International Journal of Microwave and Wireless Technologies, 2015, 7(3/4), 229-237.

d0i:10.1017/51759078715000203

RESEARCH PAPER

© Cambridge University Press and the European Microwave Association, 2015

Investigation of a circular TE, ,-TE,,-mode
converter in stepped waveguide technique

CHRISTIAN SCHULZl, CHRISTOPH BAERZ, THOMAS MUSCHZ, ILONA ROLFESI, AND BIANCA WILL®

A compact and broadband TE, ,-TE,,-mode converter, suitable for various industrial applications like bypass level measure-
ments, is presented in this contribution. Based on stepped waveguide technique, the main advantages of the recommended
converter design and the specific field distribution of the TE,,-mode are discussed in detail. The converter is presented exem-
plary for a frequency range from 23 to 28 GHz, which corresponds to a bandwidth of approximately 20 % of the center fre-
quency. Numerous three-dimensional electromagnetic field simulations are performed to optimize the converter and to
investigate its reflection and transmission behavior. Realized by six different single elements and 11 parts in total, fast
and effective simulations can be performed with CST Microwave Studio. Considering realistic production process parameters,
like fillets or tolerances, a good return loss better 17 dB, an insertion loss of 0.1 dB, and an excellent mode purity are achieved.
Compared with back-to-back, realistic disturber scenario, and far-field measurements with a first prototype, the expected
excellent converter behavior can be validated without limitations. Hence, the suitability of the presented converter design

is proven and the feasibility is demonstrated.
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. INTRODUCTION

Mode converters are commonly used for various applications,
in which higher modes are advantageous. The key benefits of
the TE,,-mode in circular waveguides (CWGs) are its sym-
metric electrical field and the low wall-loss, which results
from the specific field distribution. Furthermore, the field dis-
tribution is nearly insensitive against wall-disturbers. Thus,
the TE,,-mode is used in high-power applications like gyro-
trons [1] or plasma processing systems [2], due to its high-
energy breakthrough threshold. In addition, low wall-losses
can increase the dynamic range of level measurements in over-
moded waveguides [3]. Here, so-called bypass tubes are used
for the determination of the level of liquids in storage or
process tanks, when common antenna based radar systems
cannot be applied [4]. Due to disturbers such as stirrers,
pipes, foam, waves, etc., common radar-based distance mea-
surements and time-domain reflectometry-based measure-
ments can be impaired dramatically [5, 6]. Hence, a bypass
tube can be installed inside or outside the tank, as shown in
Fig. 1, to measure the level of the liquid independent of
these disturbers. Nevertheless, the following additional
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challenges can occur for level measurements in bypass
tubes: (1) necessary openings for communicating vessel tech-
nique and (2) welded joints inside the tube can impair the
measurement accuracy. (3) Deposited materials on the tubes
wall can attenuate the measurement signal. (4) The radar
target — the liquid itself or an additional float reflector - can
cause transpolarizing effects of the incident wave and hence,
the detected signal magnitude is reduced. (5) The tube itself
represents an overmoded waveguide for the typically applied
fundamental mode and additional modes can be excited,
which impair the measurement accuracy as well. Hence, the
TE,,-mode is advantageous concerning these challenges.
However, a mode converter is required for the excitation of
this specific mode.

Inline structures are a commonly used converter setup [7, 8]
yielding a high suppression of disturbing modes using tapered
waveguides. However, this results in long mechanical setups [9]
and requires a precise manufacturing process. In contrast to
this, side wall coupled setups can be realized in a more
compact way [10], but with regard to several applications,
side wall coupling is challenging and might not be applicable.
Our approach is based on a stepped waveguide technique,
which allows a compact setup, as we have presented in [11].
Combined with an inline coupling concept, a compact and
broadband TE,,-mode converter for the frequency range of
23 up to 28 GHz is achieved. Hence, the necessary frequency
range for tank level probing radar regulated applications is
completely covered by our mode converter.

The development of the converter is based on three-
dimensional (3D) electromagnetic simulations to optimize
the converter characteristics. Therefore, single elements are
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Fig. 1. Schematic depiction of five different challenges for bypass distance measurements of liquids in tanks for two application scenarios: (a) external placed

bypass tube and (b) internal placed bypass tube.
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Fig. 2. Schematic depiction of the utilized mode converter design, showing the different waveguide positions. The inner arrows show the direction of the

corresponding electrical field.
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Fig. 3. Schematic depiction of different realization possibilities of a 9o° waveguide twist: (a) continuous waveguide, (b) stepped waveguide in the split-block
technique, and (c) single element stepped waveguide, which is applied for the presented mode converter.

optimized at first and combined afterwards to the complete
converter assembly. Based on these simulations a first proto-
type is realized and its functionality is verified by back-to-back
measurements. The suitability for the described application is
demonstrated by numerous measurements and the mode
purity is proven by the characterization of the far-field of
the mode converter.

