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Abstract: This paper presents a low-loss, high-transmission, broadside-coupled, transverse, recip-
rocal, two-port, and nature-inspired Ka-band transition design to move the electromagnetic energy
of a rectangular waveguide (RWG) to the microstrip (MS) line. The proposed transition is simple
in structure, with an excellent insertion loss, S12/S21, (IL) near −0.40 dB and return loss, S11/S22, of
<−21 dB, while the VSWR value is very close to one. Thus, this transition is an outstanding candidate
for MIC/MMIC-based millimeter wave, military, and RADAR applications, as well as in wireless
and satellite communications as a compatible connector. This transition also provides a bandwidth of
21.50 GHz (23.52–45.0 GHz) for the abovementioned microwave applications, at a <−10 dB return loss
(RL). The proposed transition model also exhibits a −15 dB absolute bandwidth of 27.06–23.44 GHz,
with an insertion loss < −0.60 dB. Due to a return loss of <−15 dB over an ultra-wide bandwidth,
the proposed transition is not only a good candidate for full Ka-band (26–40 GHz) applications but
also covers applications for K-band from 23.74 GHz to 26.0 GHz, Q-band applications from 33.0 to
45.0 GHz, and U-band applications from 40.0 GHz to 45 GHz, with approximately 97% power trans-
mission between the transmission lines and only 3% power reflections. The impedance matching at
the designed frequency between the RWG and MS line is achieved by flaring one end of the MS line in-
side the RWG in a fishtail shape, without the need for a quarter-wave/tapered/exponential/Binomial,
or multi-section Chebyshev transformer. The main goal of this research was to design a multi-section
impedance-transformer-free, simple, and easy-to-fabricate MS line, to share electromagnetic (EM)
energy between an MS line and RWG in 30 GHz satellite applications and 30 GHz high-frequency
applications, for interconnects screen printed on an organic substrate for flexible, wearable, textile
conformal antennas. This work also presents an exact RLC electrical equivalence model of the MS
line (fishtail) to RWG transition at 30 GHz. The novelty of this work is that the proposed transition
can be used for four microwave bands of electromagnetic energy transmission, with extremely low
reflection, and with a compact, simple-design MS line, and simple RWG.

Keywords: broadside; fishtail-shaped MS line; Ka-band; microstrip transition; RLC-equivalent circuit;
30 GHz interconnects for substrate printing

1. Introduction

With the increasing demand for planar circuits (MMIC and MICs) to couple electro-
magnetic (EM) energy with waveguides and vice versa in the field of millimeter wave,
wireless, satellite, and RADAR communication applications, the construction of a compact,
multi-section impedance-transformer-free, simple, and precise structure is highly desirable.
Current technological development is such that MIMO transmitter and receiver systems,
integrated multiple-input multiple-output (MIMO) antenna solutions for long term evolu-
tion (LTE) and millimeter-wave (mm-wave) 5G wireless communication services, Wi-MAX,
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5G and 6G technologies, RADAR (phased array radar, tracking, and speed measurement
RADAR), and wireless communications (front end receiver, transmitters and receivers
components, varactor modulators) require a connector or transition that can connect with
them and that can couple EM energy through their respective transmitter/receiver antenna
systems and then transfer this energy into planar (MMIC or MIC) circuits for further pro-
cesses, as well as in the reverse direction. The two most promising approaches to these
transitions for satellite communication and military applications are mode transformation
from the quasi-TEM mode of the microstrip line (MSI) to the rectangular waveguide (RWG)
dominant mode (TE10), and impedance or filed matching among the two transmission
lines [1,2]. Therefore, for the fulfillment of these requirements, many such waveguide-to-
microstrip line transitions have been designed and developed based on the use of different
coupling methods and techniques [1]. To continue this development, this paper presents a
Ka-band rectangular microstrip-to-waveguide (MS-to-WG) transition for sharing power
transfer, using a fishtail-shaped microstrip launcher.

