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The availability of autonomous sensor networks providing information about soil status offers
significant potential for optimizing water management in agricultural systems. Realizing this
potential requires robust, in-situ, real-time, and non-invasive measurements of soil water content,
salinity, and structure. These sensors are sensitive to many soil characteristics, requiring specific
calibration or approximations based on soil types.

Among existing monitoring techniques, electrical impedance spectroscopy provides a direct
means of transducing soil physical properties into measurable electrical parameters. Many
existing dielectric sensing approaches perform well under specific conditions, particularly at the
low and high frequency extremes of the electromagnetic spectrum and in coarse-textured sails.
However, a large portion of the intermediate frequency range (10 kHz to 10 MHz) remains
comparatively underexploited, despite offering rich information content linked to soil physical and
structural properties.

In this study, we combine analytical modeling and experimental dielectric spectroscopy to
investigate soil electrical behavior across this intermediate frequency domain. Broadband complex
dielectric spectra were measured on soils spanning a range of textures, salinities, water contents
and porosities. These measurements are interpreted using effective medium approximations
(EMAs), including geometric mixing laws and differential effective medium (DEM) formulations,
explicitly accounting for soil geometry, grain shape, and phase connectivity.

The intermediate frequency regime represents a transition zone where ionic conduction and
dielectric polarization coexist, giving rise to complex spectral signatures. In this band,
Maxwell-Wagner interfacial polarization, strongly controlled by soil structure and connectivity,
overlaps with the rotational relaxation of bound, reflecting how water is retained within the soil
matrix. Together, these mechanisms encode information on soil texture, porosity, salinity, and
structure, but require appropriate theoretical frameworks to be meaningfully interpreted.

Our preliminary results demonstrate that DEM-based formulations provide a consistent and
physically meaningful description of measured soil dielectric spectra across the intermediate
frequency range. The agreement between modeled and experimental spectra confirms the
adequacy of the analytical approach and highlights its predictive value for inferring soil texture,
salinity, and water content from broadband impedance measurements. These findings reposition
the intermediate frequency band from a source of interpretative complexity to a powerful
indicator of soil structure for next-generation agricultural sensing. Future work will focus on



extending this framework toward automated in-situ experiments, leveraging laboratory-derived
datasets to support robust inversion and next-generation sensor deployment.
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