Il. MODE CONVERTER DESIGN

The presented converter design allows for an exceedingly
broadband conversion of the CWG’s fundamental TE,,-mode
into the TE,,-mode, realized within a standard manufacturing
process. With regard to industrial applications, the

https://doi.org/10.1017/51759078715000203 Published online by Cambridge University Press

fundamental waveguide is of circular shape. Since a lot of indus-
trial measurement systems make use of CWGs, the described
converter can be applied easily to various measurement
systems like the presented level measurements in bypass
tubes. In addition, the setup includes a fundamental rectangular
waveguide (RWG) and thus, comparisons with setups based on
RWGs are possible. Since the TE,,-mode is not the fundamen-
tal mode of CWGs, other higher modes have to be taken into
account within the design process. Here, the TE,,-, TM,,-,
TE,,-, and TM,,-mode can be excited as well, possessing
cut-off frequencies below the desired TE,,-mode. An effective
suppression of these undesired modes is essential for the
whole conversion concept. One possibility is the usage of sym-
metries within the setup to avoid the excitation of these
undesired modes. Our approach makes use of two RWGs
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Table 1. Overview of the cut-off frequencies for the different waveguide
dimensions applied for the mode converter.

Mode CWG (d = 8.2 mm) CWG (d = 18 mm) RWG
TE,, - - 18.6 GHz
TE,, - - 36.5 GHz
TE,, 21.4 GHz 9.8 GHz 41.0 GHz
TM,, 28.0 GHz 12.8 GHz -

TE,, 35.6 GHz 16.2 GHz 51.6 GHz
™,, 44.4 GHz 20.3 GHz 41.0 GHz
TE,, 44.4 GHz 20.3 GHz 36.5 GHz

with a phase difference of 180° to suppress the TE,,-mode. The
TE,,-mode can be suppressed using four RWGs positioned at
90° to each other, two pairs having a 180° phase difference.
Nevertheless, transition elements are necessary to reduce reflec-
tions for good matching characteristics.

Regarding these specifications, the complete mode converter
consists of the following parts, in order of appearance:

e One transition element from circular waveguide to rect-
angular waveguide (i).

One rectangular signal divider (ii).

Two 90° twists (iii).

Two rectangular signal dividers (iv).

Four 45° twists (v).

One transition element transforming the four rectangular
waveguides into the final circular waveguide (vi).

A schematic of the resulting converter design is depicted in
Fig. 2. Here, the arrows inside the waveguides show the direc-
tion of the corresponding electrical field.

(iii)

(i) (ii)

(iv)

CIRCULAR TE,;-TE,;-MODE CONVERTER

. STEPPED WAVEGUIDE
TECHNIQUE

Due to the various limitations of standard continuous wave-
guide technique, the so-called stepped waveguide technique is
applied for the presented mode converter. Based on quarter
wavelength parts — as initial value -, a significant shortened
assembly can be realized compared with continuous waveguides
without appreciable changes. As an example, Fig. 3 shows three
different realization options for a 9o° twist: (a) standard con-
tinuous waveguide, (b) split-block milled waveguide, and
(c) single milled steps, which are combined to the final
waveguide. Split-block technique is used for various rf- and
terahertz-structures, as shown in [12, 13]. However, many
milling structures can get very complex and consequently
uneconomic for industrial applications. The single milled
steps are easy to fabricate, numerous waveguides can be
produced within one plane with very small distances, different
waveguide elements can be realized without limitations, and the
resulting parts can be combined and stacked together after-
wards to the final setup.

Using equations (1) and (2), the cut-off frequencies of the
different modes - TE,,,,, and TM,,,,, - for the RWG and CWG
can be calculated, which dictate the resulting waveguide
dimensions [14]. For the RWG, with dimensions a and b,
the cut-off frequency can be calculated as follows:

S (T "

For a CWG, with radius r, the cut-off frequency for TM,,,,,-
and TE,,,,-modes can be calculated by

. .
™ _ Ymn d fIE — I mn
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? 27T > 2771
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Fig. 4. Single elements of the mode converter within CST Microwave Studio for a fast and effective optimization: (i) transition element from CWG to RWG,
(ii) and (iv) RWG signal divider, (iii) 90° twist, (v) 45° twist, (vi-a) transition element from RWG into a quarter of the final CWG, and (vi-b) transition
element - rotated by 180° for the single element simulation - transforming the four RWGs into the final CWG.

