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Abstract: In high-power microwave applications, the reflection of energy can be effectively reduced
by adjusting the three-stub waveguide. However, most of the existing tuning algorithms do not
make an arrangement for the adjustment sequence of stubs, and accurately calculating the depth of
the stubs requires a great deal of time via electromagnetic (EM) simulations, which may cause large
reflection in the matching process. To solve these problems, we first propose an improved calculation
method that can accurately calculate the input impedance of a three-stub waveguide. Then, an
impedance matching algorithm is designed based on the equivalent circuit model that can quickly
and accurately calculate the optimal depth of the stubs. Finally, we present a low-reflection tuning
strategy to suppress the large reflection during the adjustment of the stub process. An experimental
system is built to verify the calculation method and the tuning strategy. The results show that the
strategy can avoid large reflection in the case of load mutation and can maintain low reflection when
the load changes continuously. The algorithm meets the needs of the industry and can be used for
automatic and real-time adjustment of three-stub waveguides of different specifications.

Keywords: calculation method; impedance matching; input impedance; large reflection; three-stub
waveguide; tuning strategy

1. Introduction

Microwave energy has been widely used in many aspects of industrial applications,
such as microwave heating, microwave plasma, microwave sterilization, microwave medi-
cal treatment, and microwave chemistry [1–6]. In high-power microwave applications [7–9],
a three-stub waveguide is often adopted between the source and the load to perform
impedance matching and to reduce reflection. However, the impedance of some loads
will change nonlinearly due to the influence of temperature in the processing [10], which
will cause impedance mismatching. Automatic impedance tuners have been widely in-
vestigated. Long calculation time, inaccurate calculation, and direct tuning may cause
large reflections, which can damage the equipment [11] and cause energy waste. An accu-
rate calculation method and a fast impedance matching algorithm will reduce the design
complexity and cost of the automatic three-stub tuner.

So far, some researchers have studied the equivalent circuit of the stub waveguide [12–14],
and a series of tuning algorithms have been proposed [15–19]. In [20], a four-stub waveg-
uide was studied and analyzed as a radio frequency circuit, and impedance matching
was accomplished by adjusting the stubs to change the reflection coefficient of the port.
In [21], a gradient algorithm was used to automatically adjust the stub to gradually reduce
its port reflection coefficient to a minimum value. In [22], an automatic tuning method
for a three-stub waveguide tuner was proposed by using the space mapping technique
to solve the problem of non-uniqueness of the solution of the stub depths, and the opti-
mal solution can be calculated by two space mapping programs. In [23], an automatic
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impedance matching system of a four-stub waveguide was proposed, which can make
|S11| lower than −30 dB based on an iterative algorithm. In [24], a dynamic impedance
matching algorithm of three-stub tuners based on equivalent circuit analysis was proposed.
The S-parameters of the equivalent circuit were calculated using the analysis method of
the stub waveguide, and the calculation formulas of the port reflection coefficient and
external load were deduced to achieve real-time matching of dynamic loads. The above
algorithms could generally achieve impedance matching effectively. However, few studies
have mentioned the reflection conditions during tuning. It is likely that reflection generated
by long calculation time, inaccurate calculation, and the adjustment of the stubs may also
damage the components and cause the protection circuits to trip [25,26]. Thus, it is of great
importance not only to study a fast and accurate calculation method but also the sequence
of stub adjustment.

Focusing on the above issue that the reflection may be too large during tuning, we pro-
pose a calculation method and a low-reflection tuning strategy for a three-stub waveguide.
Based on theoretical analysis, we add a correction coefficient, the input impedance formula
of the stub waveguide is improved, and the influence of the stub itself on the calculation
results is considered. Using the analysis method of distributed impedance matching circuit,
the spacing of the stubs is designed to be a quarter wavelength of the waveguide, and
the whole tuning algorithm is completed by numerical calculation. In this article, the
input impedance of the three-stub waveguide is studied, and a calculation method for
calculating the stub waveguide is revised, which can accurately and quickly calculate the
input impedance of the waveguide port. The whole tuning process is roughly divided into
three steps. First, the optimal solution of the stub depths is calculated via the impedance
matching algorithm, then judging the change in load, and finally adjusting the stubs. The
proposed strategy can determine the adjustment sequence of the stubs according to load
impedance and quickly calculate the depth of the stubs, achieving impedance matching
efficiently while avoiding high reflection during tuning.

