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Measurement of Electric-Field Intensities Using
Scanning Near-Field Microwave Microscopy

Roman Kantor and I. V. Shvets

Abstract—In this paper, we propose methods for the measure-
ment of electric intensities of a microwave field above the surface
of microwave circuits. Using miniaturized coaxial antennas, we
measure all spatial components of the induced field above de-
vice-under-test. A special position/signal difference method is
used to better localize the measured field and increase the spatial
resolution of the field mapping. During the scanning process,
the antenna is driven at the defined distance above the sample
surface according to previously acquired topographic data. For
measurement of the tangential-field components parallel to the
sample surface, the antennaistilted by approximately 45° relative
to the sample surface. By its rotation about the vertical axis,
various components of the field are measured, and vertical and
horizontal electric-field intensities are recalculated. The probes
are calibrated in a well-defined field standard and allow good
quantitative characterization of the measured field.

I ndex Terms—Coaxial antennas, near -field measurements, scan-
ning near-field microscopy.

|. INTRODUCTION

ONTEMPORARY systems for inspection of microwave

circuitsare usually based on the measurement of signalsat
the device ports. In most cases, they are limited to the measure-
ment of the input and output signals. Such measurements are
often not sufficient for characterizing the functionality of indi-
vidual elementsand do not giveafull description of distribution
of circuit signals. As a result, noncontact scanning near-field
measurements become an attractive method for testing circuit
performance and failure analysis. By analyzing the el ectric- and
magnetic-field distribution above the circuit surface, one can
quantitatively evaluate thefield sources, charge, and current pat-
tern [1]. Knowledge of the field distribution can a so explain the
signal coupling between the circuit components and may also
be used for the description of the electromagnetic emission and
other aspects of electromagnetic compatibility (EMC) of thede-
vice-under-test.

Il. ELECTRIC-FIELD ANTENNAS AND POSITION/SIGNAL
DIFFERENCE METHOD

For acquisition of microwave electric intensities in a near-
field region, short coaxial antennas[1], [2] are commonly used.
In some cases, amodification in the probe geometry, such asthe
useof dlit probes[3], [4], small dipole antennas, and open-ended
transmission lines [5], [6] can increase signa-matching effi-
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Fig. 1. Electric-field probe and principle of PSD method. (a) Outline.
(b) Central protruding conductor. The two positions of the antenna corres-
ponding to different heights above the surface of the device-under-test are
indicated in (b) by 1 and 2. Our antennas have a shield with an outer diameter of
D = 230 pmand athin relatively long (I >> d) central protruding conductor:
acopper wire of length! ~ 0.3—-1 mm, d = 8 um.

ciency, change the polarization, or limit the region to which the
antenna is sensitive. Due to good sensitivity and well-defined
electric properties, we have focused our attention on the minia-
turized coaxial antennas—cylindrical short monopoles—where
a central conductor protrudes for a defined length from the
shielding (see Fig. 1). Dueto the axial symmetry, such antennas
are sensitive to the component of the electric-field intensity
paralel to that axis. The external field is commonly assumed
to be homogeneous, thus resulting in a single sensitivity coef-
ficient, which is the ratio between the signal level induced in
the antenna and the field intensity. The length of the protruding
conductor must not exceed the desired spatial resolution. Un-
fortunately, the resolution does not just depend on this length,
but also on the dimensions of the shielding as surface currents
in the shielding induce a secondary field and change the input
signal. When thefield ishighly localized around the apex of the
protruding conductor, images with spatial resolution somewhat
better than the length of the conductor and the dimensions of
the shielding can be obtained. On the other hand, those images
lack good quantitative characterization, as the antenna' s signal
level depends on aparticular distribution of the field that can no
longer be considered to be homogeneous. Additionally, when
the antenna length is chosen to be comparable or shorter than
the shield diameter D, the presence of the shielding close to
the circuit may cause redistribution of the chargesin the circuit
and distortion of the primary induced field.