2. Literature Survey

A rectangular waveguide (RWG)-to-microstrip line (MSL) transition is a two-port
hybrid connector. It can transfer electromagnetic (EM) energy from a microstrip port
to a waveguide port with minimum attenuation and low transmission losses. For wire-
less applications, RADAR applications, and millimeter wave applications, the designed
transition requires a wide bandwidth across the determined center frequency. To meet
these requirements, an enormous amount of research has been carried out and will be
continued [1]. Jin Li et al. proposed a narrow wall side inserted Ka-band semicircular
ring magnetic coupling based RWG-to-MSL transition. It is compact and easy to man-
ufacture. It also possesses a wide bandwidth for the full Ka-band. Nevertheless, it has
poor insertion loss lies between −1 dB and −2 dB [3]. Shih et al. designed a Ka-band 90◦

E-plane transition consisting of a multi-section step impedance transformer with minimum
reflection and transmission losses over a fractional bandwidth (FBW) of 40% [4]. S. Tomar
et al. presented an E-probe Ka-band Ms line-to-RWG transverse transition. This transition
uses a single-step impedance transformer with an IL of −0.30 dB over 14.54% FBW [5].
Varshney et al. proposed an E-plane transverse transition using a two-step impedance
transformer and a rectangular probe, with low reflections below a −10 dB bandwidth of
38% [6]. In this Ka-band E-plane side inserted RWG-to-MSL transition, impedance and
field matching is possible by employing a multi-section microstrip line transformer [1,3–6].
This results in good insertion loss (IL), S12 and return loss (RL), and S11 with a bandwidth
below −10 dB; in addition, it has a high degree of integration with MIC and MMIC circuits
and devices. Yu Lou et al. presented an E-plane 90◦ inline MSL-to-RWG transition. Their
design comprises a radial-shaped probe with a notch cut in the main microstrip, and an
extended ground to match the field and impedance of the dominant waveguide mode.
This transition exhibits a wide bandwidth, with satisfactory insertion and returns loss
for the entire Ka-band [7,8]. Tang C. et al. demonstrated and fabricated an E-plane 90◦

inline transition using a semicircular loop with a broadband bandwidth lower than −20 dB
return loss for the full Ka-band, using a single-step impedance transformer. The design also
utilizes a thin-film resistor as a termination load [9]. C. Long et al. demonstrated an inline,
low-cost, single-sided PCB, and impedance-transformer-less MS-to-WG transition with an
IL of −0.40 dB for a wide fractional bandwidth of 71.43% [10]. R. Gupta and P.P. Kumar
proposed a transverse waveguide to coaxial transition, and field matching and impedance
matching were achieved with a ridged waveguide, customized coaxial probe, and back-
short distance. This transition had an IL of −0.47 dB [11]. Simone et al. investigated an
inline Q-band transition, using a section of a ridged waveguide and Chebyshev impedance
transformer, with an IL of −0.26 dB over an FBW of 40% for the entire Q-band [12]. These
conductive traces printed on flexible substrates offer many potential applications in the
area of wearable electronics, ranging from search and rescue operations, to health and
physiological monitoring. Lim Y. Y. et al. investigated the effect of the pasting property on
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the dc conductivity of printed interconnects on a substrate, as well as the consequent RF
performance up to the frequency of 30 GHz [13].

It is concluded from the background literature on MS line-to-WG transitions that, in
most of the transitions, the microstrip line must contain a multiple section/single step
Chebyshev impedance transformer or ridge waveguide structures. Therefore, the main
objective of this article was to design the simplest, via-less, multi-section impedance
transformer-less, microstrip line to rectangular waveguide transition for Ka-band oper-
ations and interconnects for high-frequency flexible organic substrate screen printing.
Another objective of this work was to design and develop an E-plane probe transverse
transition with high transmission (i.e., low IL) and low reflections (i.e., RL < −10 dB) over
a wide fractional bandwidth (FBW). This paper presents the design and development
of an E-plane, broadside inserted 90◦ K-/Ka-/Q-/U-band RWG-to-MSL transition. The
proposed transition eliminates the need for complex multi-section microstrip transformers
for impedance matching. This makes the design simpler than the existing one, as field
matching and impedance matching, i.e., low reflections, are achieved just by varying the
fishtail structure probe width and depth (a novel technique for impedance matching), slot
height, and back-short distance. These parameter variation effects are discussed throughout
the paper. The proposed transition also shows a wide bandwidth for a return loss lower
than −10 dB.

