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In the evolving landscape of microwave and millimeter-wave engineering, the demand for high-performance,
integrated transmission lines has led to the widespread adoption of finlines. As a hybrid between rectangular
waveguides and planar circuits, finlines offer a unique set of advantages, particularly in E-plane integrated circuits.
However, the design and optimization of these structures require a profound understanding of their characteristic
impedance (Z0). Unlike standard TEM (Transverse Electromagnetic) transmission lines, such as coaxial cables,
finlines support non-TEM modes, making the calculation of their impedance a complex task involving rigorous
electromagnetic analysis. This article provides an in-depth technical exploration of finline characteristic impedance,
evaluating computational methods, the impact of physical parameters, and measurement techniques.

The Fundamental Nature of Finlines and Wave Propagation

Finlines are essentially a type of printed circuit transmission line placed in the E-plane of a rectangular waveguide.
They consist of a thin dielectric substrate with metal thin films (fins) deposited on one or both sides. These fins
effectively reduce the cutoff frequency of the waveguide and concentrate the electromagnetic field within the slot
area. The resulting structure combines the low-loss characteristics of waveguides with the manufacturing flexibility
of printed circuits.

Non-TEM Mode Propagation

The primary challenge in analyzing finlines lies in their propagation mode. Because the dielectric substrate does
not fill the entire waveguide cross-section, the fields are not purely transverse. Instead, finlines support hybrid
modes (combination of TE and TM modes). This hybrid nature implies that the characteristic impedance is not
uniquely defined by a simple voltage-to-current ratio as it is in DC or TEM systems. Instead, engineers must rely on
power-voltage or power-current definitions, which are frequency-dependent. This phenomenon is known as
dispersion.

Defining Characteristic Impedance (Z0) in Inhomogeneous Media

In a finline, the characteristic impedance can be defined in three primary ways:

« Voltage-Current (Zpi): Based on the total longitudinal current and the voltage across the slot.
« Power-Voltage (Zpv): Based on the transmitted power and the voltage across the slot at the symmetry plane.
e Power-Current (Zpi): Based on the transmitted power and the total longitudinal current.

For most engineering applications involving finlines, the Power-Voltage definitionis preferred because the voltage
across the slot is a physically meaningful quantity that relates directly to the excitation of the gap. Mathematically, it
is expressed as:

Z20=V2/(2*P)
Where V is the peak voltage across the slot and P is the time-averaged power flow along the line.

Advanced Computational Methods for Finline Analysis



To accurately determine the characteristic impedance, several numerical and analytical methods are employed.
These methods must account for variables such as finite metallization thickness, substrate permittivity, and the
presence of multiple slots.

1. Transverse Resonance Method (TRM)

The Transverse Resonance Method is a powerful tool for calculating the propagation constants and characteristic
impedance of finlines. In this approach, the finline cross-section is viewed as a series of transmission line sections
in the transverse direction. Resonance occurs when the sum of the impedances looking in opposite directions from
any plane is zero. For a unilateral finline, the TRM involves solving the boundary conditions at the dielectric-air
interface and the metal fin interface.

2. Spectral Domain Analysis (SDA)

Spectral Domain Analysis is frequently used for calculating frequency-dependent characteristics. By applying a
Fourier Transform to the field equations in the spatial domain, the problem is converted into an algebraic system in
the spectral domain. This method is particularly effective for multilayered biaxial substrates, where the
permittivity tensor varies in different directions. SDA allows for the inclusion of complex boundary conditions, such
as asymmetrical slots or finite conductivity of the metal.

3. Full-Wave Hybrid-Mode Analysis

A rigorous hybrid-mode analysis is necessary when the finline operates at very high frequencies or when the
metallization thickness is significant relative to the slot width. This method involves solving the full set of Maxwell’s
equations without making the quasi-static assumption. It accounts for both longitudinal and transverse field
components, providing the most accurate model for dispersion. Studies have shown that neglecting the finite
metallization thickness can lead to an error of 5-10% in the calculated Z0, especially in narrow-slot configurations.

Impact of Physical and Material Parameters

The characteristic impedance of a finline is sensitive to its geometry and the materials used. Understanding these
sensitivities is crucial for tolerance analysis during manufacturing.

Substrate Permittivity and Biaxiality

The relative permittivity (W™ 6b FTR 7V'7G ate directly influences the effective dielectric constant. In modern high-
frequency designs, substrates may exhibit biaxial anisotropy, meaning the permittivity is different along the X, Y,
and Z axes. This anisotropy shifts the cutoff frequency and alters the field distribution, thereby changing the Z0.
Computational models must incorporate the full permittivity tensor to maintain accuracy.

Finline Geometry Comparison Table

The following table compares the typical characteristics of different finline configurations:



Finline Type Complexity Z0 Range (Typical) Applications Pros/Cons
Unilateral Low 100 - 400 : Mixers, Filters Easy to
manufacture;
Moderate loss.
Bilateral Medium 50 - 250 :» Broadband Couplers Lower ZO0; Higher
power handling.
Antipodal High 10 - 100 : Transitions to Very low impedance;
Microstrip Complex alignment.
Insulated Medium 150 - 500 :» Active Circuits Good DC isolation;

Higher dispersion.

