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Summary 

Ortho-mode transducers (OlVITs) are key components in antenna feed systems when 

dual polarizations are involved, such as satellite communication, remote-sensing ap

plications, radio astronomy, and astrophysical observations of the cosmic microwave 

background. Typically, they are used to receive dual-polarized signals from a horn 

antenna and separate them into two independent single-polarized channels. \Vith 

the development of modern communication systems, it is preferred to process dual

polarized signals over a wide band or multiple bands. However, the design theory 

of Ol\1Ts is not well-developed, and most OMT's are designed by experience and 

full-wave optimizations. 

In this thcsis, thc modc-mett.ching mct.hod is employed to dficicntly analyze wave

guide OMTs . An equivalent circuit model of a square waveguide T-junction is pro

posed as a key building block of waveguide OMTs, and its closed-form expressions arc 

derived from the rigorous mode-matching analysis. A short-circuited branch wave

guide OMT is then designed with this equivalent circuit model. Then, an improved 

equivalent circuit model for a square waveguide T-junction with coupling slot is pro

posed. Several useful formulas are derived from the circuit analysis to determine the 

XV 
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wficction ;;cro of a short-circuited branch wavcgnidc OMT. An accurate synthesis 

procedure is then established to determine the dimensions of the Ol\1Ts. Finally, 

two compact dual-band OMTs are designed. In the first OJ\,IT, two iris filters are 

incorporated to improve the isolation between two frequency bands: and the struc

ture basically integrates a diplexer into the Ol\IT. In the second OMT an irregularly 

shaped diaphragm is employed as a compact band-rejection element to improve the 

isolation between t\vo frequency bands. 

XVl 
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Chapter 1 

Introduction 

1.1 Background 

Since the first pair of antennas in the world was invented in 1886 by Heinrich Rudolf 

Hertz, various antenna systems have been deployed all over the world. In many 

receiving antenna ::;y::;tems, such as radio astronomy [1-3], remote ::;en::;ing application 

[4], most received signals from space arc unpolarized or partially polarized with a 

random polarization angle. A simple conversion of the electromagnetic signal from 

space into a guided wave in a single mode waveguide will approximately result in a 

polari?:ation loss of 3 dD. To attain full efficiency and sensitivity as well as to measure 

the polarization ::;tate of an incident ::;ignal, these dual-polarized ::;ignal::; received from 

a dual-polarized antenna ::;hould be ::;eparat.ed as two orthogonal polari;..-;ations and 

transferred into two independent single mode ports. This task is accomplished by 

the so-called ortho-mode transducer (OMT). 

In the rapid developing wireless communications, such as the satellite telecommu

nications, the demand for high capacity is continuously increasing over the decades 

[5]. Therefore, it. is also desirable to optimize the utilization of the available frequen-

1 
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1.1 Background 

cy bands on a link to keep pace with the demand of continuously increasing data 

rate. A key component for this frequency reuse technique [6] is also the 0~1T which 

can double the capacity of the link by transmitting and receiving two orthogonally 

polarized signals simultaneously over the same frequency band. 

A block diagram of an antenna feed system for multi-frequency bands is given 

as an example and shown in Fig. 1.1 [7]. It can be seen that the OMTs play an 

important role in this system. 

Primary 
radiator, 
e.g., horn 
antenna 

Figure 1.1: Communications antenna feed system for multifrequency band [7]. 

As a key component in dual-polariz,ed antenna feed systems, narrow-band OMTs 

have been developed for many decades [8,9]. Although OMT structures vary in shape, 

in general, they are all a physical three-port device. A square or circular waveguide 

supporting dual-polarization is usually employed as a common port, which connects 

to a dual-polarized antenna, and two single-polarized ports are used to extract the 

orthogonal polarizations, respectively. Therefore, a diagram of a typical OMT can 

he described in Fig. 1.2. 

2 
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1.1 Background 

H-polarization 

OMT 
V-Polarization 

Fignre 1.2: Diagram of a typical OlVIT. 

Since the common port supports two orthogonally polarized signals, an OMT 

should be considered as an electrically four-port network, as shown in Fig. 1.3 [10], 

where Ports 1 and 2 are the two orthogonally polarized signal ports in the common 

physical port, Ports 3 and 4 are the two separated single-polarized signal ports. The 

solid lines denote the couplings within the same polarization, and the dash lines 

denote the couplings between orthogonal polarizations. 

Although the electrical requirements considered in the OMT design depend on 

the specific application, in general, the following parameters, shown in Fig. 1.3, are 

usually mentioned when the performance of OI\1Ts is evaluated [10, 11]. 

Dual-polarized 
signal 

v 

H 

Common Single-polarization 
port ...---------------.· ports 

S31 

Port I 

-
Port 2 

Port 3 

-Port 4 

Rv _____. 

Figure 1.3: Scattering matrix representation of an OMT in receive mode [10]. 

1) Return loss ( -20logiSiil, z = 1, 2, 3, 4): a return loss should be no less than 15 

3 
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1.2 Motivation 

dB, with close to 20 dB over most of the operating band desirable, although the 

figure of some designs can be as low as 10 dB [12], which is unacceptable in many 

situations. 

2) Insertion loss (-20logl 531 1, - 20logl 8421): an insertion loss must be kept to a 

m1111n1um. 

3) Isolation ( -20logiS13 I): the isolation between the output ports of the Ol\1T is of 

import ancc and a figure of at least :~0 dD is usually considered essential. 

4) Cross-polarization (-20logl 5 21 1): it is an important but often overlooked con

sideration. For the discrimination of polarizations, the couplings between two 

orthogonal polarizations should be kept as low as possible. 

Ease of manufacturing [13, 14] should also be taken into consideration if mass 

production is required, especially in the millimeter wave. In addition, power handling 

capability will also be of importance under certain circumstances. 

1.2 Motivation 

There is always an ever-increasing demand for antenna systems to operate over large 

bandwidths in almost all applications. Therefore, it is also desirable to develop a 

single wide-band OMT to match the bandwidth of the entire system [11]. For the 

wide-band UNITs, the higher-order modes may propagate in the waveguide, which 

may deteriorate its bandwidth performance dramatically. To suppress the excitation 

4 
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b 

1.2 I\1otivation 

of these unwanted higher-order modes, the symmetrical structures, such as quadruple 

ridged waveguide [11.15], turnstile junction [16, 17], etc., are usually preferred. 

l'\ owadays, for communication links of extreme high data rate, the capacity of 

one frequency band is insufficient even in the case of frequency reuse. Therefore, 

multiple frequency bands are exploited and multi-band OMTs are desired [12, 18, 

19]. Different from the single-band OMT, the multi-band OMT has more than four 

electrical ports, and the isolation between the ports of the same polarization but 

operating at different frequency bands becomes an important concern and challenge. 

Therefore, the multiple operating bands are usually widely separated, and additional 

filters or di plexers are necessary to improve the isolation between them [7]. 

In summary, wide-band and multi-band OMTs require more sophisticated designs 

with more considerations, comparing to the narrow-band ones. However, it is always 

preferred to design an OIVIT in a compact size with good performance. Gnfortunately, 

the waveguide OMTs are usually bulky and geometrically awkward, and are still one 

of the most difficult clements to integrate within a compact antenna feed system [20]. 

Therefore, the compact design of Ol\1Ts is still a big challenge, especially for the 

wide-band and multi-band cases. 

On the other hand, despite the extensive application of the dual-polarized antenna 

systems for several decades, the design of the key component, OMT, is still treated 

very unsatisfactorily in the literature, even for a narrow-band one [7]. This is because 

an OMT is a dual-mode multi-port structure. Although some theories about the 

multi-port network have been presented in some papers [21, 22], there is still no 

5 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



1.3 Objectives 

proper circuit model to represent the dual-mode OrviT structure. Therefore, most 

OMTs still have to be designed by experiments, cut-and-trial [11, 23], or full-wave 

optimihation [24]. 

Recently, with the development of full-wave numerical methods, especially with 

the advent of commercial simulation software packages, the OMTs can be simulated 

accurately by these full-wave simulators, such as Ansoft's High Frequency Structure 

Simulator (HFSS) [25] and Computer Simulation Technology (CST) Studio Suit

e [26]. However, as the complexity of the structure increases, the efficiency of these 

commercial simulators degrades, and the full-wave optimization may not give sat

isfactory results in a timely manner without good initial values. Therefore, it is 

necessary to develop a synthesis method using circuit theory. 

From the above discussions, it is understood that although many Ol\ITs have 

been developed for various dual-polarized antenna feed systems, the design theory of 

the OMT is still not well established. There are still many challenges in the design 

of compact wide-band, multi-band Ol\1Ts, especially the integration of OMT within 

a compact antenna system. This thesis aims to develop some circuit analysis and 

synthesis theory to design waveguide Ol\1Ts, and implement some compact dual-band 

OMTs, which is the main motivation of this Ph.D study. 

1.3 Objectives 

In responding to the aforementioned issues, the goal of this study is to investigate 

the analysis and design methods of waveguide OMTs, and to design some compact 

6 
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1.3 Objectives 

dual-band Ol\1Ts with the proposed design theory. To fulfill the goal, the following 

tasks have to be envisaged. 

1) A comprehensive literature review is condncted about structures and analysis 

methods of existing OMTs. This exercise provides a strong foundation and back

ground for the exploration. 

2) The square waveguide OMT is considered in this study. For the purpose of 

efficient a11alysis of OMTs, proper Immcrical method should be developed. Since 

the waveguide structure is mostly used in the design of Ol'viTs, the full-wave 

mode-matching (MM) method is chosen for its high accuracy and high efficiency 

for this waveguide structure. The MM building blocks of rectangular waveguide 

structures are developed and the square waveguide OMT can be analyzed. 

3) Based on the developed J\IM technique, we proceed to analyze a key building block 

of the square waveguide OMT, the square waveguide T-junction. Its equivalent 

circuit model is derived from the rigorous M.l\1 analysis. \Vith this circuit model, 

a short-circuited waveguide OMT can be analyzed and designed by a circuit 

simulator efficiently. 

4) Once the circuit model ofthe waveguide Ol\IT is established, the synthesis method 

based on this circuit model can be investigated. The dimensions of the short

circuited square waveguide OMT can then be accurately determined. 

5) \Ve also extend our work on the design of compact dual-band OMTs. To im

plement a compact dual-band O:Y1T with good performance, two filters can be 
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1.4 Major Contributions of the Thesis 

integrated into the Ol'vlT. The whole structure can be analyzed efficiently based 

on the earlier developed circuit model. Some cornpact filtering elements are also 

investigated to realize a more compact design. 

The outcomes of this research work have produced some original contributions 

and developments over the existing works. They are outlined in the next section. 

1.4 Major Contributions of the Thesis 

The major contributions of this PhD study are listed as follows. 

1) The full-wave Ml\1 method has been developed for efficient analysis of square 

waveguide OiviTs. A double-plane step in rectangular waveguide and a six-port 

waveguide junction are modeled as two building blocks for rectangular waveguide 

structures by the MlVI method. The cascade of these two building blocks are 

investigated. The cascade of two-step discontinuities arc summarized as three 

types. It is found that proper choice of the genera.lized matrix representation for 

the cascade can improve the efficiency of our analysis. 

2) As a key structure of the square waveguide O:lviT, the square waveguide T-junction 

has been carefully studied by our developed M:\1 method. A five-port equivalent 

circuit model is proposed to represent this dual-mode multi-port structure. Based 

on the rigorous l\Il\!1 analysis, it is found that this five-port network can be di

vided into two separate sub-networks according to the polarizations. Therefore, 

the analysis of the original five-port network can be greatly simplified. More-
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over, closed-form expressions of this equivalent circuit model arc derived from the 

IVUvl analysis with proper approximations, which are very accurate over the en

tire dominant-mode operating band. \Vith this circuit model, the short-circuited 

square waveguide 01\IT can be designed in the circuit domain accurately with 

high efficiency. 

3) The synthesis method for short-circuited square vvaveguide OMT has been devel

oped. A slot-coupled square waveguide T-junction is considered since it exhibits 

more flexibility and is more frequently used in practical design. An improved 

equivalent circuit model for a slot-coupled square waveguide T-junction is then 

proposed, which is more suitable for the circuit synthesis. Based on this im

proved circuit model, an accurate synthesis method is developed to determine 

the dimensions of the short-circuited square waveguide 01\IT. It is noted that the 

synthesized dimensions can be directly applied to the OMT without any full-wave 

optimization. 

4) Two compact dual-band OlVITs have been implemented, fabricated and tested. 

The first one is designed based on the earlier developed circuit analysis and syn

thesis method. To improve the isolation between two frequency hands, two iris 

filters are connected to the OMT. \Vith the previously developed equivalent cir

cuit model, the junction effect oft he O~viT is considered in the design of filters, 

which introduces additional transmission zeros. Therefore, the filters with sharp 

rejection can be realized and integrated as parts of the O:tviT, which results in a 

compact structure. 
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In the second dual-band 01v1T, a more compact design is implemented. A wave-

guide with reduced cross-section is incorporated into the common waveguide and 

an irregularly shaped diaphragm is proposed as a compact band-rejection elemen-

t. In this way, the lengthy iris filters, which usually have to be fabricated as two 

pieces and recombined, can be removed. As a result, the whole structure can 

be fabricated as a monoblock with a stacked thin diaphragm. In this sense, the 

stability and power handling capability arc greatly improved compared with the 

first one. 

1.5 Organization of the Thesis 

The remaining part of the thesis is organized as follows. Chapter 2 presents a lit-

emture review of O~ITs. Existing designs of 01\ITs arc classified and described. 

Difi'erent types of OMT analysis methods are also reviewed. 

In Chapter 3, the Ml\1 analysis of rectangular waveguide junctions is pret:>ented. 

Two building blocks of waveguide structures are analyzed by the Ml\1 method: one is 

the double-plane step in rectangular waveguide, and the other is a six-port waveguide 

junction. The cascade of multi-port generalized scattering matrix (GSM) by these 

building blocks are discussed, and generalized matrix representations of the two-step 

cascaded waveguide junction are summarized. The waveguide OMT can then be 

modeled as the cascade of these building blocks. 

In Chapter 4, a square waveguide T-junction is studied as a key building block 

of wavcguidc Ol\1Ts. A five-port equivalent circuit model i:c; crnploy<~d to represent 
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this square waveguide T-junction. It is then simplified as two separate subnetworks 

according to a rigorous mode-coupling analysis. Then closed-form expressions for 

these two subnetworks are derived separately with proper approximations. A short

circuited waveguide 01VIT is designed with this equivalent model and measured re

sults verify our design. 

In Chapter 5, an improved equivalent circuit model of a square waveguide T

junction with coupling-slot is proposed. The values of circuit elements can be ex

tracted from the J\!111 ana.lysis. The short-circuited waveguide 01\IT is then analyzed 

with this circuit model. The reflection zero of the OMT can be determined by some 

simple formulas. An efficient synthesis procedure is presented to determine the di

mensions of the 01\IT accurately. 

In Chapter 6, two compact dual-hand (}\ITs an: designed. The first one is 

developed based on the short-circuited waveguide OMT synthesized in Chapter 5. 

Two filters are designed together with the 011T as a whole component to obtain 

good isolation between the two frequency bands. The equivalent circuit model is 

established to optimize this dual-band OMT efficiently. Finally, the full-wave MM 

method is used to optimize the whole structure. The second one is a more compact 

design of the dual-band OMT. To obtain good isolation between the transmit and 

receive signals of the same polarization with a compact size, a waveguide with reduced 

cross-section is incorporated into the common waveguide and an irregularly shaped 

diaphragm is proposed as a compact band-rejection element. This Ol'viT can be 

fabricated as a monoblock with a stacked thin diaphragm, which is very stable and 
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suitable for mass production. 

Finally, Chapter 7 concludes the work and gives recommendations for further 

research. 

12 
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Chapter 2 

Literature Review 

2.1 Introduction 

Ortho-mode transducers (O~lTs) have been developed as a key component in dual

polarization antenna systems for many decades. Although they may also be referred 

as polarization diplexers, dual-mode transducers, ortho-mode tees. and ortho-mode 

junctions (OMJ) in the literature, their basic task is the same: to discriminate two 

independent signals of the orthogonal dominant modes provided at the common port, 

and supply them to the single mode ports. To serve this purpose, various types of 

OMTs have been designed. 

In general, it must have one common port supporting dual-polarized signals and 

at least two orthogonal ports for single-polarized signals. Therefore, various struc

tures supporting dual-polarization have been employed to implement different kinds 

of OMTs, such as square and circular waveguide T-junctions [27~29], finlirws po], 

quadruple ridged waveguides [11,31,32], turnstile junctions [3,33.34], etc. The choice 

of these structures is usually a tradeoff between the performance and complexity. 

In this chapter, a thorough literature review of different types of OMTs will be 
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carried out first. After that, some of the numerical methods that have been employed 

in analyzing these OJ\1Ts arc also summarized. 

2.2 Existing OMT Designs 

The design of OMTs is to maintain good match at all electrical ports and high cross

polarization discrimination between the independent signals. The impairment on 

the match and isolation of a practical OMT design usually results from the higher

order mode excitations. In the most commercial OMT applications that require 

narrow-band designs, all higher-order modes of the common \vaveguide are evanes

cent \vithin the operating band. Therefore, these unwanted higher-order modes can 

only influence the propagating field of the dominant mode near the discontinuity 

region. However, in wide- or multi-band OMT applications, higher-order modes may 

propagate. To suppress these unwanted higher-order modes, symmetrical structures 

are usually preferred at the cost of increased complexity. 