The subsequent sections are structured as follows: Section 2 studies the input impedance
of a three-stub waveguide and proposes an improved formula for calculating the input
impedance. Section 3 first proposes an impedance matching algorithm to quickly calculate
the optimal depth of the stubs and then proposes a low-reflection tuning strategy to
suppress the increase in reflection during adjusting the stubs. Section 4 describes the
experimental results and analysis. Section 5 summarizes the findings and contributions of
this work.

2. Study on Input Impedance of Three-Stub Waveguide
2.1. Input Impedance of Rectangular Waveguide

The rectangular waveguide model is shown in Figure 1a. According to waveguide
transmission line theory, the electromagnetic wave of each mode in the rectangular waveg-
uide can be equivalent to an independent transmission line, as shown in Figure 1b. So,
under the condition of dominant mode, in theory, we only need to know the characteristic
impedance Z0 of the transmission line and load impedance ZL, and the input impedance
can be calculated [27],

Zin = Z0
ZL + jZ0 tan βl
Z0 + jZL tan βl

, (1)

where β is the phase constant and l is the length of the transmission line.
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In practical situations, the stub depth is limited to prevent the three-stub waveguide 

from being broken down. Therefore, the stub can be equivalent to a parallel capacitor if 
the depth of the stub is within a certain range [28]. In order to study the influence of the 
stub itself on the input impedance, a matching load is connected to the rectangular wave-
guide, as shown in Figure 2a. In Figure 2b, the single-stub rectangular waveguide with a 
matched load can be ideally equivalent to a circuit in which a capacitor is in parallel with 
a transmission line with a matched load. The input impedance in Figure 2b is 
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Figure 2. (a) Single-stub waveguide model. (b) Ideal equivalent circuit model of single-stub rectan-
gular waveguide. 

In order to simplify the analysis, the input impedance is converted to the input ad-
mittance, 
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where C is equivalent capacitance value of the stub and ω is the angular frequency. 
If the influence of the stub itself on the equivalent circuit is not considered, the real 

part of the input admittance in Equation (3) is theoretically a constant value. However, the 
ideal constant value cannot be achieved. For instance, a WR340 waveguide with a single 
stub is taken into consideration. The radius of the stub used is R = 3.5 mm, and the length 
of waveguide is l = 75 mm. When the microwave frequency f = 2.45 GHz, the phase con-
stant β = 36.258 rad/m, and the characteristic impedance of the rectangular waveguide Z0 
= 328.9 Ω. Figure 3a shows the simulated input admittance of the WR340 single-stub wave-
guide. It can be seen that the real parts of the input admittance with different stub depths 
are not fixed. The greater the stub depth, the larger the real parts of the input admittance. 
Therefore, due to the influence of the stub itself, the single-stub waveguide cannot be re-
garded as an ideal equivalent circuit as shown in Figure 2b [29]; otherwise, the calculated 
results may be inaccurate. One can approximate the input impedance at a waveguide port 

Figure 1. Rectangular waveguide and its equivalent circuit. (a) Rectangular waveguide model.
(b) Ideal equivalent circuit model.

2.2. An Improved Method Based on Input Impedance of Three-Stub Waveguide

In practical situations, the stub depth is limited to prevent the three-stub waveguide
from being broken down. Therefore, the stub can be equivalent to a parallel capacitor
if the depth of the stub is within a certain range [28]. In order to study the influence of
the stub itself on the input impedance, a matching load is connected to the rectangular
waveguide, as shown in Figure 2a. In Figure 2b, the single-stub rectangular waveguide
with a matched load can be ideally equivalent to a circuit in which a capacitor is in parallel
with a transmission line with a matched load. The input impedance in Figure 2b is

Zin = Z0//Xc (2)

where Xc is impedance of equivalent capacitance.
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Figure 2. (a) Single-stub waveguide model. (b) Ideal equivalent circuit model of single-stub rectangu-
lar waveguide.

