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Broad-Band Microwave Measurement of Water Using
Transient Radiation

C. David Capps, R. Aaron Falk, Stuart G. Ferrier, and Tim R. Majoch, Member, IEEE

Abstract—Previous workers have demonstrated the utility of
optoelectronically pulsed antennas to make broad-band micro-
wave measurements of the dielectric properties of relatively low
loss materials. This work presents an extension of the analysis
technique that allows measurements to be made on highly ab-
sorptive samples. Experimental results for water in the 10-70
GHz frequency range are presented, error sources analyzed,
and results compared with measurements made with a different
technique.

I. INTRODUCTION

ECENTLY, it has been shown that transient radiation

rom optoelectronically pulsed antennas can be used
to measure the complex permittivity for relatively lossless
solids in the microwave frequency region [1]. In this work
we will show that the technique can be extended to mea-
sure the permittivity, or equivalently, the complex refrac-
tive index of a very lossy liquid, e.g., water. The prin-
cipal difference is that for low loss materials, the sample
can be made thick enough that multiple reflections can be
removed by time windowing. For highly absorptive me-
dia the samples must be very thin to transmit measurable
energy and an alternative method used for analysis.

The paper is organized as follows. First, we briefly re-
view the experimental apparatus for the coherent micro-
wave transient spectroscopy technique and describe the
liquid sample cell. We will then develop the theory nec-
essary to analyze the data. Finally, results will be pre-
sented, along with an analysis of uncertainties, and com-
pared with measurements using the method of travelling
waves [2].

II. EXPERIMENTAL APPARATUS

The experimental setup is shown in Fig. 1. The expo-
nentially tapered transmitter and receiver antennas have
been described extensively in the literature [1], [3]-[5].
Our antennas are 7.9 mm long with a horn width of 2.6
mm. A mode locked dye laser operating at approximately
600 nm generates the 2.7 ps pulses which are split to form
the pump and probe pulses. The pump beam is mechani-
cally chopped and the intensity monitored by the photo-
conductive response of the transmitter so that laser power
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fluctuations can be factored into the data processing. The
optoelectronically generated microwave radiation is col-
limated by a 37 mm diameter fused silica hemispherical
lens. An identical lens is used to focus the transmitted
beam onto the receiver. Fused silica was chosen as mea-
surement [5] showed the complex refractive index to be
nearly constant over the frequency region of interest. The
translation stage and the lock-in amplifiers are computer
controlled so that the data collection process is fully au-
tomated. Fig. 2 shows a typical received pulse and the
magnitude of its Fourier transform. For our apparatus, the
useful frequency range is from approximately 10 to 70
GHz. Other workers [1] have shown larger bandwidths
with this technique. However, absorption in the stripline
of our antennas limited our useful bandwidth to the stated
range.

In order to extract the complex index of refraction from
transmission data, it is necessary to measure the trans-
mitted field for different sample thicknesses. Calculations
using published values [2] for the index of water indicated
that we would obtain measureable signals only for sample
thicknesses less than 1 mm. Fig. 3 shows the design of
the sample cell which allowed variation of sample thick-
ness from 0.100 to 1.0 mm. Uncertainty in sample thick-
ness was 0.045 mm which includes both variation in win-
dow thickness and window tilt across the area covered by
the microwave beam. Fused silica was used as the win-
dow material due to its relatively uniform index in the
experimental frequency range.

III. THEORY

Fig. 4 shows the sample and cell configuration to be
analyzed. A linearly polarized electromagnetic field E(?)
is normally incident on the plane parallel slabs and prop-
agates in the +z direction. We will assume the materials
are nonmagnetic, i.e., 4 = 1.0, and isotropic. The fre-
quency dependent, complex index of refraction N is re-
lated to the complex permittivity € by

Nw) = Ve(w) = nlw) + ik(w). 1)

The incident frequency components | E, (w) are obtained
from the Fourier transform of the incident field E(z)

LB (0) = S E@®e™ dt 2
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Fig. 1. Experimental setup for coherent microwave transient spectroscopy.
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Fig. 2. (a) Time delay scan for a typical pulse. (b) Magnitude of the Fou-
rier transform of a typical pulse.

and transmitted field components | Es(w) are, likewise,
determined from the measured received pulse E,, ()

oo

+Es(w) = S

E, (He™ dr.

