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ABSTRACT An output arm is the first subsystem in the microwave components chain connected immedi-
ately after the power amplifier. These arms are responsible for transferring the signal from the output port of
the power amplifier to the standard line of the system. The second objective is to obtain directive samples for
both forward and backward signals. The typical design process for such a subsystem is carried out through the
design of separate components, independently. This limits the achievable performance of the entire system
and introduces excessive losses at intermediate flanges. In this work, we present a novel approach to design
such a subsystem using a global optimization procedure. Specifically, we address both compactness and
full-band operation of output arms deployed in radar applications. Analysis and design of each component
in the proposed subsystem are illustrated. The presented subsystem achieves a deep matching level of 19 dB
within an overall length below 2λg. Moreover, the directive sample obtained through the presented design
has an ultra-flat response of 20 dB ± 0.5 dB over the entire band of operation, while the directivity of the
samples exceeds 18 dB. The measured results of the fabricated prototype have an excellent agreement with
the simulations.

INDEX TERMS Full-band, high-power, power arm, waveguide standard.

I. INTRODUCTION

A mong all microwave subsystems, the output arms have
significant importance. These arms are connected directly
to the power source to provide a standard interface [1],
[2]. In addition, these arms are responsible for collecting
directive samples of both the forward and backward signals.
Traditional implementation of these subsystems involves the
use of an adapter cascaded with a dual directional coupler
[3]–[5]. Other implementations include isolators to protect
the source, however, we will focus our discussion on the
common configuration of the reciprocal-type output arms.
The major specifications of output arms are the deep match-
ing provided by the adapter, the flat coupling, and the high
directivity extracted through the coupler [6], [7]. These major
characteristics have to be satisfied over the full band of oper-
ation. In the literature, this topic is frequently visited on the
component level, where the adapters and directional couplers
are discussed separately.
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A variety of adapter designs exist in the literature that
provide deep matching levels transitioning from coaxial line
to traditional guiding structures; such as rectangular waveg-
uide [8], [9], or the modern guiding structures; such as
ridge gap waveguides and substrate integrated waveguides
[10]–[13]. Most of the aforementioned work focuses either
on the deep matching level or on the wide operating band-
width, which leaves a room for improved designs. There
are two basic configurations for the coaxial to waveguide
transitions, the right angle and the end-launch [14]–[18]. The
end-launch type ismore convenient for the system installation
as it ensures the alignment between the power source and
the rest of the system. However, this configuration is more
difficult in achieving the electrical specifications in terms of
the matching level and the wide operating bandwidth.

On the other hand, the directional couplers have gone
through a great development process over the past six
decades. Directional couplers are one of the most famous
Bi-conjugate networks [19]. Many configurations have been
deployed to provide different coupling mechanisms. The
broad-wall directional couplers, the 3-dB hybrid couplers,
and the side wall couplers are examples of different types of
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couplers [20]–[23]. In addition, the implementation method-
ology of various types of couplers has been well investigated
in the literature.Multiple printed guiding structures have been
proposed for coupler implementations such as microstrip
lines, substrate integrated waveguides, and printed ridge gap
waveguide [24]–[28]. Among all configurations, loop cou-
plers have the cutting edge in terms of the compactness [29].
They can be considered as one of the most compact types
of directional couplers, where the challenge is usually in
achieving a flat coupling response and sufficient directivity
over a wide bandwidth.
In this work, we present a complete subsystem

incorporating both an end-launch adapter and a loop coupler
in one unit. With this configuration, we eliminate inter-flange
reflections and provide optimized overall performance. The
challenges associated with the design of end-launch adapter
and the waveguide loop coupler are addressed, where the
overall subsystem shows attractive performance. Therefore,
the main contributions in this paper can be summarized as
follows.

• A full band end launch adapter with a deep matching
of 19 dB is proposed.

• A full band compact waveguide loop coupler with a flat
coupling of 20 dB ± 0.5 and high directivity more than
18 dB is presented.

• An overall optimized design of a compact power arm
subsystem with superior characteristics is proposed.

This paper is organized as follows: Section II lists the
general specifications required for the output arm. Section III
provides a detailed discussion about the end-launch adapter
design procedure. This is followed by the analysis and the
design of the loop coupler in Section IV. Section V presents
the global optimization process for the proposed power arm
subsystem.In Section VI, the fabrication considerations, and
the measured results are illustrated. performance evalua-
tion of the proposed subsystem components is presented in
Section VII. Finally, the paper outcomes are summarized in
Section VIII.

