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A Metallic 3D Printed Modularized Dual-Stopband AMC-Loaded
Waveguide Slot Filtering Antenna

Xingyu Cui and Bing Zhang*

Abstract—A 3D printing and printed circuit board (PCB) hybrid fabricated modularized dual-
stopband artificial magnetic conductor (AMC)-loaded filtering antenna is proposed for an X-band
high-power radar system. By loading low-cost microstrip AMCs of different frequency responses into a
waveguide slot array, we achieve a modularized filtering antenna whose frequency response can be simply
controlled by replacing different AMCs. The waveguide slot array only works as a fixture to host different
AMCs to achieve various filtering antenna frequency responses. The interchangeable modularized design
helps to reduce the difficulty and cost of component fabrication by eliminating the need for complex
resonant cavities inside the waveguide filtering antenna, which is time-efficient at the stage of product
prototyping when numerous iterations are needed on a trial-and-error base. A dual-stopband filtering
antenna is designed and fabricated in the X-band to verify the design concept. The passband covers
9.25–10.6GHz with the passband gain greater than 10 dBi. The antenna radiates frequency-dependent
scanning beams in the passband. The stopbands are 8.1–9GHz and 10.75–11.5GHz, and the out-of-
band rejection is larger than 35 dB. The proposed design concept provides a different thought to achieve
a low-cost filtering antenna by using interchangeable modularized components. The fabricated antenna
prototype is a capable candidate for high-power airborne radar applications.

1. INTRODUCTION

Metamaterials have physical properties that natural materials do not possess, such as the artificial
magnetic conductor (AMC), high impedance surface (HIS), and negative refractive index material [1–
4]. Metamaterials achieve special physical properties through their complex structures, which allow
the control of the electrical parameters and spatial electromagnetic (EM) field distribution. Ziolkowski
and Erentok designed a metamaterial spherical shell with a negative uniform isotropic permittivity
and placed an electric small dipole antenna inside the metamaterial shell, in which the metamaterial
shell and electric small dipole formed a resonance and obtained a very high radiation efficiency [1].
Efforts have also been taken to planarize metamaterials. To simplify the structure of metamaterials,
[5–8] established the concept of generalized sheet transition conditions (GSTC) and introduced a series
of analytical foundations for metasurfaces. The metasurface, as a planar equivalent alternative to the
metamaterial, can achieve special physical properties in a planar structure. A variety of planar antennas
incorporating metasurfaces were proposed [9–13]. A Huygens metasurface was designed to reduce 50%
of the beam squinting in a leaky wave antenna [9]. Vallecchi et al. proposed a high-impedance surface to
achieve a low-profile folded dipole antenna with a gain of up to 7 dBi [10]. The nature of the metasurface
is to tune the propagation constant by resonant structures for desired frequency response. The low profile
of its planar geometry allows it to be widely used in planar structures. However, the combination of
antennas with a three-dimensional structure and metasurface of a two-dimensional structure is not very
common.
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The waveguide slot array antenna with high efficiency, high power capacity, and high mechanical
strength is suitable for high-power applications such as airborne radar [14–29]. Waveguide slot array
antennas reported in [14–17] feature various properties, such as circular polarization [14–16], dual-
band [17, 18], low sidelobe [19–21], and high efficiency [22–25]. In a highly integrated airborne radar
system, the normal operation of the receiver is prone to be affected by the high-power transmitted
electromagnetic waves from the transmitter due to the limited spacing between the receiving and
transmitting antennas. So, a filtering function is needed to ensure good isolation between the transmitter
and receiver. To solve this problem, T-shaped cavity bandpass and bandstop filters were integrated into
the waveguide feeding network [26, 27]. The filtering function was achieved at the cost of an increased
antenna footprint from the enlarged feeding network, which also gave rise to the decreased antenna gain.
To make the waveguide slot array antenna more compact while keeping the filtering function, a grating
metal sheet-loaded waveguide slot array antenna was proposed with a filtering frequency response [28].
The bottom electric wall of the waveguide was converted into a magnetic wall by loading metasurfaces
to achieve the filtering response [29, 30]. These methods achieved good filtering responses, but their
roll-off bands between the stopband and passband were as wide as 1.25GHz in [28], 2.4GHz in [29], and
1.1GHz in [30], respectively, which led to their inability to be used in scenarios where the transmitter’s
and receiver’s operational frequencies were very close. In addition, since they only implemented one
single stopband, they cannot be used for multiband applications as shown in Fig. 1.

