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We report the design of three frequency selective surface (FSS) filters used on the FengYun-4 (FY-4) microwave

satellite, which separate five-frequency bands in the frequency range of 50–429 GHz with the insertion loss less than

0.4 dB, and separation between adjacent channels more than 20 dB for either TE or TM incidence. Firstly, we briefly

introduce the disadvantages of two types of FSS filter: waveguide-array FSS and printed FSS, which are commonly

employed in the millimeter and sub-millimeter wave band. In order to meet the insertion loss requirement and specified

spectral transmission response, we adopt a filter composed of two closely spaced freestanding metal plates, which con-

tains an array of resonant ring slot elements. Computer simulation technology (CST) is used to optimize the structural

dimensions of the resonant unit and interlayer separation. Numerical results show that these FSS filters exhibit trans-

mission loss of less than 0.4 dB and separation between adjacent channels of more than 20 dB. Simulated transmission

coefficients are in close agreement with the required specification, and even exceed the performance specifications.
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1. Introduction

With the demand of geostationary orbit observa-

tion, and recent advances in quasi-optical system and

millimeter/sub-millimeter wave technology, much at-

tention has been attracted in developing millimeter

and sub-millimeter wave radiometers for remote sens-

ing applications.[1] Such instruments often have mul-

tiple sounding bands over a wide frequency spectrum,

in which case the insertion loss of traditional guided

wave structures has become unacceptable. The metal

waveguide loss increases with frequency, and the loss

of these single-mode transmission systems become un-

suitable for general system use at millimeter and sub-

millimeter spectrums. To reduce loss, quasi-optical

systems are introduced, which take advantage of the

essentially lossless nature of the propagation of elec-

tromagnetic radiation in free space. The quasi-optical

solution is able to deal with multiple polarization and

operate over a very large bandwidth. In this solution,

the incoming signal is demultiplexed using one or more

frequency selective surfaces (FSS) and then transports

the signals quasi-optically through a chain of mirrors

or lenses to the feed horn and receiver for each of the

bands of interest.

The FengYun-4 (FY-4) microwave satellite is

China’s next generation geostationary orbit meteo-

rological satellite and is currently being developed.

The microwave radiometer on the FY-4 microwave

satellite is able to acquire all-time and all-weather at-

mospheric parameters, such as temperature profiles,

humidity profiles, cloud liquid water, etc, which are

crucial in weather forecasting and climate research.

The sounding frequency of the microwave radiometer

spans from millimeter wave to sub-millimeter wave,

including a total of five frequencies bands: 54 GHz,

118 GHz, 183 GHz, 380 GHz, and 425 GHz, respec-

tively. To satisfy satellite payload constraints on cost,

mass, and energy consumption, the FY-4 antenna sys-

tem employs a mechanically scanning real aperture

reflector antenna, whose diameter is about 3 meters.

The antenna has two reflectors, a parabolic main re-

flector, and a hyperboloid sub-reflector, as shown in

Fig. 1(a). The quasi-optical multiplexer is a critical

subsystem in the antenna system. The multiplexer

separates the signal outputting from the sub-reflector
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into five frequency bands, and then transmits the sig-

nal beams to the respective receiver. Additionally, the

multiplexer is able to provide a proper antenna illu-

mination pattern in order to satisfy the requirements

of spatial resolution and high main beam efficiency

(typically > 90%) of the antenna.

The electrical requirements of the FY-4 five-

frequency-band quasi-optical multiplexer are shown in

Table 1. The insertion loss for each frequency band

is less than 0.8 dB, and the 15-dB half-beam width

of output beam for the quasi-optical multiplexer is

4.3 ± 0.1◦. Within the instrument, linearly polar-

ized signals are demultiplexed by a series of FSSs,

which have large oblique angles with respect to the

direction of propagation. In this particular case, the

incidence angles are 27.5◦ for FSS#1, and 45◦ for

FSS#2 and FSS#3. A proposed quasi-optical mul-

tiplexer frequency separation scheme and the optical

layout for the FY-4 microwave radiometer are shown

in Figs. 1(b) and 1(c), and the transmission and re-

flection ray paths of the quasi-optical beams are also

shown. Firstly, the beam coming from the reflector is

separated by polarization filter P. Only partial waves

with 54-GHz and 380-GHz horizontal polarization sig-

nal are transmitted, while vertical polarization signals

at 118, 183, and 425 GHz are reflected. Then three

frequency selective surfaces are used to separate differ-

ent channels: FSS#1 separates 54-GHz and 380-GHz

beams; FSS#2 and FSS#3 separate 118-GHz, 183-

GHz, and 425-GHz beams.

