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Abstract — This paper proposes a 3 dB coupler with
high-power handling capability feeds applied to high-
power intelligent metasurface, based on loosely coupled
structures and defected ground structure (DGS). The
proposed coupler structure consists of two tandem cou-
pled couplers with a coupling coefficient of 8.34 dB and
aDGS, a design that significantly enhances the couplers’
ability to handle high power levels. The measurement
results are in good agreement with the simulation results:
within the 3.5 to 4.5 GHz range, the return loss exceeds
21.4 dB, the isolation is at least 20.8 dB, the insertion
loss is less than 0.3 dB, and the phase difference between
output ports is 93-94.5°. Furthermore, the coupler can
handle high power exceeding 1.5 kW with a 10% duty
cycle. The proposed 3 dB coupler features low insertion
loss, high isolation, low return loss, high-power capabil-
ity, and can improve the power capability of intelligent
metasurface systems.

Index Terms — 3 dB coupler, defected ground structure
(DGS), high power, metasurface.

I. INTRODUCTION

In next-generation communication systems, the
application of metasurface will attract significant
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attention. Compared to traditional phased array beam
scanning methods, metasurface-based beam scanning
systems rely on a single active amplifier for feeding,
thereby imposing higher output power requirements on
the amplifier than conventional active phased array beam
scanning. To advance the engineering application of
metasurface, high-power electromagnetic energy feed-
ing sources will be indispensable, as show in Fig. 1.
Therefore, high-power couplers play a critical role in
metasurface-based communication systems for power
combining [1].
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Fig. 1. Metasurface beam scanning system.

With the rapid advancement of modern communica-
tion systems, miniaturization has become an irreversible
trend, driving the transition from traditional discrete
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components to hybrid integrated circuits (HICs). HICs
integrate multiple functional modules into a single pack-
age, significantly reducing system size while enhancing
performance and reliability [2]. In the radio frequency
(RF) domain, couplers are typically constructed using
coaxial lines, waveguides, and microstrip lines. Coaxial
lines and waveguides exhibit high-power handling capa-
bility but are bulky and unsuitable for HICs [3], whereas
microstrip couplers are more suitable for HICs due to
their compact structure [4]. Conventionally, couplers
fabricated by printed circuit board (PCB) suffer from
poor heat dissipation, are prone to overheating and line
burnout at high power, and have large dimensions [5].
For heat dissipation requirements, thin-film technology
on alumina ceramic substrates is an optimal choice:
99.6% pure alumina ceramics with a thermal conduc-
tivity of 37 W/(m-K) offer advantages of good heat dis-
sipation, low loss, small size, and excellent performance
in high-temperature environments [6, 7].

Traditional Lange couplers are difficult to manufac-
ture due to the narrow spacing and width of coupling
lines and are prone to arc breakdown at high power [8].
Therefore, the proposed 3 dB coupler employs two
tandem connected loose couplers to solve the problem
of close coupling line spacing, and a defected ground
structure (DGS) is introduced to further increase the
coupling line spacing and enhance power handling
capability, achieving a high-power handling capability
of 1.5 kW. The proposed coupler based on thin-film
technology on alumina ceramic substrates features high-
power handling capability, low insertion loss, and small
size, with measurement results in good agreement with
simulations.

II. CIRCUIT ANALYSIS AND DESIGN FOR
HIGH POWER
A. Structure of the proposed 3 dB coupler
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Fig. 2. Four-port network. (a) Single coupler and
(b) two-stage tandem coupler.

Figure 2 (a) shows a four-port coupler structure.
Assume that the signal level of Port 1 is 1, the signal
level of Port 4 is 0 and the coupling coefficient is C.
Therefore, the signal level of Port 2 is C, and the signal
level of Port 3 is v/1—C2 [9, 10]. Then the scattering
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parameter matrix of this coupler can be written:

0 C V1i-c2 0
G c 0 0 iVi=c2
jivVi=c? 0 0 c '
0 V1=C2 c 0

(D

Two identical couplers are connected in series as

shown in Fig. 2 (b), and the signal levels of its two output
ports can be calculated from (1):

Vap = Vip - Sa1 + Vi - Spa = 2C* — 1. 2)

Vap =Vip-S31+Vap - S3a = j2CV1-C2. (3)

For a 3 dB coupler, both output ports are equal in
level amplitude:

[Vap| = [V3p- (4)

The values of C are obtained from (4), C = 0.3827
(—8.34 dB) or 0.9239 (—0.69 dB). Therefore, a 3 dB
coupler can be composed of tandem two loose couplers,
thus increasing the coupling line spacing and power
handling capability. A 3 dB coupler, designed by cascad-
ing two 8.34 dB couplers, demonstrates the simulated
electric field (E-field) distribution shown in Fig. 3, with
a 1.5 kW pulse wave at a 10% duty cycle fed into the
input port.

Power level = 1.5 kW

E Field [V/m]
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Min: 2.809E-02

Fig. 3. E-field distribution simulation of the 3 dB cou-
pler.

