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Abstract—T he per formance (bandwidth, sensitivity, and spatial
resolution) of afiber edge magnetooptic (FEM O) probe developed
for observing three-dimensional magnetic-field distributions
was evaluated. A gigahertz bandwidth was achieved without
any magnetic bias by using the magnetization rotation in a
magnetooptic crystal. The ferromagnetic resonance restricted the
observation bandwidth to around 10 GHz. Precise adjustment of
the polarization and efficient use of the optical amplifier enhanced
the magnetic field sensitivity, enabling an electric current of less
than 0.05 mA to be detected. The concept of “sensitive volume”
was used to measure the spatial resolution in three-dimensional
space; reducing the sensitive volume improved the spatial res-
olution. Magnetic fields above a microwave patch antenna and
around a 10-yzm-class circuit board were observed using FEMO
probes. The FEMO probe should thus be effective for evaluating
microwave and miniature circuits.

Index Terms—Faraday effect, ferromagnetic resonance,
magnetic-field distribution, polarization control, rotation magne-
tization, sensitive volume.

I. INTRODUCTION

HE performance of electronic instruments and devices

continues to be enhanced, but at the cost of increasingly
complicated design. Consequently, operation inspection and
failure analysis have become increasingly difficult. Moreover,
analysis techniques often have lower devel opment priority than
design techniques, resulting in a lack of sufficient analysis
techniques. Particularly difficult is analysis of the electromag-
netic field around high-speed electronic circuits in terms of
sensitivity and spatial resolution because of their complicated
design. Valdmanis and Mourou developed an optical sampling
technique based on the electrooptic effect [1] and observed
the electric signal at various points in a device under test
(DUT) [2]. Several years later, the two-dimensional electric
field distribution of a circuit was observed by scanning the
electrooptic crystal [3]. Since the electrooptic effect can be
used to detect electric field changes of more than 100 GHz with
sufficient sensitivity and spatial resolution, the electrooptic
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sampling technique is suitable for electric field analysisin the
microwave range.

In contrast with the electrooptic effect, light interacts with a
magnetic field through the magnetooptic (M O) effect, especially
through the Faraday effect. A magnetic field sensor that uses
the magnetooptic effect is commonly used for monitoring high-
voltage power lines [4]. Magnetic field sensors detect changes
in the magnetic field by measuring the change in the size of the
magnetic domain in the crystal. This size change involves do-
main wall motion, so it responds rather slowly (up to several
tens of megahertz) to achange in the magnetic field. Therefore,
application of the magnetooptic effect to high-speed high-den-
sity circuit and device analysisis difficult.

It has recently been shown that the magnetooptic effect can
be used to detect high-frequency magnetic fields by using rota-
tion magnetization with a suitable magnetic dc bias normal to
the probe light axis [5], [6]. Ikekame et al. used this technique
to observe the waveform of the high-speed driving current in a
hard-disk-drive head [7]. Because of the magnetic anisotropy
of the magnetooptic crystal, aligning the magnetization easy
axisand the probe light axis orthogonal to each other eliminates
the magnetic bias. This configuration has been used to detect
high-frequency magnetic fields [8], [9]. Its use enables utiliza-
tion of the high potentiality of light in terms of speed and non-
invasiveness for magnetic field observation.

Previous studies demonstrated that a magnetooptic probe
should have well-balanced performancein terms of bandwidth,
sensitivity, and spatial resolution and led to the development of
the fiber edge magnetooptic (FEMO) probe [10].

We have now evauated the performance of this probe from
three viewpoints: bandwidth, sensitivity, and spatial resolution.
We have also demonstrated the effectiveness of the probe
through two magnetic-field-observation experiments.

