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Abstract: This paper investigates a 220 GHz quasi-optical antenna for millimeter-wave wireless
power transmission. The quasi-optical antenna consists of an offset dual reflector, and fed by a
Gaussian beam that is based on the output characteristics of a high-power millimeter-wave radiation
source-gyrotron. The design parameter is carried on by a numerical code based on geometric
optics and vector diffraction theory. To realize long-distance wireless energy transmission, the
divergence angle of the output beam must be reduced. Electromagnetic simulation results show that
the divergence angle of the output beam of the 5.6 mm Gaussian feed source has been significantly
reduced by the designed quasi-optical antenna. The far-field divergence angle of the quasi-optical
antenna in the E plane and H plane is 1.0596◦ and 1.0639◦, respectively. The Gaussian scalar
purity in the farthest observation field (x = 1000 m) is 99.86%. Thus, the quasi-optical antenna
can transmit a Gaussian beam over long-distance and could be used for millimeter-wave wireless
power transmission.

Keywords: millimeter waves; wireless power transmitting; quasi-optical antenna; gaussian beam;
Gyrotron

1. Introduction

Microwave power transmission (MPT), as a feasible solution for long-distance wireless
power transmission, has attracted much attention for many potential applications, such
as space solar power generation [1,2], continuous high-altitude relay platforms [3,4], etc.
Compared to microwaves, millimeter waves have higher frequencies and better beam
directivity [5], which are considered more conducive to long-distance wireless energy
transmission applications. However, due to the lack of high efficiency and high power
millimeter-wave source (such as magnetron in the microwave region), the investigations
on millimeter-wave power transmission are limited.

In recent decades, the high power millimeter-wave source has achieved rapid de-
velopment [6–8]. Gyrotron, which is also named electron–cyclotron maser, is based on
stimulated cyclotron emission processes involving energetic electrons in gyrational mo-
tion [9–11]. Unlike the traditional vacuum electronic devices utilizing slow-wave circuits as
their interaction structures, gyrotron is a fast-wave device that has much larger physical di-
mensions than the operating wavelength. Therefore, it has higher output power and higher
efficiency than traditional vacuum electronics devices in the millimeter-wave region [12,13].
Until now, a 2.2-MW peak power with an efficiency of 48% has been obtained in 170-GHz
gyrotron in Forschungszentrum Karlsruhe, and a 70% peak efficiency with power 0.8-MW
has been achieved in 70-GHz gyrotron in the Russian Academy of Science [14]. Thus, the
millimeter-wave power transmission based on gyrotron becomes practicable.
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However, the divergence angle of the beam output by the gyrotron is large, which
makes the energy collapse sharply when it travels a long distance. Therefore, the Gaussian
beam output by the gyrotron is mainly applied for short distances [15–17]. Accordingly, to
make it suitable for long-distance energy transmission, it is necessary to solve the problem
of the large divergence angle of the gyrotron output Gaussian beam. There are still few
investigations directly devoted to studying this issue, as far as the author knows, but some
similar research work inspire associating. For example, the Gaussian laser beam is different
from the Gaussian beam output by the gyrotron in the frequency band. In the application of
semiconductor lasers, it has been presented that a collimating lens can be used to increase
the waist radius of the Gaussian laser beam, thereby reducing the divergence angle of
the Gaussian laser beam [18]. Nevertheless, for a gyrotron with high frequency and high
output power, the material and manufacturing process of the required lens are difficult to
achieve. In addition, some scholars have proposed a feed-forward Cassegrain geometry to
increase the waist radius of the Gaussian laser beam, thereby reducing the divergence angle
of the Gaussian laser beam [19]. However, the Gaussian beam obtained by this structure is
greatly influenced by the aperture blockage. The center of the gotten beam is empty, and
its Gaussian content is not suitable for energy transmission.

Based on the above, this paper proposes an offset Cassegrain dual reflector scheme,
which uses 220 GHz gyrotron output Gaussian beam as the feed source to form together
with a quasi-optical antenna structure. This design structure can reduce the divergence
angle of the Gaussian beam output by the gyrotron, thereby realizing the wireless energy
transmission over a long distance in the millimeter-wave band. Meanwhile, 220 GHz is
selected as the operating frequency, which is the highest atmospheric window with low
transmission attenuation in the millimeter-wave region [5].