Table 1. Electrical requirements for the five-frequency-band multiplexer.

Frequency band Polarization
Insertion 15-dB half-beam Cross

losses bandwidth polarization

54±4 GHz H or V

118.75±6 GHz H or V

183.310±8 GHz H or V < 0.8 dB 4.3◦±0.1◦ < −22 dB

380.197±19.5 GHz H or V

424.763±5 GHz H or V
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Fig. 1. (colour online) Schematic of the quasi-optical system. (a) Whole structure of the microwave payload.

(b) Quasi-optical multiplexer frequency separation scheme. (c) Quasi-optical multiplexer optics layout.
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2. Design of the FSS filter

In the quasi-optical feed chain network, the quasi-

optical FSS filter design is critical. The design of the

structure is particularly challenging. Due to the tight

spatial electrical constraints and the weak signal from

Earth or space, it requires low-loss splitting of the in-

cident beam over a large range of incidence angles.

Furthermore, the FSS is required to provide very high

isolation between two adjacent frequency bands in or-

der to distinguish different molecular spectral signals.

The work described in this paper is motivated by the

need to provide a technical solution to facilitate the

detection and analysis of radiation for weather fore-

casting and climate research which are planned by

FY-4. The design objective is to design three quasi-

optical filters which separate the five frequency bands

with an insertion loss of less than 0.4 dB and separa-

tion between adjacent channels of more than 20 dB.

The electromagnetic performance of the three FSS fil-

ters are summarized in Table 2.

Table 2. The electromagnetic performance of the three FSS filters. The wt and wr denote the transmission band

and reflection band, respectively, δ is the transmission insertion loss, σ is the separation between transmission

and reflection band, and θi is the incident angle.

wt/GHz wr/GHz δ/dB σ/dB θi Polarization model

FSS#1 360–400 50–58 < 0.4 > 20 27.5 TE

FSS#2 419—429 112–125, 175–192 < 0.4 > 20 45 TM

FSS#3 112–125 175–192 < 0.4 > 20 45 TM

FSS#1 separates the frequency bands 50–58 GHz

and 360–400 GHz with insertion loss less than 0.4 dB

and separation between channels more than 20 dB in

the TE plane at incidence angle of 27.5◦. FSS#2 fil-

ter is designed to allow transmission of 419–429 GHz

with a loss less than 0.4 dB and reflection of 175–

192 GHz and 112–125 GHz with separation between

channels more than 20 dB at incidence angle of 45◦ in

the TM plane. FSS#3 has the ability to separate the

frequency bands of 175–192 GHz and 112–125 GHz

with insertion loss less than 0.4 dB and separation be-

tween channels in excess of 20 dB in the TM plane at

an incidence angle of 45◦.

In the millimeter and sub-millimeter wave bands,

two types of FSS are commonly used, which are the

waveguide-array FSS and the printed FSS.[2−7] The

waveguide-array FSS filter consists of one or several

metal plates containing an array of closely-spaced

apertures arranged on an arbitrary lattice. According

to waveguide theory, it reflects the signal below the

cutoff frequency of the fundamental mode and trans-

mits the higher-frequency signal. There are several

design parameters which determine the electromag-

netic performance of the waveguide-array FSS: (i) the

structural dimensions of the waveguide apertures, (ii)

the center-to-center spacing of the apertures, and (iii)