Table 2. Overview of the optimization results of the single elements shown in Fig. 4.

Element in Fig. 4 Amount of steps Length in mm |S,,| in dB |S,,| in dB |S;,] in dB [S4,| in dB |Ss.| in dB
(i) 4 10.8 —23 —o0.1 - - -
(ii) 5 14.7 —25 -3 -3 - -
(iif) 7 16.6 —20 —o0.1 - - -
(iv) 5 13.0 —20 -3 -3 - -
) 5 11.3 —24 —0.1 - - -
(vi-a) 11 25.0 —25 —o0.1 - - -
(vi-b) 13 29.6 —21 -6 -6 -6 -6
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Fig. 5. Mode converter within CST Microwave Studio: (a) 3D model of the
complete setup designed with vacuum in PEC, (b) excitation with
TE,,-mode, (c)-(h) stepwise field distribution, and (i) received TE,,-mode.
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respectively. Here j,,,, and j,,,, represent the roots of the Bessel
function and its derivative, with f;, = 1.841 for the TE,,- and
jor = 3.832 for the TE,,-mode.

For the considered frequency range, a first CWG with a
diameter of 8.2 mm and a second CWG with a diameter of
18 mm is applied for the excitation of the TE,,-mode and
the TE,,-mode, respectively. For the different dividers and
twist elements, a basic RWG with dimensions of 8 mm x 4 mm
is used. The corresponding cut-off frequencies for the most
important modes - calculated with (1) and (2) to be suitable
for 23 up to 28 GHz - are presented in Table 1.

V. 3D ELECTROMAGNETIC
SIMULATIONS

Based on the calculated waveguide dimensions and the pre-
sented mode converter design, different 3D models are inves-
tigated within CST Microwave Studio. Starting with the
optimization of the necessary single elements, the final con-
verter consists of a combination of these elements.

Realistic production process parameters are taken into
account using bend edges of a 1 mm fillet and a minimal
cutting width of 1 mm, while chamfer can be neglected for
the chosen setup. Using the described limitations for the opti-
mization process, an inverted setup has been chosen to speed
up the simulation time dramatically. Here, the vacuum inside
the waveguides is modeled within a perfect electric conductor
(PEC). The boundaries are chosen to be electric (E, = 0).
Yet, an additional symmetry plane (magnetic: H,, =0 or
electric: E,, = o) cannot be included for all single element
models. Hence, just a few of the models are accelerated by
additional symmetry planes. The transient solver and the
perfect boundary approximation have proven to be suitable
for the simulation of the single elements and the final com-
plete converter. The hexahedral mesh definition is given by
the “lines per wavelength” and the “lower mesh limit” set to
18 and 15, respectively. Furthermore, a “mesh line ratio
limit” of 10 and a “simulation accuracy” of -s0dB have
been chosen for the simulation. Depending on the highest
considered frequency and the size of the simulation domain,
this yields a mesh of approximately 4.2 million mesh cells
for the complete converter, while the single parts can be simu-
lated with a total amount of approximately 100 ooo mesh cells.
On a Dual Intel Xeon Octa-Core@3.1 GHz, this provides fast
and sufficient simulation results for each setup within
minutes.

A) Single element simulation

The six converter elements, described in Section II, are rea-
lized in seven different simulation models, as shown in
Fig. 4. Due to the high importance of the final element - trans-
formation of the four RWGs into the final CWG to excite the
TE,,-mode - this element is optimized in two steps: At first,
the transition of the 45° twisted RWG into a quarter of the
final CWG is optimized, followed by a combination of four
of these elements ending in the final CWG. Here, the com-
bined element is rotated by 180° for the single simulation.
For all simulations, the waveguides in the front plane are
used as excitation ports for the corresponding modes - TE,,
for the first CWG, TE,, for the basic RWG, and TE,, for
the second CWG - while the waveguides in the back plane
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are used as receiving ports. The simulated and optimized results
are shown in Table 2 with the final amount of steps, the total
length, and the corresponding reflection and transmission coef-
ficients |S,,|, [S,., 151> 1421, and [Ss, |. Here, the results repre-
sent a compromise between the amount of steps, their heights,
and their specific properties. Nevertheless, a good return and
insertion loss can be seen for all elements. Furthermore, the
good dividing abilities are also obvious.