The quasi-optical antenna structure and physical principle of reducing the divergence
angle of the Gaussian beam output by the gyrotron will be addressed in Section 2, where
a numerical calculation program for optimizing the quasi-optical antenna parameters is
designed. Simulation results and discussion about the quasi-optical antenna on wireless
energy transmission are presented in Section 3, followed by the conclusion in Section 4.

2. Structure and Design Principles
2.1. Antenna Structure

The 3D structure of the proposed quasi-optical antenna is described in Figure 1. And a
standard fundamental mode Gaussian feed is considered to be a substitute for the Gaussian
beam output by the 220 GHz gyrotron. The dual reflector antenna is composed of a main-
reflector and a subreflector. To prevent the feed source and the subreflector from blocking
the reflected wave, the offset Cassegrain dual reflector scheme [20,21] is adopted here. The
feed source and the subreflector are offset from the main reflector.
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2.2. Gaussian Beam Propagation Theory

During the propagation of the Gaussian beam, most of the energy is concentrated
near the propagation axis. The wave amplitude in the transverse direction is variable and
conforms to the Gaussian distribution. Considering the paraxial approximation condition,
the field distribution of a fundamental Gaussian beam propagating along the X-direction
can be assumed as [22] (pp. 15–16):

ϕ(r, x) = u(r, x) exp(−jkx) =

√
2

πω2(x)
× exp

(
− r2

ω2(x)

)
× exp

(
−j
[

k
(

x +
r2

2R(x)

)]
− φ

)
(1)

ω(x) = ω0

√√√√1 +

(
λx

πω2
0

)2

(2)

R(x) = x

1 +

(
πω2

0
λx

)2
 (3)

where r is the radial distance from the point to the propagation axis X. ω(x) is defined as
the beam radius of the position where the amplitude decreases to 1/e; At x = 0, the beam
radius of the Gaussian beam is the smallest, expressed by ω0, which is also defined as
Gaussian beam waist. The wavenumber is k = 2π/λ. R(x) is a measure of the radius of
curvature of the wavefront. λ is the wavelength.

It is noteworthy that the Gaussian beam’s main mode is an approximate solution
under the paraxial condition of the wave equation. Whether this paraxial approximation is
effective depends on the electrical size of the Gaussian beam waist. The requirements are
as follows [22] (pp. 35–36):

ω0/λ ≥ 0.9003 (4)

As long as the waist of a Gaussian beam satisfies the above equation, its Gaussian
beam propagation characteristics can be guaranteed, and various related formulas can
be applied.

Figure 2 shows the propagation of the Gaussian beam and the variation of the beam
radius and curvature radius along the propagation direction in the longitudinal section.
When the Gaussian beam is far away from the beam waist, the angle between the position
where the radius of the Gaussian beam falls to 1/e of the maximum value on the x-axis and
the z-axis is defined as the far-field divergence angle (half angle) of the Gaussian beam,
as follows:

θ = tan−1 lim
x→∞

ω(x)
x

= tan−1

√
λ

πω0
(5)
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To realize the long-distance bunching transmission of the Gaussian beam, it is neces-
sary to reduce the divergence angle θ by increasing the Gaussian beam waist ω0. From the
perspective of energy, the beam energy contained in the far-field divergence angle accounts
for 86.5% [23] of the total energy of the Gaussian beam. Hence, It corresponds to a decrease
of 8.68dB in the relative peak power in the far-field pattern.

A Gaussian beam is characterized by the Gaussian mode purity, which is usually
described by the correlation coefficient between the output beam E1 and a theoretical
fundamental Gaussian beam E0 [24]. The correlation coefficient can be defined in two
ways: One is the Gaussian scalar content ηs, which involves the amplitude of the field.
The other is the Gaussian vector content ηv, including amplitude and phase, which can be
expressed as

ηs =

s
SbE1c·bE0cdS√s

SbE1c2dS·
s

SbE0c2dS
(6)

ηv =

s
S E∗1E0dS·

s
S E1E∗0dS

s
SbE1c2dS·

s
SbE0c2dS

(7)

In millimeter-wave wireless power transmission applications, we mainly consider the
Gaussian scalar content of different transmission observation surfaces.

2.3. Design of the Reflectors

The geometry of the classical offset Cassegrain dual reflector antenna [20,21] is shown
in Figure 3. To simplify the design, this paper adopts three coordinate systems, including
the global coordinate system represented as (O, X, Z), the main-reflector coordinate system
depicted as (O0, X0, Z0), and the subreflector coordinate system represented as (O1, X1, Z1).
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As shown in Figure 3, the main reflector is a rotating parabolic reflector cut by a cone,
which can be expressed in (O0, X0, Z0) coordinate system as

x0 =
z2

0
4 fm
− ( fm − c) (z0 < 0) (8)

where fm is the focal length of the main reflector, and c is the focal length of the subreflector.
It is formed by rotating the above part of the parabolic 360◦ around the focal point F2. The
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vertex of the cone and the focal point of the parabolic surface are both F2. The cone angle
is θ5.

