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Abstract: In this paper, a compact circular waveguide directional coupler for high-order mode vacuum
electronic devices is presented and investigated. To reduce the size, the primary and secondary
waveguides of this coupler are connected in an orthogonal way by two coupling holes. Moreover,
to improve the directivity and operating bandwidth, a method of loading adjustable metal stubs on
the isolating port is proposed and introduced in design. A Ka-band TE01-mode circular waveguide
directional coupler was designed, and the structure parameters were optimized by electromagnetic
simulation. To verify the design, a prototype sample was fabricated, assembled, and tested. The
experimental results show good agreement with the simulations, and the directivity are improved by
adjusting the metal stubs on the isolating port. In the experiment, a 26.7 dB directivity at 35 GHz was
obtained, and the bandwidth of directivity above 20 dB was higher than 7 GHz, corresponding to a
relative bandwidth higher than 20%. Meanwhile, the TE01° mode maintained good transmission
efficiency in this compact high-order mode directional coupler.

Keywords: vacuum electronic devices (VEDs); high-order mode; circular waveguide; directional
coupler; Ka-band

1. Introduction

Vacuum electronic devices (VEDs) (e.g., Traveling-Wave Tube (TWT), Backward-
Wave Oscillator (BWO), Klystron, and Gyrotron) are important high-power microwave
radiation sources with extensive applications, which conventionally operate at fundamental
electromagnetic (EM) modes [1-3]. As the operating frequency extends to millimeter-wave
and terahertz bands, the power capability reduces as the size of the interaction circuits
shrinks [4]. Therefore, in order to obtain sufficient power capability and high output power,
operating in high-order mode is proposed and attempted in a large number of research
works [5-12]. For example, the TMy; mode is commonly employed for BWOs [7], the
TEy, mode or higher-order TE;;, mode is adopted for gyrotrons [8], and the TE;;; mode is
usually utilized for the relativistic magnetrons [9]. In the research of VED system, real-time
on-line monitoring of the output power is an important component. There are two common
measurement methods, namely, the absorption-type measurement method represented by
a calorimeter and the pass-by measurement method represented by a directional coupler.
Compared with the former, the latter has been widely used in practical applications due to
its excellent characteristics, such as on-line detection ability, high measurement accuracy,
and strong anti-interference ability. However, although directional couplers have been
studied for a long time and have been well developed, the research in the field of VEDs,
where high-order modes are adopted as operating modes and high-order mode circular
waveguides are adopted as transmission lines, is still quite limited.
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Until recently, the mainstream research into directional couplers applied for the power
monitoring of VEDs has mainly been focused on traditional aperture-type directional cou-
plers [12-22], which are conventionally composed of a high-order mode circular waveguide
(main waveguide) and a standard or non-standard rectangular waveguide (secondary
waveguide), connected in a parallel or orthogonal way through two or more coupling aper-
tures with various shapes. For structures where the primary and secondary waveguides are
connected in a parallel arrangement, it is necessary to adjust the size, spacing, and number
of the coupling holes to obtain excellent performance. However, since these variables are
designed in the axial direction (the direction in which the electromagnetic wave propagates)
of the coupler, it inevitably leads to a doubling of the axial length, which is usually more
than ten times the wavelength [12-18], which makes the experimental operation inconve-
nient and reduces the compactness of the overall system. Another traditional structure is to
connect the main and secondary waveguides of the coupler in an orthogonal way, which
has the advantage of greatly reducing the axial length of the device. However, because the
orthogonal connection mode limits the length of its coupling region, the disadvantage of
this kind of structure is that its relative bandwidth is generally less than 10%, which means
it can only work in a narrow band [21,22] so there are fewer studies on this structure.

In order to overcome the problems existing in the traditional structure (the contradic-
tion between wide bandwidth and miniaturization), an improved double-hole high-order
mode circular waveguide directional coupler is proposed in this work, adopting an or-
thogonal connection between the main and secondary waveguides, with three metal stubs
loaded on the isolating port of the coupler, as shown in Figure 1.