3. Materials and Methods
3.1. Transition Design Equations and Parameters

A two-port rectangular waveguide WR-28 with a broadside dimension (a) of 7.112 mm
and width (b) of 3.556 mm to microstrip line transition was designed for full Ka-band
operation, using ANSYS HFSS software. The waveguide length of the design was chosen
as an integer multiple of λg/2. The basic analytical calculations were made using standard
mathematical relationships and the principle of an air-filled 500 Ω WR-28 (RWG) and 50 Ω
microstrip line [1,3–6]. A window or slot was cut at a distance λg/4 from the shorting
(back short) end of the RWG. The slot height and width were optimized using thumb
rules for better transmission between the MSL and RWG, as depicted in Figure 1a,b.
A 50 Ω microstrip was fabricated on double-layered RT Duroid 5880 substrates using
photolithography and etching. The optimized dimensions of the 3D-transition model
are shown in Table 1 and illustrated in Figure 1a,b. The substrate used at 30 GHz was a
soft substrate Roger RT 5880 (Duroid) with a loss tangent of 0.0009. The microstrip line
comprised a partial ground plane that just touched the slot/window placed at a back-short
distance (d = λg/4) from the guided wavelength of the WR-28 at the bottom surface, and a
patch with a fishtail-shaped probe was printed on the top surface of the substrate, as shown
in Figure 2a–c. At a Ka-band frequency of 30 GHz, the following design equations were
used for the microstrip line and waveguide analysis [14–16]:

Table 1. Dimensions of the Ka-band MS Line-to-RWG Transition.

Part Name Dimension Designation Dimension Values (mm)

Rectangular Waveguide (RWG)

Waveguide type WR-28
Dielectric Air-filled PEC (Al)
Broadside a = 7.112
Narrow side b = 3.556
Length LWG = 19.9

Microstrip Line (MSL)

Material Copper (Cu)
Width w = 0.37
Length Lstrip = 10.4
Thickness t = 0.035
Fish-tail lengths (upper) LFT1 = LFT4 = 2.414
Fish-tail lengths (lower) LFT2 = LFT3 = 1.9416
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Table 1. Cont.

Part Name Dimension Designation Dimension Values (mm)

E-plane 90◦ broadside Waveguide Slot

Dielectric Air-filled
Width WSlot = 7.0
Length LSlot = 1.015
Height HSlot = 0.381

Ground

Material Copper (Cu)
Width Wgnd. = 7.0
Length Lgnd. = 9.629
Thickness t = 0.035

Substrate

Material Roger RT Duroid 5880 (tm)
Width Wsub. = 7.0
Length Lsub. = 14.2
Height h = 0.127

Back Short
Back-short distance d = λg/4 = 1.9
Broadside a = 7.112
Narrow side b = 3.556
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3.1.1. Microstrip Line Calculations

The following design Equations (1)–(5) were used for the design calculations of the
microstrip line [14];

The effective dielectric constant;

εe f f =
εr + 1

2
+

εr − 1
2

(
1 +

12h
w

)−0.5
(1)

where εr = dielectric constant of the substrate,

w = width of the microstrip,
h = height of the substrate

Chosen characteristics impedance; Z0 =
60
√

εe f f
ln
(

8h
w

+
w
4h

)
. . . . . .

w
h
≤ 1 (2)

Z0 =
120π(√

εe f f

)[w
h + 1.393 + 0.677ln

(w
h + 1.444

)] . . . . . . f or
w
h
≥ 1 (3)

Microstrip width; w =
c
f0

√
(

2
∈r +1

)
(4)

where, f0 = designed frequency

Width of substrate and ground; WP < Wsub < a (5)

where, WP = c
2f0

√
2
εr+1
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3.1.2. Rectangular Waveguide Calculations