Figure 1. Application scenario of the multiband wireless communication and airborne radar of an
aircraft.

This paper proposes a low-cost modularized waveguide slot array filtering antenna with a dual-
stopband. The metallic 3D printed waveguide slot array is loaded with a microstrip AMC, which
provides a good dual-band frequency response. For the planar structure of the microstrip AMC, the
filtering frequency response is achieved at a negligible footprint cost of the device. Through calculation,
the AMC causes an upshift of the waveguide’s cutoff frequency. By designing a dual-band AMC
whose operational frequencies coincide with the cutoff frequency of the AMC-loaded waveguide, two
stopbands are formed, and a passband is achieved between the two stopbands. The steep roll-off of
the AMC’s frequency response is also reflected in the antenna’s frequency response. The proposed
design concept discards the traditional complex resonant cavities in waveguide filtering antenna, which
requires sophisticated processes to fabricate. The low-cost interchangeable microstrip AMC by PCB
process reduces the antenna’s fabrication cost. The waveguide slot array functions as the AMC’s fixture,
by which various frequency responses can be easily achieved by just inserting different AMCs into the
waveguide. The design concept can also be extended to multi-port devices to achieve a multi-stopband
filtering response, which is desirable for a multiband highly integrated system. The novelty of the
proposed work lies in its dual-stopband filtering frequency response, the steep roll-off between the
passband and stopband, the modularized interchangeable design, and the low-cost by hybrid use of
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metallic 3D printing and PCB fabrication technologies. The paper is organized as follows. Section 2
introduces the design and analysis of the proposed antenna. Section 3 verifies the characteristics of the
antenna by simulation and measurement. Section 4 concludes the paper.

2. ANTENNA DESIGN AND ANALYSIS

2.1. Design of the Proposed Antenna

The geometry of the proposed antenna is shown in Fig. 2. It consists of a slotted waveguide and a
dual-band AMC fabricated on a Rogers RO4003C substrate. The waveguide is a standard WR-90
waveguide with an FBM-100 flange made by the metallic 3D printing technology selective laser melting
(SLM) using aluminum alloy. The short turn-around time and low cost of 3D printing technology
are much valued at the early stage of device prototyping, which requires frequent fabrications on a
trial-and-error base. The radiating slot on the top wall of the waveguide is 15.5mm long and 2.5mm
wide, with a 15mm spacing. Ridges to fix the AMC substrate are designed on the magnetic wall of
the waveguide. The microstrip AMC is placed directly on the bottom wall of the waveguide. The top
metal layer of the AMC consists of two forms of AMC unit cells periodically arranged. The dielectric
layer has a dielectric constant of 3.55, a loss angle tangent of 0.0027, and a thickness of 0.813mm,
with periodically distributed conductive via holes connecting the upper metal layer and bottom ground
plane. The bottom layer is a metallic ground plane, which is in close contact with the bottom electric
wall of the waveguide. The length of the PCB is slightly shorter than the length of the waveguide to
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Figure 2. Geometry of the proposed antenna: (a) high-frequency AMC unit cell, (b) AMC junction,
(c) low-frequency AMC unit cell, (d) top view of the proposed antenna, (e) zoomed side view of the
ridge in the waveguide to fix the AMC, (f) radiating slots, (g) waveguide flange, and (h) side view of
the proposed antenna.
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Table 1. Geometric parameters of the proposed antenna.

