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Prediction and experimental measurement of the electromagnetic
thrust generated by a microwave thruster system*
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A microwave thruster system that can convert microwave power directly to thrust without a gas propellant is devel-
oped. In the system, a cylindrical tapered resonance cavity and a magnetron microwave source are used respectively as the
thruster cavity and the energy source to generate the electromagnetic wave. The wave is radiated into and then reflected
from the cavity to form a pure standing wave with non-uniform electromagnetic pressure distribution. Consequently, a net
electromagnetic thrust exerted on the axis of the thruster cavity appears, which is demonstrated through theoretical calcula-
tion based on the electromagnetic theory. The net electromagnetic thrust is also experimentally measured in the range from
70 mN to 720 mN when the microwave output power is from 80 W to 2500 W.
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1. Introduction

The conventional space plasma thrusters, such as Hall
thrusters and ion thrusters, are space propulsion devices with
high performance, high reliability, and long life duration.
These thrusters can control and position satellites accurately
and power deep space spacecrafts used for asteroid detection
and moon sensing.'®1 A solar sail is another space propul-
sion device that can move forward without consuming gas
propellant as long as it can collect sufficient energy from
sunlight”) This concept has been known for more than a
century, but the feasibility of the solar sail technology has
just been demonstrated by a Japanese space yacht, called
IKAROS "' A microwave-propelled sail closely resembles a
solar sail. A thin metal mesh forms a sail that is pushed by
microwave radiation or Poynting flux from a separate ground
microwave source.!!! Relying on a propellantless solar sail
or a microwave-propelled sail instead of conventional elec-
tric propulsion provides the spacecraft with flexibility during
flight.

We have designed and fabricated another new type of
thruster: the microwave thruster. The key component of the
thrust is a cylindrical tapered resonant cavity, which can also
be pushed by microwave radiation, the same as sun photons
hitting a huge solar sail at a right angle and the Poynting flux
directing exactly to a huge metal mesh. The different be-
tween this system and the microwave sail is that the microwave
source and the tapered resonant cavity are integrated together,
while they are separated in the microwave sail. This property
makes the microwave thruster compact, highly efficient, and
easy to control the thrust level.
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Shawyer has worked on this new type of propulsion for
some time. He called the device the Emdrive. In September
2006, New Scientist reported!!?! that Shawyer had constructed
a prototype unit weighing 9 kg which consumes 700 W power
and produces 88 mN force. In May 2007, Eureka magazine
reported! 3! that a second unit has been built for demonstration
purposes, weighing 100 kg, consuming 300 W for microwave
production, and producing 96.1 mN force.

In 2008, Northwestern Polytechnical University took in-
terest in this new concept thruster, which is they called the
propellantless microwave thruster. Nowadays, considering the
only medium in the thruster system is microwave fields, they
call it the microwave thruster. They have explained the theory
behind this new propulsion according to the electromagnetic
theory and developed their first experimental model based on
the microwave resonant cavity theorem. With a developed
force-feedback thrust stand, the developed model was experi-
mentally demonstrated to generate a net electromagnetic (EM)
thrust from 70 mN to 720 mN when the microwave output
power was from 80 W to 2500 W. This article presents the
work. The structure of the new concept thruster is given in
Section 2. The explanation on the EM thrust exerted on the
cylindrical tapered resonance cavity is presented in Section 3,
together with the interpretation of the EM thrust induced by
a traveling microwave. The total net EM thrust prediction is
given in Section 4. The force-feedback stand and the measure-
ment results of the total net EM thrust from the microwave
thruster are showed in Section 5. The conclusion is given in
Section 6.
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2. Structure of the microwave thruster