A suitahle, although not complete, inventory of differf'nt OJ\ilT typc:s was first 

presented according to the symmetrical property of the structures by B¢ifot [35] in 

1991. In this section, we will first introduce some asymmetrical narrow-band OMTs, 

and then some types of symmetrical structures for broadband OMT designs will 

be presented. Finally, some approaches to the design of multi-band OMTs will be 

described. 
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2.2 Existing OMT Designs 

2.2.1 Asymmetrical Narrow-Band OMTs 

Asymmetrical OI\lTs arc most widely used in commercial communication systems 

since they can achieve good performance, such as low voltage standing \Vave ratio 

(VS\VR) and high isolation \vith low fabrication expense. Usually, these asymrnct-

rical structnrcs are considered as narrmv-band (usually less than 10%). However, as 

the development of accurate full-\vavc simulators, the bandwidth of these asymmet

rical OMTs can lH' extended up to 30% with fine tuned geometry [1:3]. In general, 

there are four main types of narrow-band 011Ts [7]. 

Taper /Branching OMT 

As shown in Fig. 2.1, a longitudinal taper section is employed to provide a sym

metrical or asymmetrical transition of the common square or circular waveguide 

cross-section to the standard waveguide interface of one fundamental mode. In the 

meanwhile, a waveguide branching perpendicular to the longitudinal axis is placed 

for the orthogonal signal. 

There are different kinds of tapers including stepped taper, continuous taper, 

circular to rectangular waveguide taper and hybrid of coaxial port with associated 

probe. The performance of this type of OMT is mainly determined by the design 

of the taper and branching regions. Usually, multi-step taper is required to match 

the impedance between the common dual-mode port and the single-mode port, as 

shown in Fig. 2.1, which usually demands a full-wave optimization [24,36]. 

An example of this type of OMT is shown in Fig. 2.2 [24]. The theoretical return 
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2.2 Existing OI\IT Designs 

Figure 2.1: Structure of a typical taper/branching OI\lT. 

loss at the in-line and side ports can be below -30 dB from 10.75 GHz to 14.5 GHz, 

which is about 30% bandwidth, as shown in Fig. 2.3. 

Figure 2.2: An example of a taper/branching OMT operating at Ku hand [24]. 
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Figure 2.3: Theoretical return loss at the in-line input port and at side input port 
of a Ku-band 01\lT (30% bandwidth, 10.75-14.5 GHz) [24]. 

Septum/Branching OMT 

A septum is inserted into the common waveguide [37], as shown in Fig. 2.4, which has 

little effect on the electrical field vertical to it, provide that the septum is sufficient 

thin. For the orthogonal mode, it is evanescent within the septum region and coupled 

to the side branch. So this provides more isolation between the two orthogonal 

modes. The shape, size and location can be varied, and double septum can be 

inserted [38], which provides more flexibility aiming to match the signal in the side 

arm better [13, 39]. Such designs provide excellent performance with up to 20% 

bandwidth. 
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2.2 Existing OivlT Designs 

Figure 2.4: Structure of a typical septum/branching OI\IT. 

Acute Angle or Longitudinal Ortho-Mode Branching 

Unlike the types mentioned above, whose branching is perpendicular to the common 

arm, the dual polarization signal ramifies under an acute angle from the longitudi

nal axis of the common waveguide, as a Y-junction [40] illustrated in Fig. 2.5, or 

bifurcated with a stepped septum along the axis [41, 42]. Also the septum can be 

inserted into both side arms to improve the isolation. It should be mentioned that 

a polarizer can be formed with this OI\IT, which separates the orthogonal signals 

with a differential phase shift, usually 90 degrees, so that circular polarization can be 

obtained from two orthogonal linearly polarized signals [41, 42]. The main advantage 

of this type is its simplicity, even analytical formulas have been provided [40]. The 

main drawback is that it is difficult to achieve good matching and high isolation at 

the same time, and its bandwidth is very limited, due to excitation of higher-order 

modes, and high manufacturing expense is another further disadvantage. 
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2.2 Existing OMT Designs 

Septum 

/-1 
I 

Figure 2.5: Structure of a typical Y-junction OMT. 

Short-Circuited Common Waveguide 

This is the simplest design, based on a short-circuited common waveguide that has 

two rectangular branching waveguides, where both are situated at perpendicular side 

walls of the common waveguide to serve the respective polarized signals, as shown 

in Fig. 2.6. 

To achieve a higher isolation, the locations of h and l2 are usually determined 

by [43] 

(2.1a) 

(2.1b) 

where Ago represents the common waveguide wavelength of the respective dominant 
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2.2 Existing OMT Designs 

mode at the center frequency (.f0 ) of the assigned operating band. 

, 
I I 
~~._ 

----------~------------~· 

(a) (b) 

Figure 2.6: Structure of a typical short-circuited square waveguide O~IT.: (a) 3D 
view and (b) side view. 

This type of design is very simple: compact-size in the direction of the longitudinal 

axis. Since there is no septum inserted within the common waveguide, it is eas~' to 

fabricate even at millimeter wave [44]. Its drawback is the excitation of higher-order 

modes within the asymmetric branching region. Thus, adequate match and isolation 

properties can hardly be achieved for a bandwidth of more than 10%. 

Hmvever, this type can be adapted to other O~IT designs easily. For example, the 

rectangular waveguide ports can be replaced by coaxial ports with probe couplings. 

Moreover, the turnstile junction, \vhich will be introduced in the broadband OMT 

part, can be viewed as a symmetrical version of this type. 

It should be noted that only square waveguide narrow-band OMTs are illustrat-

eel in Figs. 2.1~2.6 for simplicity. The common port can also be circular, as seen 

in [28, 43, 45]. 

Besides these four types of asymmetrical narrow-band OMTs introduced above, 
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there are also some approaches to realizing wider bandwidth using an asymmetrical 

structure. One is the finline [30], which is an inherent broadband structure. About 

40% bandwidth was achieved in [46]. Cnfortunatcly, a thin gap is required in the 

design, which increases the fabrication expense and not suitable for millimeter wave 

applications [11, 13]. 

Another promising broadband technique is to introduce some ''mirror impedance" 

or "image load'' [47] within the asymmetrical branch region, which exhibits symmet

rical properties to suppress higher-order modes with a single-branching compact size 

structure by proper discontinuities. It can achieve broader bandwidth (20% in [13]) 

with a reasonable complexity. 

2.2.2 Symmetrical Broadband OMTs 

In the design of broadband 0~1Ts, symmetrical structures arc usually employed 

since they can suppress the excitation of higher-order modes. A pair of identical 

waveguide junctions, called dual junction, are symmetrically situated with respect 

to the common waveguide. Each junction extract ha.lf of the signal energy of the 

dedicated polarization from the common waveguide. An appropriate power combiner 

is necessary to recover the total signal energy of the dedicated polarization at one 

interface port [7]. 

Accordingly, a complete symmetrical broadband OMT design comprises the com

mon waveguide with two dual junctions and two power combiners. Obviously, it 

requires a much more complicated design, and the performance, such as return loss 
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and isolation may degrade, compared with its narrow-band counterpart. Therefore, 

it is often a trade-off between bandwidth, complexity and performance. 

Here we will present some types of symmetrical broadband OMT designs available 

in the literature. 

Quad-Ridged Waveguide OMT 

The quad-ridged waveguide is an inherent symmetrical broadband structure support

ing dual-polarization [48,49], which is very suitable for broadband Ol'viT designs. The 

quad-ridges are tapered inside the waveguide and ended as a narrow gap with a short

ing cap. Two orthogonal probes are placed perpendicular to the waveguide wall to 

extract the energy , as shown in Fig. 2. 7 [11, 32]. The geometry of the ridges may 

be modified to enhance the performance (e.g., bandwidth, power handling capabili-

ty) [11, 15]. 

It should be mentioned that only probes are employed to extract orthogonal 

signals. There is no dual junction in the design. Therefore, it is not a rigorous sym

metrical design. The alignment of the four ridges inside the waveguide should be very 

careful. Otherwise, small asymmetry will excite higher-order modes and deteriorate 

the performance. An offset quadruple ridged waveguide OMT was reported in [31] 

to partially overcome this disadvantage. 

Turnstile Junction OMT 

The application of turnstile junction can be traced back to half a century ago [50]. It 

consists of four coplanar rectangular arms and a perpendicular circular arm, which 

22 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library
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Figure 2.7: Cross-section of a quad-ridged waveguide OiviT. Corners of the ridges 
are cut to enhance the bandwidth and power handling capability 

contains two orthogonal TE11 modes, as shown in Fig. 2.8. The linearly polarized 

wave is naturally directed towards the arms having the same axis direction. \Vide-

band matching between the circular port and the four rectangular ports can be 

easily obtained by introducing some scattering element in the branching region, such 

as metallic pyramid [16, 33] and a tuneable stepped post [17, 51]. 

Each pair of opposite arms need to be recombined through a tee junction. But 

due to the particular geometry of the turnstile junction, these two pairs of arms 

have to cross over with each other, which usually leads to a large, asymmetrical 

network. In [51], four E-plane 180° bends and two E-plane combiners are used, . 

Some similar designs with compact size were reported in [3, 33, 34]. An ultra-thin 

design is presented in [16]. An alternative design proposed by Hozuori [52] uses four 

magic tees to avoid the crossing between the adjacent arms. [53] reports a design 
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Scattercr 

Figure 2.8: Turnstile junction 

with only two magic tees used. 

The fabrication of these turnstile junction is also an important issue. Due to 

its complicated branching and combining structure, it is usually divided into four 

blocks and fabricated separately [3, 34, 51]. Therefore, the alignment of these four 

blocks should be very careful. In [17], the O:t\IT is fabricated as whole piece with 

electrofonning technique by Forestal S.r.l. [54]. 

An example of turnstile junction OMT is shown in Fig. 2.9 [34]. Measured return 

losses at rectangular ports are better than 25 dB over the frequency band from 3.6 

GHz to 7 GHz (64% bandwidth), as shown in Fig. 2.10. 

B¢ifot Junction OMT 

The B¢ifot junction OMT was first invented by A. :.I. Bd>ifot in 1990 [23]. It can 

be considered as a folded turnstile junction, \vhere two of the ports have been folded 

parallel to the common-port. The basic building block of this design is the symmet

rical five-port branching- B(,/Jifot junction, as shown in Fig. 2.11. A stepped or taper 
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Figure 2.9: Example of a designed turnstile junction OMT : interna.l structure (left) 
and manufactured OMT (right) [34]. 
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Figure 2.10: :\leasured and simulated reflection coefficients of the turnstile junction 
Ol'vlT at rectangular ports. [34]. 

septum is inserted in the common waveguide, two branches are symrnetrica.lly allo-

ca.ted at the sides with two posts. The septum and posts both aim at improving the 

isolation between the orthogonal modes. Severa.! broadband B¢ifot junction OMTs 

were reported in [55-59] with good performance. 
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Figure 2.11: BrjJifot junction [7] 

Compared with the turnstile junction OMT, the BdJifot junction OMT can he 

fabricated as two blocks, which improves the stability of the design. However, the 

inclusion of the septum and posts increases the fabrication expense. 

Besides the above mentioned waveguide OMTs, several planar symmetrical OI\ITs 

were developed recently [60---D3]. Although they are of low profile and easy to be 

integrated with other components, the performance of these planar OMTs are still 

limited compared with waveguide O.N1Ts. Since the principle of these planar Ol\1Ts 

is similar to that of waveguide OMTs, we may not discuss them in details. 
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2.2.3 Multi-band OMT Designs 

This kind of OMT allows the antenna to receive or transmit dual polarized signals in 

different frequency hands. Therefore, these O~ITs arc no longer physically three-port 

devices; they arc four- or multi-port devices. It is noticed that a kind of so-called 

dual-band or double-band OMTs reported in [39,45] should not belong to this group, 

for they are still physically three-port devices. 

References about these multi-band OMTs are very limited in the public domain 

[64, 65], but it is desirable to equip the antenna system with multi-band OMTs, 

because it is convenient to receive or transmit signals from different frequency bands 

simultaneously and can improve performance of the entire system greatly. Several 

approaches for multi-band O~viT designs are given below. 

Modular Approach 

This approach can be viewed as a. combination of a broadband OMT and two broad

band dipkxcrs or multiplexer::>. It fir::>t :,;cparatc:,; the two orthogonal polarized signals 

of the complete band by a broadband Ol\IT [66], and then broadband diplexers or 

multi-plexers are connected to single polarized ports. Thus, the design is performed 

independently, re:,;ulting in high design flexibility. But this design is limited by the 

restrictions of the broadband 011T, which may not cover all the separate frequency 

bands. 
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Asymmetrical Branching Approach 

This approach is based on the longitudinally cascading of the asymmetrical Ol\1T 

branching, as introduced for the narrow-band OJ\1Ts. Each branching is only re

sponsible for the respective polarization and frequency band, and the rest signals go 

through until the next branching is met. Since these signals operating over different 

frequency bands may be of the same polarization, they cannot be isolated due to the 

orthogonality of polarization. Therefore, these frequency bands arc usually widely 

separated, and some filters are usually employed to improve the isolation if necessary. 

A dual-band OMT operating at 30/44 GHz was designed in [67], which employed 

a series of stacked iriset> as a compact filtering dement to improve the isolation. A 

multi-frequency waveguide OMT operating at four frequency bands was impelement

ed by this approach [12]. 

Symmetrical Branching Approach 

This type cascades the symmetrical branching structures mentioned in broadband 

OMT designs to suppress the higher-order modes. A C/Ku dual frequency-band 

combiner was described as an example in [7]. Another C/Ku dual-band OMT was 

implemented using quadrature junction (QJ), which is a six-port junction [19]. Be

sides, a C/X/Ku tri-band OMJ was reported in [65], while its structure was not 

described in detail. 
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2.3 Analysis Methods of OMTs 

The previous section reviews many kinds of OT\IT structures available in the litera

ture. Another important problem is how to analyze and design the OMTs mentioned 

above. As most OMTs are implemented by rectangular or circnlar wavegnide, the 

analysis method for waveguide structures can be applied. The early OT\ITs arc ana

lyzed largely based on experiments [11, 23], and later some numerical methods were 

applied. However, different from other waveguide components, such a:::; filter and 

coupler, the design theory or synthesis method has not been fully developed. 

2.3.1 The Mode-Matching Method 

As a waveguide component, lots of OMTs have been analyzed by the mode-matching 

().1M) method for it is highly efficient. Because the normal T\IM technique can be 

applied if the geometry of the basic OMT section satisfies the following conditions: 

1) no overlapping of septum and branching regions; 

2) no change of the waveguide cross section within the branching region; 

3) no shaped septum within the waveguide; 

4) only stepped discontinuities. 

The early mode matching method are primarily used in the analysis of a simple 

T-junction or Y-junction formed by square-rectangular [39] or circular-rectangular 

[43,44,68] waveguide junction. \Vith more delicate matching procedure, the stepped 

septum structures were analyzed [41, 42] and the hybrid technique combining the 
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generalized admittance matrix(GAM) and the generalized scattering matrix (GSJ\1) 

\vas developed [39], which can be used to design a very compact OMT with double 

septum [38]. 

LRter, by treating as two auxiliary boundary-value problems, the fields of a sep

tum overlapping with the junction region can he computed [69]. A complicated 

wideband B¢ifot junction [70] and a compact OMT [24] were analyzed and opti

mized with CAD software tools based on the mode matching method [70]. A taper 

branching OMT, which cannot be solved with the normal MM technique, is also 

analyzed by dividing the branching region into more subregions [71]. Of course, they 

all requires very complicated derivation and matching procedures. 

2.3.2 Other Numerical Methods 

Compared to the M~l method, the finite-clement method (FE:~vi) can analyze an 

arbitrarily shaped structure. \Vith the development of commercial universal simu

lator, e.g. Ansoft's HFSS, a designer can readily analyze the model of an arbitrary 

OMT [12, 13,46,57]. 

The method of moments (MoM) was also used [10, 29], and a closed-form expres-

sion can be derived and only the source region must be meshed into subsections, 

rather than the w·hole geometry. In addition, the number of unknowns is extremely 

small, so the computational effort to obtain accurate solution is negligible compared 

to the FEM. 

However, all these full-wave numerical methods are still less efficient compared 
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with the Ml'vl method. Although modern computers are growmg fast enough to 

analyze most of the 01\IT structures, it is still a challenge to analyze the broadband 

and multi-band OMT, or to optimi7oe waveguide O.lvlTs. 

2.3.3 Hybrid Methods 

It is known that the I\f\I method is highly efficient, but limited to regular waveguide 

structures, and other universal methods, such as the FEM and the :-Io:vf, are flexible 

for arbitrary structures with low efficiency. Therefore, it is desirable to hybridize the 

cffici('llt "YII\I method with otlwr universal methods. 

Some hybrid methods were used in the design of OI\IT. In [65], design of the 

corrugated and conical structure was performed using the MM method, and the 

FEM analysis was used to design and optimize the coupling slot geometry and the 

0:-1T /filter sub-assembly. In [60], a circuit simulator was used to design the mi

crostrip port and the region bounded by waveguide walls was modeled by HFSS. 

More efficient hybrid method have been developed by combing the semi-analytical 

MM method with other universal full-wave numerical methods, such as the FEM, the 

boundary-element method (BEM), MoM, etc. In this area, many works have been 

done by Arndt's group [72-74]. The regular region is analyzed by the mode-matching 

method, while the irregular region, which is difficult or impossible to be modeled by 

MM method, is analyzed by the suitable full-wave method according to its geometry. 

These hybrid methods can efficiently analyze most of the waveguide structures. 

