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ABSTRACT: A non-standard rectangular waveguide-to-coaxial converter designed for the X-band (9.3-9.5 GHz) is presented. This con-
verter builds upon traditional coaxial probe coupling and stepped contact feeds by integrating a Chebyshev impedance transformer and
stepped impedance matching technique. The proposed improved converter features a coupling probe combined with a stepped contact,
enabling a vertical feed configuration from the bottom. This design offers an effective option for optimizing array antenna layouts. Sim-
ulation results indicate that within the operational frequency range, the rectangular waveguide-to-coaxial converter achieves |S11| less
than —27 dB and |S2:| greater than —0.04 dB. Practical measurements for non-standard rectangular waveguides show a VSWR below

1.1 across the working frequency band.

1. INTRODUCTION

he coaxial-waveguide converters are widely used in mi-
Tcrowave systems for radar, communication, satellites, and
electronic warfare, serving as crucial passive connecting com-
ponents for signal transmission and signal processing in radar,
communication, and microwave testing systems [1-3]. The
design of coaxial-waveguide converters encompasses various
factors, including feeding methods, structure, and dimensions.
Notably, choosing an appropriate feeding method has a signifi-
cant impact on the cascading of antenna systems [4—7]. Ref. [8]
proposes an adaptor for matching standard coaxial lines to a
reduced-height rectangular waveguide for the C-band, utilizing
a wide face center probe coupling feeding method. Ref. [9]
presents a simulation-based design methodology for a broad-
band transition from coaxial cable to rectangular waveguide.
This transition features a coaxial probe linked to either a cylin-
drical head or a disk, along with two symmetrically positioned
tuning posts, employing three sections of rectangular waveg-
uide with appropriately selected dimensions, clearly belong-
ing to the wide face center probe coupling feeding category.
Ref. [10] introduces a computational design approach for a
broadband online coaxial to rectangular waveguide transition
with a bandwidth of 2.83 : 1, consisting of a fourth-order ridge
transformer and three sections of rectangular waveguide, fed
by a coaxial probe connected from the side. Ref. [11] outlines a
design methodology for a Ka-band waveguide coaxial trans-
former based on a single-ridge waveguide impedance trans-
former, where feeding is chosen to extend coaxially inward
from the wide face to connect with a stepped impedance feed.
Ref. [12] proposes a linear transition operating in the Q-band
between coaxial cables and rectangular waveguides. Ref. [13]
introduces, for the first time in the X-band, a transition from
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coaxial to groove gap waveguide, addressing the lack of simi-
lar designs in recent literature. Refs. [8,9, 11] pertain to verti-
cal wide face feeding methods, using coaxial probes to connect
with thick probes or simultaneously adding matching steps to
position the probes at the maximum electric field strength, with
directions parallel to the field, resulting in a simple structure
capable of achieving good feeding. However, since feeding oc-
curs on the wide face, it does not affect single antenna feeding,
but may impact structural arrangement when cascading antenna
arrays. Refs.[10, 12, 13] involve back feeding methods through
probes contacting matched impedance steps, or spaced appro-
priately from the back end of the steps for narrow face feeding
at the rear side of the rectangular waveguide, which does not af-
fect the spacing between array elements. This allows phased ar-
ray antennas to achieve larger scanning angles. However, when
the antenna size is constrained, adding feeding at one end may
increase the antenna size, affecting system cascading.