The following design Equations (6)–(11) were used for the analysis of the rectangular
waveguide [15]:

Wavelength; λ =
c
f0

(6)

Dominant modes; TEmn = TE10

Cut-off frequency; fc =
c

2
√
εrµr

√(m
a

)2
+
(n

b

)2
(7)

where, m = 1 and n = 0 for the TE10 mode,

a = breadth (broadside) of the waveguide,
b = width of the waveguide

Guided wavelength; λg =
λ√

1−
(

fc
f0

)2
(8)

Waveguide impedance; Zg =
η√

1−
(

fc
f0

)2
(9)

where, η =
√
µ
ε

Waveguide back-short distance; d =
λg

4
(10)

Waveguide length; LWG = N
λg

2
(11)

where, N = any integer value other than zero.

3.1.3. Microstrip Patch Calculations

Since the microstrip probe is used for energy launching in a rectangular waveguide, it
behaves like an antenna/energy launcher. Therefore, the following microstrip rectangular
patch antenna design (Equations (12)–(16)) was used for the analysis of the microstrip
probe/patch [16]:

Patch width; WP =
c

2f0

√
2

εr + 1
(12)

Patch Length; LP = L − 2·∆L (13)

where, L = Nλg
2 ; where,

N = any integer (1, 2, 3 . . . . . . ) (14)

λg =
λ0√
εeff

(15)

∆L = 0.412h
(
εeff+0.3
εeff−0.258

)( wp
h + 0.264
wp
h + 0.8

)
(16)

3.2. Field and Impedance Matching

The field matching of the rectangular waveguide dominant TE10 mode with the quasi
TEM mode of microstrip line was achieved by varying the slot height, width, and back-
short distance of the microstrip from the waveguide. The back-short distance was kept
close to the quarter-guided wavelength at the design frequency to reduce reflections from
the waveguide back-short end. This field-matching process is known as mechanical tuning.
The impedance of the microstrip was 50 Ω, and that of the WR-28 was about 500 Ω. This
significant difference in impedance was matched by varying the shape, size, and width
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of the conductor strip probe inserted inside the waveguide through the waveguide slot,
as well as through variation of the substrate width. Ultimately, a tapered fish-tail-shaped
probe gave a better impedance matching for maximum EM energy transformation by
varying the depth and width. This impedance-matching process is called electronic tuning.

3.3. Optimization of the Back-Short Distance

Ideally, a window/slot is cut into the broadside/narrow wall of an RWG from the short
end, for the insertion of the MSL, placed at a distance of d = λg/4. The guided wavelength,
λg/4, for a WR-28 at 30 GHz was calculated as 3.516 mm, with a cut-off frequency of
21.097 GHz. This was first optimized with a 0.50 mm step size and then a 0.10 mm step
size, to achieve a better IL and RL over the entire Ka-band. Excellent performance in terms
of IL, RL, and −10 dB absolute BW was obtained with a back-short distance of 1.9 mm
and keeping a slot height constant equal to three times the substrate height (HSlot = 3 × h),
i.e., 0.381 mm, as shown in Figure 3a,b and depicted in Table 2. From the table, it can
be observed that the small variations around the quarter-guided wavelength (back-short
distance) decreased, resulting in lowering RL below −10 dB and the shifting of IL upward
close to 0 dB, with an ultra-wide bandwidth over the entire Ka-band. With the back-short
distance d = 2.0 mm, resonance occurred at a frequency of 30 GHz, with a wider bandwidth
at the cost of low RL values. A more flat response was obtained, with a below−15 dB return
loss and IL above −0.5 dB over a smaller absolute bandwidth from 23.52 to 45.0 GHz.
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Table 2. Effect of fish-tail width variations with HSlot = 3 h.