As illustrated in Figure 4, the subreflector is a rotating hyperboloid surface cut by
a cone. The cutting cone of the subreflector is the same as the cutting cone of the main
reflector. The cross-section of the second reflecting surface can be expressed in the (O1, X1,
Z1) coordinate system as

x2
1

a2 −
(
y2

1 + z2
1
)

b2 = 1 (x1 > 0). (9)
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It is formed by rotating the right part of the above hyperbola 360◦ around the focal
point F2. The real focus and virtual focus are F1, F2, respectively. The distance from the
vertex to the origin O1 is a and the focal length is c, b =

√
c2 − a2.

A fundamental mode Gaussian beam was propagated towards the subreflector and
reflected back to the main reflector. According to the geometric optics theory, when
the Gaussian ray (emitted from a Gaussian feed source on focus F1) is reflected by the
hyperboloid, the reflection line can be regarded as being emitted from the virtual focus
F2 of the hyperboloid, which is equivalent to being emitted from the focus F2 of the
paraboloid [20]. Therefore, under a certain approximation condition, after being reflected
again by the paraboloid, these Gaussian rays can approximately form a beam parallel to
the axis of the paraboloid [25]. In other words, the divergent Gaussian beam fed from the
focal point F1 can be converted into a plane-like wave—namely, the divergence angle of
the Gaussian beam is reduced. Hence, the Gaussian beam can be propagated at a longer
distance in free space.

As illustrated in References [20,21], although the dual reflector, shown in Figure 3,
can be defined by 21 parameters, only five of them need to be determined for the design,
and the other parameters can be derived. However, using only the geometric optics
method in [20,21] to obtain the design parameters of the dual reflector is not accurate in the
millimeter-wave band. The finite aperture dimension of the dual reflector causes diffraction
effects, such as main-reflector spillover, phase error losses, and additional amplitude taper
losses [22,26]. Therefore, the vector diffraction theory [27] is applied to accurately verify
the performance of the dual reflector.

Based on the vector diffraction theory, the field at any point in free space could be
calculated as long as the source field is already known. The observation field radiated from
the Gaussian feed can be done by using the Stratton-Chu formula [28].
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where
→
E ,
→
H are the electric and magnetic field vectors on the rectangular aperture. µ is

the vacuum permeability, ε is the vacuum permittivity, S′ is the integral aperture surface,
→
n is the unit vector normal to the rectangular aperture surface, and g

(→
r ,
→
r ′
)

is the point
source Green’s function, defined by

g
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→
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= ejk|→r−→r ′ |/
(

4π
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where
∣∣∣→r −→r ′∣∣∣ is the distance between the observation point and the source point.

The induction current on the reflector is as follows:

→
JE = 2

(
→
n ×

→
H
)

. (13)

The input power Pin in Gaussian feed is normalized, and the received power Pout at
the observation plane is

Pout =
x 1

2
Re
(→

E ×
→
H?

)
·→ndS (14)

The calculation of the received power Pout on the observation surface is based on
the main lobe of the beam obtained on the observation surface. The power transmission
efficiency δte from of the Gaussian feed to the observed plane is

δte =
Pout

Pin
(15)

In this paper, a, c, θ1, θ3 and fm are adopted as the initial parameters for the dual
reflector, which is feed by a 220 GHz fundamental Gaussian beam with a waist radius of 5.6
mm. The whole quasi-optical antenna is designed and analyzed for wavelength λ = 1.3636
mm. The initial parameters of the main reflector are fm = 140λ, c = 55λ. The parameters
of the subreflector are a = 7λ, θ1 = 20, θ3 = 25. Although other parameters can be
derived from formulas in [20,21], considering the diffraction effects, the vector diffraction
theory is applied to accurately verify the parameters of the quasi-optical antenna.

Based on the vector diffraction theory, a numerical simulation Matlab code called
Gaussian Optical Mirror Transmission (GOMT) was developed to calculate the field distri-
bution on the mirrors and the observed field, which could adjust and optimize the design
parameters of the quasi-optical antenna system. The optimization processing is done by
adjusting a, c, θ1, θ3 and fm. The field distribution on different output observed planes
is calculated. When Gaussian mode purity reaches a satisfying value, for example, the
Gaussian scalar content is over 98%, the optimizing work is ended.