In order to simplify the analysis, the input impedance is converted to the input admittance,

Yin =
1

Z0
+

1
XC

=
1

Z0
+ jωC, (3)

where C is equivalent capacitance value of the stub and ω is the angular frequency.
If the influence of the stub itself on the equivalent circuit is not considered, the real

part of the input admittance in Equation (3) is theoretically a constant value. However,
the ideal constant value cannot be achieved. For instance, a WR340 waveguide with a
single stub is taken into consideration. The radius of the stub used is R = 3.5 mm, and the
length of waveguide is l = 75 mm. When the microwave frequency f = 2.45 GHz, the phase
constant β = 36.258 rad/m, and the characteristic impedance of the rectangular waveguide
Z0 = 328.9 Ω. Figure 3a shows the simulated input admittance of the WR340 single-stub
waveguide. It can be seen that the real parts of the input admittance with different stub
depths are not fixed. The greater the stub depth, the larger the real parts of the input
admittance. Therefore, due to the influence of the stub itself, the single-stub waveguide
cannot be regarded as an ideal equivalent circuit as shown in Figure 2b [29]; otherwise,
the calculated results may be inaccurate. One can approximate the input impedance at a
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waveguide port using the ratio of equivalent voltage to equivalent current. When the stub
depth is 0, the equivalent load impedance ZLe can be calculated by [28]

ZLe =
Ue

Ie
=

∫ 0
b

→
E0y(y)dy∫ 0

b

→
H0x(x)dx

, (4)

where
→
E0y(y) is the electric field at the center of the waveguide cross-section and

→
H0x(x)

is the magnetic field at the top of the waveguide. In this case, Equations (4) and (1)
are equivalent, ∫ 0

b

→
E0y(y)dy∫ 0

b

→
H0x(x)dx

= Z0
ZL + jZ0 tan βl
Z0 + jZL tan βl

. (5)
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→
E0y(y) and

→
H0x(x) in Equation (4) will change with the depth of the stub. Therefore,

a modification to Equation (4) is needed. The corrected formula is

ZLe =

∫ 0
b k1(h, y)

→
E0y(y)dy∫ a

0 k2(h, x)
→

H0x(x)dx
, (6)

where h is the depth of the stub, k1(h,y) is the coefficient of change for the electric field, and
k2(h,y) is the coefficient of change for the magnetic field. We make an approximation that
the effect of the stub on the field at each location is the same, and we can obtain{

k1(h, y) ≈ k1(h)
k2(h, x) ≈ k2(h)

. (7)

Therefore, the approximate expression for input impedance is

ZLe =

∫ 0
b k1(h)

→
E0y(y)dy∫ a

0 k2(h)
→

H0x(x)dx
=

k1(h)
k2(h)

∫ 0
b

→
E0y(y)dy∫ a

0

→
H0x(x)dx

. (8)

Thus, the modified formula for calculating the input impedance of the waveguide
with a stub at the port can be expressed by

Zin =

(
k1(h)
k2(h)

· Z0
ZL + jZ0 tan βl
Z0 + jZL tan βl

)
//

1
jωC

, (9)
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and we define

P0 =
k1(h)
k2(h)

· Z0. (10)

So, Equation (9) can be written as

Zin =

(
P0

ZL + jZ0 tan βl
Z0 + jZL tan βl

)
//

1
jωC

, (11)

When the waveguide is matched, the input admittance at the stub port is

Yin =
1
P0

+ jωC, (12)

P0 is the reciprocal of the real part of the input admittance. According to the imaginary
part of the input admittance, the equivalent capacitance value C of the stub at different
depths can be calculated,  P0 = 1

Re(Yin)

C = Imag(Yin)
ω

. (13)

Figure 3b shows the equivalent capacitance value and reciprocal of the real part of the
input admittance at different stub depths. It can be seen that, the greater the depth of the
stub, the smaller the value of P0. The value will tend to 0 at the resonance. On the other
hand, the equivalent capacitance value C increases with the stub depth, and the value will
tend to infinity.