Back-Short
Distance
d = λg/4 (mm)

Min.
IL
(dB)

RL
(dB)

Resonance
Frequency
fr (GHz)

−10 dB
Absolute
BW (fL–fH)
(GHz)

3.5 −1.91 −10.98 22.68 (21.68–23.19)

3.0 −1.64,
−0.75

−20.20,
−10.68

22.05,
41.13

(21.21–24.65),
(39.83–41.97)

2.5 −1.78,
−0.26

−21.82,
−42.06

22.05,
42.13

(21.55–27.55),
(36.19–44.75)

2.0 −0.36 −15.26 30 (21.97–45.0)
2.1 −0.32 −18.12 25 (21.74–45.0)
1.9 −0.36 −16.72 29.75 (23.52–45.0)

3.4. Optimization of Slot Height

The waveguide slot height is usually chosen as more than two times the substrate
height. The effect of a slot height, HSlot, less than two times the substrate height, 2 × h
(1.5 × h = 0.1905 mm), and a slot height greater than twice the substrate height (0.254/0.381/
0.508 mm) was optimized while keeping the back-short distance constant, i.e., d = 1.9 mm.
It was found that when HSlot < 2 h, a deviation in resonance frequency was observed,
whereas when HSlot > 2 h, in all cases, resonance occurred close to the designed center
frequency of 30 GHz, with better performance parameters in terms of RL, IL, and −10 dB
absolute bandwidth, as shown by the family curves of IL and RL in Figure 4 and tabulated
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in Table 3. The optimized minimum value of the slot height was 0.381 mm, for which
resonance occurred at a frequency of 29.75 GHz, with a much flatter RL below −15 dB
over a wide bandwidth. It was noticed that with slot height, HSlot, greater than or equal to
3 times the substrate height, the return loss value was below−15 dB over a ultra-wideband.
However, as the slot height was increased over 3.5 h, the RL went above −15 dB, which
demonstrated an increase in reflections from the back-short and a reduction in transmission
power. It was concluded from the two-parameter variations that variation of the back short
distance and slot height affected each other and hence affected the RL, IL, and, therefore,
the ultra-wide bandwidth. Therefore, a higher value of back-short distance led to decrease
in slot height, and a lower value of back-short distance gives an increase in slot height.
The dependency of these two important dimensions necessitates keeping one dimension
constant; say the slot height equal to 2 h or 3 h, while changing the back-short distance for
lower values of RL over a wider bandwidth.
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Table 3. Effect of slot height variations with d = 1.9 mm.

Slot Height,
HSlot (mm)

Min.
IL
(dB)

RL
(dB)

Resonance
Frequency
fr (GHz)

−10 dB
Absolute
BW (fL–fH)
(GHz)

1.5 h= 0.1905 −0.48 −11.51 27.35 (24.98–29.98)
2 h = 0.254 −0.38 −15.05 27.57 (23.95–43.36)
2.5 h = 0.3175 −0.40 −16.47 27.78 (23.35–44.28)
3 h = 0.381 −0.36 −16.72 29.75 (23.52–45.0)
3.5 h = 0.4445 −0.47 −17.98 27.51 (21.93–45.0)

3.5. Fishtail Probe Depth (LD) Optimization

A fish-tail-shaped probe was attached at the far end of the microstrip line and inserted
into the waveguide WR-28. A 50 Ω excitation was applied at the near end. The fish-tail
probe played an important role in impedance matching. The width and depth of the
triangular-shaped probe were varied so that excellent impedance matching was achieved
over the entire Ka-band. The depth of the fish-tail probe was varied in a step size of
0.20 mm in the direction of the marked arrow, as shown in Figure 5. Four depth increments
from the substrate end were implemented, as signified in Figure 5 by the different colored
tags. Corresponding insertion loss and return loss family plots are presented in Figure 6a,b.
All variation effects on the absolute BW, RL, and IL are given in Table 4. It was observed
that the lowest RL, highest −10 dB absolute bandwidth (BW), and minimum IL was
obtained at a resonance frequency close to 30 GHz and with a fish-tail depth, LD, equal to
2.5 mm. Therefore, the maximum energy transfer and minimum IL occurred at a design
frequency with a 2.5 mm distance from the substrate end. It was concluded that an increase
in the fish-tail depth from the substrate end or waveguide broadside wall resulted in
a reduction in reflections and improved the transmission. For distances of LD equal to
1.9 mm/2.1 mm/2.3 mm the IL values were below −0.50 dB. An excellent IL above 0.50 dB
was obtained with a fish-tail depth of 0.4 mm from the flat microstrip end over an ultra-wide
bandwidth of 23.52–45.0 GHz.
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Table 4. Effect of fish-tail depth variations with a fish-tail probe width WP = 3.8 mm.