Secondary Waveguide Coupling Output Section —

Coupling Section

(a) (b)
Figure 1. Structural diagram of the designed model. (a) The three-dimensional view; (b) the top view.

The structural diagram of the proposed high-order mode circular waveguide direc-
tional coupler is shown in Figure 1. The primary waveguide is circular waveguide, which
transmits high-order mode waves. The secondary waveguide is rectangular waveguide,
which transmits the fundamental TE;y mode wave. The primary and secondary waveg-
uides are connected by two coupling holes that are symmetrically distributed around the
original point in two dimensions (the X and Z axes). To obtain a high coupling efficiency,
the size of the secondary waveguide is optimized based on the circular waveguide, and
two transition segments are used to transition the non-standard waveguides to standard
waveguides. Moreover, in order to overcome the shortcomings of the less than 10% band-
width of the traditional orthogonal-type directional coupler, a novel method is proposed to
adjust the directivity and output bandwidth of the coupler by inserting three metal stubs
with insertion depths of & and spacing of Ag/4 into a rectangular waveguide with lengths
of Ag (where Ag is the operating wavelength of the waveguide) on the isolation port of
the coupler.
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To verify the proposed high-order mode circular waveguide directional coupler, a
Ka-band TEg; mode circular waveguide directional coupler was designed, fabricated
and tested. The results present a good performance at 30.5-37.9 GHz and would be an
acceptable approach in millimeter wave and terahertz wave applications. This article is
organized as follows: Section 2 introduces the relevant theories and design process of the
model. Section 3 introduces the simulation process of the model. Section 4 introduces the
experimental process, and Section 5 draws the conclusion.

2. Principle and Design Model

Directional couplers are well-known passive four-port devices with a directional
transmission function [16]. Figure 2 shows the schematic diagram of a common symmetrical
double-hole directional coupler. To minimize the influence of the coupling holes on the
transmission wave of the primary waveguide, the coupling between primary waveguide
and secondary waveguide must be weak. Therefore, the amplitude of the wave transmitted
from the input port to the pass-through port is generally regarded as constant [17]. Further,
to simplify the study, the wall thickness of the waveguide is ignored. In the hypothesis
that the shape and size of the two coupling holes are the same, their coupling degree is the
same as well, denoted as a®. At the same time, it is assumed that the phase constant of
the incident wave in the primary waveguide is 1, the phase constant of the excited wave
in the secondary waveguide is 8, and the two holes are located at £d/2 away from the
symmetry center.

- ' ' ' +

q : ! : a
4 Tsolating port 2 1 1 ! 3_Coupling port

1 Incident port 8 W 2 Transmitted port

~d/2 0 +d/2

Figure 2. Schematic diagram of double-hole coupling.

The wave in the primary waveguide is transmitted from the incident port 1 to the
transmitted port 2. During the propagation process, it arrives earlier at the first small hole
(located at —d/2), at which a small amount of energy enters the transmitted ports 3 and 4,
respectively, through the first hole. The relative field value of the reverse wave excited by
the first hole in the secondary waveguide is denoted as a; , while the relative field value of
the forward wave excited by the first hole propagates to +d/2 after a distance of 4 in the
secondary waveguide is denoted as a; e 7524, And for the second hole, the incident wave
first propagates to +d/2 after a distance of d in the primary waveguide, then the relative
field value of the forward wave excited by the second hole in the secondary waveguide
is af e 7714 at +d/2, and the reverse wave will propagate to —d/2 after a distance of d
in the secondary waveguide, then the reverse wave obtained by the second hole in the
secondary waveguide is a, e (PP Gince the size and shape of the holes are the same,
their coupling degrees are also the same; that is, ali = a;

Then the total forward wave in the secondary waveguide at +d/2 is

At =afe Pl gfe Pl = 2ate iB1+B2)2 cos[(B1 + B2)d/2], (1)
and the total reverse wave in the sub-waveguide at —d/2 is

A" =a; + ay e IBritp)d — 20~ e iP1+p2)2 cos[(B1 + B2)d/2]. ()
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At this time, their total relative amplitude is
A* = |20% cos 0], (3)
where p
o = | (b1 7 o)) @

Obviously, when 6" = int(i =0,1,2,---), |cosf*| = 1, and the coupling of the two
holes will be in phase superposition in the forward direction. Conversely, when 6~ =

(i - %) n(i=1,2,--+),|cos0 | =0, and the coupling of the two holes will counteract in

reverse, thus achieving the purpose of directional coupling.