The input impedance of a three-stub waveguide can be similarly derived, as shown
in Figure 4. The form of input impedance Z′

in is the same as a single-stub waveguide. By
obtaining the expression of Z′

in, the input impedance Z′′
in and Z′′′

in can be further derived as

Z′
in = P′

0
ZL+jZ0 tan βl1
Z0+jZL tan βl1

// 1
jωC1

Z′′
in = P′′

0
Z′

in+jZ0 tan βl2
Z0+jZ′

in tan βl2
// 1

jωC2

Z′′′
in = P′′′

0
Z′′

in+jZ0 tan βl2
Z0+jZ′′

in tan βl2
// 1

jωC3

, (14)

where C1, C2, and C3 are equivalent capacitance with different stub depths, l1 is the length
between the stub port and the load, l2 and l3 are the lengths between the stubs, and P′

0,
P′′

0 , and P′′′
0 are correction factors of stub port with different depths. The input impedance

of the rectangular waveguide under different conditions can be calculated according to
Equation (1), and the input impedance at the stub port can be calculated according to
Equation (11). In addition, Equation (14) can realize the calculation of the input impedance
at any position of the three-stub waveguide, which improves the accuracy for calculating
the input impedance of the three-stub waveguide.
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3. A Low-Reflection Tuning Strategy
3.1. Impedance Matching Algorithm

The matching circuit generally has a matching forbidden zone, and the Smith chart
is divided into two regions, the upper half region and the lower half region, as shown in
Figures 5a and 6a. For the load value in each area, a simple distributed matching circuit can
be applied to complete the impedance matching [30]. Figure 5b can be used to match the
load in the upper half of the Smith chart, and Figure 6b can be used to match the load in the
lower half of the Smith chart. Each matching circuit contains two capacitors, and the length
of each transmission line in the matching circuit is a quarter wavelength of the waveguide.
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The matching circuit in Figure 5b is only used to match the impedance value in the
upper half area of the Smith chart. The matching process is shown in Figure 7a. When
performing impedance matching, the steps are as follows:
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(1) Adjusting capacitor C3: The real part of the impedance value Z3 is made equal to
the characteristic impedance of the transmission line by adjusting the capacitance, and the
imaginary part of the impedance value Z3 is made less than 0.

(2) Impedance transformation: Through the quarter-impedance converter, Z3 and Z2
are exactly centrosymmetric about the matching point on the Smith chart.

(3) Adjusting capacitor C2: It only needs to adjust the capacitor C2 to a suitable value so
that the value of Zin is equal to the value of the characteristic impedance of the transmission
line, which completes the impedance matching.

The matching circuit in Figure 6b is only used to match the impedance value in the
lower half region of the Smith chart. In Figure 6b, the load impedance will be transformed
to the upper half area of the Smith chart through a transmission line, so the remaining
adjustment procedure is exactly the same as that for the upper half region. The matching
process is shown in Figure 7b.

Therefore, the stub spacing of the three-stub waveguide can be designed to a quarter
wavelength of the waveguide. The waveguide can be equivalent to a transmission line, and
the stubs have the role of capacitance. By adjusting the depth of the stubs, the functions
of both circuits in Figures 5b and 6b can be realized. As shown in Figure 5c, when only
stub 2 and stub 3 are adjusted, it is equivalent to the function of Figure 5b. As shown in
Figure 6c, when only stub 1 and stub 2 are adjusted, it is equivalent to the function of
Figure 6b. Hence, as long as the load value is known, the adjustment sequence of the stubs
can be known. Theoretically, it only needs to adjust two stubs for matching any external
load, which simplifies the numerical calculation.

The external load and the rectangular waveguide with length d are equivalent to the
equivalent load, as shown in Figure 8. According to Equation (1), the impedance is

ZLe = Z0
ZL + jZ0 tan(βd)
Z0 + jZL tan(βd)
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The value of ZLe is used to determine whether the equivalent load is located in the
upper or lower half region of the Smith chart to determine which two stubs to adjust.

Since P0 decreases with the increase in the stub depth, the change in the input
impedance when increasing the stub depth is no longer a conductance circle but a shift
to the inner part of the conductance circle when a matching load is connected, as shown
in Figure 9a. Therefore, the division of the Smith chart should be revised, as shown in
Figure 9b.
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In Figure 5c, adjusting the depth of stub 3 is required to make the real part of Z3 equal
to the characteristic impedance of the waveguide. However, from Figure 9b, the real part of
Z3 will be smaller than the characteristic impedance of the waveguide, and the imaginary
part of Z3 is smaller than 0, {

0 < Z0 − Re(Z3) < α
Imag(Z3) < 0

, (16)

where α is a coefficient, which increases with the increase in modulus of Z3. The impedance
Z3 is transformed to the lower region, as shown in Figure 9c. Therefore, there are various
combinations of stub 2 and stub 3, and the criteria for selecting the optimal solution are

[h∗2 , h∗3 ] = argmin
h2,h3

|Γ|, (17)

where h∗2 and h∗3 are the optimal depths of stub 2 and stub 3, and Γ is reflection coefficient.
That is, a set of solutions is selected from the solution set to minimize the reflection
coefficient of the energy input port. The basic procedure flowchart is as shown Figure 10.



