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Abstract – This paper presents a new library of RF and 

microwave elements that should be included when teaching RF 
and microwave engineering courses. This library should help 
students to understand better the element characterization at 
microwave frequencies and provide guidance in the process of 
solving a microwave circuit from the student’s point of view. The 
elements considered are assumed to be linear and time invariant.  
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I. INTRODUCTION 

RF and microwave engineering courses [1–9] are 
considered important in electrical engineering education and 
they form a solid ground for grasping concepts and 
phenomena of contemporary electronics, communication 
systems and radar systems. 

New software tools [10–19] that are available nowadays 
have dramatically influenced the possibilities of educational 
technology and play an important role in teaching RF and 
microwave engineering. However, proper deployment of the 
software tools requires clear understanding of the underlying 
microwave theory, modeling and analysis procedures. 

Students are usually somewhat confused by the conventions 
used for defining the signs of wave signals and their relations 
to the voltages and currents. Furthermore, they lack any 
methodology and do not have rigorous understanding of the 
microwave element characterization. Thence, they often come 
up with wrong equations or an insufficient or redundant set of 
equations when they try to solve a microwave circuit. 

A good example of students’ misunderstanding element 
characterizations is the characterization of the ideal amplifier. 
The Electric Circuit Theory defines the ideal amplifier as a 
voltage-controlled voltage source: the amplifier has infinite 
input impedance and zero output impedance. Quite opposite, 
in RF and microwave engineering the ideal amplifier has 
finite input impedance and non-zero output impedance! 

In this paper, we suggest a comprehensive library of 
microwave elements that should be included in microwave 
engineering courses. The presented library focuses on precise 
and general element characterization, which is of prime 
interest for understanding both teaching material and 
sophisticated microwave software tools. 

 

II. WAVE SIGNALS AS VARIABLES FOR 

MICROWAVE CIRCUITS 

Electric circuit theory and concepts represent a special case 
(restricted version) of electromagnetic theory and concepts. 
When the time-variation of sources is relatively slow (circuit 
operates at comparatively low frequencies) the dimensions of 
a conducting network are significantly smaller than the 
wavelength, so the electromagnetic field is quasi-static, 
electromagnetic problem can be simplified to a circuit 
problem.  

An electrical network or electrical circuit (Fig. 1) is an 
interconnection of electrical elements that can have two or 
more terminals. Each circuit element represents one of the 
fundamental aspects of the electrical network and it is an 
idealization of the physical properties of the practical devices 
that are available commercially. Port is a pair of element 
terminals such that currents in terminals are of equal 
magnitude and opposite directions. The reference direction of 
the port voltage and the reference direction of the port current 
of an element are said to be in the associated (standard) 
reference direction if a positive current enters the port by the 
terminal marked with a plus sign and leaves the port by the 
terminal marked with a minus sign. 
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Fig. 1. Electrical network characterized by  

port voltages and currents. 

At RF and microwave frequencies, circuit elements and 
electromagnetic structures can be viewed as multiport 
networks (Fig. 2). Therefore, a microwave circuit can be 
represented as an interconnection of multiport components 
characterized by suitable parameters determined analytically 
or experimentally (by measurement). Lumped element 
modeling is not adequate because elements' dimensions are 
comparable to the signal wavelength. The logical choice of 
circuit variables to use at these frequencies are traveling 
waves, referred to as wave signals, rather than total voltages 
and currents. The most suitable (and from the measurement 
viewpoint the only possible) device characterization are 
scattering parameters (S-parameters). 
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Fig. 2. Microwave network characterized by wave signals. 

A linear time-invariant multiport microwave network can 
be characterized in the frequency domain by the wave signals 
as follows:  
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and g[ ]b  is a column matrix of the known wave signals 

generated within the network, and emanating from the 
network ports, when all ports are matched. It is a direct 
consequence of the independent sources inside the network. 

Relations between wave signals, nominal (reference) 
impedances, voltages and currents are given by 
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When we form a microwave circuit, we often connect ports 
of unequal reference impedances. The junction of these ports 
can be viewed as a simple two-port component (Fig. 3) also 
referred to as the nominal impedance step. 
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Fig. 3. Junction between two ports of different nominal impedances. 

This junction is characterized by 
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or, in the special case when nominal impedances are equal, as 
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Quite general, it should be emphasized that at each port a 
pair of variables (voltage, current) is replaced with a triplet 
(incident wave, reflected wave, nominal impedance). 

III. IDEAL LINEAR MICROWAVE ELEMENTS 

Initial microwave circuit design often starts with idealized 
microwave components that we call ideal microwave 
elements. A microwave circuit composed of ideal elements 
usually gives a good insight into the circuit operation and 
performance. 

This section reviews ideal elements most frequently used in 
practice. We assume that the nominal impedances of ports are 
real, that all ports of an element have the same nominal 
impedance, and that only one mode (TEM) is propagating 

The port numbering convention adopted in this paper, in 
some cases, might differ from the numbering of ports found in 
some literature. 

One-port network representing a microwave load, short 
circuit, or open circuit (Fig. 4) is characterized by 

 load 11[ ] [ ]s s=  (5) 

where 
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11 0s = , for a matched load (termination), 
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Fig. 4. One-port network, load. 

Voltage source of emf gU  and internal impedance gZ  

(Fig. 5) is characterized by 
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If the source impedance equals the nominal impedance then 
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Fig. 5. Voltage source with internal impedance. 