II. CONFIGURATION OF FEMO PRroOBE AND FIELD
OBSERVATION SYSTEM

The configuration of the FEMO probe is very simple, as
shown in the inset of Fig. 1. A magnetooptic crystal is glued
onto asingle-mode fiber facet with an ultraviol et curing cement.
When the crystal is placed in a magnetic field, the polarization
of the laser light circulating through the crystal rotates. The
degree of rotation corresponds to the strength of the magnetic
field. Note that only the magnetic component parallel to the
light axisis measured. The FEMO probe has several advantages
compared to the conventional measurement system, which uses
discrete optics (i.e., a crystal and lenses). For example, it is
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Fig. 1. Configuration of FEMO probe and magnetic-field observation system
(LD: laser diode; EDFA: erbium-doped fiber amplifier; PC: polarization
controller; ANL: analyzer; PD: photodetector).

robust, so, except for the polarization, the optics do not need to
be realigned before use. Furthermore, sinceit usesafine crystal
and athin fiber, which have arelatively low dielectric constant,
it has low invasiveness and good accessibility to narrow places.
In fact, the same design approach could be used to develop a
probe for measuring electric fields. The magnetooptic crystal
simply needs to be replaced with an electrooptic crystal [11].

The magnetic-field observation system we used to evaluate
probe performance is also illustrated in Fig. 1. For the sensing
MO crystal, we used commercialy available Bi:RIG crystals
(Mitsubishi Gas Chemical Ltd.), which were originally devel-
oped for the Faraday rotator of optical isolators. A high-reflec-
tion (>95%) dielectric multilayered mirror was evaporated on
the surface of the crystal opposite to the glued surface. Since
Bi:RIG crystals have magnetic anisotropy, the magnetic-field
detection performance depends on the arrangement of the op-
tical axis and magnetization easy axis.

The sensing optics consisted of a continuous-wave semicon-
ductor laser, a polarization controller, two optical amplifiers, an
analyzer, and a high-speed photodetector. The optical compo-
nents were connected using an optical fiber. The output signal
from the photodetector was evaluated in the frequency domain
with aradio-frequency (RF) spectrum analyzer. In contrast with
an optical sampling system, which evaluates the signal in the
time domain, this system needs neither a pulse laser nor com-
plicated circuitry to synchronize the timing between the DUT
driving signal and laser emission. Furthermore, it works as a
kind of scalar network analyzer by controlling the operation fre-
quency of the DUT, so the frequency response of the magnetic
field of thecircuit can be measured easily. As demonstrated pre-
viously, the system can be used to acquire the phase information
of the magnetic field by replacing the spectrum analyzer with
a vector network anayzer [9]. The complete FEMO probing
system, including the three-axis motor-driven stage used for
scanning the probe head, was controlled with a personal com-
puter.

I1l. PERFORMANCE EVALUATION
A. Bandwidth

The FEMO probe uses one of two magnetic field detection
schemes. First, the relationship between each detection scheme
and the bandwidth was examined.

3293

20

g | {Hyyl = 1240 G \
é) Y
& ®
n . .
O 20 .
p
§ -40 -
£ A i =0G
g -60 Basy axis = n "
Z \’.ﬁ.'

-80 1 1 | H .

107 108 10° 1010
Frequency [Hz]

Fig. 2. Frequency response of normaliized MO signal with external dc
magnetic bias.

An optical magnetic field sensor based on the Faraday rota-
tion detection scheme generally irradiates the light parallel to
the sensor crystal’s magnetization easy axis and detects the po-
larization rotation of the transmitted or reflected light. In this
optical configuration, the speed of responding to a change in
the magnetic field is restricted by the speed of the magnetic do-
main wall motion. The domain wall motion is rather slow, so
the bandwidth is limited to severa tens of megahertz. Conse-
quently, this scheme is not suitable for detecting field changes
in the microwave range.

The other scheme is to apply an ac magnetic field orthogo-
nally to the magnetization easy axis. When the ac magneticfield
isapplied, the magnetization in the crystal startsto rotate. Since
this magnetization responds quickly to the high-speed magnetic
signal, the bandwidth iswider than that of the first scheme. The
arrangement of the optical axis and crystal axes should not be
parallel inthisdetection scheme. The principle of magneticfield
detection using rotation magnetization was previously reported
(8l. [9].

