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Compact 3D Metal Printed Filtering Antenna
Jiayu Rao, Student Member, IEEE, Kenneth Nai, Povilas Vaitukaitis, Student Member, IEEE, Yuepei
Li, Student Member, IEEE, and Jiasheng Hong, Fellow, IEEE

Abstract—This paper presents the latest development of a
compact 3D metal printed filtering antenna, which integrates a
Yagi-Uda-like antenna and selective filter into a 3D printable
metal structure. The designed filtering antenna exhibits high
selectivity, gain, and efficiency with very compact profiles. Direct
metal 3D printing techniques are used to fabricate a C-band filter
and a filtering antenna for experimental validation. The measured
results showed good agreement with simulated ones.
Index Terms—3D metal printing, filtering antenna, high-Q 3D
printed metal resonator, additive manufacturing.

I. INTRODUCTION

T

HE integration design of filtering antennas has turned out to

be an efficient way to reduce the profiles, costs and
improve the transmission efficiencies of the modern wireless
communication systems [1]-[9]. Among those, high-quality (Q)
factor filtering antennas are more critical in radio frequency
(RF) front-ends due to their better frequency selectivity and
lower insertion loss. The filter synthesis method, which makes
the last resonator of the filter also be a radiator [3]-[9], is often
utilized to design high-Q filtering antennas.
In [3], the filter synthesis approach was proposed to integrate
high-Q filter/antennas with different orders. Then the method
was deployed to integrate various antennas with high-Q filters
successfully in [3]-[9]. Among them, vertical-cavity topology
is used to reduce footprints furtherly in [4] [5]. Additionally, a
filtering array with low sidelobe levels was achieved using the
coupling matrix theory in [9]. In general, these works based on
the filter synthesis method obtained lower loss, smaller sizes,
higher efficiency (>93%) as desired while remaining the initial
radiation characteristics of antennas. However, miniaturizing
the filtering antennas is still needed since the filter prototypes
are based on full-wavelength resonators. And the frequency
selectivity is not so well in the lack of introducing transmission
zeros (TZs). In addition, a de-tuning process is needed because
the radiator will shift the center frequency of the last order.
This paper describes the latest development of a fully-metal
3D printed filtering antenna of Fig. 1, which exhibits attractive
integral features such as high selectivity, gain, efficiency, and
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compact size. Although broadside-coupled strip-line resonator
has been shown to be able to shrink a filter size [10], the
attainable Qu value is limited, typically below 200 on the
substrate-supported planar structure. Further to a more recent
investigation [11], the details of analysis and design of the
compact filtering component exploiting a novel type of high-Q
3D printable metal resonator are presented in Section II. The
designed filter prototype owned simple inline structures but had
multiple transmission zeros, which improved the out-of-band
selectivity. In addition, it also showed a Qu value of more than
1000 with a very compact size. The integrated design of the
filtering antenna is described in Section III. Compared with
published ones, the designed filtering antenna avoided the last
resonator's de-tuning process, making filter part post-tuning
possible. Furthermore, the 3D printing detail and the measured
results, including radiation patterns, are presented in Section IV
before the conclusion of this paper.
II. RESONATOR AND FILTER COMPONENTS
The proposed compact high-Q resonator layout is shown in
Fig. 2 (a), where the yellow part is a 3D printable metal coupled
line (MCL) while the blue part is the outer metal box. The
bottom end of MCL is electrically and mechanically attached to
the outer box. The MCL is purposely curved, consisting of the
upper part (h1) for a large capacitance per unit length and the
lower part (h2) for large inductance per unit length to achieve
miniaturization. It should be noted that h2 can be decided by
h2 = k ×l ×l
(1)
with k and l are curved and height factors, respectively. The
large capacitance or inductance per unit length is mainly
attained with respect to a virtual grounding along the MCL’s
symmetrical plane resulting in a low loss. The curved MCL also
enhances its structural stability. Fig. 2 (b) illustrates its field
distributions simulated.
Since the unloaded quality factor (Qu) is critical for a
resonator, we will analyze it. Fig. 3 gives the equivalent series
RLC circuit of the MCL resonator, where R, L, and C are
resistor, inductor, and capacitor. Then the Qu of one series RLC
resonator can be obtained using the formula (2) [13]
L
1
(2)
Qu = 0 =
R
0 RC
Referring to Fig. 2, it is intuitive to know that more significant
G or smaller h1 will have smaller capacitor (C) values, leading
to smaller Qu values according to (2). Larger k will get smaller
inductor (L) values that also lead to smaller Qu. For validation,
the relationships between Qu, resonant frequencies, and various
parameters are analyzed using full-wave simulation software
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Fig. 3. Equivalent series RLC circuit of the MCL resonator.
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Fig.1. (a) 3D metal printed filtering antenna. (b) Schematic with the inner
filtering elements and dimensions (unit: mm): ha1 = 10, ha2 = 6.2, ha3 = 4.6, ha4 =
4, La1 = 12, La2 = 12.95, La3 = 9.5, La4 = 7.3, rp = 1.5, rs = 3.4, Lma = 1.6 for a
design centred at 6 GHz.
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Fig.2. (a) Compact high-Q resonator for 3D printing with following
dimensions (units: mm): H = 12, L = 8, W = 6, G = 0.5, t = 0.7, h1 = 2.0, k = 1.8,
l = 2, wm = 2.4. (b) Field distributions.