As shown in Fig. 1, a microwave thruster can have two
kinds of structure. In Fig. 1(a), the thruster comprises a mi-
crowave source, waveguides 1-3, a circulator, and a cylindri-
cal tapered resonant cavity or thruster cavity, where the termi-
nal of waveguide 3 is opened to atmosphere or outer space.
The microwave source is used to generate a continuous mi-
crowave that is radiated into the thruster cavity through waveg-
uide 1, the circulator, and waveguide 2, and then reflected
from the cavity to atmosphere or outer space through waveg-
uide 2, the circulator, and waveguide 3. In this process, like
light acting on a solar sail, the radiating microwave also gen-
erates an EM pressure on every wall surface of the microwave
parts (waveguide, circulator, and thruster cavity), where the
integral of the EM pressure along the wall surfaces will form
the EM thrust. As shown in Fig. 1(a), inside the waveguides
and the circulator, the microwave field normally has an axi-
ally symmetrical distribution, therefore the EM pressure acting
on one side surface is equal to that on the opposite side, i.e.,
P4 = Ds, P = P7, P8 = P9, P10 = P11, P12 = P13, and the as-
sociated EM force has the same relation, i.e., F5 = Fg, F7 = Fg,
Fy = Fyo, Fi11 = Fi3, Fi13 = Fi4, which leads to zero total EM
force perpendicular to the side wall surfaces of the waveguides
and the circulator. The only non-zero EM force, shown as Fis,
Fi6, F17, F13, and Fig in Fig. 1(a), is along the axial direction.
However the axial EM force is too weak to be observed due
to the wave in traveling or non resonant state. The thruster
cavity is a key component that is developed based on the the-
ory of microwave resonant cavity. If the cavity is elaborately
designed and attains a resonant mode, then the phase of the
incident wave at any point inside of the thruster cavity will be
equal to the reflected one, and the amplitude of the total wave
will be a direct summation of the two waves, which leads to
a pure standing EM wave and an obvious EM pressure. If the
microwave resonant mode inside the thruster cavity is care-
fully chosen, on the inner wall of the thruster cavity, a special
EM pressure distribution can be formed to produce a net axial
EM thrust which is large enough to be observed. Therefore it
can be arranged so that the EM thrust mainly comes from the
thruster cavity.

In the structure shown in Fig. 1(a), the open waveguide 3
will lead to serious microwave leakage, which interferes with
the environment. As shown in Fig. 1(b), this problem can be
properly resolved by using a matched load to absorb the re-
flected microwave beam. The matched load attached to the
open waveguide 3 will change the reflected microwave into
radiated heat in the atmosphere or outer space through its ra-
diator. Thus this thruster system can avoid the microwave
leakage; meanwhile the additional EM thrust generated by the
matched load is also too weak to be considered for the trav-
eling wave state. Due to the exchange between microwave or

heat and atmosphere or outer space, both the thruster systems
are opened, and the system shown in Fig. 1(b) is appropriate
for actual use.
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Fig. 1. (color online) Microwave thruster systems with (a) reflected
microwave radiating to atmosphere or outer space and (b) reflected mi-
crowave energy being transferred to heat which is radiated to atmo-
sphere or outer space through a matched load.

3. Theory of EM thrust exerted on the bound-
ary of a limited closed volume filled by a mi-
crowave

3.1. EM thrust exerted on the boundary of a limited closed
volume filled by a traveling microwave

When an EM wave travels in free space, an EM thrust will
appear on the boundary of a chosen limited closed volume V
according to the Maxwell equation and the Poynting flux vec-
tor or energy flux density vector. In the process of thrust gen-
eration, the EM wave acts as the medium which will exchange
momentum and energy between the limited closed volume and
its outside space. Meanwhile the total momentum and the total
energy of the medium are conserved. The following deduction
will verify the statement.