II. OUTPUT ARM SPECIFICATIONS

The design objective of this work is to provide an output arm
for radar applications working in the extended S-band. The
proposed design interfaces a coaxial power amplifier with an
SC connector to a WR-229 rectangular waveguide standard
system. The Standard threaded C coaxial connector (SC)
is selected based on its superior power handling capability
compared to both N-type and Threaded Neill–Concelman
(TNC) connectors. The average power that can be handled
by this type of connectors exceeds 1000 watt as indicated
by many connector vendors, while N-type can handle less
than half of this value. The output arm covers full band for
WR229 standard, from 3.3 GHz to 4.9 GHz. The output arm
will provide two different coupling values 40 dB and 60 dB
with directivity exceeds 18 dB for both cases. Two different
levels of coupling are supported to enable handling different
power levels at the input port.

III. END LAUNCH ADAPTER DESIGN

Typically adapters are used to transfer the signal from one
guiding structure to another. Here, the end-launch coax-
ial adapter converts the Transverse Electromagnetic (TEM)
mode carried by the coaxial connector to Transverse Eclec-
tic (TE) mode inside a standard waveguide. The design of
this transition can be divided into two parts. The first part
is a mode conversion section, where the signal propagating
mode is converted from a TEM mode inside the coaxial to
a TE mode inside a single ridge section. This is followed
by a single ridge to a rectangular waveguide multi-section
transformer.

A. MODE CONVERTER SECTION

The mode converter section is responsible only to change the
TEM mode into a TE mode propagates inside a single ridge
section. The inner conductor of the coaxial line is directly
connected to the ridge. The Teflon filling of the coaxial
line is extended to set on the same ridge. This technique is
deployed to enable the maximum power handling capability
of the structure. The alternative solution includes having an
air-filled coaxial line, which will have a relatively small
outer diameter to keep the characteristics impedance at the
same value. The single ridge section is designed to have a
50� impedance with a cut underneath the ridge deployed
as a tuning element. The ridge width and gap height are
0.582 inch and 0.174 inch, respectively. The groove under-
neath the single ridge has a height of hc = 0.457 and depth
of dc = 0.308 as indicated in Fig. 1. Moreover, the response
of the mode converter section is illustrated in Fig. 1(c), which
shows a matching level beyond 15 dB for the mode converter
alone. It worth mentioning that this will pass through a global
optimization process with the second stage and thewaveguide
loop coupler to obtain a better matching level for the whole
power arm.

B. SINGLE RIDGE TO RECTANGULAR WAVEGUIDE

TRANSFORMER

This section is responsible for transforming the signal from
the single ridge with 50� impedance to the rectangular
waveguide. The design of this matching transformer starts
with the analysis of the single ridge waveguide. This structure
has been analyzed by Cohn [30], who introduced expressions
for the cutoff frequency and the characteristic impedance. The
single ridge structure is defined by four parameters, the guide
width, the guide height, the ridge width and the gap height
above the ridge, which will be denoted by A , B , C and D,
respectively, the following phases will be defined:

θ1 = 2π
(A− C) /2

λ′
c

θ2 = 2π
C/2

λ′
c

(1)

where λ′
c represents the cutoff wavelength of the single ridge

structure. This cutoff wavelength can be related to the cut off
wavelength of the guide without ridge λc as follow:

λ′
c =

(

π/2

θ1 + θ2

)

λc (2)
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FIGURE 1. The mode converter section structure and response. (a) 3D
cross-section view. (b) Side cross-section view. (c) Scattering parameters.

The above expressions are obtained through dividing the
ridge into three parallel admittance sections (an open cir-
cuited line, a short circuited line, and the discontinuity B0).
This can be expressed as follows:

D

B
=

cot(θ1) − B0/Y01

tan(θ2)
(3)

where Y01 represents the single ridge characteristic
admittance of the dominant mode. The term B0/Y01 has
been represented by very accurate empirical expressions
by Whinery and Jamieson in [31]. To design the matching
transformer, the characteristic impedance of the single ridge
structure will be defined at infinite frequency Z0,∞ as the
ratio between the voltage to the total current at the center of
the guide, which can be given as:

Z0,∞ =
DE0

2
∫ C/2
0 i dl

=
120πD

λc
(

sin(θ2) +
D
B
cos(θ2) tan (θ1/2)

) (4)

while the guide impedance at any frequency is related to the
guide impedance at ∞ with the following expression:

Z0 = Z0,∞
1

√

1 − (λ/λ′
c)
2

(5)

The objective is to build a matching transformer to
match between the single ridge structure at the mode
converter section and the rectangular waveguide section.