Symbols Parameters Value (mm)

a width of the waveguide slot array 22.86

b height of the waveguide slot array 10.16

c length of the waveguide slot array 210

d spacing between radiating slots 15

h thickness of the AMC substrate 0.81

hr height of the ridge to fix AMC 9.25

l1 stub length of the high-frequency AMC unit cell 3.7

l2 arm length of the high-frequency AMC unit cell 1.6

l3 stub length of the low-frequency AMC unit cell 4.3

l4 arm length of the low-frequency AMC unit cell 2.4

l5 length of the AMC junction 0.67

ls length of the radiating slot 15.5

lr length of the ridge 0.4

p cell size of the AMC unit 4.57

r radius of the conductive via 0.2

s1 offset of the AMC to the flange 10

s2 offset of the ridge to the flange 14.57

w1 stub width of the high-frequency AMC unit cell 0.6

w2 arm width of the high-frequency AMC unit cell 0.6

w3 stub width of the low-frequency AMC unit cell 0.6

w4 arm width of the low-frequency AMC unit cell 0.4

w5 arm width of the AMC junction 0.4

ws width of the radiating slot 2.4

wr width of the ridge 0.7

protect the edges of the PCB from wear and tear when the antenna is connected with other devices on
the waveguide flange interface. The geometric parameters of the proposed antenna are listed in Table 1.

2.2. Analysis of the Proposed Antenna

2.2.1. Single-Frequency AMC

The cutoff frequency of a waveguide can be determined by Maxwell’s equations and boundary conditions.
After changing the bottom wall of the waveguide to perfect magnetic conductor (PMC), the boundary
conditions and cutoff frequency change. Therefore, by taking the new boundary conditions into
Maxwell’s equations, we can obtain the final solution of the magnetic field in the z-direction of the
waveguide with the bottom wall as PMC as shown in Eq. (1). The specific calculation procedure is
given in the Appendix.

Hz(x, y, z) = Amn cos
mπx

a
sin

(2n+ 1)πy

2b
e−jβz (1)

The cutoff frequency of the PMC-loaded waveguide can be calculated as
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As can be seen from Eq. (2), the cutoff frequency of the PMC-loaded waveguide is higher than that of a
common waveguide, indicating the upshift of the operational band of the waveguide when loaded with
a PMC.

To mimic the boundary condition of PMC, an artificial magnetic conductor (AMC) is designed. It
is equivalent to a magnetic conductor only in its operating band, and it behaves like a normal perfect
electric conductor (PEC) outside the operating band. By taking advantage of this property, we can add
a filtering function to the waveguide. By designing an AMC’s operating band in the desired suppression
band and loading it into the waveguide, the electromagnetic (EM) wave is cut off in the AMC’s operating
band. When combining two AMCs of different operating frequencies, a dual-stopband filtering function
is obtained. Together with the radiating slots on the upper electric wall of the waveguide, a dual-
stopband filtering antenna is achieved. The unit cell of the AMC is a cross-arm with four short stubs
at the end. The advantage of this design is that the length and width of the arms and stubs can
be controlled separately to accurately tune the operating frequency of the AMC. Fig. 3 shows the
dispersion diagram of the waveguide loaded with the high-frequency AMC and low-frequency AMC.
It can be observed that a bandgap of 11.1–12GHz is formed by the high-frequency AMC in Fig. 3(a),
and a bandgap of 8.17–9.2GHz is formed by the low-frequency AMC in Fig. 3(b). Fig. 4 shows the
equivalent circuit of the dual-stop band AMC-loaded waveguide slot array antenna. The AMC substrate
is composed of a low-frequency AMC ZL, a high-frequency AMC ZH , and a junction ZJ that connects
them. Rr is the radiation impedance of the slot. For the low-frequency AMC, Cx1 is the capacitance
between adjacent AMC stubs in the x-direction, Lx1 the inductance between adjacent via-holes in the
x-direction, Cy1 the parallel capacitance of adjacent AMC stubs in the y-direction, and Ly1 the parallel
inductance of adjacent AMC via-holes in the y-direction. The high-frequency AMC circuit is modeled in
the same way, containing the capacitances Cx2, Cy2 and inductances Lx2, Ly2. For the AMC junction,
CJ is the capacitance between adjacent AMC junctions in the x-direction, and LJ is the inductance of
adjacent via holes in the x-direction.