Effect of Slot Width and Housing Dimensions

The slot width (w) is the primary determinant of impedance. As the slot width increases, the characteristic
impedance rises. Furthermore, the dimensions of the waveguide housing (e.g., WR-28for Ka-band) provide the
boundary conditions. If the housing is too small, the fields interact more strongly with the walls, increasing the
conductor loss and shifting the Z0 from its free-space-like value.

Measurement Techniques for Characteristic Impedance

While theoretical models provide a baseline, experimental verification is essential for high-precision systems.
Measuring the Z0 of a finline is inherently more difficult than measuring a coaxial line due to the transition between
the test equipment (usually VNA coax ports) and the finline structure.

The Reflection Coefficient Method

A common method for measuring Z0 is based on the direct measurement of the reflection coefficient (92 By
terminating the finline with a known load or using a series of offset shorts (TRL calibration), the complex reflection
coefficient can be mapped. From this, the impedance is derived using the relation:

Z=Zref*(1+92°0f O“)

This method is highly capable of measuring dispersion, as the VNA can sweep across a wide frequency range to
show how Z0 varies with frequency.

Time-Domain Reflectometry (TDR)

TDR can be used to identify impedance discontinuities along the finline. By sending a fast-rise pulse into the
structure, the reflected signals indicate where the impedance deviates from the design value. While TDR is
excellent for locating physical defects or poor transitions, it is less accurate than frequency-domain methods for
determining the absolute value of frequency-dependent Z0.

Step-by-Step Design Workflow for Finline Impedance Matching

1. Define Operational Frequency: Determine the center frequency and bandwidth (e.g., 26.5 GHz to 40 GHz for
WR-28).

2. Select Substrate: Choose a substrate with stable ;W" B Adw loss tangent (tan ;B’a Account for potential biaxial
anisotropy.

3. Choose Finline Topology: Select unilateral for general purpose or antipodal for microstrip transitions.



4. Initial Analytical Estimation: Use closed-form expressions to estimate the slot width required for the target Z0.

5. Full-Wave Simulation: Employ SDA or TRM-based software to refine the geometry, accounting for finite
metallization thickness and housing effects.

6. Transition Design: Design a tapered transition from the waveguide input to the finline slot to minimize
reflection.

7. Prototype and Measure: Fabricate the structure and use a VNA with TRL calibration to verify the Z0 and
dispersion characteristics.

Case Study: WR-28 Multilayer Unilateral Finline

Consider a design using a WR-28 waveguide (dimensions: 7.112 mm x 3.556 mm). When designing a unilateral

finline on a substrate like RT/duroid 5880 (;W" O "&#"A FtR 7WFo6fb g&W VVee7’ 6b FTR f—7B t—viW"O+&FW" O6FR Bust b
monitored. A slot width of 0.5 mm might yield a Z0 of approximately 220 :* B 3 tf¢a However, if the metallization

thickness is increased from 17 um to 35 um, the effective slot capacitance increases, causing the Z0 to drop by

several ohms. This demonstrates why Full-Wave computation is vital for reliable results in Ka-band and above.

Advanced Theoretical Framework: The Hybrid-Mode Model

In a rigorous analysis, we assume the fields are a superposition of LSE (Longitudinal Section Electric) and LSM
(Longitudinal Section Magnetic) modes. The potential functions satisfy the Helmholtz equation in each sub-

region of the finline cross-section. By matching the tangential electric and magnetic fields at the interfaces (the slot
and the dielectric), we arrive at a system of integral equations. Solving these using Galerkin's Methodin the
spectral domain allows for the determination of the propagation constant (;"e and the subsequent derivation of Z0
through the power-integration method.

Common Engineering Challenges and Solutions

« Issue: High Insertion Loss in Narrow Slots.Solution: Use thicker gold plating or transition to a bilateral finline to
reduce current density at the fin edges.

 Issue: Parasitic Resonances.Solution: Ensure the substrate is properly centered and the waveguide housing
is tightly toleranced to avoid exciting unwanted cavity modes.

* Issue: Impedance Mismatch at the Coax-to-Finline Interface.Solution: Implement multi-section binomial or
Chebyshev tapers in the fin profile to provide a smooth impedance transformation.

Strategic Implications for Millimeter-Wave Systems

The ability to precisely calculate and control the characteristic impedance of finlines has profound implications for
the design of millimeter-wave components. As we push toward 6G and advanced radar systems (W-band and
beyond), the dispersion characteristics of finlines become even more critical. Engineers must move beyond static
approximations and embrace full-wave, frequency-dependent models that account for the nuances of material
science and mechanical tolerances. The integration of finlines with active components, such as MMICs (Monolithic
Microwave Integrated Circuits), requires a sophisticated understanding of Z0 to ensure maximum power transfer
and minimal signal distortion.

Ultimately, the finline remains a cornerstone of E-plane technology. Its success in high-frequency applications is
rooted in the rigorous mathematical modeling of its impedance—a task that bridges the gap between classical
electromagnetic theory and modern computational engineering. By utilizing methods like the Transverse
Resonance Method and Spectral Domain Analysis, designers can continue to push the boundaries of what is
possible in the millimeter-wave spectrum.
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