A single-band OMT with discontinuities in branching region was designed [36]. They 
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may receive more attentions in the design of multi-band OMTs, because the size of 

this type of O~viT :,;hould be sufficiently large for the lower band, which results in 

more computational efforts for the upper band by full-wave methods. In some cases, 

it would be unacceptable to simulate the whole structure covering all the bands with 

these full-wave simulators, such as Ansoft's HFSS or CST Microwave Studio. 

All the methods mentioned above have been employed in the analysis of OMT, 

However, the design theory has not been fully developed. Most of the designs are 

still largely carried out based on experience or try-and-error, useful synthesis method 

has not been proposed in the literature. Only an analytical formulas for a simple 

Y-junction OMT was presented in [40]. 
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Chapter 3 

Mode-Matching Analysis of OMT 

Building Blocks 

3.1 Introduction 

As introduced in Chapter 2, most of ortho-mode transducers (OMTs) arc implement

ed with waveguide structures [7]. Although many types of numerical methods have 

been developed, it is well-known that for regular waveguide structures, the mode

matching technique (-:\IMT) is most efficient compared with other full-wave methods. 

The mode-matching (M::'VI) method was developed many years ago, and various wave

guide structures were analyzed by different approaches of modal analysis [72, 75-77]. 

It is seen that most O~JT structures can be modeled by a few building blocks 

[72]. For rectangular waveguides, only two building blocks are sufficient. One is the 

double-plane step [77, 78], and the other is a six-port junction [79, 80]. Although 

these two structures have been well studied by the l\IM method for many years, it is 

necessary to establish the in-house building blocks of the waveguide Ol\ITs first in 

this chapter, which would facilitate the design of OMTs later. 
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3.2 Formulations of Building Blocks 

In this chapter, the eigenmode functions in a rectangular waveguide are first 

presented. The electric and rnagnetic fields arc then expanded by these eigenmode 

functions and matched at their interfaces of junctions. A mode coupling matrix can 

be established to relate the incident to reflected waves in different waveguide sections. 

The scattering matrix can be obtained thereafter. 

To analyze the waveguide OMT structures with these tv;o building blocks, the 

cascade of these blocks is investigated. The generalized matrix representations of 

two-step cascaded junctions are presented. The cascade of multi-port junctions used 

in the OMT structures is also studied. 

Numerical results are compared with measured results available in the literature 

or those simulated by the commercial software Ansoft's High Frequency Structure 

Simulator (HFSS), which shows very good agreements. 

3.2 Formulations of Building Blocks 

3.2.1 Fields In a Rectangular Waveguide 

In a rectangular waveguide shown in Fig. 3.1, the eigenfunctions are [7] 

{ 

h m:rrx n1ry 
¢mn(:c, y) = Nmn cos~- cos -l- , for TEmn mode, m, n = 0, L 2, ... 

a J 

c ( ) .. m1r:r . rmy f· .. ci)mn x, y = Nrnn Sill ~a- Slll -b- ' or Tl\Imn mode, m, n = 1, 2, 3, ... 

(3.1) 
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3.2 Formulations of Building Blocks 

where the normalized factor is 

~ 
kci~ 

(3.2) 

77l7r 777r 
The cutoff wavenumber is kci (-)2 + (-)2, the subscript i is the combined 

(L b 

{ 

1, m = 0 
mode index for possible TEm.n, TlVImn modes, and tm = 

2, m =I 0 

b 

0 
a 

Figure 3.1: A rectangular waveguide section. 

The transverse electric and magnetic fields m a rectangular waveguide can be 

expressed by the eigenfunctions as follows. 

(3.3) 

where N is the number of modes considered in the waveguide, At and A;- arc the 

amplitudes of incident and reflected wave of the ith mode, the propagation constant 
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3.2 Formulations of Building Blocks 

{ 
(i 

for TEmn mode 
' Yi= ]Wf-L 

.JWC 
for Tl\1,, mode 

); 

(3.4) 

for TE,n mode 
(3.5) 

for Tl\Imn mode 

3.2.2 Double-Plane Step in Rectangular Waveguides 

A general structure of a double-plane step in rectangular waveguides is shown in Fig. 

3.2, where a small rectangular waveguide is connected to a large one. 

I I 
I 

;I 
I I 01 

1/ r-----
02L -1------

Figure 3.2: A double-plane step in rectangular waveguide. 

The transverse electric and magnetic fields in these two \Vaveguides can be de-

scribed by (3.3). By matching the electric and magnetic fields at the junction plane, 
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3.2 Formulations of Building Blocks 

the relationship of the incident and reflected wave amplitudes at each side of the 

junction can be described in the following equation [77, 78]. 

{ jYil(:t + ~T.~ ~ M~(A: I A 8.) 

~(A8 - A.d- -M ~(Ar.- AL) 

(3.6) 

where Y is the diagonal matrix comprised of characteristic admittance of each mode, 

A is the column vector of mode amplitudes, the subscripts S and L denote the small 

and large waveguides, respectively,the superscripts + and - denote the incident and 

reflected waves, and the superscript T is the transpose operator. The mode coupling 

matrix M can be written as follows. 

M~ [ 
[M~~~.kiJ 0 

1 [Mch J [Mcc J mn,ki rnn,ki 

(3.7) 

where 

ch m11 '111 . 
Mmn.ki = IV1,ki1V2.mn[--b CC(m, k, a1, a2, c)SS(n, z, b1, b2, d) 

· a2 1 

n11 k11 
- -b -SS(m, k, a1, a2, c)CC(n, i, b1, b2, d)] 

2 a1 
(3.10) 
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3.2 Formulations of Building Blocks 

with 

/

·a1 . rrnr(:r +b) . n1rx 
SS(m, n, a 1 , a2 , b)= sm sm --d:r: 

• () (12 (11 
(3.11) 

l a 1 . m1r(:r +b) n1r1· 
CC(m, n, a1 , a2 , b)= cos cos --d.r 

. 0 a2 01 
(3.12) 

Th~: norrnalizrd modal cnrrrnts ;mrl volt ag<:s arr ddin~:d as follows [H 1]. 

(3.13) 

where the currents flowing into the reference plane are defined as positive. Then, 

(3.6) can be rewritten as 

{
VL =MVs 

-T 
Is= -M h 

where the normalized coupling matrix is defined as 

(3.14) 

(3.15) 

It is obviously seen that the waveguide step discontinuity can be modeled as an ideal 

transformer, as shown in Fig. 3.3. The scattering parameters of a double-plane step 

in rectangular waveguide can be then calculated as follows. 

(3.16a) 

- T 
821 = M(8n + U) = 8 12 (3.16b) 

(3.16c) 
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where U is the unitary matrix. It should be noted that the scattering parameters 

Small 
waveguide 

A; 

A~ ... 

(a) 

... :~ 
' 
I 

Large 
waveguide 

A+ 
L 

... A-
L 

Is 

+ + 

(b) 

Figure 3.3: (a) vVaveguide t>tep discontinuity, (b) equivalent transformer circuit. 

calculated by (3.16) are in the form of matrix. Therefore, the entire scattering matrix 

is a generalized scattering matrix ( GS:rvl), which includes higher-order modes as well 

as the dominant mode in the waveguides. 

3.2.3 Rectangular Waveguide Six-Port Junction 

The rigorous analysis of the rectangular waveguide six-port junction was presented 

in [79]. It is found that this gc1wral six-port junction can be simplified as a cubic six-

port junction [80] cascading with six double-plane steps. Therefore, the simplified 

six-port junction is a more fundamental building block, and the analysis is much 

simpler than the one in [79], which can be described only by (a, b, l), as shown in 

Fig. 3.4. 

To analyze this simplified six-port junction, the whole structure is first divided 

into seven regions [7]. The transverse electromagnetic fields in Regions I-VI can be 

expanded in thc samc way as in (~3.3). For cxample, thc transverse fields in Regions 
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I 
I VI 
I 

/ 
I/ 

/ 
/ 

/ 

r-----+--- -A~---

// : VII 
/ 10 

~-___,,....._ ___ ""'*" - - -/t' - - - r-----..,+-----+-

/ 
/ 

/ 

/ I 
// I 

I / I 
I<:----~ - - -/~- - - -

b / 
/ 

/ 
/ 

/ 

a 

/ 

II 

/ 

/ 
/ 

/ 

Figure 3.4: A simplified six-port junction. 

I and II can be expressed as 

(3.17) 

(3.18) 

where N1 is the mode number in Regions I and II, and the superscript z denotes the 

propagation direction. 

In Region VII, the fields can be expanded by the resonant method [7], which 

treats the resonant Region VII as a superposition of three finite length rectangular 

waveguides with short-circuited side walls. For example, in a finite length rectan-
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gular waveguide along the z direction, the transverse electromagnetic fields can be 

expressed as 

~ N1 1 ~ 

Et = L. ;y:z[A~/ sinh :t z + A~i sinh 1t(l- z)]h~ x z 
i=1 v 1 i 
1'h 

§tz = L )}7[-A~{ cosh;fz + A~i cosh 1t(l- z)]hf 
i=1 

and the magnetic fields along the z direction is 

Nl (kz)2 
H~ _ '""" JYZz ·n [Az+ · h .z.,. Az- · 1 ~.z (l "')] z - L V 1 i ~ 7i sm /;"' + 7i sm 1 li . - w 

i=1 I; 

(3.19) 

(3.20) 

The electrical fields in the propagating direction is not listed because it would 

lH'. Z<To automatically along the respective matching plan<'. The fidds in other two 

finite length waveguides can be expressed in the same way. 

Once the electromagnetic fields in all these regions are expanded by their eigen-

modes, the field continuity condition can Lc applied along the interface between these 

regions, which yields a matrix to relate the incident and reflected waves at both sides 

of the reference plane. For example, by matching the electric fields at plane z = 0, 

it yields 

A + A- Dz Az-
1+ 1= E 7 (3.21) 

where Ai and A;- are column vectors composed of mode amplitudes for the incident 

and reflected waves in Region I, A~- is a column vector Region VII, and the diagonal 
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3.2 Formulations of Building Blocks 

matrix Dk = diag{sinh ~rtl}. 

By matching the magnetic fields at plane z = 0, it yields 

(3.22) 

M = [Mz- Mz+ Mx- M"+ MY MY+] 
1 1' 1:111:111 (3.23) 

The detailed expressions of the sub-matrices in (3.23) arc presented in Appendix A. 

\Vith the same procedure, the electromagnetic fields can be matclwd along other 

five planes, and corresponding mode coupling mat rices can be obtained, respectively. 

Combining all these matrices, the relationship between incident and reflected waves 

in all the regions can be described by the following matrix. 

DE= 
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Mz-
1 

M"+ 
1 

M~-
1 

Mx+ 
1 

My-
1 

My+ 
1 

M"-
2 

M"+ 
2 

Mx-
2 

Mx+ 
2 Mr MY+ 

2 

M~- M"+ Mx- Mx+ My- MYt 
3 3 3 3 :3 

(3.26) MH= 
M"-

4 
Mz+ 

4 
M'r-

4 
Mx+ 

4 
My-

4 
M;+ 

M:-
u 

Mzl 
5 

M:-
u 

Mxt 
5 

My-
5 

MY' 
.5 

Mz-
G 

M"+ 
G 

Mx-
6 

Mx+ 
6 

My-
6 

My+ 
6 

The detailed expressions of the sub-matrices in (3.26) can be found in Appendix A. 

From (3.24), the amplitudes of incident and reflected waves in Regions I-VI can 

be expressed as 

(3.27) 

The GSJ\1 of a simplified six-port junction can be then calculated as 

(3.28) 

Once the mode-matching analysis of this simplified rectangular waveguide six-port 

junction is done. the scattering matrices of the five-port turnstile junction, four-port 

planar cross junction, or magic T-junction [82], three-port H-plane or E-plane T-

junctions [83, 84] can be easily obtained by terminating the corresponding ports by 

short-circuited planes. In fact, from the derivation procedure, they can be directl.v 

obtained by removing the corresponding sub-matrices in MH and DE. Taking the 

three-port T-junction as an example, the corresponding mode coupling matrix can 
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be written as 

Dz 
E 

DE - Dz E (3.29) 

D:r 
E 

Mz-
1 

Mz+ 
1 

M"-
1 

MH = Mz- Mz+ Mx-
2 2 2 

(3.30) 

M~- Mz+ 
3 

Mx-
3 

The GSM of the three-port T-junc:tion can be calculated by (3.28) thereafter. 

3.3 Cascade of Building Blocks 

Once the building blocks of the rectangular waveguide structures have been develope-

d, complicated waveguide components, such as waveguide Ol\1Ts, can be analyzed 

by cascading these building blocks. 

Since the higher-order modes are considered in the analysis, the cascade should 

be carried out in the form of matrix, which usually requires time-consuming matrix 

inversion. In this section, three types of two-port network cascades are discussed 

first, proper generalized matrix representations are employed to avoid the matrix 

inversion. Since the OMT is a multi-port device, the multi-port cascade modules 

are also presented. Therefore, the waveguide OMTs can be analyzed by the mode-

matching method efficiently. 
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3.3 Cascade of Building Blocks 

3.3.1 Cascade of Two-Port Networks 

In general, two two-port networks can be cascaded by their GSl\Is, as shown in Fig. 

3.5. The resultant cascaded GSl\1 is [7] 

S Sll snwsi gil 
22 = 22 + 21 22 12 

(3.3la) 

(3.3lb) 

(3.3lc) 

where W = (U- S~2 S{{)- 1 . In this case, the cascade requires one matrix inversion. 

a I 3 a4 
~ 

[SI] [Sn] PI 
bl b3 a3 b4 

p2 
-"' -"' 

~ 

Figure 3.5: Diagram of two cascaded two-port networks. 

In practice, two step discontinuities are usually connected by an intermediate 

uniform waveguide, as shown in Fig. 3.6, where Y 0 is the muhimode characteristic 

admittance and l is the length of the intermediate waveguide, the arrows indicate 

the current directions. Depending upon the size of the intermediate waveguide, they 

can be classified into three types: 

1) Iris type, the intermediate waveguide is of the smallest size; 

2) Stub type, the intermediate waveguide is of the largest size; 
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3) Transformer type, the intermediate waveguide is of medium size. 

M 1 M~ M, M2 

-ly~r-----
1 : 2 3: 4 

I I 

~I 
1 Yo 1-l --

..,.1 .... ... 1 • 

1 : 2 3: 4 

~1~1~ 
I r-~---

_____.1 l 
(a) (b) (c) 

Figure 3.6: Two-step cascaded waveguide discontinuities (a) iris, (b) stub and (c) 
transformer. 

It is known that the iris and stub discontinuities can be represented by the general-

ized impedance matrix (GHvl) [85] and the generalized admittance matrix (GAM) [86] 

without matrix inversion. The key to derive the GIM of an iris and the CAlVI of a s-

tub is to choose an appropriate generalized matrix representation of the intermediate 

waveguide, which connects two coupling matrices on both sides. 

Iris Discontinuity 

For an iris-type discontinuity, the GIM representation of the intermediate waveguide 

is adopted, which is 

[ 
diag{c:oth&n} diag{csch&n} l [ -12] 
diag{csc:hl1n} diag{cothl1n} -13 

(3.32) 

where ltn = !nl with In being the propagation constant of the n-th mode in the in-

termediate waveguide section. Then the resultant GIM of the iris-type discontinuity 
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IS 

(3.33) 

where 

(3.34) 

with being M1 and M2 the norrnali2ed coupling matrices for the two step disconti-

nuities. 

Stub Discontinuity 

In the similar way, the GArv'l representation of the intermediate waveguide is adopted 

for the stub-type discontinuity, which is 

(3.35) 

Then the resultant GAM of stub-type discontinuity is 

(3.36) 
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where 

(3.37) 

From (3.32), (3.34), (3.35) and (3.37), we can see that a singularity in both GilVl and 

GAJ\1 representations will occur when en is close to m1r, (m = 0, 1, 2, ... ). Especially 

for the case of the iris with zero thickness, the elements of G IM tend to be infinite 

at the same time. Therefore, the GSM has to be adopted under the zero thickness. 

However, although the computational efforts to obtain the scattering parameters of 

a single iris or stub with GIM or GAM are similar to the GSM [72], for the cascade 

of N irises or stubs separated by N - 1 uniform waveguide sections, the GIM and 

GA:\/1 is highly efficienL where the total number of matrix inversions is N, while the 

GSM requires a total number of 4N- 1 [86]. 

Transformer Discontinuity 

For the transformer-type discontinuity, the relationship between the normalized 

modal currents and voltages at two discontinuities are 

(3.38) 

(3.39) 
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Doth the GIM and GA~I representations fail to model this type of cascaded wave-

guide discontinuity. However, with the experience from the derivation of GIM and 

GAivi for iris and stub, the generalized hybrid matrix can be employed [87]. There-

fore, the generalized hybrid matrix of a finite length uniform waveguide in Fig. 3.6( c) 

can be written as 

[ 
diag{ tanhe,} 

diag{ sechen} 

diag{ sechen}..] [ I2] 
-diag{tanhe,o} v3 

(3.40) 

It should be mentioned that, different from the GII'd and GAM, the current direction 

in the generalized hybrid matrix is defined along the forward direction, a.s shown in 

Fig. 3.6(c). 

Combining (3.38), (3.39) and (3.40), we can obtain the generalized hybrid matrix 

representation of a transformer-type discontinuity as follows. 

(3.41) 

where 

(3.42) 

From (3.42), we can see that a singularity of the generalized hybrid matrix occurs 
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3.3 Cascade of Building Blocks 

2m.+ 1 
when en = 1r, (m = 0, L 2, ... ), which i~ different from the one of GIM and 

2 

GAI\1. 