(a) (b)

Figure 3. Dispersion diagram of the AMC-loaded waveguide: (a) high-frequency AMC and (b) low-
frequency AMC.

To verify the above theory, two AMC substrates, which work at the desired high-frequency 10.75–
11.5GHz and low-frequency 8.09–9.10GHz, are designed and loaded in the waveguide as shown in
Fig. 2. The unit cell of the AMC is a cross-arm with four short stubs at the end. The advantage of this
design is that the length and width of the arms and stubs can be controlled separately to accurately
tune the operating frequency of the AMC. The simulated frequency response of the high-frequency
AMC is shown in Fig. 5. It can be seen that the designed AMC shows a good stopband response
and steep roll-off because of the strongly resonant structure. In the 10.75–11.5GHz operating band,
the transmission coefficient |S21| is lower than −35 dB, which implies a good bandstop characteristic.
The roll-off is very steep, by which the transition from the stopband to the passband only takes up
0.17GHz bandwidth. Fig. 6 shows the simulated frequency response of the high-frequency AMC versus
its dimensions. The increase in the arm length reduces the distance between the stubs of adjacent AMC
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Figure 4. Equivalent circuit of the proposed antenna.

Figure 5. Simulated frequency response of the high-frequency AMC-loaded waveguide.

unit cells, which decreases the capacitances of Cx1 and Cy1 in Fig. 4 and shifts the operating frequency
band to a lower frequency. An increase in the stub length increases the inductances Lx1 and Ly1 in
Fig. 4, shifting the operating frequency to a lower band. In this design, we choose l1 = 3.7mm and
l2 = 1.6mm for the high-frequency AMC to realize the high-frequency stopband. Ridges are designed
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inside the waveguide to fix the AMC. The effect of the ridges is simulated. Fig. 7 gives a comparison
of |S21| of AMC-loaded waveguide with and without ridges. It can be seen that for the relatively small
dimensions of the ridges compared to the dominant guided wavelength, the addition of ridges changes
the |S21| from −59 dB to −53 dB, while the center frequency and bandwidth are unaffected. Thus, the
addition of the ridges does not affect the overall filtering performance. To verify the design, a waveguide
prototype and a high-frequency AMC substrate are fabricated and measured. As shown in Fig. 8, the
waveguide is made by the metallic 3D printing technology SLM, the high-frequency AMC substrate is
made by PCB. Fig. 9 compares the measured and simulated results. The measured stopband is 10.77–
11.5GHz (|S11| > −0.5), and the |S11| roll-off from −0.46 dB (10.77GHz) to −11.6 dB (10.49GHz)

(a) (b)

Figure 6. Simulated |S21| of the high-frequency AMC-loaded waveguide: (a) stub length l1 as the
variable and (b) arm length l2 as the variable.

Figure 7. Simulated |S21| of the AMC-loaded waveguide with and without ridges.
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Figure 8. Photographs of the waveguide and the high-frequency AMC: (a) the waveguide, (b) the
high-frequency AMC, and (c) the flange view of the AMC-loaded waveguide.

Figure 9. Simulated and measured |S11| of the high-frequency AMC-loaded waveguide.

within a bandwidth of 0.28GHz. Compared with the simulation, the measured stopband is decreased
by 0.02GHz, and the |S11| roll-off region is increased by 0.11GHz. This is due to the edge effect of the
fabricated AMC. In the simulation, the AMC is modeled as an infinitely large periodical array of unit
cells, while the array size is limited in reality. Thus, the weakened resonance on the edge of the AMC
from its structural discontinuity leads to the deteriorated frequency response in measurement.