Resorting to charged particles floating in an EM field can
make the statement deduction easily understandable and ac-
ceptable. The charged particles will be exerted by the electric
force of microwave, p E/, which is the Coulomb force, where
p is the charge quantity in a unit volume, and F is the electric
field of the microwave. The electric force instantly will force
the charged particles to move and generate an oriented current
in the unit volume, therefore the charged particles again are
exerted by the magnetic force of microwave, J x B, which is
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the Lorentz force, where B is the magnetic field of the mi-
crowave, and J is the current density of the moving particles.
According to Newton’s second law, the momentum g, of the
charged particles in the unit obeys

% =pE+JxB. (1)

dt
Obviously only the electric field works on the charged parti-
cles because the Lorentz force is always perpendicular to the
particle velocity. According to the law of conservation of en-

ergy, the energy w;, of the charged particles in the unit obeys

owp
—=J - FE. 2
Y 2
From the Maxwell equations, it can be deduced that
J (w,+wf)+V-S=0 3)
—(w .S =
8l p f ’

where S = E x H and wy= E-D/2+ H - B/2 respectively
present the energy flux density vector and the energy density
of the EM wave. In terms of the Gauss divergence law and
within the limited closed volume, Eq. (3) can be integral as

0
j{SS-ndSz —E/V(WP—FWf)dV =0. 4

By differentiating vector S with respect to time, considering
the Maxwell equation, and applying the differential parallel
vector equation, then

9
5, (oS +gp)

1 1
= -V. [ (280E2+2,u0H2) I—eEE—u,HH|. (5)

Set gr= Uy&S, obviously g is the momentum den-
sity of the EM field. By considering Maxwell tensor
T = —1(eoE>+1oH?*)I + €gEE + 11y HH, in terms of the
Gauss divergence law and within the limited closed volume,
Eq. (5) can be integral as

0
= /V (gr+g,)dV= ﬁ n-TdS. (©6)

Then for the only EM field where g, = 0 and w¢ = 0, equations
(4) and (6) will be

9
: /V (w)dV =0, )
E
E/V(gf)dV:ji'andS. @®)

Equations (7) and (8) demonstrate that the energy and the mo-
mentum of the EM field within the limited closed volume are
separately conserved and correspond to Newton’s second law.
Obviously the right hand of Eq. (8) is the EM force exerted on
the EM field boundary of the limited closed volume. Accord-
ing to Newton’s third law, the boundary of the limited closed
volume also will be acted by the force — §on - T'dS.

3.2. EM thrust exerted on the boundary of thruster cavity
filled by a pure standing microwave

As Fig. 2 shown, at any point of the thruster cavity inner
wall, a Descartes reference frame (x,y,z) and its unit vector
directions (%y, %y, i) are defined, then the electric components
of the Maxwell tensor are

T. = 80szsz—580E2(1x2x+zy1,y+zzzz)

1 C e
EsoEz(zxzx—zyzy—zzzz). 9)

When taking the external normal direction of the cavity sur-
face as positive, the electric component of the EM pressure is

Fig. 2. Thruster cavity.

By neglecting the effect of microwave coupling window
on the EM field and assuming the field is axial symmetrical,
the total electric thrust exerted on the axis of the thruster cav-
ity is Fe=[[5, 50E>dS— [[5, 5€0E>dS + [, 3€0E*cos 0dS,
where S; and S are the minor and the major end plate sur-
faces, respectively, and S3 is the side wall surface. For a time
harmonic EM wave, the electric intensity varies with time as
trigonometric sines, which can be explained by electric plu-
rality E (r,t)=Re {E (r) ejwt] , where Re represents the real
part. Therefore the total average electric thrust within a wave

cycle and acted on the axis of the cavity is''#!

T
(R = / Fodi/T

0

1 .. ol ..
— || ~gRe(E-E* dS—// “gRe (E-E*)dS

J geore (BB as— [ Zare (- )
| ..

+// ZSORe(E-E*)COSGdS, (10)
$3

where E* is the conjugate complex of E. With the same
method, the total average magnetic thrust within a wave cy-
cle is given by

(Fa) = /0 " Fdt)T
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1 e 1 s
://SIZHORe(H.H)dsf/szzyoRe(H~H)dS
+/ lluORe(H-H*)cosOdS. (11)
55 4

When the EM wave is transmitted into the thruster cavity
from the coupling window, the wave will be completely re-
flected back after encountering the metallic wall. As a result,
the incident and the reflective EM waves at any point are in
equi-phase. The two waves then superpose and form a reso-
nant or pure standing EM wave with an augmented amplitude
that is far larger than that of the incident wave, which leads to
the augmentation of electric and magnetic power. According
to the microwaves theory,'>! when a cavity is in the resonant
state, a very low EM wave power level is damped by the cav-
ity to maintain the wall skin effect. Therefore even the power
stored in the electric and magnetic field is augmented, the to-
tal power absorbed by the resonant cavity is still only used to
maintain the wall skin effect, which means that the total power
stored in the resonant cavity is in the conservation state. This
can be explained by using a parallel RLC loop operating on
low frequency.

