical center of sub-reflector two is used as the origin of the global
coordinate XYZ; the z-axis is taken along the mirror axis, and the x-axis is taken along the
vertical direction. M1, M, and M are the points where the ray along the center axis of the feed
from the point F( intersects with the sub-reflectors one and two and the main reflector. Ly,
Ly, Ly, and [ are the lengths of the rays | FoM; |, IMiM, 1, IMp;M|, and | M;F; |, respectively.
The variable d represents the distance from the optical center of the main reflector to the QZ
and the position of the minimum distance when the distance d gradually increases, and the
QZ performance of the system is relatively stable and taken as the starting position of the
QZ. The angle 6y is the offset angle of the feed, and 2¢ is the opening angle of the feed. It
can be seen from Figure 1a that the two sub-reflectors and the main reflector together form
a confocal reflector, and all the above reflectors together can be equivalent to a paraboloid
reflector which will also become a rotationally symmetric paraboloid if the center axis of the
feed coincides with the mirror axis of the paraboloid [29] and the structure becomes a system
that eliminates cross-polarization. Figure 1b shows the equivalent single paraboloid system of
the above tri-reflector system. And the equivalent paraboloid conversion relationship of the
tri-reflector is shown in the following Equations (1) and (2):
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where ¢ is the angle between the axis of the feed and the axis of the equivalent paraboloid;
e; (i = 1,2) is the eccentricity of the sub-reflector one or two; P; is +1 for a rotationally
hyperbolic surface and —1 for a rotationally elliptic surface; J; is +1 for a concave reflector
and —1 for a convex reflector. As shown in Flgure la, 90, 61, and 92 designate the angles

between the axis of the paraboloid and vectors FoMl, F0F1 and F1 F, respectively.

In order to eliminate the cross-polarization of the system, it can be seen from Figure 1a
that e should be equal to 180°, that is cos €/2 = 0. Then, by substituting the designed
variable parameters of the system in Figure 1a into Equations (1) and (2) and simplifying
them, Equations (3)—(5) that satisfy the conditions of cross-polarization elimination can

be obtained: o (6 )

—cos(ty +«
o —1= 2ot D ) 3)

(l + LO)
622_1:4Sin( > )sm(ﬁ V)Sin%sing 4
sin (MTW)

y—a, Lo 0 — «

tan( 7 ) = T Lo tan( 5 ) (5)

5
where « is the angle between the vector M;M; and the z-axis; f is the angle between the

vector M?M and the z-axis.

According to the range of the eccentricity of the rotating quadric surface, we can determine
the surface shape of the two sub-reflectors. Therefore, Equations (3)—(5) satisfying the conditions
of cross-polarization elimination can be simplified to the following Equations (6)—(8):

P = —sign(l) (6)

P = sign{up(p — o) (Xo — 1-)(60 )} ?)
B tan (% %) B

o tan(ﬁga) 1 ®

2.2. The Structure of Low Cross-Polarization Tri-Reflector CATR with Standard Quadric Surfaces

Figure 2 shows the geometric structure of the proposed tri-reflector CATR with stan-
dard quadric surfaces, in which sub-reflector one is an ellipsoid mirror and sub-reflector
two is a hyperboloid mirror. According to the equivalent parabolic transformation theory
in Section 2.1, three confocal reflectors in the system can be equivalent to a single parabolic
reflector system. In order for the system to achieve low cross-polarization characteristics,
the design should meet the cross-polarization elimination conditions derived in Section 2.1.
Through the analysis and discussion of the shape of the two sub-reflectors and the relevant
parameter variables in the system design, the value relationship between the relevant
parameter variables under the condition of low cross-polarization can finally be obtained.
Considering the compactness and practicability of the system structure in Figure 2, we can
first take & <0, B > 0 and 6 > 0, and then, according to Equations (6)—(8), the relationship
between the relevant parameter variables can be derived as follows:

1. When sub-reflector one is an elliptic surface, that is: P; <0, then [ > 0 can be obtained;
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2. When sub-reflector two is a hyperbolic surface, that is: P, < 0, and because « < 0,
B>0,600>0,then!/Ly>Max (X, 0), and then 8y > B, /Ly > Xo or 0 < 8y < 5 can also

be obtained.
- d .
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Figure 2. Geometry and design parameters of proposed tri-reflector compact antenna test range
(CATR) with standard quadric surfaces.

Next, according to the design requirements, we can first assume the values of the
known variables Ly, L1, and 6. Then, within the range of the relevant parameter variables
derived above, we optimize the angle variables « and B and use the beam pattern analysis
method in [22] to calculate the values of related parameters in the system, and finally,
the value of the focal radius of each reflector and the values of the key variables L, and
I can be obtained. The values of all the parameter variables obtained above should be
within the value range that meets the conditions of cross-polarization elimination, and the
specific values of these key parameter variables are shown in Table 1. In this design, in
order to effectively reduce the influence of edge diffraction, the paraboloid main reflector
uses a square aperture with a side length of 3 m, while the size of the two sub-reflectors of
standard quadric surfaces is only about 0.25 m, which will greatly reduce the processing
cycle and cost.