To realize the dual-stopband filtering effect, a low-frequency AMC is designed by scaling down the
high-frequency AMC. A parametric study is performed to determine the arm length as l1 = 4.3mm
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Figure 10. Simulated frequency response of the low-frequency AMC-loaded waveguide.

and l2 = 2.4mm to realize the low-frequency stopband. The simulated frequency response is shown in
Fig. 10. The AMC works at 8.09–9.10GHz. There are three dominant resonances at 9.44, 10.94, and
11.54GHz. The resonance at 9.4GHz can be eliminated by the slot radiation when the low-frequency
AMC is loaded inside a waveguide slot array, which will be introduced in the following section. Parasitic
behaviors at 10.94 and 11.54GHz are caused by the mutual coupling between the short arms in the
non-operating band of the low-frequency AMC. They fall into the stopband of the high-frequency AMC,
which does not affect the filtering function of the proposed antenna.

2.3. Dual-Frequency AMC

By penalizing the high-frequency and low-frequency AMCs into a substrate, we expect to achieve a
dual-stopband frequency response. Fig. 11 shows the simulated frequency response of the panelized
dual-frequency AMC when it is loaded into a waveguide. It can be seen that a good dual-stopband
characteristic is achieved, but significant resonances occur in the passband at 9.4 and 10.2GHz. This
is caused by the structural discontinuity between the high-frequency and low-frequency AMCs. On
the panelized AMC substrate, which is equally divided into the high-frequency AMC zone on the left
and the low-frequency AMC zone on the right, the high-frequency and low-frequency AMCs have no
electric contact on their interface. As a result, the structural discontinuity causes multiple reflections,
which is verified by the fluctuation of |S11| in the passband. Or from the perspective of the equivalent
circuit model, the structural discontinuity introduces extra coupling capacitance which leads to multiple
resonances in the passband. To achieve a smooth passband, the structural discontinuity or the coupling
capacitance shall be eliminated. Hence, we connect the high-frequency AMC and low-frequency AMC
with a section of microstrip line named ‘AMC junction’ in Fig. 2(b). This helps to realize a smooth
transition from different structures. The inductance of the AMC junction also compensates for the
coupling capacitance. The resonance at 10.2GHz is eliminated by the AMC junction as shown in
Fig. 12; however, the resonance at 9.4GHz still exists. The 9.4GHz resonance could be eliminated by
the radiating slot, which will be introduced in the following part. A dual-frequency AMC substrate
with an AMC junction is fabricated and measured to verify the function of the AMC junction. Fig. 13
shows a photograph of the fabricated dual-frequency AMC. It is loaded into the waveguide in Fig. 8 for
testing. The simulated and measured |S11| agree well in Fig. 14. There is a slight frequency shift of the
low-frequency resonance from 9.4GHz to 9.6GHz in the passband, which is caused by the fabrication
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Figure 11. Simulated |S11| of the waveguide loaded with high-frequency AMC, low-frequency AMC,
and dual-frequency AMC.

Figure 12. Simulated |S11| of the dual-frequency AMC with and without the junction.

tolerance. By introducing the AMC junction, the high-frequency resonance at 10.2GHz in the passband
is effectively removed.

2.4. The Filtering Antenna

A waveguide slot array is designed to be used together with the dual-frequency AMC to build a
filtering antenna. The dual-frequency AMC demonstrates excellent bandpass characteristic except
for the 9.4GHz resonance in the passband in Fig. 14. Typical methods to get rid of the undesired
resonance is either to introduce extra parasitic elements to shift the resonance to a different frequency
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Figure 13. Photograph of the dual-frequency AMC with the junction.

Figure 14. Simulated and measured |S11| of the dual-frequency AMC-loaded waveguide.

or to dissipate the resonant power. The former requires extra lump or discrete components to realize
the required capacitance and inductance, which leads to increased system complexity and cost. The
latter is applicable in our design, by which the resonant power is dissipated by the radiation resistance
of the antenna, and no extra component is needed.