Fig. 3. Parallel RLC loop.

Iy
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.

c

Fig. 4. The current and voltage of the resonant RLC loop.

As shown in Figs. 3 and 4, when a parallel RLC loop is
in the resonant state, the capacitive reactance is completely the
same as the inductive reactance. Correspondingly, currents go-
ing through the capacitance and the inductance are equal but
the directions are opposite; the total power stored in the capac-
itance and the inductance is zero. It can be deduced that when
the power in the capacitance is in a real form, P,, the power
in the inductance must be in an equivalent unused imaginary
form, —P,, hence the total power in the parallel RLC loop will
be consumed only by the resistance. The structure of the RLC
loop can be properly designed to have a very large quality fac-
tor, i.e., Qrrc= a/’I'RU| > 1, and make P, much larger than

the total power |iRU ‘ Therefore even the energy in the capac-
itance and the inductance is augmented by the RLC loop, the
total energy in the RLC loop is still a constant, which does not
violate the energy conservation law.

A hollow microwave resonant cavity is evolved from the
RLC loop.'>! In the cavity, the power damped by the wall skin
effect, P, stored in electric and magnetic fields, P., B, cor-
respond to the power consumed by the resistance and stored
in the capacitance and the inductance of the RLC loop, re-
spectively. Therefore the parameters of the cavity also have
|Pe|=|Pa| = QcavityPr: QcavityPinpuh where Qcavity and Piypu
are the cavity quality factor and the power consumed by the
microwave resonant cavity, respectively. As the above ratioci-
nation, P, and B, are the powers used to generate the EM force,

hence the electric, magnetic, and total net EM thrusts are

w = off JeoRe (B B7) as— [ Z%SORe (B ) ds

vof JeRe (B E*) cos 04, (12)
S3
(Fn) = Q/S1 Z.LLORC(H'H )dS—/S2 Z.UORC(H'H )dS
_|_Q// %lJORe(H-H*)COSOdS, (13)
JJS3
(R) = (F)+ (Fn). (19

4. Prediction of EM thrust from microwave
thruster

In Ref. [16], we applied the finite element method to nu-
merically simulate the EM fields inside different cylindrical ta-
pered resonant cavities resonating on the equivalent principal
modes of TEg;1, TEg12, TE 11, and TMp;1, and calculated the
relevant quality factors. Then the EM thrusts produced by the
microwave thrusters with these different tapered resonant cav-
ities were theoretically predicted. It was found that the thruster
cavity made by copper and resonating on the equivalent TEq;;
mode has a quality factor 320400 and generates total net EM
thrust 411 mN for 1000 W 2.45 GHz incident microwave.

Based on the numerical simulation of EM fields in
Ref. [16] and with Egs. (12)—(14), the electric, magnetic, and
total net EM thrusts from the thruster cavity operating at dif-
ferent microwave power are calculated, as shown in Figs. 5-8.
The thrust curves demonstrate that on the surfaces of the ma-
jor and the minor end plates, the magnetic thrust is two orders
of magnitude higher than the electric thrust; on the surface of
the side wall, the magnetic thrust is three times of the electric
thrust; the total net EM thrust directs to the minor end plate,
and the total net EM thrust ranges from 20 mN to 259 mN

when the incident microwave power is from 20 W to 200 W.
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Fig. 5. Calculated thrusts on the major end plate and along its normal
direction.
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Fig. 6. Calculated thrusts on the minor end plate and along its normal
direction.
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Fig. 7. Calculated thrusts on the side wall and along its normal direc-
tion.
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Fig. 8. Total net EM thrust along the normal direction of the minor end
plate.