As application demands become more specific, the
uniqueness of antenna models and the design of waveguide-
to-coaxial converters for particular scenarios gain increasing
importance. Taking the waveguide slot array antenna com-
monly used in radar systems as an example, the design of
coaxial-to-waveguide converters tailored to the array antenna
configuration and the overall system construction is crucial.
For instance, Figure 1(a) illustrates a traditional vertical
converter, where the thick probe can be removed. Due to the
longer wide edge, the array spacing will increase, reducing
the theoretical maximum scan angle and leading to grating
lobes in the antenna radiation pattern. Conversely, Figure 1(b)
shows a back-fed converters, where most current feeding
methods involve contacting the narrow face with a coaxial
probe or feeding from an appropriate distance from the steps.
This approach maintains bandwidth while minimally affecting
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FIGURE 1. .Coaxial—waveguide converter structure. (a) Vertical converter. (b) Feed-back converter. (¢c) Modified converter.

the array antenna spacing and achieving low loss, albeit with
some increase in overall dimensions. This paper proposes an
improvement to the traditional vertical feeding method by
using a non-standard rectangular waveguide. The original
wide-face vertical feeding is replaced with narrow-face bottom
vertical feeding, incorporating steps and thick probes as shown
in Figure 1(c). By feeding through the narrow face at the
bottom of the rectangular waveguide, the feeding position
is shifted from the wide-face center or narrow-face rear end
to the narrow-face bottom. This modification achieves good
performance in terms of standing wave and insertion loss
without altering the dimensions at both ends of the antenna.
The design provides a new feeding position and structure that
does not affect the parallel array configuration of the antenna.

2. THEORY ANALYSIS

This paper presents a design for a non-standard flat rectangular
waveguide to coaxial converter, significantly reducing the di-
mensions of the narrow side based on the standard waveguide
WR-90. This converter is developed utilizing the theoretical
framework of quarter-wavelength impedance transformers and
Chebyshev multi-section matching transformers, incorporating
structural improvements in its design. It consists of four main
components: a metal probe with coaxial dielectric, a metal step,
and a waveguide cavity. The metal probe is constructed from
a combination of a thin probe and a thick probe; the coaxial
dielectric is made of Teflon, while both the metal step and the
cavity are fabricated from aluminum.

In the design process, given the passband ripple p,., relative
bandwidth W, and impedance ratio R of the two terminals,
formula (1) can be used to determine M. Ref. [14] provides
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the relationship between M and W, and n, with M given by:

R—1)?

M, wW,) =12 (= s U (1)
P " Ho Ep (91;1)2
Pr

Based on the computed range of M, the appropriate value of
n can be determined. If the computed M does not fall within
the tabulated range, adjustments to p,. or W, should be made to
ensure that the calculated M remains within a reasonable range.

Additionally, for a quarter-wavelength step transformer as
shown in Figure 2, different values of n correspond to the cal-
culation formulas (2)—(4):

Forn =2, Zy=R/Z, 2)
Forn =3, Zy =VR, Zs = R/Z, 3)
Forn =4, Zs = R/Zs, Z4 = R/ 7 4)

By consulting [15, 16], the normalized impedance values Z;
for step numbers n = 2 and n = 3 can be obtained. Addition-
ally, for n = 4, the normalized impedance values Z; and Z,
can be determined.

Based on Chebyshev impedance transformation theory and
step transformer theory, a model for a planar coaxial waveg-
uide converter is proposed, as illustrated in Figure 3, with spe-
cific parameter values provided in Table 1. Panel (a) depicts
the main body of the model, while panels (b), (c), and (d) show
the front view, right view, and rear view, respectively.

The cavity model is made of aluminum with dimensions:
length L, width b, and height a. The left-side reflective surface
of the cavity is denoted by W, and has a wall thickness of Wr.
The bottom of the cavity consists of a rectangular aluminum
metal plate that includes a coaxial cable and has the same width
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FIGURE 3. The model and specific dimension. (a) Overall structure of the model. (b) Front of the model and specific dimensions. (c) Right side of
the model and specific dimensions. (d) Bottom of the model and specific dimensions.

as the cavity, with length Ly and width hg. The inner surface
of the cavity features stepped structures made of aluminum, as
shown in Figure 3(a). There are three steps labeled 1, 2, and
3, with lengths Lg, Lg, and L1, and heights h.1, h.2, and h,,
respectively, while the width is W,.