A uniform slot array is opened on the top electric wall of the dual-stopband AMC-loaded waveguide.
Simulated S-parameters are shown in Fig. 15. It can be seen that the |S11| at 9.4GHz drops below
−10 dB, which proves that the resonant power is radiated into the free space through the slot while
the filtering frequency response is not affected. From Fig. 15, it can be observed that the transmission
coefficients of the two ports are the same, but the reflection coefficients are different, indicating that
the proposed waveguide filtering antenna is reciprocal but not symmetric. Fig. 16 shows the radiation
pattern at 9.8GHz in the passband when different ports are excited. In the propagation constant analysis
in Fig. 3, it can be calculated that propagation constants on the two AMCs at the same frequency are
different. The different directions of the radiation pattern are caused by the variation of the propagation
constant on the high-frequency and low-frequency AMCs. Since the slot array has a fixed element
spacing, the variation of the propagation constant causes the change of the phase progression between
array elements, and hence the beam direction changes. Fig. 17 depicts the simulated gain of the filtering
antenna. The gain is 13.5 dBi and 11.8 dBi when ports 1 and 2 are excited, respectively. The reason
for the asymmetric gain lies in the different propagation constants on the two AMCs. Even though
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Figure 15. Simulated frequency response of the dual-frequency AMC-loaded waveguide slot array.

Figure 16. Simulated radiation patterns when port 1 and port 2 excite at 9.8GHz in the passband.

the slots have uniform dimensions, they exhibit different radiation resistances when the propagation
constant varies. As a traveling wave antenna, most of the input power is radiated into free space from
slots near the input port. It can be calculated that the radiation resistance of the slots near port 1 when
port 1 is excited is larger than the radiation resistance of the slots near port 2 when port 2 is excited.
As a result, a decreased gain is observed when port 2 is excited. This also accounts for the asymmetric
input impedance in Fig. 15 and asymmetric radiation patterns in Fig. 16. The radiation efficiency and
total efficiency of the antenna when ports 1 and 2 are excited are given in Fig. 18. It can be seen that
the radiation efficiency of the proposed antenna is above 80% in the operating band with the maximum
radiation efficiency of 96%, and the total efficiency is 10% below radiation efficiency. The desirable
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Figure 17. Simulated gain of the dual-frequency AMC-loaded waveguide slot array when port 1 and
port 2 excite.

Figure 18. Radiation efficiency of the proposed antenna.

radiation efficiency of the proposed antenna is from the low loss characteristic of the waveguide and the
AMC substrate.

3. FABRICATION AND MEASUREMENT

To verify the design concept, an X-band AMC-loaded waveguide slot array filtering is fabricated and
tested. The CST Microwave Studio is used for simulation. The antenna is tested in the near-field
measurement setup at Sichuan University. As shown in Fig. 19(a), the waveguide slot array antenna
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(a) (b)

Figure 19. Photographs of the fabricated AMC-loaded waveguide slot array antenna: (a) the waveguide
slot array and (b) the flange view of the AMC-loaded waveguide slot array antenna.

is made by SLM using aluminum alloy in one piece in one run, saving the effort of assembly and post-
processing. The AMC substrate can be inserted and removed easily as shown in Fig. 19(b). The ridges
near the flange ensure that the AMC has good contact with the bottom electric wall of the waveguide.
The ridges also help to avoid the substrate from buckling and protruding during insertion.

Figure 20 depicts the simulated and measured S-parameters of the proposed antenna. The measured
and simulated results agree well. It has two stopbands of 8.1–9GHz and 10.75–11.5GHz. The passband
is 9.25–10.6GHz. There is a slight difference between the simulated and measured stopbands, which is
caused by the manufacturing tolerance. The roll-off from the stopband to the passband is very steep.
The transition band from the high-frequency stopband to the passband occupies only 0.15GHz, and
there is no ripple during the roll-off. The transition from the low-frequency stopband to the passband
occupies 0.25GHz, and the roll-off is still very steep, although the processing error leads to a small

Figure 20. Simulated and measured frequency response of the AMC-loaded waveguide slot array
antenna.
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ripple. The dual-stopband frequency response with steep roll-off can ensure good isolation between the
receiver and transmitter in a radar system.