The detection bandwidths with these two schemes were
experimentally compared. The magnetization easy axis of the
crystal was made parallel to the optical axis, and magnetic dc
bias (Hgx ) was applied normal to these axes. Without the dc
bias, the magnetic field could be detected through the domain
wall motion (i.e, slow detection method). In contrast, the
magnetization inclined with the dc bias field strength, so the
rotation magnetization can be used to detect the magnetic field
parallel to the optical axis. As shown in Fig. 2, the bandwidth
of the rotation magnetization detection scheme exceeded 10
GHz, and the response was almost flat up to about 8 GHz under
acertain bias condition. The resonant peak at 10 GHz was due
to the ferromagnetic resonance of the crystal. In contrast, the
bandwidth of the domain wall motion detection scheme was
less than 20 MHz. The detection bandwidth of the rotation
magnetization detection scheme is thus significantly wider.
We determined that the detection bandwidth of our magnetic
crystal exceeded 5 GHz.

Based on these findings, we fabricated an FEMO probe that
uses rotation magnetization detection. First, athin crystal plate
whose magnetization easy axis was in plane was dliced from
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Fig. 3. Freguency response of signal strength and noise level of
rotation-magnetization-type FEMO probe.

acommercia crystal plate whose magnetization easy axis was
directed out-of-plane. After polishing of the plate’s surfaces, a
dielectric mirror was evaporated on one of its surfaces. Because
the crystal has afinite refractive index, the FEM O probe works
as amagnetic sensor even without a mirror, although at a sacri-
ficein sensitivity. Finally, the size and shape of the crystal plate
were adjusted with arazor blade under amicroscope, and it was
glued onto a fiber facet. This procedure was designed specifi-
cally to reduce the size of the probe head as much as possible,
thereby enabling access to confined places.

Thefrequency response of the signal and the noiselevel of the
rotation magnetization probe are shown in Fig. 3. The DUT was
asimple microstrip line, and constant power was supplied from
a signal generator. The distance between the crystal’s bottom
surface and the microstrip line was 20 pm. The response was
flat (2 dB) up to about 10 GHz.

These results clearly show that the ferromagnetic resonance
restricts the detection bandwidth. As previously mentioned, the
Bi:RIG crystal we used was devel oped for the Faraday rotator of
optical isolators, so its composition was not optimized for mag-
netic sensors. Careful control of the composition of the ferrite
crystals should increase their ferromagnetic resonant frequency
[12], [13]. In fact, a magnetooptic detection bandwidth of 80
GHz has been experimentally obtained using a special crystal
[14]. An even wider bandwidth and enhanced optical perfor-
mance (lower loss and a higher Faraday rotation angle per unit
field strength) are desired for future magnetooptic crystal devel-
opment.

B. Sensitivity

The signal-to-noise ratio of the FEMO probe was estimated
to be 50 dB based on the results shown in Fig. 3. Since an RF
power of 20 dBm was applied to the microstrip line, the min-
imum detectable power level was —30 dBm. This corresponds
to a current sensitivity of about 140 Arms with 50-2 circuit
impedance. The detectable magnetic field sensitivity was cal-
culated to be about 1 A/m (14 mOe) at the bottom surface of the
crystal. Considering the nonuniformity of thefieldinthecrystal,
this seems to be the worst case; however, this sensitivity is still
about one order of magnitude higher than that of conventional
magnetooptic magnetic field sensors[15].
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Fig.4. Anayzer angle dependence of signal strength (black circles: measured
signa strength; black squares: measured noise level; dotted line: signal/noise
ratio calculated from measured strength; broken line: estimated signal strength
calculated without optical amplifier).

Thishigher sensitivity isdueto the special detection optics of
the FEMO probe system, in particular, the effective use of the
optical amplifiers and the optimization of the analyzer angle.
In the arrangement we used (Fig. 1), the light incident to the
crystal and the light transmitted to the analyzer are separately
amplified to specific levels with two separate fiber amplifiers.
There is thus no shortage of light power as there often is in
optical measurement systems.