- r---["i, u;, J ["" "II] II 12 

H~~ H~2 Hn Hn 
21 22 - r---

Figure 3. 7: Cascading of two generalized hybrid matrices. 

\Vith the above generali7-ed hybrid matrix, the multistep transformer can be 

analyzed as the cascading of the generalized hybrid matrices. The cascading of two 

generalized hybrid matrices are shown in Fig. 3. 7, and the cascaded generalized 

hybrid matrix can be obtained as 

H H ll HIJHI WH11 
22 = 22 + 21 22 12 

(3.43) 

where W = (U - H{{H~2 ) 1 . \Nc can see that the cascading of more than two 

steps will require matrix inversion because H{{H~2 may not be a diagonal matrix in 

general case. 
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3.3 Cascade of Building Blocks 

Finally, the GSJ\1 can be calculated from the generalized hybrid matrix as follows. 

(3.44) 

From the above equations, we can see that, for an 1\1-step transformer, the gener-

alized hybrid matrix approach requires only Jl.f matrix inversions to obtain the total 

scattering parameters, while the GS:t-.1 needs 21\1 - 1 matrix inversions. Therefore, 

the generalized hybrid matrix for cascaded transformers is of higher efficiency than 

the GSM. 

3.3.2 Cascade of Multi-Port Junctions 

In the design of waveguide OMTs, two types of multi-port junction cascades are 

usually encountered. One is a three-port network cascade with a two-port network 

the other is the cascade of two three-port networks, as shown in Fig. 3.8. 

p2 p2 p4 
a2 b2 a2 b2 a6 b6 

a1 a3 b4 as a1 a3 b4 as 

pl 
bl 

[SIJ b3 [Sn] bs 
p3 

a4 
pl 

bl 
[SIJ b3 [SIIJ bs 

p3 
a4 

(a) (b) 

Figure 3.8: Diagram of (a) a three-port network cascading with a two-port network 
and (b) two cascaded three-port networks. 
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3.3 Cascade of Building Blocks 

The resultant GSI\1 of a three-port network cascading a two-port network is 

Sn = sL + sL ws{i S~ 1 (3.45) 

s12 = sL + S{3 ws{{S~2 (3.46) 

S13 = sLwsg (3.47) 

s21 = S~ 1 + s~:3 ws{ is~{ (3.48) 

S22 = s~2 + S~3 ws{i s~~ (3.49) 

S23 = S~3wsg (3.50) 

S31 = s~{ (U + S~3 ws{{)s~{ (3.51) 

S32 = s~{ (U + s~3 ws{{)s~~ (3.52) 

s gii gii gi wsn 33 = 22 + 21 33 12 (3.53) 
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The resultant GS:tvl of two ca~caded three-port networks is 

Sn = S{1 + sLwsifsf1 (3.54) 

s12 = s{2 + sLws{{S~2 (3.55) 

S13 = s{3 ws{~ (3.56) 

S11 = si3 ws{~ (3.57) 

s21 = s~1 + s~3 ws{ i s~1 (3.58) 

S22 = s~2 + s~3 ws{{ s~2 (3.59) 

S24 = S~3wsg (3.60) 

S31 = s~{ (U + s~3 ws{{)sf1 (3.61) 

S32 = S~{ (U + S~3 WS{{)S~2 (3.62) 

s S11 S11 S1 ws11 33 = 22 + 21 33 12 (3.63) 

s 811 gJJgl wsn 34 = 23 + 21 :n 13 (3.64) 

S41 = s~{ (U + s~3 ws{{)s~1 (3.65) 

S42 = sf{ (U + s~3 ws{ {) sf2 (3.66) 

S S11 gn S1 WS11 43 = :32 + 31 33 12 (3.67) 

S Su sn S1 WS11 
H = 33 + 31 33 13 (3.68) 

where W = (U- S{{S~3t 1 . 
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3.4 Numerical Results 

3.4 Numerical Results 

To verify the building blocks and the cascade modules, some numerical examples are 

examined in this section. 

3.4.1 Verification of Building Blocks 

First, scattering parameters of the two building blocks: double-plane step and six-

port waveguide junction, are calculated by the MM method. The mode number in 

each waveguide section is determined by the area of its cross-section to satisfy the 

convergence condition [88]. 

The dimensions of the examined double-plane step are a1 = 14 mm, h = 6 mm, 

a2 = 15.9 rrnn, b2 = 7.9 mm, c1 = d1 = 0.95 mm, and those of the six-port waveguide 

junction are a = b = 50 mm, l = 25 nun. \;v'ith different mode numbers, scattering 

parameters arc first calculated at a single frequency poiut awl compared with those 

from the commercial simulator HFSS. Calculated results with corresponding CPU 

time are listed in Table 3.1. It is seen that the l'Vli'viT is well convergent as the mode 

number increases, and requires much less computational time than HFSS. Frequency 

response of these two building blocks are then calculated and compared with those 

simulated by HFSS, as shown in Figs. 3.9 and 3.10, which shows very good agreement 

over the interested frequency band. 

Then, an H-plane T-junction is calculated using (3.28)-(3.30), where Ports IV-VI 

m Fig. 3.4 are short-circuited. Calculated results are compared with those from 

HFSS, which agree well with each other, as shown in Fig. 3.11. 
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3.4 Numerical Results 

Table 3.1: Ca,lculated scattering parameter and CPU time by the Ml\IT with different 
mode numbers and HFSS. 

N1 
8 

23 
Double-plane step 59 
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Figure 3.9: Scattering parameters of a double-plane step. (a1 = 14 mm, b1 = 6 mm, 
a2 = 15.9 mm, b2 = 7.9 mm, c1 = d1 = 0.95 mm, N 1 = 75, N2 = 100.) 

3.4.2 Verification of Cascaded Modules 

Three types of cascaded waveguide step junctions are first examined. 

Scattering parameters of two rectangular iris structures with finite thickness are 
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Figure 3.10: Scattering parameters of a six-pori waveguide junction. (a = b = 50 
mm, l = 25 mm, N 1 = 100, N 2 = N 3 =50. Solid line: HFSS) 

calculated by the Gll'vl formulation (3.34) and compared with measured ones in [77], 

as shown in Fig. 3.12. 40 modes are considered in the rectangular waveguide section. 

The CPU time used by the GHvi is about 0.14 seconds, while that used by the 

GSI\1 is about 0.15 seconds. An E-planc stub is calculated by the GAM formulation 

(3.37) and compared with the results given in [89], as shown in Fig. 3.13. The 

mode number considered in the rectangular waveguide section is 40. The CPU time 

used by the GAM is about 0.20 seconds, while that used by the GSM is about 

0.32 seconds. Two-step double-plane transformers between a \VR62 and a \VR90 

waveguide are calculated by the generalized hybrid matrix with different lengths. 

Calculated scattering parameters are compared with those obtained by the GSM 

and Ansoft's High Frequency Structure Simulator (HFSS), as shown in Fig. 3.14. 
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3.4 Numerical Results 

Frequency (GHz) 

Figure 3.11: Scattering parameters of an H-plane T-junction. (a = l = 22.86 mm, 
b = 10.16 mm, N 1 = N 2 = 50. Solid line: HFSS) 

The mode numbers considered in the \VR62 and WR90 waveguides are 40 and 7 4. 

The CPU time used by the generalized hybrid matrix is about 0.23 seconds, while 

that used by the GSM is about 0.31 seconds. \Ve can see that our results for all three 

cascaded discontinuities are numerically identical to those obtained by the GSJ\1 and 

agree very well with those from the literature and HFSS. 

In order to demonstrate the cascade of generalized hybrid matrix, a 24-step 

double-plane transformer with equal section length reported in [77] is considered. 

The mode number in each section is proportional to the size of its corresponding 

cross-section. Comparing with the literature [77] and HFSS, very good agreements 

are observed from Fig. 3.15. The efficiency of our generalized hybrid matrix approach 

is also compared with that. of GSM. \\Then the mode number in \VR62 waveguide is 
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Figure 3.12: Scattering parameters of rectangular iris structures with finite thickness 
t = 2 mm (waveguide dimensions: a = 15.8 mm, b = 7.9 mm, iris dimensions: A), 
a'= a/V'i, b' = b/V'i; B), a'= a/2, b' = b/2. Measured results from [77].) 
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Figure 3.13: Scattering parameters of an E-plane stub in a \VR75 waveguide (h = 

9.52 mm, s = 3.46 mm, l = 7.68 mm). 
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Figure 3.14: Scattering parameters of two-step transformers between a \VR62 and a 
\VR90 waveguide. The dimensions are a0 = 15.8 mm, b0 = 7.9 mnL a2 = 22.86 mm, 
b2 = 10.16 mm, a1 = ya;oa2, b1 = ~-

chosen to be 100, to calculate a single frequency point, the computational time using 

the generalized hybrid matrix is 14.46 seconds, while using the GSI\1 requires 18.12 

seconds on the same computer. 

A typical example of the three-port network cascading with a t\vo-port network is 

a square waveguide T-junction, which is a key component in the design of OI\ITs [90], 

as shmvn in Fig. 3.16(a). The mode number used in the square waveguide section 

and the branch rectangular waveguide section are 21 and 15. Calculated results are 

compared with those obtained by HFSS, as shown in Fig. 3.17. The CPU time used 

by the I\1I\IT is 0.11 seconds, while that used by HFSS is 10 seconds. 

In the design of Ol\1Ts, two square waveguide T-junctions arc usually orthogonal-

ly cascaded as shown in Fig. 3.16(b ). Using the same mode numbers in the square 
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Figure 3.15: 1Iagnitude oft he reflection coefficient of double-ph:me transformer with 
24 steps of equal length between a \VR.62 and a \VR90 waveguide. Measured results 
from [77] 

(a) (b) 

Figure 3.16: Structure of (a) a square waveguide T-junction and (b) two orthogonally 
cascaded square waveguide T -junctions. 

and branch waveguide sections, calculated results are compared with those obtained 

by HFSS, as shown in Fig. 3.18. The CPU time used by the MMT and 0.24 seconds, 

while that used by HFSS is 15 seconds. It is seen that results obtained from the 

MMT agree very well with those from HFSS, while the CPU time required by it is 
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much less than HFSS. 

3.5 Numerical Results 

0 IS 11 1 MMT. 

A. IS 12 1 MMT . 

e IS 131 MMT 

-15L-----~----~------~----~------~----_J 

8.5 9 9.5 10 10.5 11 11.5 
Frequency (GHz) 

Figure 3.17: Scattering parameters of a square waveguide T-junction. (a = b = 18 
mm, l = 22.86 mrn, h = 10.16 mm. Solid line: HFSS.) 
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Figure 3.18: Scattering parameters of two orthogonal cascaded square waveguide 
T-junctions. (a= b = 18 mm, l = 22.86 mm, h = 10.16 mm. Solid line: HFSS.) 
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3.5 Conclusion 

3.5 Conclusion 

In this chapter, the double-plane rectangular waveguide step and the waveguide six-

port junction have been analyzed first as two building blocks of rectangular waveg-

uides by the :t\I:t\1 method for the efficient analysis of waveguide OMTs. 

Then the cascade of these building blocks has been investigated. The two-step 

cascaded discontinuities have been summarized into three types and proper general-

ized matrix representations have been introduced for each type. The iris and stub 

structures are modeled as a GIM and a GAM, respectively, while the transformer 

structure is modeled as a generalized hybrid matrix. Compared with the conven-

tional GSJ\1 cascade approach, all these generalized matrix representations requires 

no matrix inversion. Two multi-port cascade modules, which would be used in the 

design of OMTs, have also been developed. 

Numerical examples have been presented and compared with those available in 

the literature or obtained by a commercial simulator t.o verify our formulations. 
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Chapter 4 

Closed-Form Expressions for 

Square Waveguide T-junctions 

4.1 Introduction 

\Vaveguide T-junctions have been studied extensively for many decades because they 

are an essential component in numerous microwave applications [91, 92]. Equivalent 

circuits of a rectangular \Vaveguide T -junction were initially derived based on the 

electrostatic approximations [91]. Later on, some improved methods were developed 

to provide more accurate models [93-97]. 

In the design of ortho-mode transducers (Ol\ITs), the square waveguide T-junction 

is of most interest. Although many numerical methods [98] can successfully analyze 

this kind of structure, the mode-matching (Ml\1) method appears to be the most effi

cient one to obtain either the generalized scattering matrix (GS).I) [84] or generalized 

admittance matrix (GAM) [24, 99] for this regular structure. However, they still can

not lead to an equivalent circuit model as the one available for rectangular E-plane or 

H-plane T-junction in [91]. This is because two degenerated TE 10 and TE01 modes 
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are propagating simultaneously in the square waveguide, which results in an elec

trical five-port network rather than the conventional three-port one. The synthesis 

method for this multi-port network is still not fully established [7, 40]. Therefore, 

although many O:tviTs have been designed in different antenna feed systems, the 

design of OMTs still relics mostly on experience [11], cut and try, or full-wave opti

mization [24]. For the purpose of efficient design of Oiv1Ts, a good equivalent circuit 

model of this multi-port network is most desired. 

In [100], the equivalent. circuit model of square waveguide T-junctions was de

veloped numerically from the GSM [10L 102]. In this chapter, this work would be 

extended as follows. First, the GAtvl of a square waveguide T-junct.ion is employed 

instead of the GSM, which avoids matrix inversions. Second, the GA[vl is reduced 

to a general five-port m~twork hy terminating all the localized mo(ks with their re

spective characteristic impedances [86, 103], from which the equivalent circuit model 

is obtained. Third, the resultant five-port equivalent circuit model is separated in

to t\vo de-coupled two-port and three-port sub-networks theoretically based on the 

knowledge of mode coupling mechanism rather than numerical observations in [100]. 

Finally, accurate closed-form expressions are derived to calculate the circuit parmn

eters of these two sub-networks with proper approximations in the matrix reduction 

process. These closed-form expressions are more useful than numerical results given 

in [100]. An X -band short-circuited branch Ol\1T is designed based on this equiva

lent circuit model with circuit simulator, such as Agilent's Advanced Design System 

(ADS), which is much faster than the original electromagnetic field simulator and 
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4.2 Theoretical Formulation 

provides the possibility of efficient synthesis. The designed O:.IT is fabricated and 

tested to verify the validity of our equivalent circuit model. 

T T 

(a) (b) 

Figure 4.1: Square waveguide T-junction: (a) 3-D view and (b) top view. 

4.2 Theoretical Formulation 

A square waveguide T-junction is shown in Fig. 4.1, where a rectangular waveguide 

is connected to the side wall of a square waveguide. Because the square waveguide 

supports two degenerated TE10 and TE01 modes simultaneously, this T-junction 

should be electrically represented by a five-port network. The general equivalent 

circuit model of a five-port network is shown in Fig. 4.2. The series and shunt 

admittances can be calculated from its admittance matrix [22]. 

( 4.1) 

65 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



4.2 Theoretical Formulation 

where Yij is the (i,j) element in the admittance matrix, i,j = 1, 2, ... , 5. It should be 

noted that the value of calculated circuit elements in ( 4.1) may be slightly different 

from [91] due to the different definitions for the direction oft he equivalent currents 

[91]. 

Port 1 Port 3 

Y,n. yd./ 

Y,.2.; 

Figure 4.2: General equivalent circuit model of a five-port network. 

4.2.1 Reduced Admittance Matrix ofT-Junction 

Although the admittance matrix may be calculated from the scattering matrix ob-

tained by any numerical method [101, 102], it can be directly derived from the GAM 

by terminating the localized modes with their characteristic impedances [86, 1 03]. 

To obtain its GAl\1, the T-junction is considered as an open T-junction cascading 

a waveguide step discontinuity with zero length, as shown in Fig. 4.3. Matching the 

fields at all the reference planes T and T', the normalized GAM of an open T-junction 
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can be readily obtained as follows [81]: 

V' 3 

where the normalized mode currents and voltages are defined as 

and 

Mu = M22 = diag{ coth(J~nl)} 

M33 = diag{ coth(J~11 a)} 

RegionAC d=O .: T' 
I, 1 v, I 

T _ ! _ Region B t Region C 

I h' ..r- ~ -!3' !3 
Region D ~ + ___.,..,_ 

V ,1 V 3 

...:.r-
T 

L 
Figure 4.3: Open T-junc:tion and step discontinuity. 
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4. 2 Theoretical Formulation 

(4.8) 

(4.9) 

( 4.10) 

where A 1 and A- are the column vectors for the amplitudes of incident and reflected 

waves, r!n and ~~n are propagation constants of the (mn)th mode in Regions A and 

B, i and .J correspond to the mode indices (m.A,nA) in Region A and (mB,nB) in 

Region B, respectively, and the elements of M 1 and M 3 are given in Appendix B. 

For the step discontinuity, the normalized mode currents and voltages can be 

related to each other hy the following equations [81] 

(4.11) 

where the normalized coupling matrix is 

(4.12) 

where yB and yc are diagonal matrices consisting of respective characteristic impedances 

of Regions B and C [81], M is the frequency-independent coupling matrix, which is 

defined in Appendix B. 

Substituting ( 4.11) into ( 4.2), the complete GAM of the waveguide T-junction 

can be written as 
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11 Yu yl2 yl3 V1 

12 yl2 Yn y23 V2 ( 4.13) 

13 y31 y32 y33 v3 

where Y 11 = Mll, yl2 = Ml2, Y13 = M13M, Y23 = M23M, y31 = MTM31, 

pose of matrix. 