In design, the major parameters that affect the performance of the coupler are the
distances of the coupling holes (dy and 4, in Figure 1b) and the wide-wall dimension (Ay)
of the non-standard rectangular waveguide. Equation (4) can be further simplified as

ot — | 27 £ 27 d)_ (A TFAe) o )
A Ag )2 AiAg

Ag = A/\ 1= (A/A)? (6)

The A, in the formula is the cutoff wavelength of the propagation mode in the waveg-
uide. According to the size of the circular waveguide and the propagation mode number,
Ag1 can be obtained. Further, the cutoff wavelength Ac; of the non-standard rectangu-
lar waveguide in the coupling section can be obtained by Ag; = Agy. Then, its wide-
wall dimension can be obtained as Ay = A¢2/2, and dy can be obtained by means of the
following equation:

Aot + A 1
o~ = (W)ndx— (i—z)n,i—1,2,3~-~ )
8178

The double-hole directional couplers normally satisfy the above phase relationship
only at one frequency point (usually the central frequency) [17], that is, they obtain satis-
factory directivity only at this frequency point. When the operating frequency deviates
from this point, its directivity rapidly declines, which leads to its working frequency band
being very narrow, conventionally less than 10%. The traditional solution is to increase
the number of coupling holes, which is suitable for conventional couplers with a parallel
connection of the main and secondary waveguide due to the sufficient space; however,
it is not suitable for the orthogonal one due to its limited space. In order to satisfy the
design requirements of high-order mode VEDs for broad bandwidth, high transmission
efficiency and high directivity, the length of the entire device increases with the increasing
number of coupling holes, usually reaching more than ten wavelengths [12,18], which is
very unfavorable to the pursuit of device miniaturization and system compactness. To
solve this problem, we propose a method of loading an adjustable load at the isolating port,
and adjustable metal stubs that adjust the isolation of directional couplers are introduced
in this investigation.

It can be seen that as the working frequency deviates from the center frequency, the
waves entering the secondary waveguide through the coupling holes no longer satisfy
the structure designed by Equation (4). At this time, most of the reverse waves in the
secondary waveguide flow into the isolating port and no longer counteract, which leads to
the rapid decrease in the isolating degree, resulting in a sharp reduction in the directivity
and effective bandwidth. In this regard, as long as we try to eliminate these reverse waves
flowing into the isolating port, the isolating degree increases, and thus the bandwidth
increases. A feasible solution is to introduce appropriate reflection in the isolating port,

where
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which reflects part of the electromagnetic wave flowing into the port, which counteract
the subsequent incoming waves, to realize the weakening of the incoming wave and the
increase in the isolating degree. Thus, the three-stub impedance generator is introduced
in this investigation. As described in Figure 1b, the three-stub impedance generator is
constructed by three metal stubs that are inserted into the rectangular waveguide. A metal
stub is usually a round metal rod that passes vertically across the wide side of a rectangular
waveguide, acting as an inductor in the waveguide. Three metal stubs with the same
spacing of Ag/4 in a rectangular waveguide with a length of Ag (where A is the operating
wavelength of the waveguide) construct an impedance tuner. Through adjusting the insert
depth of the three stubs, the impedance characteristics of the waveguide with three stubs
can be adjusted. According to the principle of stubs impedance matching mentioned
in [23,24], when there are three metal stubs with the same spacing of Ay /4 in a rectangular
waveguide, the three-stub can theoretically obtain an impedance that completely covers
the Smith chart, and it is widely used in a microwave system as an impedance matching
system. In this investigation, by introducing the three-stub in the isolating port, additional
reflection can be generated due to the impedance transformation, and the performance of
the proposed directional coupler can be improved.