It appears that only by decreasing the antenna dimensions
along with the coaxial shielding that its spatia resolution ca
pability can be improved. Unfortunately, miniaturization of the
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antennato the micrometer range makesitsfabrication rather dif-
ficult, especially manufacturing the coaxial line of low diameter
and the forming of a short protruding central conductor. Our
measurement method, which we shall call the position/signal
difference (PSD), overcomes the resolution limit determined by
the antenna’ s dimensions and allows the increase of its resolu-
tion capability without the need for further miniaturization of
the antenna. The method is based on comparing results of two
subsequent scans with the antenna displaced by asmall distance
Al along its axis. For planar microwave circuits, the strength
of the field is greatest close to the circuit surface and decays
with increasing distance from the surface. For athin short an-
tenna (d <« I,I <« A/4), placed in such a nonhomogeneous
field, the signal level can be approximated as a sum of the field
contributions acting along the protruding conductor. If we split
the antennainteraction areas to three regions—the antenna apex
A, middle section of the antenna protruding conductor 53, and
the input to the shield C—theresulting signals 11, 1> before and
after antenna displacement can be formally written as

L= +1F+1If
L=L+IF+1I5. €

We describe the signal levels in terms of the induced currents
1,1, at the input to the coaxial shielding, as the impedance
of our short antennas are high in comparison with the input
impedance of the subsequent network and, therefore, the an-
tenna functions are more of a current source. Geometry of the
protruding conductor in the middle region B does not change
with the antenna displacement and the contribution from the
same externa field remains unchanged (IF = IF). For high-
density structures, thefield strength in the region C and its con-
tribution to the overall signal can be assumed to be negligible
(I§ = I§ = 0). The measured signal difference

Al=L-L=I3 -1 2

depends only on the field surrounding the displaced antenna
apex. In thisway, the field surrounding the conductor apex can
be isolated and measured and the spatial resolution of the mi-
crowave field mapping can be significantly improved.

Unlike the case for far-field imaging systems, for near-field
measurements, thereis no exact definition of the spatial resolu-
tion. This lack of definition is caused by the fact that the probe
responseis affected by the particular distribution of the external
field surrounding the active region of the probe. For thisreason,
the response of the probe is usualy determined by assuming
that it is located in a homogeneous external field and its spa-
tial resolution corresponds to the dimensions of the active re-
gion of the probe. In the case of the PSD method, the difference
signal is determined by the changes in the boundary conditions
at the apex of conductive protruding conductor during its dis-
placement. These changes are limited to the region Al, and the
measured signal and resolution of the method are determined by
the displacement Al.

To demonstrate the effect of the resolution enhancement, we
have measured the vertica z-component of the electric field
abovearea A of an open-ended transmission lineforming aletter
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Fig. 2. Testing circuit: an open-terminated microstrip transmission line was
prepared by a standard lithographic method on a microwave PCB board. The
dielectric substrate has permittivity e = 6.2 and thickness¢ = 510 um, the
widths of the lines are w = 250.

Fig. 3. Electric-field probes. The probe on the left-hand side is designed for
measurement of normal and tangential spatial-field components. The probe
incorporates a low-noise monolithic-microwave integrated-circuit (MMIC)
Dahele preamplifier, and the output signal and dc bias are coupled through a
standard subminiature A (SMA) connector. The connector also allows rotation
of the antennas around the vertical axis.

“P" (see Fig. 2). The antennas (Fig. 3) are driven using preci-
sion motorized stages with specified separation Az above the
circuit. Fig. 4(a) and (b) represents field images of the normal
electric-field acquired for two different antenna/sample separa-
tions and (c) is the difference of these signals. We can clearly
observe significant resolution enhancement for the difference
signal. Asthe antennais sensitive to the field acting along the
entire length of the protruding conductor, the scattered field
intensities at higher distances above the sample represent the
main contribution to the level of the acquired signal. The dif-
ference signal corresponds to the local electric-field intensities
surrounding the antenna apex only.

To determine the highest achievable resolution of our an-
tennas, we have prepared a printed circuit board (PCB) surface
capacitor with a small separation gap between its fingers (see
Fig. 5). The antennawas driven very close to the sample surface
according to previously acquired topographic data. The acqui-
sition of the sample topography is necessary to keep the sep-
aration between the antenna and sample constant. Due to the
sample tilt and step-like features of the sample surface, which
may cause the variation of this separation or even exceed the
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Fig. 4. Effect of the resolution increase using the PSD method. (8) and (b) Signals measured for two different separations = between the antenna apex and the
sample surface. The signal difference A in (c) suppresses background fields and increases the resol ution of the measured field. The measurement was performed

for amicrowave signal of frequency f = 2 GHz.
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Fig. 5. PCB surface capacitor. The dielectric substrate has permittivity e =
10.2 and thicknesst = 127 pm. Thewidths of thefingersare w = 40 um, and
they are separated by agap ¢ = 60 pm. The topography of the circuit surface
in (b) was imagined by a tuning-fork-based acquisition system. It is formed by
a pattern of a copper layer with athickness of approximately ¢, = 17 um. P1
and P2 indicate input and output ports, respectively.