Through optimizing the mirror structure parameters by numerical code GOMT, the
optimized design parameters are gotten: The final parameter of the main reflector is
fm = 140λ, c = 57.498λ. The final parameter of the subreflector is a = 7.002λ, θ1 = 20,
θ3 = 26. All the final geometrical dimensions, as listed in Table 1, are adjusted by the
Matlab code GOMT. The field distribution of the above quasi-optical antenna (ω0 = 5.6 mm)
at 220 GHz calculated by GOMT is demonstrated in Figure 5. It shows that the field radiated
from the feed is transformed into a well-shaped Gaussian beam at different output observed
fields. Moreover, the overall size of the presented quasi-optical antenna is optimized to



Electronics 2021, 10, 634 7 of 14

be 0.135 × 0.134 × 0.210 mm3, which is much smaller than the size of the transmitting
antenna based on the microwave transmitting system in Reference [29].

Table 1. Geometrical dimensions of the dual reflector.

Parameter Value Parameter Value

Hyperboloid parameter a (mm) 9.5482 θ3 (◦) 26
Hyperboloid parameter c (mm) 78.4063 θ4 (◦) 30

θ0 (◦) 50 θ5 (◦) 32.28
θ1 (◦) 20 fm (mm) 190.9091
θ2 (◦) 24 D0 (mm) 132.4000
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The 3D full-wave simulator Computer Simulation Technology (CST) Microwave
Studio has been carried out to verify the GOMT code. The modeling process is as follows:
Firstly, setting the center frequency of the whole scheme as f = 220 GHz, we adopt Matlab
software to compile a fundamental mode Gaussian beam (ω0 = 5.6 mm) feed radiation
model file; Then, following Equations (8) and (9) and parameters in Table 1, we can
determine the dual reflector model structure; Finally, the feed radiation file is imported to
excite the dual mirror model, and the Asymptomatic Solver is used to simulate the entire
quasi-optical antenna structure.

The results are shown in Figure 6. The obtained waist radius are 39.225 mm and
39.62 mm, respectively. And it is obvious to see that the output electric fields in x = 2.2 m
calculated by the CST Microwave Studio commercial software are well consistent with the
ones calculated by the GOMT code. For further verification, we compared the Gaussian
beam correlation coefficients at different positions of the output observed field. The results
are shown in Figure 7. It is clear that the scalar purity calculated by the CST Microwave
Studio is in accordance with the one calculated by the GOMT code. This GOMT code was
previously applied in designing a quasi-optical mode converter for 220 GHz TE03 mode
gyrotron, and the experimental results were well consistent with theoretical predictions [30].
The consistency of the CST Microwave Studio commercial software and the GOMT results,
as well as the previous experimental verification of the GOMT code, provide solid evidence
for the correctness of the GOMT code.
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Microwave Studio on different output observed fields.

Moreover, compared to the commercial simulation software CST Microwave Studio,
the running time is significantly reduced by using the GOMT code. A runtime of seven
minutes by GOMT code, compared to more than one day by the 3D full-wave simulation
commercial software at the same parameters.

3. Simulation and Discussion

Simulations are initiated by using the 3D full-wave simulator CST Microwave Studio
to simulate the reflection and propagation of wave beam through the above designed quasi-
optical antenna. The simulation of the cross-section through the quasi-optical antenna in
Figure 8b shows the propagation of the energy from the Gaussian feed to the free space
on the XZ cross-section. Compared to Figure 8a, the beam radius of the Gaussian beam is
significantly reduced; that is, the divergence of the Gaussian beam from the feed source is
greatly reduced, which proves the effectiveness of the designed quasi-optical antenna in
reducing the Gaussian beam’s divergence.
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Figure 8. (a) Cross-section of the Gaussian-feed with electric field from the 3D simulation; (b) Cross-
section of the quasi-optical antenna with electric field from the 3D simulation. The contour maps are
shown at 20 dB increments from −60 dB to 0.