CST, as shown in Fig. 4. Unless otherwise stated, the simulated
metal in this paper is aluminum with the conductivity of
σ=3.56×10^7 S/m. All physical dimensions are fixed in Fig. 2,
except the one is varying for simulation. As presented, larger G
or smaller h1 and k will lead to higher Qu but at a price of a
lower frequency. While the wm and l can adjust the f0 effectively
while having little effect on the Qu, which makes sense
considering the wm and l can simultaneously change the L and C
values. Generally, the simulated results proved the correctness
of the above theoretical analysis.
In addition, it also can be found that the parameters k, h1, and
l have the same impact on tuning the fundamental mode and
spurious mode. The wm and G can adjust the operating mode
effectively but remain the spurious mode almost unchanged.
Hence, the spurious window, calculated by spurious modes
dividing operate modes, could be changeable. Finally, it is
worth mentioning that Qu is always larger than 1000 with
various parameters at the condition of the same outer box. For
example, let the value of h1 be 3.5 mm, and keep other values
the same as Fig. 2, we can get a very compact resonator (0.10 λ
× 0.14 λ × 0.20 λ) with an f0 of 5.08 GHz and Qu of 1058.

Fig.4. (a) Simulated Qu and (b) simulated f0 and first spurious mode versus the
dimensions of the proposed compact 3D metal printable high-Q resonator.

Following the above analysis, the MCL can be exploited to
design compact high-Q bandpass filters (BPFs). The layouts of
the designed 4-pole inline BPF is shown in Fig. 5 (a), where
four identical MSCRs are placed in sequence. The inner
coupling can be adjusted directly by the distance between the
two resonators (ds1 and ds2). The metal bricks are added as the
short-stubs for enhancing coupling strength. In addition, the
external coupling can be adjusted by moving the feed places (lp).
Finally, the top surface of the outer box is chamfered to be
triangular shape for printing as a whole.
For validation, a 4-pole BPF with a center frequency at 6.0
GHz and 500 MHz bandwidth is designed. The topology is
shown in Fig. 5 (b), where the solid-dashed line represents the
inner mixed electrical-magnetic coupling. According to the
specifications, the design values of k and Qe can be given [13]:
QS1 = Q4L = 11.90, k12 = k34 = 0.0718, k23 = k32 = 0.0561.
Although the coupling belongs to mixed electrical-magnetic
coupling, the required Qe and k can be extracted using the
classical method described in [13] since we do not try to control
places of TZs here. In the final, combining the optimization of
the CST software, the dimensions of the filter can be obtained
and given in Fig. 5.
The simulated results are shown in Fig. 6 with an insertion
loss of 0.25dB. The average Qu across passband is ~1250,which
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Fig.5. Configuration of four-pole filtering component with the following
dimensions (unit: mm): L = 32, H = 13, W = 6, wm = 2.4, lp = 6.6, ds1 = 2.75, ds2
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Fig. 6. Simulated results of the filter prototype.

is slightly higher than a single resonator. The increased Qu can
be attributed to the whole cavity being much longer than a
single resonator but without extra structures introduced. In
addition, beneficial from the inner mixed-coupling, multi-TZs
are generated that enable the out-of-band selectivity pretty
well—the S12 below -20 dB from 6.53 GHz to 10.43 GHz.
Since this filer is a reference for the filtering antenna, the
fabricated prototype and measured S-parameters will be given
in Section IV, along with the filtering antenna.
III. INTEGRATED FILTERING ANTENNA
As highlighted in Fig. 1, the designed 3D metal printed
filtering antenna has layouts that integrate the above-described
frequency-selective filtering component with a Yagi-Uda-like
antenna via a cylinder metal probe (purple color) with a radius
of rp. The radiation elements are curved and composed of one
driver, two reflectors, and two directors for improving the
gain/directivity and effectively utilizing the space. The two
reflectors are put oppositely for rectifying the radiation pattern.
For the metal probe, one end of it is used as the antenna feeding
(feed-end) through the surface hole with a radius of rs. The
other end is attached to the output of the filtering component.
For synthesizing the filtering antenna, the initial equivalent
circuit is shown in Fig. 7 (a), where the θ represents a matching
transmission line (TL) between the antenna and the filter
denoted by Lma. The Xa is the resonant reactance, while Ra is the
radiation resistance of the antenna. Assuming the TL is lossless,
the TL combined antenna can be seen as a parallel RLC circuit,

which is appropriate. Then the TL, antenna, and the last stage of
the filter can be incorporated together as new loads as shown in
Fig. 7 (b), where Ca’ = C4 + Cp with Cp resulting from TL and
antenna, and the same circuit parts as Fig. 6(a) being eliminated
for highlighting the change. It is well known that the antenna
quality factor (Qa) and the center frequency (f0) of the filter are
two critical factors to integrate a filtering antenna. The f0 can be
obtained by (3)
f0 = 1 / 2 La ' Ca '
(3)
which is different from antenna frequency (fa = 1/2π LaCa ) due
to the existence of TL. Then to achieve the same S11 response as
the prototype filter, the Qa must equal to the Qext of the filter,
which is defined as (4)
Qa =

