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Abstract—A MMW/IR compound Cassegrain antenna system for mono-pulse radar applications is
presented in this paper. By comparing different modeling methods of conformal frequency selective
surface (CFSS), a sub-reflector, with a good performance of reflection at 93 GHz and transparency at
the wavelength of 1.06 µm, is achieved according to sputtering technique. At the wavelength of 1.06 µm,
transmittance of the sub-reflector is 67%. Compared to a Cassegrain antenna system consisting of a
metallic sub-reflector with identical size, the gain of the compound antenna system has a negligible loss
(less than 0.4 dB) at 93 GHz. Compared with the patent in [13], the design can improve the limited size
of receiving system and the utilization of aperture of the compound detection system at IR region, and
can also enhance the heat dissipation.

1. INTRODUCTION

In the target seeking systems of piloted aircrafts and guided missiles, millimeter wave (mm-wave) and
infrared (IR) dual-mode sensors are typically used. The millimeter-wave (MMW) radar can operate
under all weather conditions while the passive infrared (IR) sensor can provide much higher resolution [1].
Traditionally, the dual-mode sensors use curved reflectors to collect MMW and IR energy and focus
them on appropriate detectors. To collect the maximum incoming energy and resolve problems triggered
by limited aperture, a common aperture is usually employed.

Frequency selective surface (FSS) is a key technology to achieve common aperture sensor. FSS
is a spatial filter, which consists of a periodic array of conductive patches or slots/apertures [2]. It
can select signals with desired frequencies and has been widely used in hybrid radomes [3–5], dichroic
sub-reflectors [6, 7], absorbers [8, 9], meander line polarizers [10], etc.

In the applications of common aperture, the period of FSS can only be finite, and the structure
of FSS often is supposed to be conformal with work platform, such as tapered radome and hyperbolic
main-reflector/sub-reflector. So the study of limited period curved FSS has a very practical value. As
for its research, there are certain difficulties in the aspects of modeling, simulation, and processing, such
as deformation of units, destruction of periodic structure and the missing shape of units on edge.

Currently, several processing methods of curved FSS have been studied. Planar method is usually
adopted for singly-curved FSS (SCFSS), because its surface is folded into the singly-curved such as
cylindrical or conical surfaces. Stamping [11] and paste methods [12] have been applied to doubly-curved
FSS (DCFSS) design. By stamping method, the accuracy attainable is low, since the deformations
cannot be controlled when the plane dichroic surface is pressed against a curved mold. The deformations
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depend on many factors difficult to control, such as the uniformity of thickness of curved face, and the
uniformity of the stress. Paste method is described in [12]. According to this method, the dichroic
structure is directly fabricated on the final curved structure by manually deposited planar units. Clearly,
this method is not highly satisfactory because of the low accuracy and long time consumption.

To form a W-band/IR common aperture Cassegrain antenna system, comparing with different
effects of DCFSS modeling methods, a FSS sub-reflector, which allows the signal with the wavelength
of 1.06 µm to pass and blocks the signal with the wavelength of 3.2 mm, is designed and fabricated
according to sputtering technique with a curved metal mask. Compared with other methods, the higher
accuracy of the adopted method is + or −0.01 mm. By replacing the traditional metallic sub-reflector,
the measured results of the novel compound Cassegrain antenna system are in accordance with the
simulated ones and meet the requirements of the compound system. Compared with the patent [13],
the heat dissipation problem is solved and IR utilization improved.

2. HYPERBOLICALLY CONFORMAL FSS

The hyperbolically conformal FSS studied in this paper has to satisfy the following requirements. Firstly,
it should be insensitive to the incident angle and polarization of the detected signals. Secondly, it should
be transparent to IR signals while reflective to MMW signals. Thirdly, it should possess the same
geometric optical property as the traditional hyperbolic sub-reflector. As a result, modeling conformal
methods and selection parameters for FSS cell will be analyzed and optimized to meet such requirements.

2.1. Modeling Conformal Methods

Modeling and analysis of conformal FSS (CFSS) is particularly important when FSS is used for
reflectors/sub-reflectors or radomes. To the DCFSS, local planarization [14] and normal projection
method [15] have been widely applied. The first one is used only when the periodicity of the gratings
is considerably smaller than the minimum radius of curvature, while discontinuity of adjacent parts,
deformation and destruction of periodicity are the main problems encountered in the second method.

To solve the problems mentioned above, normal projection and two other different projection
methods for arbitrary curved FSS are illustrated and compared in details. In this part, the direction of
the curved surface symmetry is z-axis, and the tangent plane over the vertex is xoy plane.

