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AUTOMATED DIELECTRIC MEASUREMENTS WITH A 
SMALL MONOPOLE IMPEDANCE PROBE 

Interest is increasing in the use of a small monopole antenna as a 
probe of the dielectric properties of materials, including in 
vivo and simulated biological tissues. This approach allowsa 
relatively simple measurement system at the point of contact with 
the material, eliminating the need for precision sample holders 
and sample preparation. The probe is simply inserted into, or 
placed against, the material under study. It has broadband capa
bilities covering HF through X-band. 

There is also considerable current interest in automating the 
measurement of microwave network parameters. Very expensive 
systems have been available in the past for this purpose, but 
l ow .. cost desktop computers and minicomputers which can communi
cate with instruments over the IEEE-488 Interface Bus have 
brought this approach into widespread usage. We have Qeveloped 
such a system from exi1sting components which is controlled by a 
minicomputer. 

The use of semi-automated microwave network measurements with the 
monopole dielectric probe potentially provides an extremely sim
ple and versatile tool for making dielectric measurements. Un
certainties in the measured dielectric properties may be signifi
cantly reduced. However, there are unique problems associated 
with the calibration of a network analyzer when using the impe
dance probe. 

The network analyzer system is normally calibrated at a reference 
plane where standard connectors are available. However, upon 
attachment of the monopole probe, the system is no longer com
pletely calibrated because of the added connector and short 
transmission line. We have developed a solution,to this problem 
utilizing a specially-designed probe which can mate directly to 
similarly designed impedance standards. This allows calibration 
of the system at the plane of the monopole. 

A detailed description of the probe and network analyzer system 
is given and an analysis of the residual errors is included. 
Results obtained on standard materials with the system fall well 
within the range of values reported in the literature. 
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SUMMARY 

Interest has developed during the last few years- in the use of 
miniature, monopole antennas as probes of the dielectric properties 
of materials, including in vivo and simulated biological tissues 
(1,2,3). The input impedance of the monopole probe is dependent 
on the complex .permittivity of the medium in which it is immersed, 
and through a suitable model the permittivity may ~e derived. The 
major problems which must be addressed before the impedance probe 
can yield accurate results are the development of a suitable input 
impedance model for the probe and the development of a method for 
accurately measuring the input impedance. It is also important to 
know the nature and size of the uncertainties in the various quant
ities which affect the value derived for the permittivity. 

Cain et !l_. (1) have found that·the input impedance of an infin
itesimal monopole (length<< A/10) may be accurately modeled as 

z.·. = 
,n 

where C is a constan't and E is the complex permittivity of the mat
erial under study. This model assumes that the probe impedance is 
purely capacitive. This model has been adopted for our work. 

In their later reports Cain et al .(1) have used a network anal
yzer to meas~re the input impedanceof the monopole probe. This 
approach has important advantages, but also two difficulties for 
making precision measurements: the inherent network analyzer meas-·. 
urement:errors, and the establishment of the reference plane. 

The errors inherent in microwave network analyzer measurements 
h~ve been treated rather extensively and error models have been dev
eloped (4,5). However, only since the availability of low-cost 
"desk.-top computers" or minicomputers which can be interfaced to 
instruments have these error models had widespread use. The comp
uter can step the microwave source through the desired fr:equency 
range, collect the data at each frequency, and finally apply the 
error model to correct the measurements. The error correction par
ameters are determined in an initial calibration procedure by mak
ing measurements on several impedance standards connected sequent
ially at the reference plane. 
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Cain et al. (1) have report~d:that their corrections for dire~ 
ctivity, frequency tracking, and source-match errors were made 
manually. However, this undoubtedly involved some assumptions 
since the calibration standards normally will not mate with the 
impedance probe. For example, if the calibration standards were 
connected in place of the probe, the error corrections would be 
referenced to that point and not to the ground plane of the probe. 
Assumptions would have to be made about the loss characteristics 
and electrical length of the probe in order to correct measure
ments made with the probe. Ideally, the network analyzer/probe 
system should be calibrated by connecting impedance standards at 
the ground plane of the probe. 

Even when using the network analyzer in the manual mode it is 
necessary to use at least one impedance standard (normally a short
circuit) to establish the plane of reference. Cain establishes 
the reference pl~ne by placing the probe in air, an 11 open-cir
cuit11 condition at the ground plane, and assumes that this cond
ition gives a reflection coefficient of one and a phase angle of 
zero (1,6). However, an open circuit usually has a small, non-
zero phase, depending on the connector at the end of the line. 
The probe has no connector at the end, but depending on the dimen
sions of the probe tip, there will be a small deviation from the 
zero phase assumption. We have observed a 1° - 2° difference in 
reference with the open condition as opposed to a short. 

Hrycak used an automated network analyzer with his impedance 
probe, but after calibrating at a standard connector, he applies 
the transmission line equation to theoretically shift his plane 
of reference to the plane of the monopole (7). He does not corr-: 
ect for losses in the connector/cable assembly, and as he notes 
himself, 11 As the connector I s VSWR deteriorates, errors are quickly 
introduced into measurement system since we are no longer measur- . 
ing the impedance of the monopole, but the impedance of the mono
pole in tandem with the connector's mismatch" (8). 

We have approached these problems by having a probe made 
which will mate directly with its own calibration standards. Cali
bration with this approach allows error-corrected measurements to 
be made which are directly referenced to the ground plane of the 
probe. No assumptions about the VSWR or electrical length of the 
probe are necessary since they are taken into account. 

After corrections, the residual errors in the measurement 
system amount to about .1 dB in the return loss and about 1° in 
phase. These errors would result in about a 2.5% error in the 
dielectric constant and 12% error in the loss tangent of water. 
The corresponding va 1 ues for measurements on methanol are 1. 7% 
error in dielectric constant and 2.4% error in loss tangent. In 
general, phase ~rrors primarily affect the dielectric constant 
and return loss errors mainly affect the loss tangent. 
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The values obtained with the impedance probe for the dielectric 
constant and loss tangent are somewhat less sensitive to the detec
_tor errors than are values obtained through the more common short- • 
ed~line techniques. However, the probe technique is more sensi
tive to small-scale inhomogenetties in the sample. The probe tech
nique is the only practka:l: approach for in_ vivo samples, but a 
number of measurements should be made to assure repeatability. 

A detailed descripti1on of the probe and network analyzer sys
tem is given and an analysis of the residual errors is included. 
Results obtained on standard materials with the system fall well 
within the range of values reported in the literature. 
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