Figure 21 gives the measured gain of the proposed antenna when different ports are excited.
Agreement is achieved between simulation and measurement. When port 1 is excited, in the passband
the maximum gain of 13.51 dBi is observed at 9.7GHz with a 3-dB gain bandwidth of 9.3–10.4GHz.
When port 2 is excited, the maximum gain of 11.46 dBi is observed at 10GHz in the passband with
the 3-dB gain bandwidth of 9.2–10.7GHz. The average gain rejection is 35 dB and 43 dB in the low-
frequency and high-frequency stopbands respectively with the highest gain rejection up to 50 dB. When
different ports are excited, guided wave wavelengths are different due to the propagation constants of the
low-frequency and high-frequency AMCs. As the length of the radiation slot is constant, the radiation
resistance of the slot differs when different ports are excited, resulting in a different port gain. As the
element spacing is constant, the phase progression is also different when different ports are excited,
which leads to the asymmetry of the beam direction. The reciprocity of the proposed filtering antenna
is still acceptable in terms of gain.

Figure 21. Simulated and measured gain of the AMC-loaded waveguide slot array antenna.

As a traveling wave antenna, the proposed antenna features frequency-dependent radiation patterns.
Fig. 22 shows the simulated and measuredH-plane radiation patterns when port 1 and port 2 are excited
at 9.5GHz, 9.8GHz, 10.1GHz, and 10.4GHz, respectively. When port 1 is excited, the radiation
pattern points at −19.5, −14, −11.5, and −6.5 degrees at 9.5GHz, 9.8GHz, 10.1GHz, and 10.4GHz in
Figs. 22(a), (c), (e), and (g). When port 2 is excited, the radiation pattern points at 15, 11.5, 8.5, and
5.5 degrees at 9.5GHz, 9.8GHz, 10.1GHz, and 10.4GHz in Figs. 22(b), (d), (f), and (h). The difference
between the simulated and measured direction of patterns is caused by the vibration in measurement.
The distortion of the measured radiation pattern is caused by the fabrication tolerance on the radiating
slot. The surface roughness on the edges of the radiating slot causes diffraction of the radiated power,
which leads to the distortion of the antenna’s aperture field distribution, and thus distorted radiation
patterns.

Figure 23 shows the simulated and measured E-plane radiation patterns when port 1 and port 2
are excited. Measurement and simulation agree well. Table 2 compares the proposed filtering antenna
with other reported works. Different from the antennas in [28–30], which realize the filtering response
by implementing complex machined cavities inside the waveguide, the proposed antenna achieves the
filtering response in the waveguide by loading the planar AMC processed by PCB technology. Therefore,
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(e) (f) (g) (h)

Figure 22. Simulated and measured H-plane radiation patterns of the AMC-loaded waveguide slot
array antenna: (a) port 1 excites at 9.5GHz, (b) port 2 excites at 9.5GHz, (c) port 1 excites at 9.8GHz,
(d) port 2 excites at 9.8GHz, (e) port 1 excites at 10.1GHz, (f) port 2 excites at 10.1GHz, (g) port 1
excites at 10.4GHz, and (h) port 2 excites at 10.4GHz.

(a) (b)

Figure 23. Simulated and measured E-plane radiation patterns of the AMC-loaded waveguide slot
array antenna: (a) port 1 excites, (b) port 2 excites.

the proposed antenna outstands with a significant reduction in the manufacturing cost. Though the
counterparts have good out-of-band rejection, they only have a single stopband. Comparatively, the
proposed antenna has a dual-stopband with a steep roll-off. With the steep roll-off dual-stopband
and interchangeable modularized design, the proposed antenna is a good choice for a highly integrated
airborne radar system.
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Table 2. Comparison between filtering antennas.