Transmission line section (Fig. 6), assuming that the line is 
uniform, the dielectric is homogeneous, the losses are 
negligible, and only one mode (TEM) is propagating, is 
characterized by 
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where   is the electrical length,   is the phase coefficient, 

D  is the length, f  is the operating frequency, 

0 0 (2 )F  =  is the reference frequency at which the 

electrical length is 0 , 2 f =  is the corresponding angular 

frequency, and nominal impedances are equal to the 
characteristic impedance ( 0 cZ Z= ). 
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Fig. 6. Transmission line section. 

Microwave amplifier (Fig. 7) is an active non-reciprocal 
matched two-port network characterized by 

 amp

0 0
[ ] , | | 1

0
s G

G

é ù
ê ú= >ê úë û

 (8) 

The gain in decibels is dB 1020log | |G G= . 
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Fig. 7. Microwave amplifier. 

Microwave isolator (Fig. 8) is a passive non-reciprocal 
matched two-port network characterized by 
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Fig. 8. Microwave isolator. 

Microwave attenuator (Fig. 9) is a passive reciprocal 
matched two-port network characterized by 

 att

0
[ ] , | | 1

0

A
s A

A

é ù
ê ú= <ê úë û

 (10) 

Attenuation in decibels is dB 1020log | |A A=- . 
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Fig. 9. Microwave attenuator. 

Microwave phase shifter (Fig. 10) is a passive reciprocal 
matched two-port network characterized by 
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where   is the phase shift also referred to as the phase delay. 
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Fig. 10. Microwave phase shifter. 

Ideal transformer (Fig. 11) is a passive reciprocal lossless 
two-port network characterized by 
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where n  is the turn ratio. A transformer with a unit turn ratio 
is a matched network. 
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Fig. 11. Ideal transformer. 

Microwave gyrator (Fig. 12) is a passive non-reciprocal 
matched two-port network characterized by 
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or, alternatively, by 
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Fig. 12. Microwave gyrator. 

Microwave immitance invertor (Fig. 13) is a reciprocal 
lossless two-port network characterized by 1 2U zI= , 
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Fig. 13. Microwave immitance invertor. 

Microwave circulator (Fig. 14) is a passive non-reciprocal 
lossless matched three-port network characterized by 
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Fig. 14. Microwave circulator. 

Symmetric power splitter (Fig. 15) is a passive reciprocal 
matched three-port network characterized by 
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Fig. 15. Symmetric power splitter. 

Parallel three-port Y-junction (ideal TEE, Fig.16) is a 
reciprocal lossless network characterized by 
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Fig. 16. Parallel three-port Y-junction. 

Series three-port Y-junction (Fig. 17) is a reciprocal 
lossless network characterized by 
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Fig. 17. Series three-port Y-junction. 

Waveguide E-junction (Fig. 18) is a reciprocal lossless 
three-port network characterized by 
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Waveguide H-junction (Fig. 19) is a reciprocal lossless 
three-port network characterized by 
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Fig. 19. Waveguide H-junction. 

Parallel cross junction (Fig. 20) is a reciprocal lossless four-
port network characterized by 
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Fig. 20. Parallel cross junction. 

Microwave coupler (Fig. 21) is a passive reciprocal lossless 
matched four-port network characterized by 
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where  ,   are arbitrary real positive numbers with 
2 2α β 1+ =  and (2 1)n    - = - + + , 

0, 1, 2,n =    .  

Symmetric coupler is defined by / 2  - =  and 
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It is also referred to as the symmetric quadrature coupler and 
is usually specified with 0=  and the upper (plus) sign 

 sc1

0 0 j

0 j 0
[ ]

0 j 0

j 0 0

s

 
 

 
 

é ù
ê ú
ê ú
ê ú= ê ú
ê ú
ê úê úë û

. (25) 

 

1 2

3 4  
Fig. 21. Microwave coupler. 

Antisymmetric coupler is defined by 
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It is usually specified with 0=  and the upper sign, 
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Hybrid coupler is defined for 1/ 2 = =  and is usually 

characterized by 
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Quadrature Hybrid Coupler (QHC), also referred to as the 
90°-hybrid junction, is defined by 
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Magic-T is an antisymmetric hybrid coupler characterized 
by 
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It is usually specified with 0=  and the upper sign. Port 1 is 

the H-branch (Sigma port, Σ), Port 3 is the Е-branch (Delta 
port, Δ), and Ports 2 and 4 are the output ports. 
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Fig. 22. Magic-T. 

Hybrid ring, also referred to as the 180° hybrid junction or 
rat-race, is an antisymmetric hybrid coupler characterized by 
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It is usually assumed / 2 =- . 
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Fig. 23. Hybrid ring. 

IV. CONCLUSION 

Mastering concepts and phenomena from RF and 
microwave engineering is very important in understanding 
electronics, telecommunication systems and radar systems. If 
educators wish to generate interest in this field among the 
incoming engineering students, they should do a better job of 
promoting the profession by providing better teaching tools 
and delivery methods. New software tools that are available 
nowadays have dramatically influenced the possibilities of 
educational technology and should play a crucial role in 
teaching RF and microwave engineering. 

It has been observed that engineering students are usually 
somewhat confused by the microwave circuit theory 
conventions used for defining the signs of wave signals and 
the corresponding voltages and currents. In addition, they lack 
any methodology and do not have rigorous understanding of 
the RF/microwave device characterization, so they often come 
up with wrong equations or an insufficient or redundant set of 
equations when they try to solve an RF/microwave circuit. 

In this paper a comprehensive library of RF and microwave 
elements has been presented and organized pedagogically 
from the student’s viewpoint. The library should be included 
in the RF/microwave engineering curricula and is targeted at 

students or educators seeking both a full element 
understanding in computer assisted learning and clarifying the 
underlying element characterization when solving microwave 
circuits. 
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