By partitioning the sub-matrices in the GAM in ( 4.13) according to the accessible 

and localized modes as [86] 

(4.14) 

the admittance matrix consisting of only accessible modes can be obtained as 

( 4.15) 

where the indices a and l denote the accessible and localized modes, respectively, 

and U is the identity matrix. 

For the waveguide T-junction, because Y 11 , Y 12 , Y 21 and Y 22 in (4.13) are 

all diagonal matrices, more explicit expressions for the reduced admittance matrix 
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(RAJ\1) of the T-junction can be derived as 

where 

Y rcd - yaa - yal wyla 
11 - 11 13 31 

yrcd _ yna _ ya1 wytn 
12 - 12 13 :>2 

Y rcd _ yan yal WW 13 - 1:3 - 1:3 2 

Y~~~d = w4- W3WW2 

W = (U + W 1)-1 

w 1 = y~3 - [ y~l ytl 
32 ]D[ Yit3 

W 2 = Y!,~- [ y~t1 yu 
32 ]D[ Yi7, 

W 3 = Y~~ - [ yal 31 
ya1 

32 
]D[ yu 13 

W 4 = Y~~ - [ Y~i yal 
32 ]D[ Yi3 

yu ]T 
23 

yla 
2:3 

]T 

yta JT 23 

yla JT 
23 

where rt is the propagation constant of localized modes in Region A. 

(4.16) 

( 4.17) 

(4.18) 

( 4.19) 

From ( 4.16), we can see that the RAtvi is composed of two parts: one is contribut-

eel by accessible modes, which is simple and analytic, and the other is contributed 

by localized modes, which interact with accessible ones. The second part requires 

matrix inversion of order Nj, where N:~ is the number of localized modes in Region C. 

Compared with the GSM approach [78, 84], which requires three matrix inversions, 

the RAJv1 requires much less computational efforts and reveals more physical insight. 
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4.2.2 Determination of Equivalent Circuit 

From the above formulation, the circuit element values of any waveguide T-junc:tiou 

can be numerically obtained. Here, \Ve will focus on the square~ case, which is repre

sented by a five-port network shown in Fig. 4.2. 

From the expressions of the derived GAl\1 given in Appendix B, we notice that 

the vertically polarized TE10 and horizontally polarized TE01 modes in the square 

waveguide can only be coupled with the TEch. and {TE1;, Tl\1 1;} modes in the branch 

waveguide, respPctively. There is no cross-coupling between them, and the complicat

ed five-port network can therefore be divided into two independent sub-netv;orks. For 

the vertically polarized modes, it is a three-port sub-network composed of Ports 1, 3, 

and 5. For the horizontally polarized modes, it is a two-port sub-net\vork composed 

of Ports 2 and 4. The above finding is also confirmed by numerical computations of 

( 4.16), where the admittances Y, 12 , Y,; 14 and Y,;25 are almost zero, which correspond to 

an open circuit. The simplified equivalent network of a square waveguide T -junction 

is shown in Fig. 4.4. 

It is interesting to note that if we simply replace the RAl\1 yrcd by the accessible 

mode matrix yaa, the resultant admittance and scattering parameters of three-port 

sub-network calculated accordingly present a good approximation to the exact one 

in (4.16), except Y11 and S 11 . While for the two-port sub-network, we cannot obtain 

a good approximation from this simplification. 

This phenomenon can be justified by looking into the field distributions, as shown 

in Fig. 4.5. The vertically polarized modes can propagate in the T-junction v;ithout 
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4.2 Theoretical Formulation 

Port 2v 

Figure 4.4: Simplified equivalent circuit of a square waveguide T-junction. 
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much di~tortion becau~e their electric field~ are parallel to the discontinuity cau~ed 

by the longitudinal branch waveguide. \Vhile for the horizontally polarized mode~, 

the electric fields are distorted greatly. Also, as mentioned previously, the TE10 mode 

in the square waveguide can only excite the TE0; modes in the branch waveguide, 

while the TErn mode can excite both TE1; and TIVIli. modes. The above observations 

imply that the 3-port sub-network can be accurately described by acc:e~sible modes 

including a few localized modes, while more localized modes ~hould be considered 

for the two-port ~ub-network. 

Direction 
of E-field 

(a) 

Direction 
of E-field 

(b) 

Figure ,1. 5: Electric ficlrl patterns in a squme waveguide T -junction: (a) vertically 
polarized mode and (b) horizontally polarized mode. 

In fact, by only considering the matrix clement corresponding to the first localized 

TE02 mode in ( 4.18), matrix W 1 is reduced to a single number, and W 2 and W 3 

become zero. Therefore, a set of accurate closed-form expressions for the three-port 

sub-network can be found explicitly, which avoids the most time-consuming matrix 
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inversion in ( 4.17). 

( 4.20) 

Y v _ : b . (f3B ) L A2 .n - -J-:; cot , a + 1- 21 

where 

(4.21) 

A;j = 2 ( 71 
) ( j 7r ) ~ 

a l a 
( 4.22) 

b 1 

1{6rff) (1~) 2 + ( ~ )2 ' 

r-1 _ b . . .n 2 H - 1 +- coth(r02a) + L2 - A22 , 
(L 

( 4.23) 

k~rni is the cutoff waveuurulJer of the ( mi)th mode in Region B, (JA and /iB are phase 

constants of accessible modes in the corresponding regions. It should be noted that, 

although only the first localized TE02 mode is considered in ( 4.17), the contribution 

of other loca.lized modes is still included in ( 4.21), where rn is even and i, .i = L 2. 

It is also observed that a few terms in (4.21) are enough for convergent results. 

For the two-port sub-network, the above approximation cannot be made because 

it has to consider more localized modes in (4.17). However, we notice that the real 

part of the diagonal elements in W 1 is always positive, and most of the off-diagonal 

elements in W 1 are relatively small compared to the diagonal ones, except the ones 

corresponding to the mutual couplings between the two degenerated TE1; and Tl\h; 

modes. Therefore, the diagonal elements in the matrix (U + W 1) contribute more in 

the matrix inversion than others. It suggests that it can be approximated by ignoring 
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the off-diagonal elements, except the ones bt'twccn the TE1; and TMli. modes. 

0 0 

0 [W""] [w"c] ( 4.24) 

0 [W""] [Wee'] 

where H/0 is the element corresponding to the TE10 mode in the branch waveguide, 

W"" and wee are diagonal matrices corresponding to the TEli. and Tivh; modes, 

and w"~ and weh are the diagonal matrices corresponding to the mutual couplings 

between them. 

By invoking the above approximation in ( 4.17), the matrix can be inverted ana-

lytically and the closed-form expressions can be obtained as 

where 

:xJ 

Y/{ = -.7 cot Po\ l - Yr·o - 2::: Yri 
i=l 

:xJ 

Y/1 = .7 esc f1rtlz + Yro- 2::: ( -1)1+ 1 Y;.; 
i=l 

The variables used in (4.26) and (4.27) are given in Appendix C. 

(4.25) 

( 4.26) 

( 4.27) 

From (4.1) and (4.15), the physical interpretation of this approximation can be 

revealed. The series admittances between the localized modes are negligible because 

the shunt admittances are enhanced by terminating with corresponding characteristic 
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impedances. It should be pointed that the dosed-form expressions of other waveguide 

structures may also be obtained if similar approximation is applied. 

4.2.3 Numerical Verification 
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Figure 4.6: Admittance parameters of the three-port sub-network. 

As au example, we consider an X-band square waveguide T-junction here. The 

dimension of the square waveguide is a = 18 mm, while the side rectangular wave-

guide is \VR90 (l = 22.86 mm, b = 10.16 mm). For the three-port sub-network, the 

admittance parameters are calculated using our dosed-form equations ( 4.20), \vhere 

m = 2, 4, 6, 8,10 in (4.21). For the two-port one, they are calculated using (4.25), 

where i = 1, 2, 3, which means that the TE10 , TE11 , Tl\111 , TE12 , Tl\112 , TE13 and 

Tl\113 modes are considered in (24). Numerical results are compared with those ob-

tained from the RAM and the formally exact GSM, and a very good agreement is 
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observed as shown in Figs. 4. 6 and 4. 7. 

It is noticed that the admittance parameters of the three-port sub-network intend 

to be resonant at several frequencies at the same time. This phenomenon can be 

explained directly from our closed-form expressions, which contain item of cotangent 

or cosecant function. Therefore, these frequencies can be easily estimated by 

uAl 0 ±· ~ fi = , nn. ( 4.28) 

Obviout->ly, the hrst resonant frequency it-> the cutoff frequency of the dominant 

mode in the square waveguide and the following ones are the resonant frequencies of 

the cavity region (Region D in Fig. 4.3). 

For the two-port sub-network, similar resonances a.re observed, but shifted to a 

little higher frequency due to the effect of localized modes. The scattering matrix 

calculated from the above admittance parameters are also compared with those from 

the RAM and the GSrvi, as shown in Figs. 4.8 and 4.9, which also exhibit a very good 

agreement. It is noticed that in the scattering parameters, the resonance occurred 

in the admittance parameters disappears. 
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Figure 4. 7: Admittance parameters of the two-port sub-network. 
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Figure 4.10: Short-circuited branch 0 1\IT. 
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4.2 Theoretical Formulation 

Port 1 

Port 2 

I 
Figure 4.11: Equivalent circuit model of short-circuited branch Ol\1T. 
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4.3 Design of Short-Circuited Branch Ol'v1T 

4.3 Design of Short-Circuited Branch OMT 

A short-circuited branch OMT can be implemented by orthogonally cascading two 

square waveguide T-junctions with one end terminated by a short-circuit, as shown 

in Fig. 4.10. \Vith the equivalent circuit model obtained above, this structure can 

he efficiently analyzed in a circuit simulator rather than the full-wave one [43], as 

shown in Fig. 4.11. The lengths of the two transmission lines l1 and l2 can be easily 

optimized in the circuit simulator to obtain the desired scattering parameters. 

It is noticed that in this circuit model, the cross-polarization between the orthog

onal port is ignored because this structure can intrinsically suppress it [43]. 

\Vhen l1 = 1.07 mm and l2 = 5.64 mm, the calculated S-parameters of the 

designed OTvlT a.re shown in Fig. 4.12. Results calculated by the equivalent circuit 

model are still in good agreement with those obtained by the GSJ\1. The center 

frequency is located at about 9. 75 GHz. For the vertically polarized Port 1, the 

15dB return loss bandwidth is about 10 %, while for the horizontally polarized Port 

2, it is about 5 %. A good agreement is observed from 8 GHz to 11.7 GHz, which 

covers most of the entire X band. The discrepancy at the high frequencies is due 

to the fact that only the accessible modes are considered in our equivalent circuit 

model and higher-order modes start to propagate near 11.7 GHz. 

To verify our design derived from the proposed equivalent circuit model, two 

identically designed OMTs are fabricated and connected in the back-to-hack con

figuration, and the port numbers of the back-to-bad: configuration are redefined 

accordingly, as shown in Fig. 4.13. 
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4.3 Design of Short-Circuited Branch ONIT 
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Figure 4.12: Calculated S-parameters of a short-circuited branch 011T (a= 18 mm, 
l = 22.86 mm, b = 10.16 mm, [1 = 1.07 nun, l2 = 5.64 mm). 

Figure 4.13: Back-to-back configuration of the designed short-circuited branch OMT. 

Measured results [100] are compared with those calculated by our closed-form 

expressions, which exhibits a good agreement over the frequency band of interest, 

as shown in Fig. 4.14. The discrepancy at the high frequency is clue to the effect 

of higher-order modes and the resonances caused by the back-to-back configuration. 
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4.3 Design of Short-Circuited Branch OMT 

Because the cutofi frequency of the dominant mode is 8.3 GHz, the discrepancy below 

this frequency observed in Fig. 4.14(a) is also expected. l\leasured isolation between 

the orthogonally polarized Ports 1 & 2 and 1 & 4 is better than 30 dB up to 11.5 

GHz, as shown in Fig. 4.15, w·hich indicates the C'orrectness of our early observation 

that two polarizations arc isolated. These results verify the validity of onr equivalent. 

circuit model. 
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Figure 4.14: Calculated and measured S-parameters of the designed OMT in the 
back-to-back configuration: (a) !Sui and IS1:3I and (b) ISd and IS24 I (a= 18 mnL 
l = 22.86 mm, b = 10.16 rnrn, l 1 = 1.07 nun, l2 = 5.64 mm). 
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Figure 4.15: Ivleasured isolation between orthogonally polarized ports in the back
to-back configuration. 

4.4 Conclusion 

An equivalent circuit model for a square waveguide T-junction has been derived from 

the GAM obtained by the mode-matching analysis. The original five-port network 

is separated into two individual three-port and two-port sub-networks. A set of 

accurate closed-form expressions is obtained to calculate the admittance parameters 

of these two sub-networks. 

\Vith this circuit model, it is possible to analyze the ortho-mode transducers in 

a very efficient circuit simulator and can avoid the complex treatment of multi-port 

networks. A short-circuited branch 011T has been designed and fabricated as an 

example. Ivleasured results agree very well with those from the circuit simulation, 

which verifies our circuit model approach. 
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Chapter 5 

Synthesis of Short-Circuited 

Waveguide OMTs 

5.1 Introduction 

\Vith the advent of commercial modeling tools and availability of computing facilities, 

complicated ortho-mode transducers (OJVITs) can be analyzed accurately now [10, 

24, 104]. However, the design theory of O:V1Ts is still very limited, and most OMTs 

are still designed by experience, or cut-and-trial. To my best knowledge, very few 

literature was available until now on the synthesis of O.MTs. The only analytical 

formulas found in the open literature are derived for a simple Y-junction O~v1T [40]. 

For the widely used short-circuited waveguide OlVITs, there is only a. rough guideline 

to estimate the distance between the short-circuited plane and two branches [43]. 

The main difficulty for the synthesis of Ol\ITs is due to the fact that two orthog

onally polarized waves propagate in the common waveguide simultaneously, which 

results in a dual-mode circuit. Different from many single-mode circuits, conven

tional single-mode H- or E-plane circuit models [91] cannot be adopted directly. In 
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5.1 Introduction 

general, it is physically a three-port network, electrically exhibiting properties of a. 

four-port one. Therefore, the well-developed synthesis theory for two-port networks 

cannot be applied directly. 

In Chapter 4, an equivalent circuit model for a square waveguide T -junction 

has been proposed and a short-circuited square waveguide ortho-modc transducer 

( OI\IT) has been designed in the circuit domain thereafter. Hmvever. this OI\IT 

is over-simplified, where two branch waveguides are directly connected to the main 

waveguide. Therefore, only the locations of the two branches can be modified in 

the design. In practice, a slot is usually employed in the T-junction to control the 

couplings between the main and branch waveguides [84] for better performance. 

In this chapter, this square waveguide T-junction with a rectangular coupling slot 

is considered as a key building block of the short-circuited square waveguide OI\lT. 

The design of this slot-coupled short-circuited square waveguide OMT becomes to 

determine the locations of the two branches as \vell as the sizes of the corresponding 

coupling slots. An accurate synthesis method will be presented to determine the 

dimensions of this slot-coupled short-circuited square waveguide OMT efficiently. 

Our synthesis approach can be divided into three steps. 

First, an improved equivalent circuit model of a slot-coupled square waveguide 

T-junction is developed as a key building block of the OMT. Compared to [90], a 

coupling slot is employed between the main and branch waveguides, which provides 

more flexibility and is more useful in the design of O.:..ITs [43]. I\Ioreover, the physical 

insight gained for the improved circuit model is clearer than [90]. The coupling slot 
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5.2 Introduction 

is modeled as an impedance inverter and the junction effect is modeled by the shunt 

reactance. Additional transmission lines are employed to compeusate the phase 

shift, which can be easily absorbed by the adjaceut waveguide sections. Its circuit 

element values can be extracted from full-wave simulations accurately, e.g. the mode

matching (Ml\1) a.nalysis. 

Second, the circuit model of a slot-coupled short-circuited OT\IT is established 

using the key building block. Since the cross-couplings are very weak and can be 

ignored, the whole circuit can be considered as two separate subnetworks. Therefore, 

the ABCD transfer matrix can be applied to analyze them separately. 

Third, useful analytical formulas are derived from the circuit analysis for the 

purpose of synthesis, and the dimensions of the OMT can be synthesized thereafter. 

The whole synthesis procednrcs can he efficiently carried out simply hy looking up 

some reference charts, or running a simple program. Since the circuit parameters are 

extracted rigorously from the mode-matching method, calculated results from our 

circuit model are very accurate compared with those from the full-wave simulator. 

Therefore, the synthesized dimensions can be directly employed in the fabrication 

without any full-wave optimi~ations. 

Finally, a slot-coupled short-circuited OMT operating at X-band is designed by 

our proposed synthesis method. Measured results of the designed OMT validate our 

synthesis method. 
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5.2 Circuit Model of Slot-Coupled Square \Vaveguide T-Junction 

5.2 Circuit Model of Slot-Coupled Square Wave-

guide T -Junction 

The square waveguide T-junction is a typical structure often used in the design of 

Ol\lTs, which supports dual-polarization in the main waveguide and extracts single-

polarized wave through a branch waveguide, as shown in Fig. 5.1. Its dimensions 

and reference planes are depicted in Fig. 5.2. 

Figure 5.1: Structure of a slot-coupled square waveguide T-junct.ion. 

(a) (b) 

Figure 5.2: Detailed description of a slot-coupled square waveguide T-junction: (a) 
top and (b) side view. 