FIGURE 2. The end-launch adapter structure and response. (a) 3D
cross-section view. (b) Side cross-section view.

The impedance of the rectangular waveguide section is
calculated using the V 2/P definition [32]. A Chebyshev
seven-sections matching transformer is designed, where the
initial dimensions are obtained analytically. Hence a global
optimization process is performed to obtain a matching level
beyond 22 dB for the end launch adapter. Any impedance is
calculated exactly at the center frequency, while all ridges are
designed to have the same width 0.582 inch. In addition, all
single ridge sections have the same guide width and height,
Wg = 2.29 inch and Hg = 1.145 inch. These values
are exactly equal to the opening of the standard WR-229
rectangular waveguide. As a result, each section has two
major parameters deployed in the global optimization pro-
cess, which are the gap height above the ridge hi and the
section length Li.

IV. COMPACT WAVEGUIDE LOOP COUPLER DESIGN

In this section, we present a mathematical formulation for the
required waveguide loop coupler shown in Fig. 3(a), where
there are two secondary arms connected to the main arm to
form a dual loop coupler. The main purpose from using two
secondary arms is to provide a forward coupling (60 dB) and
a reverse coupling (40 dB) as the forward signal power level
is always much higher than the reverse one. Loop coupler
is considered among the weak coupling structures, where it
consists of two dissimilar guiding structure (waveguide and
coaxial line) coupled through a coupling hole [5], [33], [34].
The primary arm, which is carrying most of the signal power
is entitled themain arm. On the other hand, the secondary arm
carries a small sample of the signal.
The suggested device is designed over two steps.

The first step is obtaining the initial dimensions for the
proposed design that satisfy the required coupling values.
The second step is to tune the critical dimensions through the
global optimization process to achieve a flat coupling and the
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FIGURE 3. (a) 3-D view of dual loop coupler. (b) Side view
cross-sectional. (c) Top view cross-sectional.

required directivity when it connected with the end launch
adapter forming the power arm . The main arm is a WR-229
rectangular waveguide operating in the required operating
frequency band. The secondary arm consists of a cavity that
contains two coaxial ports with inner conductors connected
through the coupling wire. The dimensions of the second arm
are selected in order to match a 50 Ohm N-connector.
The analysis of loop coupler design was visited in many

previous publications, where a single circular or rectan-
gular hole is deployed to provide the required coupling
value [35]–[37]. In this work, two rectangular holes with
a separation distance d are placed to add more degrees of
freedom in the design parameters as shown in Fig. 3(c).
Assuming the length and the width of the rectangular hole

FIGURE 4. Comparison between the simulated and analytic 40 dB
coupling.

are Lhi and Whi (i = 0, 1, 2, . . .N ), the coupling Ci of ith
hole are related the hole dimensions as:

Ci = Hf L
2
hiW

4
hi (6)

where, Hf is constant for the coupling coefficient which can
be written in simple form as:

Hf =

[

π

32
ko

√

2

ab

√

λ

λg

√

1

(F(k)
(
4

3
Am +

λg

λ
Ae)

]2

(7)

where, ko =
ω
c
is the free space wave number, a × b is the

cross section dimension of the main arm, λ is the free space
wavelength, λg is the guided wavelength in the main arm,
and F(k) is a constant which is related to the secondary arm
parameters, which can be found in [35]–[37]. Also,Ae andAm
represent the wall thickness correction factors which correct
both the electric and magnetic polarizabilites that are given in
[38], [39].