To further verify the above statements, the far-field radiation patterns of the entire
antenna are described in Figure 9. As shown in Table 2, the far-field divergence angle
of the 5.6 mm Gaussian feed in E-plane and H-plane is 4.5031◦ and 4.5032◦, respectively.
When the dual reflector antenna is added to the 5.6 mm Gaussian feed, the gain of the
transmitting system increases from 31.0500 dBi to 43.3442 dBi. However, the far-field
divergence angle of E-plane and H-plane decreases by 3.4435◦ and 3.4393◦, respectively. In
other words, the far-field divergence angle of the quasi-optical antenna in the E plane and
H plane is 1.0596◦ and 1.0639◦, respectively. Therefore, the divergence angle of the output
beam of the 5.6 mm Gaussian feed source has been significantly reduced by the designed
dual reflector antenna.
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Table 2. Comparison of the Gaussian feed with and without the Dual Reflector.

Output Observation Position Gain 8.68-dB Beamwidth (◦)
(dBi) E-Plane H-Plane

Gaussian feed with the
dual reflector (ω0 = 5.6 mm) 43.3442 1.0596 1.0639

Gaussian feed (ω0 = 5.6 mm) 31.0500 4.5031 4.5032
Difference 12.2942 −3.4435 −3.4393

According to Figure 9, the 3-dB beamwidth, sidelobe levels (SLL), and back lobe levels
(BLL) of the proposed quasi-optical antenna are summarized in Table 3. Compared with the
phased array by the Japanese group [31], the 3-dB beamwidth on the E-plane and H-plane
is far behind 7.3◦. The gain of the quasi-optical antenna is much higher than 17.6 dBi.
Meanwhile, the sidelobe levels and back lobe levels of the proposed quasi-optical antenna
on the E-plane and H-plane are very low. This indicates the proposed antenna has a strong
anti-interference ability. Moreover, to reduce simulation time, the GOMT code is used to
calculate the transmission efficiency at different observation surfaces instead of using a CST
Microwave Studio simulator. As shown in Table 4, without considering the atmospheric
loss, the power transmission efficiency of different observation surfaces was all above 99%.
Besides, as described in Table 5, after using the quasi-optical antenna structure designed
above, the waist radius of the Gaussian beam obtained at different observation planes is
significantly reduced. Accordingly, the quasi-optical antenna structure is conducive to
energy concentration and reception in wireless power transmission.

Table 3. Three-decibel beamwidth, sidelobe level, and backlobe level of the quasi-optical antenna.

3-dB Beamwidth (◦) SLL (dB) BLL (dB)
E-Plane H-Plane E-Plane H-Plane E-Plane H-Plane

Quasi-Optical Antenna 0.8433 0.8444 −57.2262 −64.3269 −67.84422 −76.5442

Table 4. Transmission Efficiency of Different Output Observation Positions.

Output Observation Position(m) 0.4 0.6 0.8 1.0 1.2 1.4

Transmission Efficiency δte (%) 99.574 99.569 99.566 99.562 99.558 99.554

Output Observation Position(m) 1.6 1.8 2.0 2.2 10 1000

Transmission Efficiency δte (%) 99.546 99.542 99.538 99.534 99.538 99.531

Table 5. Gaussian Beam Waist Radius (GBWR) of the Gaussian feed with and Without the Dual Reflectors at Different
Output Observation Positions.

Output Observation Position (m) 0.4 0.6 0.8 1.0 1.2 1.4

GBWR of the Gaussian feed (m) 0.03151 0.04684 0.06226 0.07771 0.09318 0.10866

GBWR of the Gaussian feed
with the dual reflector (m) 0.02273 0.02281 0.02331 0.02457 0.02598 0.02832

Output Observation Position (m) 1.6 1.8 2.0 2.2 10 1000

GBWR of the Gaussian feed (m) 0.12414 0.13963 0.15512 0.17062 0.77513 77.5125

GBWR of the Gaussian feed
with the dual reflector (m) 0.03037 0.03349 0.03646 0.03923 0.18815 19.4156

Considering for long-distance transmission, the farthest observation surface is set at
x = 1000 m, although it is much larger than the far-field condition of the antenna. It can
be seen in Figure 10, the Gaussian scalar content transmitted to the observation surface
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at 1km is up to 99%, and the obtained Gaussian beam waist radius is 19.416 m. The
received Gaussian beam waist radius value of 19.416 m is much smaller than the Gaussian
beam waist radius value of 77.513 m when only 5.6 mm Gaussian feed is transmitted
to x = 1000 m. Thus, the designed quasi-optical antenna has potential in wireless power
transmission.
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From the above simulation results, it can be concluded that the antenna proposed in
this paper has the characteristics of high frequency, small size, high gain, low sidelobe level,
small beamwidth, and small divergence angle. These characteristics make it a potential
candidate for wireless power transmission in the millimeter-wave frequency band.