It has been shown in [90] that there is no cross-coupling between orthogonal modes 
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5.2 Circuit I\lodel of Slot-Coupled Square \Vaveguidc T-.Junction 

in a square waveguide T-junction without coupling slot. Although the slot would 

introduce some cross-couplings bet\vcen orthogonal modes, \ve can still ignore them 

and divide the whole five-port network into one bvo-port subnetwork and another 

three-port subnetwork, as in [90], since the cross-couplings in any practical OMTs 

can be suppressed at a very low level. 

I I 
Port 1 vI vv ¢v Tv !I Vv' ¢. Port 2v I 1 2 I 2 ~ 

T, Th' 
1 I 

r_h' 
2 T2 

Port 1 H : ¢h ¢h 1 Port 2H 
I 

Figure 5.3: Equivalent circuit model of a square waveguide T-junction. 

To develop its equivalent circuit model, an impedance inverter is employed be-

tween the through and branch ports to evaluate the couplings between them. The 

jnnct ion dfPct is moddc~d as a shunt n~actanc:<~ for <~ach suhudwork. To compensate 

the phase shift, transmission line sections are connected to each port. Therefore, the 

whole equivalent circuit model of the sqna.re waveguide T -junction is established, 

as shown Fig. 5.3, which can be considered as a building block or unit cell in the 
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5.2 Circuit Model of Slot-Coupled Square Waveguide T-Junction 

synthesis of O:tviTs. 

To extract its circuit elements, the whole structure is initially analyzed by the 

full-wave mode-matching method. The impedance matrix Z with reference planes 

T1 , T2 , T;3 can be calculated from the simulated scattering matrix as [101] 

Z = (U- S)- 1 (U + S) (5.1) 

where U is the identity matrix. The resultant impedance matrix can be arranged as 

(5.2) 

where z~x3 and z~x2 denote the impedance matrices of the three-port subnetwork 

and the two-port snbnet\vork, and Z.3~ 2 , Z~~:l represent the interactions between 

them. 

::\umerical simulations show that elements in Z~~ 2 and Z8~:3 are very small com-

pared with those in Z~x 3 and Z8x 2 . It therefore justifies our assumption of weak 

cross-couplings between the two orthogonal modes. 

For the three-port subnetwork, we can first establish the relationships between 

the voltages and the currents defined in Fig. 5.3 as follows. 

V VI _ v;vt _ 'k2b JVI 
1- 2-J V3 

V VI · lTV · · . JV 
1,2 =COS CfJv v 1,2 - J Sill ¢1, 1,2 

! 1)/ ' • . vv . IV 
- 1,2 = J sm (p,, 1,2 - cos ¢v 1,2 
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5.2 Circuit lVlodel of Slot-Coupled Square \Vaveguide T-.Junction 

V vl · V" · · --1-. Iv 
3 = COS 1Jo 3 - ] Slll </JO 3 

I VI _ · ' I 11V , , I IV 
- 3 - ] sm qJo v 3 - cos C?o 3 

According to the definition oft he impedance parameters [1 05], 

v:l 1 

I . ' 
.7 h=O for k#J 

we can obtain the transmission line c;\, by substituting (5.4a) into (5.3a), 

' . ( 1' 1' ) tan rp 11 = ] z12 - z11 

(5.5a) 

(5.5b) 

(5.6) 

(5.7) 

where zh and zf2 are elements in Z3x:1· After¢, is extracted, the reference planes can 

be shifted from T1 , T2 to Tt, T].", and the remaining impedance matrix is updated 

Z1'1 
as 3x:3· 

Similarly, substituting (5.5b) into (5.3a), we can have 

VI · t 2 b ( · · ,!, VI A, ) z13 = -] h~ v ] Slll 'f'oz33 - COS !J'O 

when It= Di' = 0, and 

vi k2b . · · vi z11 = " v sin qJ0 z13 

when Di' = If'= 0. 

Dividing (5.8) by (5.9), the transmission line ¢ 0 can be extracted as 
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5.2 Circuit l\1odel of Slot-Coupled Square \Vaveguide T-Junction 

where z~~, z~~ and zX~ are elements in Z3'x 3 . 

By removing (Po, the reference plane is shifted from T3 to Tf(, and the remaining 

impedance matrix is updated as Z3'~ 3 . 

Then the impedance inverter and the shunt reactance in the three-port subnet-

work can be determined from (5.3) as 

k · vii . = J 2 13 

.,II 
. "'33 

b,, = - J ~112 
"'13 

where zl'~ and z3~ are elements in zr~3· 

(5.11) 

(5.12) 

For the two-port subnetwork, the shunt reactance can be determined in a similar 

way as 

1 ,.,2 + ,.,2 
b . - "'11 ~12 
h=] (5.13) 

Z12 

where z{\ and z~2 are elements in Z~x 2 . Then the transmission line r/Jh can be deter-

mined by comparing the phase difference between reference planes T1 and Tt'. 

It should be mentioned that the extracted impedance inverter and shunt reac-

tance have been normalized to their corresponding characteristic impedances. The 

unnormalized ones can be calculated as follows. 

(5.14) 

where Z 01 and Z02 are the characteristic impedances of the main and branch waveg-
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5.3 Analysis of Short-Circuited \Vaveguide ONIT 

uidcs, respectively. 

As an example, a slot-coupled square waveguide T-junction with the following 

dimensions is analyzed by the mode-matching method: a = 22.86 mm, b = 10.16 

mm, s = 18 mm, l = 2 mm, w = 20 mnL h = G mm. Its circuit parameters arc 

extracted, as shown in Fig. 5.4. The phase of a uniform square waveguide of length 

w/2 is compared \Vith ev and e,. It is found that both ev and e, arc close to Bw/2, 

and Bv > e, > Bw/2. 

2 
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·-·-·b ::::J 
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w 

-1 
8 8.5 9 9.5 10 10.5 11 11.5 12 
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Figure 5.4: Extracted circuit parameters. Bw is the phase of a uniform square wave
guide with length w. 

5.3 Analysis of Short-Circuited Waveguide OMT 

A typical short-circuited square waveguide OMT is shown in Fig. 5.5, where two 

square waveguide T-junctions are cascaded orthogonally and the through port is 
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5.3 Analysis of Short-Circuited \Vaveguide OMT 

terminated by a short-circuited plane. 

Port 2v 
(a) 

I ... I ..... /1 .. 
I I 
I I I I 
. . 
I __., h .·.>. I . . 

I 
I 

I 
I Short . 

r I plane . 
I t 

(b) 

Figure 5.5: Structure of a slot-coupled short-circuited waveguide O:MT: (a) 3D view 
and (b) side view. 

\Vith the equivalent circuit model proposed in the previous section, the circuit 

model of this OMT can be established, as shown in Fig. 5.6, where the ev and eh in 

the T-junction model are absorbed into the adjacent waveguide sections. 
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5.3 Analysis of Short-Circuited \Vaveguide OMT 

Since the cross-couplings between orthogonal modes arc assumed to be very small, 

the four-port Ol\1T can be separated as t\vo two-port subnetworks. Therefore, the 

classic circuit analysis method using the ABCD transfer matrix can be employed. 

as 

Port 1 v 

Port lh 

"b'' }] ·bv 
} 2 

Short 
circuit~ 

()" 
2 

Short _A 
circuit 

Figure 5.6: Equivalent circuit model of the short-circuited OMT. 

For the vertically polarized subnetwork, the whole transfer matrix can be derived 

(5.15) 

where 

(5.16) 

For the horizontally polarized subnetwork, the elements of the whole transfer 
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matrix are 

5.4 Synthesis of Short-Circuited \Vavegnide 0.1\IT 

A = _sin 8i' 
k" 

cos ()h - b" sin e" C=j 1 1 1 
J;:h 

D = -k:h [sin ei' ( 1 - b~,b~) + cos ei' (b~ + h~n)] 

where b?~ = b~ - cot()~. 

(5.17a) 

(5.17b) 

(5.17c) 

(5.17d) 

The scattering parameters can he calculated from its transfer matrix as [105] 

A+B-C-D 
Sll = A + B + C + D 

2 
521 = A + B + C + D 

(5.18a) 

(5.18b) 

5.4 Synthesis of Short-Circuited Waveguide OMT 

For a waveguide 01\IT, the main waveguide is usually connected to a horn antenna 

and two branch waveguides are connected to standard rectangular waveguides. The 

synthesis of this short-circuited waveguide 01\IT is to determine the size of two slots 

and their positions along the main waveguide. 

In theory, one branch should be placed a quarter-wavelength away from the short 

plane to maximize the coupling between the main and branch waveguides, and the 

other should be kept half a wavelength away from the first one to maintain good 

isolation. In practice, the location of the first branch should be less than a quarter-
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5.4 Synthesis of Short-Circuited \Naveguide O.MT 

wavelength to compensate the junction reactance [43]. Therefore, the slots' size and 

their positions have to be optimized to meet given specifications. 

In this section, a rigorous synthesis method is presented. The slot size can he 

chosen from a reference chart and their positions can also be determined accurately 

thereafter. 

\Vhen the two branches are separated by half a wavelength, that means (}~',h = Jr. 

For both vertically and horiwntally polarized subnetworks, their transfer matrices 

derived in ( 5.15-5.1 7) can be simplified in the same form as 

(5.19) 

where the superscript v and h are omitted for simplicity. It also implies that the 

two slots are identical and indistinguishable for both subnetworks when er·" = Jr. 

Therefore, we have b1 + b2 = b ... + b, in this case. 

Substituting (5.19) into (5.18), we have 

5 _ j(k -1/k)- k(cot82 - b ... - bh) 
11 - j(k + 1/k) + k(cot e2- bv- bh) 

The reflection zero occurs when 

k = 1 
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5.4 Synthesis of Short-Circuited Waveguide OTVIT 

The physical insight of (5.21) is clear The slot si~~:e can then be selected to satisfy 

(5.21a), and fh can be calculated by (5.21b). It can also explain why the branch 

close to the short plane is usually placed less than quarter-wavelength. 

In practice, we only need to satisfy a prescribed return loss level RL over a 

frequency range of interest. 

ISni<E (5.22) 

where c = w-RL/20 . According to the following inequality 

l

j(k- 1/k) + k(bv + b,- cot82 ) I I k- 1/k I 
j(k + 1/k)- k(bv + h,- cot e2) ~ k + 1/k ' 

(5.23) 

we can derive the necessary condition for ( 5.22) as 

1 ... ~+E <K"< --
1- ( 

(5.24) 

For a given k satisfying (5.24), we can further obtain 

(5.25) 

The dimensions of the coupling slots and their positions along the main waveguide 

can then be synthesized. The synthesis procedures of the slot-coupled short-circuited 

waveguide 01\IT are summarized as follows. 

1) The dimensions of the main waveguide are usually prescribed according to 

the size of a horn antenna, which connects to the OMT. The branch waveguides arc 
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5.5 Synthesis of Short-Circuited Waveguide Ol\IT 

usually selected as standard waveguides covering the operating frequency band of 

the Ol\IT. 

2) Circuit parameters of the slot-coupled square waveguide T -junction of different 

slot dimensions arc extra.ctcd. Three charts with different slot dimensions are plotted 

as a reference, as shown in Figs. 5.7-5.9: (a) the inverter impedance k, (b) the sum of 

shunt reactance bv+bh, (c) the average electrical length of two equivalent transmission 

lines (]a= (ev + eh)/2. 

3) The dimensions of the slots arc selected by looking up Reference chart (a) to 

satisfy (5.21a) at the center frequency. 

4) Looking at Reference chart (b), the value of bv + bh can be obtained for the 

selected slot dimensions, and (]2 can be calculated by (5.21b) at the center frequency. 

5) Looking at Reference chart (c), (]a is obtained for the selected slot dimensions. 

The positions of two slots can be determined as 

( 1 eo 
l1 = ---)A n + w 2 7r g 

(5.26a) 

l _ fh- ()a W 
2- 27r A9o + 2 (5.26b) 

where Ago is the guided wavelength in the square waveguide at the center frequency. 

The reference charts can be obtained by any full-wave simulations accurately. For 

our case, the mode-matching method is employed for its high efficiency and accuracy. 

It should be mentioned that this synthesis procedure is also applicable to other 

short-circuited waveguide OMT, such as circular waveguide OMTs. 
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5.5 Design Example 

5.5 Design Example 

In this section, we will design an X-band slot-coupled short-circuited square wave

guide OMT using our proposed synthesis method. The center frequency of this O~IT 

is 10 GHz. 

First. the dimensions of the square waveguide T-junction are determined. The 

branch waveguides are the standard waveguide \VR90, where a = 22.86 mm and 

b = HUG mm. The size of the square waveguide is chosen to be s = 18 mm, 

whose TE10/TE01 modes start propagating from 8.3 GHz and the first higher-order 

TEn/Tl'vln modes start at 11.7 GHz. Therefore, our equivalent circuit model would 

be valid from 8.3 GHz to 11.7 GHz. To simplify the design, the thickness of the 

slots is fixed to be t = 2 mm, though this is not essential. The coupling between 

the square and branch waveguides is mainly controlled by the slot width w and slot 

height h. Then, circuit parameters of different slot dimensions are extracted at 10 

GHz and reference charts are plotted, as shown in Figs. 5.7"'5.9. If the prescribed 

return loss level is 20 dB, we have 0.9045 < k < 1.1055. It is observed that there 

are multiple sets of the slot dimensions satisfying (5.21a) and (5.24). For example, 

when the slot dimensions w = 18.8 mm, h = 7 mm are selected from Reference chart 

(a), we can have cot fJ2 = bv + bh = 0.2199 from Reference chart (b), which means 

fJ2 = 1.3544. \Vc then have f)a = 1.134 from Reference chart (c). The positions of 

the two slots can be calculated using (5.26) as 11 = 26.3 mm and 12 = 11.3 mm. To 

demonstrate the simplicity and versatility, a simple programme is written to calculate 

the dimensions automatically starting from these satisfied sets following our synthesis 
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5.5 Design Example 

1.2 
::0 g 

"' a:> 

1.1 

17 18 19 20 21 22 
Slot width w (mm) 

Figure 5.9: Reference chart (c): ()a= (()v + ()h)/2. 

procedure. The scattering parameters can be calculated for the circuit model using 

the extracted circuit parameters corresponding to the selected dimensions, as shown 

in Fig. 5.10. It is seen that the reflection zeros can be accurately located at the 

center frequency for both vertically and horizontally polarized subnetworks using 

our synthesis method. 

Scattering parameters obtained from the circuit model are also compared with 

those from the full-wave mode-matching method, as shown in Fig. 5.11. The dimen-

sions are w = 20.6 mm, h = 8.6 mm, l1 = 25.8 mm, l2 = 13 mm. The reflection 

zeros for both polarizations are still accurately located at 10 GHz, and very good 

agreements are observed between our circuit model and the full-wave mode-matching 

method within the dominant mode operation region. 
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Figure 5.10: Scattering parameters of different synthesized slot dimensions. 
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Figure 5.11: Scattering parameters of synthesized Ol\lT (Solid line: full-wave simu
lation, x : circuit model.). 
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5.5 Design Example 

It is interesting to find that there are two tran:::;mission zeros at about 9.25 GHz 

and 11.25 GHz, respectively, for the vertical subnetwork. This can be explained from 

nJT 
the circuit analysis. From the field distributions, we find that it satisfies e~' +t9~ = T' 

n = 1, 2, at these two frequency points. Substituting this into (5.L5) we find b)~ --+ x, 

which resnlts in A+ B + C + D --+ oo. According to (5.18b), this produces a 

transmission zero. 

In order to verify the proposed synthesis method, the designed O:MT is fabricated 

in a back-to-lHu~k configuration. The photo of the final fabricated structure is shown 

in Fig. 5.12. Measured results of the fabricated Ol\IT are compared with those 

obtained by the full-wave simulation, and they are in good agreement, as shown in 

Fig. 5.13. The isolation between the orthogonal ports are better than 40 dB below 

11 GHz, as shown in Fig. 5.14. 

Figure 5.12: Photo of our fabricated OMT in the bad\.-to-back configuration. 

It should be emphasized that all the dimensions we mentioned above: w, h, 
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5.5 Design Example 
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Figure 5.13: Comparison between met'tsured and circuit simult'tted results of the 
designed 0:\IT in the back-to-back configuration. 
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Figure 5.14: Isolation of the designed 0;\.IT in the back-to-back configuration. 
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5.6 Conclusion 

[ 1 , l2 , are rigorously calculated by our synthesis procedure without any full-wave 

optimizations. Therefore, our synthesis method is very accurate and efficient in the 

design of OMTs. 

5.6 Conclusion 

An accurate and efficient synthesis method for ::;hurt-circuited ::;quare waveguide 

OIVITs has been presented. An improved equivalent circuit model of the slot-coupled 

square waveguide T-junction has been proposed as a key building block of the wave

guide OMT. Circuit parameters have been extracted accurately from the full-wave 

simulations. The circuit model of a slot-coupled short-circuited waveguide Ol'viT has 

been established with this building block and can be analyzed by the classic transfer 

matrix method. Some useful formulas have been derived from this circuit model, 

which can be used to synthesize the dimensions of OI\ITs. The synthesis procedure 

has been summarized and implemented by a simple program. One designed OMT 

has been fabricated and tested to verify the validity of our synthesis method. 
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Chapter 6 

Design of Compact Dual-Band 

OMTs 

6.1 Introduction 

In the prevwu~ chapters, the mode-matching (11lVI) method ha~ been developed 

for the efficient analysis of w<weguide O::V1Ts, equivalent circuit models have been 

propo~ed for the circuit ana.ly~i~ and ~ynthe~i~ of ortho-mode tran~ducer~ ( OMT~). 