In this study, to simplify it, we use the three stubs together and set the insert depth of
h to be the same each time. Synthesizing the above analysis, we apply it to the design of the
directional coupler. Three metal stubs with Ag/4 spacing are loaded at the isolating port
acting as a standing wave generator, which cause a reflection on the isolating port, and the
intensity of reflection can be controlled by controlling the insertion depth of the stubs to
achieve the effect of adjusting the isolating degree.

3. Design and Simulation

To verify the proposed method of designing the high-order mode circular waveguide
directional coupler, a Ka-band TEj;-mode circular waveguide directional coupler was
designed. The radius of the primary waveguide is 6.1 mm, and the center operating
frequency is 35 GHz (corresponding operating wavelength is A ~ 8.6 mm). According to
Equation (4), as the phase constant changes, the fluctuation of the coupling curve changes as
well, while the phase constant 3, of the secondary waveguide can be adjusted by adjusting
the wide-wall dimension of the non-standard rectangular waveguide. Thus, to enlarge the
operating bandwidth, a non-standard rectangular waveguide is adopted as the secondary
waveguide, for which the wide-wall dimension is Ay ~ 5 mm. Following Equation (7), the
d, value of two holes is

dy ~ (84i—42)mm,i=1,2,3--- 8)

Considering that the length of the coupling section cannot exceed the size of the main
waveguide, the value of dy is only desirable at i = 1, that is, dy = 4.2 mm. The initial
structural parameters of the designed directional coupler are shown in Table 1.

Table 1. Initial structural parameters of the designed directional coupler.

Dimension
Primary waveguide R=6.1mm, L =33 mm
Standard rectangular waveguide (WR-28) ax b=7112mm x 3.556 mm, Ls = 14 mm
Non-standard rectangular waveguide a x b=5mm x 3.556 mm, Ly =22 mm
Radius of the coupling holes r=12mm
Thickness of the coupling holes t=15mm
Distances of the coupling holes dy =42mm, d, =0 mm
Length of the transition section Ly =16.5 mm

In our investigation, the simulation software Computer Simulation Technology (CST)
Microwave Studio (MWS) was adopted to optimize the design parameters of the double-
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Directivity (dB)

Coupling Degree (dB)

hole coupler. The models with and without loading metal stubs were both simulated
and compared.

Figure 3a shows the simulation results with different d, values at the same dy and Ay.
According to the simulation results, the directivity of the coupler increases obviously with
the increase in d,. In addition, it is noted that there is resonance around 33.2 GHz, which
increases with the increase in d,. Through analysis, the results show that this resonance
is caused by the neighbor TE3; mode. In this design, the radius of the primary circular
waveguide is 6.1 mm, in which the cutoff frequency of the TEy; mode is about 30 GHz, and
the neighbor higher mode is TEz; mode with a cutoff frequency of about 33 GHz. Because
the primary waveguide boundary is discontinuous due to the existence of coupling holes,
the TE3; mode would be excited in the primary waveguide, which would reduce the
performance of the directional coupler. To suppress the TE3; mode excitation, different d,
dy and Ay values were simulated and analyzed, and the simulation results are shown in
Figure 3b,c. According to the simulation results, dy and d, almost have the same effect, both
which mainly affect the direction of the coupler, while Ay mainly affects the resonance,
and the resonance increases significantly with the increase in Ay. Through optimizing Ay,
the jump around 33 GHz could be sufficiently reduced. Figure 4 shows the S-parameters
at Ay =5.4mm, d, = 4.2 mm, d, = 1.6 mm, and the E field distribution in the center of the
primary circular waveguide at 32.9 GHz, 33.1 GHz, 33.3 GHz, and 33.5 GHz.
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— d =0.8mm
d,=1.2mm
= d,=1.6mm

— d=2.0mm

30.0 32.5

= d~0mm

d,=0.4mm
— d=0.8mm

2
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(b) (0

Figure 3. The coupling degree and directivity under (a) Ay = 5 mm, dy = 4.2 mm with different d,;
(b) Ay =5 mm, d; = 1.6 mm with different dy; (c) d; = 1.6 mm, d,, = 4.2 mm with different Ay.