2.1.1. Normal Projection Method

Figure 1(b) shows the principle of the normal projection (NP) method, which is along with the normal
direction of the curved surface. A planar FSS is placed upon the curved surface and paralleled to xoy
plane. Along with the normal direction of the curved surface, the projection is made by the rays which
pass through the edges of unit cells.

However, this method will bring the curved FSS unit different degrees of distortion. And the longer
the distance is from the center of the surface, the larger the distortion degree becomes.

2.1.2. Vertical Projection Method

The vertical projection (VP) method is shown in Fig. 1(c). The dotted lines describe the vertical
projected direction which is along the z-axis. When the curvature of the curved surface is large enough,
the projection error should not be neglected. The CFSS unit distortions are enlarged with the increased
distance from the center of the curved surface. If the curved surface is electrically large, the distortion
of projection can be neglected.

2.1.3. Modified Vertical Projection Method

In order to reduce the distortion caused by the vertical projection, a modified vertical projection (MVP)
method is shown in Fig. 1(d). O1 and O3 are the centers of unit 1 and unit 3, respectively, and O1′ , O3′
are the vertical projection of O1, O3. Units 1′, 3′ are parallel to the tangent plane of the curved surface.
The projections of these units are obtained by the rays whose direction is along z-axis. Compared
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Figure 1. Projection methods. (a) Top view. (b) Side view of normal projection (NP). (c) Vertical
projection (VP). (d) Modified vertical projection (MVP).

with the direct projection method mentioned before, this method has smaller distortion but is more
time-consuming.

2.2. Selection of Parameters for FSS Cell and Sub-Reflector

Consider the printed dipole units shown in Fig. 2. The surface is periodic and is assumed to be infinite
in xoy plane. The crossed dipole, insensitive to the polarization of the incident signals [11], is chosen.
Polycarbonate, used as the substrate, of which the thickness is 1 mm with the loss tangent of 0.008
and the relative permittivity of 2.7, is transparent to IR signals. The optimization object is to get a
reflection coefficient close to 0 dB across a wide frequency band centered at 93 GHz. The final optimized
parameters are listed in Table 1.

Table 1. Optimized parameters.

Symbol p/mm l/mm w/mm h/mm r/mm

Quantity 1.40 1.27 0.13 1.00 0.05

Using full wave simulator, ANASYS HFSS, the reflection coefficient’s magnitude is shown in
Fig. 2(b). Evidently, the resonant frequency is very stable with respect to the incident angle variation.
With incident angles from normal to 45◦, the absolute maximum discrepancy of reflection coefficient
is about 0.005 dB. All the results demonstrate that the cross dipole element is insensitive to both
polarization and incident angles.

Figure 3 shows three 2.4-cm diameter hyperbolic sub-reflectors of design (eccentricity = 2.24) with
the same parameters and different projection methods described in the previous section. The three
models are similar in macro view but are different in terms of number units, with 241, 221 and 221,
respectively. And metal areas are 49.58, 54.82 and 50.08 mm2, respectively.
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Figure 2. Unit cell shapes and its frequency response. (a) Unit cell. (b) Reflection parameters with
different polarizations and incident angles.
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Figure 3. Different projected FSS models. (a) NP-FSS. (b) VP-FSS. (c) MVP-FSS.

2.3. Simulated Results

Figure 4(a) shows the scheme of simulation for reflection of designed FSS models. One double-ridge
horn, operated from 80 GHz to 105 GHz with its dimensions of 12mm × 15mm × 28.4 mm, is placed
to one side of an FSS at a distance R, which is the near-field range of the antenna. To evaluate its
reflection performance, a metal model with the same parameters is used for comparison. Fig. 4(b)
shows the simulated refection coefficient. The physical distance between the horn and the center of the
curved face is 5.5 mm which is about 1.7λ0. Evidently, the FSS simulated results are in close agreement
with the metal one. There is, however, a slight difference between them which may be attributed to
the dielectric loss. In addition, from 90 to 101 GHz, it is seen that the reflection coefficient of MVP is
a little better than VP. But all of the FSSs can successfully provide good stop-band property, which
indicates that projection methods are feasible. Thus, the fact that the different models obtain similar
results can prove the feasibility of these projection methods. In addition, it also indicates the possibility
of reducing the difficulty of processing in the perspective of engineering application.

For the size of the FSS unit (1.27 mm) is larger than the wavelength of IR (1.06µm), the transmitted
performance of IR can be calculated using the equation in [16]. Non-metallic and whole areas of the sub-
reflector are 421.93 mm2 and 476.75 mm2, respectively. Therefore, the theoretical effective transmittance
is calculated to be 88.5%.
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Figure 4. Simulation system of reflection coefficient. (a) Model. (b) Reflection coefficient using full
wave simulator HFSS.
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Figure 5. Parameters of Cassegrain antenna.