\Vith the explo~ive growth of wirele~s communication applications, it i~ preferred 

to receive and tran~rnit orthogonally polarized signal~ ~imultaneou~ly through a single 

antenna, which may cover more than one frequency band. Therefore, dual- or multi

band OYIT~ are de~irable. 

Several dual-band, even multi-band OMT~ were reported in the literature [7, 

12, 15, 45, 65, 106, 107]. In [45] and [106], two orthogonally polarized ~ignab were 

~eparatcd at two different frequency band~. Therefore, they are ~till physically three

port networks. In practical dual-band dual-polarized antenna feed ~y~tem~ [7,65, 107], 

it i~ more common to receive and separate dual-polarized ~ignals at one frequency 
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6.1 Introduction 

band, and transmit single-polarized signals at another frequency band. Therefore, it 

is physically a four-port network [7]. The design of these dual-band OMTs is usually 

complicated because they should separate multiple channels both in polarizations 

and frequency bands. Although there are usually wide guard bands between the 

op<Tating frequency channds [7], additional filtering functions are commonly required 

to achieve good isolation between them, especially for those operating in transmit 

and receive (Tx/Rx) modes simultaneously. In 2006, a dual-band O~lT operating 

at 30/44 GHz was designed in [67], which employed a series of stacked irises as a 

compact filtering element to improve the isolation. 

In this chapter, two compact dual-band OMTs are presented. The first one 

IS developed from the single-band short-circuited waveguide OMT. One more T

junction is connected to transmit single-polarized signals at another frequency band. 

Two filters arc employed to achieve good isolation between these two frequency 

bands. \Vith the equivalent circuit model developed in Chapter 5, the junction effect 

of the 01\IT can be consiuerecl in the design of filters, which introuuccs additional 

transmission zeros. Therefore, elliptical filters can be realized and integrated as 

parts of the OMT, which results in a compact structure. The equivalent circuit 

model is adopted to pre-optimize the structure efficiently, and then the full-wave 

mode-matching method is used to finali?:e the whole design. An example of this 

dual-band OMT is designed to operate at 9.4'"'""'9.6 GHz and 10.4'"'""'10.6 GHz, and 

measured results exhibit good performance as expected. 

In the second case, a more compact dual-band O.MT is presented. Two orthogo-
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6.2 Dual-Dand OMT with Integrated Filters 

nally polarized signals are received and separated at 10.8""'12.8 GHz and 10.2""'11.9 

GHz, respectively, and a single-polarized signal is transmitted at 13.8""'15 GHz. To 

obtain good isolation between the Tx and Rx signals of the same polarization \vith a 

compact size, a waveguide with reduced cross-section is incorporated into the com

mon waveguide and an irregularly shaped diaphragm is proposed as a compact band

rejection element. 1\loreover, the designed OMT can be fabricated as a monoblock 

with a thin stacked diaphragm, which is very stable and suitable for mass production. 

Two identical OMTs arc fabricated and measured in a back-to-back configuration to 

verify the design concept. 

6.2 Dual-Band OMT with Integrated Filters 

The single-hand short-circuited waveguide OMT has been synthesized in Chapter 5. 

To transmit a single-polarized signal at another frequency band, one more branch 

could be connected to the main square waveguide. Since the polarization of this 

additional branch nmst he the same as one of the other two branc:lws, two filtr~rs 

are necessary to achieve good isolation between these two branches [7]. Usually, 

the OMT and the channel filters are considered as two different components in the 

system and designed separately. 

However, in Chapter 5, it is found that the short-circuited waveguide T-junction 

in the OMT can introduce some transmission zeros. Therefore, it implies that quasi

elliptical filters can be realized if the T-junction effect is considered in the design of 

the channel filters. 
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6.2 Dual-Band OMT with Integrated Filters 

In this section, a dual-band OMT is designed together with the two channel filtt>rs 

as an integrated component. In this way, good isolation between the two frequency 

bands can be achieved in a compact size. 

6.2.1 Proposed Structure and Its Equivalent Circuit Model 

Th0 propos0d dnal-hanrl. 0:\rr with two int0grat0d channd filtNs is shown in Fig. 

6.1, where Port 1 is the common sqnare waveguide port, Port 2 is to transmit 

a vertical-polarized signal at 9.4-9.6 GHz, and Ports 3 and 4 are to receive two 

orthogonal-polariz<~d signals at 10.4-10. (j G Hz. Two iris filters are connected to Ports 

2 and 4 to achieve good isolation between these two frequency bands. 

Figure 6.1: Structure of the proposed dual-band OMT. 

Based on the equivalent circuit model presented in Chapter 5, the equivalent 

circuit model of the proposed dual-band OMT with integrated channel filters can be 

established, as shown in Fig. 6.2. The circuit model of the two iris filters can be 
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6.2 Dual-Band OMT with Integrated Filters 

represented in the same form, as shown in Fig. 6.3. 

Port I" }ll,' e" 1 

Short ~ 
circuit 

Figure 6.2: Equivalent circuit model of the dual-band o:~viT. 

Connecting 
to T -junction 

~ 
el 

I k1 
I 

I 

e2 k2 ! e3 
I 

Figure 6.3: Circuit model of the iris filter. 

6.2.2 Design Procedure 

k3 
! 
C--------o 

The dimensions of the proposed dual-band OJVIT can be described as shown in Fig. 

6.4. The square waveguide of a side length is s = 18 nnn, and the three branch 

rectangular waveguides are a = 22.86 mm, b = 10.16 mm, which are the same with 

the ones used in Chapter 5. The thickness of all the slots and the irises are 2 mm 

for the case of manufacture. The slot size of these three T-junctions can be firstly 
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6.2 Dual-Band OMT with Integrated Filters 

determined by the synthesis method proposed for the single-hand OivlT in Chapter 

5. The distances between these T-junctions can be then determined accordingly. 

r 
a 

1 

The thickness of slots and irises is 2 mm 

-r~~ - LI2 -Ll3 

s 

Figure 6.4: Dimensional description of the proposed dual-band OMT. 

If the coupling slot in the T -junction is considenxl as the first impedance invert-

er of the channel filters, the two iris filters can be first synthesized as third-order 

Tchebychev filters at 9.4-9.6 GHz and 10.4-10.6 GHz, respectively [108, 109]. 

In this way, the initial dimensions of the dual-band Ol\lT can be determined. It 

is found that for the horizontally polarized Port 3, this initial value can give very 

good return loss at the desired frequency band. However, for the vertically polarized 
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6.2 Dual-Band OMT with Integrated Filters 

Ports 2 and 4, the return loss would be distorted significantly due to the junction 

effect introduced by the T-junctions [110, 111]. Therefore, the coupling slot size 

(lV;, H;) and the first iris width lV; 1 , i = 1, 3, should be modified to compensate 

the junction effect. The 'vaveguide length L;1 and L;2 , i = 1, 3, should also be 

morlifi<'rl <H"l·onlingly. Since the equivalent circuit model has been established, these 

dimensions can be optimized very efficiently in the circuit domain. Once the circuit 

optimization is finished, the whole structure can be further refined by tuning all the 

dimensions with the full-wave mode-matching method. 

The design procedure of the proposed dual-band 0.1\IT can be summarized as 

follows. 

1) The initial values of the coupling slots and the T-junctions' positions are deter

mined by synthesizing two single band short-circuited waveguide Ol'dTs at two 

specified frequency bands separately using the method proposed in Chapter 5; 

2) Two filters an: syntlwsize<i independently using the filter synthesis theory [108, 

109]; 

3) The performance of the OMT is optimize<i in the circuit domain with the initial 

values obtained in the previous two steps; 

4) The final structure is fine tuned in our full-wave mode-matching simulator and 

the optimal performance is obtained. 
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6.2 Dual-Band OMT with Integrated Filters 

6.2.3 Simulated and Measured Results 

The initial dimenensions of the dual-band O~JT are given as follows. TV11 = 8.92 mm, 

lV12 = 8.92 mm, lV13 = 12.59 mm, L 11 = 17.08 mm, L12 = 18.95 mm, L 13 = 17.08 

mm, lV31 = 8.2 mm, 1V32 = 8.2 mm. lV33 = 12.04 mm, L 31 = 14.11 mnL L 32 = 15.85 

mm, L3:3 = 14.11 mm, TV1 = 17.8 mm, H 1 = 7 mm, lF2 = 18 nun, H2 = 8 nnn, 

lV;~ = 18 mm, H;~ = 8 mm, L 1 = 32 nmL L2 = 20 mrn, L:3 = 13 mm. \Vith these 

initial values, the performance of the dual-band OMT can be optimized efficiently in 

the circuit domain. The optimization function fmincon in Matlab [112] is used to 

minimize the return loss at Port 1 over frequency bands 9.4-9.6 GHz and 10.4-10.6 

GHz for both polarizations, as shown in Figs. 6.5 and 6.6. It is seen that the return 

loss for the vertical polarization improves significantly at the two frequency bands, 

while the one for the horizontal polarization remains good. 

Once the circuit optimization is completed, the full-wave MM method is employed 

to refine the whole structure. The final dimensions of the 0:\1T arc given as follows. 

TY11 = 10.85 mm, V\/12 = 7. 75 mm, 1V13 = 11.48 mm, L 11 = 20.83 mm, L 12 = 18.80 

mm, L13 = 18.14 nun, lV:n = 8.81 mm, lV12 = 7.26 mm, lV33 = 10.87 mm, L31 = 10.9 

mm, L32 = 16.15 mm, L:33 = 15.1 mm, 1V1 = 18.85 mm, H1 = 10.16 mm, TV2 = 17.8 

mm, H 2 = 8 mm, 1V3 = 16.72 mm, H3 = 10.16 mm, L1 = 32 mm, L 2 = 20 mm, 

L3 = 13 mm. 

It should be mentioned that due to the circuit-model optimization, one is able 

to quickly obtain very good initial values that can be used in the full-wave MM 

optimization. Using these good initial values, the physical dimensions can be fine 
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Figure 6.5: Scattering parameters for the vertical polarization calculated by equiva
lent circuit model. 
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Figure 6.6: Scattering parameters for the horizontal polarization calculated by e
quivalent circuit model. 
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6.2 Dual-Band OMT with Integrated Filters 

tuned using the full-wave I\1M simulator after several iterations using the full-wave 

I\lM simulator after several iterations. ·without the synthesized values and circuit-

level optimization, one would need much more CPU time to obtain the optimized 

value if is not impossible. 

The full-wave :-;irnulat<~d rc:-;ult:-; of the final :-;tructurc arc :-;hown in Figs. 6.7-6.9. 

It. is seen that the return loss is better than 15 dB for both frequency bands and 

polarizations. Moreover, for the S{;, three transmission zeros can be observed at 9, 

10.1 and 11.2 GHz, its rejection level is better than 30 dB over 10.4-10.6 GHz. The 

rejection level for the S~ is better than 40 dB over 9.4-9.6 GHz. 
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Figure 6.7: Full-wave refined results of the dual-band O~IT for the verrical polariza
tion. 

Also, the cross-polarization at the square waveguide port and the isolation be-

tween the rectangular branches can be simulated with the mode-matching method, 
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Figure 6.8: Full-wave refined results of the dual-band Ol\IT for the horizontal polar
ization. 
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Figure 6.9: Simulated cross-polarization and isolations. 
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6.2 Dual-Band OMT with Integrated Filters 

as shown in Fig. 6.9. The cross-polarization is better than 35 dB and the isolation 

between Ports 2 and 4 is better than 40 dB at the lower band and better than 30 dB 

at the upper band. The isolation between the vertical-polarized Ports 2 and 4 and 

horizontal-polarized Port 3 is better than 35 dB. 

Figure 6.10: Structure of square-to-rectangular waveguide transition. 

For the purpose of measurement, a square-to-rectangular waveguide transition is 

d<~sigrw<l. as shown in Fig. u.lO. This transition can 1H~ dficicntly analyzed by the 

MM program developed in Chapter 3. The optimization function frnincon in .1\Iatlab 

[112] is employed to optimize the dimensions of the transitions. The optimized 

scattering parameters are plotted in Fig. 6.11, where the return loss is about 30 dB 

over the band of interest. 

The mechanical model of the designed dual-band OMT connected with the square

to-rectangular waveguide transition is shown in Fig. 6.12. The designed OMT is 

divided into two parts and fabricated separately, as shown in Fig. 6.13. Then the 

two parts are combined and assembled with the square-to-rectangular waveguide 

transition, as shown in Fig. 6.14. 
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Figure 6.11: Scattering pa.rameters of the designed square-to-rectangular waveguide 
transition. 

Figure 6.12: 11echanical model of the designed OMT with transistion. 
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6.2 Dual-Band OI'viT with Integrated Filters 

Figure 6.13: Two fabricated parts of the designed OMT. 

Figure 6.14: Assembled O.lviT with square-to-rectangular transition. 

The fabricated OMT connecting with the square-to-rectangular waveguide tran

sition is measured and compared with simulated results from MM method, as shown 

in Figs. 6.15-6.17. It should be noted that the transition is considered in the sim

ulation to make a fair comparison. l'VIeasured insertion loss is about 0.2 dB at 10.5 
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6.2 Dual-Band O:ti/IT with Integrated Filters 

GHz for the horizontal polarization, and about 0.5 dB at both 9.5 and 10.5 GHz for 

the vertical one. Measured cross-polarization and isolation are better than 30 dB 

over the two operating bands. Good agreement is observed between simulated and 

measured results, which verifies our equivalent circuit model and design procedure. 
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Figure 6.15: Comparison between measured and simulated results of the dual-band 
O.lviT for the vertical polarization. 
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6.2 Dual-Band OMT with Integrated Filters 
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Figure 6.16: Comparison between measured and simulated results of the dual-band 
OMT for the horizontal polarization. 
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Figure 6.17: Measured cross-polarization and isolations. 

123 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



6.3 Dual-Band 01'1T with an Irregularly Shaped Diaphragm 

6.3 Dual-Band OMT with an Irregularly Shaped 

Diaphragm 

In the prevwus section, a dual-band 01IT has been designed together with two 

channel filters, which realizes good performance with a compact s1zc. In this sec

tion, a more compact dual-band OMT is presented, which employs compact filtering 

elements within the OMT. 

6.3.1 Description of the Proposed Structure 

The structure of the proposed compact dual-band OMT is shown in Fig. 6.18. T

wo rectangular branch waveguides are still connected to the common waveguide to 

extract the received dual-polarized signals, respectively. Different from the previous 

short-circuited OMTs, the short-circuited plane is removed and a rectangular wave

guide port is connected instead to transmit the single-polarized signal at a higher 

frequency band. Some step transitions arc employed to connected this rectangular 

waveguide \vith the common waveguide. The size of the square waveguide port is 

16 x 16 mm2 , \vhich is usually chosen according to the size of the horn antenna to 

which it is connected. The three rectangular ports are the standard waveguide \VR75 

\'vith the cross-section dimensions of 19.1x9.5 mm2 . 

Port 3 is intrinsically isolated with Ports 2 and 4 due to the orthogonality of 

polarization. The main problem is to obtain good isolation between Ports 2 and 4. 

A waveguide section with reduced cross-section is usually used after the extraction 
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6.3 Dual-Band OMT with an Irregularly Shaped Diaphragm 

of signals at the lower frequency band, which isolates them with the port operating 

at the higher frequency band [67]. It works well when the two frequency bands are 

separated by a wide guard band. However, when the two frequency bands are close to 

each other, it may require a lengthy waveguide section with reduced cross-section to 

suppress the vertically polarized Rx signals. In this design, the common waveguide 

is narrowed in the horizontal direction immediately after the vertically polarized Rx 

signals are extracted into Port 4, as shown in Fig. 6.18. In this way, the propagation 

of the vertically polarized Rx signals can be stopped before it reaches Port 2, while 

the horizontally polarized Rx signals can still propagate and reach Port 3. This way 

results in a more compact structure because the waveguide with reduced cross-section 

is incorporated as a part of the common waveguide. 

Evanescent mode 
waveguide 

Port 2 

Diaphragm 

Figure 6.18: Structure of the proposed dual band Tx/Rx OJviT with an irregularly 
shaped diaphragm inserted. 

However, the Tx signals can still leak into Port 4. In [113], a sharp step hended 
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6.3 Dual-Band OMT with an Irregularly Shaped Diaphragm 

bar is employed in a waveguide as a band-rejection clement. Here an irregularly 

shaped diaphragm is inserted into Port 4 as a compact band-stop element to reject 

the Tx signals. The geometry and band-stop response of the diaphragm are plotted 

in Fig. 6.19. It is seen that a transmission zero is located at about 14.25 GHz. 

The band-stop phenomenon can be explained as follows. It is well-known that the 

rectangular diaphragm and slot in the waveguide can be inductive or capacitive [91] 

and diaphragms or posts of partial height in the waveguide can be resonant struc

tures [114]. The irregularly shaped diaphragm can be considered as a combination 

of the regular inductive and capacitive ones. \Vith a particularly designed irregu

lar diaphragm, a series of inductor and capacitor can be obtained, which forms a 

transmission zero at the desired frequency. 

6.3.2 Simulated and Measured Results 

The designed OlVIT is fabricated, and one piece of the irregularly shaped diaphragm 

is mounted on the top of the vertically polarized Rx port, as shown in Fig. 6.20. 