In order to obtain a higher directivity and as flat a coupling curve as possible, we
set dy = 4.2 mm, d, = 1.6 mm, and Ay = 5 mm, based on which the function of metal
stubs was further studied. To facilitate the study, we set the insertion depth of the three
stubs to be the same, denoted as h. Figure 5 shows the coupling degree C, directivity D
(D = C — I, where I is the isolating degree), and insertion loss (or transmission coefficient
521 of TEp; ° mode) of the coupler with different . Moreover, the insertion loss is another
important factor that should be considered in this design and optimization. Different from
a conventionally fundamental mode waveguide directional coupler, in the high-order mode
waveguide directional coupler, the boundary discontinuities caused by the coupling holes
on the primary waveguide wall not only lead to reflections of the incident mode but also
generate other spurious mode reflection and transmission. Thus, the insertion loss in this
investigation only denotes the 521 of the input TE(;° mode and output TEy; ° mode.
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Figure 4. (a) Simulated S-Parameter at Ay = 5.4 mm, dy = 42 mm, d, = 1.6 mm; and (b) E-Field
distribution at 32.9 GHz, 33.1 GHz, 33.3 GHz, 33.5 GHz.
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Figure 5. Simulation results under different insertion depths of stubs: (a) 1 = 0 mm; (b) & = 1 mm;
(¢c) h=2mm; (d) h = 3 mm.

Figure 5 shows that when the insertion depths of the metal stubs were 1 = 0 mm, the
total directivity of the coupler was low, the effective bandwidth was only 4.86%, and the
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directivity at the center frequency of 35 GHz was less than 5 dB. When the insertion depth
was 1 mm, the directivity and effective bandwidth of the coupler had a small increase. As
the insertion depth increased to 3 mm, the overall directivity and effective bandwidth of
the coupler greatly improved, with an effective frequency band of 9.3 GHz (from 30.7 GHz
to 40 GHz), an effective bandwidth of 26.29% and a directivity of more than 40 dB at the
center frequency of 35 GHz. Compared to couplers without loading stubs, the effective
bandwidth increased about five times. In addition, it can be noted that the loading of stubs
has little effect on the transmission efficiency (521-Parameter) of the coupler, which reaches
almost 100% over the entire frequency band.

However, it is worth noting that as the insertion depth of the metal stub increased, the
original resonance was amplified, as shown in Figure 6. When the insertion depth of the
metal stub became larger, the maximum fluctuation of the coupling curve was about 10 dB

except for the resonance point.
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Figure 6. Fluctuation of the coupling curves with the changes in the insertion depth.

4. Experimental Verification

Based on the optimized parameters determined from the simulation results, a pro-
totype coupler was fabricated, assembled, and tested. Figure 7 shows the test system
and fabricated prototype sample. The total axial length of the manufactured sample was
approximately 55 mm (about six times the operating wavelength), including a coupling
section with a length of 33 mm and an input and output section, both with lengths of
11 mm.

In this experiment, an AV7632C (10 MHz—43.5 GHz) vector network analyzer (VNA)
and two Ka-band TE;(°-TEy;° mode converters [5] were used. Due to a lack of circular
waveguide calibration parts, the VNA was calibrated using WR28 waveguide calibration
parts. A straight circular waveguide with the same length as the designed coupler was
measured to deduct the loss of two TE1o°~TE(;° mode converters. The assembly steps
of the entire test system were as follows. First of all, the VNA was connected to the
waveguide—coaxial converters; the WR28 waveguide port will output TE10” waves. Then,
the waveguide-coaxial converters were connected to the TE;o°~TE; ° mode converters to
convert the TE10™ mode into the required TEy;© mode. Finally, the TE1y°~TEg; © mode
converters were connected to the fabricated sample and the matching-load was attached to
the other two ports of the fabricated sample for testing. The detailed measurements are

shown in Figure 8.
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Figure 7. (a) The test system diagram; (b) the measurement of the fabricated sample.
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Figure 8. Measurements under different insertion depths of stubs: (a) iz = 0 mm; (b) & = 1 mm;
() h=2mm; (d) h = 3 mm.