The analyzer angle was optimized using another experiment.
Asillustrated in Fig. 4, the origin of the analyzer angle (0°) was
first determined by searching for the minimum-output power
angle (90°) without applying a magnetic field. The output po-
larization state of the polarization controller was also optimized
inthisstep. Asaresult, thelight incident to the analyzer waslin-
early polarized, and its angle was 0°. Then, the analyzer angle
dependencies of the signal strength and the noise level were
measured. The signal strength gradually increased as the ana-
lyzer angle was increased; it reached a maximum at around 88°
and then suddenly decreased. The noiselevel remained constant
up toaround 60°, then increased. A very high current sensitivity
of about 0.8 Arms was obtained at an angle of 88°; this sen-
sitivity corresponds to a magnetic field sensitivity of 0.2 A/m
(2.8 mOe). The dashed line in Fig. 4 shows the calculated angle
dependence of the signal strength assuming no second amplifier
and that the first amplifier compensatesfor all thelossin optical
power. Inthiscase, themaximum signal strength wasobtained at
45°. The tendencies are quite different, and the signal-level dif-
ferenceisabout 50 dB, whichisvery difficult to compensate for
with an electronic amplifier. Thissuggeststhat the FEMO probe
system does not ssimply detect the optically amplified output
from the analyzer.

We investigated the origin of the probe’s high sensitivity by
considering the power and polarization changes of the probe
light. The changes in the carrier and signal light in the fre-
guency domain are schematically shown in Fig. 5(a)—c). They
were measured immediately after the light was output from the
crystal, the analyzer, and second amplifier, respectively. Since
the crystal was thin and the magnetic field was weak, the rota-
tionanglewaslessthan 0.1°, and the power of the signal compo-
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Fig. 5. Schematic image of power change of carrier and signal lights in
frequency domain: (a) output from crystal, (b) output from analyzer, and (c)
output from second amplifier. Note that the vertical axis does not reflect exact
signal strength.

nent was lessthan 0.1% (— 30 dB) that of the carrier component
[Fig. 5(a)]. When the analyzer angle was set almost orthogonal
to the polarization direction of the carrier, most of the carrier
component was suppressed [Fig. 5(b)]. The second optical am-
plifier then amplified both the suppressed carrier and the weak
signal [Fig. 5(c)]. Then, thesignal output from the photodetector
was modulated with the frequency difference between the car-
rier and the signal, i.e., the applied field frequency. Finaly, the
spectrum analyzer detected the power of this beat signal. When
the analyzer anglewasrather low, the carrier was not sufficiently
suppressed, the gain saturated in the second optical amplifier,
and the signal component was not sufficiently amplified. Fur-
thermore, if the analyzer angleis set perfectly orthogonal to the
polarization direction of the carrier, the beat signal obviously
cannot exist without a carrier component. Thus, the high sen-
sitivity of the FEMO system apparently originates in the beat
detection scheme and the effective use of the optical amplifier
gain to suppress the strong carrier component. The noise com-
ponent was al so analyzed in the same manner and found to con-
sist of amplified spontaneous emission (ASE) noise from the
second amplifier, beat noise between the ASE and carrier, and
beat noise between the ASE components [16].

We estimate the ultimate current sensitivity limit of
the present configuration to be about 10 pArms. Placing
narrow-bandwidth optical filters immediately after both am-
plifiers would reduce the ASE components of their outputs,
which would suppress the noise level and prevent the gain
saturation caused by the ASE components. Thiswould enhance
the sensitivity.