working distance and cause the collision of the antenna with
the sample surface, conventional horizontal plane scanning [1],

[2], [6] cannot be implemented. We have used an atomic force
microscopy (AFM)-like technique utilizing aquartz tuning fork
[7],[8] for acquisition of the sample topography, as presented in
Fig. 5(b). After that, the topography probe is exchanged for the
field antenna and field measurements are performed for various
separations between the antenna’ s apex and surface. A static ref-
erence tip is used when the topography probe is exchanged for
the microwave antenna, and the probes are aligned by means of
an optical control using along-focal length microscope.

The signal from the source of a vector network analyzer
(VNA) is coupled to the input port P1 of the capacitor. The
output port P2 isterminated by a short circuit at a distance of
approximately 25 mm from the capacitor to allow excitation
of the capacitor to higher potentials due to resonance in the
transmission line at the frequency of interest f = 3.84 GHz.
Fig. 6(a) and (b) is the microwave signals for antenna/sample
separations of 5 and 12 ;m, respectively, and (c) is the differ-
ence of these signals. The analysis of the field images would
suggest that the spatial resolution obtained by the PSD method
is approximately 20 p.m, which givestheratio of the resolution
to the wavelength R/ of some 2 - 10 *,

1. ACQUISITION OF TANGENTIAL COMPONENTS
OF THE ELECTRIC FIELD

Although in many cases measurement of the vertical electric
intensity £ isthe most appropriate method for theinvestigation
of circuit signals, some situations may require examination of
other spatial components of the field. Knowledge of the tangen-
tial-field components £, £, can be useful, i.e., for the descrip-
tion of fields of coplanar transmission lines and other structures
with strong fields parallel to the circuit surface or for measure-
ments of the field coupling between different parts of a device.
The antennas for acquisition of normal and tangential compo-
nents of the electric field are usually different: in most cases, for
the latter, small dipoles are used [9], [10]. Simultaneous map-
ping of the various spatial-field components using an alternative
approach with electrooptical detection was also reported [11].

The PSD method gives us an opportunity to measure all spa
tial components with a single probe. To accomplish this goal,
we have modified the configuration of our probes by placing the
coaxia antenna with an inclination of approximately o« = 45°
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(a) and (b) Signals acquired for antenna/sample separation of 5 and 12 m, respectively. The difference signal (c) significantly increases spatial resolution

of thefield mapping. It also revealsweak local field intensities closeto the signal lines of theinput port P1 of the capacitor, otherwise masked by strong background
signals. These signals are induced by background fields acting along the whole length of the protruding conductor above the displaced apex of the antenna.
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Fig. 7. Antenna configuration for measurement of norma and tangentia
components of the electric-field intensity. After each rotation, the antenna is
aligned using astatic referencetip so that its apex is placed at the same location.
The offset, resulting from such an alignment, is then used during the scanning
process for correct antenna placement.

relative to the vertical axis (see Fig. 7). By rotating such an an-
tenna about that axis, different spatial components can be mea-
sured. Standard Cartesian intensities, perpendicular and parallel
relative to the circuit surface plane, can be further recalculated.
In the case of two measurements with the probe rotated by 180°
around the normal axis, avertical and onetangential-field inten-
sity can be obtained as follows:

1
EZ: Eo E o
2cosa( oo F 180)
1
E = E o —E o . 3
t ZSina( 0 1800 ) (3

Here, Ey., E150- aretheelectric-field intensitiesdetected by the
antenna before and after the rotation. For three measurements
with the antenna rotated by angles 0°, 120°, and 240°, al three
components can be calculated as follows:

1
E, = ——(2Eop> — E1900 — Ea0°)
S1n <&
1
E, = ——(Fis00 — Eaygo
Y \/§sina( 120 240°)
1
E. = (Ego + Ero00 + Eosgo). (4)

© 3cosa

In general, thefield can beélliptically polarized and the phase of
the electric intensities may vary for different spatial directions.
Therefore, both the amplitude and phase of the signal must be
acquired by a VNA, and the intensities of the electric fields in
(3) and (4) represent complex amplitudes of the signal.