Table 1. The specific values of the optimized key parameter variables in the design of tri-reflector
compact antenna test range (CATR).

Parameter 6y (°) x (°) B ) Ly(m) L;y(m) L (m) 1 (m) d (m)
value 90 —20.3 91.6 0.6 0.9 3.25 59.7 4.0

According to the parameter values obtained above, we can use the design method
of the conic mirror surface in beam waveguides and quasi-optical networks to model
the two sub-reflectors with standard quadric surfaces. To validate the proposed design
strategy, the performance of the proposed tri-reflector CATR is simulated and numerically
validated by the commercial software GRASP-10 with physical optics (PO) plus physical
theory of diffraction (PTD) calculations. Figure 3 shows the GRASP model of the designed
tri-reflector CATR.
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Figure 3. The simulated model of designed tri-reflector compact antenna test range (CATR) with
standard quadric surfaces in GRASP-10 software.

3. Results and Discussion

In the process of numerical simulation, for the feed selection of the designed tri-
reflector CATR system, we initially chose an ideal Gaussian feed [30] which is —21.6 dB
at 18°. Since the system is composed of three confocal reflectors, the optical path of the
rays emitted from the feedthrough sub-reflector one, sub-reflector two, and the main
reflector is theoretically equal; therefore, theoretically speaking, the co-polar phase is
evenly distributed in the QZ, as shown by the black solid line in Figure 4b; but, due to
the influence of edge diffraction, the simulated co-polar phase has some small ripples
on the principle cuts of the QZ. At the same time, without considering the transmission
loss, according to the principle of energy conservation, the co-polar amplitude of the
aperture field of the parabolic reflector is obtained by the reflection of the ray emitted by
the ideal Gaussian feed with uneven energy distribution through the reflector surface will
theoretically present distribution with the same taper as the feed, as shown by the black
solid line in Figure 4a. Due to the influence of edge diffraction and the unevenness of the
reflector surface, which ultimately leads to the simulated co-polar amplitude, there are
some ripples on the principle cuts of the QZ.

Figure 4a shows the co-polar amplitude ripple under the illumination of an ideal
Gaussian feed, and Figure 4b shows the co-polar phase ripple under the illumination of an
ideal Gaussian feed. However, although the co-polar amplitude has a large ripple in the
quiet zone, it can be seen from the numerical simulation results that the system still has
high cross-polarization isolation, as shown in Figure 4c.
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Figure 4. The simulated results of the designed tri-reflector compact antenna test range (CATR) with
standard quadric surfaces when illuminated by an ideal Gaussian feed at 100 GHz. (a) Co-polar

amplitude; (b) co-polar phase; (c) co- and cross-polar amplitude.
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Therefore, in order to reduce the amplitude ripple in the quiet zone of the tri-reflector
CATR and make the system achieve better QZ performance, according to the research and
analysis of the electric field distribution in the focal region of the tri-reflector CATR [31] and
the aperture field distribution of a parabolic reflector [32], here we use the cos~#(6) function
form with the radiation pattern truncated in the beam width [—14°, —12°] and [12°, 14°]
interval as the feed pattern, which can compensate the aperture field of the parabolic
reflector and obtain the pseudo-plane wave in the output aperture region. When the
transmission loss is not considered, the co-polar amplitude of the aperture field obtained
by the reflection of the parabolic reflector is a constant in theory, and at the same time, the
optical paths of all rays transmitted from the feed to the aperture surface of the QZ are
equal, so the QZ field theoretically has an even co-polar amplitude and phase distribution,
as shown by the black solid line in Figures 5-7. Next, by substituting the discrete data of the
designed feed into GRASP for numerical simulation, we can finally see that the amplitude
ripple in the QZ of the designed tri-reflector CATR system has been greatly improved, and
the aperture field of the tri-reflector CATR system is close to a uniform distribution within
the range of the QZ. At the same time, since the geometric configuration of the tri-reflector
CATR with standard curved surfaces is adopted, the low cross-polarization of the system
is also obtained. Figures 5-7 demonstrate the simulated results of QZ performance on the
principal cuts, which are summarized in Table 2.
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Figure 5. PO + PTD one-dimensional simulated results of the designed tri-reflector CATR with standard quadric surfaces

when illuminated by a shaped feed at 100 GHz. (a) Co- and cross-polar amplitude; (b) co-polar phase.