B) Complete setup

The complete mode converter is realized as a combination of
all single optimized elements. Hence, some of the first and last
waveguides of the single elements can be combined to reduce
the total amount of steps. A final optimization was performed
on the resulting setup. Optimized in 34 single layers, posses-
sing only five different heights - 2.26, 2.56, 2.7, 3.07, and
3.6 mm -, the mode converter has a total height of only
8.45 cm. The feeding is realized by a CWG port with a verti-
cally polarized TE,,-mode for a frequency range from 23 to
28 GHz, while both ports are defined to receive up to eight
modes.

The resulting setup of the different converter parts and the
corresponding magnitude of the electrical field in CST
Microwave Studio are shown in Fig. 5 for a stepwise conver-
sion from TE,,- to TE,,-mode.

Figure 6 shows a selection of important modes at ports 1 and
2, which have to be considered for the investigation and opti-
mization of the mode converter. Figure 7 shows the simulation
results for the return loss, the insertion loss, the resulting time
signals, and the transient reflection behavior of the optimized
converter assembly. Here, the indices of the scattering para-
meters describe the ports as follows: Sposmodeiport(mode)-

A good return loss better than 17 dB and an insertion loss
below 0.1 dB can be observed for a frequency range from 23 to
28 GHz. This corresponds to an achievable bandwidth of
approximately 20 % of the center frequency. The transmission
coefficients |S,(;),(1y| and [S,(,y.(1)| demonstrate the excellent
mode conversion of the fundamental TE,,-mode into the
TE,,-mode and the excellent suppression of higher modes,
respectively. In addition, conversions into other modes at
port 1 are suppressed by more than 6o dB and at port 2 by
approximately 40 dB. Hence, a mode efficiency of over 99 %
and a mode purity of over 99.9 % can be achieved.
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Fig. 6. Selection of important port modes in CST Microwave Studio,
considered for the investigation and optimization of the mode converter.
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Fig. 7. Simulation results of the optimized converter: (a) reflection coefficients
[S:()1(] and [S,(3):1)| and transmission coefficient |S,,),(»)| and [S,¢): (1)l

(b) time signals for the excited signal i,(,), the reflected signal 0,(,),(,), and the
transmitted signal 0,(,),(,)» and (c) corresponding transient reflection behavior.

The excellent characteristics can also be seen in the time
signals of the transition: the time signals for the excited signal
iy the reflected signal 0,(,),,), and the transmitted signal
05(7)1(x) confirm the good transient behavior of the converter.
Here, attenuation and dispersion effects are negligible and the
reflected signal declines very fast. In addition, the transient
reflection behavior yields a simple characterization of occurring
reflections: a first reflection of approximately —30 dB results
from the feeding into the first CWG and a second reflection
of -24 dB results from a transition inside the converter.
Multiple reflections are declining very fast and are reaching a
level of -80 dB after 3 ns. Hence, the functionality of the
mode converter is validated in frequency and time domain.
Furthermore, no significant change can be observed for a toler-
ance investigation of the converter dimensions. To minimize
the necessary amount of simulations, a random variation
within a range of 4 0.5 mm for the most critical parts and
an angle tolerance of +4° was investigated. Hence, the final
setup represents a robust solution for industrial purposes.

C) Far-field simulations

For an evaluation of the mode purity of the converter and for a
comparison with measurements in Section V, the far-field
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Fig. 8. (a) Simulation model of the mode converter made of PEC with two planes a — a’ and b — ¥’ and (b) simulated far-field characteristics for the fundamental

TE,,-mode in E- and H-plane and the desired TE,,-mode in plane a and b.

characteristics are evaluated within the simulations.
Therefore, the setup is transformed into a PEC-based setup,
the converter is excited by the fundamental TE,,-mode at
the first CWG, and the corresponding normalized far-field
is evaluated for the two planes a — a’ and b — b/, as shown
in Fig. 8(a). For evaluation, a radiated TE,,-mode of an equal-
sized CWG is shown in Fig. 8(b) for the E- and H-plane.

The differences between the TE,,- and TE,,-mode are
obvious. The TE,,-mode shows its typical field distribution:
minimum at 0°, symmetrical maxima at approximately + 35°,
and continuous decrease to the edges.

V. REALIZATION AND
MEASUREMENTS

Based on the performed simulations, two prototypes were man-
ufactured. Here, the measurement assembly is arranged in a
back-to-back configuration, using additional coaxial-to-CWG
adapters for the direct connection of a vector network analyzer
(VNA). The final mode converter is made of annealed brass and
has a total length of 12.8 cm, including additional waveguide
lengths for the adapters. Made of 34 layers, each layer is
milled with a fillet radius of 1 mm as considered in the simula-
tions. Two photographs of the realized converters are shown in
Fig. 9. Here, aligning pins are used for a good positioning of the
layers to each other. The whole setup is fixed by four screws in
the edges to guarantee a close contact between all layers.