3. FABRICATIONS AND MEASUREMENTS

Figure 5 shows a 13.5-cm parabolic dish (f/D = 0.3) in the Cassegrain mode. The feed horns is located
at the focus of the main reflector, and the inner dimension is 4.5 mm (E-plane) × 4.7 mm (H-plane).
The flare angles are 18.4 and 19.2 degrees, respectively.

3.1. Fabrication of the Sub-Reflector

Using the parameters of Fig. 2(b), a metal mask, shown in Fig. 6, is made by electric discharging
machining technology by a computer program. The mask is used for sputtering metal on a 1-mm
polycarbonate sheet. Compared with pressed against mold method [11], sputtering method can improve
precision especially on high-frequency application.

With the same parameters of VP model, the final product is shown in Figs. 6(d), (e). The surface
is metalized with platinum complicated by sputtering process, with a thickness about 1 µm. This
sub-reflector weighs about 20 g and has a surface accuracy of + or −0.01 mm.
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Figure 6. Photos of the fabricated mask and subreflector. (a) Top view, (b) back view, (c) side view
of metal mask. (d) Top view, (e) side view of sub-reflector.

Figure 7. Photos of fabricated Cassegrain antenna.

3.2. Performance Evaluation

All measurements are taken as receiving patterns on a 10-m antenna range. Fig. 7 shows the assembled
Cassegrain antenna system. Firstly, the metallic sub-reflector is mounted, and its position is axially and
longitudinally adjusted to obtain a focused pattern with sharp nulls. The sub-reflector is then removed,
and the FSS one is replaced. These positions of the two sub-reflectors are maintained throughout the
measurements. Patterns are recorded in such a way that the FSS sub-reflector is positioned exactly
where the front metallic one should have been.

Typical patterns recorded with two sub-reflectors are shown in Fig. 8. The simulation method used
in Fig. 8 is FEKO 6.0, and the used algorithm is a mixture of physical optics (PO) and multilevel fast
multipole (MLFMM). The two patterns, namely those respectively measured with metallic and FSS sub-
reflector results at 93 GHz, have the shape of the main beam at least up to 15 dB below the peak. Also
a comparison of the measured and simulated results in each of the two patterns are shown in Table 1.
The measured 3 dB beam-width of FSS sub-reflector is 2.12–2.13 degree, and the first sidelobe level is
about −17.5 dB. The double peak unevenness is below 1.6 dB. One possible reason for this discrepancy
phenomenon can be attributed to asymmetric fixed struts shown in Fig. 7. The small difference in the
measured and simulated results may be attributed to the fabrication tolerances and measured errors.

Maybe because of the dielectric loss or the reflected loss of FSS, the measured gain of FSS is a
little lower than PEC. In Fig. 2(b), the simulated reflected parameter (S11) is −0.11 dB at 93 GHz. The
measured gain of metallic sub-reflector antenna is superior to the simulated one maybe for its narrower
width, which is 1.50 dB (E-plane) and 1.52 dB (H-plane) less than the simulated one 1.88 dB (E-plane)
and 2.18 dB (H-plane).

The transmittance from the wavelength of 0.25 µm to 1.10 µm can be measured by an ultraviolet
and visible spectro-photometer SHIMAZU 3600. In Fig. 8, it is presented that the transmittance of
the designed FSS is 67% at 1.06 µm. The measured transmittance result (66.7%) is lower than the
theoretical effective transmittance (88.5%). But compared with the patent in [13], the high utilization
of the antenna aperture in this band can compensate for the loss caused by the media. Evidently the
FSS sub-reflector meets all the requirements set for the design.
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Figure 8. Measured Results. (a) Radiation patterns of the antenna at 93 GHz of E plane and (b) H
plane. (c) Sub-reflector transmittance of IR.

4. CONCLUSION

Based on different modeling methods of projection CFSS, a hyperbolical FSS, with transparent
performance to the signals at IR band and reflected at MMW band, is designed for Cassegrain antenna
applications. The main process is to project a plane FSS on the surface of a hyperboloid and fabricate
on a substrate of polycarbonate. The measured results of the Cassegrain antenna with the designed FSS
sub-reflector agree well with the simulation. The gain is 34.54 dB at 93 GHz, and the transmittance at
1.06 µm is 67%. The performance of the designed FSS sub-reflector is close to the metallic sub-reflector
systems with smaller size and better heat dissipation. It also improves the utilization of aperture in the
complex detection system of patent [13].
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