As the rotation about the vertical axis changes the probe’s
position above the sampl e surface, we must offset the probe po-
sition so that the displaced apex of the central protruding con-
ductor islocated at the same point before and after the antenna
rotation. Thisposition isadjusted using areferencetip following
aprocedure similar to the one used for alignment of the topog-
raphy probe and the antennafor high-resolution measurements.
It is also important to keep the rotation axis vertical so that the
declination angle o« remains constant for all antenna positions.
A constant declination angleiscrucial for calculation of the tan-
gential electric field to remove the influence of the normal-field
component. This is especially important for measurements of
microstrip transmission lines, where normal-field components
aretypically severa times stronger than tangential ones.

The tangential components in Fig. 8 were acquired using a
45° inclined antenna. The measurements were performed above
area B of the microstrip (Fig. 2) with antennas aigned in two
opposite directions perpendicular to the strip. In this experi-
ment, the distance from the circuit surface was chosen to be
larger (600 1m), as the tangential components are negligible
close to the circuit surface and vanish at the conductive bound-
aries of the strip or grounding. For each direction, two scans
were performed with the antenna displaced along the inclined
protruding conductor, their difference representsthefield inten-
sitiesat the antennaapex [seeFig. 8(a)]. Normal F. and tangen-
tial £, eectric-field components [see Fig. 8(c)] were obtained
using (3). As expected, the tangential component £, vanishes
at the very center of the microstrip where the vector of electric
intensity is perpendicular to the sample surface. Note that the
tangential component does not vanish above the entire area of
the strip line. At greater elevation above the surface of the trans-
mission line, both normal and tangential-field components have
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Fig. 8. Measurement of normal and tangential spatial components of the
electric field for separation = = 600 um above area B of the microstrip
transmission line. Schematics (a) shows the distribution of the electric field
acrosstheline. In (b), theintensities for the inclined antenna were measured for
two directions with the antenna rotated by 180°. For each direction, the PSD
method was used to limit the measured electric-field intensity to the antenna
apex. Normal E,. and tangential E, field intensities in (c) were calculated
according to (3) as a sum and difference of those signals. The position of the
strip edges is highlighted by dashed lines.

1000 1200 1400 X [pum]

more continuous distributions and the resol ution of thefield map
is lower than the one for measurements presented in Figs. 4
and 6. For thisfield pattern, a reduction in the value of the an-
tenna displacement Al in the PSD method would not result in
further resolution increase. Therefore, the measurements were
taken with arelatively large value Al = 50 pm to increase the
level of thesignal difference. Wewould liketo stressthat the re-
duced resolution in Fig. 8 isareflection of the field distribution
rather than of the capabilities of the PSD method.

IV. SENSITIVITY OF THE SYSTEM AND CALIBRATION
OF THE PROBES

The level of the acquired signal depends not only on the
signal induced in the apex of the conductor, but also on the
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Fig. 9. Measured and calculated frequency response of the antenna. Real
scattering parameters of the preamplifier were used for the calculations of
the response. For low frequencies, we can expect much smaller variation in
electrical properties of the antenna caused by uncertaintiesin antenna geometry
and wave character of signa propagation. As the precision of calculated
absolute sengitivity is limited by the accuracy of the antenna model used, both
curves were fitted for values close to 1-GHz frequency. The design of the
antenna was optimized for higher sensitivity S at 4-GHz frequency.

efficiency of its matching to the input of the coaxia line, the
properties of the preamplifier, and the transmission of the
signal to the acquisition system to the VNA. One of the main
factorsinfluencing the level of acquired signal isthe impedance
of the antenna. It is determined by its geometry, especialy
by the length and diameter of the protruding conductor. Al-
though its precise value has to be determined by numerical
calculations [12], [13], we can estimate it by using an approx-
imation of Hallén’s equations for thin short wire antennas
(I « A/4,d <« I). For our short antennas (0.3-1 mm) and fre-
guenciesof interest (1-5 GHz), theimpedance hasanearly pure
capacitive character (Zx ~ —jZoAIn((l/d)/(4721))) with
values in the range of 103-10* Q. The protruding conductor
functions as a nearly ideal current source and it is difficult to
match its high impedance to the subsequent preamplifier with a
standard impedance of approximately Z,4 ~ 50 2. To improve
the matching efficiency, the input impedance to the coaxial
line—as seen by the active protruding conductor—has to be
increased. For our miniature probes, we have chosen a simple
matching scheme that uses a quarter-wavelength transformer
formed by the antenna coaxial input line with a relatively high
characteristic impedance of approximately Z. ~ 120 . By
choosing the length of this line to be equal to A\/4 for the
frequency of interest (4 GHz), the increase in the signal level
resulting from this matching procedure should be approxi-
mately 12 dB. An example of the antenna response is shown
in Fig. 9. The antenna was placed in awell-defined field above
an air-suspended cylindrical transmission line for which the
surrounding field can be easily calculated. Although the mea-
sured data follow the general character of theoretical curves,
they do not fully match at particular values. The difference is
especialy significant at high frequenciesfor which the response
is much lower than expected from theoretical calculations. The
differenceis caused by an inaccuracy of the antennamodel and
aso by tolerances in the antenna dimensions.
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Fig. 10. Calibration of the antennas for the PSD method. We can observe
highly linear dependency of the measured signal difference AV on antenna
displacement Al. The measurement was performed using a calibration unit—an
air-suspended cylindrical transmission line for which thefield at any coordinate
can be calculated.