Depth of the Fish-Tail
from the Substrate End,
LD (mm)

Min. IL
(dB)

RL
(dB)

Resonance
Frequency
fr (GHz)

−10 dB Absolute BW
(fL–fH) (GHz)

1.9 −0.50 −18.22,
−11.59

24.14,
43.07

(21.79–33.87),
(38.30–44.96)

2.1 −0.46 −36.72 25.04 (21.78–44.70)
2.3 −0.43 −25.98 25.94 (21.84–44.80)
2.5 −0.36 −16.72 29.75 (23.52–45.0)

3.6. Fishtail Probe Width (WP) Optimization

The width of the fish-tail probe was varied in a step size of 0.4 mm symmetrically
about the strip center line, as shown in Figure 7, and the corresponding effects of width
variations on the IL and RL are plotted in Figure 8a,b, respectively, with a constant fish-tail
depth of 2.5 mm. The effect of the variation of width on the IL, RL, and −10 dB absolute
bandwidth is tabulated in Table 5. It can be observed from the table that, as the width
of the fish-tail increases, the resonance (29.75 GHz) is close to the design frequency of
30 GHz, with a minimum IL −0.36 dB, RL −16.72 dB, and −10 dB absolute bandwidth
21.50 GHz being obtained. It can also be concluded from the tabular data that as the fish-tail
probe width (WP) decreased, the insertion loss and return loss improved with a shift in the
resonance frequency towards the Q-band and U-band upper-frequency limits. Therefore,
the same transition could be easily and efficiently used for other than Ka-band microwave
and millimeter wave applications, just by reducing the fish-tail probe width.

Table 5. Effect of fish-tail width variations with a fish-tail depth = 0.4 mm.

Fish-Tail Probe
Width,
WP (mm)

Min.
IL
(dB)

RL
(dB)

Resonance
Frequency
fr (GHz)

−10 dB
Absolute BW
(fL–fH) (GHz)

2.6 −0.25 −19.76 43.56 (25.60–45.0)
3.0 −0.29 −18.94 43.11 (24.09–45.0)
3.4 −0.35 −15.79 27.96 (23.13–45.0)
3.8 −0.36 −16.72 29.75 (23.52–45.0)
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4. Results and Discussion
4.1. Ka-Band RWG-to-Fish-Tail-Shaped MSL Design Model

A 3D Model of the final designed and optimized Ka-band microstrip line-to-WR-28
transition, including the outer embodiment, is displayed in Figure 9a. Photographs of the
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WR-28 with a back-short [17], along with front and rear views of the fabricated nature-
inspired fish-tail-shaped microstrip lines are shown in Figure 9b. A 50 Ω microstrip line was
fabricated on Roger’s RT Duroid 5880 soft substrate using photolithography and chemical
etching processes. A 50 Ω connector was soldered at the strip end. The other end of the
MSL was very close to the shape of a fishtail, as displayed by the arrow mark.
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4.2. Optimized S-Parameters, VSWR, and Propagation Constant Plots of the Proposed
Transition Model