5. Thrust measurement system and experiment
5.1. Force-feedback thrust stand

As shown in Fig. 9, a force-feedback thrust stand is de-
veloped to conduct the EM thrust experiment. Combined
with a part of the thruster system, the thrust stand depicted
in Fig. 9 includes movable and immovable subsystems, and
an electric circuit. The movable subsystem includes rigidly
connected parts, such as thruster cavity (1), horizontal beam
(2), the movable parts of left and right EM loops (3) and (4),
swing plate (5), the movable parts of the angular displacement
and acceleration transducers (6), support beams (7), counter
weight (8), corrugated waveguide (9), and standard poise (10).
The immovable subsystem includes rigidly connected parts,
such as the immovable part of left and right EM loops (3)
and (4), the immovable parts of the angular displacement and
acceleration transducers (11), and the immovable subsystem
poles (12). The electric circuit includes current amplifiers of
the angular displacement and acceleration transducers, Kg and
K, composite amplifier Ky, sampling resistance R, and a volt-
meter. In the thruster stand, the line L, is decided by two piv-
ots, on which the whole movable subsystem can swing within
a small angle. As for the azimuth of the thruster cavity in
Fig. 9, when the thruster operates, if the total net EM thrust
directs to the minor end plate, the left EM loop (3) will be
triggered to work. If the total net EM thrust is in the opposite
direction, the right EM loop (4) will work.

fixed base
pivot 1 g4

fixed base
pivot 2

A—A mag
(b)

Fig. 9. (color online) Force-feedback thrust stand combined with a part
of the microwave thruster system: (a) front view; (b) cut-away view
when the stand is acted by the gravity force of a standard poise mog,
and then balanced by the feedback force Fg,, from the left EM loop; (c)
cut-away view when the stand is acted by the EM thrust F,, and then
balanced by the feedback force Fg, from the left EM loop.
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The principle of the force-feedback thrust stand is that
when a moment of EM thrust is exerted on the movable sub-
system, it will swing around L, with a very small angle, and
the movable parts of the angular displacement and acceleration
transducers (6) will instantly trigger a feedback current I to the
EM loop, subsequently a feedback force Fy, from the EM loop
will produce a moment to balance that of the EM thrust, that
is F,L,= F, L., where F, is the EM thrust, L, and L. are the
arms of the EM thrust and the EM loop feedback force, respec-
tively. As a result, the movable subsystem is forced back to its
original position. The moment generated by the EM loop can
be known from the electric circuit parameters, hence the EM
thrust can be deduced. In the thrust measuring, a key problem
is the compensation of the elastic force from the corrugated
waveguide and deleting the weight influence of the movable
subsystem on the measured thrust.

movable part

flexible force F'

’
’
,' gravity force mig
’

’
» corrugated

' .
pivot } waveguide

Fig. 10. Illustration of the balance between the moments acting on the
movable subsystem.

To solve the key problem, the moment generated by the
gravity force of the movable subsystem must be regulated to
be equal to that from the waveguide elastic force. At this cir-
cumstance, as shown in Fig. 10, as soon as the movable sub-
system swings a small angle due to the moment of the gravity
force, the corrugated waveguide will generate another moment
of elastic force. To balance the movable subsystem, we must
have

FR=mgLyp, (15)

where F and R are the elastic force of the corrugated waveg-
uide and its arm, respectively, m; and L,/ are respectively
the mass of the movable subsystem and the arm of its grav-
ity force. As F =kL,,, where k is the elastic coefficient
of the corrugated waveguide, then kL 4R = migLyrp, i.e.,
kORR = mgRsinf. At the assumption of small angle 6, then

sinf = O, and from relation (15), we can deduce

kR=mg. (16)

Therefore, the parameters of the force-feedback thrust stand
must be regulated and subjected to relation (16), then the elas-
tic and the gravity forces will not affect the EM thrust measur-
ing.