For short antennas, placed in ahomogeneousfield, the signal
from the antenna is proportional to the length of the protruding
conductor. For the PSD method, the displacement of the antenna
corresponds to a virtua change in the length of its protruding
conductor. Although the conductor is not placed in the homo-
geneous field, the antenna response signal can be regarded as
the sum of the field contributions acting along the protruding
conductor. As the field intensity in a small region around the
displaced antennaapex is assumed to be constant, the signal dif-
ference should be proportional to the displacement Al. The ex-
perimental results (see Fig. 10) confirm the linear character of
this dependency. As atypical preamplifier is also highly linear,
the measured voltage AV, after its conditioning and transmis-
sion to the input of the acquisition instrument (i.e., VNA), is
proportional to the antennadisplacement Al. We can, therefore,
define the sensitivity of the system for aparticular frequency by
a single unitless constant S

AV
- EA

©)

Here, E; is the component of the electric-field intensity of the
microwave field parald to the antenna axis. Due to the vari-
ation of the antenna electrical properties, each antenna has to
beindividually calibrated in awell-defined field standard, such
as the above-mentioned cylindrical line. Other microwave cir-
cuits (i.e., microstrip transmission line) can be al'so used aslong
as the surrounding field can be explicitly calculated. The sen-
sitivity constant S, determined from calibration measurements,
can be used for the calculation of real values of the electric-field
intensity during the scanning process.

The analysis of the PSD method shows that one can improve
the resolution by reducing the displacement Al. At the same
time this leads to a reduction in the level of signal difference.
As this difference must exceed the noise level, the sensitivity
of the antenna may effectively limit its resolution and make
it dependent on minimal detectable field intensities. The noise
floor level —95 dBm for 10-Hz bandwidth and measured sensi-
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tivity constant at 4-GHz frequency give us a minimum level of
detectable electric-field intensity of approximately 10 V/m for
displacement of approximately 30 ;m and comparable spatial
resolution.

V. CONCLUSION

Inspection of particular microwave e ements and the descrip-
tion of thefield surrounding them is especially important during
the development and testing phase of microwave devices when
maximum information about their functionality isdesired. High
spatia resolution and low distortion of the measured field are
key considerations for the adoption of near-field measurements
asanoninvasive techniquefor the testing of microwave devices.
In order to measure microwave electric-field intensities with
high spatial resolution, we have developed special miniaturized
field probes and measurement techniques. In particular, the PSD
method appears to be an effective approach to measure the elec-
tric-field intensity in the deep near-field region (A/10%) and a-
lows oneto achieve exceptional resolution with low distortion of
the measured field and good quantitative field characterization.
The method also makes it possible to use a single probe for the
measurement of all spatial components of the electric field. The
PSD technique workswell only with high gradient fields. Thisis
indeed the case for most high-density structures where the elec-
tric intensity decays rapidly with increasing distance above the
circuit. However, for larger structures, where the field patterns
are more homogeneous, there is no need for the use of high-res-
olution antennas. Standard measurement methods or the PSD
method with alonger protruding conductor can be successfully
used in such cases.

Our future research will focus on the evaluation of the
method for various distribution of the external field and its
comparison with anumerical model. Although our preliminary
simulations using moment methods confirm the results pre-
sented in this paper, it appears that a full-wave solution (such
as the finite-difference time-domain method) is required for a
better description of the antenna properties and PSD method.
We will also consider the modification of the technique uti-
lizing a narrow loop antenna for the acquisition of the mag-
netic components of the field. Such measurements would give
complementary information on the distribution of currents in
the device-under-test.
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