the plate thickness. The printed FSS filter consists of

arrays of conductive elements on or between the di-

electric substrates. It shows band pass or band stop

characteristics, which offers considerable flexibility in

the design. The frequency bandwidths are largely de-

termined by the element type and size, the lattice

geometry, and the electrical properties of the sub-

strate. Sharper roll-off of the spectral response curve

can be achieved by cascading two or more closely-

spaced arrays.[8] FSS filters used in millimeter and

sub-millimeter wave bands are usually constructed

by printing arrays of self-resonant periodic metal ele-

ments on the surface of thin SiO2 wafers,[9,10] because

this material is suitable for use in space and has a

low-loss tangent, and the electrical design parameters

in the millimeter and sub-millimeter wave bands can

found in manuals.[11] However, the above-mentioned

structures also have many disadvantages. In detail,

for the waveguide-array FSS filter, the angular sensi-

tivity is relatively low, insertion loss is high, narrow

bandwidth for large incidence angle, and only high

pass filter can be designed which limits the applica-

tion flexibility. For the multilayer printed FSS, the

loss is dependent on the frequency separation between

transmission and reflection bands. Hence, when it is

required to cascade several FSS to achieve a sharp

roll off, the insertion loss is often unacceptable. The

propagation of electromagnetic waves through a mul-

tilayer structure has acted as a Fairy–Perot interfer-

ometer from the physical optics standpoint.[12] The

total length of the path becomes much longer as a re-

sult of multiple reflections between layers, so the loss

becomes significant. Moreover, structural robustness

must be taken into consideration when using this type
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of FSS. Since in very high working frequencies, like

millimeter and sub-millimeter waves, the substrate

would be very thin, it is likely to be damaged due to

the typical launch forces found in space applications.

To overcome these disadvantages at millime-

ter and sub-millimeter wavelengths, a new type of

freestanding FSS has been developed, which uses

thin self-supporting air-spaced screens aligned with

a proper resonant unit. It has superior spectral per-

formance and structural robustness. Since it has no

substrate, the insertion loss due to dielectric absorp-

tion is removed.[13] Therefore, it is able to improve

the power signal-to-noise ratio of the quasi-optical

system. In order to meet the insertion loss require-

ment and specified spectral transmission response, we

adopt this structure. The most important step in

the design of FSS is the proper choice of resonant

element. We choose the short–ring slot unit due to

its simplicity in manufacturing. By connecting the

ring slot elements and adjusting the length of the

ring slot, the frequency response can be designed to

resonate at desired center frequency for either TM

or TE polarization.[14] A shorted C-shaped ring slot

element is adopted in this study, as shown in Fig. 2.

According to the polarization direction of the inci-

dent electric field with respect to the direction of the

shorted junction, the new type of resonant unit is

able to excite equivalent even-mode and odd-mode

magnetic currents. When the incident electric field is

parallel to the shorted junction (TM incidence), the

shorted ring slot unit has dual resonance, the lower

resonant frequency is half of the resonant frequency

of the ring slot unit (λ0/2 mode, λ0 is the vacuum

wavelength corresponding to the resonant frequency

of the ring slot unit), and the higher frequency is 1.5

times of the resonant frequency. Conversely, when the

incident electric field is perpendicular to the shorted

junction (TE incidence), the resonant frequency is

very close to that of the ring slot. To achieve higher

packing density, a unit cell consisting of a shorted ring

slot which resonates at the λ0/2 mode is used. The

benefit is that it makes the element period smaller,

resulting in a compact structure. This configuration is

able to widen the transmission bandwidth and inhibit

the generation of grating lobes. However, the pass

band characteristic of the single-layer FSS is too nar-

row to satisfy the low insertion loss requirement, and

the transmission roll-off above resonance is too weak

to provide the required separation between adjacent

channels. The spectral response performance can be

improved by cascading two aligned identical screens .

Meanwhile, the FSS array elements behave similarly

to conventional periodic arrays, and the element spac-

ing avoiding the grating lobes should obey the same

rule that governs a conventional array antenna.[15] A

triangular lattice arrangement with a 60◦ skew grid is

used to attain a broader pass-band characteristic, due

to the increase in packing density which is obtained

through geometrical arrangement. Finally, we design

three freestanding FSS filters, one of which is defined

as a periodic structure without supporting materials

in the proximity of the resonant unit. Mechanical in-

tegrity is provided by a proper thick dielectric annulus

located outside of the active region of the filter. Each

FSS filter consists of shorted ring slot units by design-

ing the elements to resonate at the required center fre-

quency of interesting bands. It is able to provide the

transmission response in agreement with the required

performance specification. The geometry of the FSS

structure with two aligned air spaced metal screens

is shown in Fig. 3. The Tx and Ty are the periodic

2 1

TM

TE

shorted junction

Fig. 2. (colour online) Schematic of the shorted ring slot

resonant unit.
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Fig. 3. (a) Top view of the FSS filter structure. Left:

the periodic arrangement structure; right: the structural

dimensional parameter of the resonant unit including rr,

wr, and ws. (b) Side view: two aligned air-spaced screens.
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spacings in the x and y directions, respectively, and

Ω = 60◦ is the skew grid angle. The resonant element

has three structural parameters: the radius (rr) and

width (wr) of the resonant unit, and the width (ws) of

the shorted junction, which are able to be optimized

to achieve the required specification. The “dis” is the

interlayer separation, and dms is the thickness of the

metal screen.