Electronics 2024, 13, 1304 9 of 19

Electronics 2024, 13, 1304 9 of 20 
 

 

2 3
2 3

[ ]* *

h h
,h , h arg min

,
= G  (17)

where h* 
2 and h* 

3 are the optimal depths of stub 2 and stub 3, and Γ is reflection coefficient. 
That is, a set of solutions is selected from the solution set to minimize the reflection coef-
ficient of the energy input port. The basic procedure flowchart is as shown Figure 10. 

 
Figure 10. Algorithm flowchart of three-stub waveguide impedance matching. 

The above impedance matching algorithm is completely accomplished by numerical 
calculation, and the optimal solution can be obtained quickly. 

3.2. Low-Reflection Tuning Strategy 
After solving the optimal depth of the stubs, the first step of the tuning strategy is to 

judge the change in load and then adjust the other stubs in sequence; the whole tuning 
process can be completed quickly. We use the ideal equivalent circuit model to analyze 
the change in reflection when the load changes, as shown in Figure 11. 

 
Figure 11. An ideal equivalent circuit model for three-stub waveguides. 

a. Initial state tuning strategy 
In the initial matching process, the initial depth of three stubs is 0. As shown in Figure 

12a, when the load is in region AU (the impedance matching process is shown in Figure 
7a), the reflection will first decrease and then increase in the process of only adjusting stub 
3. When the load is in region BU, the reflection will increase in the process of only adjusting 
stub 3. We need to suppress the increase in reflection as much as possible. When the load 

Figure 10. Algorithm flowchart of three-stub waveguide impedance matching.

The above impedance matching algorithm is completely accomplished by numerical
calculation, and the optimal solution can be obtained quickly.

3.2. Low-Reflection Tuning Strategy

After solving the optimal depth of the stubs, the first step of the tuning strategy is to
judge the change in load and then adjust the other stubs in sequence; the whole tuning
process can be completed quickly. We use the ideal equivalent circuit model to analyze the
change in reflection when the load changes, as shown in Figure 11.
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Figure 11. An ideal equivalent circuit model for three-stub waveguides.

a. Initial state tuning strategy

In the initial matching process, the initial depth of three stubs is 0. As shown in
Figure 12a, when the load is in region AU (the impedance matching process is shown
in Figure 7a), the reflection will first decrease and then increase in the process of only
adjusting stub 3. When the load is in region BU, the reflection will increase in the process of
only adjusting stub 3. We need to suppress the increase in reflection as much as possible.
When the load value is in region BU, adjusting stub 3 while adjusting stub 2 can effectively
suppress the increase in reflection.
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Assume that the load is in the upper half area and the admittance of the load value is
X + jA. When only stub 3 is adjusted, the modulus of reflection coefficient at stub 2 port is

|Γ3| =

√√√√ (Z0X − 1)2 + (Z0ωC3 + A)2

(Z0X + 1)2 + (Z0ωC3 + A)2 , (18)

When stub 3 and stub 2 are adjusted simultaneously, the modulus of reflection coeffi-
cient at stub 2 port is

|Γ2| =

√√√√ (Z0X − 1)2 + (Z0ωC3 + A)2 + D

(Z0X + 1)2 + (Z0ωC3 + A)2 + D
, (19)

where D = −2Z2
0 ωC2(A + ωC3) + Z4

0 |Yin3|2ω2C2
2, and Yin3 is the input admittance of stub

3 port. When A ≥ 0 and the depth of stub 2 does not exceed the stub 3, it can be proved
that D must be less than 0.

Due to D < 0 in small depth of the stub, obviously, |Γ1| < |Γ0. When A ≥ 0, the
load value is in region BU, so the simultaneous adjustment of stub 2 and stub 3 effectively
suppresses the increase in reflection. The same result can be obtained when only adjusting
stub 2. As shown in Figure 12b, the simultaneous adjustment of two stubs is better than the
adjustment of a single stub in this case.