)
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Fig. 4. Sample cell boundary and. field notation.

The transmitted field components may be expressed in
terms of ,E; and N; by solving the set of linear equations
generated by the boundary conditions (continuity of tan-
gential electric and magnetic fields) at Boundaries 1-4.
Boundary conditions at each interface can be conveniently
written as a matrix equation relating the fields on the right
side of the boundary to those on the left. If the *“+’’ sub-
script denotes waves propagating in the positive z-direc-
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tion and ‘‘—"’ in the negative, then the boundary condi-
tions for the first three boundaries can be written

JEpy 1> <E,>
= A() @)
<—E1+ 1 _E;

where

Attempts at analytic inversion of (11) to obtain the com-
plex refractive index of the sample in terms of the other
parameters have not been successtul. The left side of (11)
is a complex number, i.e., two real numbers, obtained
from the experimental measurements of two different
sample thicknesses. The right hand side is a function of

<N1+1 + N1> { oWV — Npz
————— ) exp ] —i

2N; 1y ¢

Ad) =
<N1 +1 N
2Ny
The final boundary equations have a slightly different form

as there is not a negative propagating field to the right of
this boundary. The matrix equation for this interface is

thus
E E,
<+5>=B<+4> ©
+E;s _E,

where

B = <f\ﬁ> exp | —i w(Ns — Ny)zy
N5 P C

The matrix C given by

C=8B"-A(3) - A2) - A(1) 8

1) (Nieg — N LwNroy + Nz
expl—i ————
2N; 4 ¢

1 oW + NDz <N1+1 + NI) { oWy — NI)ZI},
expl{i ——/——— L exp{i ———
C 2N[+1 C

vEs(h)  Ten () = el len(y)en () = coh)ean ()] [

S

two unknowns, the real and imaginary parts of the com-
plex index of the sample material. Thus, (11) may be
thought of as two equations in two unknowns. If an ad-
ditional sample is measured and the field component di-
vided by one of the previously determined components,
then two more equations in the same unknowns are cre-
ated. Obviously, this procedure can be extended to create
a system of 2N equations in two unknowns. Such an over-

oxp {—i w(Ns + N4)Z4}

C

_<&> oxn | i D5 + Nz
N5 P C

determined system can be solved numerically in a least
squares sense. We, therefore, measure the transmitted
field for M different sample thicknesses and minimize the
sum of squares

(7

S= 2

J=2

+Es(hy)

relates the transmiited field to the fields to the left of the
cell. Denoting the elements of C by c, and solving yields

CnCp — CpCyy

+Es = LE| )]

Cyp — (2

If the first interface is taken as the coordinate origin, i.e.,
z; = 0, the window thickness as d, and the thickness of
the jth sample as £, then

Zz:d
2 =2d + h, (10)

and (9) becomes an explicit function of the sample thick-
ness. If the incident pulse form is constant, then the in-
cident field can be eliminated from (9) by measuring the
transmitted field for two different thicknesses and divid-

ing:

+Es(hy)  lean(hy) — cp(hy)] [eop (o) ey (hy) —

(12

e (h) — cia(B)] [ (hy) cri (By) — cia(hy) cay (Ry)]

with respect to N, to determine the complex refractive in-
dex of the sample.

IV. RESULTS AND DiscussioN

The complex refractive index for the window material,
N, and N,, appears in (5) and (7). Thus, before proceed-
ing with the measurement on water we determined the re-
fractive index of the fused silica windows, both as a check
on the apparatus and to use in the analysis of the water
data. Three 1.0 cm thick optical quality, fused silica win-
dows were obtained from one supplier. Samples of differ-
ent thickness were obtained by stacking one, two or three
plates in a clamping fixture. The plate flatness and the
wavelength of the highest frequency considered, 70 GHz,
yield the result that the gap between slabs is less than
N\/100, suppressing interface reflections. This suppres-
sion is supported by examination of the data where pulses

cip(hy) ¢y ()]

LEs(h)  en(hy) — e ()] [eay (By)eyy (By) — cia(By) ey (h)]

(D
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reflected from the external surfaces are clearly visable but
nothing exceeding the noise level is visible at positions
expected for pulses reflected by internal interfaces.