To predict the characteristics of the FSS filter,

the computer simulation technology (CST) Microwave

Studio is used to optimize the FSS design and obtain

the physical dimensions of the structure. The CST can

model the thickness of the slots and the effect of the

finite surface conductivity of the metal. In the com-

puter models, the metal thickness dm is 0.0125 mm

and metal copper is used. By applying appropriate

excitation and boundary conditions, the response of

the periodic array can be analyzed using a single 3D

unit cell. The optimizing structural parameters of the

three FSS filters are summarized in Table 3.

Table 3. Structural parameters (in units of mm) for the

three FSS filters.

Tx(Ty) rr wr ws dis

FSS#1 0.4 0.16 0.05 0.05 1

FSS#2 0.3 0.075 0.1 0.05 0.2

FSS#3 0.7 0.25 0.15 0.2 0.7

3. Simulation performance and

discussion

The simulation results of FSS#1, FSS#2, and

FSS#3 are shown in Figs. 4–6. Figure 4 shows the

predicted results of FSS#1 orientated at the incidence

angle of 27.5◦ for a linearly polarized TE signal. The

calculated loss in the transmission band varies be-

tween 0.11 and 0.22 dB at 360 GHz and 400 GHz,

respectively. The maximum loss over the designated

range of frequencies is smaller than 0.25 dB. Similarly,

the reflection loss is less than 0.02 dB. The FSS#2

yields about 0.26-dB insertion loss in the band of 419–

429 GHz, and 25-dB isolation in the bands of 112–

125 GHz and 175-192 GHz. Computed transmission

coefficients are plotted in Fig. 5. It is shown that

the insertion loss of the polarized TM FSS at reso-

nance (425 GHz) is 0.24 dB, and exhibits loss in the

range 0.22–0.26 dB in pass band. Figure 6 shows that

the insertion loss is 0.13 dB at resonant (118 GHz)

for FSS#3, the maximum insertion loss is 0.2 dB at

lower edge of the lower sideband (112 GHz) for TM

polarization, and the insertion loss varies between 0.13

and 0.2 dB. The transmission and reflection results are

summarized in Table 4.

Table 4. Calculated results of co-polarization reflection and transmission for the three FSS filters.

Frequency/GHz
Reflection/dB Transmission/dB

FSS#1 FSS#2 FSS#3 FSS#1 FSS#2 FSS#3

50 –0.01 – – –46.02 – –

54 –0.01 – – –45.04 – –

58 –0.02 – – –44.03 – –

112 – –0.017 –18.61 – –33.33 –0.2

118 – –0.017 –26.8 – –32.75 –0.13

125 – –0.018 –26.04 – –32.09 –0.14

175 – –0.027 –0.05 – –27.77 –24.89

183 – –0.029 –0.03 – –27.08 –29.05

192 – –0.032 –0.03 – –26.30 –34.15

360 –22.98 – – –0.15 – –

380 –15.52 – – –0.22 – –

400 –26.35 – – –0.11 – –

419 – –31.01 – – –0.22 –

425 – –43.77 – – –0.23 –

429 – –29.84 – – –0.25 –
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From the above tables, it is concluded that the

maximum reflection loss is 0.02 dB at 58 GHz for

FSS#1 in the TE plane. Such values at the lower

edge of the two lower frequency bands are 0.0018 dB

(125 GHz) and 0.032 dB (192 GHz) for FSS#2, and

0.05 dB (175 GHz) for FSS#3 in the TM plane.

From the above-mentioned results, it is concluded

that the maximum loss in the transmission and reflec-

tion losses is below 0.4 dB in either TE or TM plane.