As shown in Figure 11a, the far-field divergence angle of the quasi-optical antenna
varies with different frequencies. It can be seen that the divergence angle varies at the same
level, and the minimum divergence angle is obtained at 220 GHz. Besides, at the furthest
observation position, where x = 2.2 m, the simulated quasi-optical antenna Gaussian
mode content in the frequency band from 160 to 280 GHz is presented in Figure 11b. The
Gaussian scalar mode content of the generated beam is over 99% from 160 to 280 GHz, and
the maximum Gaussian scalar mode content with 99.88% is achieved at 180 GHz. Hence,
the above results indicate the designed quasi-optical antenna has a very wide operating
frequency band in the Gaussian purity and far-field divergence angle.

Next, attempts to explore the relationship between different Gaussian feed waist and
the designed quasi-optical antenna transmission system are presented. The specific steps
are as follows: When the waist radius ω0 of the Gaussian beam is constant, according
to [32], the electric and magnetic field components of the fundamental Gaussian beam
(corresponding to ω0) can be obtained. Then, the component data are converted into
corresponding radiation model files. Considering Equation (4), take the value ω0 from
2.3 mm to 10 mm, with an interval of 1.1 mm, adopt f = 220 GHz, and its corresponding
radiation model files with different Gaussian beam waist can be obtained. Finally, we
import different feed radiation files as feed sources to illuminate the dual reflectors designed
in this paper.

The simulation results are shown in Figure 12a. On the whole, as the beam waist
radius of the input Gaussian feed increases, the Gaussian beam divergence angle becomes
larger, but the overall gain shows a downward trend. At frequency f = 220 GHz, the
Gaussian feed with the waist (ω0 = 2.3 mm) and (ω0 = 3.4 mm) can obtain higher gain and
lower divergence angle than other waist radii. At frequency f = 220 GHz, the Gaussian
scalar mode content versus the output position and various Gaussian feed waist are
shown in Figure 12b, we can see that the Gaussian feed with the waist (ω0 = 2.3 mm) and
(ω0 = 4.5 mm) can obtain higher Gaussian content than other waist radii at different output
observed fields. In other words, considering the antenna gain, far-field divergence angle,
and Gaussian scalar content of different observation fields, the Gaussian beam of waist
ω0 = 2.3 mm is the best feed source for the quasi-optical antenna designed in this paper.
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Thus, the waist radius of the Gaussian feed has a great impact on the performance of the
designed transmitting antenna system, and choosing a suitable Gaussian feed waist radius
is important.
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4. Conclusions

The excessive divergence angle of the gyrotron output Gaussian beam is a drawback
for its application in wireless power transmission. This paper presented a quasi-optical
antenna structure that reduces the divergence angle of the feed and realize long-distance
wireless power transmission in the millimeter-wave band. The feed is considered to be a
substitute for the Gaussian beam output by the 220 GHz gyrotron.

Considering the diffraction effects, a numerical MATLAB code GOMT is programmed
to optimize the design parameters, based on geometric optics and the vector diffraction the-
ory. The numerical code shows similar simulation results with the 3D full-wave simulator
CST Microwave Studio, and can sufficiently reduce calculation running time.

The simulation results show the designed quasi-optical antenna has the characteristics
of high frequency, small size, high gain, low sidelobe, small beamwidth, small divergence
angle, and wide bandwidths. The far-field divergence angles in the E plane and H plane
are 1.0596◦ and 1.0639◦, respectively. After using the designed quasi-optical antenna, the
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waist radius of the Gaussian beam obtained at different observation planes is significantly
reduced, facilitating the transmission and collection of energy. Even transmitted to 1 km
distance, the radiation kept Gaussian distribution well and the Gaussian scalar content is
up to 99%, and the obtained Gaussian beam waist radius is 19.416 m.

Additionally, the simulation indicated that different input Gaussian feed waists have
a great impact on the performance of the quasi-optical antenna. Considering the factors
of antenna gain, far-field divergence angle, and Gaussian scalar content of different ob-
servation fields, the Gaussian beam of the waist ω0 = 2.3 mm is the best feed source for
the quasi-optical antenna designed in this paper. Hence, the research results also could
provide references and requirements for developing gyrotron for better long-distance
millimeter-wave power transmission. A future step will optimize the output beam quality
of the gyrotron to satisfy this requirement.
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