Ignoring step 3 and considering n = 2, the normalized
impedance values for steps 1 and 2 are 1.81407 and 5.8045,
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respectively. The height of each step is calculated using the
formula:
bA

i=——%; (1=12
210y, 2 )

)

where A is the wavelength, and ), is the guided wavelength.
Optimization yields the heights /.1 and h o for steps 1 and 2,
respectively.
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TABLE 1. Specific data of model parameters.
a b Wr | Wag | Py Wp L
22.86 4 1 3 52 2 30

L() L1 L2 hl h2 hS Rt

10.7 3.6 164 | 94 | 497 2 1.5
R T hz hzl hz?
2.05 0.635 2.2 1.2 | 0.14
Unit: mm

When the coaxial probe extends into the cavity, the dielectric
surrounding the inner conductor transitions from Teflon to air,
resulting in a change in the wave conduction medium. Con-
sequently, the propagation mode of the wave shifts from the
original TEM mode to higher-order modes. The device oper-
ates with the wide and narrow sides in the X-band, satisfying
the conditions for single-mode transmission; thus, the higher-
order mode within the rectangular cavity is the TE10 mode.

Simultaneously, the impedance of the coaxial probe that ex-
tends into the cavity also changes. Within the coaxial line, the
characteristic impedance is 50 €2, and as the length of the inner
conductor extending into the cavity increases, the end face’s
reactance also increases. To counteract the inductance intro-
duced by the fine coaxial probe, a thick probe is incorporated
to increase capacitance.

Consequently, the coaxial probe is composed of two parts:
the section adjacent to the step is the thick probe, with a radius
R; and a length hs. The longer section is the coaxial probe,
with a radius  and a length hy — hg, in addition to a portion
that extends into the step, measuring 0.5 mm in length. The
radius of the coaxial dielectric is denoted as R.

The normalized impedance value of step 3 cannot be vali-
dated using the quarter-wavelength impedance transformation
theory. Voltage and current field distributions are illustrated in
Figure 6. As seen in Figure 4(a), step 3 and the thick probe ex-
cite the TE10 mode. Specifically, step 3 and the wide surface
of the cavity form a local surface capacitance. The capacitance
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(a) Voltage distribution diagram in the air cavity. (b) Voltage distribution diagram of step and surrounding cavity

can be calculated using formula (6):

es

¢= d

where ¢ is the dielectric constant of air, .S the area of the upper

surface of step 3, and d the distance between the upper surface

of step 3 and the wide surface of the cavity. It can be observed

that when the distance d is very small, the capacitance value

is very high. To clearly depict the voltage and current distri-

butions, the cavity is omitted from the following distribution

diagrams. Figure 4(b) shows that the voltage is maximized at
step 3.

The surface capacitance formed by steps 1, 3, the thick probe,
and the cavity enhances the local current excitation. Figure 5 il-
lustrates the current distribution clearly. To better visualize the
current distribution, Figure 5(a) depicts the main current distri-
bution with the cavity omitted. Figure 5(b) shows that, in the
small loop, a surface capacitance is formed between the thick
probe and the opposing surface. The current flows along the
cavity surface to the probe surface and then radiates to the op-
posite surface, forming a current loop. In the large loop, the
current flows from the lower wide surface of the cavity to the
step, then from step 3 to the upper wide surface of the cav-
ity, and finally returns to the lower wide surface of the cavity,
forming a complete loop. Figures 5(c) and 5(d) provide similar
analysis as shown in Figure 5(b).

The photograph of the fabricated device is shown in Figure 6.
During measurement, the two waveguides were joined for test-
ing. The simulated and measured |S11| and |So; | are as follows.

Based on the analysis of Figure 6, the measured and simu-
lated |S71| values within the frequency band of 9.2-9.6 GHz
show a general agreement, although some discrepancies ex-
ist between the numerical values. The measured |[Sy1| in
the operational frequency range of 9.3-9.5 GHz is less than
—20dB. The simulated | S2; | values present a curve very close
to 0dB, with a maximum value of approximately —0.04 dB;
conversely, the measured |So;| exhibits a fluctuating curve
within —0.5 dB across the 9.2-9.6 GHz range, reaching about
—1dB at 9.2 GHz. There are notable differences in the wave-
forms of the simulated and measured |S2; |.