Therefore, when the load value is in region AU, stub 3 needs to be adjusted first to
make the imaginary part of the input impedance at the stub 3 port zero (Im(Z3) = 0). Then,
stub 3 and stub 2 are adjusted simultaneously. When the load value is in region AL, stub 2
needs to be adjusted first to make the imaginary part of the input impedance at the stub 2
port zero (Im(Z2) = 0). Then, stub 2 and stub 1 are adjusted simultaneously.

When the load value is in region BU, stub 2 and stub 3 need to be adjusted at the same
time. When the load value is in region BL, stub 2 and stub 1 need to be adjusted at the
same time.

b. Online state tuning strategy

In the real-time tuning system, external loads are constantly changing. If the stubs are
adjusted randomly, it may cause large reflection. In the case of load changes, it is difficult to
deduce by formula how to adjust the stubs to gradually reduce reflection, and it is necessary
to analyze them in different situations and formulate corresponding strategies.

When the load changes only in the upper half area, the tuning approach is to adjust
two stubs simultaneously. As both stubs 2 and 3 have a certain depth, when adjusting a
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single stub, the port impedance gradually moves towards the matching point, as shown in
Figure 13a,b. However, when two stubs are adjusted simultaneously, under the cooperative
action of two stubs, the port impedance will approach the matching point faster, which has
better performance compared to single-stub adjustment. Because the upper and lower half
areas are symmetrical, the adjustment mode of the lower half area is completely the same
as that of the upper half area.
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Figure 13. The variations in reflection in dynamic matching. (a,b) Represent the tuning processes
where the load value changes in the upper half. (c,d) Represent the process of adjusting the idle stub
3. (e,f) Represent the process of adjusting the idle stub 1.

When the load changes from the upper half area to the lower half area, there are two
situations. As shown in Figure 13c, the reflection is decreasing in the process of adjusting
the idle stub. As shown in Figure 13d, although the reflection is increasing in the process
of adjusting the idle stub, the reflection changes very little. After stub 3 is adjusted to 0,
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since the depth of stub 1 is 0 and stub 2 has a certain depth, the port impedance value at
stub 2 is considered to be in region BU and AL. In both cases, it is effective to adjust both
stubs simultaneously. When the port impedance value is in region BU, it can be proved
by (19). When the port impedance value is in region AL, due to the fact that stub 2 has a
certain depth, its adjustment range will not be large, and the depth of stub 1 remains small
after stub 2 has been adjusted to the proper position. Therefore, compared with adjusting a
single stub, adjusting two stubs at the same time will not cause excessive reflection, or even
reduce the reflection.

When the load changes from the lower half area to the upper half area, there are
also two situations in the process of adjusting the idle stub. As shown in Figure 13e, the
reflection will decrease first and then increase in the process of adjusting the idle stub. To
suppress the increase in reflection, stub 3 needs to be adjusted while adjusting stub 1 to
0. Because adjusting stub 3 can move the impedance at this port to region BU, and stub 2
has a certain depth, the reflection will not increase or even decrease when adjusting stub 1.
As shown in Figure 13f, the reflection is decreasing in this case. After stub 1 is adjusted
to 0, stub 2 and stub 3 are adjusted at the same time. The reason remains that stub 2 has a
certain depth and its adjustment range is not too large.

The initial tuning strategy and online tuning strategy proposed are shown in Figure 14a
and 14b, respectively.
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4. Experimental Verification and Discussion
4.1. Validation of Matching Algorithms

The size parameters of the three-stub waveguide model are shown in Figure 15.
The distance between the stubs is 43 mm, which is approximately a quarter wavelength
(43.33 mm) at 2.45 GHz. The three-stub waveguide used in the experiment is shown
in Figure 16a, the waveguide calibration device is shown in Figure 16b, and the load
diaphragm is shown in Figure 16c. The radius of the stub is 8.5 mm, P0 and C are calculated
in the simulation, which can be derived from Equation (13), and the values of P0 and C at
different stub depths are shown in Figure 17a and 17b, respectively.
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Figure 17. The values of P0 and C at different stub depths with a stub radius of 8.5 mm. (a) The
values of P0 at different stub depths. (b) The values of C at different stub depths.