Although the rotation-magnetization-type FEMO probe has
high sensitivity, as shown above, the domain-wall-motion de-
tection-type FEM O probe has even higher sensitivity [17], ap-
parently dueto the difference in the Faraday rotation coefficient
for unit field strength.
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C. Spatial Resolution

Generdly, the spatial resolution of an optical probing tech-
nique is defined as the spot size of the light at the bottom of
the crystal. Since the crystal is directly attached to an optical
fiber facet in the FEMO configuration, it isimpossible to focus
the light onto the crystal bottom surface. The light output from
the fiber has a diffraction angle, so the spot size is larger than
the diameter of the fiber core. Thus, the spatial resolution of the
FEMO probe isworse than the fiber core size based on the con-
ventional definition.

We feel, however, that the conventional definition of spatial
resolution is not sufficient when observing afield distribution.
First, the crystal and the structure supporting the crystal affect
the impedance of the DUT [18]. Second, the electromagnetic
field distribution is distorted by the finite dielectric constants
of the crystal and by the structures and magnetic permeability
of the crystal. Third, the standard definition does not work
for a three-dimensional electromagnetic distribution. When
observing the field distribution, especially near the DUT, the
field transformation in the direction paralel to the optical
axis cannot be neglected because the light interacts with this
transforming field along the optical path inthe crystal. Thus, all
of the field information is accumulated in the detected signal.
Imagine a thick crystal in a field that varies three-dimension-
ally. Information from the bottom area of the crystal reflects
the sharp variations in the field, while information from the
top area reflects a rather slow field, resulting in a rather hazy
observed distribution. The traditional definition fails in such
circumstances.

The concept of “sensitive volume” can be used to solve the
definition problem [19]. It refers to the volume of the area in
which a light interacts with a field in a crystal. In the FEMO
probe, only the light isreflected back to the core. It reentersthe
core and contributes to the detection, even though the spot size
expands due to the diffraction. Therefore, the sensitive volume
of the FEMO probe is like a column, as shown by the hatched
area in Fig. 6(a). Its diameter is equa to the diameter of the
fiber core, and its height is equal to the thickness of the crystal.
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Fig. 7. Relationship between crystal thickness and sensitive volume. Two
broken straight lines are for FEMO probe having mode field diameter of 3 or
10 pm. Three solid lines are for conventional space optics (focusing lens has
numerical aperture of 0.2, 0.3, or 0.4). Refractive index of crystal was assumed
to be 2.2.

Note that the diameter is independent of the crystal thickness.
In contrast, the sensitive volume with conventional space op-
tics depends on the crystal thickness, the refractive index of the
crystal, and the numerical aperture of the lens, asillustrated in
Fig. 6(b).

Fig. 7 shows the dependence of the sensitive volume on
crystal thickness. The refractive index of the crystal was as-
sumed to be 2.2 [20]{22]. Since the crystal needs to be at least
20-30 pm thick to enable it to be processed and handled, the
sensitive volume of the FEMO probe is not very large. A probe
with an even smaller sensitive volume could be fabricated by
using a narrower core (e.g., 3 um) fiber, although this would
sacrifice optical power efficiency. For spatia distribution obser-
vation, the spatial resolution apparently has a close relationship
with the sensitive volume.

The concept of sensitive volume can also be used to evaluate
the degree of the spatial resolution of the FEMO probe com-
pared with the required resolution. The detailed evaluation pro-
cedure is described using the following example.

First, the two-dimensional dc magnetic field distribution
under consideration [Fig. 8(a)] is calculated in 5-um steps
using Biot—Savart’s law. In this example, currents on three
paralel transmission lines generate the magnetic field. The
calculation step does not need to be very precise. The lines are
50 ;m wide and 150 pm apart. The direction of each current
is normal to the surface, and the amount of the currents is the
same. Since the aim of this calculation is arough estimation of
the magnetic field distribution, the amount of the current does
not need to be quantitative.