Two time delay scans for each of three sample thick-
nesses, 1.0, 2.0, 3.0 cm, were taken. Each of the 2° com-
binations was analyzed using (12) modified for the air-
sample-air case to obtain n and k. The means and the
standard deviations of these values estimate the real and
imaginary parts of the refractive index and the uncertain-
ties due to random noise in the apparatus. Contribution of
the thickness uncertainty, 0.025 mm per slab (added in
quadrature for stacked samples), to the index uncertainty
was determined by Monte Carlo analysis. Normally dis-
tributed, zero mean errors drawn from distributions with
the standard deviations for each sample thickness were
added to the nominal thickness and the aralysis repeated.
No significant increase in the standard deviation of n and
k was observed, indicating noise dominated the thickness
uncertainty effects. Plotting » and & versus frequency
showed a periodic oscillation superimposed on approxi-
mately linear trends. The period of this oscillation corre-
sponds closely to the time it takes a signal to travel from
the point on the receiver antenna stripline, where the probe
pulse strikes, to the end of the stripline and back to the
probe point. We, thus, attribute this periodic oscillation
to signal contamination resulting from reflections off the
back of the antenna. The standard deviations were in-
creased by adding a frequency independent term in quad-
rature to the previously determined uncertainties to ac-
count for this systematic error effect. The magnitude of
" the term was determined by requiring that the chi-square
per degree of freedom for a linear fit be equal to 1.0. Av-
eraged over the frequency region, the ratio of the uncer-
tainties due to the random errors and to the reflection ef-
fect is 0.35. Figs. 5 and 6 show n and k, respectively,
with one standard deviation error bars.

Also shown in Figs. 5 and 6 are the plus and minus one
standard deviation lines from the fused silica measure-
ments of Pastol et al. [5]. Values shown were calculated
from the plotted data in their Fig. 5 using linear interpo-
lation between data points. While the statistical agree-
ment is good, the systematic increase in the absorption
coeflicient around 20 GHz is absent in our results. Pastol
et al., attribute this absorption increase to the residual
water content of the sample. Thus, the difference may be
explained by the differing water content of samples ob-
tained from different sources.

A smoothed index for the window material was ob-
tained by separately fitting the real and imaginary parts of
the index with straight lines. The results are shown in
Figs. 7 and 8 along with the 68% confidence intervals for
the fit. In the error analysis for the water measurements
these confidence limits will be used as the one standard
deviation errors for the window index.

Distilled water was placed in the sample cell and two
time delay scans were made for each of the nominal thick-
nesses 0.3 through 1.0 mm in 0.1 mm increments. A ran-
dom sample of 15 of the 2® possible data combinations
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was analyzed using the formulation developed. The plot-
ted values for the index are the means of the values ob-
tained from the fitting procedure for the different data sets.
The standard deviation of the values estimates the random
electronic component of the uncertainty. Contributions of
the sample thickness uncertainty, 0.045 mm, and the win-
dow index uncertainty were determined by Monte Carlo
analysis. Values for n and k and the total uncertainties are
plotted in Figs. 8 and 9. For frequencies above 40 GHz,
electronic noise was the principle contributor to the total
uncertainty; for lower frequencies, thickness and index
errors dominated. ‘

Also plotted in Figs. 8 and 9 are the real and imaginary
parts of the refractive index as obtained by the method of
travelling waves as reported by Barthel, ez al. [2]. Values
were calculated from the parameters given in Table 1 of
[2]. As can be seen, the agreement between these two
methods is very good. ’

In summary, we have presented an extension to the
method of coherent microwave transient spectroscopy that
allows highly absorptive samples to be characterized and
demonstrated the consistency of results so obtained for
water with values reported in the literature for other tech-
niques.
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