When the three-stub waveguide is connected to a matching load, the S-parameter and
impedance are measured using a vector network analyzer (ZVB 8, ROHDE&SCHWARZ,
Munich, Germany). Only stub 1 is adjusted, and the stub depth is varied from 0 to 19
mm in a 1 mm step. The verification results for Equation (11) are shown in Figure 18.
Figure 18a,b show the amplitude and phase of S11, respectively. Figure 18c,d show the real
and imaginary parts of the input impedance, respectively. We define an error factor ε,

ε =

∣∣∣∣Z′
in − Z′′

in
Z′

in + Z′′
in

∣∣∣∣, (20)

where ε is the error between the calculated value of the input impedance and the measured
value, Z′

in is the calculated value, and Z′′
in is the measured value. The experimental results

of the input impedance at different stub depths basically match with the calculated results,
with an error factor ε not exceeding 0.1.

After verifying the formula of the input impedance of the three-stub waveguide, the
effectiveness of the algorithm is further verified in the impedance matching process. The
impedance matching algorithm is programmed, and the depth of each movement of the
stub is 0.2 mm. Loads with different impedance can be generated through different load
diaphragms and external environments, and then impedance matching is carried out for
these different loads.

The initial depth of the three stubs is 0 before each measurement. By measuring the
magnitude and phase of S11 on the waveguide port plane, the impedance of the external
load can be inversely deduced using Equation (1) so that the program can calculate the
optimal solution of the stub depths, then adjust the stubs manually. The calculated stub
depths for different load values and test results are shown in Table 1.
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Table 1. Matching algorithm test data.

Number

The Initial State Test Result

S11
Measured Load Value (Ω) Stubs Depth (mm) S11 (dB)

Magnitude (dB) Phase (deg)

1 −7.1 −132.8 156.4 − j141.9 [16.4, 11.6, 0] −20.6
2 −3.6 −145.6 77.0 − j123.1 [19.0, 11.2, 0] −15
3 −4.9 −82 222.5 − j358.6 [16.6, 15.4, 0] −18.3
4 −5.9 −70 216.2 − j378.9 [14.6, 15.8, 0] −18
5 −7.1 −131 158.6 − j146.8 [16.4, 12.0, 0] −18.7
6 −9.1 81.9 255.3 + j204.2 [0, 14.6, 13.6] −26
7 −6.2 72.5 229.6 + j292.3 [0, 16.8, 13.6] −28.5
8 −4.1 88.9 129.5 + j262.0 [0, 18.2, 14.8] −21.5
9 −4.4 101 118.4 + j211.2 [0, 17.2, 15.8] −23.5
10 −2.9 127 63.1 + j30.0 [0, 16.4, 18.2] −18

According to test results, it can be seen that only two stubs need to be adjusted to
complete the impedance matching, which is in line with the theory. It also verifies the
reliability of the formula proposed in this paper. From the test results, the matching effect
of the load impedance in the upper half of the Smith chart is obviously better than that
in the lower half of the Smith chart; this is due to the fact that the stub spacing does not
reach the ideal condition, and there is certain error in parameter measurement. However,
the experiment achieved good verification effects generally, the |S11| is basically below
−18 dB, and the solution of stub depths can be produced within 0.1 s by the procedure.

4.2. Validation of the Tuning Strategy

As shown in Figure 19a, we connected a cavity behind the three-stub waveguide in the
simulation. A small ball with variable volumes is placed in the cavity. The small ball is set
as the impedance boundary condition. When the radius of the ball changes, the impedance



Electronics 2024, 13, 1304 15 of 19

value of its external load changes. As shown in Figure 19b, the impedance of the external
load changes with the volume.
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the stubs in sequence, avoiding the large reflection in the tuning process. 

Figure 19. (a) Simulation model. (b) Variation in external load value with ball radius.

As shown in Figure 20a, at the initial position, the stub depth is 0; that is, the first
matching process is initial state matching. We can see that the reflection is basically
decreasing, and there is no large reflection in this process. When load mutation occurs, it is
an online state matching process, and the reflection can be gradually reduced by adjusting
the stubs in sequence, avoiding the large reflection in the tuning process.
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Figure 20. Variation in reflection coefficient during tuning in simulation. (a) Load mutation. (b) Load
changes continuously.