The 3 dB coupler has a coupling line spacing of
122 um. In Fig. 3, the maximum field strength is
2.77x106 V/m, which is close to the breakdown field
strength of air (3 x 106 V/m). In practice, the coupler
must be designed with a maximum field strength of
less than 70% of the ultimate breakdown field strength
to ensure stable operation over long periods of time.
Therefore, the coupling line spacing needs to be further
increased to reduce the maximum field strength.
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B. Analysis of DGS
From [11, 12], the coupling coefficients of a typical
coupler can be calculated as follows:

Zeven - Zodd

C =
| | Zeven +Z0dd

; ®)

where Z,en, Zoqqa are the even and odd mode
impedances, respectively. Further transformations of (5)
are given:

, k= : (6)

Clearly, the coupling coefficient C is increasing
with k. The DGS enhances the field coupling between
the coupling lines as seen in [13]. The effect of DGS on
coupling lines is:

ko > kl, N

where k> means with DGS and k; means without DGS.
The result is obtained by substituting equation (7) into
equation (6):

G > Cy, ®)

where C, means with DGS and C; means without DGS.
The results indicate that adding DGS below the coupled
microstrip lines can improve the coupling effect between
them. Therefore, couplers with DGS can achieve 3 dB
coupling with wider coupling line spacing to increase
power tolerance.
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Fig. 4. The influence of DGS size on coupling coeffi-
cient: (a) when L =4 mm and (b) when W = 1.4 mm.

To obtain the optimal DGS size, the width and
length of the DGS are independently swept for simula-
tion. The effect of DGS size on the coupling coefficient
is shown in Fig. 4. The highest coupling coefficient is
obtained using a DGS with W = 1.4 mm and L =4 mm.
For microstrip lines, the coupling reduces as the lines
separate [14]. Therefore, using a DGS with W = 1.4 mm
and L = 4 mm maximizes the coupled line spacing [8].
The proposed 3 dB tandem coupler layout is shown in
Fig. 5 with three layers: top metal, alumina ceramic
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substrate, and bottom metal with DGS. Ultimately, the
designed 3 dB coupler has a coupling line spacing of
200 pum, which is a 64% increase compared to the
coupling line spacing of the coupler without DGS.

Fig. 5. Layout of the 3 dB coupler with DGS.

C. Simulation verification for high power

Power level = 1.5 kW
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Fig. 6. E-field distribution simulation of the 3 dB cou-
pler: (a) with DGS and (b) without DGS.

To validate the effect of DGS on enhancing the
coupler’s power handling capability, a 1.5 kW pulse
wave with a 10% duty cycle is applied to the input
port, and the simulated E-field distribution is shown
in Fig. 6 (a). The highest E-field intensity is primarily



concentrated between the coupled lines, reaching a value
of 1.96 x 106 V/m. For comparison, an E-field distri-
bution simulation was performed for the 3 dB coupler
without DGS, with the input power adjusted to achieve
the same maximum field intensity as in Fig. 6 (a).
The simulation results are shown in Fig. 6 (b). For the
3 dB coupler without DGS, the maximum field strength
of 1.96x106 V/m was reached when the input power
was 0.9 kW. The implementation of DGS effectively
improves the power handling capability of the coupler,
increasing it by 67% compared to the coupler without
DGS, thus meeting the requirements for sustained high-
power operation. But DGS may increase fabricating
complexity due to sensitivity to dimensional tolerances
(as hinted in Fig. 4) and could be less effective at
frequencies outside the 3.5-4.5 GHz band due to sub-
strate constraints. Additionally, DGS structures might
not scale well to lower frequencies without larger sizes.

The results of the temperature distribution simula-
tion of the proposed coupler are shown in Fig. 7. The
ambient temperature is set to 70°C, using the same input
conditions as the E-field simulation. The thermal con-
ductivity of the alumina substrate is set at 37 W/(m-K),
while that of the top and bottom metallic layers is
established at 400 W/(m-K). The maximum temperature
is 87.6°C at the coupling line, which is lower than
the limiting temperature of the process (260°C). The
above simulation results verify the high-power handling
capability of the proposed coupler.
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Fig. 7. Temperature distribution simulation.

III. FABRICATION AND MEASUREMENT
RESULTS

The proposed 3 dB coupler is fabricated by an
alumina ceramic substrate with a thickness of 635 um,
a purity of 99.6%, and relative dielectric permittivity
er = 9.8. Alumina ceramic substrates (99.6% purity)
offer a high thermal conductivity of 37 W/(m-K). This
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property is critical for high-power handling, as it effi-
ciently dissipates heat generated during operation, pre-
venting overheating and line burnout, a common issue
in PCB-based couplers. The alumina ceramic’s high
thermal conductivity directly enhances power handling.
This substrate allows for good heat dissipation, low
loss, small size, and excellent performance in high-
temperature environments. For HICs, alumina ceramics
support miniaturization and reliability. Alumina sub-
strates facilitate this through thin-film technology, allow-
ing for compact dimensions and compatibility with high-
frequency applications.