2 f 0Ca 2 f 0C4 2 f 0C p 2 f 0C4
=
+
=
Ga
Ga
Ga
G0

(4)

where Ga and G0 are the input admittance of the filter/antenna
and reference filter, respectively.
Assume Ga = G0, then Cp = 0, which means a perfect
matching between filter and antenna. If Ga ≠ G0, the desired Qa
can be obtained only by adjusting Cp while avoiding changing
C4. This means the de-tuning process for the last resonator
would be eliminated. At this stage, the fa does not need to be the
same as f0 because the Qa varies relatively slowly with
frequency. For validation, the Lma versus the S11 responses was
simulated and given in Fig. 8. As shown, different values of Lma
can control Qa effectively but has little impact on f0.
To this end, the complete design process is summarized as
follows. First, select the initial length of the driver of the helical
antenna, which is slighter less than ¼ wavelength. Then extract
Qa based on (4) to match the S11 roughly with the reference
filter. Finally, add all radiation elements and use CST to do the
final optimization with the goal of S11 below -20 dB. The
dynamic range was set to be 10 % away from the initial values.
The final dimensions are then determined and given in Fig. 1.
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IV. 3D PRINTED PROTOTYPES
Considering the complex structures of designed models, the
AM500Q printer with a layer thickness of 30 μm was used to
fabricate them [14]. The metal powder is ALSi10Mg-0403 that
composed of aluminum alloy with10% silicon and other minor
elements. The mixed compositions allow models to maintain
high conductivity (σ = 2.56 × 10^7 S/m) while owning lighter
weight but stronger robustness than pure aluminum [15]. Fig. 9
illustrates the printing status check using the software called
“Renishaw QuantAM,” where a reference filter was printed as a
whole, while the filtering antenna models were printed with
three pieces. The color cylinders are metal supports that are
generated by the software automatically. The blue means the
supports might be needed, while the red means necessary. The
Z-axis is the printing direction with the safe build angle (θs)
that should be less than 55° for printing successfully. Following
the printing rule, the designed models achieved self-supported
structures that directly print from bottom to top without any
inclination angle or inside supports. This could highly reduce
the assemble error and post-removing error.
The printed pieces are shown in the right-end part of Fig. 9,
which are completed well without supports. After tuning using
the metal pin, the measured results are plotted along with the
EM simulated ones in Fig. 10 for comparison. As can be seen,
the simulated and measured results clearly show that the
filtering antenna exhibits the same frequency-selective function
as the reference filter does. The TZs highly improved the
selectivity of the stopband of both components. The decreased
bandwidth is caused by the sensitivity of the parameters G. The
filter's insertion loss is only 0.48 dB benefited from the high Q
of the MSCR. The measured average Q value is around 1030
across the passband, which is lower than the simulated value
because of the rough surface. The filtering antenna's measured
fractional bandwidth (S11 < -10 dB) is 8.40% centered at 6GHz,
and the measured gain is relatively flat over the passband with
an average gain of around 5.9 dBi. The filtering antenna also
has high efficiency greater than 90% across the passband that is
evaluated by gain/directivity. The measured radiation patterns
in both H- and E-planes are shown in Fig. 11, which are also
very close to the simulated results.
Table I compared the designed filtering antenna filters with
other compact high-Q ones in terms of frequency, Qu, fractal
bandwidth (FBW), size, TZ, and maximum gain. As it can be
observed, the proposed filtering antenna presents the maximum
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Fig. 10. Compared S-responses of the filtering antenna via the reference filter.
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TABLE I
COMPARISON OF PUBLISHED FILTERING ANTENNAS
Ref

f0
(GHz)

Qu

FBW

TZ

[3]
[6]
[12]
T.W.

9.85
10.18
5.5
6.0

850
1000
< 200
1030

6.8%
3.0%
2.6%
8.4%

NO
NO
YES
YES

Volume
(Area ×
Height)
0.25 λg3
0.16 λg3
0.017 λg3
0.030 λg3

Max.
e%

Max
Gain

89 %
86%
89%
94%

6.2
4.9
4.3
6.3

T.W.: This work; Max. e%: Simulated maximum transmission efficiency.

Qu, gain and transmission efficiency with a very competitive
size compared with others. In addition, the proposed filtering
antenna can also provide multiple TZs with simple inline
topologies, which highly improves the stopband selectivity.
V.

CONCLUSION

3D printing is an enabling technology for RF components.
To that end, a newly developed compact 3D metal printed
filtering antenna has been introduced. The designed filtering
antenna exhibits high selectivity, gain, and efficiency with a
very compact size. 3D metal printing technology was utilized to
fabricate the designed models. The final measured results
showed promising results for further R&D exploiting advanced
design and fabricating.
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