5
en

As shown in Figure 8, the actual measurements were basically consistent with the
simulation results. When the stub was not inserted or inserted at a lower depth, the
directivity of the coupler was less than 20 dB. As the insertion depth of the stubs increased,
both the directivity and the effective bandwidth of the coupler increased. When the
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insertion depth of the stub was & = 3 mm, the directivity at the center frequency was about
26.7 dB, and the effective bandwidth in the entire frequency band was higher than 7 GHz,
the corresponding relative bandwidth was higher than 20%.

Figure 9 shows the comparison between the simulated results and the measured re-
sults of the coupling curve and transmission coefficient (S21-Parameter) when i = 3 mm.
From Figure 9, it can be seen that the measured insertion loss of the coupler at the center
frequency is about —0.26 dB (the corresponding transmission efficiency is about 94.16%),
indicating that the transmission efficiency of the coupler was high and the TE(;© mode
maintains high purity during transmission. It is worth noting that in the actual measure-
ment, the fluctuation of the coupling curve was larger, and the maximum value was about
16.6 dB, which is larger than the simulation results and may be caused by machining and
assembling errors.

-40 T T T T T 0.2 T T - T T T
45 (35, -0.0338)
T 0.0 o m"‘m,,m
2 ] 35, —52.7961) 1 ] i ]
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Figure 9. Simulated results and measured results at 7 = 3 mm: (a) coupling coefficient; (b) S21-
Parameter.

Table 2 presents the measured performance comparison between this work and other
configurations of aperture-type couplers, considering the operating bandwidth (OBW),
effective bandwidth (BW, the band of D > 20 dB), directivity at center frequency (D), length
of the coupling section (L), number of coupling holes (N), and the connection method of
the primary and secondary waveguides (Con).

Table 2. Performance comparison of different aperture-type high-order mode circular-rectangular
waveguide couplers.
OBW (GHz) OM BW D (dB) L N Con
[10] 26.5—40 TEp - >30 16 Ag * 32 Parallel
[19] 30—-40 TEy >20% 27 - 40 Parallel
30—-40 TEp >20% 25 - 40 Parallel
[20] 8.8—10 TMy; <5% 23.7 13 A * 6 Parallel
[22] 9.8—10.2 TMg; <5% 25.6 0.6 Ao * 2 Orthogonal
This work 30.5—39.5 TEp >20% 26.7 3.85Ap* 2 Orthogonal

* Ag is the free space wavelength corresponding to the operating center frequency.

It can be seen from Table 2 that the structure in which the primary and secondary
waveguides are connected in a parallel arrangement can obtain a larger bandwidth and
directivity by adjusting the number of coupling holes, but it also makes the axial length
of the device become particularly large, usually resulting in the total length being more
than ten times its operating wavelength, which is very unfavorable to the operation of the
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experiment and the miniaturization of the system. The orthogonal connection of the main
and secondary waveguides can greatly reduce the axial length of the device. However,
this connection mode limits the length of the coupling region, which means it is no longer
suitable to increase the bandwidth and directivity by increasing the number of coupling
holes. Therefore, the effective bandwidth of orthogonal-type structures is usually narrow
and difficult to improve. In this work, large bandwidth and directivity can be obtained,
while the length of the device can be greatly reduced.

5. Conclusions

In this paper, a novel compact circular waveguide directional coupler for high-order
mode vacuum electronic devices is proposed, and the designed model and detailed method
are presented. A Ka-band TEO1-mode circular waveguide directional coupler was designed
according to this method, and a prototype sample was manufactured and tested. Both
the simulation and experimental results show, through adjusting the metal stubs on the
isolating port, that the performance of the directional coupler can be improved; meanwhile,
the TEO1° mode maintains good transmission efficiency. In the experiments, 26.7 dB direc-
tivity at 35 GHz is achieved, and the bandwidth of directivity above 20 dB is higher than
7 GHz, corresponding to a relative bandwidth greater than 20%. This investigation mainly
overcomes the contradiction between the broadband width output and miniaturization of
traditional structures, which could be a desirable choice for the design of high-order mode
directional couplers with broadband width, high directivity, and high compactness.
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