Ref.
Passband

(GHz)

Dual

stopband

Roll-off

(dB/GHz)

Out-of-band

rejection (dB)

Beam

scanning

Gain

(dBi)

[28] 12.25–12.75 No 7.2 14.8–21.3 No 15.82

[29] 5.3–5.7 No 3.6 > 35 No 12.2

[30] 12.1–12.8 No 8.1 > 40 No 13.6

This

work
9.25-10.6 Yes 40 and 67 > 35 Yes 13.5

4. CONCLUSION

In this paper, an AMC-loaded dual-stopband filtering waveguide slot array antenna is designed. When
the waveguide’s cutoff frequency coincides with the operational frequencies of the AMC, two stopbands
are formed, and a passband is achieved between the two stopbands. The steep roll-off frequency response
of the AMC endows the filtering antenna with better than 35 dB out-of-band rejection. Since the
frequency response of the filtering antenna is dependent upon that of the AMC, the proposed design
concept can theoretically achieve arbitrary frequency response by just inserting different AMCs into the
waveguide. The interchangeable modularized design effectively increases the level of system integration
and reduces the assembly cost of the radar system. Using PCB and metallic 3D printing technologies
to fabricate the AMC and the waveguide slot array respectively helps to reduce the fabrication cost
and turn-around time of product prototyping. The proposed filtering antenna is a desirable antenna
choice for high-power airborne radar applications. The power limit depends on the capacity of the AMC
substrate. The design concept is instructive for engineers to achieve a low-cost, compact, and frequency
response reconfigurable filtering antenna.
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APPENDIX A.

For a classic rectangular waveguide, the cutoff frequency and electric field distribution can be calculated
by Maxwell’s equations and boundary conditions. Taking its long side as the x-axis and the short side
as the y-axis, the general solution of the propagation function hz of the TE mode can be obtained as
follows

hz(x, y) = (A cos kxx+B sin kxx)(C cos kyy +D sin kyy) (A1)

Combined with the boundary condition of four perfect electric conductors (PECs) walls, we can
get that the electric field in the x-direction is 0 when y equals 0 and b, and the electric field in the
y-direction is 0 when x equals 0 and a. We can solve for B = 0 and D = 0 in Eq. (A1), so the final
solution of Hz is

Hz(x, y, z) = Amn cos
mπx

a
cos

nπy

b
e−jβz (A2)

As the boundary condition of the bottom wall changes from PEC to perfect magnetic conductor (PMC),
the electric field in the y direction is 0 when x equals 0 and a; the electric field in the x direction is 0
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when y equals b; and the magnetic field in the x direction is 0 when y equals 0. Expressions for the
electric and magnetic fields in the x- and y-directions are given in Eqs. (A3)–(A6)

hx =
−jβ

k2c
kx(−A sin kxx+B cos kxx)(C cos kyy +D sin kyy) (A3)

hy =
jβ

k2c
ky(A cos kxx+B sin kxx)(−C sin kyy +D cos kyy) (A4)

ex =
−jωµ

k2c
ky(A cos kxx+B sin kxx)(−C sin kyy +D cos kyy) (A5)

ey =
jωµ

k2c
kx(−A sin kxx+B cos kxx)(C cos kyy +D sin kyy) (A6)

Bringing the boundary condition into Eqs. (A3)–(A6), we can calculate B = 0 and C = 0. Then
bringing the results into Eq. (A1), we can obtain the final solution of the magnetic field intensity in the
z-direction in the waveguide with the bottom wall as PMC as follows

Hz(x, y, z) = Amn cos
mπx

a
sin

(2n+ 1)πy

2b
e−jβz (A7)

The cutoff frequency of the PMC-loaded waveguide can be calculated as

fc =
1

2π
√
µε

√(mπ

a

)2
+

(
(2n+ 1)π

2b

)2

(A8)
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