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Abstract:

Planar transmission lines are widely used for signal transmission in microwave, millimeter-wave, and high-
frequency electronic systems. This paper presents a theoretical investigation of several planar transmission-line
configurations, including image line, microstrip, fin line, inverted microstrip, slot line, trapped inverted
microstrip, coplanar waveguide, coplanar strip/differential line, and strip line. Their fundamental operating
characteristics are examined in terms of electromagnetic field distribution, propagation modes, operating-
frequency range, transmission losses, characteristic impedance, fabrication requirements, and structural
limitations. The study considers different propagation behaviors, including TEM, quasi-TEM, TE, and TM
modes, and discusses their influence on transmission performance. The analysis shows that the electrical
characteristics of planar transmission lines are closely related to their geometrical arrangement, dielectric
environment, operating frequency, and conductive boundaries. Different structures provide specific advantages
for particular applications, ranging from conventional microwave circuits to millimeter-wave systems. This
theoretical study provides a comparative understanding of planar transmission-line configurations and their

characteristics, limitations, and suitability for high-frequency circuit applications.
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1. Introduction:

Planar transmission lines are essential elements in the development of microwave, millimeter-wave, and
high-frequency electronic circuits. They provide a practical means of transferring electromagnetic energy
between different components while allowing the transmission structure and circuit elements to be integrated on
a planar substrate. With the continuing development of compact and high-frequency systems, different planar
transmission-line configurations have been developed to meet requirements associated with operating
frequency, losses, impedance, fabrication, and circuit integration.

The electromagnetic behavior of a transmission line is determined by its physical geometry, dielectric
environment, conductive boundaries, and operating frequency. Depending on the structure, electromagnetic
energy may propagate in transverse electromagnetic (TEM), quasi-TEM, transverse electric (TE), or transverse

magnetic (TM) modes. In a TEM mode, both electric and magnetic fields are completely transverse to the
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direction of propagation, whereas in a quasi-TEM mode the fields are predominantly transverse with small
longitudinal components.

Several planar configurations have been developed for different frequency ranges and applications.
Important examples include image lines, microstrip, fin lines, inverted microstrip, slot lines, trapped inverted
microstrip, coplanar waveguides, coplanar strip/differential lines, and stripline. Each structure has its own
electromagnetic characteristics, advantages, and limitations.

The selection of a suitable planar transmission-line structure depends on operating frequency, transmission
performance, losses, fabrication accuracy, component integration, and susceptibility to higher-order modes. At
very high frequencies, radiation losses, fabrication tolerances, coupling, and unwanted modes become
increasingly important. This paper therefore presents a theoretical study of different planar transmission-line
structures and discusses their operating principles, propagation characteristics, frequency capabilities, losses,

fabrication considerations, and practical limitations.

2. Theoretical Background:

Many planar transmission-line structures have been conceived, and new variants continue to be developed.
Each configuration consists of conducting and dielectric regions arranged to control the propagation of
electromagnetic energy. In most structures, the dielectric primarily supports the conducting pattern and
influences wave propagation, whereas in an image line the dielectric slab itself forms the principal guiding
region.

The choice of a transmission-line structure depends strongly on the type of circuit or subsystem and its
operating frequency. For example, image lines are intended mainly for millimetric-wavelength applications,
whereas microstrip can be used from low frequencies to the tens-of-gigahertz range. The electromagnetic mode
is another important consideration. When the electric and magnetic fields are entirely transverse to the direction
of propagation, the mode is TEM. When the fields are nearly transverse, the mode is described as quasi-TEM. In

non-TEM structures, longitudinal field components become significant.
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Figure 1: Common transmission-line structures suited to planar fabrication.
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3. Types of Planar Transmission Lines:

3.1 Image Line:

At very high microwave frequencies, extending into the hundreds of gigahertz, the wavelength can become
comparable with practical dielectric-slab dimensions. A continuous dielectric slab placed on a conducting
backing form an image line. The structure behaves similarly to a dielectric waveguide and supports transverse
electric (TE) and transverse magnetic (TM) modes, with fields influenced strongly by the dielectric-air interface.
Typical dielectric materials include boron nitride, alumina, and high-resistivity silicon, and the slab is generally
machined into an approximately rectangular form.

Image lines can exhibit high unloaded Q factors and are particularly relevant above 100 GHz. However,
practical limitations include compatibility with active devices, mutual coupling, radiation from discontinuities
and bends, and losses associated with dielectric-metal adhesives. These factors can reduce the loaded Q factor

and complicate practical implementation.

3.2 Dielectric-Filled and Semicircular Waveguide Structures:

For operation around and above 100 GHz, dielectric-filled waveguides with approximately semicircular
cross-sections have also been considered. Reported operation at lower frequencies has demonstrated high
unloaded Q factors. Their potential benefits include low radiation loss at bends, high packing density due to
inherent shielding, and reduced sensitivity to certain manufacturing irregularities. Further investigation of
manufacturing parameters is nevertheless required for predictable engineering performance.

3.3 Microstrip:

Microstrip has a comparatively simple physical geometry, although its electromagnetic fields are complex.
Detailed analysis can require elaborate mathematical treatment; however, quasi-TEM approaches combined
with frequency-dependent expressions can provide satisfactory design accuracy for many applications.
Micromachining permits microstrip to be fabricated on membranes with very little dielectric material, which can
substantially reduce loss, particularly at millimeter-wave frequencies.