These FSS filters exhibit a maximum insertion loss of

0.25 dB, more than 20 dB rejections for either TE or

TM polarization. Therefore, these FSS filters satisfy

our requirements in the frequency range of interest,

and even exceed the requirement performance specifi-

cations.
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Fig. 4. (colour online) (a) Predicted transmission responses of FSS #1 with two air-spaced aligned screens orientated

at the incidence angle of 27.5◦ in the TE plane. (b) Enlarged view of the resonant transmission peaks.
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Fig. 5. (colour online) (a) Predicted transmission responses of FSS #2 with two air-spaced aligned screens orientated

at the incidence angle of 45◦ in the TM plane. (b) Enlarged view of the resonant transmission peaks.
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Fig. 6. (colour online) (a) Predicted transmission responses of FSS #3 with two air-spaced aligned screens orientated

at the incidence angle of 45◦ in the TM plane. (b) Enlarged view of the resonant transmission peaks.
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In practical application, the feed antenna illumi-

nating the FSS filter has a finite beam width, and

therefore it does not irradiate an ideal uniform plane

wave but a bunch of paraxial Gaussian beams. Ac-

cording to the Fourier optics, it contains many angu-

lar spectrum components considered to be a group of

plane waves traveling with different amplitudes at dif-

ferent angles.[16] Thus, these plane waves will not all

reach the FSS filter at the same angles, as shown in

Fig. 7. Therefore, the electrical performance of the

FSS filter must be optimized for a range of incidence

angles, typically a boundary angle of ±5◦. The fre-

quency responses of additional boundary angles are

shown in Figs. 8–10.

feed antenna
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transmission reflection

Fig. 7. Schematic of transmission and reflection when the

feed antenna illuminates the FSS filter.
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Fig. 8. (colour online) (a) Frequency response curve of the FSS#1 with respect to the angle variation. (b) An

enlarged view.
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The FSS#1 filter exhibits a noticeable perfor-

mance change at incidence angles of 22.5◦, 27.5◦, and

32.5◦, but it is always better than 0.4 dB in the pass

band. The performance changes of the FSS#2 and

FSS#3 filters are trivial at incidence angles of 40◦,

45◦, and 50◦. It is confirmed that the type of filter

is less sensitive to the angle variation within a certain

angle range from the above results. The frequency re-

sponse of the three filters is able to meet the system

performance requirement, with not only the nominal

angle of incidence but also different angles within a

certain range taken into consideration.

Finally, a parameter sensitivity study was con-

ducted to determine the fabrication tolerances based

on a maximum acceptable insertion loss increase of

0.1 dB. The fabrication tolerances of FSS#1, FSS#2,

and FSS#3 are listed in Table 5.

Table 5. Fabrication tolerances of the three FSS filters.

Structural parameter
Fabrication tolerance/µm

FSS#1 FSS#2 FSS#3

Tx(Ty) ±8 ±6 ±10

rr ±4 ±4 ±5

wr ±7 ±10 ±11

ws ±5 ±5 ±18

dis ±76 ±31 ±71

Fabrication tolerances of ±4 µm for the rr, wr, ws,

and periodicity (Tx or Ty), and ±31 µmfor the inter-

layer separation (dis) are found to satisfy the criteria

that the performance degradation is below 0.1 dB. The

preferred manufacturing method is compatible with

that of the existing mature integrated circuit (IC) and

micro-electro-mechanical system (MEMS) fabrication

process, of which fabrication tolerances within ±2 µm

can be obtained.

4. Conclusion

A freestanding FSS structure used in millimeter

and sub-millimeter wavelengths is reported, and the

designs of three FSS filters intended for application in

FY-4 are described in this paper. We have designed

three FSS filters to demultiplex linearly polarized en-

ergy in the frequency range of 50–429 GHz with a

maximum target loss of 0.4 dB for large incidence an-

gles up to 27.5◦ or 45◦. These three FSS filters are

used to filter either TE or TM polarized signal. Nu-

merical simulations using software CST is carried out.

The simulation results show that the maximum trans-

mission insertion loss is 0.25 dB, and the reflection

loss is 0.05 dB in the specified bands. The separa-

tion between adjacent channels is greater than 25 dB.

These FSS filters satisfy the requirements that the in-

sertion loss is less than 0.4 dB and image rejection

is greater than 20 dB. They even exceed the require-

ment performance specifications. It is concluded that

the insertion loss of this novel FSS filter structure is

significantly lower than that of the FSS printed on di-

electric. It is suitable for application at millimeter and

sub-millimeter wave bands. The fabrication of such an

FSS is compatible to the present mature IC process,

and the fabrication error is easy to control at a micron

level.
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