Next, the two-dimensional Fourier spectrum of the calcu-
lated field distribution [the first quadrant of which is shown in
Fig. 8(b)] is calculated. As shown in Fig. 8(b), the high spatial
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Fig. 8. Resultsof spatial resolution estimation of FEM O probe: (a) calculated
magnetic field distribution in x-z plane under observation (z-component), (b)
two-dimensional power distribution of Fourier transformation of calculated
field, (c) filtered power distribution of field, which emulates degradation
in observed field distribution (20-pm-thick crystal probe was assumed for
calculation of filter pattern), and (d) relationship between crystal thickness and
power conservation ratio at specific spectrum points. Solid, dotted, and broken
lines show dependence at test points of 20 x 20, 50 x 50, and 100 x 100 pm,
respectively.

frequency component iscontained inthemagneticfield. In other
words, thefigure showsthe spatia frequency bandwidth needed
for observing the field accurately.

Then, the two-dimensional Fourier spectrum of the sensitive
volume is calculated and applied to the previously estimated
spatia spectrum. The sensitivevolumeistreated asarectangular
spatid filter (i.e., alow-passfilter in the spectral domain) inthis
step. This filtering operation corresponds to field distribution
observation using the FEM O probe. Fig. 8(c) shows the Fourier
spectrum after applying the spatia filter (assuming a sensitive
volume of 10 x 20 pm).
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z-component magnetic field distribution above antenna and (b) current
distribution on antenna simulated using Sonnet-Lite [23].

Next, the power conservation ratio between before and after
filtering is calculated at three points in the spectrum. These
points are indicated in Fig. 8(b) and (c) as i), ii), iii) and i’),
ii"), iii"). They correspond to spatial resolutions of 20 x 20, 50
x 50, and 100 x100 pm, respectively. We refer to the power
at these points as Pi and Pi’; Pi’/Pi represents the power con-
servation ratio after filtering. Fig. 8(d) shows the dependence of
the power conservation ratio on the crystal thickness. The sensi-
tivevolume diameter wasfixed at 10 um inthiscalculation. The
thinner crystals clearly conserve higher spatial frequency com-
ponents. For example, a 20-;:m-thick crystal conserves a spec-
tral component of 20 x20 pm, while a 100-z:m-thick crystal
amost loses even a 100 x 100 ;m component.

The magnetic field distribution under consideration has com-
ponentslessthan 20 x 20 um [from Fig. 8(b)]. Thus, the crystal
thickness needsto belessthan at least 20 ..m [from Fig. 8(d)] to
observe the field with an adequate resolution. Thisis atypical
example of crystal size design, and it shows the effectiveness
of using the concept of sensitive volume. This procedure could
also be used to optimize the sensitive volume for a specific pur-
pose.

Toachievetherequired spatial resolution, an appropriatefiber
coresize and crystal thickness must be selected. The smaller the
core, the better the resolution, though selection of the core size
islimited. The dependence on crystal thickness differs between
spatial resolution and magnetic field sensitivity. The thinner the
crystal, the better the resolution; however, the shorter the in-
teraction length, the weaker the output signal. Therefore, the
crystal should be as thick as possible to obtain the required spa-
tial resolution and sufficient sensitivity.

In summary, the spatial resolution of an optical probing
system is restricted by its sensitive volume. The resolution and
sensitivity of the FEMO probe can be optimized by analyzing
the spatial frequency spectrum of both the field distribution and
the sensitive volume.

IV. EXPERIMENTAL DEMONSTRATION

We conducted two experiments to demonstrate the perfor-
mances of the FEMO probe. In the first, we observed the mag-
netic field distribution above a microwave patch antennain the
z-y plane. In the second, we observed the field around the fine
wires in the z-z plane.

In the first experiment, a 6.7-GHz 20-dBm sinusoidal signal
was supplied to a 10-mm? patch antenna. Using an electrooptic
sampling technique [23], Yang et al. were able to observe the
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Fig. 10. Magnetic field distribution of 10-um-class circuit: (a) schematic
layout of FEMO probe and printed circuit, (b) observed magnetic field
distribution, (c) field distribution calculated using Biot—Savart's law without
considering magnetic permeability of crystal, and (d) field distribution
calculated using FEM magnetics and considering anisotropic permeability of
crystal.