(6)
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FIGURE 5. Current distribution. (a) The main body current distribution. (b) The loop current distribution with the right chamber step. (c¢) The loop
current distribution with the left chamber step. (d) The loop current distribution with the top cavity surface.
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FIGURE 6. S;; and S21 between simulation and measurement and
physical picture.

Upon analysis, during the simulation using HFSS software,
the two ports were configured as ideal wave ports, yield-
ing results based on the simulation of a single waveguide-to-
coaxial converter. In contrast, for the testing phase, to simulate
matched conditions at both ports, another waveguide-to-coaxial
converter was directly connected, representing an equivalent
50-ohm load. However, in practice, achieving perfect 50-ohm
matching between the two ports is not feasible. Additionally,
the connection is made through flanges that introduce a gap
between the two waveguide-to-coaxial converters, resulting in
discontinuity on the inner cavity surface, leading to impedance
variations and subsequent reflected waves. This causes dis-
crepancies in the obtained |S11[ and [Sa1| measurements. Fur-
thermore, the design of the waveguide-to-coaxial converter was
centered around a frequency of 9.4 GHz; deviations from this
center frequency result in poorer impedance matching, particu-
larly evident at the edges of the frequency band where the |51 |
results are suboptimal.
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FIGURE 7. Simulation of a non-standard waveguide VSWR and physical
picture.
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In summary, although the results exhibit some deviation
from the simulated outcomes, the measured results meet the
performance requirements. Thus, the waveguide-to-coaxial
converter can be deemed relatively successful. To validate its
practical application, we connected the waveguide-to-coaxial
adapter to a non-standard coaxial converter for further testing,
as shown in Figure 7.

In Figure 7, the photograph depicts the designed coaxial
waveguide converter connected to a non-standard rectangular
waveguide with a length of 2418 mm. Due to the length of
the physical model, only the corresponding feeding section is
shown. It can be observed that within the frequency range of 9.2
to 9.6 GHz, the simulated and measured results of the Voltage
Standing Wave Ratio (VSWR) align closely, with the measured
VSWR being less than 1.2; within the range of 9.3 to 9.5 GHz,
the VSWR is less than 1.1. Therefore, this design demonstrates
good performance within the operating frequency band, meet-
ing the engineering requirements.
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3. CONCLUSION

This paper investigates a non-standard rectangular waveguide-
to-coaxial converter, based on the Chebyshev step impedance
matching theory. By incorporating matching blocks and coarse
probes, and optimizing the corresponding dimensions and po-
sitions, good impedance matching was achieved. The feasi-
bility of the design concept was validated through simulations.
After fabricating the physical prototype and conducting tests,
the results indicated that within the frequency range of 9.3—
9.5 GHz, the simulated |S7;| is less than —27 dB, while the
measured |S11| is below —20dB. The simulated |S2;| results
are within —0.04 dB, whereas the measured results fluctuate
around —0.5 dB.

The primary reason for the discrepancies between ideal sim-
ulations and actual test results can be attributed to the differ-
ences in the measurement setup. During simulation, an ideal
model of a single waveguide-to-coaxial converter was consid-
ered; however, during testing, two waveguide-to-coaxial con-
verters were connected, resulting in a gap between them and
incomplete impedance matching at the two ports. To assess
the performance of the converter, a non-standard rectangular
waveguide was terminated, revealing a voltage standing wave
ratio (VSWR) of less than 1.1 within the operational frequency
band, indicating satisfactory performance. This work provides
insights for the design of waveguide-to-coaxial converters. Fu-
ture research may focus on broadening the frequency range and
enhancing performance stability.
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