The optimized S-parameters, in terms of the return loss and insertion loss, are de-
picted in Figure 10a, and the corresponding VSWR plot with frequency is displayed in
Figure 11b. Figure 10a shows the minimum insertion loss of −0.36 dB and lowest return
loss of−16.72 dB at a frequency of 29.75 GHz. A 66.15% fractional bandwidth was achieved
for the concerned Ka-band structure. The −10 dB return loss with VSWR between the two
ports of transition was 1.10, as shown in Figure 10b, demonstrating the good transmission
of power flow between the two ports of the waveguide and microstrip line. The lowest
insertion loss of −0.36 dB and return loss of −21.135 dB were obtained at the frequency
40 GHz. The transition exhibited return loss below −10 dB and an insertion loss below
−0.50 dB for a 66.15% fractional bandwidth from 23.52 to 45.0 GHz. The attenuation
constant, α, and phase constant, β, plots of real and imaginary parts of the propagation
constant are displayed in Figure 10c. The phase constant was higher and attenuation went
down to almost zero with a cut-off frequency of 21.25 GHz for the dominant TE10 mode.
This shows that the proposed model covers some portions of the K-band (23.52–26 GHz
out of the 18–26 GHz band), Q-band (33–45 GHz out of the 33–50 GHz band), and U-band
(40–45 GHz out of the 40–60 GHz band), along with the entire Ka-band (26–40 GHz) appli-
cation coverage. Ideally, the cut-off frequency is 21.09 GHz. Thus, only a 0.753% relative
error in cut-off frequency was recorded. The zero attenuation constant value after the cutoff
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frequency guarantees that the designed transition model has extremely low losses and
provides the highest transmission of EM power between the MS Line and RWG.
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Figure 10. RWG-to-MSL transition results at 30 GHz: (a) IL and RL plots, (b) VSWR plot, and (c)
propagation constant plots.

4.3. Electric Field (E), Magnetic Field (H), and Surface Current Density (J) Distribution Inside the
Designed Transition

The simulated electric field (E), magnetic field (H), and current density distribution
(J) inside the WR-28-to-MSL transition at a frequency of 30 GHz for the design optimized
parameters and dimensions are displayed in Figure 11a–c, respectively. It is clear from
the field distribution that the field alters its direction after traveling λg/2 and repeats
after traveling a distance of λg. This ensures that the length of the standard RWG (WR-
28) provides a better transmission and low insertion when it is of the order of nearly an
integer multiple of the half-guided wavelength (λg/2). The confined electric field within
the transition also ensures that perfect matching between the quasi-TEM mode of the 50 Ω
microstrip line and the nearly 500 Ω dominant mode (TE10) of WR-28 is achieved.

4.4. RLC Electrical Equivalent Circuit of the Transition

The RLC electrical T-equivalent and π-equivalent circuits of the fish-tail-shaped mi-
crostrip line to rectangular waveguide (WR-28) transition are depicted in Figure 12a,b,
respectively. Corresponding to the sharp resonant frequency in the −10 dB bandwidth,
as shown in Figure 10a, with minimum return loss values, all S-parameters are recorded and
then converted into the corresponding equivalent Z-parameters and Y-parameters [14,18,19],
and then these Z- and Y-parameters are converted into the T-equivalent and π-equivalent
parameters [14,20]. Finally, the lumped RLC parameters are evaluated by comparing each
T-equivalent parameter with Z = R + jX and π-equivalent parameters with Y = G + jB.
Where, G and B are the corresponding conductance and susceptance, respectively [14].
The reciprocal of the conductance gives the value of R. The L and C are estimated from
B at resonance conditions. Finally, the two T-equivalent and π-equivalent RLC electrical
equivalent networks are realized in series and parallel, and then implemented in a single
equivalent circuit in the proposed two-port E-plane transition [14,21–24].
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4.5. Comparison of the Proposed Work with the Existing Ka-Band RWG-to-MSL Transitions

A parametric comparison of the performance results of the existing Ka-band MSL-
toRWG transitions with the proposed Ka-band optimized design is shown in Table 6.

Table 6. Ka-band Rectangular Waveguide to Microstrip Line Transition Design Results.