-80
-90

Amplitude (dB>

-140

-100
-110 ¢
-120 ¢
130

-25
a0 | co-polar (theoretical)
e ™ - ™ YL e co-polar (vertical cut)
. -35 co-polar Chorizontal cut)
co-polar (theoretical ) g
; o
------------ co-polar (vertical cut) ~
— = = co-polar Chorizontal cut) %
cross-polar (horizontal cut) 8
o
-15-12-09-06-03 0 03 06 09 12 15 -15-12-09-06-03 0 03 06 09 12 15

Radial Distance (m)

(@)

Radial Distance (m)

(b)

Figure 6. PO + PTD one-dimensional simulated results of the designed tri-reflector CATR with standard quadric surfaces

when illuminated by a shaped feed at 300 GHz. (a) Co- and cross-polar amplitude; (b) co-polar phase.
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Figure 7. PO + PTD one-dimensional simulated results of the designed tri-reflector CATR with standard quadric surfaces
when illuminated by a shaped feed at 500 GHz. (a) Co- and cross-polar amplitude; (b) co-polar phase.

Table 2. Quiet zone performance of the designed tri-reflector compact antenna test range (CATR) on
principal cuts (quiet zone diameter 2.25 m).

Frequency Co-Polar Amplitude Co-Polar Phase Cross-Polar
(GHz) Ripple (dB) Ripple (°) Isolation (dB)
100 1.75 12.84 37.12
200 1.61 10.88 39.87
300 1.54 9.55 40.36
400 1.34 9.06 41.64
500 1.16 7.42 42.18

From the simulated results above, it can be seen that the peak-to-peak amplitude
(phase) ripples are all within 1.8 dB (13°), and the cross-polarization isolations are all
>37 dB on the principal cuts of the QZ. Because of the edge diffraction effect of the reflector
surface, the co-polar amplitude and phase have a certain range of ripples at low frequencies,
but as the simulation frequency increases, the edge diffraction effect gradually decreases,
so the ripple gradually decreases, and the QZ performance is also gradually improved. At
the same time, due to the application of the cross-polarization cancellation condition, the
simulated cross-polarization component on the horizontal cut of the QZ is also suppressed
to a certain extent, which made the proposed tri-reflector CATR system with standard
quadric surfaces achieving a low cross-polarization. Table 2 shows the QZ performance of
the designed tri-reflector CATR on principal cuts.

Finally, Table 3 lists the major performance between the proposed and the already
reported CATR systems. Although the CATR system in [13-15] has no sub-reflectors, its
structure is simple, the QZ usage ratio and cross-polarization isolation in [17,18] have been
improved, and the size of the sub-reflectors in [20] is smaller, the proposed tri-reflector
CATR system composed of two rotationally standard quadratic surface sub-reflectors has
higher QZ usage ratio and cross-polarization isolation compared with the CATR in [13-15],
and has a smaller size of sub-reflectors compared with the CATR in [17,18], and has higher
cross-polarization isolation and simpler sub-reflectors processing technology compared
with the CATR in [20]. At the same time, the proposed tri-reflector CATR system also has a
higher operating frequency upper limit compared with all CATR systems mentioned in the
above literature.
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Table 3. Comparison between the reported compact antenna test range (CATR) systems and the proposed tri-reflector
CATR system.

Upper Frequenc Z Usage . Size of Sub-Reflectors Cross-Polar
Ref. Timit GHo) it QZ Diameter (m) (m) Isolation (dB)
[13] 100 30 0.9 20
[15] 110 50 0.6 25
[17] 200 66 5 5.6 30
[18] 200 75 6 6.1 30
[20] 325 70 0.7 0.3 and 0.32 30
Proposed 500 75 2.25 0.27 and 0.25 37
4. Conclusions
In this paper, a tri-reflector CATR consisting of a parabolic main reflector and two
sub-reflectors of rotationally standard quadric surfaces has been theoretically implemented
and simulated at 100-500 GHz. By using the equivalent paraboloid method and cross-
polarization elimination conditions, the proposed tri-reflector CATR achieves lower cross-
polarization performance. At the same time, a shaped feed based on the aperture field
distribution theory of the reflector is used to illuminate the CATR system, which greatly
reduces the amplitude ripple of the QZ. The simulated results showing that the cross-
polarization isolation is >37 dB on the principal cuts of the QZ, with a peak-to-peak
amplitude (phase) ripple within 1.8 dB (13°), and the QZ usage ratio of the CATR has
also reached 75%, which all show a better QZ performance. Since the QZ diameter of the
proposed tri-reflector CATR system with a 3 m large aperture can reach 2.25 m, it can be
used for the measurements in the large-aperture, high-performance antennas, and satellite
payloads in millimeter-wave and terahertz band, which has the value and significance of
engineering applications.
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