The thickness of the diaphragm is 0.5 mm, and the total length of the OMT is 89.8 

mm. Simulated results are plotted in Fig. 6.21. For the Tx Port 2, the return loss 

is better than 15 dB from 13.8 GHz to 15 GHz. For the horizontal-polarized Rx 

Port 3. the return loss is better than 15 dB from 10.8 GHz to 12.8 GH:;o;. For the 

vertical-polarized Rx Port 4, the return loss is better than 15 dB from 10.2 GHz to 

11.9 GHz. 

For the ease of measurement, two identical 01JTs are back-to-back connected at 
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Figure 6.19: The band-stop response of the proposed irregularly shaped diaphragm. 

Figure 6.20: Photo of the fabricated OlVIT with an irregularly shaped diaphragm. 
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6.3 Dual-Band O.MT with an Irregularly Shaped Diaphragm 
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Figure 6.21: Simulated results of the designed compact dual-band O~IT. 

their common square waveguide ports, as shown in Fig. 6.22. Measured results of 

our fabricated O~IT exhibit good performance and agree very well with simulated 

ones, as shown in Figs. 6.23-6.26. For the Tx band, the back-to-back insertion loss 

is less than 0.2 dB. For the Rx signals, the back-to-back insertion loss between the 

horizontally polari:t:ed ports is less than 0.55 dB from 10.8 GHz to 12.8 GHz, the 

back-to-back insertion loss between the vertically polarized ports is less than 0.62 

dB from 10.2 GHz to 11.8 GHz. 

The isolation between Ports 2 and 4 is measured, as shown in Fig. 6.26. It is 

improved from 15 dB to 30 dB with the presence of our irregularly shaped diaphragm 

over the Tx band from 14 GHz to 14.5 GHz. It proves that our proposed irregularly 

shaped diaphragm indeed acts as a band-stop element. 

It should be mentioned that the whole OMT can be fabricated as a single block 
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6.3 Dual-Band OMT with an Irregularly Shaped Diaphragm 

Figure G.22: Back-to-back configuration of the de~igned or-.rr. 
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Figure 6.23: Back-to-back transmission and reflection between the Tx ports. 

and the thin diaphragm is stacked on the top of the port. Therefore, compared to the 

dual-band OMT designed in previous section, which has to be split into two piece~, 
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6.3 Dual-Band OMT with an Irregularly Shaped Diaphragm 
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Figure 6.2"1: Back-to-back tram:rni~~ion and reflection between the horizontally po
larized Rx ports. 
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Figure 6.25: Back-to-back transmission and reflection between the vertically polar
ized Rx ports. 
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6.4 Conclusion 

the stability and power handling capability are greatly improved and the fabrication 

cost is reduced. 

0,-------.--------,--------,--------,------~ 

-5 

-10 

-15 

- - Measured isolation no diaphragm 

-- Measured isolation with diaphragm 

11 12 13 14 15 
Frequency (GHz) 

Figure 6.26: Isolation between the Tx and Rx ports of the same polarization with 
and without diaphragm. 

6.4 Conclusion 

In this chappter, two dual-band 011Ts have been presented to receive two orthogo-

nally polarized signals and transmits a single-polarized signal simultaneously . 

The first dual-hand has been developed based on thr~ r~quivalent circuit model 

presented in Chapter 5. Two iris channel filters have been connected to the OMT 

to obtain good isolation between the two frequency bands. The synthesis method 

proposed in Chapter 5 has been applied to obtain the initial dimensions of the OMT. 

The two iris filters have been synthesized by the classic filter theory. The OMT and 
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6.4 Conclu~ion 

integrated filter~ have been optimized a~ a whole in the circuit domain. Based on 

the circuit optimized results, the whole structure has been tuned by the full-wave 

mode-matching analysis to finalize the design. Since the filters have been optimized 

as a part of the OI\IT, additional transmission zeros can he obtained. In this way, 

good isolation can he achieved by low order hltcrs, which r<'sults a compact structure. 

For the second dual-band 01\IT, a more compact ~tructure has been presented. 

A waveguide with reduced cro~~-~ection has been incorporated into the common 

waveguide, which reduces the length of the OMT. An irregularly shaped diaphragm 

has been proposed as a compact band-rejection element, which forms a transmission 

zero at the Tx band. Therefore, good i~olation between the Tx and Rx port of the 

same polarization has been obtained with a compact size. 

The two dual-band OMTs have been fabricated and measured results have verified 

our design. 
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Chapter 7 

Conclusions and Recommendations 

7.1 Conclusions 

The work presented in this thesi::~ focu::~es on the analysis and design of square wave-

guide OMTs. 

A comprehensive literature review on the design of O:~viTs and relevant numerical 

methods has been given in Chapter 2. Based on this review, the MM method is 

selected from different numerical methods as the a,nalyzing method in this thesis. 

The double-plane step in rectangular waveguide and six-port rectangular waveguide 

junction have been developed as two building blocks of waveguide OMT in Chapter 

3. For the efficient analysis. the cascade of these two building blocks have also 

been investigated and proper generalized matrix representations for different types 

of cascade have been summariz:ed. \Vith this work, the square waveguide OMT can 

h(~ analyz:ed by this efficient ~11\1 method later. 

As a key building block in the design of OMT, a square waveguide T-junction has 

been studied by the previously developed J'vi:VI method in Chapter 4. This square 

waveguide T-junction has first been modeled as a five-port network. After a. rigorous 
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7.1 Conclusions 

analysis of coupling modes between two orthogonal dominant modes, it has been 

found that there is no cross-coupling between them. Therefore, the complicated five

port network can be divided into two separate subnetworks: one three-port network 

and one two-port netv.:ork. The equivalent circuit models of these two subnetwork

s have also been determined. Further study of the coupling modes has suggested 

that a set of closed-form expressions for these two equivalent circuit models can be 

derived from the J\ll'v1 analysis by proper approximation. These closed-form expres

sions exhibits very good accuracy over the dominant-mode frequency band. Then 

a short-circuited square waveguide 01\lT has been designed by these closed-form 

expressions in the circuit domain. The designed OMT has been fabricated and mea

sured. Very good agreement has been observed between our circuit-simulated results 

and measured ones. 

After the circuit analysis of short-circuited square waveguide OMT in Chapter 

4, the circuit synthesis method has been studied in Chapter 5. First, a slot-coupled 

square waveguide T-junction has been considered as a key building block of the OMT. 

An improved equivalent circuit model has been proposed by employing impedance 

inverter and transmission lines. The values of these circuit clements can be extracted 

from simulated results by the Ml\1 method. Then, the equivalent circuit model of 

the slot-coupled short-circuit square waveguide OMT has been established with this 

key building block. The cross-coupling between two orthogonal polarizations are 

still ignored, therefore, the whole OJVIT can be considered as two separate two-port 

subnetworks. The ABCD matrix can be used to analyze these two subnetworks 
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7.2 Conclusions 

separately. Based on the analysis of the two ABCD matrices, the reflection zero 

of these two subnetworks can be calculated by some simple formulas. Finally, an 

efficient synthesis procedure has been proposed based on these formulas, and the 

synthesized results can be directly used in the fabrication without any additional 

tuning. 

Based on the equivalent circuit model proposed in Chapter 5, a dual-band OJ\IT 

integrated with two iris filters has been designed in Chapter 6. One more T -junction 

is connected to transmit single-polarized signals at another frequency band. Two 

filters are employed to achieve good isolation between these two frequency bands. 

\Vith this equivalent circuit model, the OJ\1T and the two iris filters can be con

sidered as a whole network and the junction effect of the 0~1T can be utilized to 

introduc0 ad(lit.ional tran:-;mission z0ro:-; for th0 filters, which rf':·mlts in a compact 

design. The designed OMT is divided into two parts for the ease of fabrication and 

a square-to-rectangular waveguide transition is designed for the purpose of measure

ment. Measured results exhibit good agreement with our simulated ones. Moreover, 

a more compact dual-band OMT has also been designed in this chapter, using an 

irregularly shaped diaphragm as a compact band-rejection element. This design can 

be fabricated as a monoblock with a stacked thin diaphragm mounted on its inter

face. Therefore, it is more stable compared to the previous designed OMTs and very 

suitable for mass production. 
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7.2 Recommendations for Future \Vork 

7.2 Recommendations for Future Work 

Although many dtorts have been made on the analysis and design of square \vave

guide OI\1Ts, there is further work on this topic that deserves investigation. Some 

of them are recommended as follows. 

1) Efficient mode-matching programs have been developed to analyze rectangular 

waveguide OTviTs with regular cross-section. However, in pmctice, high perfor

mance OMTs usually require very complicated structures, such as B¢ifot junc

tions and turnstile junctions. Discontinuities within the junction regions are 

commonly employed as tuning elements to obtain better impedance matching 

condition in a wider band. Normal mode-matching method cannot analyze these 

structures of irregular cross-section. To overcome this limitation, these irregular 

structures can be divided into several regular regions, which can be analyzed by 

the mode-matching procedure. However, for complicated structures, this proce

dure becomes very tedious and the efficiency of the mode-matching method suffers 

thereafter. A promising solution to analyzing these complicated structures is to 

use hybrid methods, which divide the structures into regular and irregular parts. 

The; regular part is still analy:wd by the efficient mode-matching method, while 

the irregular part is analyzed by other numerical methods, such as the finite el

ement method (FEM), the method of moment (Mol'vi), etc. The two parts are 

then combined together in a proper way. More studies on these hybrid methods 

should be conducted to design more complicated OMTs with better performance. 

2) The equivalent circuit model of a square waveguide T-junction has been devel-
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7.2 Recommendations for Future \Vork 

oped, and accurate closed-form expressions have lJeen derived by rigorous mode

matching ana.lysis to determine the values of the circuit elements. In Chapter 

4, it has been seen that the method used to derive these closed-form expression

s are more accurate over a wider band compared with those derived from the 

traditional quasi-static methods. It is possible to use this method to derive the 

closed-form expressions of other waveguide structures, such asH-plane waveguide 

T-junctions, waveguide corners, waveguide turnstile junctions, etc. l\lore studies 

on this method can be carried out. 

3) The synthesis method for a waveguide Ol\1T has been proposed in this thesis. 

However, the cross coupling between orthogonal polarizations are ignored dur

ing the synthesis, and this synthesis method is also limited to the simple short

circuited waveguide type. A more general synthesis method should be studied. 

4) An irregularly shaped thin diaphragm has been proposed as a compact filtering 

element, which is used to implement. a compact dual-band OMT. However, the 

electrical property of this diaphragm is not fully investigated. Further investi

gation can be performed on this topic to obtain an even more compact filtering 

element. 
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APPENDIX A 

Elements of Matrices in Eq. (3.26) 

The detailed expressions of Eq. (3.26) are given in this appendix. The submatriccs 

in the first row of matrix MH in (3.26) can be expressed as follows. 

(A.l) 

(A.2) 

[ Mxhh MJ''' 1 M~- = M~'' Mre 

(A.3) 

My--
1 -

[ M"hh 
M;,, 

Mt'"·l 

Ml'' j (A.4) 

(A.5) 

(A.6) 

(A.7) 
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Appendix A 

{ 
,zx TlzTI Tl:rTI ~ x 

TfLx = Tlz 

M~hc(i,j) = 
-ciJ b-l- Yj' 

(A.S) 

0, otherwise 

{ 
2 

ZX77l 2 7rn 2 7r(kc:r .T) 
rnx = 71z -c.-------') 

M:rch(· ·) _ I) a b ~.X J l 

(A.9) 1 z, .J - I J 

0. otherwise 

{ 
- .zx TTLz 7r nx 7r ~- :r 

rn:r = 71:; C;j l (j ' 
Mr"(i,.J) = a . (A.10) 

0, otherwise 

{ 
k2 

zy( 71z7r )2~ (lz7r )2"'~y 
Tly = TTlz 

Mih"(i, k) = 
c,k b Y + 'k' 

Tk a (A.ll) 

0, otherwise 

{ 
zy ·mz 7r TTl.y 7r Y 

71y = mz c ----~ 
Mihc(i, k) = ik a l k' (A.12) 

0, otherwise 

{ 
k2 

.zymzTI 71z7'1 ( ·cy- ...,Y) 
ny = mz 

Mi"h(i, k) = 
cik a b rk Yk , 

(A.13) 

0, otherwise 

{ 
zy Tlz 7r ·m.y 7r Y 

ny = mz 

Mrc(i, k) = 
-cik -b---1-rk, 

(A.14) 

0, otherwise 

h zx - ~!ITZ !ITX b sinh rja ,ZY - jf;NZl!ITY ~ Sinh "'fkb 
w ere c.,- 1- - 1Y; 1vJ-- ( ) 2 ( . ) 2 , c.k - , ·vk ( y) 2 ( ) 2 . . • C "''X + mz1f I · C "',· ' + 71z7r · 

nz I) a mz I k b 

i = 1, 2, ... , N1 , :j = 1, 2, ... , N2 , k = 1, 2, ... , N 3 . 

i, :j and k are the combined mode indices for possible TEmn and Tl\1mn modes 

in the z, x and y directions, respectively. N 1 , N 2 and N3 are the mode number 
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considered in the corresponding cross-sections, respectively, and Nt, N_T and Nf arc 

the normalized factors defined in (3.2) accordingly. The subscripts z, x andy in the 

mode indices m. and n denote the direction of the waveguide section. 

For the submatrices in the the second row of matrix MH, they can be expressed 

as follows. 

( ::~) ( Mx-) (i,j) = (-lynr+1 1 (i,j) 
Mx+ 

1 

(
My-) (My-) 

2 (i,k)=(-l)myil 1 (i,k) 
Myt Myt 

2 1 

M zl _ Mz-
2 - 1 

(A.lo) 

(A.l6) 

(A.l7) 

(A.l8) 

The remaining :mbmatriccs can be defined in a similar way due to the rotating 

symmetry. 
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APPENDIX B 

Elements of Matrices M1 in Eq. 

(4.7), M3 in Eq. (4.10) and M in 

Eq. (4.12) 

The matrices M 1 in (4.7) and M 3 in (4.10) can be written as 

. = r M~.'" M;'e 1 M, ' 
Mch Mce 

! ! 

(B.1) 

where i = 1 and 3, pq and mn are used to represent the mode indices in Regions A 

and B, respectively. The non-zero elements of both matrices can be obtained only 

when q = m. 

~fhh (pq. m ) = . [( PK )2 ( k~nn) 2 + ( q1r )2 1B ] 
1~ 1 , n CoCJ B lmn 

a frnn a 
(B.2) 

Af"e( ) _ q1r n1r 1 pq, mn - -c0 c1 --~,B a l lmn 
(B.3) 

Mf"(pq,mn) = -CoCJpKqK[(k~nnY _ B] 
a a "VB lmn 

I nuL 

(B.4) 
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he -1 ]J1f 11/.Jf A 
A13 (mn,JXJ) = coc1 --lpq 

a a 
(J.A )2 

ch.. -lm7fn7f[ 'cpq A] 
A13 (mn, pq) = coc1 --l- A -lpq 

a rpq 

u' -1 ]J1f Tl1f A 
1\13 (mn, pq) = -coc1 --l-rpq 

a. ' 

The matrix Min (4.12) can be written as 

(B.5) 

(B.6) 

(B.7) 

(B.8) 

(B.9) 

(B.10) 

where the superscript h and e represent the TE and TM modes, respectively, mn 

and ki are the mode indices in Regions B and C. For each sub-matrix, the non-zero 

elements can be found only when n = i. 

hh · kn 2 in 2 
Af (mn, kz) = Nmn,k;[( b) + ( l) ]CCmk (B.11) 

ce . rnn 2 'f/7f 2] 
1\1 (rnn, h) = Nrnn,k;[( ~) + (-l ) SSrnk (B.12) 

eh . nn rnn kn 
Af (mn, b,) = 1Vrnn,ki-1-(-CCrnk- -b SSrnk) 

. a 
(B.13) 

yS;;:Ek 
where iVmn,ki = -Jab' Em= 1 for rn = 0: Em= 2 for rn = 1, and 

kf!mnk~i 

l b [mn a - b ] kn:r 
ccmk = cos -(x + --) cos --dx 

0 a 2 b 
(B.14) 

l·b mn a - b kn,; 
ssmk = sin[-(:r +--)]sin_· dx 

,() a. 2 b 
(B.15) 
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APPENDIX C 

Expressions for Variables in Eqs. 

( 4.26) and ( 4.27) 

The expressions for variables used in ( 4.26) and ( 4.27) are given as follows. 

4(1- e-1t11) 
W0 =1+Y3~-Ho+ A ,C1'>.1 CCfl 

/m/10 

1Vhh = 1 + Y3'3'h - H Hh - H He 
~ 1 1, 'l 

u;h" _ yhe _ HEh _ HEe 
Yl i - 33i i i 

rueh _ yeh _ EHh _ EHe 
Hi - 33i i i 

W;ee = 1 + Y3e3~- EEt- EEf 

Y h -kc. 
ri=~ kB 

eli 

Ka 1f i1r ko 2 
~[-CCn + ( -1 BI~C ) C1] 
/rn''h; a lii rvc1; 

B . 
. kokci;11f 

ye = -J B1 .. C [ 
r>. T!irvcli 

Ka 
li 

..,,ArvBSS11 
101 lli 

D . = 1Vhh1Vee- lVhelveh n, , , , , 
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where 
= .B 
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H = ~ ~ · · "ml [~ _ 
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= 00 . . k ·2 3c k2 
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1 ~ ~ kC [ z ml ml d, af2~ A kC. 
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oo oo . ·2 2 I.,B2 
c ~ ~ · C ]JTn) 7T h·cmi ra 2 2 

EH; = ~ ~Jko/11 f2kc2 li.. F;P RSSm1 
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1 ~ ~ kc l \. 1 ml 
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