Another problem in thrust measurement is how to calcu-
late the feedback force from the EM loop according to the
structure of the thrust stand and the parameters of the elec-
tric circuit. This problem can be solved through calibration
by standard poise. When the movable subsystem is only acted
by the gravity force of the standard poise, the movable parts
of the angular displacement and acceleration transducers also
instantly trigger a feedback current / and induce a feedback
force Fiy, from the EM loop to balance the moment induced
by the gravity force of the standard poise. Setting L,= 2L,
where Ly, is the arm of the standard poise gravity force, de-
signing the electric circuit linearly, and properly choosing the
voltmeter and the sampling resistance, then the voltmeter read-
out will be half of the standard poise gravity force. Actual cal-
ibration curves are portrayed in Fig. 11, which shows that the
thrust stand has the linear property and the calibrated thrust is
half of the standard poise gravity force. Due to the relation be-
tween Ly, and L,, the effect of a half part of the standard poise
gravity force, mg/2, acted on the movable subsystem will be
equivalent to that of the EM thrust. Therefore after calibrating,
the measured EM thrust produced by the thruster cavity can be
shown directly on the voltmeter of the sampling resistance.

ook ™ first calibration
+— second calibration
I —a— thrid calibration

600
400

200

Calibration thrust/mN

1 1

OO 400 800 1200 1600

Gravity force of standard poise/mN

Fig. 11. (color online) Calibration curve of the thrust stand.

The third problem is to correct the float reading from the
thrust measurement. Before the thrust stand is exerted by an
additional force, it should be balanced to make the moments
in the equilibrium state as shown in Eq. (15). At this circum-
stance, the readout of the measured thrust will be zero. After
an additional force is exerted on the stand, the movable sub-
system will swing with a very small angle, instantly the force
will be balanced by the feedback force of the EM loop. At this
case, the movable subsystem will return to its original state
and the meter readout will give the measured value of the ad-
ditional force. However after the additional force is removed,
the corrugated waveguide will produce a very low additional
elastic force and lead to a very low reading on the voltmeter,
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the low reading is called float reading and must be subtracted
from the measured value of the additional force.

5.2. Thrust measuring experiment and results

In the EM thrust measuring experiment, a magnetron is
used as a microwave source to export continuous microwave
power from 80 W to 2500 W at the frequency of 2.45 GHz,
and the load can consume 2500 W microwave power.

To evaluate the thrust measuring precision, calibration er-
ror 1), system error 1], repeatability error 1, and total error
1, are defined as

Ne = |mag/2 — (Feal — &0)] /(m2g/2) x 100%, (I7)
Nm| Nm|
ns = Y. l&l/ Y |Fica — & /nmi, (18)
i=1 i=1
nm2 nm2
N = max (Fl _ZFi/nmLFZ_ZFi/anwnaanz
i=1 i=1
m2 m2
- ¥R, ) Yo, (19
i=1 i=1
N = max(1ne) + N5 + N, (20)

where my is the mass of the standard poise, Fy and & are
respectively the calibrated thrust and the float reading when
the movable subsystem is acted by the standard poise, ny is
the calibration sequence, &; and F; ¢, are respectively the float
reading and the thrust readout at the i-th time of calibration,
nm2 is the EM thrust measuring sequence, and F; denotes the
measured EM thruster at the i-th time of experiment.

The experiment is first completed at the microwave out-
put power ranging from 300 W to 2500 W. The result shows
that the total net EM thrust direction is to the minor end plate.
As shown in Fig. 12(a), the measured thrust varies nonlinearly
with the microwave output power. The first maximum thrust is
around 310 mN at 300 W microwave output power, and then
the thrust will decrease to 160 mN when the power increases
to 800 W. After that, the thrust will augment to 750 mN as the
power increases to 2500 W. The second experiment is com-
pleted at the microwave output power ranging from 80 W to
1200 W, the results also show that the total net EM thrust di-
rection is to the minor end plate. As shown in Fig. 12(b), the
first maximum thrust is around 270 mN at 300 W microwave
output power, and then the thrust will decrease to 180 mN
when the power increases to 600 W. After that, the thrust will
augment to 250 mN as the power increases to 1200 W. The
experiments at the two power ranges demonstrate that the re-
peatability of thrust measuring is satisfying and the net EM
thrust direction corresponds to the above theoretical calcula-
tion. However the measured relation between thrust and power
is very different form the above calculation, which can be ex-
plained through the properties of the thruster cavity and the
magnetron frequency spectrum.

