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Experimental permittivity data of liquid water, compiled from the open literature, were
selectively applied to support a modeling strategy. Frequencies up to 1 THz and
atmospheric temperatures are covered with an expression made up by two relaxation
(Debye) terms. The double-Debye model reduces to one term when the high frequency
limit is set ar 100 GHz, and the model can be extended to 30 THz by adding two
resonance (Lorenizian) terms. The scheme was carried out by employing nonlinear least-
squares fitting routines to data we considered reliable.

1. Introduction

A need was recognized for a physical model describing the permittivity of liquid
water for the near-millimeter-wave range (NMW: 0.1 - 1 THz) at atmospheric temper-
atures. In this paper, we update our initial results and give a detailed account of the
modeling strategy [1]. Dielectric properties of water plays a key role in computations of
atmospheric propagation and remote sensing effects caused by rain drops and by droplets
suspended in fogs or clouds [2]. Other effects considered in propagation models relate
to molecular absorption by line (H,0, O,) and contimum (H,0, N,) spectra [3]. With
respect to system operations in inclement weather, NMW signals experience much less
loss than infrared/optical signals. A reliable model is useful to compute the advantage.
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The empirical broadband model by Ray [4] has been a standard when it comes to
predict dielectric properties of water. His model is divided into seven spectral ranges (0
=< f < 300 THz), of which the first four extend to 30 THz. More than 30 coefficients
are needed to support this part of the model. Because of considerable new experimental
evidence since 1972, it was felt that an update of the Ray model was in order.

The paper is organized in five sections. Following the introduction, the interaction
mechanisms between electromagnetic waves and liquid water are introduced (Sect. 2);
then the published data are reviewed for their suitability to support a specific model
(Sect. 3). Spectral models for the complex permittivity that fit best the selected data are
detailed in Section 4, followed by a discussion of uncertainty estimates for the proposed
prediction schemes.

2. Dielectric Spectral Properties of Water
The relative dielectric constant of water is referred to as complex permittivity,

e =€ + ie",

where €' and €” are real and loss parts, and i =V/-1. The functional dependence of e(f,T)
on frequency f and temperature T reveals information on the interaction mechanism
between EM radiation and H,O molecules forming a liquid. Two distinct processes,
namely relaxation and resonance behavior, may be recognized [5],[6].

The frequency dependence of the permittivity of pure water is given by the well-
known Debye equation or its modification by Cole-Cole. Up to about 100 GHz, the
simpler Debye model proved to be adequate to describe e(f) [7],[13]. Resonance
phenomena due to intra- and inter-molecular vibrations determine the frequency behavior
in the infrared range (= 1 THz), where spectral functions with a Lorentzian or Gaussian
shape have been considered. In the transition from 0.1 to 1 THz there is conflicting
evidence, which has been interpreted either as a second relaxation process (possibly due
to free H,O molecules within the liquid quasi-lattice) [8] or as a weak resonance centered
at 1.5 THz [9].

This work had three main objectives: (a) To formulate a model for the spectral
dependence of the permittivity e(f) that is valid for frequencies up to 1 THz; (b) to
determine a temperature dependence for the salient model parameters; and (c) to estimate
the prediction uncertainties. By selecting suitable functions for ¢(f,T) to fit the experi-
mental data, the effort was also directed to come up with simpler, more accurate
formulations than those given by Ray [4].

3. Complex Permittivity Data
Below 100 GHz, the Debye relaxation model describes the permittivity spectrum of
water with three temperature-dependent parameters. At higher frequencies, additional
relaxation and resonance terms have to be considered. When the frequency range was
extended to 1 THz, the reported experimental data were found deficient in both quality
and quantity. To provide some confidence on how to bridge the spectral gap from 0.1
to 1 THz, we extended the range of frequencies up to 30 THz.
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3.1 Static Dielectric Constant
The static dielectric constant e, of pure water depends on temperature. Representative

values (32X), reported over a wide span of temperatures (-20° < T < 60°C), were
least-squares fitted to the simple expression

e(T) = 77.66 - 103.3-6. (D
To express temperature dependence, a modified relative inverse variable,
6 = 1-300/[273.15 + T(°C)],

was adopted from MPM [3], which changes for T = 0 to 40°C from § = -0.1 to 0.04.
The excellent fit [o, = 0.12, see (8)] of the published data by (1) is demonstrated in

Figure 1.

3.2 The Spectral Range Below 1 THz
The Debye shape,

&(f) = (& - €)/[1 - i(f/yp)] + e, @

is a starting point for discussions on the frequency dependence of the complex
permittivity of water. Kaatze and Uhlendorf applied a nonlinear regression analysis to
over 380 complex data of ¢(f,T) [7]. They confirmed (2) at frequencies from 0.1 to 114
GHz for nine temperature groups (-4 to 40°C) and list the values for the high-frequency

constant €, (f = o) and the relaxation frequency +yp = 1/2w7 (7 = relaxation time

constant).
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Fig. 1. Static dielectric constant ¢, of pure water over the temperature range
from -20° to 60°C: — Equn(l); X [7], © [10], e+ [13].
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Fig. 2.
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Reduced complex permittivity Ae = ¢, - €, for all measured data between 0.1 and
30 THz: + 4°C [9],[151,[17], * 10°C [18], a 19°C [14], v 20°C
(18], © 25°C [16],[20], © 30°C [9],[151,[171,[18];
—— possible locus of a second Debye function.










