A) Reflection and transmission behavior

For the measurements, a calibrated Rohde & Schwarz ZVK
VNA with two additional coaxial-to-CWG adapters was
used. Here, a CWG T(hrough) R(eflect) L(ine) calibration
was applied. The resulting calibration reference plane is
behind the transitions in the CWG. Hence, the resulting meas-
urement setup consists of: VNA - coaxial-to-CWG - mode
converter — mode converter - CWG-to-coaxial - VNA. The
measurement results are shown in Fig. 10. The measurements
of the reflection and transmission coefficients (index m) are
compared with a simulation of an equal back-to-back configur-
ation (index s), considering correct length and material para-
meters. A very good compliance between simulation and
measurement can be observed for the whole frequency range.
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The return loss of the back-to-back transition is better than
12 dB, while the measured insertion loss is below 2 dB. This
is affected by an additional mode conversion, additional mater-
ial losses, and non-perfect alignments and connections of the
layers. Both measurements demonstrate the suitability of the
converter and allow for a further investigation.

B) Disturbers

Figure 11(a) shows the resulting transmission coefficients for
an extension of 1, 2, and 3 m in comparison with the direct
connection of the two mode converters. As expected, the
low-loss characteristic of the TE,,-mode is obvious, showing
an attenuation of approximately o.1 dB/m. For verification
of the insensitivity against additional disturbers, three differ-
ent measurement scenarios using different extensions are

(b)

Fig. 9. Photographs of the produced mode converters in stepped waveguide
technique.
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Fig. 10. Comparison of the simulated (solid line) and measured (dashed line)
back-to-back configuration of the mode converter: (a) reflection coefficients
|S,.] and |S,,|, and (b) transmission coefficients |S,,| and |S,,|.

investigated: (1) a metallic disturber, which reduces the CWG
diameter by 4 mm, (2) a dielectric disturber with a length of
4 cm inside the CWG, and (3) an air gap of 5 mm between
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Fig. 11. Measurement results for the transmission coefficient |S,,| for different
scenarios: (a) investigation of different length (o, 1, 2, and 3 m) and
(b) investigation of different disturbers (air gap, dielectric, and metallic).
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Fig. 12. Comparison of the simulated far-field characteristics for the
TE,,-mode - see also Fig. 8 — and measured far-field characteristics for the
two planes a — @’ and b — U’ of the mode converter in an anechoic chamber.

two CWG parts, representing a welded joined, a deposition
on the wall, and an opening in the bypass tube, respectively.
The measurement results are normalized to the undisturbed
through connection, as shown in Fig. 11(b). The frequency
range is limited to the TLPR regulated band of 24 to 27 GHz.

As expected, the TE,,-mode is almost insensitive against
these disturbers, due to its specific field distribution. The
most significant influence can be detected for the metallic
disturber with an additional attenuation of approximately
2 dB. Furthermore, a stepwise twist of the two mode con-
verters to each other are investigated, showing no signifi-
cant affect on the transmission behavior at all. Hence,
the insensitivity against polarization effects is proven as
well.

C) Far-field characteristics

Finally, in comparison with the performed simulation of the
far-field characteristics of the mode converter, the far-field is
measured in an anechoic chamber using a common antenna
measurement setup. Figure 12 shows the normalized gain,
obtained by the mode converter at 24 GHz. In comparison,
a very good agreement can be achieved. As expected, the far-
field is symmetrical and equals the desired TE,,-mode. Hence,
the mode purity is proven.

VI. CONCLUSION

An optimized TE,,-TE,;-mode converter for 23 to 28 GHz,
realized in the stepped waveguide technique, is presented in
this contribution. With 34 single layers and a total length of
8.45 cm - possessing only five different heights — a compact
and easy to manufacture mode converter, suitable for indus-
trial applications, is introduced. Based on detailed 3D electro-
magnetic field simulations, a good reflection and transmission
behavior and an effective mode conversion can be achieved.
The converter yields a mode efficiency of over 99 % and a
mode purity of 99.9 %. The expected advantages of the
TE,,-mode are proven by numerous measurements. The
low-loss characteristics, the insensitivity against wall distur-
bers, and the mode purity are demonstrated. With a resulting
attenuation of approximately o.1 dB/m and an additional
attenuation of approximately 2 dB for a metallic disturber,
the mode converter is suitable for various industrial
applications.
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