According to the return loss testing method of the pas-
sive parts of microwave apparatus,''’! the resonating property

of the thruster cavity can be tested with a microwave network
analyzer. Figure 13 shows the measured relation between the
frequency and the return loss of the thruster cavity. The re-
turn loss is defined as L, = 101g(P,/P) (dB), where P, and
P, are respectively the reflected and the incident microwave
power. When L=0, the power is completely reflected from
the cavity. At the point L, = Ly, the power is reflected
on a minimum level, which denotes that the cavity is in res-
onant state and the frequency is defined as resonant frequency
fo. We define the resonant frequency band as Af = >, — f] at
Ly = 0.707Lyin. Figure 13 shows that the resonant frequency
and band are fy = 2.450 GHz and Af = 0.0016 GHz, respec-
tively. The circumstance shows that when the microwave out-
put frequency ranges from 2.4492 GHz to 2.4508 GHz, more
than 50% of microwave power can be absorbed by the resonant
cavity to generate the EM thrust.
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Fig. 12. (color online) Measured total net EM thrusts at microwave
output power ranges (a) 300-2500 W and (b) 80-1200 W.
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Fig. 13. The resonating property of thruster cavity in practical use.
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The frequency spectrum of the magnetron used in the ex-
periment can be measured using a spectral analyzer, as shown
in Fig. 14. The curves demonstrate that within the thruster
cavity frequency band, from 2.4492 GHz to 2.4508 GHz, the
practical maximum microwave output power is 13 W, 120 W,
85 W, 65 W, 45 W, and 48 W respectively at the nominal
output power 200 W, 300 W, 400 W, 500 W, 600 W, and
700 W. Therefore in Fig. 12(b), the measured thrusts 170 mN,
270 mN, 225 mN, 200 mN, 180 mN, and 210 mN at the nom-
inal power 200 W, 300 W, 400 W, 500 W, 600 W, and 700W
can be estimated to be generated by the practical microwave
power 13 W, 120 W, 85 W, 65 W, 45 W, and 48 W, respectively.
This relation shows that the EM thrust monotonously increases
with the practical power augmentation, which presents almost

the same trend as the above calculation.
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Fig. 14. Measured frequency spectra of the magnetron at the nominal
power (a) 200 W, (b) 300 W, (c) 400 W, (d) 500 W, (e) 600 W, () 700 W.

Figure 15 gives the experiment errors. The measurements
show that the total error is less than 12%. The highest repeata-
bility error is 8%, which demonstrates that the precision of
the thrust measuring system is acceptable and the microwave

thruster system can definitely produce a net thrust.
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Fig. 15. (color online) Measured errors: (a) calibration error, (b) error
at microwave output power of 300-2500 W, and (c) error at microwave
output power of 80-1200 W.

6. Conclusion

The force-feedback thrust stand definitely demonstrates
that the developed microwave thruster can generate a net EM
thrust.

The thrust measurement experiment shows that the mea-
sured net EM thrust from the developed microwave thruster
directs to the minor end plate of the thruster cavity. When
the magnet output power ranges from 80 W to 2500 W, the
thruster system will generate a net EM thrust from 80 mN to
720 mN. The thrust with the highest level is around 700 mN
at the power of 2500 W. Meanwhile the thrust at a high level
is around 270 mN at the power of 300 W. In other ranges, the
EM thrust increases concomitantly with the increasing prac-
tical microwave output power. The thrust direction and the
variation trend agree with the theoretical calculation.
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