The top layer is plated with 2 um of gold using thin-
film technology and the bonding wires are 500 x 25 um
gold strips. The design process involved optimizing
DGS dimensions to maximize coupling coefficients,
Manufacturing tolerances, such as changes in film line
width and DGS position alignment, may affect coupling
efficiency and field distribution. A 10% tolerance online
spacing in thin film processes can alter the maximum
electric field strength. The fabricated 3 dB coupler is
shown in Fig. 8, with dimensions of wy X w; = 6.15 X
12.15 mm?, which is well suited to HIC. The detailed
physical parameters are (Unit: mm): w3 = 0.2, wqs = 0.6,
w5 = 10, We = 1.2, w7 = 9.4.

Fig. 8. Photograph of the fabricated 3 dB coupler.

Figure 9 shows the small-signal measure results
of the fabricated 3 dB coupler. The measured S3; and
S>1 are —3.29 dB and —3.3 dB at 4 GHz, with good
performance. The coupling coefficient is 3.29-3.49 dB,
and the insertion loss is less than 0.3 dB, across the
frequency range of 3.5 to 4.5 GHz. Return loss and
isolation also perform well, greater than 21.4 dB and
20.8 dB, respectively. And £S3; — £8S;; (phase differ-
ence) is 93-94.5° within the operating frequency.

The fabricated coupler was tested for high-power
operation and operated continuously for 120 minutes
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Fig. 9. Small-signal simulation and measured results:
(@) [S21| and |S31], (b) |S11] and |S4;1|, and (c) phase
difference (£S31 — £831).

at an input of 1.5 kW with a 10% duty cycle with-
out any abnormalities, with lower duty cycles reduc-
ing thermal accumulation and achieving higher peak
power tolerance. The duty cycle directly affects ther-
mal management and continuous operation. Our power
endurance test ran stably at an ambient temperature of
70°C and a relative humidity of 40%. Humidity may
affect dielectric performance or arc risk. High humid-
ity may lower the air breakdown threshold (currently
designed to be below 70% of 3 x 10° V/m according to
section II.A), affecting long-term reliability. Therefore,

Table 1: Comparison with high-power and 3 dB couplers
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Fig. 10. Temperature distribution measured results at
high power.

it is required to use airtight sealing or substrate coating
to ensure low humidity levels. However, arcing occurs
when the input power is increased to 2 kW. The results
of the high-power temperature test, conducted with a
1.5 kW pulsed wave input and a constant temperature
surface maintained at 70°C at the bottom, are presented
in Fig. 10. In agreement with the simulation results,
the peak temperature is 89.2°C at the position of the
coupling line, which is less than the tolerable temper-
ature of alumina ceramics. The coupler operates well
without any detachment, proving that the coupler can
withstand high power exceeding 1.5 kW. Compared with
other work, the results are also competitive as shown in
Table 1.

Ref.

Technology Center Band Power | Coupling | Through | Isolation Phase Size
Fre- Width Han- Coeffi- (dB) (dB) Differ-
quency (%) dling cient ence (°)
(GHz) Capabil- (dB)
ity (kW)
[3] Coaxial Line | 0.0775 187.1 2 45+1.3 <0.65 >80 N/A 0.04 (Ao)
[15] Coaxial Line 0.55 163.6 0.3 20 <03 40 N/A 0.14 (Ao)
[4] Microstrip 0.44 7.8 1 25 0.2 66.2 N/A 0.04x0.03
(PCB) (o)
[12] Microstrip 2.5 48 N/A 4 2.5 21.4 89.2-89.5 | 0.11 (A¢p)
(AL, O3)
[16] Cross-slot 3.44 30 N/A 3.59 3.39 29.18 89.1 0.19%0.17
(PCB) (Ao?)
[17] SISPSL 5 16.45 N/A 3.740.22 | 3.606+0.08 15-45 90+0.5 | 0.40x0.40
(PCB) (Ao?)
This Work | Microstrip 4 25 1.5 3.29-3.49 | 3.08-3.3 >20.8 93-94.5 | 0.08x0.16
(AL, O3) (Ao?)

SISPSL: Substrate Integrated Suspended Parallel Strip Line. A is the wavelength in air at the center frequency.



IV. CONCLUSION

This paper presents a novel 3 dB coupler with a
power handling capacity exceeding 1.5 kW. Two inno-
vative solutions are proposed to address the challenge
of excessively narrow coupling line spacing: cascading
two loosely coupled coupler structures in tandem config-
uration and introducing a DGS to enhance the coupling
coefficient of the transmission lines by 64%. Conse-
quently, the power handling capability is improved by
67% compared to 3 dB couplers without DGS. Com-
prehensive electromagnetic simulations and experimen-
tal measurements validate the excellent performance in
terms of S-parameters and high-temperature character-
istics. This study can effectively enhance the power
handling capacity of metasurface-based communication
systems, thereby extending their coverage range.
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