Based on the analysis of multi-hole dissimilar coupler that
were addressed before in the literature, the coupling of N
holes can be expressed as [40]–[42]:

C =

N
∑

i=0

Hf L
2
hiW

4
hie

−2jθ i (8)

where, θ =
θs+θp
2 , θp = βd , and θs = kod , while β is the

phase constant in the main arm.
The initial values for the coupling hole dimensions, holes

spacing, and wall thickness are selected to satisfy the cou-
pling values from the previous equation. Assuming that the
coupling holes have the same length and width, the compar-
ison between the simulated and analytic forward and reverse
coupling over the operating frequency band is shown in Fig. 4.
The proposed model can accurately estimate the coupling,
which can accelerate the design process of the waveguide
loop coupler.

Some modifications are added to the proposed design to
give a degree of freedom through the global optimization
process in adjusting the required directivity and coupling
flatness over the operation frequency band which include:

• Rounding the coupling holes edges
• The inner pin of the N-connector having different
lengths which result in a sloping for the coupling wire.
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FIGURE 5. The proposed global optimization flowchart.

TABLE 1. The final dimensions of the matching network sections in
millimeter.

V. GLOBAL OPTIMIZATION

Global optimization is an operation of finding the overall
best performance for the proposed power arm achieving a
compact size. In the previous sections, We discussed the
design procedures to extract the initial dimensions of the
power arm components. However, the integration of the end
launch adapter with the loop coupler having these initial
dimensions still needs further optimization to achieve better
overall performance. This is due to the loading effect of the
coupler slots located in the middle of the main waveguide.
In addition, the fabrication of both units in one body will
eliminate the possible performance deterioration at the inter-
mediate flanges. Therefore, global optimization is performed
to achieve a compact size, deep matching level, and low
losses over a full-band operation. A flowchart presenting
the global optimization process is shown in Fig. 5. This
optimization results in the optimum dimensions for both the
adapter and the loop coupler that are listed in Tables 1 and 2,
respectively. Table 1 shows the final dimensions for the gap
height above the ridge hi and the section length Li for the
end launch adapter. Regrading the loop coupler, the coupling
wall thickness is 0.024′′ and 0.069′′ for Unit 1 and Unit 2,
respectively. The coupling wires have a square cross-section
0.124′′ × 0.124′′ for Unit 1 and 0.115′′ × 0.115′′ for Unit 2.
These wires are soldered to the inner pin of the N- connectors
from both ends. The inner pin length measured from the
base of the inserts at the coupled and the terminated ports
Lp1 and Lp2, respectively. These dimensions, as well as the
wire length, are listed in Table 2, while the simulated return
loss, coupling, and directivity will be compared with the
measurement in the experimental validation section.

TABLE 2. Secondary arm optimized dimensions for both units.

FIGURE 6. (a) Fabrication parts of the proposed design. (b) The
measurement setup for the output arm subsystem.

VI. EXPERIMENTAL VALIDATION

The fabrication of all parts, shown in Fig.6(a), is performed
on (MATSUURA MC-510VG) Computer Numerically Con-
trolled (CNC) machine, which has a tolerance of 0.0005′′

in all dimensions. The proposed output arm is assem-
bled and tested as shown in Fig. 6(b). The measurements
were performed through ANRITSU MS4322 Vector Net-
work Analyzer (VNA), where two measurement sets have
been performed to evaluate both the adapter and the coupler
performance in the proposed subsystem. The first set of
measurements is carried out with a single port calibration at
a standard WR-229 waveguide port. The deployed calibra-
tion methodology is the double offset short technique with
an offset length of 12.78 mm. The coaxial connector side
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FIGURE 7. Comparison between the simulated and the measured return
loss for the power arm.

is terminated with an SC precision termination, where the
measured return loss is compared to simulated one in Fig.7.
This figure shows an excellent agreement between both the
measured and the simulated results. The simulated model
assumes full matching at the coaxial connector, while the
measured data replace this with a precision termination which
has a slight effect on the measured result.
Afterward, the VNA is calibrated by ANRITSU