Microstrip structures may also be partially or completely shielded to reduce surface-wave effects. Such
configurations are referred to as micro-shield lines. Microstrip is suitable for applications extending from a few
gigahertz, or even lower frequencies, to at least several tens of gigahertz. At increasingly high frequencies,
however, radiation and other losses rise, higher-order modes become more important, and fabrication tolerances

become more difficult to maintain.

3.4 Fin Line:

Fin line consists of a dielectric substrate mounted within a fully shielding rectangular conducting enclosure. A
metallic circuit is deposited on one side of the substrate, with a slot pattern forming the fin-line circuit. A
continuous microwave short circuit to the upper and lower conducting walls is important for proper operation.
Because the structure is associated with the E-plane of the electromagnetic field, fin-line circuits are commonly

treated as E-plane integrated circuits and their dominant propagation is not TEM.
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Important advantages of fin line include relatively low loss and comparatively simple fabrication. Applications
have been investigated at frequencies extending to about 220 GHz. Fin line has also been used in bandpass
filters, quadrature hybrids, waveguide transitions, balanced mixers, and impedance-transforming and filter

networks.

3.5 Inverted Microstrip:

In inverted microstrip, the strip conductor is fabricated similarly to conventional microstrip, but the
conductor on the opposite side of the substrate is absent. Instead, a ground plane is separated from the strip by
an air space. Consequently, a large portion of the electromagnetic field exists in the air region. This arrangement
permits operation at higher frequencies and provides a wider conductor for a specified characteristic impedance
than conventional microstrip. The wider conductor can reduce conductor dissipation and relax fabrication

tolerances, making the structure useful for lower-loss filters and impedance-transforming networks.

3.6 Slot Line:

A slot line consists of a dielectric substrate metallized on one side, with a narrow slot etched into the
metallization. The structure has been used in a variety of microwave circuits, but it has several limitations.
Characteristic impedances below approximately 60 ohms are difficult to obtain, registration can be challenging
in structures involving metallization on opposite sides, and its Q factor can be lower than that of several other
planar configurations. A related structure is the coplanar strip line (CPS), formed by restricting the conductors to
two adjacent finite strips driven differentially.

3.7 Trapped Inverted Microstrip:

Trapped inverted microstrip (TIM) is derived from inverted microstrip by forming the ground plane as a slot- or
channel-shaped section around the strip conductor. This arrangement provides additional grounding and
shielding and can suppress some higher-order modes that might otherwise propagate. Inverted microstrip and
TIM are potential candidates for millimetric-wave applications extending to and beyond approximately 95 GHz.
Their implementation can, however, require tight control of conductor-to-ground spacing and channel

dimensions, particularly in hybrid microwave integrated circuits.

3.8 Coplanar Waveguide:

A coplanar waveguide (CPW) has the signal conductor and ground conductors on the same side of the dielectric
substrate and supports quasi-TEM propagation. Compared with microstrip, a smaller proportion of the
electromagnetic field enters the substrate. In conventional CPW, the ground planes extend substantially, while
finite-ground CPW can reduce coupling between adjacent and crossing lines. CPW has been applied in circuits
ranging from individual components to complete amplifiers and subsystems. Semiconductor devices and MMIC
chips can be connected across the intermetallic gaps, reducing the need for drilled vias. A conductor-backed

CPW introduces metallization on the backside of the substrate and can be used to reduce losses.

3.9 Coplanar Strip and Differential Line:
Coplanar strip (CPS) and differential lines consist essentially of two conductors deposited on the same

substrate without an additional conducting layer. The substrate primarily provides mechanical support, while the
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dominant field distribution is generally quasi-TEM. When one conductor is grounded, the arrangement is known
as CPS; when neither conductor is grounded and the structure is differentially driven, it is called a differential
line. Differential interconnects are widely used in RF integrated circuits and high-speed digital systems. Their
electrical characteristics can be affected by nearby metallic structures, particularly ground planes. Radiation and

higher-order-mode issues can limit their use in some hybrid microwave implementations.

3.10 Stripline:

Stripline is a symmetrical planar transmission structure in which a central rectangular conductor is
completely surrounded by dielectric material and enclosed between conducting ground surfaces. It can be
regarded as a flattened form of a coaxial transmission line. Because the structure is fully filled with dielectric,
propagation is fundamentally TEM and depends explicitly on the relative permittivity of the dielectric.
Suspended stripline is obtained when the ground enclosure contains air gaps above and below the strip.
Although such structures can exhibit relatively low loss and high Q, waveguide modes may be excited at higher
frequencies. Reducing the separation between the walls or incorporating mode suppressors can help control

these modes, although such measures may restrict component mounting and increase design complexity.

4. Discussion and Conclusion:

The theoretical study demonstrates that no single planar transmission-line configuration is suitable for all high-
frequency applications. Each structure provides a particular combination of propagation characteristics, loss
performance, frequency capability, fabrication requirements, and integration possibilities. Microstrip offers
simple construction and broad applicability, whereas fin line, inverted microstrip, and TIM provide useful
alternatives for higher-frequency operation. CPW and differential structures are attractive for integrated circuits
because their conductors are accessible on the same surface, while stripline provides a symmetrical environment
and TEM propagation. Image-line and related dielectric-guiding structures are relevant to very high-frequency
and millimetric-wave applications but introduce additional fabrication and integration challenges.

At high frequencies, losses, radiation, higher-order modes, coupling, and manufacturing tolerances become
increasingly significant. Consequently, practical systems may require more than one transmission-line
technology, with suitable transitions used to transfer energy efficiently between structures. The comparative
understanding developed in this study can assist in selecting planar transmission-line configurations according

to the requirements of microwave and millimetre-wave circuits and subsystems.
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