
From Flow to Fields

When we think about electrical signals, it’s tempting to imagine electrons rushing through a wire like water through a hose. 
This analogy works well for direct currents, but at radio frequencies it quickly breaks down. The real action is happening 
in the electromagnetic fields that surround the conductors, not in the metal itself. The energy that carries data or signals is 
guided between the cable’s center conductor and its shield, confined by the dielectric in between.

The properties of that dielectric, including its thickness and its permittivity, define the impedance. If we widen the spacing 
or change the dielectric constant, the impedance changes. The relationship between materials, geometry, and signals is 
delicate, and one that is easy to upset if not maintained through every transition in the signal path. This is why connectors are 
vital elements in every design, and how they can just as easily become the source of trouble.

In the first part of this series, Understanding Impedance, we explored what impedance is and why it matters in the world 
of high-frequency signals. We discovered that impedance isn’t just about resistance but instead defines how an alternating 
current interacts with the electric and magnetic fields surrounding a conductor. In this next step, we’ll look at how engineers 
control impedance through careful design of cables and connectors.
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CONTROLLING IMPEDANCE

Why Connectors Complicate Things

At DC or low frequencies, a connector’s job is simple: create a secure electrical contact and carry current. But for RF, 
connectors become part of the transmission line. Every tiny variation in geometry, whether a bump, a gap, or an offset, 
changes the relationship between the inner and outer conductors. When that happens, impedance changes too. When 
impedance changes, the signal fights back.

Imagine a well-planned highway that suddenly narrows to a single lane. Traffic backs up, pressure builds, and reflections 
are created. In the case of an RF cable, the result is not angry drivers but reflected waves heading back toward the source. 
This reflection creates what is known as a standing wave, and engineers measure its severity using the Voltage Standing 
Wave Ratio (VSWR). A perfect line with no reflections has a VSWR of 1:1. But introduce an impedance mismatch from a badly 
designed connector or a poorly executed crimp joint, and the VSWR climbs. This creates distortion and power loss and, in 
high-power systems, even the potential for hardware damage. 

Manufacturing Precision

If controlling impedance is about geometry, then the connector design must be an exercise in precision. Tiny dimensional 
errors or uneven surfaces can have outsized effects at microwave or millimeter-wave frequencies. This is where Passive 
Intermodulation, or PIM, becomes important. PIM refers to unwanted signals created by microscopic imperfections or 
contamination in the metal surfaces.

PIM is not created by faulty electronics. It comes from the physics of the signal chain, including nonlinearities caused by 
dissimilar metals, tiny gaps, or even dirt. The cleaner and more consistent the contact surfaces, the lower the PIM.  
High-performance RF connectors undergo meticulous machining, plating, and inspection processes to ensure they are ready 
for these demands. It is also why installation matters so much. A loose connection can undo the precision in an instant.

Insertion Loss

Even if the VSWR is perfect and the PIM is low, every connector still introduces some insertion loss – a reduction in signal 
power as it passes through. This loss results from several factors: the resistance of the metal conductor, the dielectric 
absorption, radiation, and the small mismatches that are inevitable in real-world designs.

While a single connector might only cost a fraction of a decibel, signal loss is cumulative. A long RF chain with multiple 
connectors can lose significant power before the signal ever reaches the receiver. That is why engineers fight hard to 
minimize every bit of insertion loss, especially as frequencies climb into the tens of gigahertz.

Smaller Wavelengths, Bigger Challenges

High-frequency signals are essential to many of the latest technologies, from 5G and satellite communications to the latest 
automotive radar and ADAS applications. As frequencies increase, the wavelength of the signal shrinks. That means smaller 
cables and smaller connectors, with tolerances that must be tighter than ever. A tenth of a millimeter might not matter at DC, 
but at 40 GHz, it becomes a significant design variable.

Controlling impedance effectively demands a design philosophy that extends from the PCB launch to the antenna terminal. 
The choice of materials, geometry, plating, and assembly all affect how the signal moves. A well-matched system is one 
in which each component behaves as part of the same continuous transmission line, with no surprises along the way. 
Understanding this principle is the foundation of high-performance RF design. In the final part of this series, we’ll explore 
why different impedance values matter, and how those choices define the behavior and performance of real-world systems.