TOSLKF50A-40, a Short-Open-Load-Through (SLOT)
coaxial calibration kit with an SubMiniature version
K (SMK) interface. The coupled port has an SubMinia-
ture version A (SMA) interface, which inter-mat with the
SMK interface. On the other hand, an SMA-SC converter
is deployed to interface the main arm. Through this setup,
both the coupling and the directivity are measured and
compared with the simulated results in Fig. 8 (a) and (b).
These figures show an excellent agreement in the coupling
curves, however, the directivity has a tangible deviation.
The assembly process of the loop coupler contains manual
welding to connect the wire and the inner conductor of
the coaxial connector. The manual process will result in an
irregular shape, which has a slight impact on the coupling
level as the coupling level and a significant effect on the
directivity level. These figures, also, highlight the ultra-flat
coupling level of both the forward and the reverse coupling
responses. Moreover, the measured directivity exceeds 18 dB
for both the forward and the reverse couplers over the entire
operating bandwidth.
Although the coupled ports act as output ports only in

the real system, the secondary arm return loss is measured
and compared with the simulated model for a complete
assessment of the proposed output arm. This comparison is
shown in Fig. 9, where the forward coupling port has a better
matching level in both the simulated and themeasured curves.
The measured secondary arm matching level of the forward
coupler is below 20 dB at the lower end of the band, while it
deteriorates to reach 12 dB at the higher end of the frequency
band. The reverse coupler has a secondary armmatching level
below 13 dB at the lower end and deteriorates to reach 7 dB
at the higher end of the frequency band.

FIGURE 8. Comparison between the simulated and the measured return
loss for both adapters.

VII. THE PROPOSED COMPONENTS PERFORMANCE

EVALUATION

It is essential to highlight that one significant contribution
of this work is to provide an overall optimized design of
the entire subsystem. After calculating the initial dimensions
of each component separately, the complete subsystem is
optimized globally. This final optimization is carried out to
elevate the overall system performance. The optimization
goal is to enhance the matching level of the subsystem while
keeping the coupling and the directivity within the designed
range.

In this section, we present a comparison between the
proposed design technique of the power arm components and
the state of the art methods, which are summarized in Table. 3.
The design of the end launch adapter is addressed intensively
in many articles, where many types of adapters are proposed
and analyzed. One type of end launch adapters is based on
a coaxial loop within a rectangular waveguide [14]. This
published work demonstrated a simple and low-cost fabri-
cation process, however, a partial band with a low matching
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TABLE 3. Comparison between end launch adapter and loop couplers designs.

FIGURE 9. Comparison between the simulated and the measured return
loss for both adapters.

level is achieved. Other techniques for end launch adapters
is to use different probe shapes inserted into a rectangular
H-plane vane in rectangular waveguide [4], [15]. Although
a slight improvement for the matching level is achieved,
this technique still has limited bandwidth. A full band end
launch adapter based on using Taconic polygonal dielectric
shape is presented in [16], however, a low matching level is
achieved.Most of the above-mentioned articles used different
techniques, which demonstrated either low matching level or
narrow bandwidth. On the other hand, the proposed work is
presented a design that can cover a full band operation with a
deep matching level.
Regarding the waveguide loop coupler, many designs have

been visited in the literature based on different coupling
mechanisms. One traditional configuration based on a direct
coupling between a wire and the waveguide is introduced
in [43], which has relatively compact and very flat coupling
(CPLG), however, it covers only 5 % bandwidth. Another
configuration that has better bandwidth is depending on using
a coupling conductor with protuberances [44]. Although this
technique has improved the directivity (DIR) of the loop
coupler, it degraded the coupling flatness. More bandwidth
enhancement is achieved by using a straight line inside a
cavity, where the coupling is achieved through a rectangu-
lar hole [45]. This configuration improved the bandwidth,
however, a large coupling deviation with low directivity is
achieved. On the other hand, the proposed coupler is adopted
several modifications to achieve a full bandwidth of operation
with flat coupling and high directivity compared with other
published work. The deployed coupling holes in the proposed
design consists of two successive holes, where the width and

the length of both holes are used to control the coupling
flatness and the directivity. In addition, the wire is designed
with a slope to increase the directivity. Finally, the holes and
the secondary arm cavity are designed with rounded ends to
enhance the directivity.

VIII. CONCLUSION

A compact design for full band power arm subsystem with
high directive sample has been introduced. The proposed
subsystem consisting of both an end-launch adapter and
waveguide loop coupler integrated into one unit with an
overall length below 2λg. The analysis and design of each
component have been discussed, where initial dimensions of
each component can be estimated. The presented design has
achieved matching better than −20 dB. Moreover, the pro-
posed design has a flat response with a samples directivity
more than 18 dB over the entire operating frequency band.
The proposed subsystem is fabricated and measured, where a
good agreement between the simulated and measured results
are achieved.
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