The continuous change in load value is simulated by continuously changing the radius
of the ball. As shown in Figure 20b, by setting a threshold, reflection can be stabilized
within the threshold when the load value continuously changes.

As shown in Figure 21, we connected a cavity behind the three-stub waveguide in
the experiment. We put a paper cup with 100 mL of water inside the cavity and placed
the cups in sequence in the cavity to simulate the change in load. The dimensions of the
paper cup and the cavity are shown in Figure 22a,b, and the interior of the cavity is shown
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in Figure 22c. The sequence of movement of the paper cup inside the cavity is shown in
Figure 22d. We moved the paper cup 18 times, and the external load values and equivalent
load values of the paper cups at different positions are shown in Table 2. When the port
reflection is greater than −15 dB, the stubs are adjusted. The experimental results are shown
in Figure 23. An experimental data point is recorded every time the stubs are moved by
2 mm. It can be seen that the reflection is gradually decreasing during the tuning process.
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Table 2. Measured load values.

Number Measured Load Value ZL (Ω) Measured Equivalent Load Value ZLe (Ω)

1 101.3 − j56.8 126.2 + j165.3
2 189.6 − j136.0 158 + j48.7
3 507.0 + j40.5 346.6 − j150.3
4 302.1 − j228.4 165.7 − j49.4
5 196.2 − j76.6 199.7 + j8.5
6 119.9 − j28.1 166 + j186.2
7 229.2 − j129.6 185 + j30
8 187.6 + j29.8 297.3 + j178.7
9 158.7 − j364.3 69.4 − j58.5
10 190.5 − j382.8 78.1 − j71.4
11 222.7 + j30.5 325.2 + j133.2
12 198.6 − j89.5 192.3 + j74.0
13 127.0 − j58.7 152.6 + j148.2
14 171.4 − j193.6 120.6 + j21.5
15 568.8 − j547.7 122.5 − j185.7
16 199.3 − j247.1 116.3 − j16.9
17 207.0 − j90.0 197.4 + j67.9
18 143.7 − j48.5 176.3 + j146.9
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We compare our work with previous studies, as shown in Table 3. Due to the improve-
ment of the calculation formula for input impedance, the proposed impedance matching
algorithm can accurately calculate the depth of the stubs, thus achieving good impedance
matching results without the need for iteration or finetuning of the algorithm. Although
increasing the number of stubs can improve the matching effect, the production cost will
also increase. In addition, this work also proposes a low-reflection strategy to suppress
large reflections during the process of adjusting the stubs.

Table 3. Comparison with previous work.

References Number of Stubs High Accuracy Need Iterative or
Fine Algorithm? Tuned S11 (dB) Optimal S11 (dB) Year

[20] 4 No Yes ≤−10 N.A. 2004
[21] 3 No Yes ≤−20 −22.2 1996
[22] 3 No Yes ≤−21 −28.2 2019
[23] 4 No Yes ≤−35 −40 2006
[24] 3 No No N.A. −18.1 2020

This work 3 Yes No ≤−15 −30 2024

5. Conclusions

In this paper, we proposed a low-reflection adjustment strategy for a three-stub waveg-
uide, which can effectively suppress the increase in reflection during the tuning process.
We conducted an analysis from a field perspective on the impact of the stub on the input
impedance of the stub port, improving the calculation accuracy for determining the input
impedance of the stub port by adding a correction factor. The error between the calculated
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values and the measured/simulated values is relatively small, with an error factor ε not
exceeding 0.1. By using the analysis method of equivalent circuits, we designed the stub
spacing with the value of one-quarter of the waveguide wavelength. With this configu-
ration, we can achieve impedance matching using two stubs, and good matching results
can be obtained under different load conditions, with the |S11| being less than −15 dB.
Afterward, in order to adjust the stubs and achieve a stable reduction in reflection, we
divided the Smith chart into four regions and used an ideal equivalent circuit model to
analyze the impact of moving stubs on reflection. By calculating the interactions between
the stubs, a low-reflection adjustment strategy was proposed and analyzed. Finally, we set
up an experimental system where we placed a cup of water at different positions within
the cavity to simulate variations in the load. When the reflection exceeded the threshold
(−15 dB), the adjustment process was initiated. Based on the experimental results, it is
evident that reflection can effectively decrease during the stub adjustment process.
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