electric near field above an antenna, but rarely the magnetic
one. Using the FEMO probe, we were able to observe the mag-
netic near-field 50 m above the antenna. Fig. 9(a) shows the
observed distribution, and Fig. 9(b) shows the current distri-
bution simulated using finite-element method (FEM) software
[24]. The patch antenna has a conductor electrode and a larger
grounded electrode. The current forms a standing wave on the
conductor electrodein the z-direction at the resonant frequency.
The nodes of the standing wave are located at the two ver-
tical edges, while the current concentrates at the two horizontal
edges, as shown in Fig. 9(b). There is amagnetic field between
the electrodes oriented in the y-direction. There is a leakage
magnetic field with acomponent perpendicular to the electrode
around the horizontal edges. The FEM O probe detectsthisfield,
as shown in Fig. 9(a). This observed distribution seems reason-
able. The FEMO probe is thus well suited for evaluating mi-
crowave devices.

The sample for the second experiment was a meander-type
printed Al circuit. Thewireswere 10 xm wide and 10 z:m apart.
Fig. 10(a) shows the layout of the probe and the wires. The
probe had a 20-p:m-thick crystal and was scanned in the plane
normal to the wires. The observed magnetic field distribution
is shown in Fig. 10(b) [25]; note that the observed field was
only the z-component. The field distribution calculated using
Biot—Savart’s law is shown in Fig. 10(c) for comparison. The
laser intensity profile was assumed to be Gaussian, and the
product of the laser intensity and the magnetic field strength
was integrated along the optical path. The close similarity
between those distributions shown in Fig. 10(b) and (c) demon-
strate that the FEM O probe can be used to observe the magnetic
near field of a 10-;:m-class circuit.

The dlight distortion of the observed distribution in the z-di-
rection may have been due to the magnetic anisotropic per-
meability of the MO crystal. The Bi:RIG crystal has magnetic
permeability of around 40-100 [26], and the field distribution
might have been affected by the presence of the crystal. We es-
timated thiseffect using FEM software.! AsshowninFig. 10(d),
the field distribution was clearly distorted in the z-direction.

Ihttp://femm.foster-miller.net/index.html
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While this supports our assumption, we cannot completely ex-
plain the difference yet.

As shown in Fig. 10(b) and (c), the contributions from each
wire in such afine circuit are indistinguishable at 50 ;sm. Con-
sequently, the field transition must be precisely observed from
the near to far region to identify an electromagnetic interference
source in high-density printed circuit boards. The FEM O probe
iswell suited for such observation.

We are devel oping a probe with both awider bandwidth and
higher spatial resolution and will present the results el sewhere.

V. CONCLUSION

The FEMO probe system was experimentally demonstrated
to be well suited for observing high-frequency magnetic field
distributions (e.g., >10-GHz bandwidth). It has around 20-..A
current sensitivity and 10-um-class spatial resolution. The
detection bandwidth was greatly expanded, compared with that
of the conventional magnetic domain wall motion detection
scheme, by using the rotation magnetization in the magne-
tooptic crystal. Precise tuning of the crystal composition should
result in an even wider bandwidth. The FEMO probe is thus
well suited for analysis and design verification of microwave
devices and circuits.

Optimization of the polarization and effective use of the op-
tical amplifiers resulted in sensitivity better than that of a con-
ventional Faraday rotation detection sensor. Modification of the
detection optics should further improve sensitivity.

Finally, reducing the sensitive volume by using a thinner
probe crystal improved the three-dimensional spatial resolu-
tion. Using an optical fiber with a narrower core should result
in even higher spatial resolution.

The probe best suited for aparticular purpose can be selected
based on the clarified procedure for designing an FEMO probe.
Since the probe head is simple and compact, the probe can ac-
cess confined places, making it suitable for analyzing high-den-
sity circuits, such as assembled printed circuit boards.

In short, the FEMO probe system has well-balanced perfor-
mance in terms of bandwidth, sensitivity, and spatial resolution.
Itisthusan effective magnetic field observation system for elec-
tronic circuit analysis.
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