Ref. Coupling Method Type
Need of
Impedance
Transformer

IL
(>dB)

RL
(<dB)

FBW
(%)

RLC
Equivalent
Circuit

[3]
Li et al., 2012

Narrow side wall (b) inserted, E-plane,
side inserted magnetic coupling using
semi-circular microstrip ring probe

Transverse

Yes
(multi-section
step
transformer)

−0.95 −10 33 Not Given

[4]
Shih et al., 1988

Broadside wall (a) inserted,
E- Plane (90◦) Transverse

Yes
(multi-section
step
transformer)

−0.10 −10 40 Not Given

[5]
S. Tomar et al., 2010

Broadside wall probe insertion through
aperture (E-plane), via-less Transverse

Yes (single-step
Impedance
Transformer)

−0.30 −45 14.54 Not Given

[6]
Varshney et al., 2013

Broadside wall probe insertion, E-plane
90◦ transition, Uses rectangular probe Transverse Yes (two-

section step) −0.30 −10 38 Not Given

[7]
Lou et al., 2008

Inline E-plane (90◦), radial-shaped
probe with notch cut and
extended ground

Inline No −0.30 −10 69 Not Given

[12]
Simone et al., 2018

Q-band transition uses a section of the
ridged waveguide and Chebyshev
impedance transformer, simple and
planar structure, increases the ease of
fabrication and the compactness, good
return loss, via-less, broad BW

Inline

Yes
(Chebyshev
impedance
transformer)

−0.26 −24 40 Not Given

[10]
Long, C. et al., 2019

Patch above a wedge-shaped cavity,
low-cost, single-sided PCB, wideband
compact structure and easy integration,
high integration density

Inline No −0.40 −13 71.43 Not Given

[9]
Tang et al., 2020

Inline (90◦) transition, 22 semi-circular
ring probe Inline Yes

(single step) −0.13 −10 48.3 Not Given

[11]
R.Gupta,
P.P. Kumar, 2020

90◦ WG-to-coaxial transition, field
matching, and Impedance matching
were achieved through a ridged
waveguide, customized coaxial probe,
and back-short distance

Transverse No −0.47 −23.4 38 Not Given

[8]
Varshney, 2021

Broadside wall inserted, E-plane, 90◦,
reverse approach of microstrip insertion Transverse Yes −0.10 −10 72 Given

This work
Broadside wall inserted, E-plane,
90◦fishtail shaped probe insertion,
compact, easy fabrication of PCB

Transverse No −0.50 −10 66.15 Given

5. Conclusions

A simple, small, via-less, impedance-transformer-less, side inserted, E-plane trans-
verse, 90◦ hybrid, rectangular waveguide to fishtail-shaped microstrip line transition for
Ka-band millimeter wave, wireless, satellite, and RADAR applications was optimized
and investigated in the simplest manner possible. It provides a good transmission from
the microstrip line end port to the waveguide port end and vice versa. An insertion
loss of less than 0.50 dB and return loss lower than −15 dB were achieved with an ultra-
wideband fractional bandwidth of 66.15% of the chosen band of interest, with a lower than
−10 dB bandwidth. The tapered microstrip line probe inside the rectangular waveguide
WR-28 adopts a fishtail-like structure and provides very good impedance matching, and
thus the maximum electromagnetic energy flow between rectangular waveguide and mi-
crostrip transmission lines, with extremely low losses (3% reflections only). This design
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eliminates the need for the previously existing Ka-band rectangular waveguides to mi-
crostrip line transitions, consisting of composite multi-section impedance transformers,
tapered/exponential transformers, Chebyshev transformers, bow-tie structures, and cir-
cular and semicircular patch structures, etc. These features make this transition the most
compact and simplest available and the most suitable for RADAR, wireless, and satellite
communication applications. The proposed transition could form an essential part of
MIC/MMIC-based circuits and systems, to interconnect with transmitter and receiver front
ends, as well as waveguide components and structures. In the future, the bandwidth of the
designed Ka-band transition could be increased through the use of advanced techniques,
such as using a metamaterial split ring resonator/complementary split ring resonator and
fractal geometries of the microstrip antenna insertion in the rectangular waveguide. The
equivalent RLC circuits of the proposed transition model enable its use with any planar
circuit or system. This transition, not only covers the Ka-band, but also could be suitable
for use in applications with the K-band (23.52 GHz to 26 GHz), Q-band (33 GHz to 45 GHz),
and U-band (40 GHz to 45 GHz).
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